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Chapter 1

General introduction



1.1 Nanoscience and Nanotechnology

Nanoscience is an interdisciplinary area of study that investigates extremely small
materials, their structures, sizes, and the inherent unique properties they possess at the
nanoscale level. Conversely, nanotechnology encompasses the design, characterization,
production, and applications of these materials. Here, the focus shifts from studying these
nanomaterials and their characteristics as done in nanoscience to real-life applications to
proffer solutions to problems, improve processes and develop novel materials with
enormous potentials for significant impact on the society. The father of modern
nanotechnology is attributed to Richard Feynman, an American physicist and Nobel
laureate who introduced the concept of nanotechnology during an annual meeting of the
American Physical society in a lecture titled, *“there's plenty of room at the bottom™" in
1959.! Norio Taniguchi first coined the term nanotechnology in 1974 and defined it as a
technology which ““mainly consists of processing of separation, consolidation, and
deformation of materials by one atom or one molecule*.? This entailed the manipulation
of one atom or molecule at the nanoscale level. Nanotechnology according to the National
Nanotechnology Initiative launched in 2000 in the USA, is "“a science, engineering, and
technology conducted at the nanoscale (1-100 nm), where unique phenomena enable
novel applications in the wide range of fields, from chemistry, physics, and biology to
medicine, engineering, and electronics." It involves three factors including research and
technology development at the atomic, molecular, or macromolecular levels on a length
scale of 1-100 nm, creation and use of structures, devices, and systems that have novel
properties and functions because of their size and the ability to manipulate or control the
materials on an atomic scale. In essence, as one of the most promising technologies of the
21° century, nanotechnology exploits the nanoscience theory for diverse uses through
design, synthesis, characterization, manipulation, assembling, as well as control, and
applications of nanosized particles of materials of various composition, shapes, and sizes.
To date and beyond, the wide versatility of nanotechnology utilizes the unique properties
of nanomaterials for transformational applications that meet the most pressing human and
societal needs. The ability to control and manipulate nanomaterials to tune their
physicochemical and biological properties among others are of great interest and critical
in their application in diverse areas of human endeavor including, material science,’

electronics,* environment,’ energy,® cosmetics,’ food science,® agriculture,’ security,'”
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industry,'! and medicine.!? In recent times, as the goal shifts from theories to practical
applications of nanomaterials, the bioapplications of nanotechnology have intensively
been investigated and the success stories are seen in the plethora of biomedical-related

products made of nanomaterials that are presently being sold in USA markets'?.

1.2 Nanomaterials
Nanomaterials are essential components of nanotechnology. They are referred to as
materials with at least one dimension in the range of 1 to 100 nm size. Nanomaterials
attract a great deal of attention because of their exceptional optical, electrical, catalytic,
and magnetic properties. They exhibit shape, size as well as phase dependent features
different from those of the bulk material.!*!> Nanomaterials have large surface energy,
huge binding sites, high porosity, good surface textural features, and offer high specific
surface area and these features are critical for adsorption and chemical reaction at the
surface as well as interface in sensors among other uses.'® To date, nanomterials of various
shapes and sizes have been used to develop novel nanodevices employed with range of
applications in chemistry, biology, and nanomedicine.!” There are various types of
nanomaterials, each being distinguished based on their dimensions, shapes, and/or
compositions. On the nanoscale level, the key features are the small sizes of the particles
which results in an increase in their surface area to volume ratio and the consequent
dominance of the surface atoms of the nanoparticles over those existing in the interior
due to the increasing surface area to volume ratio.'® In nature, nanomaterials exist as
nanoparticles like volcanic ash, biogenic particles, smoke, minerals, sea spray, soils, salt
particles among others. Based on their composition, nanomaterials have been categorized.
These include the following:
® Nanocomposite materials: This type of nanomaterials are composites consisting of a
phase with one, two or all three dimensions less than 100 nm.>*?! Nanocomposites
have been classified into polymer-layered silicate nanocomposites, inorganic-organic
polymer, inorganic-organic hybrid polymer, and ceramic-polymer nanocomposites?'.
These multiphase solid materials demonstrate unique properties and can find
applications in optic materials, engineering, electronic materials, adhesives,

