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Abstract

Conventional imaging agents and chemotherapeutic drugs are highly associated with
reduced systematic bioavailability, induced by their inefficient delivery and imprecise
localization within subcellular compartments. In recent years, gold nanoparticles have
attracted considerable scientific interest for potential applications in the diagnosis and
treatment of cancer, due to their ability to selectively deliver imaging and therapeutic
moieties to the tumor site. The multifunctionality and unique physiochemical properties of
gold nanoparticles provide countless opportunities for selectively targeting tumor cells and

monitoring biological processes, both at a cellular and subcellular level.

In this thesis, luminescent gold nanoparticles are presented for enhanced detection and
intracellular delivery in cancer cells. Through the attachment of luminescent metal
complexes to the gold surface, multifunctional nanoprobes were developed that exhibit the
characteristic photophysical properties of the molecular probes. The favorable optical
properties offered by the metal complex and the gold scaffold provided enhanced detection
in cancer cells using multimodal imaging. Confocal luminescence imaging and
transmission electron microscopy revealed the highly efficient uptake and subcellular
localization of the functionalized nanoparticles in cancer cells. The ability of transition
metal complexes to be easily tuned through modifying the type of ligand attached to the
metal core, allowed the efficient accumulation of nanoparticles in different subcellular

organelles, including mitochondria and nucleus.

The use of gold nanoparticles to improve the valency of antibodies towards antigen
receptors expressed on the surface of malignant cells is also presented. The antibody
coated nanoparticles were further modified with luminescent complexes to allow detection.
The enhanced cellular uptake and binding affinity of the functionalized nanoparticles was

evident through flow cytometry and confocal microscopy.

The detection sensitivity offered by the luminescent signal, along with the improved
delivery provided by the gold scaffold, offer opportunities for monitoring biological

responses upon selectively targeting cancer cells in in vivo models.
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Chapter 1:

1. Introduction

1.1Current challenges in cancer treatment

Cancer is one of the leading causes of death globally!'. Even though carcinogenesis
related risk factors have been alleviated in the recent years, the prevalence of cancer
cases still continues to grow worldwide. According to the GLOBOCAN 2018, 18.1 million
new cancer cases and 9.6 million deaths from cancer were estimated worldwide in 20182
These numbers show a significant increase in both new cases of cancer and cancer
related deaths when compared to the previously reported estimated numbers by
GLOBOCAN in 2012, confirming the increase in cancer incidence and mortality rate

worldwide over the years®.

Current approaches of cancer treatment include surgical resection, chemotherapy and
radiotherapy, depending on the stage at which the cancer is diagnosed and the different
parts of the body affected. Even though, chemotherapy and radiotherapy are considered
as the most common cancer treatment approaches, their use in the clinic is hindered due
to the development of severe side effects. These severe adverse effects result from
targeting non-specifically rapidly diving cells regardless of whether they are tumor or
healthy cells, thereby, compromising the quality of life in cancer patients that often leads to

treatment discontinuation °!

Many anticancer drugs that are currently used in the clinic show poor pharmacokinetic
characteristics as a result of low stability, solubility and metabolism, leading to inefficacy,
limited bioavailability and high levels of toxicity!® ”. Another major drawback of current
treatment approaches is the ineffective delivery of drugs to the tumor site, as it has been
previously reported that only between 1 to 10 parts out of 100 000 of clinically approved
monoclonal antibodies that are administered intravenously can actually reach their target
of interest in vivo®. Similar limitations also apply to the use of contrast agents for imaging

applications in cancer theranostics.



Therefore, it is essential to develop effective diagnostic and treatment approaches in
order to address the aforementioned challenges and achieve a more selective targeting of
tumor sites, while sparing significant damage to healthy cells and tissues. In order to
increase the efficacy per dose of a therapeutic or imaging contrast agent, a novel
formulation with enhanced targeting selectivity and the ability to overcome biological

barriers that prevent the agent from reaching its target is required® 7.

1.2 Nanomaterials for cancer therapy

The fundamental limitations of conventional cancer treatment approaches have led to
the development of more effective and safer nanotechnology approaches, which are
referred to as cancer nanomedicine!'"l. A nanomaterial is described as a material that
contains nano-scale particles, meaning that either itself or its essential components
contain at least 50% of the particles within the range of 1 to 100 nm!'?. The two major
subfields of nanomedicine are nanovectors, which are used for the administration and
delivery of targeting and imaging agents, and the precise functionalization of
nanomaterials through surface modifications using nanoprobes. The use of nanomaterials
in cancer theranostics aids in directing targeting complexes and therapeutic drugs
specifically to the tumor site, ensuring that treatments act locally rather than systematically
and therefore provide an improved anti-tumor efficacy while preventing damage to healthy

cells and tissues!'®®,

Diagnostic and therapeutic nanoparticles are usually divided into two categories,
organic nanoparticles, including polymeric, micelles, dendrimers and liposomes, and
inorganic, such as quantum dots (QDs), iron oxide, silica and gold'® (Figure 1-1). The use
of both organic and inorganic nanoparticles in the clinic has been successful with many
systems being developed for a wide range of applications. For instance, organic
nanoparticles have been successfully used for long-acting drug delivery, vaccination and
systematic administration of topical agents through the skin!""% while inorganic

nanoparticles have been used for applications including diagnosis through identification of



tumor biomarkers, imaging of intra-operative sentinel lymph nodes as well as thermal

ablation of solid tumors?®?2,

The majority of the nanomaterials currently approved for therapeutic purposes are
organic nanoparticles, with most of the systems that have reached clinical trials including
polymer-based nanoparticles, such as dendrimers and micelles, and lipid-based
nanoparticles such as liposomes®®. The wide use of dendrimers in clinical applications is
mainly attributed to their highly branched structure and the formation of cavities within the
dendrimer molecules, which allow high drug entrapment efficacy for the delivery of
therapeutic agents®. The encapsulation capacity of dendrimers provides opportunities for
improved drug solubility and delivery of bioactive molecules such as vaccines, genes and
drugs to the target site. Currently, a variety of polymers, including poly(propyleneimine),
poly(amidoamine) and poly-L-lysine, are used in the form of dendrimers for therapeutic

purposes?* 2!,

The use of polymeric nanopaticles provides an alternative system in the oncology field
for improving conventional treatment approaches due to their high biocompatibility and

biodegradability as well as their low cytotoxicity and immunogenicity®®

. The unique
polymer membrane of polymer-based nanoparticles allows entrapment of therapeutic
agents, which are directly dispersed within their polymeric matrix and are released in a
controlled manner upon targeting[27]. This allows high concentrations of the therapeutic
agents to be delivered to the target site. What is more, the ability of polymeric
nanoparticles to undergo surface functionalization with cancer-specific ligands promotes
the specific delivery of the encapsulated therapeutic agents to the target site, thereby,

improving the therapeutic outcome!®®!.



Dlagnostlc and Therapeutic Nanopartlcles ‘
in Nanomedicine

RN

Organic Inorganic
Nanoparticles Nanoparticles
@\\\\m,,
:: 2999
; =
% = -
f[ \\
: (I Quantum Dots
Polymeric Micelles Silica -~
\\}( Q™ T Nanoparticles
) SN\ P
-o—sQ ”% r >\//. '.ﬂl
T == Le i" .

Z & ¢ A\ > Gold
f?f(((’“\\ : TeA e " Nanoparticles
Dendrimers Iron Oxide

Liposomes Nanoparticles

Figure 1-1. Main types of organic and inorganic nanoparticles used for diagnostic and therapeutic
purposes in the nanomedicine field.

Polymeric micelles are currently used in the nanotechnology field for the systematic
delivery of water-insoluble drugs. The spheroidal structure of the molecular components of
polymeric micelles is formed through the surrounding of the hydrophobic cores by
hydrophilic groups®®”. This enables entrapment of water-insoluble therapeutic agents
within the hydrophobic matrix, while the hydrophilic groups provide protection against
micelle aggregation, and thus, prolong blood circulation time!® 3%, Therefore, the dynamic
structure of polymeric micelles provides an advantageous system for the delivery of

therapeutic agents with high loading capacity and reduced dissolution rate!®'.

The broad use of liposomal vesicles in cancer treatment is mainly attributed to their
distinct structure and ability to fuse with the cell surface membrane or lyse upon interaction

with intracellular organelles, which induces the release of encapsulated drugs in the



cytoplasm®. Liposomes consist of either a single bilayer that surrounds the enclosed
aqueous space or multiple lipid bilayers, which are separated by aqueous
compartmentst®3. Their characteristic structural properties allow them to deliver both
hydrophilic and hydrophobic molecules to the target site, as hydrophilic molecules can be
loaded in the aqueous matrix, whereas hydrophobic molecules can be dissolved in the
lipid bilayer®. Consequently, more than one type of therapeutic agents can be
incorporated within the liposomal structure, allowing different drug molecules to be

released in a controlled manner™

. Besides their favorable structure, the surface of
liposomes can be easily modified using functionalized polymer chains in order to improve

targeted drug delivery and prolong circulation time within biological environments!®®.,

As discussed earlier, inorganic nanoparticles have also been investigated in the
nanotechnology field as cancer diagnostic and therapeutic nanoplatforms. When
compared to organic nanoparticles, inorganic nanoparticles exhibit significantly lower
cytotoxicity and higher stability in biological systems!®”. Moreover, they possess unique
physiochemical properties, including optical and magnetic properties, and they have high
surface area to volume ratio, which allows their surface to be multifunctionalized with
various types of ligands to improve their affinity towards target molecules and cells®®®. The
use of inorganic nanoparticles as nanovectors prevents drug degradation, which reduces
administration frequency and allows considerably lower dosing concentrations to be
administered, thus eliminating off-target toxicity associated with conventional cancer

therapies!®?.

Metallic nanoparticles, such as gold, nickel, cobalt and iron, can be synthesized easily
into different sizes and functionalized with a variety of functional chemical groups to allow
attachment of different molecules including peptides, proteins, nucleic acids, drugs and
imaging agents*®l. The unique magnetic properties of metallic nanoparticles can be used
for targeting specific locations in complex biological systems using an external magnetic

field that can induce heat production and thereby, tumor ablation!*" #?l.



Quantum dots (QDs) are tiny nanoparticles, usually between 2 to 10 nm, and consist of
an aqueous organic coated shell, like zinc sulfide, and a semiconducting inorganic core
such cadmium seledine*®. The inorganic core of QDs is responsible for the distinctive
fluorescence color emitted, whereas the organic aqueous shell is used for attachment of
biological molecules such as proteins, peptides and nucleic acids*¥. The strong
fluorescence and narrow emission of QDs make them ideal as therapeutic and imaging
agents in biological systems. QDs are investigated in the nanomedicine field for
theranostic purposes including, photodynamic therapy (PDT), tracking biodistribution of

drugs and in vivo imaging*® .

Even though the high photostability and unique
photophysical properties of QDs indicate that they are superior over conventional
fluorescent imaging agents, the high cytotoxicity they exhibit both in in vitro and in vivo

applications hinders their approval for clinical use!*’!,

Inorganic silica nanoparticles have received considerable attention in the
nanotechnology field due to their easily regulated pore sizes for encapsulation of drugs,
incorporation of metal complexes for cancer theranostics and their rapid degradation in in

vivo systems!*®°°

. The development of mesoporous silica nanoparticles (MSNs) has
provided opportunities for overcoming challenges associated with other organic and
inorganic nanomaterials, such as their biodegradability, biocompatibility and drug release

[51, 52]

rates . Both the diameter and pore size of MSNs can be easily tuned during synthesis

using different surfactant concentrations, temperature, pH and solvents, in order to achieve

high drug loading®®.

Several stimuli-responsive drug release systems have been
developed using different chemical moieties to functionalize the surface of MSNPs in order
to trigger the release of encapsulated drugs®* *!. Besides their use as nanovectors for the
controlled delivery of targeting agents, MSPNs can be modified using antibodies and
nucleic acids in order to improve their biodistribution and reduce cytotoxicity in biological

environments®®,

Even though, considerable success has been achieved in the field of nanomedicine in
the past few years, the high complexity and heterogeneity of tumors as well as the nano-
bio interactions are the main obstacles for the field to become the novel paradigm in

cancer theranostics!'". In order to be able to translate the use of nanomaterials in the clinic



and promote their commercialization, a better understanding of the interactions between
nanomaterials and biological systems is required. This will aid in overcoming the
challenges present in the field regarding the chemistry and manufacturing of

nanomaterials.

When a nanomaterial enters a biological environment, such as intracellular fluid,
extracellular matrix (ECM) or bloodstream, several biomolecules like proteins immediately
interact and get adsorbed or bound on its surface forming a layer known as “protein

corona™®” %8l

The adsorption of proteins on the surface of nanomaterials can induce
alterations in the material’s size, stability, crystallinity, hydrophobicity / hydrophilicity,
electronic and surface properties, determining their biological identity and thus, the
physiological responses they educe such as cytotoxicity, cellular uptake, intracellular
trafficking and biodiversity (Figure 1-2)'"".. Furthermore, a corona rich in proteins can
induce inhibition of phagocytic cellular uptake and internalization mechanisms, resulting to
the stealth effect of nanomaterials®®®. Although nanomaterials might lack effectiveness and
targeting capability upon the formation of a protein corona, surface functionalization using
different proteins, ligands and targeting complexes can aid in improving their cellular

internalization and their delivery in specific organs!®® ¢",

Therefore, identifying the gaps in the current nanotherapy approaches through better
comprehending the current grasp of nano-bio interactions, as well as tumour complexity
and heterogeneity, will allow the development of novel nanomedicines with maximal

patient response and prolonged patient survival.
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from Springer Nature)



1.3 Clinically approved cancer nanomedicines

Over the last few decades, the nanomedicine field has been rapidly evolving, aiming to
overcome limitations associated with conventional cancer therapeutic approaches. The
use of nanoparticles can radically improve drug bioavailability at the target site, eliminate
off-target toxicity and enhance drug solubility. Within the past two decades, the Food and
Drug Administration (FDA) has approved various hanomaterial-based systems for safe use
in the clinic (Summarized in Table 1-1), while over 200 new systems are currently

undergoing clinical studies®®® ¢2.

Numerous nanoparticle formulations have been clinically approved for the treatment of
different types of cancers at different stages. Doxil, a polyethylene glycol (PEG)
fucntionalized liposomal nanoparticle encapsulated with doxorubicin, was the first cancer
nanomedicine that received approval by the FDA and EMA in 1995 and 1996, respectively,
for the treatment of Karposi’s sarcoma and ovarian cancer’®!. The same formulation
received approval by the FDA in 2007 for the treatment of multiple myeloma!®!. Not long
after the approval of Doxil, many other liposomal formulations including DaunoXome, a
liposomal nanoparticle encapsulating daunorubicin (FDA approval: 1996)%%, and DepoCyt,
a liposomal nanoparticle encapsulating Cytarabine (FDA approval: 1999)!® also received
FDA approval, for the treatment of Karposi’s sarcoma and lymphomatous meningitis,
respectively. Another two liposomal systems that have been approved by the FDA are
Margibo a liposomal nanoparticle encapsulating vincristine (FDA approval: 2012)”] and
Onivyde, a PEG modified liposomal nanoparticle encapsulating irinotecan (FDA approval:
2015)8 approved for the treatment of acute lymphoblastic leukemia and metastatic
pancreatic cancer, respectively. What is more, two liposomal formulations received
approval by the European Medicines Agency (EMA), Myocet, a liposomal nanoparticle
encapsulating doxorubicin (EMA approval: 2000) for the treatment of metastatic breast
cancer and MEPACT (EMA approval: 2009), a liposomal nanoparticle encapsulating

mifamurtide, for the treatment of osteosarcoma'®® 7.

Besides liposomal formulations, other nanoparticle systems have also received

approval for treating solid tumors and haematologcal malignancies. For instance,



Abraxane, an albumin-bound nanoparticle with paclitaxel, received approval both by the
FDA (2005) and EMA (2008) for the treatment of advanced non-small cell lung cancer,
metastatic breast and pancreatic cancer’’"l. A recently approved formulation that has
received approval both by the FDA (2017) and EMA (2018) is VYXEOS, which is a
combination chemotherapy liposomal nanoparticle, encapsulating cytarabine and

daunorubicin for a synergistic effect in acute myeloid leukemial?.

The latest formulation that has been approved for safe use in the clinic is NBTXRS3,
crystalline hafnium oxide nanoparticles, which has received European market approval
(CE mark) in 2019 for the local treatment of advanced squamous cell carcinoma. This
nanoparticle-based system is used to enhance radiotherapy treatment through generating
a higher number of electrons at the target site and thereby, increases radiation-mediated

cell death when compared to standard radiation procedures!”® 74,

With the rapid expansion of nanotechnology, it is expected that in the near future the
number of approved nanomedicines for safe use in the clinic will rise. Even though
extensive research is currently carried out on the discovery of novel drug targets and the
development of nanomaterials for combination therapy, immunotherapy, and cancer
screening, there are is still a translational gap between experimental work and in vivo
applications, hindering the fast entry of nanoparticle formulations to clinical trials.
Consequently, there is currently a growing need for developing novel nanomaterials with
well-established nano-bio interactions, in order to enhance the therapeutic efficacy in in

vivo studies and achieve successful clinical translation.
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Name Particle type / Active agent | Approved application Approval (year) ‘
Do PEG mo_dified liposomal / Kaposi’s sarcoma and ovarian cancer FDA (1995), EMA (1996)
Roxoribicly Multiple Myeloma FDA (2007)

DaunoXome Liposomal / Daunorubicin Kaposi’s sarcoma ‘ FDA (1996) ‘

DepoCyt Liposomal / Cytarabine Lymphomatous meningitis ﬁﬁﬁe:fgﬁ?gog%ﬁ‘ ey

Myocet Liposomal / Doxorubicin Metastatic breast cancer ‘ EMA (2000) ‘
Advanced non-small cell lung cancer

Abraxane Albumin-particle / Paclitaxel Metastatic breast cancer FDA (2005), EMA (2008)
Metastatic pancreatic cancer

MEPACT Liposomal / Mifamurtide Osteosarcoma ‘ EMA (2009) ‘

Margibo Liposomal / Vincristine Acute Lymphoblastic Leukemia FDA (2012)

Onivyde Liposomal / Irinotecan Metastatic pancreatic cancer ‘ FDA (2015) ‘

VYXEOS :ﬁj’:g:g;'c/ifytarabme eLs Acute Myeloid Leukemia FDA (2017), EMA (2018)

NBTXR3 Hafnium oxide nanoparticles Locally advanced squamous cell carcinoma ‘ CE mark (2019) ‘

Table 1-1. Clinically approved nanoparticle-based therapies.

1.4 Gold nanoparticles for cancer theranostics

Gold nanoparticles, AuNPs, have recently caught the attention of researchers in the
cancer nanomedicine field due to their ease of synthesis and size tunable properties,

gl 78l

which allow a broad range of sizes to be synthesise AuNPs of various shapes and

sizes have been previously synthesized through chemical, physical and biological

methods!"® 77

. Interestingly, several types of AuNPs, including nanospheres, nanostars,
nanorods and nanocages, have successfully become valuable tools in the cancer and cell

biology research fields (Figure 1-3).

The extensive application of AuNPs in the development of cancer theranostics is
attributed to their advantageous properties over other nanomaterials. In particular, their
unique physiochemical properties, including their surface plasmon resonance (SPR),
chemical stability, unique optical properties, surface multifunctionality and biocompatibility,
provide countless opportunities for both drug delivery and imaging applications in

biological systems!”8¥%,
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Figure 1-3. Gold nanoparticles of different shapes and sizes. Transmission electron microscopy
(TEM) images of (a) 15 nm colloidal AuNPs, (b) 15 x 50 nm gold nanorods, Scanning electron
microscopy (SEM) image of (c) 160 (core) / 17 (shell) nm silica / gold nanoshells and TEM images of
(d) 250 nm gold nanobowls with 55 nm gold seeds in their inside, (e) gold nanocages and silver
cubes, (f) 100 nm gold nanostars, (g) gold bipyramids and (h) gold octahedrals. (Figure adapted from
Khlebtsov and Dykman 2010 [re, 1] Copyright © 2010, with permission from Elsevier)

The synthesis of AuNPs is relatively simple, with several synthetic routes being
available, which mainly rely on the reduction of the gold salt into a gold metal using citrate.
Through reduction of the gold salt by citrate, stabilization of the citrate nanoparticles is

achieved through electrostatic or steric interactions!®?

. The majority of the synthetic
procedures currently used for the synthesis of AuNPs are based on a method first
described by Turkevitch et al. in 19511831 which involves the addition of a citrate solution to
a boiling solution of HAUCI, in order to reduce the gold salt from Au®* to form A° (Scheme

1-1).
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Scheme 1-1. Schematic representation of the AuNPs syntesis method first reported by Turkevich
et al. in 1951.

The favourable optical properties of AuNPs rely on their SPR, a process by which
electrons of the gold surface layer resonate as a result of an incoming radiation, which
allows them to both absorb and emit light®* (Figure 1-4). The combination of SPR with an
imaging system allows high throughput and label free biosensing, while biomolecular
interactions can be monitored at the same time®*. The size and shape tunable properties
of AuNPs allow the synthesis of nanoparticles with a surface plasmonic resonance within
the range of 500 to 1200 nm™°.. Another advantageous property of AuNPs is the surface
area they offer, which is inversely proportional to their small size'®®. Therefore, they have a
large surface area to volume ratio for high loading of drugs, targeting complexes and
biological moieties. The large surface area of AUNPs along with their negatively charged
citrate surface allow them to be easily multifunctionalised with a various types of ligands

and biomolecules through conjugation of amine and thiol groups to the gold surface.
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Figure 1-4. Schematic representation of the SPR effect on AuNPs. Upon irradiation of AUNPs with
a light of a specific wavelength, the free electrons on the gold surface collectively oscillate. This
effect is described as the surface plasmon resonance (SPR) effect. The SPR of AuNPs is highly
dependent on their size and shape.

The favourable physiochemical properties of AuNPs along with their ability to be
loaded with different types of bioactive molecules offer opportunities for use in a wide
range of medical applications including diagnostics, localised drug delivery, imaging and
sensing®”! (Figure 1-5). For example, AuNPs can be functionalized with nucleic acids and
oligonucleotides for silencing of genes and applications in colorimetric assays!®.
Attachment of carbohydrates to the gold surface can also be used enhancing the detection
sensitivity of colorimetric bioassays[egl. What is more, attachment of polymers, like PEG,
can improve drastically the solubility and stability of AuNPs, which is essential for the
successful development of theranostic nanoprobes suitable for both in vitro and in vivo
applications®. Conjugation of chemotherapeutic drugs, aptamers and dendrimers to
AuNPs can also be used to improve the targeted delivery of therapeutic agents to the
tumor site, and thereby induce an enhanced therapeutic effect®'. Furthermore, the
attachment of tumor biomarkers, antibodies and peptides to the gold surface can lead to
optimal cellular uptake in biological samples and provide high selectivity upon treatment®"
8l The use of fluorescent molecules to coat AuNPs is also investigated in the
nanotechnology field for the development of fluorescent nanoprobes, which can be used in
biomedical imaging applications. For instance, fluorescent AuNPs can be used in
biological specimens for diagnostic purposes, probing of the tumor microenvironment as

well as monitoring therapeutic response!®?,
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The large surface are to volume ratio provided by small AuNPs plays a major role in
their biological responses within an intracellular environment, as smaller in size
nanoparticles tend to exhibit more interactions with cellular proteins when compared to
larger nanoparticles with smaller surface area to volume ratio®®. Consequently, the large
surface area of AuNPs provides a favourable pharmacokinetic profile, with enhanced
stability and solubility, which is essential to maintain high bioavailability of targeting agents

glo4. 951

in biological system . The high stability that AuNPs exhibit against oxidation in

physiological conditions, such as variable pH, temperature and ionic strength, reduces
considerably toxicity levels in biological environments, thereby, providing a promising

approach for site-specific targeting!®® .,

Drugs
SiRNA Dendrimers
QL
AT
Tumor Markers - ;"7’_ N

Peptides

./ N o \N\ AUN P

§\\ 7 ssDNA

Fluorescent
Probes

PEG Aptamers
Carbohydrates

Figure 1-5. Multifunctionalized AuNP for theranostic applications. AuNPs can be functionalized
with nucleic acids like DNA and RNA for use in colorimetric assays and gene silencing.
Carbohydrates also serve as sensitive colorimetric molecules. Aptamers, anticancer drugs and
dendrimers can be attached for improved drug delivery to the target site. PEG can be used to
enhance stability and solubility. Tumor biomarkers, antibodies and peptides can be attached to
provide selectivity and improve cellular uptake in biological samples. Fluorescent probes can be
used for imaging applications.
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Besides the beneficial properties of citrate AUNPs in biomedical applications discussed
in this section, the extensive evaluation of the in vitro biocompatibility of functionalized
AuNPs subsequent to cellular internalization is crucial prior to proceeding to in vivo
applications and clinical studies. Even though AuNPs exhibit an inert nature that makes
them highly biocompatible, upon surface modification they can still display cellular
cytotoxicity due to the formation of a “protein corona” formation on their functionalized
surface!®™. The “corona” formation impacts the biodistribution and pharmacokinetics
profiles of AUNPs in an intracellular environment, and therefore, defines their fate within a

large living organism, such as the human body.

1.4.1 Gold nanoparticles for the delivery of therapeutic agents

The recent advances in nanomedicine have led to the development of various gold
nanoparticle-based systems for the delivery of chemotherapeutic drugs that are currently
approved for use in the clinic. The use of AuNPs as nanovectors has demonstrated
improved delivery efficacy and enhanced bioavailability of chemotherapeutic drugs at the
target site, as the high complexity of the tumor vasculature provides favourable conditions

for accumulation of AUNPs.

Previously reported formulations include the attachment of methotrexate, a
chemotherapy agent and an immune-system suppressant, to the surface of AuNPs, in
order to achieve higher and faster accumulation of the drug in cancer cells!®®. Upon
conjugation to the gold surface, methotrexate displayed higher levels of cytotoxicity in
numerous cancer cell lines when compared to free methotrexate in solution. Multiple
studies have reported similar results after treatment of cancer cells with the fluorescent
chemotherapeutic agent doxorubicin in the presence and absence of the gold scaffold.
Due to the fluorescent nature of doxorubicin, drug release can be easily monitored upon
entry of the drug into the intracellular environment. When doxorubicin was conjugated to
AuNPs, the drug demonstrated higher cytotoxicity in a resistant breast cancer cell line,

through overcoming multi drug resistance (MDR) via inhibition of P-glycoprotein (P-gp)-
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mediated drug efflux® (Figure 1-6). A similar study reported that the development of a
drug delivery system using PEG to attach doxorubicin to the surface of AuNPs resulted to
highly efficient cellular uptake and high drug accumulation in the resistant hepatocellular
carcinoma cell line hepG2-R.['!. The high efficacy of AuNPs as nanovectors to deliver
doxorubicin in cancer cells was further confirmed through another study, which reported
that the use of AuNPs to deliver doxorubicin to human lung cancer cells results to
enhanced cellular uptake and up-regulation of tumor suppressor genes, leading to intrinsic

apoptosis!'®!.

AuNPs have also been used for delivering doxorubicin in combination with another
chemotherapeutic drug, bleomycin, in cervical carcinoma cells, HelLa, aiming to develop a
simple nanohybrid drug delivery system. The simultaneous delivery of the two anticancer
agents upon attachment to AuNPs induced an enhanced therapeutic effect while using

significantly reduced drug concentration, through blocking progression of the cell cycle!'*?,

Several platinum-based drugs, including oxaliplatin, carboplatin and cisplatin have
been used widely as chemotherapeutic agents for treating cancer, but their therapeutic
efficacy in the clinic is hindered by their ability to induce resistance and sever, dose-
limiting side effects. Similarly to the chemotherapeutic agents discussed in this section, the
effectiveness of platinum-based drugs can also be improved using AuNPs as drug carries,
through targeting cancer cells in either a passive or active manner. It has been previously
reported that conjugation of the active component of oxaliplatin to AuNPs, improves
radically the site-specific delivery of the drug. More specifically, the results of the study
indicated that the platinum conjugated AuNPs have improved cytotoxicity and higher

penetration of the nuclear membrane when compared to the free drug in solution!'%!,
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Figure 1-6. (a) Schematic illustration of doxorubicin conjugated AuNPs. (b) Schematic illustration
of the delivery of doxorubicin on AuNPs showing enhanced entry in MDR cell with an intracellular
release of the drug overcoming resistance. Conjugation of doxorubicin to the gold surface quenches
fluorescence of the drug. Upon release from the surface of AuNPs within intracellular conditions, the
fluorescence of the drug is recovered, aiding in tracking intracellular release and trafficking. (Figure
adapted from Wang et al. 201 1%, Copyright © 2011, with permission from American Chemical
Society)

Peptide-drug-conjugates (PDCs) have been previously investigated as potential anti-
cancer agents, but their success in clinical applications was compromised by their low
solubility and stability within the bloodstream and several organs, including kidneys and
liver''®!. However, it was recently suggested that the solubility and stability related issues
of PDCs can be overcome in the presence of AuNPs, as an increase in the half-life of

PDCs was observed upon conjugation to the gold surface, while cytotoxicity was
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maintained at relatively high levels!'®!. Besides synthetic drugs, phytochemicals have also
been studied as potential cancer therapeutic agents, but it was suggested that they are
lacking specificity, have low cell penetration and short half-life. However, when the effect of
a phytochemical, kaempferol, was investigated upon attachment to AuNPs in the breast

cancer cell line MCF-7, it was able to promote apoptosis and inhibition of angiogenesis!' !,

The findings of the aforementioned studies indicate that AuNPs provide advantageous
properties as drug carriers, as they have the ability to overcome the therapeutic limitations
of conventional anticancer agents, such as reduced solubility, inefficient drug delivery and
multi drug resistance. Hence, they represent a promising approach, with favourable
elements, for the development of novel, nanoparticle-based systems to improve drug

bioavailability and site-specific delivery of therapeutic agents in biological systems.

1.4.2 Gold nanoparticles in clinical studies

As discussed earlier, the use of gold nanoparticle-based systems for the systematic
delivery of drugs demonstrates significant advantages over the delivery of free drugs in
solution, as such systems are able to deliver drugs to targeting sites that free drugs cannot
successfully reach!'® (Figure 1-7). Consequently, AuNPs are widely investigated as

delivery and imaging systems in both preclinical and clinical settings.

The use of nanoparticle formulations for drug delivery in the clinic begun in the early
1990s and since then, research has evolved drastically to adapt to the growing needs of
the nanotechnology field, aiming to improve the delivery of conventional therapeutic
agents. Over the past few decades, various generations of nanoparticles with the ability to
perform improved delivery functions have emerged in the field, enabling the development
of novel therapeutic modalities!®?. Currently, many of these generations of nanoparticles
have successfully reached the clinical trial stage and have been approved for different

applications.

19



Targeted delivery of the Large volume of drug
drug to the tumor site distribution in the body

K
*y » Drug-AuNPs

©® Drug

/ \(\ \ ( \ \>

1 :"J’ "\‘ "’ /
AR AR

Figure 1-7. Schematic illustration of drug distribution in a human body subsequent to injection
with drug conjugated on AuNPs and free drug.

There is a currently a large number of trials that are actively carried out investigating
the use of nanomaterials in the clinic. Even though there are only a few clinical trials
carried out for the approval of AuUNPs in cancer treatment, there are already some gold
nanoparticle-based systems that have been approved by FDA for both diagnostic and
therapeutic purposes!'®’!. One of the clinical trials carried out for the approval of AuNPs as
therapeutic nanoprobes involved the use of thiolated PEG coated AuNPs to deliver the
tumor necrosis factor alpha (TNF) to cancer cells. The results indicated the safe delivery of
TNF to malignant cells at doses three times higher than the usual dose of administration,

without any adverse toxic effects!'®®. The delivery of TNF into tumors upon attachment to
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AuNPs resulted to disruption of blood vessels, allowing chemotherapeutic agents to

penetrate the tumor site and destroy cancer cells!'%!,

Due to the favorable property of gold to absorb near-infrared (NIR) light, there is a
growing interest in the use of AuNPs in both photodynamic and photothermal therapy
(PDT and PTT) approaches!'®'". PDT involves the use of NIR-light to activate
functionalized AuNPs, resulting to generation of free radicals or reactive oxygen species
(ROS), usually singlet oxygen ('02), which leads to cellular toxicity!''?. In PTT, the use of
NIR-light to irradiate functionalized AuNPs results to enhanced tissue penetration, leading
to heat-induced cell death!'*® (Figure 1-8).

Scientists are currently focusing on the development of photothermal approaches using
gold nanomaterials in order to improve in vivo bioavailability and at the same time,
selectively target cancer cells and promote their destruction!''®. For instance, PEG coated
silica-gold nanoshells have been developed that can be stimulated with a source of NIR
light to induce an increase in temperature and thus, thermally ablate solid tumors!'® "% 6],
Numerous clinical trials have been carried out for the approval of these nanoaprticle
formulations in the clinic for treating different types of cancer. More specifically, clinical
studies have been performed for locally treating both primary and metastatic tumors in
lungs, refractory and recurrent tumors of head and neck cancer as well as prostate
tumors!® 2. Due to the fact there is no active drug used in these delivery systems, the
coated nanoshells are activated through an external stimulus at the target site, eliminating
damage to healthy tissues and thereby, avoid off-target toxicity in normal cells. Therefore,
the use of gold nanomaterials is a promising tumor ablation therapeutic approach, aiming

to maximize the treatment efficacy and prevent undesirable side effects!®® 2%,
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Figure 1-8. Schematic illustration of the basic mechanisms of PDT and PTT using functionalized
AuNPs to target cancer cells. PDT uses NIR-light to activate functionalized AuNPs, resulting to
generation of singlet oxygen that leads to cell death. PTT uses NIR-light to activate functionalized
AuNPs, leading to heat-induced cell destruction.

Besides the use of gold nano-based systems for therapeutic purposes, many
formulations have been developed in the presence of AuNPs for cancer theranostic
applications and have advanced to the clinical trial stage. Due to the ability of
nanomaterials to penetrate various biological barriers, such as blood-brain and blood-
tumor barriers, AuNPs are considered as ideal permeable anticancer conjugates for
delivering various proteins, drugs and nucleic acids to suppress oncogene expression!''”:
18] The efficacy of a spherical nucleic acid formulation has been previously investigated in
clinical trials and involved the covalent conjugation of siRNAs to AuNPs, aiming to target

the Bcl-2-L12 gene in patients with glioblastoma!''” '8,
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In a different clinical trial, the appropriateness of a novel at the time method based on
AuNPs was evaluated, which involved breathing analysis using a nanosensor array to
detect gastric diseases. The results of the study suggested that a nanosensor array can be
successfully used in the clinic for non-invasive screening to differentiate precancerous

lesions and benign tumors from malignant tumors and gastric carcinomal' ',

Apart from the clinical evaluation of gold nanoparticle-based systems for cancer
theranostics, the use of AuNPs as therapeutic nanoprobes for treating cardiovascular
diseases was also evaluated in a clinical setting. For example, the efficacy of a PTT
approach using silica-gold nanoparticles was investigated as a treatment for the ablation of
plagues in arteries, with the findings of the study indicating an acceptable safety level for

clinical use and a significant regression of coronary atherosclerosis!'?’.

Even though the use of AuNPs in the current clinical landscape shows promising
results for the clinical translation of cancer nanomedicines, there are still numerous issues
that need to be addressed, prior to designing and developing novel nanoparticle
formulations for in vivo applications. Such issues include the reproducibility of the
manufacturing method, the nanoparticles stability, cellular responses and the long-term
effects on human health. Therefore, there is a growing need in the nanotechnology field for
sustained research in order to develop novel systems that focus on the precise localization
of nanoparticles in a biological system, related immune responses and excretion from the

human body.
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1.5 Cellular uptake mechanisms of gold nanoparticles

The multifunctionality of AuNPs and their ability to be synthesized into a variety of
different shapes and sizes allow them to penetrate the cell surface membrane with high

efficiency!”!

. The interaction of modified AuNPs with biological membranes is greatly
impacted by their size, shape, surface coating and charge!'®'!. Therefore, for the effective
design of AuNPs with optimal uptake, a cautious consideration of nanoparticles properties
is fundamental, as they determine cellular interactions in living systems and thus, the
appropriateness of the functionalized nanoparticles to be used in biomedical

applications!'?2.

The cellular uptake mechanism by which AuNPs enter a cell and their intracellular fate
is highly dependent on their physiochemical characteristics!'?® '24, Other factors, such as
the concentration of nanoparticles and the incubation time used during treatment of the
cells can also influence both the uptake of nanoparticles and their intracellular fate!'?> 125!,
Since physiochemical properties are essential in determining intracellular fate, surface
functionalization of AuNPs with targeting moieties can greatly impact their trafficking
behavior and subcellular localization inside cells!'?”!. For example, binding of biomolecules
that are conjugated to the surface of AuNPs against cellular targets inside the cells can
enhance nanoparticle accumulation within the intracellular environment and thereby,
decrease the processes of exocytosis!'?® '2°l. Conjugation of biological moieties such as
antibodies and peptide ligands to AUNPs has previously shown to increase cellular uptake
as a result of interactions between the nanoparticles and cell surface membrane!'®?.
Enhanced cellular uptake through different ligand modifications can improve cellular

signaling and lead to long-term tracking of molecular targets inside the cell3",

There are several cellular uptake mechanisms by which AuNPs internalize within a
cellular environment, such as clathrin- and caveolae-dependent endocytosis, clathrin- and
caveolae-independent endocytosis, macropinocytosis and phagocytosis!'*? (Figure 1-9).
Cellular uptake of AuNPs by endocytosis involves the formation of membrane-enclosed
vesicles formed from the cell surface membrane that contain the nanoparticles along with

extracellular fluids and different proteins!'®?.
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Figure 1-9. Schematic representation of the different endocytic mechanisms by which AuNPs
internalize into cells. Cellular uptake of AuNPs results in the entrapment of AuNPs into vesicles,
which are transported within the cellular environment with the aid of actin filaments. (a) Clathrin-
dependent endocytosis — Major pathway of AuNPs cellular entry that involves binding of ligands on
the surface of AuNPs on corresponding receptors on the cell membrane. (b) Caveolin-dependent
endocytosis — Receptor specific internalization pathway of AuNPs that depends on caveolin coated
cell membrane invaginations, described as caveolae. (¢) Clathrin- and caveolin-independent
endocytosis — Cellular internalization of AuNPs relies on lipid rafts like sphingolipid and cholesterol
rich domains found on the cell membrane. (d) Phagocytosis — Cellular uptake through binding of
ligands on the surface of AuNPs on phagocytic receptors on the surface of cell membrane. (e)
Macropinocytosis — Non-specific cellular uptake mechanism that is characterized by engulfment of
extracellular material along with the AuNPs by actin-stabilized cell membrane extensions. (Figure
adapted from Donahue et al. 2019, Copyright © 2019, with permission from Elsevier)

It has been previously discussed in literature that the main mechanisms that cells use
to internalize nanoparticles are active processes, such as energy-dependent endocytosis
mechanisms!'**> '*, The main cellular uptake mechanism by which functionalized AuNPs
are internalized is known to be receptor-mediated endocytosis, through which molecules
conjugated to the surface of AUNPs bind to and interact with receptors on the extracellular
surface of the cell membrane. This results to fusion with the membrane followed by the

formation of endosomal vesicles, which allows the cell to transport the AuNPs within the
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cytosoplasmic region!'® 38 The process of receptor-mediated endocytosis and the
mechanism by which AuNPs are internalized involves proteins such as clathrin, a protein
repoponsible for the formation of coated vesicles, and caveolae, which are small

invaginations of the cell membrane!'® 49,

Although the different endocytosis mechanisms are widely recognized as the major
pathways through which nanoparticles internalize within cells, other mechanisms of entry
such as passive diffusion have also been discussed in the past!'*'\. Entry of nanomaterials
by passive diffusion is regulated through proteins found on the cell membrane, including

channel proteins, receptors and transporters!'*?

. It has been previously reported that
nanoparticles of about 4 nm are able to internalize within red blood cells (RBCs) and
penetrate their plasma membrane by a passive, non-endocytic process!'*®l. The interaction
of the nanopatrticles with the membrane results to a more flexible and soft bilayer structure,
which allows the passive entry of nanoparticles without influencing the overall integrity of
the cell membrane or producing any gaps in the phospholipid biIayer[”S]. Moreover,
various nanomaterials have also been shown to pass through cell membranes by passive
processes like diffusion and adhesive interactions. Various types of both inorganic and
organic nanoparticles have been reported in literature to be able to penetrate the cell
membrane through disruption of the phospholipid bilayer and formation of nanosized

holes[144, 145].

Even though the cellular uptake mechanisms and intracellular trafficking of
nanomaterials have been well-exploited in the nanomedicine field within the past few
years, a lot more progress is required to fully understand the full mechanisms of
internalization and cellular interactions in different types of cells and tissues. New
advances in the field are likely to lead to the development of new methods that will aid in
the improved analysis of nano-bio interactions at subcellular level, through for example

epigenetic or mitochondrial targeting!*"!

. Such methods include high content analytics,
imaging cytometric techniques, cryo-electron and high-resolution microscopy. Through
continuous advances in the chemical synthesis of nanomaterials, novel structures with
precisely defined biochemical characteristics will soon be developed for both exploiting

and treating complex human diseases, such as cancer!'*.
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1.6 Gold nanoparticles for biomedical imaging

Early detection and diagnosis is essential in clinical practice, especially for diseases
like cancer. Cancer patients benefit from early detection and demonstrate a prolonged
survival and mortality rate!'*” '8l Medical imaging based technologies are crucial for the
early detection of malignant tumors and thus, for predicting the therapeutic response.
Current imaging modalities include X-ray radiography, magnetic resonance imaging (MRI),
computed tomography (CT), positron emission tomography (PET), photo-acoustic imaging,

ultrasound (US) and fluorescence imaging!®” "9,

Even though imaging techniques such as MRI, CT, PET and US are widely used in the
medical field for detecting cancerous lesions, their spatial resolution is only on a
macroscopic level'®® '®! Fluorescence imaging currently provides the highest resolution
for detection and diagnosis of diseases at a microscopic level, particularly through the use
of near-infrared light'**], When compared to imaging approaches that use visible light,
near-infrared fluorescence (NIRF) imaging provides deeper penetration and reduces non-
specific autofluorescence in biological specimens. Although NIRF imaging is a powerful
technique and significantly advantageous over other imaging applications, its depth
penetration in various types of tissues and scattering properties sometimes still limit its use
in the clinic!’®?. Furthermore, poor detection sensitivity has also been previously observed
with NIRF imaging due to low levels of fluorescence at the tumor site, which can induce

photobleaching!'®? "4,

The unique physiochemical properties of nanoparticles provide possibilities for
overcoming the limitations of conventional imaging techniques. For instance, through their
ability to be multi-functionalized, AuNPs can prevent potential quenching of NIRF!"*4, as
nanoparticle-based systems for imaging applications can be designed to convert photons

with low energy into higher energy photons, thereby aiding in reducing photobleaching!'*°.

What is more, the multifunctionality of AUNPs provides opportunities for high loading of
imaging agents. For example, the use of nanoparticles in fluorescence imaging
applications, allows a larger number of fluorescent molecules to be conjugated to the

nanoparticles surface, providing an enhanced detection signal®®. Also, the fact that

27



accumulation of nanoparticles in target lesions can be increased through both active and
passive processes, suggests that high levels of fluorescence can be acquired upon
imaging. More specifically, the vascular permeability of tumors driven by the enhanced
permeability and retention effect (EPR) induces high accumulation of nanopatrticles within
cancer cells!"]. The high accumulation of AuNPs in tumors has led to the development of
many nanoparticle-based multifunctional platforms for use in both NIR-based cancer

imaging and PDT therapy!'*® (Figure 1-10).
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Figure 1-10. Schematic illustration of AuNPs accumulation in tumor cells via EPR effect for use in
NIR-mediated imaging guided by PDT. (Figure adapted from Vats et al. 2017"°®], Copyright © 2017,
Open Access)
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Organic fluorophores have also been widely investigated for imaging biological
samples, however, their use is hindered by their narrow excitation spectra and broad
emission!'*®. What is more, previously published studies have reported the fabrication of
various NIR fluorophores with improved photophysical properties, but their intrinsic
hydrophobicity prevented their direct use for in vivo applications!'®® "1, Even when NIR
fluorophores were attached to nanoparticles in order to eliminate hydrophobicity related
issues and achieve enhanced resolution in vasculature structures in in vivo models, their
use in bioimaging was still an issue due to quenching upon transferring to aqueous

solutions!'®?.