automobiles, rubber, plastics, coatings, electromagnetic shielding etc!>2!2,



® Organic or carbon-based nanomaterials: This encompasses nanomaterials made
mainly of carbon materials. They include fullerenes, graphene, carbon based
quantum dots, nanofibers, carbon nanotubes, carbon nanohorns/nanocones etc.?
Carbonaceous materials have distinctive properties. Their physicochemical and
electronics properties are related to carbon's structural conformation due to its
hybridization state.?*? The outstanding features of carbonaceous nanomaterials
make them attractive for diverse applications.?*2%%’

® Semiconductor nanomaterials: This is another class of nanomaterials with interesting
optical, physical, electronic, mechanical, and chemical properties. They exhibit both
metallic and metalloid/nonmetallic properties. Semiconductor nanomaterials consist
of compounds of elements in groups II-VI, II-V, and IV-VI of the periodic table. They
demonstrate wide band gaps which when tuned result in excellent properties.!> These
nanomaterials have surface functionality, processability, high chemical and
photobleaching stability, narrow and intensive emission spectra, and continuous
absorption bands. Some examples of these materials are silicon, germanium, zinc
sulfide, zinc Oxide, galium nitride, and indium phosphide and they show potentials
for application in biosensors, laser technology, solar cells, light emitting nanodevices,
catalysis, detectors, biomedicine, photo-optics etc.?®

® Metal-based nanomaterials: The metal-based nanomaterials are made of divalent and
trivalent metal ions.'® They are nanoparticles made of either pure metals such as silver,
copper, platinum, titanium, iron and gold or their compounds such as oxides, hydrides,
sulfides fluorides and chlorides etc.?”** The metallic nanomaterials show a variety
of characteristics that contributes to their distinct properties comprising of a large
surface-area-to-volume ratio, change between molecular and metallic states
providing specific electronic structure, large surface energies, the ability to store
excess electrons, plasmon excitation, quantum confinement, short range ordering,
increased number of kinks and dangling bonds.>* They possess exceptional optical,
optochemical, and optoelctronic properties due to surface plasmon resonance (SPR),
which refers to collective oscillations of free electrons on their surface caused by
light irradiation. The SPR can either absorb the irradiated light and convert to heat or

radiate light via Mie scattering.’® The noble metal nanoparticles such as silver, copper,



platinum, and gold have some distinct features that make them invaluable in various
biomedical applications including drug delivery, thermal ablation, diagnostic assays,
antibacterial and antifungal and many others.>® Among the noble metallic
nanomaterials, gold nanoparticles (AuNPs) have attracted an immense scientific and
technological attention due to their unique properties including biocompatibility, ease
of functionalization, size-dependent thermal, chemical, optical, and electrical

features, and diverse range of applications.’’

1.2.1 Gold nanoparticles

Gold is the quintessential noble element.® The ability of gold to resist corrosion
and oxidation has been exploited for their use as decorative gold leaf seen on exteriors of
temples in Asian countries, jewelry, coinage, reflective coatings in sun visors for astronaut
spacesuits, caps and crowns in use for dental works and as a nanoparticle.* Gold
nanoparticles are one of the most important nanoparticles because of their inertness, low
toxicity, biocompatibility, high stability, and unusual optical properties, due to their
interaction with electromagnetic field, which causes oscillation of the free electrons under
a particular frequency of the light, a phenomenon called localized surface plasmon
resonance (LSPR).>’***2 Due to their unique size-dependent physicochemical, sub-
cellular size, optical properties, biocompatibility, and adaptability, AuNPs act as
nanocarriers to transport small molecules as well as biomacromoleculs to diseased cells/
tissues for theranostic purposes.*** They have also been used in bioenergy and biofuel
productions, pollution and emission control, advanced electronics, catalysis, and
advanced coatings.*** Colloidal AuNPs are responsible for the brilliant reds observed in

stained glass windows.*!
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The Lycurgus Cup,

4th century
(Images from the British Museum)

The glass is doped with metallic nanoparticles
that scatter light at particular frequencies.