Besides fluorophores, quantum dots have also been investigated as alternative agents
for biomedical imaging, but they also exhibit numerous limitations such as high cellular
toxicity!'®® '®. In comparison to other inorganic nanoparticles and other gold nanosized
materials, such as nanostars, nanorods and nanocages, AuNPs have been proven to have
better properties for both in vitro and in vivo imaging applications due to their ability to be
easily modified, tunable SPR and low cytotoxicity!'®®*'®®l. For example, the characteristic
SPR wavelength of AuNPs can be easily tuned from the visible to the NIR region to
eliminate photobleaching related issues during imaging'®” '®® 7% The high electron density
of gold is another advantageous property of AuNPs, as it provides enhanced contrast to
study subcellular localization and nanoparticle-cell interactions using imaging techniques
such as light and transmission electron microscopy!'’". What is more, the light scattering
properties of AuUNPs are superior over other inorganic nanoparticles, and thereby, allow
them to appear brighter than the background in biological specimens due to enhanced

contrast and detected easily by commercial microscopes using dark-field illumination!'’®
175]

Two-photon luminescence microscopy is another popular imaging system used widely
in biomedical research, as it provides possibilities to overcome autofluorescence in
biological samples and enables high spatial resolution 3D images, which are some of the
most common problems that other optical imaging systems face!'”®. Moreover, immuno-
electron microscopy is another optical system that can be used to visualize functionalized

AuNPs in cells and at the same time study cellular targets, such as proteins, at a
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subcellular level using electron microscopy techniques!'’” '8, More specifically, this
technique uses AuNPs labeled with antibodies in order to detect, quantify and localize a

specific antigen in biological specimens!®’: 1781,

X-ray computed tomography is another biomedical imaging system that benefits from
the advantageous properties of AuNPs. When compared to conventional contrast
enhancing agents, AuNPs absorb X-rays with significantly higher efficiency and thus, allow
improved contrast in computed tomography images!'®® 79!, Also, the circulation time of
AuNPs in the blood is considerably longer in comparison to the circulation time of

conventional X-ray tomography agents, such as iodine-based contrast agents!'®® 8",

MRI is a widely used imaging technique in the clinic, as with the use of contrast
enhancement agents, such as gadolinium!'®?, it can noninvasively develop a well-defined
3D image with high resolution®®”!. However, the use of AuNPs has been previously
reported to enhance both the contrast as well as specificity in MRI scans. Gadolinium
based contrast agents have relatively low specificity for tumors, as they are not able to
differentiate between benign and malignant tumors!'®3. The multifunctionality of AuNPs,
allows the conjugation of cancer targeting moieties to their surface in order to direct them
to the target site and achieve high accumulation of nanoparticles within tumor cells for

cancer specific imaging!'®*.

Different surface functionalization approaches have been previously reported to
successfully enhance the stability and biocompatibility of AuNPs in biological
environments, which is essential for their use as nanoprobes in biomedical imaging
applications. As discussed earlier, the favorable characteristics of AuUNPs provide a lot of
opportunities for their use in many imaging applications. However, their ability to combine
multiple functional molecules on their surface provides further opportunities for the
development of multimodal contrast imaging systems that can be used to unravel both the
structural and functional complexity of a living system, such as the human body. Hence,
the design of novel nanoparticle-based imaging systems is crucial for the continuous
development of the nanotechnology field and the progress of biomedical imaging in the

upcoming years.

30



1.6.1 Luminescent gold nanoparticles for multimodal imaging

Due to their unique optical and physiochemical properties, AUNPs have gained a lot of
attention in the medical field for their ability to be used as multifunctional nanoprobes in
cancer theranostics!®®. When compared to other molecular probes, AuNPs are capable of
incorporating a high loading of multiple imaging and targeting moieties, thus providing high

sensitivity with improved spatial resolution!'8> '8¢,

The use of luminescent transition metal complexes has recently received significant
interest in the nanotechnology field for the development of luminescent nanoparobes using
AuNPs as a delivery vehicle, aiming to translate the attractive properties of the
luminescent complexes to the gold nanoprobes!'®®'®. Conjugation of transition metal
complexes to the surface of AuNPs allows coating with hundreds to thousands metal
complexes per nanoparticle, depending on the complex and nanoparticle size, which

[188, 1891 The |uminescent AuNPs

provided a strong luminescent signal during imaging
acquire the unique photophysical properties of luminescent transition metal complexes,
including high photostability, large Stoke shifts and long-lived luminescence along with the
favorable properties of gold!'?% "' Therefore, luminescent AuNPs do not exhibit either the
“blinking” effect previously reported with the use of other organic dyes!'®”! neither any

unpredictable magnetic properties that can arise from the bulk materiall*?.

It has been previously reported that coating of AUNPs with a luminescent ruthenium
complex, produces luminescent nanoparobes with longer luminescence lifetimes when
compared to the molecular complex alone, which can be used for imaging cancer cells
using confocal luminescence microscopy. More specifically, ruthenium coated AuNPs of
13 and 100 nm were developed and successfully used for luminescence imaging in lung
cancer, A549 cells, revealing nuclear localization and biomolecular interactions of single,
non-aggregated AuNPs with chromatin!'®”! (Figure 1-11). The appropriateness of such
luminescent nanoprobes for imaging applications was evident through the high stability
and long half-life that the ruthenium AuNPs exhibited, as luminescence was able to
detected in the cells even three days after the chase experiment!'®”!. This was further

confirmed by a recently published study, demonstrating that the high photostability of
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ruthenium coated AuNPs in lung cancer cells allows quantification of the cellular uptake

through tracking the ruthenium luminescent signal over time using confocal luminescence
[193]
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Figure 1-11. Imaging analysis of nuclear localization of ruthenium coated 100 nm AuNPs in lung
cancer A549 cells, (a) Z-stack confocal image of a single cell showing ruthenium luminescence co-
localized with Hoechst (nuclear stain) luminescence. (Scale bar: 10 ym) (b) Ruthenium luminescence
image. (Scale bar: 1 ym) (c) Overlay image of (b) with Hoeschst. (Scale bar=1 pm) (d) TEM images of
ruthenium coated 100 nm AuNPs in an A549 cell. Magnified inset shows interaction of condensed
chromatin (red-dashed line) in the nucleus with the ruthenium coated nanoparticles. (Scale bars: 5
Hm, 2 um and 100 nm) (Figure adapted from Rogers et al. 2014"%" ], Copyright © 2013, with permission
from The Royal Society of Chemistry)

Similarly to ruthenium molecular complexes, iridium complexes have also been
reported to be suitable transition metal complexes for luminescence imaging, upon
conjugation to AuNPs. Luminescent iridium coated AuNPs of 100 nm in size have been
previously introduced for both visualization and tracking of blood flow in narrow vessels,
with significantly enhanced resolution in comparison to conventional alternatives!'®. The

luminescent iridium nanoprobes demonstrated visible emission and long-lived
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luminescence lifetimes, allowing them to track blood flow. More specifically, subsequent to
injecting mice, the iridium coated AuNPs were able to enter blood circulation and using
luminescence imaging, the iridium signal was clearly detected in small blood vessels in
lungs, mesentery and skeletal muscles with high resolution!'®. Also, the characteristic
iridium signal detected was strong enough to eliminate any background autofluorescence,
which is one of the most frequent issues in biomedical imaging applications. The
luminescent AuNPs demonstrated efficient body clearance through the liver and the
spleen!'® which is essential for the successful translation of novel nanoparticle-based
systems in the clinic. Therefore, such systems can lead to the development of novel
formulations for analyzing and tracking the flow of blood in in vivo models and aid to better

understand the different functions and complexity of the human circulatory system.

The development of iridium coated AuNPs of different sizes, 13, 25 and 100 nm, has

[188] Besides

also been reported to be a successful system for luminescence imaging
emission within the visible region and long-lived lifetimes, the iridium nanoparticles
demonstrated two-photon luminescence, allowing luminescence lifetime imaging of cancer
cells, through detection in two different channels. A long signal, coming from the iridium
complex, and a shorter signal from the AuNPs were able to be detected in Hela cells after
treatment with the luminescent nanoparticles!'®®. The two-photon luminescence imaging
approach used revealed a strong signal for both the iridium and the gold during imaging for
all the different sizes of AuNPs studied (Figure 1-12). Through this system, the impact of
the size of nanoparticles on subcellular localization was able to be determined, something
that is rather challenging with other imaging systems, such as TEM['®®. Therefore, the
results of the study further confirm that attachment of luminescent complexes to AuNPs
provides opportunities for tracking nanoparticles in an intracellular environment and in vivo

models using luminescence imaging.
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Figure 1-12. Two-photon luminescence lifetime imaging of 13 (bottom), 25 (top) and 100 (middle)
nm iridium coated AuNPs in HelLa,cells through detection in two channels. (a) Intensity image (b)
Iridium luminescene showing a lifetime of 450 to 1000 ns. (c) Lifetime imaging of short-lived signal
from the gold with a lifetime of 20 to 119 ps. (Scale bar: 20 ym) (Figure adapted from King et al.
2018"%, Copyright © 2018, with permission from the American Chemical Society)

Besides transition metal complexes, lanthanide complexes have also been reported to
be suitable candidates for the development of luminescent nanoprobes for imaging
applications. Similarly to transition metal complexes, lanthanide complexes also exhibit
intrinsic photophysical properties such as large Stoke shifts, narrow emission bands and
long-lived luminescence lifetimes, which allow them to overcome issues associated with

the use of organic dyes!'®" 194

. In biological systems, lanthanide luminescence can be
easily detected through the time-gating luminescence technique, which uses the long-lived
luminescence signal of lanthanides and the time-delayed detection to enhance the signal-

to-noise ratio and thereby, eliminate autofluorescence!'®" %!,
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The use of 13 nm AuNPs, coated with a europium luminescent complex, has been
previously described for imaging of blood cells!*°!. Through this system, europium coated
AuNPs were internalized within human platelets with the help of a pH-dependent peptide
ligand, pHLIP. The presence of the luminescent AuNPs in the intracellular environment
was confirmed through detecting the signal of the europium complex in the treated cells

using luminescence microscopy!'*°.

The development of luminescent nanoprobes has provided multiple possibilities for
luminescence imaging, both for in vitro and in vivo settings. The use of transition metal
complexes and lanthanides to coat AuNPs offers unique advantages over the use of
conventional fluorescent molecules. One of the major benefits of using luminescent probes
is that the luminescent signal can be easily detected over little to no background noise,
thus, allowing long-term luminescence imaging to be performed without inducing
phototoxicity. Therefore, the use of luminescent complexes for the design of novel
nanoaprticle-based systems offers opportunities to further expand the use of multimodal
luminescence imaging in biological systems and overcome limitations of conventional

imaging approaches currently used in the clinic.

1.7 Conjugation of antibodies to gold nanoparticles

Antibody-conjugated AuNPs are fundamental in the development of emerging
biosensing technologies in the nanomedicine field, as they combine the high specificity
provided by the antibody for the selective recognition of antigens along with the unique

properties of AuNPs!' 1971

. Due to the fact that the use of antibody-coated AuNPs results
to significantly enhanced cellular uptake and intracellular stability, their use can vastly

improve the sensitivity and multiplex analysis of conventional immunoassays!'?"..

Antibody-conjugated AuNPs are very popular in the nanomedicine field for their
beneficial properties in cancer theranostic applications. The presence of antibodies on the

gold surface can direct AuNPs to the tumor site through binding to antigens expressed on

35



the cell surface of malignant cells. When it comes to the development of cancer selective
drug nanocarriers, the high specificity and affinity of an antibody towards an antigen
receptor makes antibodies as an ideal targeting moiety!'*®. There are many different types
of antibodies, but usually the ones used for therapeutic purposes are Immunoglobulin G
antibodies (IgG). An IgG antibody is the most abundant antibody in the human serum!'®!,
These antibodies have a Y-shaped structure, which is comprised from a constant region
(Fc) that is the same in all IgG antibodies and a variable region (Fab), containing light and
heavy chains, which is specific to each antibody. The upper part (Fab) and the lower part
(Fc) of an antibody, are connected through disulfide bonds, known as hinge region/®*
(Figure 1-13).
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Figure 1-13. Structure of an IgG antibody.

The approval of antibodies for safe use in the clinic played a predominant role in the
extensive research carried out on the development of antibody-conjugated AuNPs for
cancer theranostic applications. Some of the antibodies that have been approved for use
in the clinic include cetuximab, for the treatment of colorectal cancer with overexpression
of epidermal growth factor receptor (EGFR) and trastuzumab, which is used for the

treatment of breast cancer with herceptin-2 (HER2) overexpression®®' %2 The clinical
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success of these antibodies has been well established due to their high binding affinity
against their targeting antigens and therefore, they have been widely used in the

nanomedicine field for the development of antibody-conjugated AuNPs.

The ability of AuNPs to act as radiosensitizers and release electrons upon NIR
radiation and X-ray irradiation, enhances significantly the effectiveness of conventional
radiation therapy techniques!'. Therefore, both cetuximab and transtuzumab have been
previously used to develop antibody-conjugated AuNPs, in order to guide the nanoparticles
to the tumor site and improve radiation therapy?®*2%l. Antibody-conjugated AuNPs have
been previously used to improve targeted PTT in many different types of cancert?% 2071,
Similarly to their successful use in radiation therapy, antibody-functionalized AuNPs
exhibited selective cellular uptake by tumor cells and induced high cellular toxicity upon

treatment.

The first antibody-conjugated AuNPs for cancer treatment were developed in 2008,
aiming to enhance toxicity in cancer cells through the specific delivery of anticancer agents
to the tumor site. More specifically, in 2008, the chemotherapeutic agent gemcitabine was
conjugated to cetuximab-functionalized AuNPs for targeted drug delivery in pancreatic
adenocarcinomal®®.  When compared to gemcitabine coated AuNPs, in the absence of
the antibody, the cetuximab coated AuNPs demonstrated enhanced therapeutic efficacy

both in in vitro and in vivo settings®®°® (Figure 1-14).

The delivery of other widely used chemotherapeutic agents, including doxorubicin/?*®!
and oxaliplatin®'®!, has also been investigated using antibody-functionalized AuNPs, with
the results indicating that the presence of the antibody on the gold surface improves
drastically the delivery of the chemotherapeutic agents to the target cells. These drugs are
either adsorbed on the gold surface via hydrophobic interactions, through reversible Au-N

bonds, or attached using PEG ligands along with the antibody!?%2'"],

37



Figure 1-14. Comparative bioluminescence imaging of tumor growth in mice subsequent to
treatment with (a) gemcitabine and cetuximab (control group) and (b) gemcitabine on cetuximab-
functionalized AuNPs (experimental group). Experimental group shows significant inhibition in
tumor growth. (Figure adapted from Patra et al. 2008, Copyright © 2008, with permission from
American Association of Cancer Research)

The cellular uptake mechanism by which antibody-conjugated AuNPs are mainly
internalized is receptor-mediated endocytosis'®'?. Even though conjugation of an antibody
to AuNPs can suggest that the antibody-antigen binding site is no longer available and can
possibly hinder uptake, previously reported studies have shown that conjugation to the
gold surface does not alter the pharmacokinetic profile of the antibody?'?. In fact, the use
of AuNPs to deliver cetuximab was reported to induce considerably faster cellular uptake
in pancreatic cancer cells when compared to free cetuximab'®'?. This was attributed to the
different endocytotic pathway used by the antibody upon conjugation to the gold surface,
which altered the internalization process and thus, affected subcellular localization,

intracellular trafficking and interactions at a molecular level®'?.,

Even though receptor-mediated endocytosis is the most common mechanism by which
antibodies are internalized within a cellular environment, it has been previously discussed
that not all antibodies are internalized upon binding to antigen receptors. For example, the

internalization of trastuzumab upon binding to HERZ is still debated, as the antibody has a
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high affinity towards the extracellular domain of HER2, but there is no evidence of
targeting intracellular molecules®?'® #'“. However, the use of AuNPs to deliver trastuzumab
in HER2 overexpressing breast cancer cells has been reported to improve its cellular

internalization in comparison to free trastuzumab at the same concentration?'!,

The key to the successful development of antibody conjugated AuNPs in cancer
theranostics, is the choice of the right targeting antibody along with the right strategy to
conjugate it to the gold surface®'®. The conjugation of antibodies to the surface of AUNPs
can be performed both through non-covalent and covalent immobilization, determined by
physical and chemical interactions, respectively®'’- 28 The physical interactions between
AuNPs and antibodies usually depend on hydrophobic attraction between the gold surface
and the antibody, ionic interactions between the negatively charged surface of AuNPs and
the positively charged antibody or dative binding between the conducting electrons on the
gold surface and the sulfur atoms in the amino acids of the antibody®'® 2'%! (Figure 1-15).
Chemical interactions between AuNPs and antibodies can be achieved through the use of
bifunctional intermediary linkers, such as PEG, the use of adapter molecules such as
Streptavidin anti-biotin or through adsorption of the antibody onto the gold surface using

thiol groups!?'8: 220,

(b)

Figure 1-15. Physical interactions between antibodies and AuNPs. (a) hydrophobic interaction (b)
ionic interaction and (c) dative binding.
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Non-covalent immobilization is primarily based on both hydrophobic and electrostatic
interactions between the surface of AUNPs and the antibodies®*'! and is described as a
conjugation strategy based on spontaneous adsorption of antibodies on the gold
surface®'®l. There are several issues associated with the use of non-covalent modes to
conjugate antibodies to AuNPs, such as the need of a very high antibody concentration
during preparation. Also, non-covalently conjugated antibodies are susceptible to changes
in a biological environment, such as pH, and therefore, they can be easily replaced by
other molecules in biological samples®®'”!. Another major disadvantage of non-covalent
conjugation is the random orientation of antibodies on the gold surface, which results to
loss of antibody-antigen binding activity and thus, compromises the high selectivity and
affinity of the antibody-conjugated AuNPs!??* 2"l The fact that cellular uptake of antibody
conjugated AuNPs relies vastly on receptor-mediated endocytosis?'?, suggests that
directional conjugation of antibodies to AuNPs can significantly improve cellular uptake as
there are more binding sites available when compared to randomly oriented antibodies on

the gold surface.

For directional conjugation of antibodies to the surface of AuNPs, covalent binding
strategies are usually performed using biomolecules that contain thiol groups. For
instance, antibodies can be covalently conjugated to AuNPs through the use of adapter
molecules like biotin and avidin®'”! and mediator linkers such as PEG, which are highly
water soluble and approved for use in the medical field'®® 2”1, Bioconjugation chemistry is
an essential component of different conjugation strategies used for the directional
conjugation of antibodies to the gold surface. Thiolated PEG linker (PEG-SH) is widely
used to functionalize the surface of citrate AuNPs prior to antibody conjugation in order to

eliminate non-specific binding®®'" 28 2171

. PEG-SH chains are usually terminated with a
carboxyl group, providing a binding site for the antibody through the formation of an amide
bondl'%8 203 204, 2221 " Eyien through not all antibodies can spontaneously bind to and form
covalent bonds with carboxyl groups, the antibodies can be easily modified through

coupling chemistry to bind without the need of a spacer molecule®'”..
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Therefore, a full understanding of the chemistry behind the bioconjugation of different
antibodies to the gold surface is essential for the development of nanoparticle-based
systems with high specificity towards antigen receptors. Such systems are presented as
pioneering interventions in the nanomedicine field as they offer opportunities for improved

delivery of conventional chemotherapeutic drugs and on-target specificity.

1.8 Thesis aims

Even though current advances in the oncology field have led to earlier detection of
malignant tumors and more effective therapies, the successful delivery of theranostic
agents to the tumor site and precise subcellular localization, still, present some of the most
prevalent challenges in the diagnosis and treatment of cancer. Therefore, there is currently
a growing interest in the development of novel formulations, which can intrude biological
barriers that prevent therapeutic and imaging agents from successfully reaching their

target of interest.

Recently, nanoparticles have gained significant scientific interest as vehicles to
selectively deliver theranostic moieties to cancer cells due to their multifunctionality, unique
physiochemical properties and ability to greatly accumulate within tumors. Hence, the main
objective of the research work conducted in this thesis was to develop multifunctional gold
nanoparticles with optimal cellular uptake to improve detection and intracellular localization

in malignant cells.

Luminescent metal complexes were used to functionalize the gold surface, aiming to
translate the attractive photophysical properties of the complexes onto the gold
nanoprobes and achieve a strong luminescent signal for detection. What is more, in order
to address the limitations of conventional imaging approaches, the favorable optical
properties offered by both the metal complexes and the gold scaffold were used to
investigate the appropriateness of the functionalized nanoprobes for use in multimodal
imaging in biological specimens. The ability of metal complexes to be easily modified via
changing the type of ligand attached to the metal core promotes subcellular localization in

different organelles. Thus, different transition metal complexes were used to functionalize
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the surface of gold nanoparticles, aiming to improve the systematic bioavailability of the

complexes within a biological environment and achieve targeted intracellular delivery.

The improved intracellular bioavailability and localization of the luminescent complexes
when attached to the gold scaffold are essential for promoting selective targeting of tumor
cells and thus, reducing off-target cytotoxicity, which is highly related to severe adverse
side effects. Therefore, the selectivity of the luminescent nanoprobes for targeting
malignant over normal cells was also investigated in this thesis, aiming to determine their
ability to overcome the limitations of conventional chemotherapeutic drugs and induce an

improved therapeutic outcome through eliminating off-target toxicity.

When it comes to the development of cancer selective nanoprobes, the high specificity
and affinity of antibodies against antigen receptors make them ideal as targeting moieties.
Hence, part of the work carried out in the present thesis involved the functionalization of
gold nanoparticles using both luminescent metal complexes and a monoclonal antibody.
The antibody conjugated nanoparticles were assessed for their potential to enhance
detection sensitivity and binding affinity in biological samples, aiming to improve

identification of tumor biomarkers both in vitro and in vivo imaging applications.
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Chapter 2:

2. Luminescent iridium gold nanoparticles to target mitochondria in
cancer cells

2.1 Introduction

The cellular metabolic pathways in cancer cells operate differently to those in healthy
cells, thereby, providing opportunities for the development of targeted cancer therapies!' 2.
After Nobel Prize winner Otto Warburg discovered that most of the energy in cancer cells
is derived from aerobic glycolysis to fuel mitochondrial respiration, mitochondria have
gained a lot of attention in the oncology field for their role in tumourigenesis'® *" In cancer
cells, both the structure and function of mitochondria differ from those in normal cells,
making mitochondria a popular target for the development of tumor-selective
theranostics'™. More specifically, when compared to normal cells, cancer cells have
distinctive differences in their mitochondrial metabolism, such as increased mitochondrial
membrane potential (MMP) and higher oxidative stress, which promote malignant
transformation. These differences provide opportunities for cancer specific mitochondrial
targeting that can result to an optimal therapeutic effect through eliminating off-target

toxicity!®.

Besides their critical role in generating cellular energy, mitochondria are considered as
the major site of reactive oxygen species (ROS) production”.. The basal ROS levels in
cancer cells are significantly higher than the ones in normal cells due to increased
metabolism and mitochondrial dysfunction'®. As a result of their high intracellular basal
ROS levels, cancer cells exhibit high antioxidant capacity, which allows them to protect

cellular proliferation and maintain tumor promoting signaling® "

. Even though elevated
ROS levels are essential for the development and survival of cancer cells, excessive levels
of ROS can promote cell death (Figure 2-1). Therefore, the use of exogenous ROS
inducers to elevate intracellular ROS levels in cancer cells to toxic levels can potentiate a
favorable therapeutic approach, through targeting cancer cells while sparing normal

cells!',
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Figure 2-1. Cancer cells have higher intracellular basal ROS levels than normal cells. Increase of
ROS levels via an exogenous ROS inducer promotes cellular development, proliferation and cell
survival in normal cells, while in cancer cells it elevates ROS to toxic levels, leading to cell death.

There is a growing interest in the development of highly emissive multifunctional
theranostic complexes to target mitochondria, which can also act as imaging agents to
monitor changes in the physiological status of mitochondria upon targeting[”]. Recently,
various transition metal-based complexes have gained considerable attention in the field
as mitochondrial agents, both for imaging and targeting purposes!'?'*. When compared to
conventional organic labels, luminescent transition metal complexes offer advantageous
photophysical properties, such as high photostability, large Stokes shifts and long-lived
lifetimes, which can provide enhanced detection sensitivity in imaging applications, as the
short-lived auto-fluorescence signal in cancer cells can be easily gated out’. Besides
their favorable luminescence properties, transition metal complexes can be easily modified
through altering the type of ligand attached to the metal core, in order to achieve highly

efficient subcellular localization in different organelles!'®'®! (Figure 2-2).
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Figure 2-2. Confocal microscopy images of HeLa cells showing that subcellular localization of
cyclometalated iridium(iii) complexes can be easily controlled through the introduction of different
ligands. Incorporation of (CsHs)sP group in complex 14a using an alkyl chain promoted accumulation
of the iridium complex in mitochondria, whereas complex 14b, containing only an alkyl group, was
found to localize within lysosomes. (Figure adapted from Zamora et al. 201 19], Copyright © 2018,
with permission from Elsevier)

14b

The characteristic photophysical properties of cyclometalated iridium complexes, along

with their enhanced cell permeability, make them popular biological reagents for various

h2% 21 [ridium(Ill) complexes have been widely

applications in biomedical researc
investigated as luminescent probes for cellular imaging applications, due to their distinctive
luminescence signal and previous success in imaging different cell organelles including

cytoplasm, nucleus, mitochondria, golgi apparatus and lysosomes!?>2¢l,
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Even though Iluminescent metal complexes can be tuned to guide subcellular
localization, their use as theranostic agents in a wide range of biomedical applications is
often compromised by the high cellular toxicity they exhibit due to imprecise cellular
localization®”). However, recent advances in the nanotechnology field offer countless
opportunities for the development of cancer specific nanoprobes and indicate a promising
approach to overcome the aforementioned challenges’®® ?°\. The use of nanocarriers to
deliver targeting moieties in tumor cells enhances drastically cellular bioavailability, as it
allows the agents to remain for a longer period of time at the intracellular target site. This
aids in maximizing the therapeutic efficacy through the localized delivery of high
administrating doses, which are highly cytotoxic when delivered alone'?” %%, The delivery of
targeting agents to mitochondria using nanovectors has been previously reported to
prevent tumor recurrence, as drugs that are locally delivered to mitochondria are harder to
efflux when compared to drugs randomly delivered to the cytoplasm®'!. Therefore, there is
currently a growing need for developing multifunctional nanoprobes that can be used for
targeted intracellular delivery, in order to improve bioavailability and overcome limitations

of conventional targeting and imaging agents.

Gold nanoparticles (AuNPs) are considered as ideal nanovectors in the
nanotechonolgy field, due to their unique optical properties and multifunctionality, which
allows incorporation of more than one type of agents to achieve efficient localized delivery,
for imaging and targeting cancer cells at the same time!®?. What is more, the large surface
area offered by AuNPs allows the delivery of high concentrations of theranostic agents to
the target site, which aids in enhancing detection sensitivity and therapeutic efficacy, while
eliminating off-target cytoxicity®® 3%, Also, due to their high electron density, AUNPs enable
improved spatial resolution in detection and allow multimodal imaging microscopy to be
used®” 30 33 351 The ease of synthesis and the size tenability of AUNPs are considered
beneficial for their use as multimodal nano-sized biomaterials, as AuNPs of 25 nm or
larger in size can be detected in the intracellular environment using reflectance microscopy

as single, non-aggregated particles within the diffraction limit of the microscope!®®€l.
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Previously published studies have reported that the use of AuNPs to deliver transition
metal complexes to cancer cells is highly advantageous, due to the combined favorable
optical properties of the metal complex and the gold scaffoldi®® 37 2% 40l The attachment of
luminescent metal complexes to AuNPs, allows the attractive luminescent properties of the

complexes to be translated onto the gold nanoprobes!®® 37 41. 38l

. Moreover, through
conjugating hundreds to thousands of metal complexes to the gold surface, a strong
characteristic luminescent signal can be obtained, offering high detection sensitivity both
for in vitro and in vivo imaging. The luminescent signal from the metal complex can be
easily detected using confocal luminescence microscopy, while scattering from the gold
within an intracellular environment can be imaged using reflectance microscopy!®® 37 3% 401
What is more, the attachment of metal complexes to the surface of AuNPs improves
radically the photostability and long half-life of the complexes in the intracellular space, as
it has been formerly reported that luminescent AuNPs were able to be detected in cancer

cells even three days subsequent to the chase experiment®®.,

The favorable luminescent properties of iridium(lll) complexes and their ability to be
modified in order to achieve efficient subcellular localization, have led to the development
of various complexes for targeting mitochondria in cancer cells. However, to date, the
imprecise localization and high toxicity associated with the use of such complexes has
hindered their successful use as theranostic agents. Hence, there is currently a growing
need for the development of multifunctional nanoprobes to efficiently deliver luminescent

complexes to mitochondria, both for imaging and targeting purposes.

Therefore, in this chapter, novel, iridium functionalized AuNPs are introduced, for
imaging and selectively targeting mitochondria in malignant cells. More specifically, a
cyclometalated iridium(iii) complex was attached to the surface of surfactant coated
AuNPs, in order to promote efficient cellular uptake and high accumulation of the

luminescent nanoparticles in cancer cells (Scheme 2-1).
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Scheme 2-1. Schematic of coating AuNPs with zonyl fluorosurfactant and the iridium(lll) complex,
IrS1.

For the purposes of this study, AuNPs of 25 nm in diameter were used, as according
to literature, the use of functionalized nanoparticles of sizes below 60 nm demonstrate
improved cellular uptake!*® “®.. Also, nanomaterials that are smaller than 15 nm in size,
have been previously reported to exocytose easily and efflux from the cells, thereby,
reducing the bioavailability of the targeting agent within the intracellular environment!**°!,
Photophysical characterization of both the iridium complex and the modified AuNPs was
performed, indicating that upon conjugation to the gold surface the complex retains its
characteristic luminescence properties. The cellular uptake efficacy of the iridium
functionalized nanoparticles in cancer cells was evaluated using fluorescence-activated
cell sorting (FACS) analysis, confocal microscopy, transmission electron microscopy
(TEM) and photophysical studies. The localization of the iridium complex and the

luminescent AuNPs in the mitochondria in cancer cells was evaluated by inductively
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coupled plasma mass spectrometry (ICP-MS), confocal microscopy and TEM. Finally, the
ability of the iridium coated AuNPs developed in this chapter to selectively target
mitochondria in cancer cells was evaluated via monitoring of the intracellular ROS levels in
tumor and normal cells. The efficient accumulation of the iridium functionalized
nanoparticles in mitochondria and their preference for targeting cancer cells over normal
cells present a promising nanoparticle-based system for cancer specific theranostic

applications in the nanomedicine field.
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2.2 Chapter outline

In this chapter, the development of novel, luminescent gold nanoparticles is presented
in the presence of a cyclometalated iridium(lll) complex to selectively target mitochondria
in cancer cells. The photophysical properties of both the luminescent complex and the
functionalized nanoparticles are outlined. Upon conjugation of the luminescent iridium
complex to the gold surface, the complex retains its characteristic luminescence
properties. The iridium complex absorbs light in the visible region, between 400 and 450
nm, and displays a strong emission with a Amax at 580 nm, indicating the appropriateness
of the functionalized AuNPs for use in cellular uptake studies and by FACS and confocal
luminescence microscopy. Subsequent to treating cancer cells with the luminescent
nanoparticles, the characteristic emission and luminescence lifetime of the iridium complex
were detectable within the intracellular environment. An increase in the lifetime of the
iridium complex was detected in the treated cells, which was assigned to interactions
between the complex and intracellular proteins. The cytotoxicity of the iridium complex and
the iridium coated AuNPs, both in cancer and normal cells, was evaluated using the MTT
assay, while cellular uptake was quantified by ICP-MS analysis. The cellular uptake of the
luminescent nanoparticles in cancer cells was further evaluated using FACS and
luminescence imaging and compared to the uptake of the iridium complex in solution. Live
cell imaging performed by confocal luminescence microscopy in cancer cells after
treatment with the functionalized AuNPs revealed the characteristic signal of the iridium
complex in mitochondrial structures. Subcellular localization of the iridium nanoparticles in
cancer cells was further investigated through TEM imaging and ICP-MS analysis, with a
high number of gold nanoparticles being detected in the mitochondria. Finally, when
compared to normal cells, the luminescent nanopatrticles induced higher elevation of ROS
levels in cancer cells, potentiating a novel therapeutic approach for cancer specific

therapy.
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2.3 Results and Discussion

2.3.1 Synthesis and Characterization of AUNP25

Water-soluble, monodisperse AuNPs of 25 nm in size were synthesized using an
adapted protocol by the Pikramenou group, which is based on an improved method by
Turkevich et al.*® %1 and a previously published protocol by Ziegler et al.*®. For the
synthesis of AuNP25, AuNPs of 13 nm in size (AuNP13) were initially prepared through
citrate reduction, and were then grown to produce 25 nm monodisperse nanoparticles,
AuNP25, stabilized with citrate anions. After synthesis, the AuNP25 were fully
characterized by dynamic light scattering (DLS), zeta potential (), transmission electron

microscopy (TEM) and surface plasmon resonance (SPR) (Figure 2-3).
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Figure 2-3. Characterization of AuNP25 by DLS, TEM and SPR. (a) DLS number distribution of
AuNP25. (b) DLS intensity distribution of AuNP25. (c) Zeta potential distribution of AuNP25. (d) TEM
image displaying the spherical nature of AUNP25 and a narrow size distribution (Scale bar= 25 nm).
(e) UV-Vis absorption spectrum of AUNP25 in water. The A, of the SPR band is 519 nm.
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The hydrodynamic diameter of AuNP25 was measured by DLS and number and
intensity distribution analysis suggested sizes of 24 + 6 and 34 + 9 nm, respectively (PDI =
0.055) (DLS data are summarized in Table 2-1). Zeta potential measurements revealed
that AuNP25 are highly stable with an average surface charge of - 25 + 8 mV, which is
attributed to the presence of the negatively charged citrate ions on the gold surface!*. The
size and high monodispersity of AUNP25 were further confirmed by TEM, as imaging
analysis revealed uniformly sized nanoparticles with an average diameter of about 25 nm
(n=20). AuNP25 in water demonstrated a characteristic SPR band with a Anax, at 519 nm.
The fact that both the size of the nanoparticles and the characteristic SPR peak obsrved
agree with previously published data by the Pikramenou group, confirms the reliability and
consistency of the synthesis method used for producing monodisperse AuNPs of 25 nm

sizet®,

2.3.2 Synthesis and Characterization of IrS1

The luminescent complex IrS1 used in this study was synthesized based on modified
protocols previously published by Slinker et al.®® and Bertoncello et al.®'! by Tasha
Chauhan and Sarah Akponasa (School of Chemistry, University of Birmingham). The
synthesis and characterization of the iridium complex are described in Appendix A
(Appendix A, Scheme A-5 and Figure A-2).

2.3.3 Photophysical Characterization of IrS1

Photophysical characterization of the IrS1 complex in water displayed absorption within
the UV-Vis region, with intense high-energy absorption bands at 250-280 nm, which are
assigned to ligand-centred (LC) based transitions attributed to the spin-allowed m-1t*
transitions from the coordinating ligands. The Iluminescent complex also showed
absorption bands at 300-350 nm, extending to weaker lower-energy bands between 400
and 450 nm that according to previously published assignments are attributed to singlet

metal-to-ligand charge transfers, "MLCT**7],
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The molar extinction coefficient (¢) of Ir'S1 was calculated both in water and in
methanol. The LC molar absorptivity of the luminescent complex at 260 nm in water and in
methanol is approximately 14 800 M cm™ and 18 800 M cm™, repectvely. The MLCT
molar absorptivity at 315nm and 435 nm in water is about 8 300 and 1 400 M"' cm™, while
in methanol is 11 000 and 1 800 M cm™, respectively (Figure 2-4). Although the molar
absorptivity of a complex is highly dependent on the solvent and the presence of the
different ligands, the € values calculated for the IrS1 complex were in agreement with

literature values of similar cyclometalated iridium(lll) complexes!®® ',
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Figure 2-4. UV-Vis absorption spectra of IrS1 at concentrations between 10 to 40pM. (a) Molar
extinction coefficient (¢) of the IrS1 complex in water at A= 260 nm - e=14 800 M'cm™, A=315 nm - e=
8 300 M cm™ and at A= 435 nm - €= 1 400 M cm™. (b) Molar extinction coefficient (€) of the IrS1
complex in methanol, at A=260 nm - e= 18 800 M’ cm'1, at A=315 nm - e= 11 000 M cm™ and at A= 435
nm-g=1800M"cm™.

The excitation profile of the IrS1 complex in water was consistent with the characteristic
absorption profile observed in the UV-Vis region (Figure 2-5). Upon excitation of IrS1 at
350, 405 and 458 nm, a broad emission peak with Amax at 580 nm is displayed, which is
attributed to contributions from *MLCT and 3LLCT transitions!® %% 53 57:62:64] The excitation
spectrum was corrected for lamp instrument response. The strong emission peak

observed upon excitation at different wavelengths within the region of 400-480 nm,
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suggests the appropriateness of the IrS1 complex for use in cellular uptake studies by
FACS and confocal luminescence microscopy.

Luminescence lifetime measurements revealed that the lifetime of the IrS1 complex
using two-component analysis is 74 ns (a1=10%) and 471 ns (a2=90%) in water and 74 ns
(21=10%) and 459 ns (a2=90%) in phosphate-buffered saline (PBS) (Appendix A — Figure

A-3). These data are in agreement with previously reported luminescence lifetimes of
iridium complexes with a similar chemical structure!®".,
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Figure 2-5. Phtophysical characterisation of IrS1 in water. UV-Vis absorption spectrum (dotted
line) of 30 uM IrS1 in water. Excitation spectrum (solid line) A.,, = 580 nm and emission spectrum

(dashed line) of 30 uM IrS1 in water A, = 350, 405 and 458 nm.
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2.3.4 Preparation of IrS1-Z-:AuNP25 and characterization

Prior to conjugating the luminescent IrS1 complex on AuNPs, a fluorinated surfactant,
Zonyl FSA, was used in order to stabilize the gold surface and preclude nanoparticle
aggregation that can arise from directly substituting the negatively charged citrate ions
found on the nanoparticle surface with positively charged metals ¢ 37 41 The zonyl
coated AuNPs were purified by centrifugation to produce Z-AuNP25. The surfactant
coating on the surface of AUNP25 after purification produced a 1 nm shift in the SPR band
(Amax= 520 nm) and an increase in the intensity distribution of the nanoparticles as

measured by DLS (DLS data are summarized in Table 2-1).

The zeta potential of the surfactant coated AUNP25 was measured to be - 49 + 8 mV.
When compared to AuNP25, the zonyl functionalized nanoparticles have a more
electronegative zeta potential, which is attributed to the enhanced stability provided by the

non-ionic surfactant on the surface of the negatively charged citrate AuNPs!*'!.

A stock solution of 1.13 mM of the IrS1 complex was prepared in methanol and added
in 2 ul aliquots into an aqueous solution of Z-AuNP25. In order to confirm the attachment
of the luminescent complex to the gold surface subsequent to each addition, the shift in the
SPR band of the nanoparticles was monitored within the visible region (Figure 2-6). The
red shift in the SPR band allowed the maximum concentration of the IrS1 complex that can
be conjugated to the gold surface without causing nanoparticle aggregation to be
determined. The attachment of 20 uM of IrS1 to Z-AuNP25 resulted to a further 5 nm shift
in the SPR band of the nanoparticles, as Amax shifted from 520 to 525 nm. The IrS1
functionalized AuNPs were then purified through size exclusion chromatography, using
Sephadex G-25, in order to remove any excess, unbound molecular complex and obtain
purified IrS1-Z-AuNP25. Subsequent to purification of IrS1-Z-AuNP25, the Anax Of the SPR
band remained the same, indicating that the iridium coating on the gold surface was still

present and unaltered, after exclusion of the excess molecular complex (Figure 2-7).
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Figure 2-6. (Left) UV-Vis titration of 1.13 mM IrS1 into 2 nM Z-AuNP25 in water. (Right) The Ay of
the SPR band versus the concentration of IrS1 complex added.
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Figure 2-7. (Left) UV-Vis absorption spectra of AuNP25, Z-AuNP25 and IrS1-Z-AuNP25 after
purification. (Right) Expanded region of absorption spectra showing the shift in the SPR band upon
coating with the zonyl surfactant and the IrS1 complex.
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The IrS1 functionalized AuNPs were fully characterized prior to proceeding with
experimental studies in cells. DLS measurements did not indicate an increase in the
number distribution of IrS1-Z-AuNP25 when compared to Z-AuNP25, which is consistent
with previously published data by our group (DLS data are summarized in Table 2-1)F7 41,
However, the conjugation of the IrS1 complex to Z-AuNP25 produced an evident increase
in the DLS intensity distribution, while maintaining a low PDI, confirming the presence of
the luminescent probe on the gold surface and the high monodispersity of the iridium

functionalized nanoparticles (Figure 2-8).

Zeta potential measurements suggested that IrS1-Z-AuNP25 are highly stable with an
average surface charge of - 42 + 6 mV. When compared to the zeta potential of
Z-AuNP25, the iridium, coated AuNPs displayed a slightly less electronegative surface
charge, which is more likely attributed to the attachment of the positively charged IrS1
complex to the gold surface*'! (Figure 2-8). The size and monodispersity of both
Z-AuNP25 and IrS1-Z-AuNP25 were further confirmed though analysis of TEM images,
showing a uniform distribution of spherical nanopatrticles with an average diameter close to
25 nm (n=20) (Figure 2-9).
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Figure 2-8. DLS size and zeta potential distributions of Z-AuNP25 and IrS1-Z-AuNP25 in water. (a)
DLS intensity distributions of Z:AuNP25 and IrS1-:Z-AuNP25. (b) Zeta potential distributions of
Z-AuNP25 and IrS1-Z-AuNP25.
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Size by Number / nm Size by Intensity / nm ¢-potential (mV) PDI

AuNP25 246 3419 -25+8 0.055
Z*AuNP25 287 43 £12 -49+8 0.085
IrS1Z*AuNP25 288 5724 -42+6 0.170

Table 2-1. DLS for AuNP25, Z-AuNP25 and IrS1-Z-:AuNP25 in water. Results indicate polydispersity
index (PDI), sizes by nhumber and intensity (nm) and zeta potential data.
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Figure 2-9. TEM images displaying the spherical nature and narrow size distribution of (a)
Z-AuNP25 and (b) IrS1-Z:AuNP25 (Scale bar=25 nm).

Elemental composition analysis of the luminescent nanoparticles was carried out by
ICP-MS suggested a coating of about 2 500 IrS1 complexes per AUNP25 (Appendix D-2).
Similarly to IrS1, photophysical characterization of IrS1-Z-AuNP25 was performed, in order
to evaluate the luminescent properties of the complex when attached to the surface of the
surfactant coated AuNPs. Upon excitation at 350, 405 and 458 nm, the iridium coated
nanoparticles were emissive with a Amax at 585 nm, demonstrating a 5 nm red shift from
the Amax Of the IrS1 complex in solution (Figure 2-10). The red shift observed in the
emission is more likely attributed to the pressence of the fluorinated surfactant and the
changes in the surrounding environment of the complex, introduced by its conjugation to

68]

the gold surfacel®” The excitation spectrum of IrS1-Z-AuNP25 displayed the

73



characteristic SPR bands of the iridium complex in solution, which are responsible for the
emission observed, confirming that the complex retains its photophysical properties when

attached to the surface of the surfactant coated nanoparticles (Figure 2-10).

The effect of the surfactant on the luminescent properties of the IrS1 complex was also
evident through the changes in the luminescent lifetime of the IrS1 functionalized AuNPs.
The luminescence lifetime of IrS1-Z-AuNP25 using two-component analysis is 64 ns
(21=20%) and 384 ns (a,=80%) (Appendix A — Figure A-4) (Luminescence lifetimes are
summarized in Table 2-2). The reduction observed in the luminescent lifetime of
IrS1-Z-:AuNP25 when compared to the free IrS1 complex in solution is assigned to the
presence of the fluorinated surfactant on the surface of the nanoparticles rather than to
quenching from the AuNPs. A similar effect was observed in a previously published study
by the Pikramenou group, as a 160 ns decrease in the long-lived component of a
luminescent iridium complex was observed upon addition of the zonyl surfactant to an

aqueous solution of the complex®],
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Figure 2-10. Photophysical characterisation of 2 nM IrS1-Z-AuNP25 in water. UV-Vis absorbance of
IrS1-Z-:AuNP25 (dotted line). Excitation spectrum, A.,=585 nm (solid line) and emission spectrum of
IrS1-Z-AuNP25 in water, A.x=350, 405 and 458 nm (dashed line).
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2.3.5 Cytotoxicity of IrS1-Z-AuNP25 in HeLa and HEK293 cells

In order to evaluate the cytotoxicity and cellular uptake of the iridium coated AuNPs, an
iridium complex without the thiol groups on the bipyridine ligand for attachment to the
surface of AuNPs, Ir1, was used as the positive control (Appendix A, Scheme A-4 and
Figure A-1). The Ir1 complex was synthesized and characterized by Tasha Chauhan and
Sara Akponasa (School of Chemistry, University of Birmingham). The Ir1 complex was
chosen over IrS1 as the positive control, as molecular probes containing thiol groups can
interact with thiols present on the surface of the cells and get trapped in the phospholipid
bilayer. This leads to thiol-mediated membrane trafficking, which inhibits further
internalization of the complex within the intracellular space®®. However, upon conjugation
of the IrS1 complex to the gold surface the aforementioned issue is overcome, as the

functionalized AuNPs enter the cells via a different uptake mechanism!** 7% 7',

The cytotoxicity and anti-proliferative activity of the functionalized AuNP25 samples,
Z-AuNP25 and IrS1-Z-AuNP25, and the molecular complexes in solution, IrS1 and Ir1,
were evaluated by the MTT assay, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium-
bromide. The cytotoxic effect of Z-AuNP25 and IrS1-Z-AuNP25 was evaluated at
concentrations between 0.1 and 0.4 nM after treating HeLa and HEK293 cells for 24 hours
(Figure 2-11). Overall, in HeLa cells, there was no significant inhibition in cell viability and
proliferation activity after treatment of the cells with the AuNP5 samples. More specifically,
treatment with the functionalized AuNPs at 0.1 and 0.2 nM did not produce a statistically
significant reduction in cell viability, while treatment with 0.4 nM, induced a decrease in the
viability of cells to about 70%. It has been previously reported that citrate nanoparticles
can exhibit significantly high levels of toxicity in cells”® ”®!. However, the cytotoxic effect of
nanoparticles is vastly associated with high dosing concentrations and lack of fine
dispersity” 7. What is more, the surface chemistry of nanoparticles, including their
overall surface charge and zeta potential, can also affect critically their cytotoxicity”® 7",
Previously published studies have reported that negatively charged gold nanoclusters and
cationic spherical nanoparticles demonstrate enhanced cellular uptake and bioavailability
in tumor cells, which eventually lead to high levels of toxicity!”® " Therefore, the overall

negative surface charge and low polydispersity of IrS1-Z-AuNP25, observed both by DLS
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and TEM, along with the relatively low concentrations tested in the present study, explain

the insignificant levels of toxicity observed in HelLa cells by the MTT assay.

The cytotoxic effect of the iridium complexes in solution, IrS1 and Ir1, was evaluated
after treatment of the cells with concentrations between 0.5 to 3 uM for 24 hours (Figure 2-
12). Treatment with the Ir1 complex induced a concentration dependant cytotoxic effect in
HelLa cells, as cell viability was decreased by about 30 to 40%, with the reduction being

higher with increasing concentrations of the complex.

After treating HelLa cells with 0.5 and 1 pM of the IrS1 complex, no inhibition was
observed in cell viability. However, treatment of the cells with 2 and 3 uM of the IrS1
complex induced a decrease in cell viability by 20 and 35%, respectively. Cyclometalated
iridium(lll) complexes have been formerly reported to exhibit high cytotoxicity in cancer
cells at relatively low concentrations, between 0.5 to 10 uM, with the toxicity levels being
highly influenced by the structure of the complexes and their cellular uptake efficacy'®® 8%
8l The concentration dependent tocxicity of iridium complexes was further supported in
the present study, as the cytotoxic effect of both Ir1 and IrS1 in HeLa cells was higher, with
increasing treatment concentrations. However, the Ir1 complex displayed significantly
higher cytoxicity than IrS1, which is assigned to the inefficient uptake of IrS1 by the cells,
due to interactions between the thiol groups on the complex with thiols present on the cell
surface membrane!®®. The difference observed in the cellular toxicity after treatment with
the two iridium complexes suggests that the relatively simple structure of the Ir1 complex
promotes highly efficient cellular uptake and high accumulation of the complex in the
intracellular environment, inducing elevated levels of toxicity upon treatment. The optimal
cellular uptake of the Ir1 complex confirms its suitability over IrS1 to be used as the

positive control in the present study.
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Figure 2-11. Cytotoxicity in HeLa cells determined using the MTT cell viability assay after
treatment for 24 h. (a) Cytotocixity of Z:AuNP25 and IrS1-Z-AuNP25 at 0.1, 0.2 and 0.4 nM. (b)

Cytotoxicity of Ir1 and IrS1 at concentrations between 0.5 to 3 uM. *P value < 0.05, **P value < 0.01,
***P value < 0.001, ****Pvalue < 0.0001.

It has been previously reported that several iridium complexes exhibit selective
cytotoxicity for cancer over normal cells®®" 8. The tunable properties of organometallic
iridium complexes allow the attachment of ligands that can guide subcellular localization
upon cellular entry in order to improve the therapeutic efficacy through eliminating off-
target toxicity!?* 3" 8% 8¢l Therefore, in order to determine whether the IrS1 functionalized
AuNPs and the iridium complexes display selective cytotoxicity against cancer cells, the
toxicity of both the nanoparticle samples and the molecular complexes was studied in

normal cells under the same conditions.

After treating HEK293 cells for 24 hours, the results suggested that at the
concentrations tested neither the iridium coated AuNP25 samples nor the iridium
complexes in solution demonstrate any cytotoxic effects on normal cells (Figure 2-12). The
selective cytotoxicity of IrS1-Z-AuNP25 and the iridium complexes observed in HeLa over
HEK?293 cells could be attributed to the differences in the metabolic processes and the
relatively higher levels of oxidative stress in cancer cells, which can induce toxicity upon
targeting’®® & 8l Hence, the results provide evidence of the affinity of IrS1-Z-AuNP25 and

the iridium complexes towards cancer-specific intracellular targets.
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Figure 2-12. Cytotoxicity in HEK293 cells was determined using the MTT cell viability assay after
treatment for 24 h. (a) Cytotoxicity of Z-:AuNP25 and IrS1-Z-AuNP25 at 0.1, 0.2 and 0.4 nM. (b)
Cytotoxicity of Ir1 and IrS1 at concentrations between 0.5 to 3uM. *P value < 0.05, **P value < 0.01,
***P value < 0.001.

2.3.6 Cellular uptake efficacy of IrS1-Z-AuNP25 in HelLa cells

It has been previously reported that the efficient delivery of molecular complexes in cells
using nanoparticles can be challenging, due to the formation of protein corona®¥®,
Although plain AuNPs have been previously confirmed to intrude cells®* °° surface
functionalization can alter the physicochemical properties and size of nanoparticles, having
a negative impact on the endocytic mechanisms that control cellular entry®®, Therefore,
evaluating the cellular uptake efficacy of the IrS1 modified AuNPs is essential for
determining their ability to act as a nanoparticle-based system for both imaging and
targeting cancer cells. Serum proteins that are used to supplement culture media, such as
Fetal Bovine Serum (FBS), can contribute vastly to the formation of protein corona.
Therefore, in order to prevent alterations in the size and physiochemical properties of the
IrS1 coated AuNPs upon cellular interaction, uptake studies were performed in the

presence of serum-free cell culture media.
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The cellular uptake efficacy of IrS1-Z-AuNP25 in HelLa cells was evaluated by FACS
and histogram analysis was performed using the Qdot565 filter, violet laser with Aex at 405
nm and Aem >565 nm (Figure 2-13). In order to evaluate the uptake of the iridium coated
AuNPs in HelLa cells by FACS, non-luminescence citrate and surfactant coated AuNPs
(AuNP25 and Z-AuNP25) were used as negative controls, while the Ir1 complex was used
as the positive control, due to its optimal cellular uptake discussed earlier in this chapter.
Also, the uptake of the iridium functionalized nanoparticles was compared to the uptake of
the IrS1 complex in solution, aiming to interpret whether the use of AuUNPs as a vehicle to
deliver the luminescent complex improves its internalization within the intracellular

environment.

The concentration of the iridium coated AuNPs used to evaluate uptake in HelLa cells is
0.2 nM, as no significant inhibition was observed in cell viability by MTT, hence ensuring
that uptake will not be affected by toxicity induced cell lysis. The concentrations at which
the IrS1 complex was tested were chosen based on elemental composition analysis of
IrS1-Z-AuNP25 by ICP-MS, which determined approximately 2500 iridium complexes per
AuNP25 (Concentration of IrS1 in 0.2 nM IrS1-Z-AuNP25 is 0.5 uM). The cellular uptake
efficacy was evaluated through comparing the fold increase in the Mean Fluorescent
Intensity (MFI) of the cells treated with the luminescent AuNPs, negative and positive

controls against untreated cells (control) (Figure 2-14).

As expected, the results showed a significant increase in the fluorescence intensity of
the cells treated with the Ir1 complex, indicating the highly efficient cellular uptake of the
complex and further supporting the high levels of toxicity observed by the MTT assay.
After treatment with the iridium coated AuNPs, a 2.5 fold increase in the MFI of the cells
was observed, suggesting the successful internalization of the luminescent nanoparticles

in Hela cells.

When comparing the cellular uptake of IrS1-Z-AuNP25 to the IrS1 complex in solution,
the functionalized AuNPs induced a higher increase in the MFI, suggesting the improved
uptake efficacy of the complex in HelLa cells upon attachment to the gold surface. The

iridium coated nanoparticles produced a higher increase in the fluorescence intensity of
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the cells, even after treatment with 1 uM of the IrS1 complex in solution, which is double

the concentration of the complex present on the surface of the iridium coated AuNPs.
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Figure 2-13. Cellular uptake efficacy in HeLa cells by FACS analysis after treatment with AuNP25
samples, IrS1 and Ir1 in serum-free cell culture media for 24 h. A.=405 nm and A.,= >565 nm. (a)
Histogram analysis of cellular uptake after treatment with 0.2 nM of AuNP25, Z-AuNP25, and
IrS1-Z-AuNP25 (b) Histogram analysis of the cellular uptake of IrS1 and Ir1 at 0.5 and 1 pM. (c) Fold
increase in Mean Fluorescence Intensity (MFI) after treatment with 0.2 nM of AuNP25, Z-AuNP25,
IrS1-Z-AuNP25, 0.5 pM and 1uM of IrS1 and Ir1. The results are mean values * SD of three
independent experiments.

Therefore, the results of the present study suggest that the use of the gold scaffold to
deliver the luminescent complex in cancer cells improves drastically the cellular entry and
internalization of the luminescent complex within the intracellular space. Even though the
Ir1 complex, which was used as the positive control of the study, displayed significantly
high cellular uptake, its high levels of toxicity imply that the complex can induce off-target
toxicity upon targeting due to imprecise cellular localization!'®. Hence, the ability of the
IrS1 complex to penetrate the cell membrane with high efficiency only when attached to
the gold surface, provides a promising approach for improved uptake and localization in

cancer cells.
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2.3.7 Luminescence lifetime detection of IrS1-Z-AuNP25 in HelLa cells

The efficient cellular uptake of IrS1-Z-AuNP25 was further confirmed through detecting
the luminescence properties of the iridium coated AuNPs in treated cells. Upon excitation
at 405 nm, Hela cells treated with 0.2 nM IrS1-Z-AuNP25 for 24 hours displayed the
characteristic broad emission peak of the iridium coated AuNPs with a Anax at 585 nm
(Figure 2-14). What is more, luminescence lifetime measurements revealed that after
treatment with the IrS1 functionalized AuNPs, the luminescence lifetime in the treated cells
using two-component analysis is 268 ns (a1=6%) and 1539 ns (a;=94%) (Luminescence
lifetimes are summarized in Table 2-2). The significant increase observed in the lifetime of
IrS1-Z-AuNP25 in HelLa cells is more likely attributed to the interaction of the iridium
complex on the gold surface with intracellular proteins. According to literature, interactions
between cyclometalated iridium complexes and proteins induce enhanced luminescence

and promote elongation of luminescence lifetimes!®” ¢8 101,
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Figure 2-14. Overlay of emission spectra of IrS1-Z-AuNP25 in water (dashed line) and in HeLa cells
(solid line), Aexc = 350, 405 and 458 nm.
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In order to further determine the efficient internalization of the iridium coated AuNPs in
HelLa cells, luminescence lifetime measurements were also performed in fractionated
subcellular organelles. The lifetime of the iridium coated nanoparticles in mitochondria
using two-component analysis is 328 ns (a1=11%) and 1223 ns (a;=89%), which is
consistent with the luminescence lifetime of IrS1-Z-AuNP25 in the whole cell population
(Figure 2-15). The luminescence lifetime of IrS1-Z-:AuNP25 in the cytosol of the treated
cells is 13 ns (a1=4%) and 1108 ns (a>=96%), while in the nucleus is 8 ns (a;=3%) and 982
ns (a2=97%) (Luminescence lifetimes are summarized in Table 2-2). Even though both in
the cytosol and nucleus, there is a considerable increase in the long-lived component of
the IrS1 coated AuNPs, the presence of the short-lived component is not evident. The fact
that the increase observed in the lifetime of IrS1-:Z-AuNP25 in HelLa cells agrees with the
increase observed in mitochondria, showing both an increase in the short-lived and long-
lived component, could suggest the preference of the luminescent nanoparticles to localize
within mitochondria and the strong interactions between the iridium complex and
mitochondrial proteins. This is supported by previously published studies, which have
reported a significant increase in both the emission intensity and luminescence lifetimes of

cyclometalated iridium complexes that localize in mitochondrial’®® 1%%!,
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Figure 2-15. Fitted luminescence lifetime decays of IrS1-Z-AuNP25 in HelLa cells and subcellular
organelles, A =376 nm and A4=585 nm. The luminescent lifetimes of IrS1-Z:AuNP25 in HelLa cells,
mitochondria, cytosol and nucleus were fitted with a )(2 value between 1.05 and 1.20.
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As discussed earlier in this chapter, the Ir1 complex (positive control) exhibits high
cytotoxicity in HelLa cells, which is more likely attributed to off-target toxicity induced by the
imprecise subcellular localization of the complex in the intracellular environment.
Therefore, in order to evaluate the localization of the Ir1 complex in HelLa cells,
luminescence lifetime measurements were performed, both in whole cells and fractionated
subcellular organelles (Figure 2-16). The luminescence lifetime of the Ir1 complex using
two-component analysis is 199 ns (a1=10%) and 646 ns (a;=90%) in water (Appendix A —
Figure A-4), while in HelLa cells is 564 ns (a1=13%) and 1736 ns (a2=89%) (Luminescence
lifetimes summarized in Table 2-3). Similarly to the IrS1 coated AuNPs, the considerable
increase in the luminescence lifetime of the Ir1 complex in HelLa cells is assigned to the
high accumulation of the complex in the intracellular environment, which promotes
interactions between the complex and cellular proteins. The luminescence lifetime of the
Ir1 complex in mitochondria using two-component analysis is 672 ns (a;=30%) and 1567
ns (a2=70%), and in the cytosol is 734 ns (a1=25%) and 1516 ns (a>=75%). The increase
in both the short-lived and long-lived component of the Ir1 complex observed in the
mitochondria and cytosol is consistent with the increase observed in the whole cell
population, indicating the strong interaction of the complex with mitochondrial and cytosolic
proteins. In the nucleus, the long-lived component of the Ir1 complex was relatively
shorter, while the short-lived component disappeared, indicating weak interaction between

the complex and nuclear proteins (Luminescence lifetimes summarized in Table 2-3).

The luminescence lifetime measurements in HelLa cells indicate that neither the IrS1
coated AuNPs, nor the Ir1 complex in solution show preference for nuclear localization and
interaction with nuclear proteins. The fact that IrS1-Z-AuNP25 displayed evidence for
mitochondrial localization, while the Ir1 complex showed preference for localizing both in
the mitochondria and cytosol, could suggest that the high toxicity of Ir1 observed in HelLa
cells earlier in this chapter, is attributed to the imprecise subcellular localization of the

complex, leading to off-target toxicity.
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Figure 2-16. Fitted luminescence lifetime of Ir1 in HeLa cells and subcellular organelles, A¢,=376
nm and A4=580 nm. The luminescent lifetimes of Ir1 in HeLa cells, mitochondria, cytosol and
nucleus were fitted with a )(2 value between 1.01 and 1.06.

IrS1+Z+AuNP25 IrS1¢Z+AuNP25 | IrS1eZ*AuNP25 | IrS1eZ¢AuNP25 | IrS1Z*AuNP25 | IrS1+Z*AuNP25

r u + BSA in HeLa cells | in mitochondria in cytosol in nucleus

a;(%) | ti(ns) | a;(%) | 7i(ns) | a;(%) | T (ns) | a;(%) | Ti(ns) | a;(%) | 7 (ns) | a;(%) | T(ns)
20 64 7 207 6 268 1 328 4 13 3 8
80 384 93 1503 94 1539 89 1223 96 1108 97 982

Table 2-2. Luminescence lifetimes of IrS1-Z-AuNP25 in water, HeLa cells, subcellular organelles
and with BSA, along with the percentage of each component. The luminescent lifetimes were fitted
with a x® value between 1.05 and 1.20

Ir1 Ir1 + BSA Ir1 in HelLa cells | Ir1 in mitochondria Ir1 in cytosol Ir1 in nucleus
a;(%) | ti(ns) | a;(%) |T(ns)| a;(%) | T(ns) a; (%) T (ns) | a;(%) | T(ns) | a(%) | t(ns)
10 199 22 388 13 564 30 672 25 734 1 5
90 646 78 1238 87 1736 70 1567 75 1516 99 1258

Table 2-3. Luminescence lifetimes of Ir1 in water, HeLa cells, subcellular organelles and with BSA,
along with the percentage of each component. The luminescent lifetimes were fitted with a )(2 value
between 1.01 and 1.06.
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In order to confirm that the elongated luminescence lifetimes observed in HelLa cells are
attributed to interactions with cellular proteins, lifetime measurements were carried out
upon addition of the Bovine Serum Albumin (BSA) protein to the IrS1 coated AuNPs and to
the Ir1 complex in solution (Luminescence lifetimes are summarized in Tables 2-2 and 2-
3). The luminescence lifetime of IrS1-Z-AuNP25 after addition of BSA using two-
component analysis is 207 ns (ai=7%) and 1503 ns (a;=93%), which agrees with the
increase observed in Hela cells after treatment with the luminescent nanoparticles. The
lifetime of the Ir1 complex subsequent to addition of BSA is 388 ns (a1=22%) and 1238 ns
(a2=78%), which is also consistent with the increase detected in HelLa cells after treatment

with the complex.

The preference of the luminescence nanoaprticles for localizing in mitochondria, along
with their ability to induce enhanced luminescence signal via interactions with intracellular
proteins suggest that IrS1-Z-AuNP25 provide a favorable nanoparticle-based system for

improved detection and selective targeting in cells.

2.3.8 Circular Dichroism (CD) of IrS1 and IrS1-Z-AuNP25

In order to further evaluate the ability of the IrS1 functionalized nanoparticles to interact
with cellular proteins, circular dichroism (CD) spectroscopy was performed to monitor the
conformational alterations of BSA upon addition of the IrS1 complex in solution and the
IrS1 coated AuNPs. The characteristic CD spectrum of BSA exhibits one positive peak at
190 nm and two negative peaks at 209 and 222 nm, which are characteristic for proteins
that have an a-helix strucutre®®® '*. The intensity of these peaks was recorded upon the
sequential addition of the IrS1 complex in solution (100 uM) and IrS1-Z-AuNP25 (2 nM)
(Figure 2-18). The sequential addition of the IrS1 complex to BSA resulted to a decrease in
the intensity of the positive peak and an increase in the intensity of the negative peaks,
while the sequential addition of the luminescent nanoparticles resulted to an increase both

in the intensity of the positive and the negative peaks. The changes detected in both the
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positive and negative intensity peaks of BSA, suggest structural alterations in the features
of the protein upon addition of the luminescent complex, both in solution and on the
AuNPs. These changes are more likely attributed to the engagement of the IrS1 complex
in strong hydrophobic and electrostatic interactions with the binding pockets of the
protein®® '%>%71 |t has been previously reported that metal complexes demonstrate strong
hydrophobic interactions with BSA, as the complexes are able to bind within a cavity, an

active site of a sub domain of the protein, resulting to conformational changes due to

[59, 108, 109]

unfolding of the protein

(b)

CD / mdeg
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Figure 2-18. Circular dichroism spectra of BSA (0.1 uM) with sequential additions of (a) IrS1
solution (100 uM) (2.0, 4.0, 7.9, 14.6, 32.7, 53.4 and 82.6 mol equiv.) and (b) IrS1-Z-AuNP25 in water (2
nM) (0.4x10", 0.8x10™, 1.6x10™, 2.9x10™, 6.5x10", 1.1x10™ and 1.7x10" mol equiv.).

The CD spectrum of BSA within the far UV region (200-260 nm) represents the
secondary structural features of the protein, such as a-helix and B-pleated sheets,
whereas the near UV region (250 to 320 nm) of the spectrum reflects the tertiary structure
of the protein!"'® """, Hence, the increase observed in the intensity of the negative peaks
of the CD spectra, between 209 and 222 nm, suggests that upon binding of the
luminescent irS1 complex to BSA conformational changes are induced in the secondary
structure of the protein. In the CD spectra of BSA, no changes where observed in the near
UV region, indicating that the tertiary structure of the protein is not affected upon
interaction with the iridium complex. The alterations detected in the intensity of the positive
peak of the CD spectra, at 190 nm, represent the loss of the a-helical structural features of

the protein, due to strong interactions between the protein and the luminescent complex.
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2.3.9 Cellular uptake and subcellular localization of IrS1:Z-AuNP25 in
HeLa cells by Confocal Microscopy

The cellular uptake efficacy and subcellular localization of IrS1-Z-AuNP25 in HeLa cells
was further evaluated in the present study using confocal microscopy. Subsequent to
treating HeLa cells for 24 hours with 0.2 nM of the iridium coated AuNPs, live cell imaging
revealed a strong luminescence signal in the treated cells. The strong iridium
luminescence observed within the intracellular environment during live cell imaging
confirms that the photostability of the IrS1 complex is not compromised upon attachment
to the surface of the surfactant modified AuNPs. What is more, the intensity of the
luminescence signal was not reduced over time during imaging, further confirming that the
IrS1 complex does not experience photobleaching in the intracellular space when
conjugated to the gold surface. In order to determine the ability of the luminescent
nanoparticles to localize in mitochondria, a commercial mitochondrial fluorescent probe,
MitoTracker Red (MTR), was used. Imaging analysis suggested co-localization between
the luminescence signal from the iridium and MTR, suggesting the presence of the IrS1

functionalized nanoparticles within mitochondrial structures (Figure 2-19).

The cellular uptake and localization of both IrS1 and Ir1 (positive control) in HeLa cells
were also evaluated using confocal luminescence imaging. After treatment of the cells for
24 hours with 0.5 pM of IrS1 and Ir1, luminescence was detected in the treated cells,
indicating that both complexes can penetrate the cell membrane and internalize in the
intracellular space. Even though the luminescent signal of the IrS1 complex was
detectable during live cell imaging in HelLa cells, both the luminescence intensity and the
co-localization signal from the iridium and MTR were considerably weaker when compared
to the signal detected in the cells treated with IrS1-Z-AuNP25 (Figure 2-20). The weak co-
localization signal observed between the luminescence complex and the mitochondrial
probe, suggests that unlike the IrS1 coated AuNPs, the IrS1 complex in solution does not
exhibit efficient mitochondrial localization. This is more likely attributed to the relatively low
uptake of the complex by the cells, which was confirmed earlier in the present study

through FACS analysis.
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Figure 2-19. Confocal microscopy of live HeLa cells after treatment with 0.2 nM IrS1-Z-AuNP25 in
serum-free cell culture media for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) Iridium luminescence
(Aexc=405 nm, A.,=550 nm-610 nm), (c) MitoTracker Red (Aexc=561 nm, A,,=610 nm-640 nm), (d)

Overlay of (b) and (c), and (e) Overlay of (a), (b) and (c).

Figure 2-20. Confocal microscopy of HelLa cells after treatment with 0.5 pM IrS1 in serum-free cell
culture media for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) Iridium luminescence (A¢x=405 nm,
Aem=550 nm-610 nm), (c) MitoTracker Red (Acxc=561 nm, A.,;,=610 nm-640 nm), (d) Overlay of (b) and

(c), and (e) Overlay of (a), (b) and (c).
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When compared to IrS1, treatment of the cells with the Ir1 complex produced a
relatively stronger luminescence signal during imaging, which could be assigned to the
higher cellular uptake of the complex, discussed earlier in this chapter. Even though
imaging analysis revealed co-localization between the iridium luminescence and MTR, the
signal was not as strong nor uniformly distributed within the mitochondrial structures of the
cells when compared to the signal detected after treatment with IrS1-Z-AuNP25 (Figure 2-
21). What is more, after treating the cells with the Ir1 complex, morphological alterations
were observed in the structure of mitochondria, as they appeared to be damaged and
dissociated. Similar morphological changes have been previously reported upon targeting
of mitochondria using agents that induce high levels of toxicity!®® ''® "1 Therefore, the
morphological alterations detected in mitochondrial structures are more likely attributed to
the enhanced cellular toxicity that the Ir1 complex exhibits in HelLa cells, which was

observed earlier in this study using the MTT assay.

Figure 2-21. Confocal microscopy of HelLa cells after treatment with 0.5 pM IrS1 in serum-free cell
culture media for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) Iridium luminescence (A¢x=405 nm,
Aem=550 nm-610 nm), (c) MitoTracker Red (Acxc=561 nm, A,;,=610 nm-640 nm), (d) Overlay of (b) and
(c), and (e) Overlay of (a), (b) and (c).
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According to literature, the use of nanoparticles to deliver targeting complexes in cancer
cells improves drastically the solubility and thus, bioavailability of the complexes within the
intracellular environment, promoting more efficient subcellular localization!''?""?, This
could explain the better co-localization signal observed between iridium luminescence and
MTR in the cells treated with the IrS1 functionalized AuNPs, in comparison to the cells

treated with the iridium complexes in solution.

Overall, imaging analysis performed indicates that the use of AuNPs as nanovectors
promotes the improved delivery of the iridium complex within the intracellular space, as the
high loading of the complex on the gold surface provides enhanced luminescence signal
for imaging applications. What is more, the improved bioavailability provided through the
attachment of the luminescence complex onto the gold scaffold allows precise subcellular
localization of the complex and eliminates off-target toxicity. The appropriateness of the
iridium coated AuNPs for live cell imaging using confocal microscopy is also confirmed
through the high photostability presented by the luminescence nanoparticles within the
intracellular environment. Even though the majority of organic and biological fluorophores
used for imaging cells and organelles exhibit relatively high quantum yields and extinction
coefficients, their use in live cell imaging is highly associated with photobleaching. Hence,
the IrS1 functionalized AuNPs have the potential to overcome the limitations of
conventional imaging agents due to the favourable photophysical properties of the iridium
complex and at the same time improve intracellular delivery through the conjugation of the

luminescent complex to the gold scaffold.
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2.3.10 Cellular uptake and subcellular localization of IrS1:Z-AuNP25 in
HelLa cells by TEM

Both the cellular uptake and subcellular localization of the luminescent nanoparticles
and Ir1 complex in Hela cells were further evaluated by TEM. The cells were treated with
0.2 nM of the IrS1 coated AuNPs, and 0.5 and 1 uM of the Ir1 complex for 24 hours.
Treatment of the cells at two different concentrations was performed in order to further
interpret the cytotoxic effect of the Ir1 complex on the mitochondrial structures observed by
luminescence imaging. Relatively low concentrations were chosen, as higher
concentrations of the complex induce a significant inhibition in cell viability, thus, it would
be difficult to study morphological alterations in mitochondria due to the vast production of

apoptotic bodies!®? 8],

After treatment with IrS1-Z-AuNP25, TEM images revealed the highly efficient cellular
uptake and intracellular localization of the luminescent nanoparticles (Figure 2-22). The
IrS1-Z-AuNP25 were evenly distributed within the cytoplasm, with no evidence of nuclear
localization, which agrees with the imaging performed by confocal microscopy. During
imaging, some iridium coated nanoparticles appeared to be trapped within endosomal
vesicles, which is a characteristic of the endocytic uptake mechanism by which
functionalized nanoparticles internalize within the intracellular space®” "9 (Figure 2-23). It
has been previously reported that the optimal radius size of nanoparticles for efficient
uptake by endocytosis is between 25 to 30 nm!"?® 2. The cellular uptake mechanism of
larger nanoparticles of sizes above 500 nm is usually phagocytsis whereas the mechanism

by which cells uptake smaller nanoparticles, below 15nm, is pinocytosis!'?2.
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Figure 2-22. Transmission Electron Microscopy in HeLa cells after treatment with 0.2 nM
IrS1-Z-AuNP25 in serum-free cell culture media for 24 h (Scale bar: 10 pm). Image acquired on Jeol
1400 Ex Bio TEM.
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Figure 2-23. Transmission Electron Microscopy in HelLa cells after treatment with 0.2 nM
IrS1-Z-AuNP25 in serum-free cell culture media for 24 h, showing nanoparticles in endosomal
vesicles (Scale bar: 50 nm). Images acquired on Jeol 1400 Ex Bio TEM.
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Imaging analysis by TEM revealed the preference of IrS1-Z-:AuNP25 for localizing within
mitochondrial structures in HelLa cells (Figure 2-24). Even tough the presence of the
luminescence nanopatrticles in mitochondria was evident, a number of mitochondria were
presented during imaging without any nanoparticles. This can be attributed to sectioning of
the cells during preparation for TEM, as ultrathin sections are used during analysis, limiting

the ability to study in detail a whole organelle!'®?!.

Subsequent to treating cells with the Ir1 complex, TEM imaging revealed disruption in
the mitochondrial structures, as perinuclear clustering of abnormal, dilated and swollen
mitochondria was observed, confirming the high cytotoxicity of the complex observed
earlier in this chapter by the MTT assay (Figure 2-25). The morphological alterations
detected in the mitochondrial structures were more evident upon increasing the treatment
concentration of the Ir1 complex from 0.5 to 1 pM. The disruption of mitochondria
morphology by cyclometalated iridium(lll) complexes has been previously reported and

similar structural alterations have been observed!® 192 118 124]

L
Do

Figure 2-24. Transmission Electron Microscopy of mitochondria in HeLa cells after treatment with
0.2 nM IrS1-Z-AuNP25 in serum-free cell culture media for 24 h. (Scale bar: 50 nm). Images acquired
on Jeol 1400 Ex Bio TEM.
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Figure 2-25. Transmission Electron Microscopy of mitochondria in HeLa cells after treatment with
(a) Control (H20), (b) 0.5 uM Ir1 and (c) 1 pM Ir1 in serum-free cell culture media for 24 h. (Scale bar:
1000 nm). Images acquired on Jeol 1400 Ex Bio TEM.

Even though TEM is considered as a powerful tool to study the high complexity of cells
and visualize organelles, it does have some limitations upon evaluating subcellular
localization of nanoparticles. Due to the fact that the cells imaged by TEM are fixed and
sectioned, only a thin section of each organelle is available for imaging, thereby, reducing
the probability of collecting a large set of data when studying localization of

sl'2% 1261 Tnherefore, in order to further confirm the efficient subcellular

nanomaterial
localization of the IrS1 functionalized nanoparticles in mitochondria, ICP-MS analysis was

performed.

2.3.11 Cellular uptake and subcellular localization of IrS1-:Z:AuNP25 in
HelLa cells by ICP-MS

The cellular uptake and subcellular localization of IrS1-Z-AuNP25 were quantified using
ICP-MS. ICP-MS is considered as a highly sensitive elemental analysis technique for
determining the unique mass of metals or metal nanoparticles within the intracellular

environment!'?7> 1281,

Elemental analysis to quantify the uptake and localization of the
luminescent nanoparticles was performed after treating HeLa and HEK293 cells with 0.2
nM IrS1-Z-AuNP25 for 24 hours. In order to quantify cellular uptake and subcellular
localization, analysis was performed both in whole and fractionated cell lysates after

treatment.
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Through ICP-MS analysis of whole cell lysates it was determined that the number of
nanoparticles per cell is approximately 16 000 in HeLa cells and 20 000 in HEK293 cells
(Figure 2-26) (Appendix D-3). The high number of nanoparticles observed per cell agrees
with previously published data by the Pikramenou group, reporting highly efficient cellular

uptake of iridium functionalized AuNPs of about 25 nm in HeLa cells®..

Formerly published studies however, have reported different numbers of modified
AuNPs in Hela cells, indicating that there is no definite number of nanoparticles per cell”
29 Upon surface functionalization of AuNPs, the surface chemistry and charge of
nanoparticles can significantly impact the cellular uptake!®® '*°. Hence, upon conjugation
of different transition metal complexes to AuNPs, the cellular uptake is affected based on
the chemical and physical properties of the complex™®*'. The different ligands present in
different transition metal complexes determine the solubility as well as the hydrophobicity
and hydrophilicity of a complex in a cellular environment. This indicates that upon
attachment to the surface of AuNPs, different metal complexes impact differently the
interaction of the functionalized nanoparticles with the cell surface membrane, thereby

affecting cellular entry!?® 1321341

Due to the fact that all variables, including cell seeding density, cell culture conditions,
concentration of IrS1-Z-AuNP25 and incubation time, were kept constant during the
experiment, the difference observed in the number of nanoparticles per cell between HelLa
and HEK293 cells is assigned to the different characteristics that malignant and normal
cells exhibit. It has been previously reported that the cellular uptake of AuNPs is highly
dependent on the cell type, as different molecules, such as proteins and lipids, present
both on the cell surface membrane and in the intracellular space affect the interaction of

the nanoparticles with the cell and determine the cellular fate!*? '3,

The subcellular localization of IrS1-Z-AuNP25 in HeLa and HEK293 cells was quantified
through ICP-MS analysis of fractionated cell lysates, including nucleus, cytosol and
mitochondria (Figure 2-26). The results indicated a higher number of nanoparticles in
mitochondria in HelLa cells when compared to nucleus and cytosol, suggesting the
preference of the luminescent nanoparticles to localize within mitochondrial structures.

However, In HEK293 cells, the results suggested the preference of the luminescent
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nanoparticles to localize mostly in the cytoplasm, as the number of AuNPs in the cytosol

was considerably higher than the number of nanoparticles detected in mitochondria and

nucleus.
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Figure 2-26. ICP-MS Analysis of the number of AuNPs per cell in HeLa and HEK293 cells in
fractionated and whole cell lysates after treatment with 0.2 nM IrS1-Z-:AuNP25 in serum-free cell
culture media for 24 h. Statistical analysis was performed using unpaired t-test with equal SD
between the samples and controls. ***P value < 0.001, ****P value < 0.0001

The preference of IrS1-Z-AuNP25 to localize in mitochondria in HeLa cells, but not in
HEK293 cells, is more likely attributed to the differences between the structure and
metabolism of mitochondria in cancer and normal cells. When compared to normal cells,
both the mitochondrial membrane potential (MMP) and the basicity within the
mitochondrial lumen are significantly higher in cancer cells!'®®. Also, the mitochondrial
membrane in cancer cells is hyperpolarized, as it is -220 mV, while the membrane of
mitochondria in normal cells is about -160 mV. The hyperpolarisation of the mitochondrial

membrane facilitates the rapid and selective uptake and internalization of positively
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charged molecules within mitochondrial structures in cancer cells!'®® '3, What is more, the
hydrophobicity and associated lipophilicity of a complex also favor its interaction with the
hydrophobic inner mitochondrial membrane, aiding in the efficient penetration of the
mitochondrial membrane and the high accumulation of the complex in mitochondria in
tumor cells!™®. This explains the preference of various cyclometalated iridium(lll)
complexes, previously reported in literature, to localize efficiently in mitochondria in cancer
cells!'* 2425, 118,139 Tharefore, the presence of the cationic IrS1 complex conjugated to the
surface of AuNPs explains the preference of IrS1-:Z-AuNP25 for localizing within

mitochondria in HelLa cells but not in HEK293 cells.

The fact that mitochondria in normal cells do not exhibit the favorable characteristics of
mitochondria in malignant cells discussed above, could explain the low number of the
iridium coated AuNPs detected in the mitochondria in HEK293 cells. Upon cellular entry of
IrS1-Z-AuNP25 in HEK293 cells by endocytosis!'?”, the nanoparticles more likely remain
entrapped in endosomal vesicles within the cytosplasm in the cells?®. The uptake
mechanism by which functionalized nanoparticles enter the cells and the fact that the
membrane potential of mitochondria in normal cells doesn’t favor further subcellular
localization, explain the higher number of IrS1-Z-AuNP25 detected within the cytosolic

compartment, when compared to mitochondria and nucleus.

The cellular uptake of both the IrS1 and Ir1 complexes was also quantified by ICP-MS
analysis and compared to the uptake of the luminescent nanoparticles in HelLa and
HEK293 cells. Analysis was carried out after treatment of the cells for 24 hours with 0.2
nM IrS1-Z-AuNP25, 0.5 pM IrS1 and 0.5 pM Ir1. Similarly to previous cellular uptake
analysis described in the present study, the concentration at which IrS1 and Ir1 were
tested was chosen based on elemental composition analysis of IrS1-:Z-AuNP25 by ICP-
MS, indicating 2500 IrS1 complexes per AuNP25. (Concentration of IrS1 in 0.2 nM
IrS1-Z-AuNP25 is 0.5 uM). The accumulation efficacy of the IrS1 complex within the
intracellular space, when delivered alone and upon attachment to the gold scaffold, was
evaluated through comparing the iridium content between the cells treated with the
functionalized nanoparticles and the ones treated with molecular complex in solution
(Figure 2-27).
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Figure 2-27. ICP-MS Analysis of iridium concentration in HeLa and HEK293 cells after treatment
with 0.2 nM IrS1-Z-AuNP25, 0.5 pM IrS1 and 0.5 pM Ir1 in serum-free cell culture media for 24 h.
Statistical analysis was performed using unpaired t-test with equal SD between the samples and
controls. **P value < 0.01, ****P value < 0.0001

For both cell lines, the results indicated higher iridium content in the cells treated with
the iridium modified AUNPs, when compared to the cells treated with the IrS1 complex in
solution. Even though in Hela cells the concentration of iridium was not remarkably higher
after treatment with IrS1-Z-AuNP25 in comparison to the cells treated with IrS1, the
difference is statistically significant (P value=0.0341). The higher iridium content quantified
by ICP-MS in the cells treated with the IrS1 coated AuNPs, further supports the efficient
cellular uptake of IrS1-Z-AuNP25 presented earlier in this chapter by FACS and confocal

microscopy.

As expected, after treating HelLa cells with the Ir1 complex, the iridium content detected
was considerably higher than the content detected in the cells treated with IrS1-Z-AuNP25
and IrS1. This is in agreement with previous analysis presented by FACS, hence, further
confirming the highly efficient uptake and accumulation of the complex in cancer cells. In
HEK?293 cells, the concetration of iridium detected subsequent to treatment of the cells
with the Ir1 complex was slightly lower than the iridium content in the cells treated with the

iridium coated AuNPs. However, due to the fact that the difference was not statistically
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significant (P value=0.2047), its not certain whehter the Ir1 complex exbhibits lower uptake
than the luminescent nanoparticles. The lower uptake of IrS1 and Ir1 in HEK293 cells
when compared to Hela cells explains the non-cytotoxic effect observed in the HEK293
cells by the MTT assay, and supports the previously reported selectivity of cyclometalated

iridium complexes against cancer over normal cells®" 7,

2.3.12 Targeting Mitochondria in HeLa cells through inducing elevation
of ROS Levels

Subsequent to studying the subcellular localization of IrS1-Z-AuNP25, the levels of
reactive oxygen species (ROS) in both HeLa and HEK293 cells were evaluated by FACS.
The elevation of ROS levels in the in treated cells was determined in the presence of the
non-fluorescent 2',7’-dichlorofluorescein diacetate (DCFDA) probe, which is rapidly
oxidized by intracellular ROS to produce green fluorescent dichlorofluorescein (DCF).
Therefore, in the present study, the elevation of intracellular ROS levels was evaluated
through the increase detected in MFI after treatment and presented as a fold-increase
against basal ROS levels of untreated cells. ROS levels in both cell lines were also
evaluated after treatment with the Ir1 complex to determine whether the selective cytotoxic
effect of the complex against HelLa cells described earlier in this chapter is related to the

elevation of basal ROS levels to toxic levels.

After treatment of the cells with 0.2 nM IrS1-Z-AuNP25 for 24 hours, in HelLa cells a 6.3
fold increase was detected in the MFI of the cells (Figure 2-28 a and c), whereas in
HEK293 cells the MFI was only increased by 3.7 (Figure 2-28 b and d). Intracellular ROS
are produced upon targeting cells as a consequence of oxygen consumption. Due to the
fact that mitochondria are responsible for the consumption of most of the oxygen in cells to
generate intracellular ROS, are considered as the major site of ROS productiont” "',
Therefore, the higher increase in generated ROS levels observed in HeLa over HEK293
cells, is more likely attributed to the preference of IrS1-Z-AuNP25 to localize in

mitochondria, as observed earlier in the present study by ICP-MS analysis. The
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differences in the mitochondrial metabolism, structure and function between normal and
cancer cells could also explain the selectivity of IrS1-Z-AuNP25 for inducing higher ROS

elevation in HeLa over HEK293 cells!'#? 43I,

In order to validate that the generation of intracellular ROS levels is attributed to the
presence of the targeting iridium complex on the gold surface, surfactant coated AuNPs
without the iridium complex were used as the negative control. Treatment of both HelLa
and HEK293 cells with 0.2 nM Z-AuNP25 for 24 hours did not induce an increase in the
MFI of the cells, confirming that in the absence of the iridium complex, neither the

fluorinated surfactant nor the AuNPs promote mitochondrial dysfunction.
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Figure 2-28. Intracellular ROS levels as evaluated by FACS in the presence of the H,DCFDA probe
after treatment for 24 h with 0.2 nM Z-AuNP25, 0.2 nM IrS1-Z-AuNP25, 0.5 pM Ir1 and 1 pM Ir1. (a)
Histogram analysis of ROS levels in HeLa cells (b) Histogram analysis of ROS levels in HEK293 cells
(c) Fold increase in Mean Fluorescence Intensity (MFI) in HeLa cells. The results are mean values *
SD of two independent experiments and (d) Fold increase in Mean Fluorescence Intensity (MFI) in
HEK293 cells. The results are mean values + SD of two independent experiments.
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In both cell lines, ROS levels were significantly elevated subsequent to treatment with
0.5 and 1 uM of the Ir1 complex, with the increase being concentration dependent (Figure
2-28). Normal intracellular ROS levels are essential in promoting cell proliferation and
migration, however highly elevated ROS levels, such as the ones observed after treatment
with Ir1, can induce excess oxidative stress that eventually leads to cellular damage and
apoptotic cell death™® 4. The fact that upon treatment with Ir1 intracellular ROS levels
were significantly elevated both in the cancer and normal cell line, suggests that the
complex is not selectively targeting cancer cells. Even though Ir1 doesn’t induce any
cytotoxicity in HEK293 cells, as observed by MTT assay at the concentrations tested

earlier in this study, it still significantly impacts ROS production.

In normal cells, ROS levels are tightly controlled, as there is a constant balance
between ROS production and elimination of antioxidant agents. This favorable for the cells
redox balance prevents ROS accumulation and induced cell death!'*® '€ Therefore,
besides its low cytotoxicity in HEK293 cells, the high levels of ROS detected suggest that
the Ir1 complex is a ROS inducer, disrupting the redox homeostasis of ROS production in
normal cells that can eventually result to inhibition of cell growth, proliferation and variable

levels of cell death.

Developing an approach that can lead to a specific redox-dependent effect in cancer
cells, while avoiding redox alterations in normal cells, could be the foundation for improved
efficacy in clinical research and cancer therapy. This can be accomplished through
inducing oxidative stress to increase intracellular ROS in cancer cells above the levels of
toxicity threshold, while not affecting the lower basal ROS levels present in normal cells to

the same extent!'® 145 1471,

Therefore, the ability of IrS1-Z-AuNP25 to induce higher generation of ROS levels in
HelLa over HEK293 cells indicates the ability of the nanoparticles to promote selective
mitochondrial dysfunction in cancer cells. The site-specific delivery of the IrS1
functionalized nanopaticles to mitochondria, along with their selectivity for cancer over
normal cells, potentiate a favorable therapeutic approach for treating cancer, as off-target

toxicity and adverse side effects can be significantly reduced.
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2.4 Conclusion

Luminescent gold nanoparticles were developed in the presence of a fluorinated
surfactant and a cyclometalated iridium(lll) complex, IrS1. Subsequent to conjugation of
the iridium complex to the surface of the nanoparticles, the complex retains its
characteristic photophysical properties, demonstrating long luminescence lifetimes and
emission within the visible range. Upon excitation at 350, 405 and 458 nm, the IrS1
functionalized nanoparticles displayed the characteristic broad emission peak of the
iridium complex. At the concentrations tested, the iridium coated nanoparticles did not
demonstrate a significant cytotoxic effect in HeLa and HEK293 cells, suggesting their
appropriateness to be used for further cellular uptake, live cell imaging and subcellular
localization studies. Cytotoxicity was only detected after treatment of the cells with the Ir1
complex, the positive control of the study, which is attributed to the highly efficient uptake
of the complex by Hela cells. The fact that no cytotoxicity was detected in HEK293 cells
after treatment with the Ir1 complex, suggests the selectivity of the complex for cancer
over normal cells. This is more likely attributed to differences in the cellular metabolic
processes and higher oxidative stress levels present in cancer cells, which induce cellular

toxicity upon targeting.