Figure 1.1. The Lycurgus cup. Uploaded by Prof. Benjamin Buchler on Youtube. The original image comes

from the British Museum

The first scientific report about synthesis of colloidal AuNPs is Michael Faraday's
experimental relations of gold (and other metals) to light in 1857.>° Before now, colloidal
gold have been in use in Egypt and China around 4" or 5% century B.C., where they were
used to make ruby glasses. For instance, the Lycurgus cup, a dichroic cup was made by
the Romans in the 4th century A.D, figure 1.1.%! Recognized as one of the oldest synthetic
nanomaterials,’> the Lycurgus cup was analyzed using the transmission electron
microscope to unravel the dichroism which is attributed to nanoparticles as constituents
of the glass.>® During the middle ages, soluble gold forms were used for treatment of some
ailments like epilepsy, dysentery, and heart diseases.®* Seventh century saw the
development of ""Purple of Cassius'’, a colorant made of gold particles and tin dioxide,
and utilized in ruby glasses.> In twentieth century, Richard Adolf Zsigmondy observed
and determined the size of gold and other nanoparticles using an ultra-microscope with
darkfield method. He was the first to use the term, nanometer and won the Nobel prize in
chemistry in 1925.5* Further, the development of scanning probe microscopes, electron
microscopy and other equipment to characterize nanoparticles led the way to the recent
advancements and applications of gold nanoparticles.

Following the advancements in the fields of nanoscience and nanotechnology, different
sizes and shapes of gold nanoparticles have been synthesized using various synthetic
routes. These include gold nanospheres, nanotriangles, nanodiscs, nanostars,

nanohexagon, nanocube, nanoshell, nanorods and so forth as shown in figure 1.2. The
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commonest routes for synthesis of gold nanoparticles are the top down (a destructive
pathway which breaks down bulk materials to generate nanoparticles, e.gs lithography,
mechanical process, thermal process, optical process, sputtering, chemical etching,
electro-explosion, micropatterning, etc), and the bottom-up approach (a buildup pathway
of nanoparticles from the bottom utilizing chemical and physical means such as vapor
deposition, spinning, sol gel, bio reduction, laser pyrolysis, atomic molecular

condensation, template support synthesis; biological means using plants, algae, fungi,
13,43,54,56

% ANA =g

Nanospheres Nanotriangle  Nanodiscs

A >
\\‘i\' \ >
N A, Gold ;

yeast, etc.

= nanoparticles
Nanostar Nanohexagon
CNJ
\ { »
Nanocube Nanoshell Nanorod

Figure 1.2. Various shapes of gold nanoparticles

In recent times, improved as well as novel lithographic and wet chemical synthesis
methods have aided the fabrication of gold nanoparticles of varying sizes, shapes and
dielectric environments.*! Shapes and sizes of gold nanoparticles are critical to their
inherent physical and optical properties. Generally, the electronic structure, the magnetic
and optical properties of nanomaterials are tunable by varying their sizes during synthesis,
which leads to new phenomenon like the size dependent band gap of semiconductor
nanoparticles,’’>® the superparamagnetism of magnetic nanoparticles,”® and the
localized surface plasmon resonance in silver and gold nanoparticles.®!%? In an instance,

the synthesis of gold nanospheres is achieved via the reduction of gold ion (HAuCls) in
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the presence of capping agents and the size of the resulting nanoparticles depends on the
capping/stabilizing agent type and the reduction rate. One of the most interesting
properties of gold nanoparticles is their ability to absorb and scatter light. The wavelength
of light absorbed by the LSPR of AuNPs, and their subsequent applications depend on
both their size and shape, thus, there is need not only to pay attention to uniform size but
also the shape of AuNPs during synthesis. The morphology of both isotropic (gold
nanospheres) and anisotropic gold nanoparticles (nanostars, nanocubes, nanorods,
nanowires, nanotriangles, nanodiscs etc) can be controlled using the seed-mediated
growth synthesis procedure.’®¢47365-72 The shapes of AuNPs are dependent on the
selective surface passivation in the growth step and the growth rate.”* The chemical
method of AuNPs synthesis promises the fabrication of colloidal AuNPs nanoparticles of
uniform size and shape with potential application in electronics, filters, protein analysis,
solar panels, bioimaging, targeted biomolecules delivery, environmental pollution control,

cancer therapy, and self-organized smart materials for limitless applications.