Through FACS analysis, the cellular uptake of the iridium modified AuNPs in HelLa cells
was evaluated and compared to the uptake of the IrS1 complex in solution. The results
indicated the improved cellular uptake and internalization of the complex in the intracellular
space upon attachment to the gold surface. Live cell imaging in live HelLa cells further
confirmed the efficient cellular uptake of functionalized AuNPs, as a strong luminescence
signal from the iridium complex was detected within the cytoplasm of the cells. In order to
further evaluate the localization of the luminescent nanoparticles in the cells, a
mitochondrial fluorescent probe, MTR, was used. Imaging analysis revealed co-
localization between the signal from the luminescent nanoparticles and the MTR,
suggesting subcellular localization of the IrS1 modified nanoparticles within mitochondrial

structures in Hel.a cells.
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The cellular uptake and subcellular localization of the iridium coated nanoparticles were
further studied through detecting the luminescence properties of the modified AuNPs in
treated cells and subcellular organelles. Upon excitation at 405 nm, HeLa cells treated with
the IrS1 modified AuNPs, displayed the characteristic broad emission peak of the
luminescent nanoparticles. Luminescence lifetime measurements in the treated cells
revealed an increase in the lifetime of the iridium coated AuNPs, which was attributed to
interactions between cellular proteins and the IrS1 complex. This was confirmed through
the similar increase detected in the lifetime of the luminescent nanoparticles upon addition
of BSA. Lifetime measurements in subcellular organelles revealed the preference of the
luminescence nanoparticles for localizing in mitochondria and interacting with

mitochondrial proteins.

The biomolecular interaction of the IrS1 complex with BSA was further examined by CD
spectroscopy, showing that binding of the complex induces structural alterations in the
features of the protein, both when in solution and attached to the surface of AuNPs. The
conformational changes observed in the structure of BSA were assigned to the
engagement of the IrS1 complex in strong hydrophobic and electrostatic interactions with

the protein.

The highly efficient cellular uptake and subcellular localization of the IrS1 functionalized
nanoparticles in HelLa cells was further confirmed by TEM imaging and quantified by ICP-
MS analysis. TEM imaging revealed clusters of nanoparticles within the cytoplasm of the
cells, and provided evidence of mitochondrial localization. The cytotoxic effect of the Ir1
complex in Hela cells was also assessed by TEM, showing significant disruption of the
mitochondrial structures. ICP-MS analysis confirmed the highly efficient uptake of the IrS1
coated nanoparticles in HelLa cells, as about 16 000 AuNP25 were detected per cell.
Furthermore, elemental analysis in fractionated subcellular organelles, suggested the
preference of the iridium modified AUNPs to accumulate within mitochondria in HeLa cells.
The preference of the luminescent nanoparticles for localizing in mitochondria was only
evident in cancer cells, as in normal cells the number of nanoparticles in the cytosol was

considerably higher than the nanoparticles detected in mitochondria.
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The selectivity of the IrS1 coated AuNPs for targeting cancer cells was evident through
the higher generation of intracellular ROS levels observed in HeLa over HEK293 cells.
The site-specific delivery of the iridium coated AuNPs along with their ability to induce
selective mitochondrial dysfunction in tumor cells, present a promising approach for
eliminating off-target toxicity and adverse side effects, associated with conventional

therapeutic approaches.

In conclusion, in this chapter, novel iridium coated nanoparticles were introduced, with
optimal cellular uptake and efficient localization in mitochondria in cancer cells. The use of
AuNPs as a vehicle to deliver the luminescent complex in the intracellular space improves
drastically the bioavailability of the complex and allows efficient subcellular localization.
Finally, the selectivity of the luminescent nanoparticles for cancer over normal cells

presents a favourable therapeutic approach for cancer treatment.

2.5 Acknowledgments

| wish to pay my special regards to both Tasha Chauhan and Sara Akponasa (School of
Chemistry, University of Birmingham) for providing the IrS1 and Ir1 complexes used in this
chapter. Also, | would like to thank Mr. Paul Stanley (School of Metallurgy and Materials,
University of Birmingham) for the preparation of the cell sections used for TEM and his
assistance in obtaining the images presented in this study. Finally, | would like to thank Dr.
Lijiang Song (Department of Chemistry, University of Warwick) for performing the

elemental analysis by ICP-MS.

104



2.6 Experimental

2.6.1 Synthesis of IrS1 and Ir1

The synthesis and chatacterization of the IrS1 and Ir1 complexes were performed by
Tasha Chauhan and Sarah Akponasa, (School of Chemistry, University of Birmingham)

(Synthesis is described in Appendix A).

2.6.2 Preparation of IrS1-Z-AuNP25

Initially, 4 ml of AuNP25 of 0.65 nM were centrifuged twice at 10, 000 g for 20 minutes.
The supernatant after each centrifugation was discarded and the pellet was re-suspended
in 1 ml of fresh filtered miliQ H,O. Then, the centrifuged nanoparticles were coated with a
2.5% Zonyl FSA (Sigma-Aldrich) stock solution (0.2 mM), which was prepared in miliQ
H-O and filtered. In 1 ml of AuNP25, 10 pl (2 uM) of the fluorinated surfactant were added
and stirred for about 10 minutes. The zonyl coated nanoparticles were centrifuged twice at
10, 000 g for 20 minutes to remove excess, unbound zonyl. The centrifuged nanoparticles
were re-suspended in 1ml of fresh filtered miliQ H.O to produce Z-AuNP25 (Final
concentration ~ 2.5 nM). UV-Vis (H20) Amax = 520 nm (SPR). Diameter = 28 + 7 nm (DLS
number distribution). Diameter = 43 + 12 nm (DLS intensity distribution). Zeta potential = -
49 8 mV (1 nM in miliQ H0).

The IrS1 complex (Stock solution in methanol: 1.13 mM) was titrated in 2 pl aliquots into
a solution of Z-AuNP25 with stirring in between each addition. The attachment of the
complex to the gold surface was confirmed through monitoring the shift in the SPR band of
the nanoparticles subsequent to each addition using UV-Vis spectroscopy (Cary 5000
Spectrometer). The red shift in the SPR band allowed the maximum concentration of the
IrS1 complex that is required to fully coat the gold surface without inducing nanoparticle
aggregation to be determined. The maximum concentration of the IrS1 complex required to

reach saturation on the surface of Z-AuNP25 is 20 pM.
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Hence, 20 uM of the IrS1 complex were added in 2 pl aliquots into 1 ml of Z-AuNP25 (2
nM) with stirring in between each addition. After the last addition, the nanoparticles were
stirred for an additional 20 minutes. Finally, size exclusion chromatography was performed
using Sephadex G-25 (Sigma-Aldrich) to remove any excess, unbound iridium complex
and produce purified IrS1-Z-AuNP25 (Final concentration ~ 2 nM). UV-Vis (H20) Amax = 525
nm (SPR). Diameter = 28 + 8 nm (DLS number distribution). Diameter = 57 + 24 nm (DLS

intensity distribution). Zeta potential = - 42 + 6 mV (1 nM in miliQ water).

2.6.3 MTT Cell Viability Assay

Cell viability in HeLa and HEK293 cells after treatment with nanoparticle samples and
the iridium complexes was assessed using the MTT cell viability assay. For the purposes
of the assay, a fresh solution of the MTT reagent, [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] (Thermo Fisher Scientific, Catalogue number: M6494), was prepared
in PBS (5 mg/ml). 1x10* cells per well were seeded in a 96-well plate and were incubated
overnight to allow the cells to adhere. For each experimental group the cells were seeded
in triplicate. The cells were then washed twice with sterile PBS and fresh culture media
was added, followed by the addition of Z-AuNP25, IrS1-Z-AuNP25, IrS1 and Ir1 for 24
hours. Samples were added in the cells at a ratio of 1:10 (sample:culture media).
Cytotocixity was evaluated at increasing concentrations of Z-AuNP25 and IrS1-Z-AuNP25,
between 0.1 to 0.4 nM and at concentrations between 0.5 to 3 uM for both IrS1 and Ir1.
After 24 hours, the cells were washed three times with sterile PBS and fresh cell culture
media was added followed, by the addition of 20 ul of the MTT solution. The 96-well plate
was covered in foil and the treated cells were incubated with the MTT reagent for 4 hours.
Finally, the culture media containing the MTT reagent was discarded and 150 pl of
Dimethyl Sulfoxide (DMSQO) (Sigma-Aldrich) were added to the cells in each well. The 96-
well plate was placed on a plate shaker for 20 minutes and it was then read using the
iMark™ Microplate Absorbance Reader (Bio Rad). The absorbance was measured at OD
=590 nm.
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2.6.4 Cellular uptake by FACS

Hela cells were seeded in 60 mm dishes, 1x10° cells per dish, and incubated overnight
in order to allow the cells to adhere. The cells were washed twice with sterile PBS and
fresh serum-free DMEM culture media was added, followed by the addition of the samples.
Samples were added at a ratio of 1:10 (sample:culture media) and incubated with the cells
for 24 hours. The cellular uptake efficacy of the IrS1 coated nanoparticles and the IrS1
complex in solution was evaluated after treatment of the cells with 0.2 nM of the AuNP25
samples, AuNP25, Z-AuNP25, IrS1-Z-AuNP25 and 0.5 and 1 uM of the iridium complexes,
IrS1 and Ir1. AuNP25 and Z-AuNP were used as negative controls and Ir1 was used as the
positive control. After treatment for 24 hours, the cells were washed three times with sterile
PBS to ensure removal of excess samples and were then trypsinized, using Trypsin-EDTA
(0.25%) (Gibco®-Thermo Fisher Scientific) for approximately 5 minutes. Fresh culture
media was added to quench tryspinization and the cells were collected and centrifuged at
1 000 rpm for 5 minutes. The supernatant was then discarded and the cells were re-
suspended in 1 ml of PBS supplemented with 1% FBS and transferred into FACS tubes for
analysis. Samples were run on the LSRII Flow Cytometer (BD Biosciences, Oxford, UK)

using the BD FACSDiva Software. Analysis was performed using FlowJo and Cytobank.

2.6.5 Live cell imaging by Confocal microscopy

Hela cells were seeded in 35 mm dishes, 1x10° cells per dish, and incubated overnight
for cells to adhere. The cells were then washed twice with sterile PBS and fresh serum-
free DMEM culture media was added. The IrS1 coated nanoparticles and the iridium
complexes in solution were added to the cells at a ratio of 1:10 (sample:culture media).
The cells were incubated with the samples for 24 hours. The cells were treated with 0.2
nM IrS1-Z-AuNP25 and 0.5 pM of the iridium complexes, IrS1 and Ir1. The culture media
was then discarded and the cells were washed three times with sterile PBS to remove any
excess samples. The treated cells were then stained with MitoTracker Red (MTR). MTR
(Invitrogen, Catalogue number: M22425) of 1 mM, as provided by the manufacturer, was

diluted to a final concentration of 50 nM in DMEM media (Gibco®-Thermo Fisher
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Scientific) and incubated with the cells for 20 minutes. The cell media containing the MTR
was then removed and the cells were washed twice with sterile PBS. Fresh cell culture
media, DMEM phenol red free media (Gibco®-Thermo Fisher Scientific) was added and
the cells were imaged immediately using the Leica TCS SP8 upright confocal scanning

system with a 40x water immersion objective lens.

2.6.6 Cellular uptake and subcellular localization by ICP-MS

HelLa and HEK293 cells were seeded in 150 mm dishes at a 1x10’ density, and
incubated overnight to allow cells to adhere. The cells were then washed twice with sterile
PBS and fresh serum-free DMEM culture media was added, followed by the addition of the
iridium-coated nanoparticles and iridium samples for 24 hours. Samples were added at a
ratio of 1:10 (sample:culture media). The cells were treated with 0.2 nM IrS1-Z-AuNP25
and 0.5 uM of the iridium complexes, IrS1 and Ir1. After 24 hours, the cells were washed
three times with sterile PBS and trypsinized using Trypsin-EDTA (0.25%) (Gibco®-Thermo
Fisher Scientific) for about 5 minutes. Fresh culture media was then added and the cells
were collected and centrifuged at 1 000 rpm for 5 minutes. The supernatant was then
discarded, and the cells were re-suspended in 10 ml of fresh media. The treated cells were

counted using Trypan Blue dye (Gibco®-Thermo Fisher Scientific) and a haemocytometer.

The cells were then divided in two equal aliquots, one was used as a “whole cell”
population and the other one was fractionated. For the fractionation of subcellular
organelles, the Mitochondria isolation kit by Qiagen (Catalogue number: 37612) was used
and the isolation was performed according to the protocol provided by the manufacturer.
Digestion of the treated cells and subcellular organelles was performed in glass vials (V-
Vials by Sigma-Aldrich, Catalogue number: Z115118). The cell samples were transferred
in the vials, followed by the addition of 300 ul of ultra-pure HNO3 (Traceselect Ultra, Aldrich
— 68%) and left overnight at 80 °C. The digested samples were then transferred into
polypropylene tubes for ICP-MS (Agilent) and the volume was adjusted using ultra-pure
H-O to obtain a 4% final dilution of HNOs. (Final volume for each sample was 5 ml). The

samples were kept at 4 °C until analysis.
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2.6.7 Cellular uptake and subcellular localization by TEM

HelLa cells were cultured on square quartz cover slips (19 mm x 19 mm x 0.5 mm).
Before seeding, the cover slips were placed in a 6-well plate, 1 cover slip per well, and
sterilized using 100% ethanol for 1 hour. The cover slips were then washed twice with
sterile PBS and 1x10° cells were seeded on each cover slip. The cells were incubated
overnight in order to adhere. The cell media was then removed and the cells were washed
twice with sterile PBS. Fresh serum-free DMEM culture media was then added, followed
by the addition of the samples. The IrS1 coated nanoparticles and the iridium complexes in
solution were added to the cells at a ratio of 1:10 (sample:culture media). The cells were
then incubated with the samples for 24 hours. In order to study cellular uptake and
localization of the iridium coated nanoparticles the cells were treated with 0.2 nM
IrS1-Z-AuNP25. Morphological alterations in mitochondrial structures upon targeting were
evaluated by incubating the cells with 0.5 and 1 uM of the Ir1 complex. After treatment for
24 hours, the cells were washed three times with sterile PBS and were then fixed on the
cover slips using freshly made 2.5% glutaraldehyde fixative in 100 nM phosphate buffer.
The cells were covered in foil and kept at 4 °C overnight. The treated cells were sectioned
into ultrathin slices of about 70 nm thick and placed on 200-mesh formvar-coated copper
TEM grids for imaging. Processing of the cells for TEM was performed by Mr. Paul Stanley
(School of Metallurgy and Materials, University of Birmingham). TEM analysis was carried

out using the Jeol 1400 Ex Bio TEM at the Department of Materials and Metallurgy.

2.6.8 DCFDA/H,DCFDA Assay for detection of ROS

Hela cells were seeded in 60 mm dishes, 1x10° cells per dish, and incubated overnight
to allow the cells to adhere. The cells were then washed twice with sterile PBS and fresh
serum-free DMEM culture media was added. ROS levels were evaluated after treatment of
the cells with 0.2 nM of the AuNP25 samples, Z-AuNP25 and IrS1-Z-AuNP25, and 0.5 and
1 UM of the Ir1 complex. The samples were added at a ratio of 1:10 (sample:culture
media) and incubated with the cells for 24 hours. The cell media was then removed and

the cells were washed three times with sterile PBS to ensure removal of any excess
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samples. Cells were stained with 10 uM of 2,7-dichlorodihydrofluorescein diacetate
(DCFDA) (Sigma Aldrich, Catalogue number: D6883) in sterile PBS, for 30 minutes in the
dark. Then, the cells were washed twice with sterile PBS and trypsinized, using Trypsin-
EDTA (0.25%) (Gibco®-Thermo Fisher Scientific) for about 5 minutes. Fresh culture media
was added to quench tryspsinization and the cells were collected and centrifuged at 1000
rom for 5 minutes. The supernatant was discarded and the cells were re-suspended in 1
ml PBS supplemented with 1% FBS and transferred to FACS tubes for analysis. Samples
were run on the LSRIlI Flow Cytometer (BD Biosciences, Oxford, UK) using the BD

FACSDiva Software. Analysis was performed using FlowJo and Cytobank.
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Chapter 3:

3. Development of luminescent iridium gold nanoparticles with optimal
cellular uptake to study subcellular localization in cancer cells

3.1 Introduction

Current approaches for treating cancer include the targeting of tumor-specific oncogenic
mediators that control essential biological processes for the survival of cancer cells!" 2.
One of the major challenges in developing effective treatments for cancer is the
astounding level of heterogeneity displayed by tumors, which is mainly determined by the

34 What is more, recent

genetic variability and epigenetic plasticity of cancer cells
advances in the oncology field that focus on the decoding of the genomic content of
tumors have led to the conclusion that no “perfect” cancer-specific targets exist, as there
are no universally abnormal molecules or cellular processes in cancer cells that are fully
unessential for normal cells®® °. Therefore, one of the most commonly and successfully
used therapeutic approaches for treating cancer is the use of conventional chemotherapy
to target DNAI™®.. However, the effectiveness of DNA-targeted chemotherapeutics is often
compromised by the inability of the delivery methods currently used in the clinic to deliver
doses high enough to induce DNA damage and kill all cancer cells while sparing normal

cells, which leads to long-lasting and severe side effects!'® "I,

Moreover, recent advances in the oncology field have recognised that besides DNA,
nuclear proteins found in eukaryotic cells are also actively involved in the development of
carcinogenesis, as they control many cellular processes that are essential for proliferation
and survival of cancer cells, with many of these processes taking place in specialized
compartments within the nucleus!'® ®!. Therefore, nuclear proteins such as histones and
chromatin have become popular targets of cancer-targeted therapies!'? . But similarly to
DNA-targeting drugs, therapeutic approaches to target nuclear proteins lack specificity and

are highly associated with adverse side effects!'®.
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There is a growing interest in the development of Iluminescent multifunctional
theranostic complexes that can efficiently penetrate the nuclear membrane and target DNA
and/or nuclear proteins, which can also be used as imaging agents to monitor
morphological changes in the nucleus upon targeting!'®'®. Recently, many transition metal
complexes have gained a lot of attention in the nanotechnology field for their ability to be
easily modified through changing the type of ligands attached to the metal core in order to
enhance cellular uptake and achieve efficient nuclear localization!'® '8 19,

The ability of metal complexes to penetrate the cell membrane and internalize
successfully into cells is highly dependent on the different types of ligands present in
different complexes, as they determine the solubility and the hydrophobicity/hydrophilicity
of a complex®®. For instance, incorporation of long alkyl chains has been previously
reported to improve significantly the hydrophobicity of metal complexes and thus, their
cellular uptake in malignant cells, with the uptake efficacy being enhanced with increasing

length of the alkyl chainf?",

Cyclometalated iridium(lll) complexes are popular luminescent complexes for
biomedical imaging applications as they exhibit a distinctive luminescent signal for
detection in biological samples and their ability to be easily modified allows efficient
localization into different organelles’®® 23!, Previously published studies have reported the
ability of organometallic iridium complexes to penetrate the nuclear membrane and interact
with DNA and cellular proteins in cancer cells?*?”, What is more, when compared to
conventional organic labels, iridium(lll) complexes have advantageous photophysical
properties, including high photostability, large Stoke shifts and long-lived lifetimes!®® 2,
which provide enhanced signal detection sensitivity as the short-lived signal from auto-

fluorescence in cells can be easily gated out®

Therefore, the advantageous
photophysical properties of the iridium(lll) complexes, along with their enhanced cell
permeability, make them ideal as biological reagents for use in biomedical applications,

including cancer theranostics and live cell imaging®®".
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Even though metal complexes can be easily tuned to guide subcellular localization, their
use as theranostic agents can still be rather challenging due to the inability of all
complexes to reach successfully the target site!®?. It has been previously reported that
subsequent to internalization of metal complexes by endocytosis into cells, the complexes
fail to escape from the internalized endosomes and thus, accumulate within the cytoplasm,
which inhibits their further localization into different organelles®. This results to the
complexes not always being used to their full potential, which can often lead to off-target
toxicity due to imprecise subcellular localization®*.

Recent advances in the nanomedicine field have led to the development of
multifunctional nanometarials, aiming to overcome the aforementioned challenges and
successfully deliver a complex to the target site®® %l The use of nanocarriers as a vehicle
to deliver targeting complexes provides enhanced bioavailability, as accumulation and
retention of the complexes within the intracellular environment are significantly
improved®”!. Furthermore, the use of nanocarriers can aid in maximizing the therapeutic
efficacy of targeting complexes, as high administration doses can be delivered while

minimizing off-target toxicity due to localized delivery!®.,

Therefore, there is currently a
growing interest in the development of novel, multifunctional theranostic nanomaterials
with highly efficient cellular uptake and improved subcellular localization in malignant cells.

In order to achieve optimal cellular uptake and nuclear localization in cancer cells,
luminescent iridium gold nanoparticles (AuNPs) were developed in the presence of an
iridium complex incorporating a dodecyl chain, IrCi2 (Scheme 3-1). The dodecyl chain
incorporated on the phenylpyridine ligand increases the hydrophobicity of the complex and
improves stabilization upon attachment to the gold surface®®, which can enhance
permeability across the cell membrane and provide a strong luminescent signal during live

cell imaging®”

. Also, the IrCi2 complex has a bipyridine ligand with long legs for
conjugation to the gold surface, as it has been previously reported that a long distance
between the metal centre and the nanoparticle enhances the photophysical properties of
the complex!*® 3%, Photophysical characterization of both the IrC1> complex and the IrCi:2
coated nanoparticles was performed, indicating the suitability of the luminescent AuNPs

for luminescence imaging and cellular uptake studies by flow cytometry. The cellular
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uptake efficacy of the iridium functionalized AuNPs was evaluated by fluorescence-
activated cell sorting (FACS), while their efficient nuclear localization in HelLa cells was
supported both by live cell imaging using confocal microscopy and inductively coupled

plasma mass spectrometry (ICP-MS) in fractionated cell lysates.

Citrate Stabilized AuNP Z+*AuNP IrC,,*Z*AuNP

™
-
~ 25 nm
o} F
wAasvaaas D uo)l\/\s 3
Fln
~1.6 nm
Zonyl FSA®

Lithium 3-[2-(perfluoroalkyl)ethylthio]propionate

Scheme 3-1. Schematic of coating AuNPs with the zonyl fluorosurfactant and the luminescent
iridium(lll) complex, IrC,.
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3.2 Chapter outline

In this chapter, novel, luminescent gold nanoparticles are introduced for the improved
delivery and subcellular localization of a cyclometalated iridium complex in cancer cells.
Photophysical characterization of both the iridium complex and the luminescent
nanoparticles is presented, confirming that the complex retains its luminescent properties
upon conjugation to the gold surface. The iridium coated nanoparticles absorb light within
the visible region, between 400 and 450 nm, and emit at Anmax=595 nm, which makes them
ideal for cellular uptake studies by FACS and confocal luminescence microscopy. The
ability of the iridium complex to interact with cellular proteins, both in solution and upon
conjugation to the gold surface, was shown using CD spectroscopy. The stability of the
IrCi2 complex and the iridium functionalized nanoparticles within the intracellular
environment was evident through the enhanced luminescence detected in cancer cells
after treatment. Treatment of cancer cells with the IrCi> complex resulted to an increase in
the lifetime of the complex, further confirming its interaction with intracellular proteins. The
increase observed in the luminescence lifetime of the IrCy2 complex in fractionated lysates
of treated cells was higher in the nucleus when compared to other organelles, suggesting
the strong interaction of the IrCi> complex with nuclear proteins. The cytotoxicity of the
iridium complex and the luminescent nanoparticles in cancer cells was evaluated using the
MTT assay. Cellular uptake studies performed by FACS and confocal microscopy
indicated that the use of gold nanoparticles as a scaffold to deliver the iridium complex in
cancer cells improves significantly its cellular entry and internalization within the
intracellular space. Live cell imaging revealed the strong luminescent signal of the iridium
complex in the nucleus and cytoplasm of cancer cells treated with the IrCs» coated
nanoparticles. The nuclear localization of the luminescent nanoparticles was further
confirmed by ICP-MS, as elemental analysis suggested higher accumulation of the IrCq,
modified nanoparticles in the nucleus of the treated cells when compared to cytosol and
mitochondria. The penetration of the nuclear membrane observed by the iridium coated
nanoparticles as well as their ability to interact with proteins within an intracellular
environment offer opportunities for the development of novel nanoprobes for site-specific

delivery of theranostic complexes in cancer cells.
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3.3 Results and Discussion

3.3.1 Synthesis and Characterization of IrC,,

The cyclometalated iridium complex, IrCq2, was synthesised and characterized by
Andrew Carrod, School of Chemistry, University of Birmingham (Appendix B — Scheme B-
1 and Figure B-1). The synthesis of the iridium complex was performed following

previously published methods by the Pikramenou group!®® 4! 2]

3.3.2 Photophysical characterization of IrC,,

Photophysical characterization of the IrCy> complex in water displayed absorption bands
within the UV-Vis region, with intense high-energy absorption bands at 230 and 260 nm,
which are assigned to LC based transitions that arise from the spin-allowed m-1T*
transitions from the coordinating ligands. The iridium complex also displayed absorption
bands at 300 and 350 nm that extend to lower-energy bands between 400 and 450 nm,
which based on previously reported assignments are attributed to '"MLCT transitions!>® 3!,
The excitation profile of IrC+, displayed the characteristic absorption profile of the complex
within the UV-Vis region. Excitation of the complex at 350 and 405 nm produces a broad
emission peak with a Amax at 585 nm, arising from contributions of both *MLCT and *LMCT

transitions!®® 434€1 (

Figure 3-1). The strong emission peak observed upon excitation of the
IrC12 complex in water at 405 nm, suggests the suitability of the complex for use in cellular

uptake studies by FACS and confocal luminescence microscopy.

The luminescence lifetime of the IrCi> complex in water using two-component analysis
is 104 ns (a1=26%) and 260 ns (az=74%), which agrees with previously published analysis
of phenyl-pyridine iridium complexes!*” *®! (Appendix B — Figure B-3).
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Figure 3-1. Phtophysical characterisation of IrCy, in water. UV-Vis absorption spectrum (dotted
line) of 30 puM IrC,, in water. Excitation spectrum (solid line) A.,, = 585 nm and emission spectrum
(dashed line) of 30 uM IrC;, in water A¢yc = 350 and 405 nm.

3.3.3 Synthesis and characterization of AUNPs

For the purposes of the present study, water-soluble, monodisperse 25 nm AuNPs
(AuNP25) were synthesised according to an adapted protocol by the Pikramenou group,
which is based on an improved method by Turkevich et.*! and a protocol published by
Ziegler et al.®®!. The synthesis of AUNP25 is described in Chapter 2. In brief, 13 nm AuNPs
were initially synthesized through reduction of gold by citrate and were then grown into
citrate-stabilized AuNP25. The characterization of AUNP25 by DLS, C-potential, TEM and
SPR is presented in Chapter 2.
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3.3.4 Preparation and characterization of IrC,,°Z:AuNP25

Prior to attaching the luminescent IrC1> complex on AuNP25, the fluorinated surfactant
Zonyl FSA was used to further stabilize the gold surface. The use of the fluorinated
surfactant aids in preventing nanoparticle aggregation that can arise from the direct
replacement of the negatively charged citrate ions present on the surface of AuNPs by the
positively charged luminescent complex?®® 5" “°l. The zonyl FSA coated AuNP25 were
isolated by centrifugation to remove excess surfactant and produce purified Z-AuNP25.
The coating of AUNP25 with zonyl FSA resulted to a 1 nm shift in the SPR band and an
increase in the intensity distribution of the nanopatrticles as measured by DLS, confirming
the presence of the fluorinated surfactant on the gold surface. The characterization of the
surfactant modified AuUNP25 by DLS, C-potential, TEM and SPR is presented in Chapter 2.

A stock solution of 1 mM of the IrC12 complex was prepared in methanol and added in 2
Ml aliquots in an aqueous solution of Z-AuNP25. The conjugation of the iridium complex to
the gold surface subsequent to each addition was confirmed via monitoring the shift in the
SPR band of the nanoparticles within the visible region (Figure 3-2). The red shift
produced in the SPR allowed the maximum concentration of IrC+, that can be used to coat
the gold surface without causing nanoparticle aggregation to be determined. Upon coating
of Z-:AuNP25 with 40 uM of IrCi2 a 5 nm shift in the SPR band was observed, as Amax
shifted from 520 nm to 525 nm.

The iridium coated nanoparticles were then isolated by size exclusion chromatography
using Sephadex G-10 to remove excess molecular complex and produce purified
IrC12:Z-AuNP25. After isolation of IrCq2:Z-AuNP25, the Anax Of the SPR band remained the
same, confirming that the iridium coating on the gold surface was not altered during the

purification process (Figure 3-3).
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Figure 3-2. (Left) UV-Vis titration of 1 mM IrC,, into 2 nM Z-AuNP25 in water. (Right) The An.x of the
SPR band versus the concentration of the IrC,, complex added.
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Figure 3-3. (Left) UV-Vis absorption spectra of AuNP25 and purified Z:AuNP25 and IrC,-Z-AuNP25
in water. (Right) Expanded region of absorption spectra showing the shift in the SPR band upon

coating with the IrC,, complex.

The attachment of the IrCs> complex to the surface of AuNPs was further confirmed by
DLS, as an increase was observed in the intensity distribution of IrCi2-Z-AuNP25 when

compared to Z-AuNP25 (DLS data are summarized in Table 3-1).
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In order to evaluate whether the incorporation of the dodecyl chain on the
phenylpyridine ligand of the IrCi2 complex can aid in improving the uptake of
IrC12:Z-AuNP25 in cancer cells, iridium coated AuNPs were also developed, under the
same conditions, using the cyclometalated iridium(lll) complex, IrbpySS (Figure 3-4). The
IrbpySS complex has the same chemical structure as IrCq2 but without the dodecyl chain

on the phenylpyridine ligand. Both the synthesis and characterization of the IrbpySS

complex were performed by Dr. Samuel Adams, School of Chemistry, University of
[42]

Birmingham, and the work has been published by the Pikramenou group
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Figure 3-4. Functionalized AuNP25 with the zonyl fluorosurfactant and the IrbpySS complex.

The luminescent nanoparticles coated with the IrbpySS complex were prepared in the
same manner as IrCio:Z-AuNP25. In brief, AuNP25 were initially coated with the
fluorinated surfactant zonyl FSA to produce Z-AuNP25. Subsequently, a stock solution of
the IrbpySS complex of 1 mM was prepared in methanol, and added in 2 pl aliquots in an
aqueous solution of Z-AuNP25. The attachment of IrbpySS to the gold surface after each
addition was confirmed through monitoring and recording the shift in the SPR band of the

nanoparticles within the visible region (Figure 3-5). Similarly to IrCs2, the maximum
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concentration of IrbpySS that can be attached to the gold surface without causing
aggregation of nanoparticles was determined to be 40 uM. Upon addition of 40 uM of
IrbpySS to Z-AuNP25, a 5 nm shift was observed in the SPR band, with Amax shifting from
520 nm to 525 nm.
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Figure 3-5. (Left) UV-Vis titration of 1 mM IrbpySS on 2 nM Z-AuNP25 in water. (Right) The Ayay of
the SPR band versus the concentration of the IrbpySS complex added.

The presence of the IrbpySS complex on the surface of the surfactant modified AUNPs
was further confirmed by DLS, as an evident increase was observed in the intensity
distribution of IrbpySS-Z-AuNP25 when compared to Z-AuNP25 (DLS data are
summarized in Table 3-1). Overlay of the intensity distributions of IrbpySS-Z-AuNP25 and
IrCi2-Z-AuNP25 suggests a slightly larger increase in the hydrodynamic diameter of the
IrC12 coated nanoparticles, which could be attributed to the presence of the dodecyl chain
on the phenylpyridine ligand of the complex (Figure 4-6). The increase in the intensity
distribution of both the IrC12 and IrbpySS functionalized AuNPs along with the relatively low
PDI observed indicate the successful conjugation of the iridium complexes to the gold
surface and the monodispersity of the functionalized nanoparticles. Prior to proceeding
with experimental studies in cells, the high monodispersity of both IrCso:Z-AuNP25 and
IrbpySS-Z-AuNP25 was further validated by TEM, as imaging analysis of IrCi2-Z-AuNP25
and IrbpySS-Z-AuNP25 revealed spherical AuNPs of about 25 nm in diameter (n=15)
(Figure 3-7).
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Size by Number / nm | Size by Intensity /nm | Z-average /nm PDI
AuNP25 24+6 34+9 31 0.055
Z*AuNP25 28+7 43+12 39 0.085
IrC,,°Z*AuNP25 29+9 80+24 63 0.247
IrbpySSeZ*AuNP25 28+8 74 22 56 0.235

Table 3-1. DLS for AuNP25, Z-AuNP25, IrC,,-Z-AuNP25 and IrbpySS-Z-AuNP25 in water. Results
display sizes by number and intensity (nm), z-average (hm) and PDI.
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Figure 3-6. DLS intensity distributions of IrC,'Z-:AuNP25 and IrbpySS-Z-AuNP25.
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Figure 3-7. TEM images displaying the monodispersity and spherical nature of the iridium coated
AuNP25. (a) IrCy2:Z-AuNP25 and (b) IrbpySS-Z-AuNP25 (Scale bar=25 nm).
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3.3.5 Photophysical characterization of IrC,,°Z:AuNP25

The photophysical properties of IrC2-Z-:AuNP25 were investigated in order to determine
whether the iridium complex retains its characteristic luminescent properties when
conjugated to the gold surface. Upon excitation of IrC>-Z-AuNP25 at 350 and 405 nm, a
broad emission peak is produced with a Anax at 595 nm. The emission maximum of
IrC12-Z-AuNP25 was red-shifted by 10 nm when compared to the IrCs2 complex in solution,
which could be attributed to changes in the surrounding environment of the complex due to
the presence of the fluorinated surfactant!*" %% The excitation spectrum of IrC12-Z-AuNP25
displayed the characteristic absorption bands of the IrC1> complex that are responsible for
the broad emission peak observed, suggesting that the complex translates its luminescent

properties onto the functionalized AuNPs (Figure 3-8).
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Figure 3-8. Photophysical characterisation of 2 nM IrC,:Z-AuNP25 in water. UV-Vis absorbance of
purified IrC;,-Z-AuNP25 (dotted line). Excitation spectrum, A.,=595 nm (solid line) and emission
spectrum of IrC,2-Z:AuNP25 in water, Ay = 350 and 405 nm (dashed line).
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In order to validate that the bathochromic red shift observed in the emission of
IrC12-Z-AuNP25 is attributed to the presence of the fluorinated surfactant, the emission of
30 uM IrCy2 subsequent to the addition of 10 pl of 2.5 % zonyl FSA in water (2 uM) was
recorded (Figure 3-9). The emission maximum of the IrCs> complex in water was red-
shifted by 5 nm in the presence of the fluorinated surfactant, indicating that the interaction
between IrCq2 and the surfactant alters the surrounding environment of the complex and

possibly changes the charge transfer transition!?.
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Figure 3-9. Emission spectra of 30 uM IrC,, in water (solid line) and 30 pM IrCy, with 2 uM of 2.5 %
zonyl FSA in water (dashed line). A.xc = 350 and 405 nm, A, - 585 nm for IrC;, and A = 590 nm for
IrCy, with zonyl.

The luminescence lifetime of IrC2>-Z-AuNP25 using two-component analysis is 103 ns
(21=21%) and 303 ns (a,=79%) (Appendix B, Figure B-3). The increase observed in the
long-lived component of IrCy2:Z-AuNP25 in comparison to the IrCq2 complex in solution
could be attributed to the presence of the fluorinated surfactant on the surface of AuNPs.
The addition of fluorinated surfactants to transition metal complexes on gold surfaces has
been previously reported to enhance the luminescence properties of the complexes and

lead to longer luminescence lifetimes!*'’.
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3.3.6 Cytotoxicity of IrC,,:Z-AuNP25 in HeLa cells

The cytotoxic effect and anti-proliferative activity of both the IrCi2 complex and
IrC12:Z-AuNP25 in Hela cells were investigated using the MTT assay (Figure 3-10). The
cells were treated with Z-AuNP25 and IrC12-Z-AuNP25 at 0.2, 0.4 and 0.6 nM for 24 hours.
The results indicated that at 0.2 nM, neither Z-AuNP25 nor IrCy2-Z-AuNP25 induce any
cytotoxic effects in HelLa cells, as there was no inhibition in cell viability. Treatment of the
cells with 0.4 and 0.6 nM of Z-AuNP25 resulted to an inhibition in cell viability of about
30%, while treating the cells with IrC2>-Z-AuNP25 at the same concentrations induced an

inhibition in cell viability of about 20%.

The cytotoxicity observed is more likely attributed to the fluorinated surfactant and the
AuNPs rather than the IrCi2 complex, as treatment of the cells with the iridium
functionalized nanoparticles resulted to fairly lower levels of toxicity. Previously published
studies have reported that the cytotoxicity of AuNPs is greatly dependent on the dosing
concentration'®® %3, Therefore, the fact that both Z-AuNP25 and IrC+2-Z-AuNP25 induced
cellular toxicity at 0.4 and 0.6 nM, with no signs of cytotoxicity at 0.2 nM, is attributed to the
concentration-dependant cytotoxic effects of AuNPs. Besides the dosing concentration,
the surface chemistry and charge of nanoparticles can also impact greatly their levels of
toxicity in cells® °°. More specifically, it has been formerly reported that negatively
charged gold nanoclusters display improved cellular uptake and bioavailability in cancer
cells, and therefore, enhanced cytotoxicity®®.. The presence of the fluorinated surfactant on
the gold surface provides AuNPs with a highly electronegative surface charge, which
becomes less negative upon conjugation of the positively charged metal complex®*® 571,
Thus, the slightly lower inhibition in cell viability observed after treatment with
IrCi2rZ-AuNP25 when compared to Z-AuNP25 could be attributed to the less
electronegative surface charge of the iridium functionalized AuNPs, induced by the

presence of the positively charged IrC1> complex on the gold surface.
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The cytotoxicity of the IrCi2 complex in HelLa cells was evaluated after treatment of the
cells at concentrations between 0.5 to 3 UM for 24 hours. The results indicated that at
relatively low concentrations the molecular complex does not exhibit any cytotoxic effects
in Hela cells, as there was no evident reduction in cell viability after treating the cells with
0.5 and 1 pM of IrC4.. However, upon treatment of the cells with 2 and 3 uM of the iridium

complex, a decrease in cell viability of about 20% was observed.
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Figure 3-10. Cytotoxicity in HeLa cell determined using the MTT cell viability assay after treatment
for 24 h. (a) Cytotocixity of Z:AuNP25 and IrC,,:Z-AuNP25 at 0.2, 0.4 and 0.6 nM. (b) Cytotoxicity of
IrC,, at concentrations between 0.5 to 3 uM. **P value < 0.01, ****Pvalue < 0.0001.

Many cyclometalated iridium(lll) complexes have been previously reported to display
high cytotoxicity in cancer cells at relatively low dosing concentrations, with the levels of
toxicity being highly dependent on the cellular uptake efficacy, which is influenced by the
design and chemical structure of the complexes®®®°, Therefore, the low cytotoxicity of the
IrC12 complex in HelLa cells could be attributed to the inefficient uptake of the complex by
the cells, possibly due to the presence of the long spacer chains on the metal complex that

contain the disulfide attachments for conjugation to the gold surface. Molecular complexes
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containing disulfide attachments and thiol groups can cross-react with thiols present on the
surface of the cell, leading to disulfide/thiol exchange reactions’®'. The cross-linking of
molecular complexes by thiol containing proteins on the cell surface can lead to thiol-
mediated membrane trafficking, as the complexes get trapped in the lipid bilayer and

nl61. 62]

thereby, prevent further cellular internalizatio . However, upon conjugation of the

complex to a nanocarrier such as AuNPs, this issue is overcome, as nanopatrticles enter

the cells via a different uptake mechanism!¢®°!,

3.3.7 Cellular uptake efficacy of IrC,,:Z:AuNP25 in HelLa cells

The cellular uptake efficacy of IrCio-Z-AuNP25 and the appropriateness of the IrCy»
complex for the development of luminescent nanoprobes with optimal cellular uptake in
HelLa cells were evaluated by FACS. Histogram analysis was performed using the
Qdot565 filter, violet laser with Aexc at 405 nm and Aem >565 nm. In order to evaluate the
uptake efficacy of the IrCs2 coated AuNPs, luminescent AuNPs functionalized with the
IrbpySS complex were also prepared to establish whether the presence of the dodecyl
chain on the luminescent complex aids in improving the cellular uptake efficacy of the
nanoparticles. Previously published studies have reported that the efficient delivery of
molecular complexes in cells using nanoparticles as a delivery scaffold can be challenging
due to the formation of a protein coronal®® ¢”1, Even though plain citrate AuNPs have been
formerly confirmed to internalize efficiently into cells, functionalization of the gold surface
can alter interactions at the nano-bio interface in a physiological environment and impact
negatively the endocytic pathways by which nanoparticles enter the intracellular space!®®
€870 Serum proteins, such as Fetal Bovine Serum (FBS), which are used to supplement
cell culture media can contribute greatly to the formation of protein corona on the surface
of AuNPs. Therefore, similarly to Chapter 2, the cellular uptake of both the IrCs» and
IrbpySS coated AuNPs was evaluated in the presence of serum-free cell culture media to
preclude the formation of protein corona and prevent changes in the physiochemical

properties and size of nanoparticles upon cellular interaction.
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Prior to treating the cells, the absorbance of both IrCi2-Z-AuNP25 and
IrbpySS-Z-AuNP25 was monitored by UV-Vis to confirm that both nanoparticle samples
are at the same concentration (Figure 3-11). However, when evaluating cellular uptake by
FACS, a highly emissive complex or luminescent nanoprobe might show high increase in
the fluorescence intensity of the treated cells, suggesting high cellular uptake even if the
uptake is relative low. Therefore, even though the concentration of the two iridium
complexes used to functionalize the AuNPs was the same, the emission intensity of
IrC12-Z-AuNP25 and IrbpySS-Z-AuNP25 was recorded and the area under the curve (AUC)
was taken into consideration prior to interpreting the results from FACS analysis (Figure 3-
9).

After treating Hela cells with IrCs>-Z-AuNP25 and IrbpySS-Z-AuNP25 at the same
concentration (0.4 nM) for 24 hours, the increase observed in the fluorescence intensity
was significantly higher in the cells treated with IrCi2-Z-AuNP25 when compared to the
ones treated with IrbpySS-Z-AuNP25 (Figure 3-12). However, the AUC of the emission
intensity of IrCy>Z-AuNP25 was also significantly higher than the one of
IrbpySS-Z-AuNP25, suggesting that when conjugated to the gold surface, the IrCy»
complex exhibits a stronger luminescence signal than the IrpbySS complex. In fact, the
fold increase in the MFI of the treated cells and the fold difference in the AUC were higher
by 1.9 and 1.8, respectively, for IrCi>-Z-AuNP25 when compared to IrbpySS-Z-AuNP25.
Therefore, when taking into account the strength of the luminescence signal of the two
iridium complexes, IrCy> and IrbpySS, when attached to the surface of AuNPs, both
IrCi2-Z-AuNP25 and IrbpySS-Z-AuNP25 exhibit the same cellular uptake efficacy in HeLa

cells.
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Figure 3-11. (a) UV-Vis absorption spectra of 4 nM IrC,-Z-AuNP25 and IrbpySS-Z-AuNP25 in water.
(b) Emission spectra of 4 nM IrC;,-Z-AuNP25 and IrbpySS-Z-AuNP25 in water. Aeyc = 405 nm, A ax - 595
nm (IrC;,-Z-AuNP25) and 585 nm (IrbpySS-Z-AuNP25) (c) Fold difference in the area under the curve
(AUC) of the emission intensity of 4 nM IrC,,-Z-AuNP25 and IrbpySS-Z-AuNP25 in water.
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Figure 3-12. Cellular uptake efficacy in HelLa cells by FACS analysis after treatment with
IrCy2:Z-AuNP25 and IrbpySS:Z-AuNP25 in serum-free cell culture media for 24 h. A,=405 nm and
Aem= >565 nm. (a) Histogram analysis of cellular uptake after treatment with 0.4 nM IrC,>:Z-AuNP25
and IrbpySS-Z-AuNP25. (b) Fold increase in Mean Fluorescence Intensity (MFI) after treatment with
0.4 nM IrC,»Z-AuNP25 and IrbpySS-Z-:AuNP25. The results are mean values + SD of three
independent experiments.

In order to assess whether the use of AUNPs improves the delivery of IrCy, and IrbpySS
in HelLa cells, the cellular uptake efficacy of the two molecular complexes in solution was
also evaluated by FACS and compared to the uptake of IrCi>*Z-AuNP25 and
IrbpySS-Z-AuNP25. As discussed previously in this chapter, IrCq2 displays relatively low
cytotoxicity in HelLa cells, which was attributed to the low uptake of the complex by the
cells as result of the long spacer chains present on the bipyridine ligand of the complex
that contain disulfide attachments for conjugation to the surface of AuNPs. More
specifically, cross-linking between disulfide attachments on molecular complexes and thiol
containing proteins present on the surface of cells can inhibit cellular uptake and thereby,
internalization of the complexes within the intracellular environment’®': %2 Therefore, the
cellular uptake of IrCi2 and IrbpySS was evaluated in the presence of two iridium
complexes without the long spacer chains with disulfide attachments for attachment to the
gold surface. The IrC+2bpy and Irbpy complexes were used as the positive control for IrCqz

and IrbpySS, respectively (The chemical structures of the iridium complexes are outlined in
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Figure 3-13). The IrCq2bpy complex was synthesised and characterized by Andrew Carrod,
School of Chemistry, University of Birmingham (Appendix B — Scheme B-1 and Figure B-
2). The Irbpy complex was synthesised and characterized by Dr. Samuel Adams, School

of Chemistry, University of Birmingham.
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Figure 3-13. (a) Chemical structures of IrCy,, IrbpySS, IrCy;bpy and Irbpy. (b) UV-Vis absorption
spectra of IrC;,, IrbpySS, IrC,,bpy and Irbpy in water. (c) Emission spectra of IrC,,, IrbpySS, IrC,,bpy
and Irbpy in water. Aeyc = 405 nm, Apax - 585 nm (IrC;,), 590 nm (IrbpySS), 580 nm (IrC,,bpy) and 610
nm (Irbpy). (d) Fold difference in the area under the curve (AUC) of the emission intensity of IrC,,,
IrbpySS, IrC;,bpy and Irbpy.
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Before treating the cells, the dosing concentration of each complex was determined
through monitoring the absorbance of the luminescent iridium complexes by UV-Vis
spectroscopy. For the purposes of assessing the cellular uptake of the luminescent
complexes in the present study by FACS, a laser with an excitation wavelength at 405 nm
was used. Therefore, the treatment concentration chosen for each iridium complex was the
one at which all complexes displayed the same absorption at 405 nm (Figure 3-13).
However, as discussed earlier in this chapter, the increase in the MFI of the treated cells
during FACS analysis is highly influenced by how emissive a luminescent complex is. For
that reason, in order to evaluate the cellular uptake efficacy of the iridium complexes in
Hela cells, the emission intensity of the complexes in solution was also recorded and the

AUC was taken into account prior to interpreting the results (Figure 3-13).

Subsequent to treating HeLa cells with the iridium complexes for 24 hours, the increase
observed in the MFI of the cells treated with the Irbpy complex was considerably higher
than the increase observed in the cells treated with the other three complexes (Figure 3-
14). The fold difference in the AUC of the emission intensity of Irbpy suggests that the
complex does not exhibit stronger luminescence than the other iridium complexes.
Therefore, the higher increase detected in the MFI of the cells treated with the Irbpy
complex is attributed to the highly efficient uptake of the complex by the cells. The fact that
the Irbpy complex displayed higher uptake than IrCs2 and IrC2bpy in HelLa cells was not
expected, as according to literature, the presence of the dodecyl chain on the
phenylpyridine ligand of the complexes provides greater hydrophobicity, which could have
improved the permeability of IrC+2 and IrC2bpy across the cell membrane®® "', However,
previously published studies have suggested that due to the fact that molecular complexes
enter the cells by passive diffusion, complexes that are smaller in size and have a simple

chemical structure usually demonstrate better cellular uptake and internalization® 72,

142



(a) (b)

MFI: 237 B control
|.IrC12
Il iropyss T 20- 16.9
=
.IrC12bpy c 15
§ .llrbpy (]
S . ©
s MFI: 358 S 10-
[} ™
© = 4.7
T ] 15 22
o
o
MFI: 3945 o 6 9 3 3
S ¢ Q~\9 ;,gQ &

Fluorescence

Figure 3-14. Cellular uptake efficacy in HeLa cells by FACS analysis after treatment with IrCyy,
IrbpySS, IrC,2,bpy and Irbpy in serum-free cell culture media for 24 h. A.=405 nm and A= >565 nm.
(a) Histogram analysis of cellular uptake after treatment with IrC,,, IrbpySS, IrC,,bpy and Irbpy. (b)
Fold increase in Mean Fluorescence Intensity (MFI) after treatment with IrC,,, IrbpySS, IrC,,bpy and
Irbpy. The results are mean values + SD of three independent experiments.

Besides the smaller size and simple structure of Irbpy, interactions between the dodecyl
chain and membrane proteins might have also contributed to the lower uptake efficacy
observed in the cells treated with IrCq2 and IrCq2bpy. It has been previously reported that
modification of the substituent groups attached to the bipyridine ligand of a metal complex
can induce interaction of the complex with the plasma membrane through binding to
proteoglycans present on the surface of the cell”. What is more, carbon chains have also
been reported to inhibit the internalization of iridium complexes into cells due to
interactions between the lipophilic complexes and the lipophilic bilayer membrane, with
longer carbon chains exhibiting a stronger affinity towards the cell membrane. The
interaction of metal complexes with the plasma membrane can result to retention of the
complexes in the phospholipid bilayer during their internalization”*. This property of metal
complexes has led to the development of several metal-based probes that can be used for

labelling of the cell plasma membrane to examine membrane dynamics!™ 7 76,
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Treatment with the IrCs2bpy complex induced a higher increase in the fluorescence
intensity of the cells when compared to the increase observed in the cells treated with the
IrCi2 complex. Even though the IrCi2bpy complex exhibits stronger luminescence than
IrC12, the fold increase in the emission intensity of IrC2bpy is higher than the one of IrCq»
by 1.9, whereas the increase in the MFI of the cells treated with IrC42bpy is higher than the
increase in the MFI of the cells treated with IrC> by 3.1. Hence, the higher fold increase
observed in the fluorescence intensity of the cells treated with the IrC2bpy complex is due
the higher cellular cellular uptake rather than the stronger emission of the complex. Again,
the improved uptake of the IrCi2bpy complex in HeLa cells in comparison to IrCy> could be
attributed to the relatively smaller structure of the complex. The use of IrCi2bpy and Irbpy
as positive controls confirms that in the absence of the long spacer chains with the
disulfide attachments for conjugation to the surface of AuNPs, the molecular complexes

exhibit significantly higher cellular uptake.

Even though the cellular uptake of IrCs2 and IrCs2bpy in HeLa cells was not highly
efficient, the results of the present study indicate that upon conjugation of the IrCi»
complex to the gold surface the aforementioned issues discussed are overcome. This is
attributed to the fact that the luminescent nanoparticles enter the cells via a different

[77]

mechanism''”, as the molecular complexes usually internalize into cells by passive

33 78 791 \whereas functionalized nanoparticles by endocytosis'® %2, When

diffusion
comparing the cellular uptake of IrC>-Z-AuNP25 to IrCs2 and IrCi2bpy (positive control),
the cells treated with the IrCi> coated AuNPs displayed higher increase in the MFI, even
though both IrCs2 and IrCsbpy in solution exhibit a stronger luminescent signal than

IrC12-Z-AuNP25 (FACS data are summarized in Figure 3-15).

The fact that the IrC1> coated nanoparticles demonstrate higher uptake efficacy than the
positive control suggests that the use of AuUNPs as a scaffold to deliver the IrC1> complex
in HelLa cells enhances drastically the internalization of the complex within the intracellular
environment. This was not evident upon attachment of the IrbpySS complex to the surface
of AuNPs, as even though IrbpySS-Z-AuNP25 displayed higher cellular uptake than the
IrbpySS complex in solution, the Irbpy complex (positive control) showed significantly

higher penetration of the cell membrane in HelLa cells.
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Figure 3-15. (a) Cellular uptake efficacy in HeLa cells by FACS analysis after treatment with
IrC.2:Z:AuNP25, IrbpySS-Z:AuNP25, IrC,,, IrbpySS, IrC,,bpy and Irbpy in serum-free cell culture media
for 24 h. A=405 nm and A.,= >565 nm. Fold increase in Mean Fluorescence Intensity (MFI) after
treatment with IrC,,:Z-AuNP25, IrbpySS-Z-AuNP25, IrC,,, IrbpySS, IrC,,bpy and Irbpy. The results are
mean values + SD of three independent experiments. (b) Fold difference in the area under the
curve (AUC) of the emission intensity of IrC,2:Z-:AuNP25, IrbpySS-Z-AuNP25, IrC,,, IrbpySS, IrC,,bpy
and Irbpy.

Even though the efficient uptake of the Irbpy complex suggests that the molecular
complex can successfully internalize into HeLa cells without the use of AuNPs, the delivery
of metal-based complexes in cancer cells can be challenging, as it is highly associated
with imprecise subcellular localization that eventually leads to off target toxicity®?.
Therefore, the ability of IrCs> to internalize into cells with high efficiency only when
conjugated to the surface of AuNPs provides opportunities for the development of

luminescent nanoprobes with improved localization in tumor cells.
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What is more, although both the IrCi2 and IrbpySS coated AuNPs exhibit efficient
uptake in HelLa cells, the suitability of IrCq2-Z-AuNP25 over IrbpySS-Z-AuNP25 for use in
cellular uptake studies and luminescence imaging was evident through the stronger
emission displayed by IrCi2-Z-AuNP25 upon excitation at 405 nm. The fact that the same
concentration of IrCq2 and IrbpySS was used for the preparation of IrCq2-Z-AuNP25 and
IrbpySS-Z-AuNP25, suggests that the stronger luminescence signal of the IrCq> coated
AuNPs is attributed to the presence of the dodecyl chain and the improved luminescence
properties of the complex® 8. The enhanced emission of IrCi»-Z-AuNP25 allows the
development of highly luminescent AuNPs for studying cellular internalization and

subcellular localization using confocal luminescence microscopy.

3.3.8 Luminescence lifetime detection of IrC,°Z:AuNP25 in HeLa cells

The efficient cellular uptake of IrCs2:Z-AuNP25 in HelLa cells was further confirmed
through detecting the luminescence properties of the iridium functionalized AuNPs in
treated cells. Luminescence lifetime measurements revealed that after treatment with 0.4
nM of the IrC1> coated AuNPs for 24 hours the luminescence lifetime in the treated cells
using two-component analysis is 94 ns (a1=27%) and 367 ns (a>=73%) (Appendix B —
Figure B-4). The increase in the luminescence lifetime of IrCs>-Z-AuNP25 observed in
HelLa cells from 303 to 367 ns is most likely attributed to the interaction of the iridium
complex on the gold surface with cellular proteins. It has been previously reported that
interaction of cyclometalated iridium complexes with intracellular proteins results to

enhanced luminescence and elongation of luminescence lifetimes®® 411,
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In order to further establish whether the increase detected in the luminescence lifetime
of IrC42:Z-AuNP25 in cells is the result of interactions between the iridium complex present
on the surface of AUNPs and cellular proteins, lifetime measurements were also performed
in HelLa cells treated with the IrCy2 in solution. After treatment of the cells with 0.3 uM of
the IrCi2 complex for 24 hours, the luminescence lifetime in the treated cells using two-
component analysis is 56 ns (a;=8%) and 403 ns (a;=92%) (Appendix B — Figure B-4)
(Luminescence lifetimes are summarized in Table 3-2). The lifetime of IrC+2 increased from
260 to 403 ns in the treated cells, further confirming that the enhanced luminescence
observed in HelLa cells subsequent to treatment with the IrCs, coated nanoparticles is
attributed to interactions between the iridium complex and intracellular proteins. The
improved luminescence properties of transition metal complexes in cells have been
previously linked to hydrophobic attractions between the complex and the binding pockets
of a protein, with highly lipophillic complexes exhibiting stronger affinity towards a

protein!®®.

The increase induced in the luminescence lifetime of the IrC1> complex upon interaction
with proteins was further confirmed through the addition of the Bovine Serum Albumin
(BSA) protein into a solution of the iridium complex. The lifetime of IrCy, after addition of
BSA using two-component analysis is 130 ns (a1=29%) and 377 ns (a>=71%), showing an
increase in the lifetime of the complex of about 120 ns, which is similar to the increase
observed in the cells after treatment with IrC4> (Luminescence lifetimes are summarized in
Table 3-2).

Luminescence lifetime measurements were also performed in fractionated subcellular
organelles after treating HeLa cells with 0.3 uM of the IrCs2 complex. The lifetime of the
IrCi2 complex both in the cytosol and mitochondria was increased by about 90 ns,
suggesting that the interaction of the complex with cytosolic and mitochondrial proteins is
similar. However, the increase observed in the lifetime of the IrC1> complex in the nucleus
was significantly higher, as the lifetime of the iridium complex displayed an increase of
about 230 ns from the complex in solution (Luminescence lifetimes are summarized in
Table 3-2). The considerably elongated lifetime of the iridium complex detected in the

nucleus is indicative of the strong affinity of the complex towards nuclear proteins.
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IrC,, IrC,, IrC,, IrC,,

IrC IrC,, + BSA . L . .
L2 L2 In HeLa cells in cytosol | in mitochondria in nucleus

a;(%) | i(ns) | a(%) | w(ns) | a(%) | w(ns) | a(%) | vi(ns) | & (%) T (ns) | a;(%) 7;(ns)

26 104 21 130 8 56 18 85 29 88 20 109

74 260 79 377 92 403 82 348 71 351 80 494

Table 3-2. Luminescence lifetimes of IrC;, in water, IrC;, with BSA, and IrCy, in HeLa cells and
subcellular organelles. Lifetimes were recorded using a 376 nm laser and fitted using two-
component analysis with a X’ value between 1.02 and 1.21.

3.3.9 Circular Dichroism (CD) of IrC4, and IrC,>:Z-AuNP25

The ability of transition metal complexes to be purposely designed to interact with
biomolecules within an intracellular environment makes them ideal candidates as targeting
moieties, which can be used to alter biological processes that are essential for the survival
of tumor cells®®” 8! Therefore, the study of the different interactions between biological
molecules, such as proteins, and metal complexes potentiates an improved therapeutic
outcome through targeting specific biological functions in diseases like cancer’® °°. In fact,
many studies have reported that inorganic chemistry offers both versatility and diversity in
the design and synthesis of metal complexes, which can act as highly effective protein
modulators®'%%,

In order to study the ability of both the IrCi» complex in solution and the IrC»
functionalized nanoparticles to interact with biological proteins, CD spectroscopy was
performed to monitor the conformational changes of BSA upon addition of IrCs, and
IrCi2-Z-AuNP25. CD spectroscopy is considered as an excellent method for rapidly
evaluating the binding properties of biological proteins. In brief, CD refers to the unequal
absorption of right and left-handed circular polarized light by a molecule that contains at
least one chiral molecule®®. This method is widely used to study conformational
alterations of several biomolecules like proteins and DNA, as their structures are sensitive
to interactions with other molecules and changes in environmental conditions, such as

temperature and pH©®®.
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The characteristic CD spectrum of BSA shows two negative peaks at 209 and 222 nm,
and one positive peak at 190 nm, which are characteristic for proteins that exhibit an a-

helix structure!*? %!

. The intensity of the positive and negative peaks of BSA was recorded
upon the sequential addition of the IrC> complex in solution (100 uM) and IrC12-Z-AuNP25
(4 nM) (Figure 3-16). The addition of both the IrCs> complex in solution and the IrC»
coated AuNPs to BSA resulted to a decrease in the intensity of the positive peak and an
increase in the intensity of the negative peaks in the CD spectra. The changes observed
indicate structural alterations in the characteristic features of the protein both upon addition
of the IrC12 complex in solution and on the surface of AUNPs. The conformational changes
in the structure of BSA are more likely attributed to the engagement of the IrCs> complex in
strong electrostatic and hydrophobic interactions with the binding pockets of the proteint*?
97. 98l Such interactions allow binding of the luminescent complex within an active site of a

sub domain of BSA, resulting to loss of structural conformation due to protein unfolding®*?

99, 100]

The CD spectrum of BSA within the far UV region (200-260 nm) reflects the secondary
structural features of the protein, such as a-helix and 3-pleated sheets, while the near UV
region (250 to 320 nm) of the spectrum provides information about the tertiary structure of
the protein!'®" "2, Therefore, the increase observed in the intensity of the CD spectra
between 209 and 222 nm indicates that upon interaction of the IrCi> complex with BSA
conformational alterations are induced in the secondary structure of the protein. The CD
spectra revealed no changes within the near UV region, suggesting that the tertiary
structure of the protein does not change upon binding of the iridium complex. The
decrease detected in the intensity of the CD spectra at 190 nm reflects the loss of the a-

helical structural features of the protein due to strong interactions with the IrCs> complex.
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Figure 3-16. Circular dichroism spectra of BSA (0.1 uM) with sequential additions of (a) IrCy,
solution (100 pM) (0.5, 1.0, 1.5, 2.0, 2.5, 5.0, 7.4, 9.8, 14.6, 28.3, 41.2, 49.4 and 61.1 mol equiv.) and (b)
IrC1»-Z-AuNP25 in water (4 nM) (0.2x10™, 0.4x10™, 0.6x10™, 0.8x10™, 1.0x10™, 2.0x10™, 3.9x10™, 5.8x10°
4 1.1x10%, 1.8x107%, 2.7x10°, and 3.3x10™° mol equiv.).

3.3.10 Cellular uptake and subcellular localization of IrC,,-Z:AuNP25 in
HeLa cells by Confocal Microscopy

The cellular uptake efficacy of IrCs2-Z-AuNP25 in HelLa cells was further examined by
confocal microscopy. Live cell imaging was performed after treating the cells with 0.4 nM
of the IrC+> coated AuNPs for 4 and 24 hours (Figures 3-17). Similarly to FACS analysis,
luminescence imaging revealed the successful internalization of IrCq2:Z-AuNP25 in HelLa
cells. Even though the luminescence of the iridium functionalized nanoparticles was
detectable in live HelLa cells both after 4 and 24 hours of treatment, the luminescence
signal was considerably stronger during imaging of the cells treated for 24 hours,
suggesting that cellular uptake is time-dependant. The time-dependant cellular uptake of
IrCi2-Z-AuNP25 observed agrees with previously published studies that have reported
enhanced cellular uptake of nanoparticles by endocytosis upon treatment of cells for 24

hours in comparison to shorter periods of incubation!'®® 194,
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The strong luminescence signal from the iridium complex detected within the
intracellular space during live cell imaging subsequent to treating the cells for 24 hours
confirms that the IrCs> complex retains its high photostability upon attachment to the
surface of the surfactant modified nanoparticles. Furthermore, the intensity of the iridium
luminescence was not decreased after imaging of the cells both after 4 and 24 hours of
treatment, suggesting that the IrCi> complex does not experience photobleaching in a

biological environemnt when conjugated to the surface of AuNPs.

4h

24 h

Figure 3-17. Confocal microscopy of live HeLa cells after treatment with 0.4 nM IrCy»*Z-AuNP25 in
serum-free cell culture media for 4 h (Top) and 24 h (Bottom) (Scale bar: 20 pm). (a) Bright-field, (b)
Iridium luminescence (Aexc=405 nm, A.,,=550 nm-750 nm) and (c) Overlay of (a) and (b).

The cellular uptake and localization of the IrCi» complex in HeLa cells was also
evaluated by confocal microscopy. After treatment of the cells with the iridium complex in
solution for 4 and 24 hours, luminescence imaging revealed the presence of IrCq, within
the intracellular environment (Figure 3-18). During imaging, there was no evident
enhancement in the luminescence signal of the cells treated with the iridium complex for

24 hours when compared to the ones treated for 4 hours. This is most likely attributed to
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the fact that metal complexes internalize in cells by passive diffusion, which allows the
rapid translocation of the complexes within the intracellular space!'®!. Even though the
signal from the IrC> complex was detectable in live HelLa cells, the luminescence intensity
was noticeably weaker when compared to the iridium signal detected in the cells treated
with IrC12>-Z-AuNP25. The stronger iridium signal detected in HelLa cells after treatment
with IrCq2>-Z-AuNP25 is the result of the improved uptake of the IrCi> complex upon
attachment to the surface of AuNPs, which was confirmed earlier in the present study

through FACS analysis.

4h

24 h

Figure 3-18. Confocal microscopy of live HelLa cells after treatment with 0.3 uM of the IrCy,
complex in serum-free cell culture media for 4 h (Top) and 24 h (Bottom) (Scale bar: 20 pm). (a)
Bright-field), (b) Iridium luminescence (Ae¢xc=405 nm, A, =550 nm-750 nm) and (c) Overlay of (a) and

(b).

The use of AuNPs as a vehicle to deliver targeting complexes in cancer cells has been
previously reported to improve drastically the solubility and bioavailability of the complexes
in the intracellular environment!'® %71 thereby providing opportunities for more efficient

subcellular localization('%® 109,

This could explain the efficient localization of
IrC12:Z-AuNP25 in the nucleus, which was not evident in the cells treated with the IrCy»

complex in solution (Figure 3-19). When comparing the localization of the IrCi> coated
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AuNPs to the molecular complex, it was observed that after 24 hours of treatment the
luminescent nanoparticles show preference for both cytoplasmic and nuclear localization
whereas luminescence signal in the cells treated with the IrC12 complex was only detected
in the cytoplasm. Localization of IrCs>-Z-AuNP25 in the nucleus was not evident after
treatment of the cells for 4 hours, suggesting that a longer incubation period is required for

the nanoparticles to penetrate the nuclear membrane.

Figure 3-19. Confocal microscopy of live HeLa cells after treatment with 0.4 nM IrCy»*Z-AuNP25 in
serum-free cell culture media for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) Iridium luminescence
(Aexc=405 nm, A.,=550 nm-750 nm) and (c) Overlay of (a) and (b).

The results of the present study indicate that the use of AuNPs provides an improved
method for the delivery of the IrCi2, complex in HelLa cells, as the attachment of the
complex to the gold surface resulted to an enhanced luminescence signal during imaging
and promoted nuclear localization. The high photostability of the IrCs> complex when
conjugated to AuNPs suggests the ability of the luminescent nanoparticles to overcome
the limitations associated with the use of organic fluorophores in imaging applications such
as photobleaching. The relatively low cytotoxicity and high stability of IrCi2-Z-AuNP25 in
cells, along with their strong luminescence signal, offer opportunities for the development
of novel luminescent nanoprobes with favourable photophysical properties encoded by the
metal complex. Such nanoprobes present great potential for detection and monitoring of

biomolecular interactions in live cells using conventional confocal microscopes.
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3.3.11 Cellular uptake and subcellular localization of IrC;,-Z:AuNP25 in
HelLa cells by ICP-MS

The cellular uptake and subcellular localization of IrC2>-Z-AuNP25 in HelLa cells were
further evaluated by inductively coupled plasma mass spectrometry (ICP-MS). The highly
sensitive elemental analysis provided by ICP-MS allows both detection and quantification
of the unique mass of metals and metal nanoparticles within a cellular environment!' "2,
The cellular uptake and subcellular localization of the luminescent nanoparticles were
quantified both in whole and fractionated cell lysates subsequent to treating HelLa cells
with 0.4 nM IrC12:Z-AuNP25 for 24 hours (Figure 3-20). Analysis of whole cell lysates by
ICP-MS revealed approximately 11 000 IrC+> coated AuNPs per cell, confirming the highly
efficient cellular uptake of the luminescent nanoparticles observed earlier in this chapter

both by FACS and confocal luminescence microscopy.

The subcellular localization of IrCq2-Z-AuNP25 in HelLa cells after treatment for 24 hours
was also evaluated through analysis of fractionated cell lysates, including nucleus, cytosol
and mitochondria (Figure 3-20). The results suggested a higher number of nanopatrticles in
the nucleus, when compared to cytosol and mitochondria, indicating the preference of the
IrC12 coated AuNPs for nuclear localization. ICP-MS analysis revealed that besides their
preference for nuclear localization, the luminescent IrC1,> coated nanoparticles also exhibit
cytosolic localization, while only a small number of IrCi2>:Z-AuNP25 was detected in
mitochondria. These results are in agreement with the images acquired during live cell
imaging by confocal microscopy, as both nuclear and cytoplasmic localization of

IrC12>:Z-AuNP25 in Hela cells was observed.

154



o
o 15000~
| & *kkk
Q
Q.
% 10000
-
E *%
(o] 5000- -I_ *kkk
S
g *
E 1
2 0 T T
N\ 2 N
AN A
& & & & °
oW & R
.{g,o \Q
N &
\0
&

Figure 3-20. ICP-MS analysis of the number of AuNPs per cell in HeLa cells in fractionated and
whole cell lysates after treatment with 0.4 nM IrC;,-Z-AuNP25 in serum-free cell culture media for 24
h. Statistical analysis was performed using unpaired t-test with equal SD between the samples and
control. *P value < 0.1, **P value < 0.01, ****Pvalue < 0.0001

The cellular uptake and subcellular localization of the IrC2 complex in solution was also
studied by ICP-MS and compared to the uptake and localization of IrC>-Z-AuNP25.
Similarly to IrC42-Z-AuNP25, analysis was performed both in whole and fractionated cell
lysates after treating HelLa cells with the iridium complex for 24 hours (Figure 3-21). In the
cells treated with the IrC> coated AuNPs a higher content of iridium was detected in the
nucleus when compared to cytosol and mitochondria, which agrees with the number of
AuNPs observed in the different fractions. Both in cytosol and mitochondria, the
concentration of iridium observed is also consistent with the number of AuNPs detected.
For the cells treated with the IrCs> complex in solution, the results indicated higher
concentration of iridium in the cytosol when compared to nucleus and mitochondria,
suggesting that the luminescent complex in solution shows preference for cytoplasmic
localization. When compared to IrC2>-Z-AuNP25, the IrCi2 complex in solution displays
significantly lower iridium content in the nucleus, indicating poor penetration of the nuclear
membrane. These results are consistent with the luminescence imaging performed in
Hela cells, as the luminescence signal of the iridium complex was mostly visible within the

cytoplasm upon treatment of the cells with the IrC12 complex in solution.
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Figure 3-21. ICP-MS Analysis of iridium concentration per cell in HeLa cells in fractionated and
whole cell lysates after treatment with 0.4 nM IrC;,:Z-AuNP25 and 0.3 uM of the IrC;, complex in
serum-free cell culture media for 24 h. Statistical analysis was performed using unpaired t-test with
equal SD between the samples and controls. *P value < 0.1, **P value < 0.01 and ***P value < 0.001

Luminescence lifetime measurements in HelLa cells, discussed earlier in this chapter,
provide evidence that the IrCs> complex in solution exhibits strong interactions with nuclear
proteins, which could potentiate a favourable therapeutic outcome upon targeting of cancer
cells. However, the data obtained from ICP-MS analysis suggests that the delivery of the
iridium complex in solution hinders its successful accumulation within the nucleus,
preventing the complex from targeting effectively biomolecules enclosed within the nuclear
membrane. According to literature, the delivery of highly lipophilic complexes to cells can
be challenging due to their poor aqueous solubility, which reduces bioavailability within the
intracellular environment and thereby, preventing their efficient localization to the target

sitel113-115]
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However, upon attachment to the surface of AuNPs, the aforementioned issues are
overcome, as the use of the gold scaffold as a vehicle to deliver metal complexes in the
intracellular space has been previously reported to provide improved solubility and at the
same time allow high concentrations to be delivered®® "¢ ""71. This was further supported
in the present study, as elemental analysis carried out in different organelles confirms that
the conjugation of the IrCi2 complex to the gold surface promotes efficient cellular
localization due to the improved bioavailability of the complex in the intracellular

environment, which enables the successful penetration of the nuclear envelope.
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3.4 Conclusion

In this chapter, luminescent nanoparticles were developed through the attachment of a
cyclometalated iridium(lll) complex, IrCq2, to the surface of surfactant coated AuNPs. The
successful functionalization of AUNPs with the iridium complex was confirmed by DLS size
measurements and through monitoring the characteristic SPR band of the nanopatrticles.
Photophysical characterization of the luminescent AuNPs revealed that upon conjugation
to the gold surface, the complex translates its favourable luminescence properties to the
modified nanoparticles, displaying the characteristic broad emission peak of the IrC»
complex and long luminescence lifetimes. Upon excitation at 405 nm, the IrCs2 coated
AuNPs exhibit strong emission within the visible region, which makes them ideal for

detection in cells using FACS and luminescence imaging.

The IrCy2 functionalized nanoparticles did not display significant cytotoxicity in HelLa
cells at the concentrations tested, indicating their suitability to be used for cellular uptake
and subcellular localization studies. The uptake of the IrCi> coated AuNPs in HelLa cells
was evaluated and compared to the uptake of AuNPs modified with the IrbpySS complex,
to determine whether the presence of the dodecyl chain on the IrCs> complex improves
internalization of nanoparticles. The results indicate no differences in the uptake efficacy
between the IrCi> and IrbpySS coated AuNPs, with both luminescent nanoprobes
exhibiting efficient cellular entry in HelLa cells. However, upon excitation at 405 nm, the
IrCi> coated AuNPs display significantly stronger emission than the IrbpySS modified
AuNPs, indicating the enhanced luminescence properties of the IrCs> complex induced by
the presence of the long alkyl chain. The advantageous photophysical properties of the
IrCi2 complex upon attachment to the gold surface suggest the appropriateness of the

luminescent nanoparticles for improved detection sensitivity in cancer cells.

The efficient uptake of the functionalized nanoparticles in HelLa cells was also
supported by luminescence lifetime measurements, as luminescence from the iridium
complex was detectable in treated cells. Analysis revealed an increase in the
luminescence lifetime of the IrCs> coated AuNPs in HelLa cells, which was attributed to

interactions between the iridium complex and intracellular proteins. The ability of the
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luminescent nanoparticles to interact with proteins was further examined by CD
spectroscopy, indicating that binding of the iridium complex to BSA induces conformational
changes in the secondary structure of the protein. The alterations observed in the structure
of BSA suggest that the iridium complex can engage in strong electrostatic and
hydrophobic biomolecular interactions with cellular proteins and alter biological processes

that are essential for cell proliferation and survival.

The efficient cellular uptake of the IrCq, coated nanoparticles in HelLa cells was further
confirmed by confocal luminescence microscopy, as live cell imaging revealed a strong
luminescence signal from the iridium complex within the nucleus and cytoplasm of the
cells. The nuclear localization observed in the cells treated with the Iluminescent
nanoparticles was not evident upon treatment of the cells with the IrC;>, complex in
solution, indicating that the conjugation of the complex to the surface of AUNPs improves
drastically its bioavailability within the intracellular environment, promoting efficient
subcellular localization.The uptake and subcellular localization of the luminescent AuNPs
in HelLa cells were quantified by ICP-MS, both in whole and fractionated cell lysates. ICP-
MS analysis performed in whole cell lysates revealed approximately 11 000 IrC,, coated
AuNPs per cell, confirming the efficient cellular uptake of the luminescent nanoparticles
observed by FACS and confocal luminescence microscopy. The nuclear localization of the
iridium modified AuNPs observed by luminescence imaging was further validated by ICP-
MS, as analysis in fractionated lysates suggested the ability of the IrCi> coated

nanoparticles to penetrate the nuclear membrane and accumulate within the nucleus.

In conclusion, in this chapter, novel luminescent nanoparticles were presented with
efficient cellular uptake and nuclear localization in cancer cells. The results support that
the use of AuNPs as a scaffold to deliver luminescent metal complexes in cancer cells
provides significantly improved bioavailability within an intracellular environment and
promotes subcellular localization. The favourable luminescence properties of the IrCi»
coated nanoparticles, along with their ability to penetrate the nuclear membrane, present a
promising approach for monitoring biomolecular interactions with nuclear proteins in in vivo

models.
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3.6 Experimental

3.6.1 Synthesis of Iridium complexes

The synthesis and characterization of the IrC+2 and IrC12bpy complexes was carried out
by Andrew Carrod (School of Chemistry, University of Birmingham) (Appendix B — Scheme
B-1, Figures B-1 and B-2). The synthesis and characterization of the IrbpySS*? and Irbpy
complexes was performed by Dr. Samuel Adams, (School of Chemistry, University of

Birmingham).

3.6.2 Preparation of IrC,,-Z-AuNP25 and IrbpySS:Z-AuNP25

Firstly, 8 ml of AUNP25 of 0.65 nM were centrifuged twice at 10, 000 g for 20 minutes.
After each centrifugation the supernatant was discarded and the AuNP25 pellet was re-
suspended in 1 ml of fresh filtered miliQ H>O. The centrifuged nanoparticles were then
coated with a 2.5% Zonyl FSA (Sigma-Aldrich) stock solution (0.2 mM) that was prepared
in miliQ H20 and filtered. In 1 ml of centrifuged AuNP25, 20 pl (4 uM) of Zonyl FSA were
added and stirred for about 10 minutes. The zonyl coated nanoparticles were centrifuged
twice at 10, 000 g for 20 minutes, in order to remove excess zonyl. The centrifuged zonyl
coated AuNP25 were re-suspended in 1 ml of fresh filtered miliQ H-.O to produce
Z-AuNP25 (Final concentration ~ 5 nM). UV-Vis (H20) Amax= 520 nm (SPR). Diameter = 28
+ 7 nm (DLS number distribution). Diameter = 43 + 12 nm (DLS intensity distribution) (1
nM in miliQ H20).

The preparation of the IrCi> coated AuNP25 and the IrbpySS coated AuNP25 was
performed under the same conditions. The IrC2 and IrpbySS complexes (Stock solution in
methanol: 1 mM) were titrated in 2 ul aliquots to an aqueous solution of Z-AuNP25 (2 nM),
while stirring in between each addition. The successful attachment of the complexes to the
gold surface subsequent to each addition was confirmed through monitoring the SPR band
of the nanoparticles using UV-Vis spectroscopy (Cary 5000 Spectrometer). The red shift in

the SPR allowed the maximum concentration of IrC+, and IrbpySS that can be used to coat
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the gold surface without inducing nanoparticle aggregation to be determined. The
maximum concentration, for both the IrCi> and the IrbpySS complex, that is required to
reach saturation on the surface of the zonyl coated AuNP25 is 40 uM. Therefore, 40 pM of
IrC12 and IrbpySS were added in 2 pl aliquots into 1 ml of Z-AuNP25 (2 nM) with stirring in
between each addition. After the last addition, the functionalized nanoparticles were stirred

for a further 20 minutes.

Finally, size exclusion chromatography was performed using Sephadex G-10 (Sigma-
Aldrich) to remove excess, unbound iridium complex and obtain purified IrC2>-Z-AuNP25
and IrbpySS-Z-AuNP25 (Final concentration ~ 1.8 nM). UV-Vis (H20) Amax = 525 nm
(SPR). IrCy2:Z-AuNP25: Diameter = 29 + 9 nm (DLS number distribution). Diameter = 80 +
24 nm (DLS intensity distribution) (1 nM in miliQ H2O). IrbpySS-Z-AuNP25: Diameter = 28
+ 8 nm (DLS number distribution). Diameter = 74 + 22 nm (DLS intensity distribution) (1
nM in miliQ H20).

3.6.3 MTT Cell Viability Assay

Cell viability in HelLa cells after treatment with both the functionalized AuNP25 samples
and the IrC12 complex in solution was assessed using the MTT cell viability assay. For the
purposes of the assay, a fresh stock solution of the MTT reagent (Thermo Fisher
Scientific, Catalogue number: M6494) was prepared in PBS (5 mg/ml). 1x10* cells per well
were seeded in a 96-well plate and were incubated overnight to allow the cells to adhere.
Seeding of the cells for each experimental group was performed in triplicate. The cells
were then washed twice with sterile PBS and fresh culture media was added, followed by
the addition of Z-AuNP25, IrC12-Z-AuNP25 and the IrCi> complex in solution for 24 hours.
Both the nanoparticle samples and the molecular complex were added in the cells at a
ratio of 1:10 (sample:culture media). Cytotocixity in HeLa cells was evaluated at 0.2, 0.4
and 0.6 nM of Z-AuNP25 and IrC12-Z-AuNP25 and at concentrations between 0.5 to 3 uM
for the IrCq2 complex. After 24 hours, the cells were washed three times with sterile PBS
and fresh cell culture media was added, followed by the addition of 20 ul of the MTT

solution. The 96-well plate was covered in foil and the cells were incubated with the MTT
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reagent for 4 hours. Finally, the cell media containing the MTT reagent was discarded and
150 pl of DMSO (Sigma-Aldrich) were added to the cells in each well. The 96-well plate
was placed on a plate shaker for 20 minutes and it was then read using the iMarkTM
Microplate Absorbance Reader (Bio Rad). The absorbance was measured at OD = 590

nm.

3.6.4 Cellular uptake by FACS

Initially, HeLa cells were cultured in 60 mm dishes, 1x10° cells per dish, and incubated
overnight in order for the cells to adhere. The cells were washed twice with sterile PBS and
then fresh serum-free DMEM culture media was added, followed by the addition of the
samples. The cells were incubated with the samples for 24 hours. All samples were added
at a ratio of 1:10 (sample:culture media). The cellular uptake efficacy of the iridium coated
nanoparticles was evaluated subsequent to treatment of the cells with 0.4 nM
IrC12:Z-AuNP25 and IrbpySS-Z-AuNP25. The concentration of each of the iridium
complexes used to evaluate cellular uptake in Hela cells was chosen through
photophysical characterization. The treatment concentration used for IrC+,, IrbpySS and
IrCi2bpy is 0.3 uM and for Irbpy is 0.2 pM. IrC42bpy and Irbpy were used as the positive
controls of the experiment. After treatment of the cells for 24 hours, the cells were washed
three times with sterile PBS and were then trypsinized, using Trypsin-EDTA (0.25%)
(Gibco®-Thermo Fisher Scientific) for about 5 minutes. Fresh culture media was added to
quench tryspinization and the cells were collected and centrifuged at 1 000 rpm for 5
minutes. The supernatant was discarded and the cells were re-suspended in 1 ml of PBS
supplemented with 1% FBS and transferred to FACS tubes for analysis. Samples were run
on the LSRII Flow Cytometer (BD Biosciences, Oxford, UK) using the BD FACSDiva

Software. Analysis was performed using FlowJo and Cytobank.
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3.6.5 Live cell imaging by Confocal microscopy

The cells were seeded in 35 mm dishes, 1x10° cells per dish, and incubated overnight
for cells to adhere. The cells were then washed twice with sterile PBS and fresh serum-
free DMEM culture media was added. The IrCq> coated nanoparticles and the iridium
complex in solution were added to the cells at a ratio of 1:10 (sample:culture media) and
incubated with the samples for both 4 and 24 hours. The cells were treated with 0.4 nM
IrCi2-Z-AuNP25 and 0.3 uM of IrC4o. The culture media was then discarded and the cells
were washed three times with sterile PBS. Fresh cell culture media, DMEM phenol red free
media (Gibco®-Thermo Fisher Scientific) was added and the cells were imaged
immediately using the Leica TCS SP8 upright confocal scanning system with a 40x water

immersion objective lens. Imaging analysis was performed using Imaged 2.0.0 software.

3.6.6 Cellular uptake and subcellular localization by ICP-MS

Hela cells were cultured in 150 mm dishes at a 1x10” density, and incubated overnight
for cells to adhere. The cells were then washed twice with sterile PBS and fresh serum-
free DMEM culture media was added to the cells, followed by the addition of the IrCy»
coated nanoparticles and the molecular IrCi> complex for 24 hours. Samples were added
to the cells at a ratio of 1:10 (sample:culture media). The cellular uptake and subcellular
localization in HelLa cells were evaluated after treatment of the cells with 0.4 nM
IrC12-Z-AuNP25 and 0.3 uM of the IrC12 complex in solution. After treatment for 24 hours,
the cells were washed three times with sterile PBS and were then trypsinized using
Trypsin-EDTA (0.25%) (Gibco®-Thermo Fisher Scientific) for 5 minutes. Fresh culture
media was added and the cells were collected and centrifuged at 1 000 rpm for 5 minutes.
The supernatant was then discarded, the cell pellets were re-suspended in 10 ml of fresh
media and the cells were counted using Trypan Blue dye (Gibco®-Thermo Fisher

Scientific) and a haemocytometer.
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The treated cells were then divided in two equal aliquots, one was used as a “whole
cell” population and the other one was fractionated into nucleus, cytosol and mitochondria.
For the isolation of the different organelles the Mitochondria isolation kit by Qiagen
(Catalogue number: 37612) was used and the fractionation was performed according to
the protocol provided by the manufacturer. Digestion of cells was carried out in glass vials
(V-Vials by Sigma-Aldrich, Catalogue number: Z115118). The cell samples were
transferred into the vials, followed by the addition of 300 ul of ultra-pure HNO;3 (Traceselect
Ultra, Aldrich — 68%) and left overnight at 80 °C. Finally, the digested samples were
filtered and transferred to polypropylene tubes for ICP-MS (Agilent). The volume was
adjusted using ultra-pure H>O to obtain a 4% final dilution of HNOs. (Final volume for each

sample was 5 ml). The samples were kept at 4 °C until analysis.
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Chapter 4.

4. Antibody conjugated luminescent gold nanoparticles for enhanced
detection of tumor biomarkers

4.1 Introduction

Precision medicine focuses on the development of patient-specific therapeutics in order
to overcome the limitations associated with conventional treatment approaches and thus,
improve the therapeutic outcome in the clinic!" 2. In the oncology field, the stratification of
patients through the detection of tumor biomarkers is considered as the current standard
for the design of novel theranostics, as the majority of cancer medicines fail to show
positive results in unstratified clinical studies®. For successful stratification of patients,
current developments involve the use of both biomarkers and companion diagnostics,
which aid in addressing the high complexity and heterogeneity of tumors. The use of
companion diagnostics has led to the successful development of many targeted therapies
in the clinic, including tyrosine kinase inhibitors and antibodies for blocking growth factor

receptors®®®.

For instance, in the clinical trials that the monoclonal antibodies
Trastuzumab (Herceptin)’® and Pertuzumab (Perjeta)”’ received approval, patients with
high expression of epidermal growth factor receptor 2 (HER2) were recruited using
immunostaining and fluorescence in situ hybridization (FISH) to ensure high response to

treatment® 91,

Within the last few decades, the use of nanotechnology-based materials has gained a
lot of attention in the medical field for improving the specificity of diagnostic tools and
conventional treatments currently used in the clinic!'®. What is more, the use of engineered
nanomaterials in cancer research provides opportunities to overcome current limitations
associated with the efficient delivery of targeting moieties, intracellular trafficking,

bioavailability and biodistribution!" "3,
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Interestingly, neither companion diagnostics nor tumor biomarkers are currently well
established in the nanomedicine field for predicting treatment response in cancer patients.
Although stratification of patients has been critical for the development of cancer precision
medicines in the clinic, there are currently nanoparticle-based clinical trials conducted in
the presence of unstratified patient populations“‘”. However, as the importance of patient
stratification becomes more evident, this is likely to change in the near future. The
nanotechnology field is constantly emerging, and thus provides opportunities for the
design and development of nanoparticles for targeting specific patient populations. The
fact that nanoparticles are able to overcome current limitations related to drug delivery
suggests that their use in the clinic can potentially enhance the treatment efficacy of
precision medicines and thereby, allow a larger number of patients to qualify in clinical

studies and benefit from personalized treatments!® 15 1€,

Several antibody-modified nanoparticle formulations have been recently developed in
the nanomedicine field for improving both in vitro and in vivo diagnostic applications
including cell sorting, sensing and immunoassays. For instance, in a previously published
study, the anti-EGFR antibody was used to modify silica core/gold shell nanoparticles in
order to enhance the sensitivity of the enzyme-linked immunosorbent assay (ELISA). The
anti-EGFR modified nanopatrticles were used to treat three different cell lines, a normal cell
line with no EGFR expression, a cell line with moderate expression of EGFR and a cell line
with high expression of EGFR. The results indicated that when compared to the anti-EGFR
alone, the antibody-modified nanoparticles induce a 13-fold increase in the sensitivity of
the ELISA assay for the cells with high EGFR expression and a considerable decrease in
the detection limit of the conventional assay!'”. In a different study, the anti-PSMA
antibody was used to functionalize superparamagnetic iron oxide nanoparticles (SPION)
for tracking prostate cancer cells, using Magnetic Resonance Imaging (MRI). The
antibody-modified nanoparticles induced a significant increase in MRI contrast, indicating
their ability to act as highly specific contrast agents!'®. The same antibody was used in
another study to develop antibody modified Quantum Dots (QDs) for in vivo fluorescent
cancer imaging. The anti-PSMA antibody was attached to the carboxyl group of QDs

through the formation of amidic bonds, and the antibody-functionalized nanoparticles were
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injected into prostate cancer-bearing mice. When compared against QDs without the
antibody, the anti-PSMA modified QDs produced significantly stronger fluorescence

signals upon in vivo imaging!?.

Inorganic nanopatrticles, including gold, mesoporous silica, QDs and iron oxide
nanoparticles, have been widely used in the nanotechnology field to combine both the

treatment and imaging modalities of cancer diagnosis®® 2'!

. The ability of inorganic
nanoparticles to be formulated accurately into a wide range of structures, shapes and
sizes provides countless possibilities for the development of theranostic nanoprobes. Gold
nanoparticles (AuNPs) are currently considered as the most widely investigated
nanoparticles in the medical field due to their ease of synthesis, multi-functionality and
unique physico-chemical and optical properties!®?4. What is more, AuNPs exhibit minimal
toxicity and high biocompatibility, which makes them ideal nanocarriers for theranostic

applications in biological environments?!,

The attachment of highly specific targeting moieties to AuNPs allows the development
of tumor selective nanocarriers with improved therapeutic efficacy due to the favourable
properties of AuUNPs and the specificity provided by the targeting structures on the gold
surface®®. The high specificity and affinity of monoclonal antibodies towards a receptor
and their approval in the clinic for therapeutic purposes have encouraged considerably the
development of antibody-modified AuNPs for biomedical applications®®” 28, Antibody-
modified AuNPs were first introduced in 2008 in the presence of the monoclonal antibody
Cetuximab for the targeted delivery of the anticancer agent Gemcitabine to pancreatic
adenocarcinoma’®. The presence of Cetuximab on Gemcitabine functionalized AuNPs
induced significantly higher cytotoxicity in cancer cells when compared to AuNPs modified
with Gemcitabine only, suggesting that the antibody improves drastically the delivery of the
anticancer agent to the target site. Since then, AuNPs have been widely used for the
improved delivery of many chemotherapeutic drugs including oxaliplatin® and

31, 32]

doxorubici . Antibodies are usually attached to the surface of AuNPs through

adsorption to the gold surface via hydrophobic interactions (random antibody orientation),

or directional conjugation via PEG ligands (controlled antibody orientation)!®32 (

1),

Figure 4-
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(a) Adsorption

u

(b) Directional conjugation

Step 1: \ Y4
\Y 4

Step 2:

Figure 4-1. Schematic representation of the two different functionalization methods used to attach
antibodies to the surface of AuNPs. (a) Adsorption and (b) Directional conjugation using
intermediary PEG linker.

177



The targeting efficacy of antibody functionalized AuNPs depends vastly on the number
of binding sites available and the affinity of the antibody towards cell surface antigen
receptors. The attachment of an antibody to AuNPs through hydrophobic interactions
induces the direct adsorption of the antibody to the gold surface, resulting to random
antibody orientation®®l. The random orientation of antibodies on AuUNPs compromises the
accessibility of binding sites and thereby, limits the efficient targeting of antigen
receptors®* %,

Therefore, many studies have focused on improving the efficacy of targeting AuNPs
through controlling the orientation of antibodies on the gold surface. Directional
conjugation of antibodies to AuNPs allows antibody orientation in a manner that improves
biological labelling, as fewer antibodies per nanoparticle are required to achieve highly
efficient targeting, thus, reducing significantly the cost per assay. Several methods have
been employed for the directional conjugation of antibodies to AuUNPs using intermediary

PEG linkers, as they are highly water soluble and approved for safe use in the clinic!®® 3¢

%l What is more, the hydrophilic nature of PEG linkers enhances radically the

biocompatibility of the antibody-conjugated nanoparticles in biological systems®® 4%,

Within the past few years, several studies have shown that the directional conjugation of
clinically approved antibodies to the surface of nanoparticles can enhance drastically their
delivery efficacy to target cells and thereby, improve the therapeutic outcome. For
instance, even though the monoclonal antibody Trastuzumab is widely used in the clinic
for treating HER2 overexpressing breast and gastric cancers, it has been previously
associated with off-target toxicity and resistance upon treatment*'. The directional
conjugation of Trastuzumab to AuNPs, using an intermediary short PEG chain, was
reported to overcome resistance and induce significantly higher toxicity in HER2 positive
gastric cell lines and in vivo mouse models when compared to the antibody alone!*?. In a
different study, a nanoparticle-based combination therapy was developed through the
directional conjugation of anti-PD-L1 and doxorubicin to AuNPs for targeting
overexpressing PD-L1 colorectal cancer. Both the antibody and the chemotherapeutic
agent were conjugated to AuNPs in a controlled orientation using a PEG linker. The results

demonstrated that the directional conjugation of anti-PD-L1 and doxorubicin to AuNPs
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enhances the binding affinity of the antibody against PD-L1 overexpressing colon

carcinoma cells and improves the therapeutic efficacy of doxorubicin®*®,

The efficient binding of antibody-coated AuNPs to cell surface receptors can be
evaluated by various optical techniques, as the high electron density and light scattering
properties of gold offer opportunities for transmission and reflectance microscopy™** .
However, the use of luminescent transition metal complexes has recently gained a lot of
attention in the nanotechnology field for the development of luminescent AuNPs with
improved detection in cells'*®*8. More specifically, the attachment of luminescence
complexes to AuNPs allows a high coating with hundreds to thousands complexes per
nanoparticle, which provides a strong luminescence signal for nanoparticle detection in
biological samples using flow cytometry and confocal luminescence microscopy! ¢,

In this chapter, novel luminescent AuNPs were developed in the presence of the
monoclonal antibody CD20, to evaluate the binding affinity of the antibody modified
nanoparticles for CD20 antigen receptors in cancer cells and tonsil tissue specimens. Due
to the significant success of monoclonal CD20 antibodies in the clinic, there is a growing
interest in the oncology field for further interpreting their exact mechanism of action and

developing novel nanoprobes for theranostic purposest®® 5

. Therapeutic monoclonal
antibodies that bind to the CD20 antigen expressed on the surface of B-cells have been
widely used in the medical field for the targeting of malignant B-cells in different types of
cancer®. Targeting with CD20 antibodies induces depletion of CD20 expressing cancer
cells via several mechanisms including antibody-dependent cell-mediated cytotoxicity
(ADCC), antibody-dependent cell-mediated phagocytosis (ADCP), complement-dependent
lysis (CDC) or programmed cell death (PCD)*%%°!,

Preliminary studies were performed to evaluate the cellular uptake of AuNPs
functionalized with CD20 and a luminescent ruthenium complex, RuphenS12, in malignant
human B-cells expressing CD20. The ruthenium complex was first added to the CD20
antibody and the produced mixture was then attached to the surface of AuNPs. The
attachment of the ruthenium and CD20 mixture to AuNPs was achieved through direct

adsorption of the antibody to the gold surface, via ionic interactions between the negatively
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charged citrate ions present on the gold surface and the positively charged residues in the

sequences of the antibody®® %¢! (Scheme 4-1).

In order to further elaborate the binding affinity of the CD20 antibody against CD20
antigen receptors upon attachment to AuNPs, a directional conjugation method described
by Kumar et al. was employed®”. The monoclonal CD20 antibody Rituximab was directly
conjugated to AuNPs using an intermediary PEG linker to attain controlled antibody
orientation on the gold surface, and thereby, achieve strong binding affinity of the antibody
against CD20 expressing biological specimens. The high targeting efficacy of Rituximab
for CD20 expressing malignant B-cells is well-established in the medical field as it was the
first CD20 monoclonal antibody that received approval by the FDA for the treatment of B-
cell haematological malignancies, including Chronic Lymphocytic Leukaemia (CLL) and
different types of Non-Hodgkin Lymphoma (NHL)®” %8, The Rituximab conjugated AuNPs
were further modified with a luminescent iridium complex, IrS1, to enable detection in

sectioned tonsil tissue samples using confocal luminescence microscopy (Scheme 4-2).

Citrate Stabilized AuNP RuphenS12¢CD20*AuNP

& Ti/_
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Scheme 4-1. Schematic of coating AuNPs with CD20 antibody and the ruthenium(ll) complex,
RuphenS12.
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Scheme 4-2. Schematic of coating AuNPs with Rituximab and the iridium(lll) complex, IrS1.

181



4.2 Chapter outline

In this chapter, novel luminescent antibody functionalized AuNPs were developed, in
order to enhance the antigen-binding affinity of the antibody towards antigen receptors
expressed on the surface of B-cell malignant cells. Preliminary studies involved the
attachment of a ruthenium complex and the direct adsorption of the monoclonal CD20
antibody to AuNPs to evaluate whether the presence of the antibody on the gold surface
improves the cellular uptake of nanoparticles in CD20 expressing malignant cells. The
characterization of the modified nanoparticles by SPR and DLS measurements confirms
the successful attachment of both the antibody and the luminescent complex to the
surface of AuNPs. The improved cellular uptake of the luminescent nanoparticles in the
presence of the CD20 antibody is presented by FACS analysis. The efficient internalization
of the ruthenium and antibody coated nanoparticles in malignant B-cells that express
CD20 was further confirmed by confocal microscopy. The ability of the functionalized
nanoparticles to penetrate the nuclear membrane and accumulate within the nucleus of
CD20 expressing cells is also presented. Further studies were performed to investigate the
binding affinity of the CD20 antibody towards CD20 antigen receptors upon attachment to
the surface of AuNPs. The monoclonal CD20 antibody Rituximab, which is currently used
in the clinic for treating B-cell malignancies, was attached to the gold surface using a
directional conjugation method in the presence of an intermediary PEG linker. The
antibody modified AuNPs were further functionalized with a luminescent iridium complex.
The attachment of the iridium complex and Rituximab to the gold surface is presented by
SPR, DLS size and zeta potential measurements and gel electrohoresis. What is more,
photophysical characterization of the functionalized nanoparticles was performed,
indicating that the iridium complex retains its luminescence properties upon attachment to
AuNPs. The strong binding affinity of the novel, antibody conjugated nanoparticles
developed against CD20 expressing malignant cells is described using confocal
luminescence imaging in tonsil tissue samples through detecting the luminescent signal of
the iridium complex. The results described in this chapter represent a promising approach
for the development of highly selective theranostic nanoprobes. The use of AuNPs as a

scaffold to simultaneously deliver luminescent complexes and targeting antibodies in
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cancer cells can provide improved characterization of the tumor microenvironment through
overcoming limitations of conventional diagnostic methods, such as non-specific binding

observed with pathological stains.
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4.3 Results and Discussion

4.3.1 Synthesis and characterization of AuUNP100

For the preliminary studies of this chapter, 100 nm AuNPs were chosen due to their
favourable light scattering properties, as scattering increases drastically with larger in size
nanoparticles, thus, offering improved detection with reflectance microscopy®™ ¢°. Upon
binding to antigen receptors expressed on the cell surface membrane, different antibodies
display different mechanisms of action. More specifically, various targeting antibodies act
through blocking cell surface receptors to induce inhibition of downstream cell signalling,
while other antibodies exhibit cellular entry and act on intracellular targets’®' %2, Hence,
detection of gold with reflectance microscopy can aid in interpreting whether antibody
modified AuNPs remain attached to extracellular receptors or undergo cellular

internalization after binding.

The water-soluble, monodisperse AuNPs of 100 nm in size, AuNP100, were
synthesised according to an adapted protocol by the Pikramenou group, which is based on
an improved method previously reported by Turkevich et al.’®® %4 and a published protocol
by Ziegler et al.?®. In brief, the synthesis of AUNP100 is based on a growth procedure
through the addition of Au®** salt and trisodium citrate to AuUNP13 seeds (Scheme 4-3).
Initially, AUNPs of 13 nm size (AuNP13) were synthesized through citrate reduction and
were then grown to produce 25 nm AuNPs (AuNP25) as previously described in Chapters
2 and 3. The 25 nm monodisperse AuNPs were then grown into 50 nm AuNPs (AuNP50),

which were finally grown to produce 100 nm AuNPs stabilized with citrate ions.

™
+ HAuUCI, ™ ; -
+ HAuCl,, .y + HAuCl,, / g + HAuUCl,, :
_ ) ) ) - trisodium citrate, ’ B, trisodium citrate, y trisodium citrate,
Au® Mt trisodium citrate  Au® A':; ascorbic acid . ascorbic acid ascorbic acid @l

3 — -
Aud Au®

-“w - —

-
-

AuNP13 AuNP25 AuNP50 AuNP100

Scheme 3-3. Schematic representation of the AuNP synthesis and the growth procedure to form
100 nm AuNPs.
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The hydrodynamic diameter and monodispersity of AuNP13, AuNP25, AuNP50 and
AuNP100 during the seeding procedure were monitored by DLS (Figure 4-2) (DLS data
are summarized in Table 4-1). After synthesis, the AUNP100 were further characterized by
SPR and C-potential (Figure 4-3). The number and intensity distribution analysis of
AuNP100 as measured by DLS revealed sizes of 76 + 19 nm and 101 + 26 nm
(PDI=0.041), respectively. Zeta potential measurements suggested an average surface
charge of -27 + 9 mV, indicating the high stability of AUNP100, which is attributed to the
presence of the negatively charged citrate ions on the gold surface!®® .. AUNP100 in
water after synthesis (AuNP100 stock) displayed a characteristic SPR band with a
maximum, Amax, at 552 nm. The UV-Vis spectrum of AuNP100 shows an absorption band
at around 294 nm, which is attributed to remaining ascorbic acid from the nanoparticle
synthesis. Prior to functionalization of AuUNP100, the excess ascorbic acid is removed by

centrifugation (Figure 4-2).
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Figure 4-2. DLS intensity distributions of AuNP13, AuNP25, AuNP50 and AuNP100.

Size by Number / nm Size by Intensity / nm Z-average / nm PDI
AuNP13 123 17 %5 16 0.067
AuNP25 24+6 34+9 32 0.055
AuNP50 35+10 56 + 18 50 0.101
AuNP100 76 £19 101 + 26 95 0.041

Table 4-1. DLS for AuNP13, AuNP25, AuNP50 and AuNP100 in water. Results display sizes by
number and intensity (nm), z-average (nm) and PDI.
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Figure 4-3. (a) UV-Vis absorption spectra of AuNP100 stock and AuNP100 in water after
centrifugation to remove excess ascorbic acid from nanoparticle synthesis. The A of the SPR
band is 552 nm. (b) Zeta potential distribution of AuUNP100.

The size analysis, zeta potential and SPR band of AuNP100 agree with previously
published data by the Pikramenou group, suggesting the consistency and reproducibility of

the nanoparticle synthesis method used to produce monodisperese 100 nm AuNPs!*” ¢
46]
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4.3.2 Preparation and characterization of RuphenS12-CD20-AuNP100

The direct adsorption of the monoclonal CD20 antibody and the attachment of the
luminescent ruthenium complex, RuphenS12, to the surface of AuNPs were performed
following a protocol optimized in collaboration with Dr. Sunil Claire, School of Chemistry,
University of Birmingham. The synthesis and full characterization of the RuphenS12
complex were performed by Dr. Shani Osborne (School of Chemistry, University of

Birmingham) (Appendix C — Scheme C-1 and Figure C-1).

Adsorption of the CD20 antibody to the gold surface was achieved via ionic interactions
between the positively charged residues in the sequences of the antibody and the
negatively charged citrate ions on the surface of AuNPs!®*7%. The CD20 antibody was
added in excess to AuNP100 to ensure full coverage of the gold surface and unbound
antibody was then removed by centrifugation to isolate purified CD20 coated AuNP100
(CD20-AuNP100). The presence of the antibody on the gold surface provides high stability

and thus, prevents nanopaticle aggregation upon attachment of the luminescent complex.

For the preparation of the ruthenium and CD20 modified AuNPs, the antibody and the
luminescent complex were first mixed to form an antibody-ruthenium complex, which was
then used to coat the gold surface. It has been previously reported that upon attachment of
molecular complexes to antibody-coated nanopartices, the antibody can easily be replaced
as it is held onto the gold surface via physical interactions® *"1. Therefore, through
attaching the ruthenium complex to CD20 rather than directly attaching it to CD20 coated
AuNPs, a larger area was provided on the gold surface for coating with the CD20 antibody.
A high antibody loading on the surface of AuNPs can improve significantly receptor-
mediated cellular uptake in CD20 positive cells, due to the greater number of binding sites

available”" 72,

The concentration of the RuphenS12 complex used for the preparation of
the luminescent antibody modified AuNPs was chosen based on preliminary experiments
performed in collaboration with Dr Sunil Claire, School of Chemistry, University of
Birmingham, and it was the maximum amount that could be used to functionalize the CD20

coated AuNP100 without inducing nanoparticle aggregation.
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Subsequent to adding the ruthenium and CD20 mixture to AuUNP100, the nanoparticles
were isolated by centrifugation to remove excess antibody and thus, produce purified
RuphenS12-CD20-AuNP100. The attachment of CD20 to AuNP100 produced a 4 nm shift
in the SPR band of the nanoparticles (Amax=556 nm), while the attachment of the antibody
with the ruthenium complex induced a 5 nm shift (Anax=557 nm) (Figure 4-4). The SPR of
AuNPs is defined as the collective oscillation of conduction electrons on the gold surface
and is highly sensitive to changes in the surroundings of the nanoparticles!”®.. Therefore,
the red shift observed in the SPR band of AuNP100 is a well known-effect of the
adsorption of molecules to the gold surface and confirms the successful functionalization

of AuNP100 with the antibody and the luminescent complex!”* 34,

' ' ' ' ' ' ' ] AunP100

B cp20-AuNP100
I Ruphens12-CD20-AuNP100
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Figure 4-4. UV-Vis absorption spectra of purified AuNP100, CD20-AuNP100 and
RuphenS12:CD20-AuNP100 in water, showing the shift in the SPR band upon coating with the CD20
antibody and the RuphenS12 complex.

The adsorption of the CD20 antibody to the surface of AuUNPs was further confirmed by
DLS through the increase observed in the intensity distribution of CD20-AuNP100 when
compared to AuNP100 (DLS data are summarized in Table 4-2). The presence of the

RuphenS12 on the antibody modified AuNPs was also evident by DLS, as the luminescent
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complex induced a further increase in the intensity distribution. Even though the increase
observed for both CD20-AuNP100 and RuphenS12-CD20-AuNP100 was within the error
range, overlay of the intensity distributions of the different nanoparticle samples does
indicate an increase in the hydrodynamic diameter of the functionalized AuNPs (Figure 4-
5). The increase in the DLS intensity distribution along with the low PDI observed suggest
the successful functionalization of the gold surface with the CD20 antibody and the
ruthenium complex as well as the high monodispersity of the coated AuNPs. This was
further confirmed through TEM, as imaging analysis of RuphenS12-CD20-AuNP100

revealed spherical AUNPs of about 90 nm in diameter (n=15) (Figure 4-6).
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Figure 4-5. DLS intensity distributions of AuNP100, CD20-AuNP100 and
RuphenS12:CD20-AuNP100.

—
100 nm

Figure 4-6. TEM image displaying the spherical nature of RuphenS12:CD20-AuNP100 and a narrow
size distribution (Scale bar= 20 nm).
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In order to determine whether the presence of the CD20 antibody improves the cellular
uptake and internalization of nanoparticles in CD20 expressing cells, luminescent
ruthenium AuNPs were prepared in the absence of the antibody and their uptake efficacy
was compared to RuphenS12-CD20-AuNP100. The RuphenS12 complex was attached to
AuNP100 coated with the fluorinated surfactant, zonyl FSA. The surfactant was used to
stabilize the gold surface and prevent aggregation that can occur from directly substituting
the negatively charged citrate ions on the nanoparticles surface with the positively charged
metal complex*”- *¢ %€l For the preparation of the ruthenium and surfactant coated AuNPs,
the concentration of the RuphenS12 complex used was the same as the concentration
used for the ruthenium and CD20 coated nanoparticles. This ensures that the strength of
the luminescent signal won’t affect the fluorescence intensity during FACS analysis.
Purification of the RuphenS12 and surfactant coated AuNPs was performed by size
exclusion chromatography using Sephadex G-10 to produce RuphenS12-Z-AuNP100.
Similarly to RuphenS12:CD20-AuNP100, the size of RuphenS12:Z-AuNP100 was
measured by DLS to confirm the stability and monodispersity of the functionalized
nanopaticles prior to proceeding with cellular uptake studies (DLS data are summarized in
Table 4-2). DLS measurements revealed that attachment of the ruthenium complex to the
surfactant coated AuNP100 results to a relatively smaller increase in the intensity
distribution of the AuNPs when compared to the increase produced after coating with the
ruthenium complex and the CD20 antibody (Appendix C — Figure C-2). This is attributed to
the longer length of the CD20 antibody present on the gold surface, as a monoclonal
antibody like CD20 is approximately 10 to 15 nm long”® "® whereas the fluorinated

surfactant is only about 1.6 nm.
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Size by Number / nm | Size by Intensity / nm | g-potential / mV PDI

AuNP100 76 £19 101 + 26 -27+9 0.041
CD20-AuNP100 78 + 21 118 + 34 -31%9 0.064
RuphenS12-CD20-AuNP100 79 23 123 + 46 -35+6 0.113
RuphenS12-Z-AuNP100 77+19 113+ 38 -37+8 0.1

Table 4-2. DLS for AuNP100, CD20-AuNP100, RuphenS12:CD20-AuNP100 and
RuphenS12-Z-AuNP100 in water. Results indicate PDI, sizes by nhumber and intensity (hnm) and zeta
potential data.

Zeta potential represents the charge on the surface of AuNPs and is a crucial
measurement to study the stability of nanoparticles in suspension’”.. A positive zeta
potential can result to strong electrostatic repulsive interactions between nanoparticles,
which compromise drastically their stability!”®. According to literature, an inherent increase
in the zeta potential of nanoparticles is expected after the attachment of antibodies or
antibody fragments to the gold surface due to their less overall negative charge!’®®'!. The
presence of an antibody on the surface of AUNPs can induce an increase in the zeta
potential by about 10 to 20 mV, depending on the size of the antibody and the method
used for attachment to the gold surface'®?. This however, was not evident upon attachment
of the CD20 antibody and the CD20-ruthenium conjugate to AuNP100. DLS zeta potential
measurements revealed that the zeta potential of CD20-AuNP100 and
RuphenS12-CD20-AuNP100 in water are -31 + 9 and -35 + 6 mV, respectively, indicating
that the antibody modified nanoparticles are slightly more electronegative than the citrate
AuNP100 (Figure 4-7). This could be attributed to the negatively charged groups, such as
carboxyl, aldehyde and phosphate groups, that are present throughout the structure of
antibodies!® ! or the high stability of the functionalized nanoparticles, induced by the
presence of the antibody on the gold surface. The electronegative zeta potential and thus,
high stability of RuphenS12-CD20-AuNP100 in suspension makes them ideal nanoprobes
for cancer theranostic applications, as positively charged nanoparticles have been

previously associated with high cytotoxicity in normal cells!®>®7.,
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The zeta potential of RuphenS12-:Z-AuNP100 in water as measured by DLS is - 37 + 8
mV, suggesting that similarly to RuphenS12-CD20-AuNP100, RuphenS12-Z-AuNP100
exhibit high stability in suspension (Appendix C — Figure C-3). According to literature, the
surface charge of nanoparticles impacts greatly their uptake in cells, as cationic
nanopartcles have been previously reported to penetrate more efficiently the anionic
phospholipid bilayer® % Therefore, the fact that both RuphenS12-CD20-AuNP100 and
RuphenS12-Z-:AuNP100 possess the same surface charge suggests that their cellular
uptake efficacy in CD20 positive cells is only affected by the presence of the antibody on

the gold surface and not their overall surface charge.
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Figure 4-7. DLS zeta potential distributions of AuNP100, CD20-AuNP100 and
RuphenS12:CD20-AuNP100.

Prior to proceeding with experimental studies in cells, photophysical characterization of
RuphenS12-CD20-AuNP100 was performed to confirm that the ruthenium complex retains
its characteristic luminescence properties upon attachment to the surface of AuNPs. The
RuphenS12 complex in water shows absorption within the UV-Vis region, with an intense
high-energy absorption band at 260 nm that is assigned to LC based transitions and a
lower energy band between 400 and 500 nm, which based on previous assignments is
assigned to singlet MLCT transitions!®! (Figure 4-8). Upon excitation of the RuphenS12
complex in water at 488 nm, a broad emission peak with Amax at 630 nm is observed, which

is attributed to contributions from triplet MLCT transitions.
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Excitation of RuphenS12-CD20-AuNP100 at 488 nm indicates that the ruthenium
functionalized AuNPs are emissive with a Amax at 635 nm, showing a 5 nm shift from the
maximum emission of the RuphenS12 complex in water (Figure 4-8). This could be
attributed to the presence of the CD20 antibody and changes in the surrounding
environment of the ruthenium complex when attached to the gold surface!*® °'. The
excitation spectrum of the ruthenium and CD20 coated AuNPs displayed the characteristic
SPR bands of the RuphenS12 complex, confirming that the luminescent complex retains
its photophysical properties when attached to the gold surface (Figure 4-8). The strong
emission displayed by RuphenS12-CD20-AuNP100 when excited at 488 nm indicates the

suitability of the modified nanoparticles to be used for FACS and confocal luminescence

MICroscopy.
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Figure 4-8. Phtophysical characterisation of RuphenS12 and RuphenS12:CD20-AuNP100 in water.
(a) UV-Vis absorption spectrum (solid line) and emission spectrum (dashed line) of 30 pM
RuphenS12 in water, A= 488 nm. (b) Excitation spectrum (solid line) and emission spectrum
(dashed line of 100 pM RuphenS12:CD20-AuNP100 in water, Aexc= 488 nm and A= 635 nm.
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4.3.3 Cellular uptake of RuphenS12:CD20-AuNP100 in CD20 positive
cells by FACS

In order to evaluate the ability of the luminescent nanoparticles to serve as a
nanoparticle- based cell-mediated delivery system for theranostic purposes, the cellular
uptake efficacy of RuphenS12-:CD20-AuNP100 was evaluated in CD20 expressing cells.
The cellular uptake of the ruthenium and antibody coated AuNPs was evaluated by FACS
and histogram analysis was performed using the PE-Texas Red filter, blue laser with Agxc
at 488 nm and Agm> 600 nm.

Initially, the cellular uptake of RuphenS12-CD20-AuNP100 was evaluated in two CD20
positive cells lines, Karpas 422, a B-cell non-Hodgkin's lymphoma cell line, and SU-DHL-4,
a Diffuse large B-cell ymphoma (DLBCL) cell line. For both cell lines, the cellular uptake
efficacy of the ruthenium and CD20 coated AuNPs was assessed through comparing the
increase in fluorescence intensity of the treated cells against the cells treated with negative
controls (Control — H>,O, AuNP100 and CD20-AuNP100) (Figure 4-9). The cells were
treated with 10 pM of the AuUNP100 samples for 24 hours. Histogram analysis revealed
that treatment with RuphenS12-CD20-AuNP100 results to a significant increase in the
fluorescence intensity of CD20 expressing cells, suggesting the highly efficient cellular
uptake of the antibody and ruthenium functionalized AuNPs. When comparing the increase
in the fluorescence intensity between the two cell lines, it is evident that the uptake of
RuphenS12-CD20-AuNP100 is higher in Karpas 422 than SU-DHL-4 cells, as the fold
increase in MFI in Karpas 422 cells is 4.8, while in SU-DHL-4 cells is 3.4 (Figure 4-9).

According to literature, different B-cell lymphoma cell lines differ significantly in their
sensitivity to CD20 targeting antibodies!®® %%l Thus, the higher increase in MFI observed in
Karpas 422 cells over SU-DHL-4 cells could be to attributed to the differences in the
sensitivity of the two cell lines to RuphenS12-CD20-AuNP100. Karpas 422 cells have been
previously reported to exhibit lower levels of CD20 expression when compared to other B-
cell lymphoma cell lines, including SU-DHL-42. In fact, SU-DHL-4 cell line expresses
unusual high levels of CD20, thus exhibiting high sensitivity to anti-CD20 antibody

targeting!®* %!,
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Figure 4-9. Cellular uptake efficacy in Karpas 422 and SU-DHL-4 cells by FACS analysis after
treatment with 10 pM of AuNP100 samples for 24 h. A,=488 nm and A.,= >600 nm. (a) Histogram
analysis after treatment of Karpas 422 cells with AuNP100, CD20-AuNP100 and
RuphenS12:CD20-AuNP100. (b) Histogram analysis after treatment of SU-DHL-4 cells with AuNP100,
CD20:-AuNP100 and RuphenS12-CD20-AuNP100. (c) Fold increase in Mean Fluorescence Intensity
(MFI) after treatment in Karpas 422 and SU-DHL-4 cells with 10 pM of AuNP100, CD20-AuNP100 and
RuphenS12-:CD20-AuNP100. The results are mean values + SD of three independent experiments.
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The higher expression of CD20 antigen on the surface of SU-DHL-4 cells would suggest
a higher cellular uptake efficacy of RuphenS12-CD20-AuNP100 in SU-DHL-4 cells over
Karpas 422 cells. However, the affinity of a monoclonal antibody against the same cell
surface antigen present on different types of malignant cells often leads to the antibody
exhibiting unique mechanisms of action and displaying different characteristics in in vitro

and in vivo studies in different cell lines®® 7.,

The affinity of a targeting antibody to a cell surface antigen is the primary and most of
the times, the only parameter that defines the efficient delivery of an antibody to the tumor
site!®® 98109 Hence, the fact that RuphenS12-CD20-AuNP100 show higher cellular uptake
in Karpas 422 cells could be attributed to the greater affinity and valence of the CD20
antibody on the gold surface towards the CD20 antigen expressed on the surface of
Karpas 422 cells over SU-DHL-4 cells.

As discussed earlier in this chapter, in order to establish whether the attachment of the
CD20 antibody to the surface of AuNPs improves the uptake and internalization of the
nanoparticles in CD20 positive cells, the cellular uptake of RuphenS12-CD20-AuNP100
was compared to the uptake of RuphenS12-:Z-AuNP100. The cellular uptake efficacy of
RuphenS12-:CD20-AuNP100 and RuphenS12-Z-AuNP100 was evaluated in Karpas 422
cells after treatment with 10 pM of the AUNP100 samples for 24 hours. The Karpas 422
cell line was chosen over the SU-DHL-4 cell line due to the higher increase observed in
the fluorescence intensity after treatment with the ruthenium and CD20 coated AuNPs.
When compared to the negative controls (Control — H>O, CD20, AuNP100 and
CD20-AuNP100), a significant increase was observed in the fluorescence intensity of the
cells treated with both RuphenS12-CD20-AuNP100 and RuphenS12-Z-AuNP100,
suggesting their highly efficient cellular uptake (Figure 4-10). However, treatment of the
cells with RuphenS12-CD20-AuNP100 resulted to a 4.8 fold increase in MFI, while the
cells treated with RuphenS12-Z-AuNP100 showed a 3.7 fold increase in MFI, indicating
that the presence of the CD20 antibody on the gold surface improves the ability of the

nanoparticles to penetrate the cell membrane and internalize in Karpas 422 cells.
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Figure 4-10. Cellular uptake efficacy in Karpas 422 cells by FACS analysis after treatment with 10
pM of AuNP100 samples for 24 h. A,:=488 nm and A.,= >600 nm. (a) Histogram analysis after
Karpas 422 cells with CD20 and
RuphenS12:Z:AuNP100 and RuphenS12:CD20-AuNP100. (b) Fold increase in Mean Fluorescence
Intensity (MFI) after treatment in Karpas 422 cells with CD20, 10 pM of AuNP100, CD20-AuNP100,
RuphenS12:Z:AuNP100 and RuphenS12:CD20-AuNP100. The results are mean values + SD of three

treatment of

independent experiments.
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It has been previously reported that the cellular uptake of nanoparticles alters the
complexity and granularity of the intracellular environment and thus, induces an increase

[101, 1021 " Therefore,

in side scattering, which can be easily detected by flow cytometry
besides histogram analysis, the cellular uptake and intracellular accumulation of the
luminescent nanoparticles in Karpas 422 cells was also evaluated through side scatter
(SSC) measurements of the treated cells (Figure 4-11). SSC was plotted against
fluorescence to determine whether changes in the granularity of cells and uptake of the
luminescent nanoparticles can be detected simultaneously. Similarly to histogram
analysis, the cellular uptake of both  RuphenS12-CD20-AuNP100 and
RuphenS12-Z-AuNP100 in Karpas 422 cells was evident through the increase observed in
the fluorescence intensity. However, the increase in side scattering was insignificant and
thus, not conclusive. According to literature, changes in side scattering vary according to
the size and complexity of nanoparticles!'®?. More specifically, it has been reported that
negatively charged and smaller than 200 nm nanoparticles cannot be detected by side
scattering, as they do not change radically the intracellular granularity of cells!'®?"%4,
Therefore, the fact that the luminescent nanoparticles did not induce an evident change in
side scattering could be attributed to their electronegative surface charge and relatively

small size.

Even though side scattering measurements did not provide further information on the
uptake efficacy of the luminescent nanoparticles, the increase in fluorescence observed
confirms the results presented earlier by histogram analysis. The significant increase
detected in the fluorescence intensity of the cells after treatment with the ruthenium coated
nanoparticles suggests that luminescent metal complexes can serve as detection probes
to improve sensitivity in cellular uptake studies and thus, overcome current limitations and

challenges in the nanomedicine field.
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Figure 4-11. Cellular uptake efficacy in Karpas 422 cells as evaluated by flow cytometry after
treatment with CD20 and 10 pM of AuNP100, CD20-AuNP100, RuphenS12-Z-AuNP100 and

RuphenS12-CD20-AuNP100 for 24 h. Dot plots of side scatter (SSC) versus fluorescence, A.=488
nm and A.,=>600 nm.

4.3.4 Cellular uptake of RuphenS12:CD20-AuNP100 in Karpas 422 cells by Confocal
Microscopy

The cellular uptake of RuphenS12-:CD20-AuNP100 in Karpas 422 cells was further
examined by confocal microscopy. After treatment of the cells for 24 hours with 10 pM of
the antibody coated luminescent nanoparticles a high intensity luminescence signal from
the ruthenium complex was detected. The presence of RuphenS12-CD20-AuNP100 within
the intracellular environment was also confirmed by reflectance microscopy through
scattering detection from the gold (Figure 4-12). Imaging analysis revealed co-localization
between the signal from the luminescent complex and reflectance, confirming the
presence of the ruthenium complex on the gold surface and the high stability of the

luminescent nanoparticles within a biological environment.
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Figure 4-12. Confocal microscopy images of Karpas 422 cells after treatment with 10 pM
RuphenS12-:CD20-AuNP100 for 24 h (Scale bar: 10 ym). (a) Bright-field, (b) Reflectance (A¢xc=633 nm,
Aem=623-643 nm), (c) Ruthenium luminescence (Ax.=488 nm, A,,=600 nm-750 nm), (d) Overlay of (b)
and (c) - red false colour has been applied to reflection image.

As discussed earlier in this chapter, the favourable light scattering properties of 100 nm
AuNPs offer detection with reflectance microscopy, which can aid in interpreting whether
after binding to antigens the modified nanoparticles remain attached to the extracellular
receptors or undergo cellular internalization. Further imaging analysis of bright-field and
reflectance microscopy in Karpas 422 cells after treatment  with
RuphenS12-CD20-AuNP100 revealed that the functionalized nanoparticles localize both
within the intracellular environment and in the extracellular matrix, around the cell
membrane (Figure 4-13). The presence of the ruthenium and CD20 coated AuNPs around
the cell surface membrane indicates their affinity towards CD20 surface antigens
expressed on the surface of Karpas 422 cells, and suggests that
RuphenS12-CD20-AuNP100 internalize via receptor-mediated endocytosis rather than any

other endocytotic pathways.
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Figure 4-13. Confocal microscopy images of Karpas 422 cells after treatment with 10 pM
RuphenS12-CD20-AuNP100 for 24 h (Scale bar: 10 ym). (a) Bright-field, (b) Reflectance (A¢xc=633 nm,
Aem=623-643 nm), (c) Overlay of (a) and (b) - green false colour has been applied to reflection image,
(d) Magnification of the red inset box.
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It was evident through imaging analysis that upon entry to the intracellular environment,
RuphenS12-CD20-AuNP100 exhibit both perinuclear and nuclear localization in Karpas
422 cells. This could be attributed to the presence of the RuphenS12 complex on the gold
surface, as luminescent ruthenium complexes have been previously reported to penetrate
the nuclear membrane and interact with DNA and nuclear proteins!*® %% 1% Therefore, in
order to further determine whether the presence of the RuphenS12 complex on the
antibody coated AuNPs drives nuclear localization, confocal microscopy was performed in
the presence of the nuclear stain 4',6-diamidino-2-phenylindole, DAPI. Subcellular
localization was evaluated both in Karpas 422 and SU-DHL-4 cells after treatment with 10
pM of RuphenS12-CD20-AuNP100 for 24 hours.

Imaging analysis In Karpas 422 and SU-DHL-4 cells stained with DAPI further
confirmed that RuphenS12-CD20-AuNP100 undergo cellular internalization subsequent to
bidning to CD20 antigens expressed on the cell surface membrane. In both cells lines co-
localization between the signal from the luminescent complex and reflectance was
observed, confirming the attachment of the ruthenium complex on the gold surface within
the intracellular environment. Moreover, co-localization between DAPI| and both the
luminescent signal from the ruthenium complex and scattering from the AuNPs was also
evident, suggesting that upon cellular entry, the functionalized nanoparticles can penetrate
the nuclear envelope and localize within the nucleus (Figures 4-14 and 4-15). Imaging
analysis of magnified cells further supports both nuclear and perinuclear clustering of the
ruthenium and antibody modified AuNPs in both Karpas 422 and SU-DHL-4 cells (Figures
4-16 and 4-17).

202



Figure 4-14. Confocal microscopy images of Karpas 422 cells after treatment with 10 pM
RuphenS12:CD20-AuNP100 for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) DAPI (A =405 nm,
Aem=410 nm-550 nm), (c) Reflectance (Aexc=633 nm, A.,=623-643 nm), (d) Ruthenium luminescence
(Aexc=488 nm, A.,=600 nm-750 nm), (e) Overlay of (c) and (d) - red false colour has been applied to
reflection image, (f) Overlay of (b) and (d), (g) Overlay of (b) and (c) - red false colour has been
applied to reflection image, (h) Overlay of (a), (b) and (e).

Figure 4-15. Confocal microscopy images of SU-DHL-4 cells after treatment with 10 pM
RuphenS12:CD20-AuNP100 for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) DAPI (A =405 nm,
Aem=410 nm-550 nm), (c) Reflectance (Aexc=633 nm, A.,=623-643 nm), (d) Ruthenium luminescence
(Aexc=488 nm, A.,=600 nm-750 nm), (e) Overlay of (c) and (d) - red false colour has been applied to
reflection image, (f) Overlay of (b) and (d), (g) Overlay of (b) and (c) - red false colour has been
applied to reflection image, (h) Overlay of (a), (b) and (e).
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Figure 4-16. Confocal microscopy images of Karpas 422 cells after treatment with 10 pM
RuphenS12:CD20-AuNP100 for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) DAPI (A =405 nm,
Aem=410 nm-550 nm, (c) Reflectance (Aexc=633 nm, A,,=623-643 nm), (d) Ruthenium luminescence
(Aexc=488 nm, A.,=600 nm-750 nm), (e) Overlay of (b) and (c) - red false colour has been applied to
reflection image, (f) Overlay of (b) and (d).

Figure 4-17. Confocal microscopy images of SU-DHL-4 cells after treatment with 10 pM
RuphenS12:CD20-AuNP100 for 24 h (Scale bar: 20 pm). (a) Bright-field, (b) DAPI (A =405 nm,
Aem=410 nm-550 nm, (c) Reflectance (Aexc=633 nm, A,,=623-643 nm), (d) Ruthenium luminescence
(Aexc=488 nm, A.,=600 nm-750 nm), (e) Overlay of (b) and (c) - red false colour has been applied to
reflection image, (f) Overlay of (b) and (d).
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When comparing the subcellular localization of RuphenS12-CD20-AuNP100 between
the two cell lines, it was observed that confocal and reflectance microscopy in Karpas 422
cells showed small nanoparticle clusters in the perinuclear region and dense nanoparticle
clusters inside the nucleus, while in SU-DHL-4 cells, imaging revealed dense nanopatrticle
clusters in the perinuclear space and smaller nanoparticle clusters within the nucleus. In
Karpas 422 cells, the intensity of both the luminescent signal from the ruthenium complex
and the gold scattering was significantly strong in the cells that showed nuclear uptake
suggesting the high accumulation of RuphenS12-:CD20-AuNP100 upon penetration of the

nuclear membrane.

The lower nuclear uptake observed in SU-DHL-4 cells could be attributed to the
relatively lower cellular uptake of RuphenS12-:CD20-AuNP100 in SU-DHL-4 cells when
compared to Kapras 422 cells, as evaluated by FACS analysis earlier in this chapter.
Therefore, the results suggest that the highly efficient uptake of luminescent nanoparticles
can improve drastically the bioavailability and accumulation of the luminescent complex
within the intracellular environment, thus, providing more opportunities for more efficient

subcellular localization!'?”: 1981,

Even though the direct adsorption of the CD20 antibody to the surface of AuNPs
allowed the development of functionalized nanoparticles with efficient uptake in CD20
expressing cells in culture, the random orientation of the antibody on the gold surface
compromises the binding affinity of the antibody modified AuNPs in other biological
specimens, such as sectioned tissues. It has been previously reported that when
compared to random orientation, the controlled orientation of antibodies upon delivery to
cancer cells can enhance significantly their antigen-binding affinity and thereby, improve

drastically tumor uptake®> %!

. Hence, the directional conjugation of antibodies to the
surface of nanoparticles provides a promising approach to increase antibody-antigen
binding activity and thus, improve selectivity and affinity in various types of biological

samples.
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4.3.5 Synthesis and characterization of AUNP

In order to achieve directional conjugation of a monoclonal antibody to the gold surface,
synthesis of AuNPs was performed following a published protocol by Kumar et al.’”). In
brief, water-soluble, monodisperse naoparticles of about 18 nm in size (AuNP) were
produced through the addition of a trisodium citrate solution to a boiling solution of
chloroauric acid. Addition of the trisodium citrate changes the colour of the chloroauric acid
to blue and then to deep red due to the increase induced in the size of nanoparticles

through reduction of Au®*.

After synthesis, the AuNPs were characterized by DLS, TEM and UV-Vis spectroscopy
to confirm that the size and SPR band of the nanoparticles produced agree with the
characterization of the nanoparticles described by the authors (Figure 4-18). The number
and intensity distribution analysis of AUNP in water as measured by DLS suggest sizes of
15 + 3 nm and 21 + 6 nm (PDI=0.059), respectively. The size of AuNPs was further
confirmed by analysis of TEM images, showing monodisperese nanoparticles with an
average size of about 18 nm (n=20). UV-Vis spectroscopy of AuNP in water revealed the

characteristic SPR band reported by the authors with a maximum, Anax at 518 nm.
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Figure 4-18. (a) DLS number distribution of AuNP, (b) DLS intensity distribution of AuNP, (c) TEM
image displaying the spherical nature of AUNP and a narrow size distribution (Scale bar= 20 nm). (d)
UV-Vis absorbance of AuNP in water. The An.x of the SPR band is 518 nm.
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4.3.6 Preparation of Rituximab with nanoparticle linker

For the directional attachment of monoclonal antibodies to the surface of nanoparticles,
covalent strategies have been widely used in the presence of an intermediary linker!"'® ",
As discussed earlier in this chapter, binding orientation is crucial for maximizing the
functional availability of a targeting antibody and improving binding affinity. The protocol
described by Kumar et al. is based on directing the antigen-binding sites of the Fab region
away from the gold surface using a conjugation linker, to maximise exposure and thus,
increase the targeting availability of the antibody™®” ''? "3l This can be achieved via the
attachment of a heterofunctional linker to the non-targeting region (Fc region) of a
glycosylated antibody, leaving the targeting Fab region unhindered. The heterofucntional
linker that the authors used to form the antibody-linker complex is a PEG linker comprised
of an amide-bonded adipic hydrazide for attachment to the Fc region of the antibody and
an alkane chain terminating in dithiol tether for conjugation to the gold surface through a

covalent thiol-gold bond®” "4,

Therefore, in order to conjugate the glycosylated monoclonal CD20 antibody Rituximab,
commercially available as Rituxan, to the surface of AuNPs, the antibody was initially
attached to the hydrazide PEG-dithiol linker. Monoclonal antibodies that are glycosylated
contain vicinal diol moieties on their Fc region, two hyrdroxyl groups (— OH), which can be
oxidatively cleaved to vyield aldehydes (- CH=0)""®!. The aldehyde moieties on the
antibody act as important sites for payload attachment, as they can be linked with
hydrazide-functionalized molecules!''. The introduction of aldehydes on Rituximab was
performed using sodium periodate (NalO,) as an oxidation reagent’®” '*°!. The presence of
the aldehydes was confirmed through a colorimetric test using the Purpald reagent®”
(Figure 4-19).
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Before addition of After addition of
Rituximab Rituximab

Figure 4-19. Colorimetric assay using Purpald regaent to confirm the oxidation of the
carbohydrate to aldehydes on Rituximab. (Left) Before addition of Rituximab (Right) After addition of
Rituximab. (a) Rituximab with carbohydrate (b) Rituximab after oxidation of the carbohyrate to

aldehydes.

After the presence of the aldehydes on the antibody was confirmed, the hydrazide PEG-
dithiol linker was added to form the antibody-linker complex (Rituximab-linker complex).
The concentration of Rituximab in the antibody-linker complex was determined using UV-

Vis spectroscopy and a known concentration of Rituximab (Figure 4-20).
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Figure 4-20. UV-Vis absorption spectra of Rituximab (1 mg/ml) and Rituximab-linker in PBS.
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4.3.7 Conjugation of Rituximab-linker to AUNP

Following the published protocol by Kumar et al., the Rituximab-linker complex was
added to AuNP solution (Rituximab-linkerAuNP) and the SPR was recorded to confirm
attachment to the gold surface. However, UV-Vis spectroscopy revealed significant
broadening and large shift in the SPR band of Rituximab-linker-AuNP, which are indicative
of nanoparticle aggregation!''® """ (Figure 4-21). This could be attributed to the larger size
of Rituximab when compared to the relative small targeting antibodies used in the
published protocol by Kumar et al., as attachment of larger molecules to the gold surface

is more likely to compromise nanoparticle stability!”® '8!,

I AunNP

I Rituximab-linker-AuNP

Absorbance

240 320 400 480 560 640 720 800

A/nm

Figure 4-21. UV-Vis absorption spectra of AuNP and attempted attachment of Rituximab-linker to
AuNP (Rituximab-linker-AuNP) in water. The broadening and large shift in the SPR band of
Rituximab-linker-AuNP indicate nanoparticle aggregation.

Therefore, prior to conjugating the Rituximab-linker to the surface of AuNPs, the
nanoparticles were coated with polyethylene glycol (PEG) to further stabilize the gold
surface and prevent aggregation. Funtionalization of AuNPs with PEG has been previously
reported to improve drastically their stability and eliminate toxicity in biological
8[119, 120, 31]

environments, which is essential for in vitro and in vivo biomedical application

The AuNPs were only coated partially with PEG to prevent saturation on the gold surface
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and thus, allow attachment of the Rituximab-linker. The PEG coated nanoparticles were
purified by centrifugation to produce PEG+AuNP. The PEG coating on the surface of AuUNP
resulted to a 2 nm shift in the SPR band, Amax= 520 nm (Figure 4-22).

The Rituximab-linker complex was then titrated onto PEG+AuNP to determine the
maximum amount that can be attached to the gold surface without inducing nanoparticle
aggregation. Upon sequential addition of the Rituximab-linker complex to PEG-AuNP, a
red shift was observed in the SPR band, confirming attachment to the gold surface (Figure
4-22). The final concentration of the antibody-linker complex chosen to coat PEG-AuNP
was 2 UM, as addition of 3 UM induced broadening and a large red shift in the SPR band,
which as discussed earlier are indicative of nanoparticle aggregation. Directional
conjugation of the Rituximab-linker to the gold surface to produce Rituximab-
linkersPEG+AuNP resulted to a further 3 nm shift in the SPR band, as Anax shifted from
520 to 523 nm.

B AuNP (A,,,=518 nm)

B PEG-AUNP (A, =520 nm)

‘:’ PEG*AuNP + 1 uM Rituximab-linker (A,,,=522 nm)
|:| PEG+*AuNP + 2 uM Rituximab-linker (A,,,=523 nm)
|:| PEG*AuNP + 3 uM Rituximab-linker (A,.,,=533 nm)

Absorbance

1 1 1

240 320 400 480 560 640 720 800

A/ nm

Figure 4-22. UV-Vis titration of Rituximab-linker complex (500 pM) in 2 pl aliquots into PEG-AuNP
(1 nM) in water.

210



4.3.8 Conjugation of IrS1 to Rituximab-linker-PEG-AuNP

In order to evaluate the binding affinity of the antibody-conjugated nanoparticles in
CD20 expressing biological samples by confocal microscopy, the Iluminescent
cyclometalated iridium complex, IrS1, was attached to Rituximab-linker-PEG+<AuNP. The
synthesis and characterization of the IrS1 complex were carried out by Tasha Chauhan
and Sarah Akponasa (School of Chemistry, University of Birmingham) (Appendix A —
Scheme A-5, and Figure A-2). Photophysical characterization of the iridium complex

validating its appropriatness for use in luminescence imaging is desribed in Chapter 2.

A stock solution of the IrS1 complex was prepared in methanol (1.17 mM) and added in
1 ul aliquots to 1 nM of Rituximab-linkerrPEG+AuNP in water. The attachment of the
luminescent complex to the surface of nanoparticles after each addition was confirmed
through monitoring the shift in the SPR band using UV-Vis spectroscopy (Figure 4-23).
The red shift in the SPR band allowed the maximum concentration of IrS1 that can be
attached to the gold surface without inducing nanoparticle aggregation to be determined.
Attachment of 7 uM of IrS1 to Rituximab-linkerPEG+AuNP resulted to a further 5 nm shift
in the SPR band as Amax Wwas shifted from 523 to 528 nm. The luminescent antibody coated
nanoparticles were then purified by centrifugation to produce IrS1-Rituximab-
linkersPEG+AuNP. The SPR band of the isolated nanoaprticles did not change, indicating
that both the luminescent complex and the antibody remain attached to the gold surface

after purification (Figure 4-24).
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Figure 4-23. (Left) UV-Vis titration of IrS1 (1.17 mM) in 1 pl aliquots to Rituximab-linker-PEG-AuNP
in water (1 nM). (Right) The A,.x of the SPR band versus the concentration of the IrS1 complex

added.
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Figure 4-24. uv-Vis absorption spectra of AuNP, PEG-AuNP, Rituximab-linker-PEG-AuNP and
IrS1-Rituximab-linker-PEG-AuNP in water after purification.
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In order to determine whether the directional conjugation of the antibody to the gold
surface improves the binding affinity of antibody conjugated AuNPs in CD20 positive
specimens, luminescent nanoparticles in the absence of the Rituximab-linker complex
were also prepared and used as the negative control. The IrS1 complex was added to
PEG-AuNP (1 nM), and purification was performed by centrifugation to produce
IrS1-PEG-AuNP (Figure 4-25). The concentration of the IrS1 complex used for the
preparation of both IrS1-PEG+AuNP and IrS1-Rituximab-linker-PEG+AuNP was the same
(7 uM), in order to make sure that the strength of the luminescence signal from the iridium
complex will not influence the luminescence intensity during imaging. Attachment of 7 uM
of the IrS1 complex to PEG+AuNP resulted to a further 3 nm shift in the SPR, Anax=523

nm, confirming the presence of the luminescent complex on the gold suface.
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Figure 4-25. UV-Vis absorption spectra of PEG-AuNP, IrS1-PEG-AuNP and IrS1-Rituximab-
linker-PEG-AuNP in water after purification.
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4.3.9 Characterization of IrS1-Rituximab-linker-PEG-AuNP

The hydrodynamic diameter and zeta potential of IrS1-Rituximab-linker-PEG-AuNP were
measured by DLS in order to evaluate the monodisperisty and stability of the
functionalized nanopatrticles (Figure 4-26) (DLS data are summarized in Table 4-3). When
compared to PEG-AuNP, DLS measurements revealed higher intensity distributions for
Rituximab-linker-PEG-AuNP and IrS1-Rituximab-linker-PEG-AuNP, indicating the presence
of the Rituximab antibody on the gold surface. Upon conjugation of the antibody-linker to
AuNPs, a relatively low PDI was maintained, which suggests that the modified AuNPs
maintain their monodispersity upon functionalization. This was further confirmed by TEM,
as imaging analysis of IrS1-Rituximab-linker-PEG-AuNP showed highly monodisperse and

uniformly sized nanoparticles of about 18 nm in diameter (n=20) (Figure 4-27).

Nuzi;;blynm Intesni:iet:?’nm Z-average / nm | {-potential / mV PDI

AuNP 15%3 21%5 20 -37%9 0.059

PEG*AuNP 175 37x11 34 -18%5 0.088
IrS1sPEG*AuNP 19+9 41%15 37 -46+8 0.226
Rituximab-linkersPEG*AuNP 208 4214 37 -37%8 0.129
IrS1+Rituximab-linkersPEG*AuNP 2210 4317 40 -43+9 0.242

Table 4-3. DLS for AuNP, PEG-AuNP, IrS1-PEG-AuNP, Rituximab-linker-PEG-AuNP and
IrS1-Rituximab-linker-PEG-AuNP in water. Results indicate PDI, sizes by number and intensity (nm)
and zeta potential data.
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Figure 4-26. DLS Intensity distributions of AuNP, PEG-AuNP,
linker-PEG-AuNP and IrS1-Rituximab-linker-PEG-AuNP.

IrS1-PEG-AuNP, Rituximab-
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Figure 4-27. TEM image displaying the high monodispersity and spherical nature of
IrS1-Rituximab-linker-PEG-AuNP (Scale bar= 20 nm).

What is more, attachment of the IrS1 complex to PEG-AuNP resulted to a small
increase in the intensity distribution, confirming the presence of the luminescent complex
on the gold surface. However, an increase in the intensity distribution was not evident after
attachment of the IrS1 complex to Rituximab-linker-PEG-AuNP, which could be attributed
to the fairly smaller size of the luminescent complex when compared to the size of the
antibody. The fact that the luminescent complex is about 1 nm in length, while a
monoclonal antibody like Rituximab is about 10 to 15 nml"® suggests that attachment of
the IrS1 to the antibody conjugated nanoparticles would not produce a further increase in

the intensity distribution.

DLS zeta potential measurements revealed a considerable increase in the zeta potential
upon coating of the gold surface with PEG, as AuNP and PEG-AuNP displayed an average
surface charge of - 37 + 9 mV and - 18 = 5 mV, respectively (Figure 4-28) (DLS data are
summarized in Table 4-3). The less electronegative surface charge of PEG-AuNP
observed is consistent with literature, as functionalization of AuNPs with PEG has been
previously reported to induce an increase in the zeta potential of citrate nanoparticles!'?"
281 The presence of PEG on the gold surface reduces nanoparticle attractions through
increasing the steric distance between them and promoting hydrophobicity via the

formation of hydrogen bonds between ether repeats and the solvent!'?* '2°. Furthermore,
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zeta potential measurements indicated that both IrS1-PEG-AuNP and IrS1-Rituximab-
linker-PEG-AuNP are highly electronegative with an average surface charge of - 46 + 8 mV
and - 43 = 9 mV, respectively. The zeta potential of Rituximab-linker-PEG-AuNP was
measured to be - 37 £+ 8 mV, which is less negative than the zeta potential of
IrS1-PEG-AuNP and IrS1-Rituximab-linker-PEG-AuNP, suggesting that the presence of the
luminescent complex on the gold surface increases the electronegativity of the

functionalized nanoparticles.
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Figure 4-28. DLS zeta potential distributions of PEG:-AuNP, IrS1-PEG-AuNP, Rituximab-
linker-PEG-AuNP and IrS1-Rituximab-linker-PEG-AuNP.

Prior to proceeding with experimental studies in biological specimens, photophysical
characterization of IrS1-Rituximab-linker-PEG-AuNP was performed in order to confirm that
the IrS1 complex retains its characteristic luminescence properties upon attachment to the
antibody conjugated AuNPs. Photophysical characterization of the IrS1 complex is
described in Chapter 2. Upon excitation of IrS1-Rituximab-linker-PEG-AuNP at 405 nm, the
functionalized nanoparticles are emissive with a Amax at 600 nm, displaying a 20 nm shift
from the maximum emission of the IrS1 complex in water (Anax=580 nm) (Figure 4-29).
This could be attributed to alterations in the surrounding environment of the complex
induced by the presence of the PEG linker and the antibody. Previously published studies
have reported red shifts in the emission of metal complexes of about 20 nm in the

Gl126-128]

presence of PE . The excitation spectrum of IrS1-Rituximab-linker-PEG-AuNP
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shows the characteristic SPR bands of the IrS1 complex, further confirming that the
complex retains it photophysical properties when attached to the antibody modified
AuNPs. The emission observed by IrS1-Rituximab-linker-PEG-AuNP upon excitation at
405 nm supports the appropriateness of the functionalized AuNPs to be used for imaging

applications such as confocal luminescence microscopy.
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Figure 4-29. Phtophysical characterisation of IrS1-Rituximab-linker-PEG-AuNP in water. (a)
Excitation spectrum of 1 nM IrS1-Rituximab-linker-PEG-AuNP, A.,= 600 nm. (b) Emission spectrum of
of 1 nM IrS1-Rituximab-linker-PEG-AuNP, A¢ .= 405 nm.

4.3.10 Gel electrophoresis to evaluate the size and surface charge of

IrS1-Rituximab-linker-PEG-AuNP

The surface charge and environmental ionic conditions of functionalized nanoparticles
impact their interaction with biological molecules and thus, determine their intracellular
fatel'?® 3% Therefore, prior to proceeding with luminescence imaging in CD20 positive
biological samples, the size and surface charge of IrS1-Rituximab-linker-PEG-AuNP were
further evaluated by gel electrophoresis. Gel electrophoresis has been reported to be a

highly effective tool for interpreting the stability of nanoparticles, as the mobility of
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functionalized nanoparticles in a gel is determined both by their size and surface chargel””
129, 131].

For the electrophoresis of the functionalized AuNP samples, an aqueous 1 % agarose
gel was prepared and immersed in 0.5x TBE buffer. The percentage of the gel was chosen
based on the size and the migration velocity of AuNPs!'*? ' while the TBE buffer was
chosen as its low ionic strength and slightly alkaline pH can preclude nanoparticle

aggregation!'3*36!,

The variation observed in the electrophoretic mobility of the different AUNP samples
agrees with the DLS zeta potential measurements, discussed earlier in this chapter (Figure
4-30). The migration rate of the PEG coated nanoparticles towards the positive electrode
was slower than the iridium coated AuNP samples. Even though PEG-AuNP possess a
smaller hydrodynamic diameter when compared to the other AUNP samples, which would
suggest faster migration rate, their relatively low electronegative surface charge hindered

their movement in the agarose gel.

The iridium coated nanoparticles, IrS1-PEG-AuNP and IrS1-Rituximab-
linker-PEG-AuNP, displayed faster migration rate towards the positive electrode than the
other AuNP samples, which confirms their highly electronegative zeta potential observed
by DLS. However, the migration distance of IrS1-Rituximab-linker-PEG-AuNP in the
agarose gel was fairly shorter than the migration distance of IrS1-PEG-AuNP. The fact that
both of the iridium coated AuNP samples exhibit the same average surface charge
suggests that the shorter migration length of the Rituximab conjugated luminescent
nanoparticles is attributed to their larger hydrodynamic diameter due to the presence of the

antibody on the gold surfacel'*!.
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Migration

Figure 4-30. Gel electrophoresis of AUNP samples in a 1% agarose gel, run for 1 h at 100 V in 0.5x
TBE. Lane 1: PEG-AuNP, Lane 2: IrS1-PEG-AuNP, Lane 3: Rituximab-linker-PEG-AuNP and Lane 4:
IrS1-Rituximab-linker-PEG-AuNP.

The migration length of PEG-AuNP and Rituximab-linker-PEG-AuNP was fairly the
same, which is more likely attributed to the increase in the hydrodynamic diameter and the
increase in the electronegativity of Rituximab-linker-PEG-AuNP induced by the presence of
the antibody on the surface of the nanoparticles (DLS data are summarized in Table 4-3).
More specifically, based on their average surface charge, a longer migration distance

towards the positive electrode should have been observed by Rituximab-linker-PEG-AuNP
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when compared to PEG-AuNP. However, the conjugation of the antibody to the surface of
AuNPs hinders further migration in the agarose gel as a result of the increase induced in
the size of nanoparticles.

The results signify that gel electrophoresis is a powerful qualitative tool in the
nanomedicine research field for evaluating the size, surface charge and stability of

functionalized nanoparticles in physiological conditions.

4.3.11 Binding affinity of IrS1-Rituximab-linker-PEG-AuNP in tonsil
tissue samples by Confocal luminescence microscopy

The binding affinity of IrS1-Rituximab-linker-PEG-AuNP was studied in fixed tonsil tissue
samples, as the high expression of CD20 in tonsils makes them an ideal target for
Rituximab based immunotherapies!'®”). The tonsil specimens were treated with 1 nM of
the luminescent antibody conjugated nanoparticles for 90 minutes and imaging was
performed using confocal luminescence microscopy. Treatment of sectioned tonsil tissue
specimens with IrS1-Rituximab-linker-PEG-AuNP resulted to a high intensity luminescence
signal from the IrS1 complex during imaging, suggesting the highly efficient binding of the
iridium and Rituximab functionalized nanoparticles against CD20 antigens expressed on
the surface of tonsil B-cells. The strong binding of IrS1-Rituximab-linker-PEG-AuNP to cell

surface receptors was evident in tonsil tissue sections from different patients (Figure 4-31).

The binding efficacy of IrS1-Rituximab-linker-PEG-AuNP in tonsil tissue specimens was
also evaluated in the presence of the cell-permeant nuclear stain, NucRed Live 647
Reagent. In order to determine whether the directional conjugation of the Rituximab
antibody on the gold surface is responsible for the strong binding observed, confocal
luminescence microscopy was also performed in sectioned tonsil tissue after treatment

with IrS1-PEG-AuNP, under the same conditions.
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Patient 1

Figure 4-31. Confocal microscopy images of tonsil tissue sections after treatment with 1 nM
IrS1-Rituximab-linker-PEG-AuNP for 90 min (Scale bar: 10 ym). (a) Bright-field and (b) Irirdium
luminescence (Aexc=405 nm, A¢,,=550 NM-680 nm).

Luminescence imaging in tonsil slices treated with both [rS1-Rituximab-
linker-PEG-AuNP and NucRed confirmed the highly efficient binding of the modified
nanoparticles, as a strong luminescent signal was detected across the tissue section
(Figure 4-32). Imaging analysis did not indicate any signs of co-localization between the

luminescene signal of the iridium complex and the NucRed Live 647 stain.
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The high binding affinity of the Rituximab conjugated AuNPs observed was not evident
after treatment with IrS1-PEG-AuNP (Figure 4-33). In the sectioned tonsil tissue sample
treated with IrS1-PEG-AuNP, the intensity of the luminescent signal from the iridium
complex was significantly lower, proposing that the strong bidning of IrS1-Rituximab-
linker-PEG-AuNP against tonsil B-cells is attributed to the presence of Rituximab on the

gold surface.

Patient 5

Figure 4-32. Confocal microscopy images of tonsil tissue after treatment with 1 nM IrS1-Rituximab-
linker-PEG-AuNP for 90 min (Scale bar: 10 ym). (a) Bright-field, (b) NucRed Live 647 (Acxc=633 nm,
Aem=690 Nm-800 nm), (c) Iridium luminescence (Aexc=405 nm, A¢,=550 Nnm-680 nm) and (d) Overlay of
(b) and (c).

Figure 4-33. Confocal microscopy images of tonsil tissue after treatment with 1 nM IrS1-PEG-AuNP
for 90 min (Scale bar: 10 pm). (a) Bright-field, (b) NucRed Live 647 (A¢y =633 nm, A.,,=690 nm-800 nm),
(c) Iridium luminescence (Axc=405 nm, A.,=550 nm-680 nm) and (d) Overlay of (b) and (c).
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The results suggest that the directional conjugation of Rituximab to the gold surface
improves drastically the binding efficacy of nanoparticles against antigens, while the
attachment of the luminescent complex allows visualisation of CD20 expressing cell
subsets in sliced human tissue. The possibility of detecting and monitoring the CD20
expressing cells directly in tissue specimens using functionalized nanoparticles provides
opportunities for the development of novel, innovative theranostic interventions for

identifying tumor biomarkers in vivo.
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4.4 Conclusion

In this chapter, luminescent gold nanoparticles were functionalized with the monoclonal
antibody CD20 in order to improve binding affinity and cellular uptake in CD20 expressing
malignant B-cells. Preliminary studies were performed in B-cell lymphoma cell lines using
100 nm AuNPs modified with CD20 and the luminescent ruthenium complex RuphenS12.
The successful attachment of both the monoclonal antibody and the ruthenium complex to
the gold surface was confirmed through monitoring the characteristic SPR band of the
AuNPs and by DLS size and zeta potential measurements. More specifically, the direct
adsorption of the CD20 antibody and the attachment of the ruthenium complex to
AuNP100 resulted to a red shift in the SPR band of the nanoparticles, while DLS
measurements revealed an increase in the intensity distribution, indicating the presence of
the antibody and RuphenS12 on the gold surface. Moreover, zeta potential measurements
indicated an increase in the electronegativity of the antibody functionalized AuNPs in
water, suggesting their low cytotoxicity in normal cells and high stability in agueous

solutions, thereby, validating their appropriateness for use in biological environments.

The ability of the luminescent antibody coated AuNPs to enter CD20 expressing cells
was initially evaluated in Karpas 422 and SU-DHL-4 cells using FACS and confocal
microscopy. FACS analysis demonstrated a higher uptake of RuphenS12-CD20-AuNP100
in Karpas 422 cells over SU-DHL-4 cells, which was attributed to the higher binding affinity
and valence of the CD20 antibody on the surface of the nanoparticles against the CD20
antigen receptors on the surface of Karpas 422 cells. The highly efficient internalization of
the ruthenium and CD20 coated nanoparticles in Karpas 422 cells was also evident by
both confocal luminescence and reflectance microscopy, as high nuclear accumulation of
RuphenS12-CD20-AuNP100 was observed. The fact that the luminescent nanoparticles
showed lower nuclear uptake in SU-DHL-4 as evaluated by confocal microscopy suggests
that the improved cellular entry of RuphenS12-CD20-AuNP100 observed in Karpas 422
cells enhances drastically the bioavailability of the ruthenium complex within the

intracellular environment, thus, promoting more efficient subcellular localization.
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What is more, the cellular uptake of the luminescent nanoparticles in CD20 expressing
cells was evaluated both in the presence and absence of the CD20 antibody from the
surface  of the AuNPs. After treatment of Karpas 422 cells with
RuphenS12-:CD20-AuNP100 and RuphenS12-Z-AuNP10 under the same conditions,
FACS analysis revealed a higher increase in the fluorescence intensity of the cells treated
with the antibody coated nanoparticles, suggesting that the presence of the CD20 antibody
on the surface of AuNP100 improves penetration of the cell membrane and thus,

enhances cellular internalization in CD20 positive cells.

The ability of antibody functionalized nanoparticles to enhance the binding affinity of
antibodies towards antigen receptors expressed on the surface of malignant cells was
further examined in this chapter through the development of Rituximab modified AuNPs.
The monoclonal CD20 antibody Rituximab, which is currently used in the clinic for the
treatment of B-cell haematological malignancies, was conjugated to the surface of AuUNPs
in a controlled manner in order to evaluate whether the directional conjugation of
antibodies to the gold surface enhances their antigen-binding affinity. The directional
conjugation of Rituximab to AuNPs was achieved using an intermediary PEG linker. The
Rituximab modified nanoparticles were further functionalized with the luminescent iridium
complex IrS1, as its favorable photophysical properties allow improved detection in

biological specimens.

The characterization of the iridium and Rituximab modified nanoparticles was performed
through monitoring the SPR, DLS size and zeta potential measurements as well as gel
electrophoresis. The presence of the luminescent complex and Rituximab on the gold
surface was evident through both the red shift observed in the SPR band of the AuNPs
and the increase produced in the DLS intensity distribution after functionalization. What is
more, the conjugation of Rituximab and IrS1 to AuNPs induced an increase in the
electronegative surface charge of the nanoparticles, which was evident both by DLS zeta

potential measurements and gel electrophoresis.

The binding affinity of the luminescent Rituximab modified AuNPs in CD20 expressing
tonsil tissue specimens was evaluated and compared to the binding affinity of luminescent

AuNPs without Rituximab. Confocal luminescence imaging performed in tonsil tissue
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samples revealed highly efficient binding of IrS1-Rituximab-linker-PEG-AuNP, as a strong
luminescence signal from the iridium complex was observed across the tissue sections.
This was not the case in sliced tonsil tissue treated with IrS1-PEG-AuNP, implying that the
directional conjugation of Rituximab to AuNPs enhances radically the binding affinity

against CD20 antigens expressed on the surface of tonsil B-cells.

Overall, the results presented in this chapter are indicative of the significantly improved
valence and uptake efficacy of nanoparticles upon modification with monoclonal
antibodies. Furthermore, the attachment of both CD20 and luminescent metal complexes
to the gold surface provides opportunities for visualizing CD20 expressing cell subsets
directly into tonsil tissue samples. The use of AuNPs to deliver monoclonal antibodies in
cancer cells can improve drastically the characterization of the highly heterogeneous tumor
microenvironment, through overcoming current limitations in the oncology field associated
with the use of immunostaining. To conclude, the ability to detect and monitor CD20
positive cells directly in sectioned tissue specimens using confocal microscopy potentiates
a promising approach for the development of innovative interventions for use in cancer

theranostics, such as identification of tumor biomarkers in vivo.
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4.6 Experimental

4.6.1 Synthesis of AUNP100

The synthesis of AUNP100 was performed using an adapted protocol, which is based
on an improved method reported by Turkevich et al.®® ® and a published protocol by
Ziegler et al.’®®!. Prior to the nanoparticle synthesis, all glassware were washed with freshly
prepared Aqua Regia (HCI:HNO3, 3:1), then with deionised H>O and dried in an oven at
80°C overnight. The AuNP100 synthesis is carried out using a growth procedure through
the addition of Au®* salt and trisodium citrate to 13 nm AuNPs (AuNP13). The AuNP13
seeds are synthesized through citrate reduction and are grown into 25 nm AuNPs
(AuNP25), then into 50 nm AuNPs (AuNP50) and finally, into 100 nm AuNPs (AuNP100)
stabilized with citrate ions. The synthesis of AuNP13 and AuNP25 was performed as

described in Chapter 6.

For the growth procedure of AuNP25 to AuNP100 three stock solutions were prepared:
2.5 mM HAuCls+3H20 (49% by assay), 57.7 mM ascorbic acid and 34.4 mM trisodium
citrate dihydrate, each reagent was dissolved in 50 ml of filtered miliQ H2O. Initially,
AuNP25 (9 ml, 0.65 nM) were added to 31 ml of miliQ H.O and vigorously stirred (Total
volume 40 ml). From the three stock solutions two fresh diluted solutions were prepared, a
solution of 0.5 mM HAuCI4-3H2O and a solution of 2.9 mM ascorbic acid and 0.9 mM
trisodium citrate dihydrate, each in 20 ml of filtered miliQ H.O. The two diluted solutions
were added dropwise simultaneously to the stirring solution via a peristaltic pump over
approximately 20 minutes. The resultant solution was then refluxed for 30 minutes forming
80 pM AuNP50.

The AuNP50 (40 ml, 80 pM) were left to vigorously stirred. From the three stock
solutions two fresh diluted solutions were prepared, a solution of 2 mM HAuCls-3H-O and
a solution of 12 mM ascorbic acid and 3.6 mM trisodium citrate dihydrate, each in 20 ml of
filtered miliQ H>.O. The two solutions were added dropwise simultaneously to the stirring
solution via a peristaltic pump over approximately 20 minutes. The resultant solution was
then refluxed for 30 minutes forming 40 pM AuNP100. UV-Vis (H20) Amax=552 nm (SPR).
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Diameter = 76 = 19 nm (DLS number distribution). Diameter = 101 + 26 nm (DLS intensity
distribution). Zeta potential = - 27 £ 9 mV (40 pM in miliQ H20).

4.6.2 Synthesis of RuphenS12

The synthesis and characterization of the RuphenS12 complex was performed by Dr.
Shani Osborne (School of Chemistry, University of Birmingham). The synthesis and full
characterization of the complex are described in Dr. Osborne’s thesis (Appendix C —
Scheme C-1 and Figure C-1).

4.6.3 Preparation of RuphenS12:CD20-AuNP100

Initially, 4 ml of AuNP100 of 40 pM were centrifuged twice at 13, 000 rpm for 90
seconds to remove excess ascorbic acid from nanoparticle synthesis. The supernatant
after each centrifugation was discarded and the AuNP100 pellet was re-suspended in 1 ml
of fresh filtered miliQ H>O (AuNP100 + centrifugation). The centrifuged nanoparticles were
then coated with 200 pl of the monoclonal antibody CD20 (Dako, Catalogue Number:
MO775) and stirred for 20 minutes. The antibody coated AuNPs were centrifuged twice at
13, 000 rpm for 90 seconds to remove, excess, unbound antibody. The centrifuged
nanoparticles were re-suspended in 1 ml of fresh miliQ H,O to produce CD20-AuNP100
(Final concentration ~ 110 pM). UV-Vis (H20) Amax=556 nm (SPR). Diameter = 78 + 21 nm
(DLS number distribution). Diameter = 118 = 34 nm (DLS intensity distribution). Zeta
potential = - 31 £9 mV (30 pM in miliQ H20).

The RuphenS12 complex (Stock solution concentration in methanol: 1 mM) was mixed
with the CD20 antibody prior to attachment to the surface of AUNP100 — 10 puM of the
ruthenium complex were added to 200 pl of the antibody and stirred for 20 minutes. The
pre-mixed solution of RuphenS12 and CD20 was then added to 1 ml of AUNP100 after
centrifugation (AuNP100 + centrifugation) and the nanoparticles were stirred for 20

minutes. The ruthenium and antibody coated AuNPs were centrifuged twice at 13, 000 rpm
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for 90 seconds to remove, excess, unbound RuphenS12 and CD20. The centrifuged
nanoparticles were re-suspended in 1 ml of fresh miliQ H,O to produce
RuphenS12-CD20-AuNP100 (Final concentration ~ 100 pM). UV-Vis (H20) Anax=557 nm
(SPR). Diameter = 79 + 23 nm (DLS number distribution). Diameter = 123 + 46 nm (DLS
intensity distribution). Zeta potential = - 35 £ 6 mV (30 pM in miliQ H20).

4.6.4 Preparation of RuphenS12:Z:AuNP100

Firstly, 4 ml of AUNP100 (40 pM) were centrifuged twice at 13, 000 rpm for 90 seconds
to remove excess ascorbic acid from nanoparticle synthesis. The supernatant after each
centrifugation was discarded and the AuNP100 pellet was re-suspended in 1 ml of fresh
filtered miliQ H2O (AuNP100 + centrifugation). A fresh stock solution of 2.5 % Zonyl FSA
(0.2 mM) (Sigma-Aldrich) was prepared in miliQ H>O and filtered. In 1 ml of AUNP100 after
centrifugation, 10 ul (2 uM) of the fluorinated surfactant were added and stirred for about
10 minutes. The surfactant coated AuNP100 were centrifuged twice at 13, 000 rpm for 90
seconds to remove excess zonyl. The nanoparticles were then re-suspended in 1 ml of
fresh filtered miliQ H>.O to produce Z-AuNP100. The concentration of the RuphenS12
complex used to coat Z-AuNP100 is 10 pM. The same concentration of the ruthenium
comlex was used to to coat both RuphenS12-Z-AuNP100 and
RuphenS12-CD20-AuNP100, to make sure that the strength of the luminescent signal will
not impact the cellular uptake studies by FACS. The ruthenium coated nanoparticles were
purified by size exclusion chromatography using Sephadex G-10 to produce
RuphenS12-Z-:AuNP100. Diameter = 77 + 22 nm (DLS number distribution). Diameter =
113 + 38 nm (DLS intensity distribution). Zeta potential = - 37 + 8 mV (30 pM in miliQ
H.0).
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4.6.5 Cellular uptake by FACS

The cells were cultured in 60 mm dishes, 1x10° cells per dish and the samples were
added at a ratio of 1:10 (sample:culture media). The cellular uptake efficacy of the
ruthenium and antibody coated AuNPs was evaluated after treatment of the cells with 10
pM of AuNP100, CD20-AuNP100 and RuphenS12-CD20-AuNP100 for 24 hours. After the
treatment period was finished, the cells were collected into falcon tubes and centrifuged at
1000 rpm for 5 minutes. The supernatant was discarded and the cells were washed twice
with sterile PBS, which was removed after each washing by centrifugation. The cell pellets
were then re-suspended in 1 ml of PBS supplemented with 1% FBS and transferred to
FACS tubes for analysis. Samples were run on LSR Il Flow Cytometer (BD Biosciences,
Oxford, UK) using the BD FACSDiva Software. Analysis was performed using FlowJo and
Cytobank.

4.6.6 Cell imaging by Confocal microscopy

The cells were cultured in 60 mm dishes, 1x10° cells per dish, and treated with
RuphenS12-CD20-AuNP100 for 24 hours. The ruthenium and antibody coated AuNPs
were added to the cells at a ratio of 1:10 (sample:culture media). After treatment with 10
pM of RuphenS12-CD20-AuNP100, the cells were collected and centrifuged at 1000 rpm
for 5 minutes. The supernatant was discarded and the cells were washed twice with sterile
PBS, which was removed after each washing by centrifugation. The cells were then re-

suspended in PBS to form a cell suspension of 5x10* cells per 100 pl.

For confocal microscopy, cytospins were prepared using the ThermoFisher Scientific
Cytospin™ 4 Cytocentrifuge. On each slide, 100 pl of the treated cell suspension were
added and centrifuged at 1000 x g for 5 minutes. Centrifugation resulted to a monolayer of
5x10* cells deposited on each slide. The cells were then fixed in 10% Formal Saline for 10

minutes and allowed to air-dry at room temperature (RT) overnight.
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The fixed cells were then washed once with H,O and twice with Trisbuffered saline
containing 0.1 % Tween-20 (TBS-T). Finally, the cells were stained with DAPI (1 mg/ml)
(Thermo Fisher Scientific) dissolved in PBS (1:1000) for 10 minutes and then washed
twice with TBS-T for 5 minutes. A cover slip was mounted on each slide using the
Permount mounting medium (Catalogue number: 17986-05) and the slides were kept at
4°C until imaging. The cells were imaged using the Leica SP2 inverted confocal
microscope with a 63x/1.4 oil lens. Image analysis was performed using Imaged 2.0.0

software.

4.6.7 Synthesis of AUNP

The synthesis of AUNP was performed following a published protocol by Kumar et al.’l,
Prior to the nanoparticle synthesis, all glassware were washed with freshly prepared Aqua
Regia (HCI:HNO3, 3:1), then with deionised H.O and dried in an oven at 80°C overnight.
Initially 8 mg of HAuCl4-3H,0 (Sigma-Aldrich, Catalogue number: G4022) were dissolved
in 100 ml of filtered miliQ H>O (0.2 mM) and brought to reflux while stirring. Then 1.88 ml
of trisodium citrate (38.5 mM) (Fisher Scientific, Catalogue number: S279) was added to
the boiling solution and the resultant solution was refluxed for another 10 minutes to form 1
nM AuNP. UV-Vis (H20) Amax=518 nm (SPR). Diameter = 15 + 3 nm (DLS number
distribution). Diameter = 21 + 5 nm (DLS intensity distribution). Zeta potential = - 37 + 9
mV (0.5 nM in miliQ H20).

4.6.8 Preparation of Rituximab-linker complex

The preparation of the Rituximab-linker complex was performed according to the
published protocol by Kumar et al. used for the AuNP synthesis®®”!, with minor
modifications. Initially, the hydroxyl groups on the glycosylated antibody were oxidatively
cleaved to produce aldehydes in order to allow attachment of the PEG linker. A solution of
1 mg/ml of the glycosylated monoclonal antibody Rituximab (Roche — MabThera) in PBS

was centrifuged at 7830 rpm for 15 minutes at 4°C. For centrifugation, 10K MWCO filter
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tubes were used (Merck Millipore Amicon™ Ultra Centrifugal Filter Units). Then, 300 pl of
100 mM NaHPO. (pH 7.5) were added to the antibody in 2 aliquots (150 pl each
addition), mixed well and centrifuged at 7830 rpm for 15 minutes at 4°C. The addition of
300 pl of 100 mM Na,HPO, (pH 7.5) to the antibody was repeated, and again,
centrifugation was performed under the same conditions. Afterwards, 100 ul of 100 mM
Na,HPO, were added to the antibody, followed by the addition of 10 ul of 100 mM NalO4
and mixed well. The antibody solution was incubated in the dark for 30 minutes at RT. The

reaction was then quenched via the addition of 500 pl of PBS.

The presence of aldehydes was confirmed through the addition of the modified antibody
to a freshly prepared Purpald solution. The solution was prepared through the addition of
10 mg of the purpald reagent (Sigma-Aldrich, CAS Number: 1750-12-5) into 1ml of 1 M
NaOH. Then, 20 ul of the antibody were added to 60 pul of the purpald solution. The colour
of the solution turned purple within a few minutes, confirming the presence of the
aldehydes. Subsequently, 2 ul of 46.5 mM of the mPEG-thiol, 10-5 M 5000 MW linker
(Shearwater Polymers) were added to the antibody and incubated at RT for 1 hour. The
antibody-linker complex was then centrifuged at 7830 rpm for 15 minutes at 4°C and
washed with 500 pl of PBS twice. The PBS was removed after washing with centrifugation.
Finally, the antibody-linker complex was re-suspended in 500 pl of PBS and kept stored at
4°C.

4.6.9 Preparation of IrS1-Rituximab-linker-PEG-AuNP

Initially, a fresh solution of 1 mM PEG was prepared in filtered miliQ H.O (Sigma-
Aldrich, Catalogue number: P2263). In order to stabilise the gold surface prior to attaching
the Rituximab-linker, 5 uM of PEG were added to 1 ml of AuNP (1 nM) and stirred for 20
minutes. The AuNP surface was only coated partially with PEG to prevent full coverage of
the gold surface and thereby, allow conjugation of the Rituximab-linker. The PEG coated
AuNPs were centrifuged twice at 10, 000 g for 30 minutes and were then re-suspended in
1 ml of filtered miliQ H-O to produce PEG-AuNP (Final concentration ~ 1nM). UV-Vis
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(H20) Amax=520 nm (SPR). Diameter = 17 + 5 nm (DLS number distribution). Diameter =
37 =11 nm (DLS intensity distribution). Zeta potential =- 18 £ 5 mV (0.5 nM in miliQ H20).

The Rituximab-linker complex (Stock solution in PBS: 0.5 mM) was titrated in 2 pl
aliquots to an aqueous solution of 1 ml PEG-AuNP (1 nM), with stirring in between each
addition. The maximum concentration of the antibody-linker that is required to reach
saturation on the gold surface was determined through monitoring the red shift in SPR of
AuNP by UV-Vis spectroscopy (Cary 5000 Spectrometer). The final concentration of the
Rituximab-linker complex chosen to coat PEG-AuNP is 2 uM. Subsequent to adding the
antibody-linker to PEG-AuNP, the nanoparticles were stirred for 20 minutes and then
divided into two aliquots of 500 ul each and centrifuged at 10, 000 g for 5 minutes using
10k MWCO 0.5 ml ultrafiltration centrifugal units (Thermo Fisher Scientific, Catalogue
number: 88513). The nanopartircles in the filter of each centrifugal unit were re-suspended
into 500 pl of filtered miliQ H,O and mixed together to produce Rituximab-
linker-PEG-AuNP (Final concentration ~ 0.9 nM). UV-Vis (H20O) Amax=523 nm (SPR).
Diameter = 20 + 8 nm (DLS number distribution). Diameter = 42 + 14 nm (DLS intensity
distribution). Zeta potential = - 37 £ 8 mV (0.5 nM in miliQ H20).

A stock solution of the IrS1 complex was prepared (Stock solution concentration in
methanol: 1.17 mM) and added in 1 pl aliquots to an aqueous solution of Rituximab-
linker-PEG-AuNP with stirring in between each addition. The attachment of the IrS1 to the
gold surface was confirmed via monitoring the red shift in the SPR of AuNP using UV-Vis
spectroscopy (Cary 5000 Spectrometer). The maximum concentration of the IrS1 complex
required to reach saturation on the gold surface was determined to be 7 pM. Therefore, 7
MM of IrS1 were added to 1 ml of Rituximab-linker-PEG-AuNP (1 nM) in 1 pl aliquots with 5
minute stirring between each addition. After the last addition, the nanoparticles were
further stirred for 20 minutes and then divided into two aliquots of 500 pl each and
centrifuged at 10, 000 g for 5 minutes using 10k MWCO 0.5 ml ultrafiltration centrifugal
units. Finally, the modified AuNPs in the filter of each centrifugal unit were re-suspended
into 500 pl of filtered miliQ H.O and mixed together to produce IrS1-Rituximab-
linker-PEG-AuNP (Final concentration ~ 0.7 nM). UV-Vis (H20O) Amax=528 nm (SPR).
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Diameter = 22 + 10 nm (DLS number distribution). Diameter = 43 + 17 nm (DLS intensity
distribution). Zeta potential = - 43 £ 9 mV (0.5 nM in miliQ H20).

4.6.10 Preparation of IrS1-PEG-AuNP

Prior to attaching the IrS1 complex, AuNPs were coated with PEG following the
procedure described in Section 4.6.10 (PEG-AuNP). The concentration of IrS1 used to
coat the surface of PEG-AuNP is 7 uM. In order to evaluate the binding affinity of
IrS1-PEG-AuNP and IrS1-Rituximab-linker-PEG-AuNP towards CD20 expressing tonsil
tissue specimens the same concentration of IrS1 was used for the preparation of the two
nanoparticle samples to ensure that the strength of the luminescence signal will not affect
interpretation of binding upon imaging by confocal luminescence microscopy. Therefore, 7
MM of IrS1 were added to 1 ml of PEG-AuNP (1 nM) in 1 pl aliquots with 5 minute stirring
between each addition. After the last addition of the complex the nanoparticles were stirred
for a further 20 minutes. Similarly to IrS1-Rituximab-linker-PEG-AuNP, the IrS1 and PEG
coated AuNPs were isolated by centrifugation. The nanoparticles were divided into two
aliquots of 500 ul each and centrifuged at 10, 000 g for 5 minutes using 10k MWCO 0.5 ml
ultrafiltration centrifugal units. The iridium coated PEG-AuNPs in the filter of each
centrifugal unit were re-suspended into 500 pl of filtered miliQ H>.O and mixed together to
produce IrS1-PEG-AuNP (Final concentration ~ 0.8 nM). UV-Vis (H20) Amax=523 nm
(SPR). Diameter = 19 + 9 nm (DLS number distribution). Diameter = 41 + 15 nm (DLS
intensity distribution). Zeta potential = - 46 £ 8 mV (0.5 nM in miliQ H20).

4.6.11 Gel Electrophoresis

Initially a 0.5 M EDTA buffer was prepared through dissolving 18.7 g of EDTA Disodium
salt (Sigma-Aldrich, CAS number: 6381-92-6) in 80 ml of deionised H-O while stirring.
Then, 2 g of NaOH pellets (Fisher Scientific, CAS number: 1310-73-2) were added to
adjust the pH of the buffer to 8.
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A 5x TBE buffer with a pH of 8.3 was prepared through dissolving 27 g of Tris base
(Sigma-Aldrich, CAS number: 77-86-1) and 13.75 g of Boric acid (Simga-Aldrich, CAS
number: 10043-35-3) in 450 ml of deionised H>O while stirring. Then, 10 ml of the 0.5 M
EDTA buffer were added, and the volume was adjusted to 500 ml. The 0.5x TBE buffer
(pH 8.3) was prepared by adding 100 ml of the 5x TBE buffer into 900 ml of deionised
H.0.

A 1% agarose gel (w/v) was prepared by adding 4 g of agarose in 400 ml of 0.5x TBE
buffer. The agarose solution was heated in a microwave on high power for about 2
minutes. Every 30 seconds the solution was removed from the microwave and swirled
gently to speed up the dissolving process. The agarose solution was then allowed to cool
for a few minutes and swirled gently to dissipate air bubbles. Finally, the gel was poured
into the casting tray prepared with 15-well combs and allowed to polymerize at RT for

about 1 hour.

Prior to running the AuNPs on the agarose gel, 15 ul of 20 % glycerol were added to 15
Ml of each nanoparticle sample (10 % glycerol in each AuNP sample). The addition of the
glycerol was performed in order to enhance sample density and thereby, improve loading
in the wells. The 1 % agarose gel was placed in the 0.5x TBE buffer and the AuNP
samples were loaded and run at 100 V for 1 hour using the Electrophoresis Power Sypply-
EPS 301 system. Photographic images of the AuNPs on the gel were taken immediately

after electrophoresis.

4.6.12 Preparation of tonsil tissue specimens and imaging by confocal
microscopy

The sectioned tonsil tissue specimens were provided by Dr. Tracey Perry (Institute of
Cancer and Genomic Sciences, University of Birmingham). Initially, the citrate-antigen
retrieval method was performed on the specimens in order to expose the CD20 antigens.
The antigen retrieval buffer was prepared through the addition of 1.26 g of sodium citrate
(VWR, CAS number: 6132-04-03) and 0.5 g citric cid (VWR, CAS number: 77-92-9) in 1 L
of distilled H>O. The pH of the buffer was adjusted to 6 using 0.1 M sodium hydroxide. The
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citrate buffer was then heated in a microwave for 10 minutes at full power. The glass slides
with the sectioned tonsil tissue samples were immersed into the citrate buffer and heated
for 10 minutes at medium power and 10 minutes at low power. The slides were then

cooled at 4°C for 15 minutes and washed under running tap water for 5 minutes.

After washing, a hydrophobic barrier was drawn around each tissue section using a 5
mm tip width Pap pen (Sigma-Aldrich) and conditioned using TBS-T for 10 minutes. In
order to prevent non-specific binding of the antibody coated AuNPs, the tonsil tissue
sections were blocked with 5x casein for 10 minutes in distilled H.O (Vector Laboratories,
Catalogue number: SP-5020-250). The AuNP samples (150 ul, 1 nM) were then added to
the sectioned tissue and incubated at RT for 90 minutes. The slides were washed twice
with TBS-T in order to remove unbound nanoparticles and then they were stained with
NucRed Live 647 Reagent (1 mg/ml) (Thermo Fisher Scientific, Catalogue number: R37
106) diluted in PBS (1:1000) for 10 minutes. Finally, the tissue sections were washed twice
with TBS-T for 5 minutes and a cover slip was mounted on each slide using the Permount
mounting medium (Catalogue number: 17986-05). The slides were kept at 4°C until
imaging. The tonsil tissue specimens were imaged using the Nikon A1R inverted confocal
microscope with a 63x/1.4 oil lens. Image analysis was performed using Imaged 2.0.0

software.
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5. General conclusions and Future work

In this thesis, the development of novel, luminescent AuNPs for improved detection and
localization in cancer cells is presented. The distinctive luminescent properties of transition
metal complexes, along with their ability to penetrate the cell membrane, make them
popular agents for various biomedical applications. However, their successful use as
imaging and targeting moieties is often hindered by imprecise cellular localization and
induced cellular toxicity. The inability of metal complexes to reach intracellular targets is
mainly attributed to their poor aqueous solubility, which reduces systematic bioavailability
in the cellular environment. Recent advances in nanotechnology offer countless
opportunities for the development of nanoparticle-based systems to improve the

bioavailability and site-specific delivery of theranostic complexes in biological systems.

The results presented in this thesis support that the use of AUNPs as a vehicle to deliver
luminescent complexes in cancer cells is a promising approach to overcome the
aforementioned challenges. In the first study described (Chapter 2), a cyclometalated
iridium complex, IrS1, was used to functionalize the surface of surfactant coated
nanoparticles in order to promote improved localization in mitochondrial structures and
induce selective targeting of cancer cells. Photophysical characterization of the IrS1
coated AuNPs suggested that the complex retains its luminescence properties upon
attachment to the gold surface. Through detecting the strong luminescence signal of the
iridium complex in treated cells, the highly efficient uptake of the functionalized
nanoparticles was observed. Live cell imaging revealed a stronger luminescence signal in
the cells treated with the IrS1 modified AUNPs, when compared to the cells treated with the
iridium complex in solution, indicating the enhanced uptake and bioavailability of the
complex in the intracellular environment. The improved localization of the IrS1 complex in
mitochondria in cancer cells when delivered attached to the gold scaffold was also evident

through imaging analysis.
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Interestingly, elemental analysis by ICP-MS suggested the preference of the
luminescent nanoparticles for localizing in mitochondria in cancer cells, but not in normal
cells. The selectivity of the luminescent AuNPs for inducing mitochondrial dysfunction in
cancer cells was supported by the higher generation of intracellular ROS levels observed

in cancer over normal cells.

The results provide evidence that the use AuNPs to deliver the IrS1 complex in the
intracellular space promotes the efficient accumulation of the complex within mitochondrial
structures. The site-specific delivery of the luminescent AuNPs in malignant cells presents
a promising approach for overcoming off-target toxicity and adverse side effects

associated with the use of conventional cancer therapies.

It would be interesting to further interpret the mechanism by which the luminescent
nanoparticles target mitochondria in cancer cells, while sparing normal cells. For instance,
elevation of ROS levels by exogenous inducers has been previously linked to the
downregulation of the anti-apoptotic protein Bcl-2, which is localized on the outer
membrane of mitochondrial'. In malignant cells, overexpression of the Bcl-2 protein delays
apoptosis through arresting the cells in the GO phase of the cell cycle, while in normal cells

expression of Bcl-2 is usually restricted.

Therefore, it is possible that mitochondrial dysfunction observed in cancer cells after
treatment with the iridium coated AuNPs is attributed to interactions between the
luminescent complex and proteins that regulate mitochondrial dynamics in malignant cells.
The ability of the IrS1 coated AuNPs to interact with cellular proteins was described in
Chapter 2, through monitoring conformational changes in the structure of BSA upon
addition of the luminescent nanoparticles, using CD spectroscopy. Hence, with regards to
future work, it would be worth checking the expression levels of mitochondrial proteins
after treatment with the luminescent nanoparticles in malignant and normal cells lines, to

evaluate deregulation of mitochondrial proteins involved in carcinogenesis.

What is more, in order to further evaluate the elevated ROS levels and selective
targeting of mitochondria observed in cancer cells, mitochondrial function could be

investigated through measuring the oxygen consumption rate after treatment with the IrS1
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functionalized nanoparticles. Through monitoring the oxygen consumption rate after the
sequential addition of different mitochondrial respiratory inhibitors further information can
be derived on the induced mitochondrial dysfunction observed in cancer cells and hence,
interpret how the differences in the phenotype, metabolic pathways and signaling between
malignant and healthy cells contribute to the cancer selective targeting presented by the
IrS1 coated AuNPs!? %!,

The ability of AuNPs to improve the delivery of luminescent complexes in cells and
guide efficient subcellular localization was further supported through the work presented in
the second study of this thesis (Chapter 3). The cellular uptake and localization of an
iridium complex with a dodecyl chain incorporated on the phenylpyridine ligand, IrC+,, were
evaluated upon conjugation of the complex to the surface of surfactant modified AuNPs.
Live cell imaging after treatment with the IrCs» coated AuNPs revealed a strong
luminescence signal from the iridium complex in the nucleus and cytoplasm of the cells.
The ability of the IrCy2 complex to penetrate the nuclear membrane when attached to the
gold scaffold was not evident upon treatment of the cells with the IrCs2 complex in solution,
suggesting that the use of AuNPs improves drastically the bioavailability of the complex
within the intracellular space and promotes efficient subcellular localization. Elemental
analysis by ICP-MS further confirmed the high accumulation of the iridium coated AuNPs
in the nucleus, as a higher number of nanoparticles was detected in the nucleus, when

compared to cytosol and mitochondria.

Similarly to the IrS1 modified AuNPs, the IrCi> coated nanoparticles revealed strong
binding to BSA, suggesting that the luminescent complex can successfully interact with
cellular proteins. The highly efficient accumulation of the IrCy> coated AuNPs in the
nucleus along with the ability of the complex to interact with proteins provides opportunities
for monitoring biomolecular interactions with nuclear proteins, such as chromatin, in in vivo

models using multimodal imaging.

Due to the efficient localization of the IrCs> coated AuNPs in the nucleus it would be
interesting to further investigate the ability of the luminescent complex to interact with
DNA. The successful binding of luminescent nanoprobes to DNA offers possibilities for the

development of anti-cancer agents with improved therapeutic efficacy that can be used for
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real-time monitoring of the treatment process at a subcellular level. The ability of the IrCy»
functionalized nanoparticles to interact with DNA could be evaluated using CD

spectroscopy and gel electrophoresis.

Subsequent to evaluating the interaction of the IrCs, coated AuNPs with DNA, it would
be worth further investigating their potential to induce DNA damage in malignant cells.
Platinum based compounds, including cisplatin, oxaliplatin and carboplatin, have been
widely used in the oncology field for the treatment of various types of cancer such as
ovarian, lung, bladder and testicular cancer. The ability of such compounds to interact with
DNA and induce damage leads to inhibition of DNA replication, transcription, cell cycle
arrest and apoptosist* %.. However, their successful use in the clinic is limited, as they are
highly associated with drug resistance and off-target toxicity, leading to severe adverse
side effects including hepatotoxicity, ototoxicity, gastrointestinal disorders and reduced
immunity to infections’®. Therefore, the nuclear localization of the IrCy» functionalized
AuNPs in cancer cells makes them an ideal candidate for overcoming the limitations of
conventional platinum chemotherapeutic drugs, since the improved delivery of the iridium
complex upon attachment to the gold scaffold can eliminate off-target toxicity and hence,
enhance the therapeutic outcome. DNA damage, both in cancer and normal cells, after
treatment with the IrCq> functionalized nanoparticles could be studied using the comet

assay, polymerase chain reaction (PCR) and gel electrophoresis.

In the final study of this thesis (Chapter 4), luminescent AuNPs were used to improve
the binding affinity and uptake of monoclonal antibodies in malignant cells. Preliminary
studies involved the direct adsorption of the monoclonal CD20 antibody to AuNPs,
resulting to random antibody orientation on the gold surface. The antibody modified AUNPs
were further functionalized with a ruthenium complex, RuphenS12, to allow improved
detection in cells. The highly efficient cellular uptake of the antibody modified AuNPs in
CD20 expressing cells was observed using flow cytometry and confocal microscopy. The
localization of the antibody modified AuNPs in the intracellular environment was evident by
both confocal luminescence and reflectance microscopy. The presence of the RuphenS12
complex on the gold surface allowed accumulation of the luminescent nanoparticles within

the nucleus and perinuclear region.

251



Further studies were performed to evaluate the binding affinity of antibody conjugated
AuNPs against CD20 antigens expressed in sectioned biological specimens. The
monoclonal CD20 antibody Rituximab was conjugated to the surface of AuNPs in a
controlled manner using an intermediary PEG linker to induce improved binding to CD20
antigens. The antibody conjugated AuNPs were further functionalized using the
luminescent iridium complex, IrS1 in order to allow detection. Confocal luminescence
imaging revealed the efficient binding of the luminescent antibody conjugated
nanoparticles, as the luminescent signal of the iridium complex was detectable across the
sectioned specimens. The results presented in this study suggested the improved affinity
and uptake efficacy of antibody modified AuNPs both in cells and sectioned tonsil tissue
specimens. The use of luminescent antibody modified nanoparticles offers improved
characterization of the highly heterogeneous tumor microenvironment, through overcoming
the limitations of conventional immunostaining methods. The attachment of luminescent
complexes to the antibody modified AuNPs allows cell subsets to be detected directly in
sectioned specimens using luminescence imaging, offering opportunities for the improved

identification of tumor biomarkers both in biological specimens and in vivo.

Even though both of the methods employed to modify AuNPs with monoclonal
antibodies revealed enhanced uptake and binding affinity, it would be interesting to
compare the two approaches through quantifying the binding affinity of the antibody
modified AuNPs. The direct adsorption of antibodies allows high antibody concentrations
to be loaded onto the gold surface, however the affinity towards antigens is often
compromised, as the random orientation of antibodies reduces the number of binding sites
available. On the other hand, the directional conjugation of antibodies to AuNPs, allows
relatively low antibody concentrations to be loaded on the gold surface, however, all
antibody-antigen binding sites are available. Therefore, future work would include the
quantification of the binding affinity of each method to further establish the improved
antibody valency offered via the directional conjugation of antibodies to AuNPs. For the

purposes of this work, the ELISA assay could be employed.
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Even though cancer is a leading cause of death worldwide, early detection has been
reported to improve drastically patient survival rate!”). However, the high complexity and
heterogeneity of tumors, along with the low abundance of biomarkers in patients’ samples
present some of the major challenges of detecting cancer at an early stage!®. Within the
past decade, advancements in high-throughout profiling techniques have allowed
identification of tumor biomarkers in biological specimens, aiming to improve clinical

10]

diagnosis, patient prognosis and determine treatment regimen!® However, the

successful use of such technologies in the clinic is often compromised by their weak

specificity and sensitivity!"".

As discussed in Chapter 4, the directional conjugation of antibodies to the surface of
AuNPs improves the affinity towards antigens and hence, enhances detection sensitivity in
biological specimens, as all antibody-antigen binding sites are available. Therefore, future
work would include the directional conjugation method used for the attachment of
Rituximab to AuNPs to examine the possibility of incorporating multiple monoclonal
antibodies on the gold surface in order to detect different biomarkers in tissue samples
simultaneously. The large surface area offered by AuNPs provides opportunities for
attaching multiple antibodies to the gold surface at the same time, which aids in probing
the highly heterogeneous tumor microenvironment. The multifunctionalization of AuNPs
with several antibodies, along with the enhanced sensitivity offered by the directional
conjugation of the antibodies to the gold surface can overcome the limitations of the
diagnostic tools currently used in the clinic and promote detection at an early stage of the

disease to improve drastically patient prognosis.

253



References:

[1] Rajina, S., Kim, W. J., Shim, J. H., Chun, K. S., Joo, S. H., Shin, H. K., Lee, S. Y. & Choi, J. S.
Isolinderalactone Induces Cell Death via Mitochondrial Superoxide- and STAT3-Mediated
Pathways in Human Ovarian Cancer Cells. Int J Mol Sci, 21, 7530.

[2] Connolly, N. M. C., Theurey, P., Adam-Vizi, V., Bazan, N. G., Bernardi, P., Bolafios, J. P.,
Culmsee, C., Dawson, V. L., Deshmukh, M., Duchen, M. R., Diissmann, H., Fiskum, G.,
Galindo, M. F., Hardingham, G. E., Hardwick, J. M., Jekabsons, M. B., Jonas, E. A., Jordan,
J., Lipton, S. A., Manfredi, G., Mattson, M. P., Mclaughlin, B., Methner, A., Murphy, A. N.,
Murphy, M. P., Nicholls, D. G., Polster, B. M., Pozzan, T., Rizzuto, R., Satrustegui, J.,
Slack, Ruth S., Swanson, R. A., Swerdlow, R. H., Will, Y., Ying, Z., Joselin, A., Gioran, A.,
Moreira Pinho, C., Watters, O., Salvucci, M., Llorente-Folch, 1., Park, D. S., Bano, D.,
Ankarcrona, M., Pizzo, P. & Prehn, J. H. M. 2018. Guidelines on experimental methods to
assess mitochondrial dysfunction in cellular models of neurodegenerative diseases. Cell
Death Differ, 25, 542-572.

[3] Muller, B., Lewis, N., Adeniyi, T., Leese, H. J., Brison, D. R. & Sturmey, R. G. 2019.
Application of extracellular flux analysis for determining mitochondrial function in
mammalian oocytes and early embryos. Sci Rep, 9, 16778.

[4] Dasari, S. & Tchounwou, P. B. 2014. Cisplatin in cancer therapy: molecular mechanisms of
action. Eur J Pharmacol, 740, 364-378.

[5] Sazonova, E. V., Kopeina, G. S., Imyanitov, E. N. & Zhivotovsky, B. 2021. Platinum drugs and
taxanes: can we overcome resistance? Cell Death Discov, 7.

[6] Oun, R., Moussa, Y. E. & Wheate, N. J. 2018. The side effects of platinum-based chemotherapy
drugs: a review for chemists. Dalton Trans, 47, 6645-6653.

[7] Chinen, A. B., Guan, C. M., Ferrer, J. R., Barnaby, S. N., Merkel, T. J. & Mirkin, C. A. 2015.
Nanoparticle Probes for the Detection of Cancer Biomarkers, Cells, and Tissues by
Fluorescence. Chem Rev, 115, 10530-10574.

[8] Bhawal, R., Oberg, A. L., Zhang, S. & Kohli, M. 2020. Challenges and Opportunities in Clinical
Applications of Blood-Based Proteomics in Cancer. Cancers, 12, 2428.

[9] Zubair, M., Wang, S. & Ali, N. 2021. Advanced Approaches to Breast Cancer Classification
and Diagnosis. Front Pharmacol, 11, 2487.

[10] Tang, Y., Qiao, G., Xu, E., Xuan, Y., Liao, M. & Yin, G. 2017. Biomarkers for early
diagnosis, prognosis, prediction, and recurrence monitoring of non-small cell lung cancer.
OncoTargets Ther, 10, 4527-4534.

254



255



6. General Experimental

6.1 Synthesis of AUNP25

Synthesis of AuNPs was performed using an adapted protocol, which is based on an
improved method by Turkevich et al.’> %! and a previously published protocol by Ziegler et
al.. Prior to the synthesis, all glassware were washed with freshly made Aqua Regia
(HCI:HNOs3, 3:1), then with deionised H,O and dried in an oven at 80°C overnight. Initially,
13 nm AuNPs were synthesized, which were then grown into 25 nm AuNPs. For the
synthesis of the 13 nm AuNPs, a solution of trisodium citrate dihydrate (60.6 mg, 0.21
mmol), citric acid (13.3 mg, 0.07 mmol) and ethylenediaminetetraacetic acid (EDTA) (1
mg, 0.003 mmol) was prepared in 100 ml of filtered miliQ H>.O and it was brought to reflux
while vigorously stirring for 15 minutes at 150°C. After refluxing, a gold chloride trihydrate
solution (HAuCl4-3H20 — 49% by assay) (8 mg, 0.02 mmol) prepared in 25 ml of miliQ H.O
was rapidly added and refluxed for another 15 minutes. Then, the heat was turned off to
allow the solution to cool to room temperature, forming 2.3 nM AuNP13. UV-Vis (H20) Amax
=518 nm (SPR). Diameter = 13 + 3 nm (DLS number distribution). Diameter = 19 + 5 nm
(DLS intensity distribution). Zeta potential = - 41 £ 10 mV (1 nM in miliQ H20).

For the synthesis of AuNP25, three stock solutions were prepared, each in 50 ml of
filtered miliQ H2O: 2.5 mM HAuCI4-3H20 (49% by assay), 57.7 mM ascorbic acid and 34.4
mM trisodium citrate dihydrate. Then, 34 ml of 2.3 nM AuNP13 were diluted to 40 ml using
filtered miliQ H>O and stirred vigorously. From the three stock solutions, two fresh diluted
solutions were prepared, a solution of 0.5 mM HAuCI;-3H.O and a solution of 2.9 mM
ascorbic acid with 0.9 mM trisodium citrate dihydrate, each in 20 ml of filtered miliQ HO.
The two solutions were then added simultaneously to the diluted AuNP13 solution via a
peristaltic pump (over approximately 20 minutes). The resultant solution was then refluxed
for 30 minutes at 150°C, forming a solution of 0.65 nM AuNP25 (Appendix D-1). UV-Vis
(H20) Amax = 519 nm (SPR). Diameter = 24 + 6 nm (DLS number distribution). Diameter =
34 +9 nm (DLS intensity distribution). Zeta potential = - 25 £ 8 mV (1 nM in miliQ H20).
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6.2 Photophysical Characterization

UV-Vis spectroscopy was carried out on Cary 5000 spectrometer using a 1 cm path
length quartz cuvette. UV-Vis spectra were collected at room temperature. Samples were

run at a 300 nm min~' acquisition rate.

Both the emission and excitation spectra were recorded using Edinburgh Instruments
FLS920 spectrometer with a 450 W Xenon lamp used as the illumination source. The
detection system used incorporated an R928 visible Hamamatsu photomultiplier tube
(PMT). The emission monochromator was fitted with a grating blazed at 500 nm. The data
were recorded using the F900 spectrometer analysis software. Measurements were
performed using 1 cm path quartz cuvettes with four transparent sides. Appropriate long-
pass filters were employed upon recording in order to eliminate scattering. The excitation
and emission spectra recorded were corrected for lamp instrument response and PMT

response, respectively.

Luminescence lifetime measurements were carried out on Edinburgh Instruments using
an EPL — 376 nm laser as the excitation source. Lifetimes were fitted using the Edinburgh
Instruments F900 FAST software, with an error of + 10%. Luminescence lifetime
measurements were performed using a 1 cm path length quartz cuvette with four

transparent sides and appropriate long-pass filters to reduce scattering.

6.3 Dynamic Light Scattering (DLS) and Zeta Potential measurements

Dynamic light scattering (DLS) size and Zeta potential measurements were performed
using a Zetasizer nano ZSP, manufactured by Malvern. DLS size analysis measurements
were recorded using a 1 cm disposable cuvette and zeta potential measurements were
recorded using a folded capillary cell. The measurements were recorded using a standard
operating procedure (SOP) with the following settings; Refractive index: 1.33, Absorption:
1.00, Dispersant: Water, Temperature: 25 °C, Cell: DTS0012 disposable cuvette (Size

measurements) and DTS1060 folded capillary cell (Zeta potential measurements).
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Prior to recording the measurements, the instrument was left to equilibrate at 25 °C for
120 seconds. For DLS size, 5 measurements were recorded with 15 runs in each
measurement. For zeta potential, 10 measurements were recorded with 100 runs in each
measurement. Both for DLS size and zeta potential measurements the average was

presented.

6.4 Circular Diachroism (CD) Spectroscopy

Circular dichroism (CD) spectroscopy was performed on a Jasco J-810
spectropolarimeter using a 1 cm path length quartz cuvette. CD spectra were recorded at
an internal temperature of 22°C. A stock solution of 0.1 uM BSA (Sigma-Aldrich) was
prepared in miliQ H>O. Solutions of iridium complexes were prepared at 100 uM in miliQ
H.O. Solutions of the IrS1 and IrC+, coated nanoparticles were prepared in miliQ H.O at 2
and 4 nM, respectively. The parameters of the instrument were set to: time constant — 0.5
s, scan speed — 100 nm/mn, bandwidth — 1 nm, device sensitivity — standard (100 mdeg).
The CD spectra for the interaction of BSA with iridium complexes were recorded from 185
to 500 nm and for the interaction of BSA with the iridium coated nanoparticles from 185 to

700 nm. The scans were repeated three times for each spectrum.

6.5 Preparation of nanoparticle samples for TEM

TEM was used to characterize the size of both citrate and functionalized nanoparticles.
For each nanoparticle sample 10 ul (AuNP25 samples: 2 nM, AuNP100 samples: 50 pM)
were added to a 200-mesh formvar-coated copper TEM grid and left to dry overnight.
Transmission electron miscroscopy was performed in the Department of Materials and

Metallurgy and the images were acquired on Jeol 1400 Ex Bio TEM.
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6.6 Cell Culture conditions

6.6.1 HeLa and HEK293 cell lines

HelLa (Catalogue number: 93021013), Human cervical cancer cell line and HEK293
(Catalogue number: 85120602), Human Embryonic Kidney 293 cell line, were cultured
using DMEM media (Gibco®-Thermo Fisher Scientific) that was supplemented with 10%
Fetal Bovine Serum (FBS) (Gibco®-Thermo Fisher Scientific) and 1% Penicillin
Streptomycin (Pen Strep) (Gibco®-Thermo Fisher Scientific). The cells were grown as a
monolayer culture in vented cap T75 flasks and were kept at all times at 37°C in a
humidified atmosphere (5% COy).

6.6.2 Karpas 422 and SU-DHL-4 cell lines

Karpas 422 (Catalog number: HTL99023), B-cell non-Hodgkin's lymphoma cell line and
SU-DHL-4 (Catalog number: CRL-2957), Diffuse large B-cell lymphoma cell line, were
cultured using RPMI1640 media (Gibco®-Thermo Fisher Scientific) supplemented with
10% FBS (Gibco®-Thermo Fisher Scientific) and 1% Penicillin Streptomycin (Pen Strep)
(Gibco®-Thermo Fisher Scientific). The cell lines were cultured in suspension in vented
T75 flasks and were kept at all times at 37°C in a humidified atmosphere (5% CO2).
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Appendix A

Synthesis of Ir1 and IrS1

Starting materials were purchased from Fisher Scientific, Alfa Aesar and Sigma
Aldrich/Merck.

The synthesis and characterization of Ir1 and IrS1 were carried out by Tasha Chauhan

and Sarah Akponasa (School of Chemistry, University of Birmingham).

Synthesis of [Ir(pq).Cl]. dimer

Synthesis was performed using a modified published protocol by Chen et al.l"!. [rClzexH»0
(0.39 g, 1.0 mmol) and 2-phenylquinoline (0.51 g, 2.5 mmol) were dissolved together in 2-
ethoxyethanol (30 mL) and water (10 mL) and brought to reflux at 140 °C for 24 hours with
continuous stirring. A colour change from dark brown to red-brown was observed. The
mixture was cooled to room temperature and the precipitate was washed with MeOH (60
mL) and acetone (60 mL). The solvent was removed from the filtrates in vacuo and the
dark-orange solid was dissolved in DCM (80 mL), washed with HCI (0.1 M, 3 x 20 mL) and
dried using Mg>SO.. The solvent was removed and the solid was dissolved in a minimal
volume of DCM. Then, hexane was added to induce precipitation and the solvents were
removed in vacuo to yield the final dark orange solid. (410 mg, 0.3 mmol, 50%). Amax
(MeCN)/nm (e/dm®mol'em™), 259 (110100), 279 (68600), 323 (32900), 337 (30000) and
418 (6 100); 6H (400 MHz; CD.Cl,) 7.50 — 7.59 (6 H, m, H-h,m,l), 7.63 (2 H, t, J= 7.5, H-
d), 7.80 (2H, t, J=7.7, H-c), 7.93 (2 H, d, J = 8.1, H-n), 7.97 (2 H, d, J = 8.6, H-k), 8.23 (2
H, d, J=7.5, H-e), 823 (2 H, d, J=7.7, H-b), 8.41 (2 H, d, J = 8.8, H-g); MS (ES)* m/z:
1238 (M-CI)*.
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Scheme A-1. Schematic of the synthesis of [Ir(pq)2Cl]..

Synthesis of 5,5’-Bis(bromomethyl)-2,2’-bipyridine

The synthesis of 5,5-Bis(bromomethyl)-2,2’-bipyridine was performed using a published
protocol by Bertoncello et al.”. A solution of 5,5’-dimethyl-2-2’-bipyridine (0.57 g, 3.09
mmol), 1,1’-azobis(cyclohexanecarbonitriie) (ABCN) (0.08 g, 0.29 mmol) and N-
bromosuccinimide (NBS) (2.90 g, 16.3 mmol) were stirred together in dry CCl4 (50 mL) and
brought to reflux at 90 °C, while monitoring using TLC (silica gel, DCM:MeOH, 1:1). A
colour change from cloudy white to cloudy yellow was observed. The solution was then hot
filtered and the solvent was removed in vacuo. The solid was dissolved in DCM (100 mL)
and washed with a solution of Na»S,03 (23.72 g, 0.5 M, 2 x 150 mL). The aqueous phase
was then washed with DCM (5 x 50 mL). The solvent from the combined DCM phases
was removed in vacuo to yield a pale yellow solid (1.9 g). The solid was recrystallized
from hot DCM, yielding a white solid powder (219.12 mg, 0.6 mmol, 21%). 6H (300 MHz;
CDCls) 4.54 (4 H, s, H-7), 7.86 (2 H, dd, J = 8.2, 2.4, H-4), 8.40 (2 H, dd, J = 8.2, 0.8, H-3),
8.68 (2 H, dd, J=2.4, 0.8, H-6); 8C (101 MHz; CDCl3) 29.7 (C-7), 121.3 (C-3), 134.0 (C-5),
137.8 (C-4), 149.5 (C-6), 155.6 (C-2); MS (ASAP)" m/z: 343 (M+H)".
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Scheme A-2. Schematic of the synthesis of 5,5’-Bis(bromomethyl)-2,2’-bipyridine.

Synthesis of 5,5’-Bis(mercaptomethyl)-2,2’-bipyridine

5,5'-Bis(mercaptomethyl)-2,2’-bipyridine was synthesized using a modified protocol by
Bertoncello et al.” 55 -Bis(bromomethyl)-2,2"-bipyridine (105.7 mg, 0.3 mmol) and
thiourea (65 mg, 0.9 mmol) were stirred together in dry dioxane (30 mL) and brought to
reflux at 110 °C for 3 hours. A colour change was observed from cloudy white to cloudy
yellow. NaOH (40 mg, 1 mmol) in degassed water (5 mL) was added and the mixture was
refluxed for a further 3 hours. A colour change was observed from pale yellow to clear
yellow. The solvent was removed in vacuo, producing a pale yellow solid. Degassed
acidified water (30 mL, pH ~ 4, HCI) was then added and the aqueous phase was
extracted using DCM (5 x 20 mL). The combined DCM phases were extracted and the
solvent was removed in vacuo to yield the final yellow solid (51.4 mg, 0.2 mmol, 67%). dH
(300 MHz; CDCl5) 3.81 (4 H, s, H-7), 7.80 (2 H, dd, J= 8.2, 2.4, H-4), 8.35 (2 H, d, J= 8.2,
H-3), 8.61 (2 H, d, J = 2.4, H-6); MS (ASAP)* m/z: 249 (M+H)*".

Thiourea
110°C,6h
W o )/

Scheme A-3. Schematic of the synthesis of 5,5’-Bis(mercaptomethyl)-2,2’-bipyridine.
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Synthesis of [Ir(2-pq).bpy]PFs

Synthesis was performed using a modified method by Slinker et al.®! Initially, [Ir(2-pg)-Cl]2
(66.4 mg, 0.05 mmol) and 5,5’-dimethyl-2-2’-bipyridine (25 mg, 0.14 mmol) were stirred
together in ethylene glycol (6.5 mL) and brought to reflux at 150 °C for 21 hours. H.O (20
mL) and concentrated NH4sPFs in MeOH were then added until the orange precipitate
stopped forming. The mixture was then cooled (0 — 5 °C), filtered and washed with H.O.
Purification was performed by column chromatography (aluminium oxide, DCM/MeOH,
99:1) to yield the final orange solid (30.6 mg, 0.033 mmol, 32%). Amax (MeOH)/nm
(e/dm®mol'ecm™) 260 (11600), 280 (10800), 313 (6500), 334 (5500) and 438 (1100);
vmax/cm” 833 (PFs asymmetric stretch), 564 (symmetric stretch); 8H (400 MHz; Acetone)
2.26 (3 H, s, CHs), 6.57 (1 H,ddd, J=7.7, 1.2, 0.5, H-n), 6.83 (1 H, ddd, J=7.7, 7.2, 1.3,
H-m), 7.08 — 7.21 (2 H, m, H-b,l), 7.40 — 7.49 (2 H, m, H-c,e), 7.85 — 7.95 (2 H, m, H-4,d),
8.10 (1 H, dd, J = 2.1, 0.7, H-6), 8.19 — 8.28 (2 H, m, H-3,k), 8.48 — 8.56 (2 H, m, H-g,h);
MS (ES)" m/z: 785 (M-PF6)".

lon Exchange of [Ir(2-pq).bpy]PFs to form [Ir(2-pq).bpy]ClI (Ir1)

lon exchange of [Ir(2-pq)2bpy]PFs" to [Ir(2-pg)2bpy]CI" (Ir1) was performed to produce a
stock solution of Ir1 of ~1 mM concentration in MeOH. Two spatulas of Dowex (1 x 8 200-
400 mesh) were added in deionised H>,O (30 mL) and the pH was lowered to 1 using HCI
(10%). The suspension was then stirred for 1 hour. The Dowex was filtered in vaccum and
washed with deionised water (~ 30 mL). The Dowex was then re-suspended in MeOH (30
mL) and left to stir for about 1 hour. A solution of [Ir(2-pq)2bpy]PFs (5 mg in 5 mL of MeOH)
was then added and the mixture was stirred for a further 2 hours. The Dowex was then
filtered, and the resin was washed with MeOH. The solution was dried to yield the final

yellow solid.
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Scheme A-4. Schematic of the synthesis of [Ir(2-pq).bpy]CI (Ir1).

Synthesis of [Ir(2-pq).bpySH]PF¢

Synthesis was carried out using a modified method by Slinker et al.®! [Ir(2-pg)-Cl]2
(92.15 mg, 0.07 mmol) and 5,5’-Bis(mercaptomethyl)-2,2’-bipyridine (51.4 mg, 0.21 mmol)
were stirred in ethylene glycol (6.5 mL) and brought to reflux at 150 °C for 18 hours. Then,
H-O (20 mL) and concentrated NH4PFs in MeOH were added until the orange precipitate
stopped forming. The mixture was then cooled (0 — 5 °C), filtered and washed with H.O.
The final orange-yellow product was washed with chloroform and dried. (32.81 mg, 0.03
mmol, 23%). Amax (MeOH)/nm (¢/dm®mol'em™), 260 (18800), 315 (11000), and 435
(1800); Amax (H20)/nm (e/dm®mol'em™), 260 (14800), 315 (8300), and 435 (1400); Vmax/cm’
! 828 (PFs asymmetric stretch), 559 (symmetric stretch); 8H (400 MHz; Acetone) 2.29 (1
H,t, J=8.4, SH), 3.75 (2 H, qd, J = 14.4, 8.5, CH.), 6.56 (1 H, d, J= 7.8, H-n), 6.81 (1 H,
ddd, J=7.5,7.4,1.3, H-m), 7.09 (1 H, ddd, J=8.7, 6.9, 1.6, H-c), 7.17 (1 H, ddd, J = 7.5,
6.9, 1.2, H-l), 7.36 — 7.49 (2 H, m, H-b,d), 7.87 (1 H, dd, J= 8.0, 1.4, H-e), 8.00 (1 H, d, J
= 2.1, H-4), 8.20 — 8.26 (2 H, m, H-k,3), 8.36 (1H, d, J = 2.1, H-6), 8.45 — 8.53 (2 H, m, H-
h,g); MS (ES)* m/z: 849 (M-PF6)*.
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lon Exchange of [Ir(2-pq).bpySH]PF¢ to form [Ir(2-pq).bpySH]CI (IrS1)

lon exchange of [Ir(2-pq)bpySH]PF6" to [Ir(2-pq)2bpySH]CI" was performed to produce
a stock solution of IrS1 of ~1 mM in MeOH. Two spatulas of Dowex (1 x 8 200-400 mesh)
were added in deionised H>O (30 mL) and the pH was lowered to 1 using HCI (10%). The
suspension was then stirred for 1 hour. The Dowex was filtered in vaccum and washed
with deionised water (~ 30 mL). The Dowex was re-suspended in MeOH (30 mL) and
stirred for about 1 hour. A solution of [Ir(2-pq)2bpySH]PFs (5 mg in 5mL of MeOH) was
added and the mixture was stirred for a further 2 hours. The Dowex was then filtered, and

the resin was washed with MeOH. The solution was dried, to yield the final yellow solid.

|‘. ’l
/ N N \
’(l “\\\CI// I.\\
< Ir‘CWIIr )
N N
, M — — SH 20O QO
/ \
\ N N / 1) Ethylene glycol
150°C ,18 h

2) lon Exchange

Scheme A-5. Schematic of the synthesis of [Ir(2-pq).bpySH]CI (IrS1).
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IrS1 in water

IrS1 in PBS

Emission intensity
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Figure A-3. Fitted luminescence lifetime decays of IrS1 in water and PBS, Ae=376 nm and
Aeet=580 nm. Lifetimes of IrS1 in water and PBS were fitted with a x? value of 1.07 and 1.09,
respectively.
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Figure A-4. (a) Fitted luminescence lifetime decay of Ir1 in water, Aexc=376 nm and Age=580 nm.
Lifetime was fitted with a x® value of 1.04. (b) Fitted luminescence lifetime decay of IrS1-Z-AuNP25
in water, Aexe=376 Nm and Ag=585 nm. Lifetime was fitted with a x*value of 1.19.
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Appendix B

The synthesis and characterization of IrCi> and IrCibpy were performed by Andrew
Carrod (School of Chemistry, University of Birmingham). For the experimental work
described in Chapter 3, the hexafluorophosphate salt was converted to chloride via Dowex

ion exchange.

R-Br, [RuCly(p-cymene)], 1-AdCOOH,
KyCO3 NMP, T, 20 h

5 5 8 10 H 13 15 47 19

— S—s
IrCl3.H,0 [ ]
Ethoxyethanol:H ,0 (2:1), 24h, 100 °C

i)
/\ y
N N oN
Clo . o Kool o
MeOHDCM (31), 70°C Ir PFe

f\ ' \

o= i) NHgPFgin MeOH L N
g
R X

Scheme B-1. Synthetic scheme for IrC;, and IrCysbpy. The final structure is the general structure
for the iridium complexes, where R=dodecyl.
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Figure B-2. 'H NMR of IrCy,bpy in (acetone-ds).
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Figure B-3. (a) Fitted luminescence lifetime decay of IrCi, in water, Aex:=876 nm and Ag=585
nm. Lifetime was fitted with a x® value of 1.06. (b) Fitted luminescence lifetime decay of
IrC1-Z-AUNP25 in water, Aexe=376 nm and Ag=595 nm. Lifetime was fitted with a x*value of 1.04.
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Figure B-4. (a) Fitted luminescence lifetime decay of IrCs, in HelLa cells, Aexc=376 nm and
Aeet=585 nm. Lifetime was fitted with a x° value of 1.11. (b) Fitted luminescence lifetime decay of
IrC1»-Z-AuNP25 in HeLa cells, Aexc=376 nm and A4=595 nm. Lifetime was fitted with a x® value of
1.21.
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Appendix C

The synthesis and characterization of the RuphenS12 complex were performed by Dr.
Shani Osborne (School of Chemistry, University of Birmingham). The synthetic scheme

and 'H NMR for RuphenS12 were adapted from Dr Osborne’s thesis.

ANE cl,
i \ |
& N—Ru'™N’ Y
/\ =

1) N-(Boc)-5-amino
-1-pentanol
lipoic acid N N= Ru(phen),Cl; N
—— vy \—/

{;N?_@ 2) TFA N N=
— p—@c —

HO OH g
H é 3Ml'l Hé NH HN§ NH
2 2 o 0O o O

s 3 S 3
Scheme C-1. Schematic of the synthesis of RuphenS12.
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Figure C-1. 'H NMR of RuphenS12 (5,-CD;0D).
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Figure C-2. DLS intensity distributions of AuNP100, RuphenS12-Z-AuNP100 and
RuphenS12-CD20-AuNP100.
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Figure C-3. DLS =zeta potential distributions of AuNP100, RuphenS12-Z-AuNP100 and
RuphenS12-CD20-AuNP100.
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Appendix D

Calculations

D-1 Concentration of AuNP25

Formula used to calculate concentration!':

_ mi,Au
NXV X Mr

How the formula is derived:

Assuming that AuNPs are spheres and that atoms are packed in a uniform face-centred

cubic crystalline structure®:

Volume of a sphere (v)
(D) — Diameter 3 6

(R) - Radius

Density of gold (p) m_n X Mr
v

p=_=—"

(The density of gold is pyqq = 19.32 g cm™ )

Number of moles (n) Lo P XV _P x D3
T Mr  6xXMr

(The Mr of gold is 196.96657 g mol™)
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To convert from moles (n) to number of atoms (N) = Multiply by Avogadro’s constant

N,=6.022140857 x 10?> mol’

p XnD3 N
T 6 XMr X N

In order to define the number of atoms per nanoparticle of size D (nm):

> Convert the pgoiafrom g cm®to g nm™® and then use the formula to calculate (N)

_p x7D? 1932 x 102gnm® x 7 x D3

- X N, = X 6.022140857 x 1023 mol-!
6x Mr A 6 x 196.96657 g mol mo

~ N = 30.89685812 x D3

For the concentration (C), the number of moles (n) of gold nanoparticles per unit volume

(V) in the gold colloid is determined!"..

The total number of gold nanoparticles (N,,) is defined as the number of moles (n) of gold

nanoparticles multiplied by the Avogadro’s constant N,.

Nyp=nXxXN,

n
. == C=—
Therefore, since v then, V VXN,

The total number of gold nanoparticles (N,;) can also be defined as the number of gold

atoms N,

atoms

in the solution divided by the number of gold atoms per nanoparticle (N).

_ C = NNP - Natoms
Thus, since ~ Nwp N then, " VXNy NXVXN,
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atoms.

The total number of gold atoms in solution (V,,,.) can be determined using the amount of
gold used in the reaction (m,,,) and assuming that 100% of that amount has been

successfully converted into gold nanoparticles.

. . _ M Au
Number of moles of gold used in the reaction (n, ,,) Njau = Mr

To convert from moles (»,,,) to number of atoms (V,,,,,) = Multiply by Avogadro’s constant

N,=6.022140857 x 10?> mol’

m; 4 X Ny
Natoms = Njau X Ny = — Mr
Natoms
Finally, by incorporating the above equation into the C equation, C=NxVx N, the

concentration after synthesis can be calculated using:

C = mi,Au
- N XV X Mr

C = Natoms — mi,AuXNA
NXVXxN;, NXVXN,xMr
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For AuNP25:

: - TEM image of AuNP25 is used to define the size of D

(nm) by getting an average of 15 nanopatrticles. (n=15)

ImagedJ software is used for size analysis to determine D:

200 T T i T T
150 P/ ]
g0 1 27-2=25
0]
50 4
+ 1 il R B
10 15 20 25
Distance (nm)
D =25nm
Therefore, to calculate N:
x D3 19.32 X 10~2lgnm3 x 7 x D3
N ek = B X T« 6.022140857 x 1023 mol-!

= X =
6xMr A 6 x 196.96657 g mol~1
~ N = 30.89685812 x D3

N =30.89685812 x (25)° = 482763
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For the AuNP25 synthesis the amount of gold used can be calculated:

HAuCl4-3H,O — 49% by assay as stated by manufacturer. (Sigma-Aldrich ACS Reagent,
CAS Number: 16961-25-4)

- 34 ml of AuNP13 are used + 6 ml of H,O (For AuNP13 — 8 mg of gold are used in total
volume of 125 ml. Therefore, in 34 ml there is 2.176 mg of gold.

- Then a gold solution of 0.5 mM HAuCl4-3H>0 in 20 ml of H,O (8 mg of gold) is made up
and used in the AuNP25 synthesis.

- Therefore, total amount of gold used in the AuNP25 synthesis is 10.2mg (2.176mg from
AuNP13 and 8 mg from AuNP25 synthesis).

-> Total volume in AuNP25 synthesis is 80 ml.

Therefore, to calculate the concentration of AUNP25 after synthesis:

3
‘ C= 0.49x10.176 x 107 g —6.5x10°M = 0.65nM
482763 x 0.080 L x 196.96657 g mol-

_ mi,Au
NXV X Mr
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D-2 Number of metal complexes per AuNP25 by ICP-MS

To calculate the number of metal complexes per nanoparticle:

- The ratio of metal complex (M) to gold (Au), which is derived from elemental analysis by
ICP-MS, is initially calculated and it is then multiplied by the number of Au atoms found in

one gold nanoparticle.

For ICP-MS analysis of gold nanopatrticles coated with a metal complex two dilutions of the

modified nanoparticles are used:

1. 1:200 (For Au value)
2. 1:1 (For M value)

For IrS1-Z-AuNP25:

Number of atoms per AuNP25: 482763 (Calculations are shown in D1)

Au [ppb] | M [ppb] Au [ppb] x 200 | M [ppb]/ Au [ppb] M / Au x number of Au
atoms in 1 nanoparticle

18.525 19.802 3705 0.005345 2580

2 580 IrS1 complexes per AUNP25
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D-3 Number of AuNPs per cell by ICP-MS

The concentration of gold (Au) detected by ICP-MS in the treated cells is used to derive
the total number of AuNPs, which is then divided by the total number of cells digested for

elemental analysis.

For IrS1-Z-AuNP25 in Hela cells:

Concentrations of Au detected by ICP-MS and number of cells digested for analysis after

treatment with [rS1+Z-AuNP25 for 24 hours (Experiment performed in triplicate):

Number of cells

1. 1047.388 ppb 2120000
2. 1069.166 ppb 2105000
3. 1146.020 pbb 2260000

In order to calculate total number of nanoparticles in cells:

-> Firstly, the mass of Au was calculated using the concentration detected by ICP-MS and

the volume of the digested sample:
(ppb =g /L)
(Volume of each sample used for ICP-MS is 5 ml)

1. 0.001047388 x (5x10%) > 5.237x10° g
2. 0.001069166 x (5x10°) > 5.346x10° g
3. 0.001146020 x (5x10) > 5.730x10°g
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- Then, Au mass was converted to moles to determine the number of Au atoms in the

cells:
(Mr of Au is 196.96657 g mol™)
(Avogadro’s constant= 6.022140857 x 10%® mol™)

1. 5.237x10° /197 - 2.658x10® x 6.022140857 x 10®° > 1.601x10'® atoms
2. 5.346x10° /197 > 2.714x10® x 6.022140857 x 10*> > 1.601x10'® atoms
3. 5.730x10° /197 - 2.909x10® x 6.022140857 x 102 > 1.752x10'® atoms

- Finally, the total number of AuNPs in each sample is calculated and divided by the

number of cells:

Number of atoms per AuNP25 482763 (Calculations are shown in D1)

1. 1.601x10'® /482763 > 33161169674 / 2120000 - 15642
2. 1.601x10'® /482763 > 33850679152 / 2105000 - 16081
3. 1.752x10'® /482763 > 36283940306 / 2260000 - 16054

Average= 15925

Therefore, there are about 16 000 AuNPs per cell.
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Conferences and Presentations:

« Poster presentation at the Photochemistry Meeting held by the Royal Society of
Chemistry in Birmingham, UK in September 2017.

+ Poster and flash presentation at the PG Symposium of the School of Chemistry at the

University of Birmingham in June 2018.

+ Poster and video presentation at EuroBIC conference in Birmingham, UK , August 2018.

— Won Runner-up prize for video presentation.

« Oral presentation at the 10™ International Conference of Nanomedicine in Sydney,

Australia , June 2019. — Received Oral presentation prize.

+ Oral presentation at the RSLC Seminar at the University of Birmingham, UK, August
2019. — Won best Oral presentation.
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