1.2.2 Functionalization of gold nanoparticles via surface modification

The ease of functionalization via surface modification of AuNPs using thiol, amino,
disulfides, carboxyl residues on small molecules, or polymers among other surface
ligands is one of important features of AuNPs. Depending on their chemical properties,
numerous surface ligands employed do not only functionalize the AuNPs for their
countless applications in diverse fields of human endeavor but also plays a role in their
interparticle interaction and their dispersibility in solution. Surface coating of AuNPs is
achieved when molecules with strong binding affinity for gold displaces the stabilizing
agents and binds on their surface instead in the form of monolayers, called the self-
assembled monolayers (SAMs).”>’® SAMs refer to arrangement of adsorbed
molecules/atoms on surfaces formed naturally from vapour phase or solutions and in
which the role of intermolecular forces are critical.”” The components of SAMs are
designed by chemical synthesis for desired functionalities and the resulting physical
properties depend on their chemical structures. To date, diverse stabilizing and surface
coating agents have been synthesized. The most frequently used among them for AuNPs

modifications is the thiol functional group containing ligands, via ligand exchange
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reactions.”>’® The thiol immobilizes on the AuNPs surface via the Au-S bond. Up to the
present time, SAMs of alkanethiols and dialkanethiols on AuNPs have been extensively

exploited to develop nanodevices, and systems with wide range of applications.

Organic Interface:

— Determines surface properties
— Presents chemical functional groups

Terminal | |
Functional | |
Group ™ Organic Interphase (1-3 nm):
— Provides well-defined thickness
Spacer — Acts as a physical barrier

(Alkane Chain) " Alters electronic conductivity

- . s 1 st @e
ligand and local optical pl‘UpLI’lILlS
or Head Group —™ Metal-Sulfur Interface:
Wietal —Stabillilzes surface:atoms
— Modifies electronic states

Substrate —®

Figure 1.3. Diagram of self-assembled monolayer (SAMs) from ref. 76.

1.3 Self-Assembly in nature and nanoparticles assembly

Self-assembly processes are abundant in nature. Self-assembly has been defined as
an instinctive formation of well-ordered assemblies or patterns from disordered
constituents through non-covalent interactions.” Self-assembly has turned out to be one
of the most useful strategy in bottom-up fabrication technique for synthesizing new
materials. It is essential to synthesis of novel nanomaterials and biological function of
cells.?’ Some examples of self-assembled biomaterial structures are proteins, DNA, lipid,
vesicles etc.®!™3 Self-assembly have been categorized into thermodynamic and kinetic
self-assembly by the natural process. While the former consists of atomic, interfacial and
molecular self-assemblies, the later includes some interfacial as well as colloidal self-
assemblies.®* Colloidal self-assembly which is associated with large building units is
susceptible to external stimuli such as gravity, flow, magnetic field, electric field etc.?*
Ordered and disordered assemblies of nanoparticles are kept together by weak non
covalent, strong covalent or metallic bonds.®> During assembly, systems minimize free
energy and advance towards equilibrium.” This balances the attractive and repulsive
colloidal and intermolecular forces such as electrostatic, van der Waals,
hydrophobic/hydrophilic interactions as well as surface tension, hydrogen bonding,
capillary and steric forces.®** Self-assembly of nanoparticles provides the possibility to

generate well-defined structures with novel properties for emergent functions. Plasmonic
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crystals resulting from 1D, 2D and 3D assemblies of AuNPs promises enhanced plasmon
based applications among others, owing to their collective plasmonic properties on
assembly. Fabrication of next generation of novel, advanced and metamaterials of
superior properties on assembly/disassembly is at the center of attraction in
nanotechnology field in recent times. Patterning, assemblage and integration of
nanoparticles in functional and ordered networks is fundamental for preparation of useful
electronic, photonic, or nanosensor devices etc.”” This is because assembly of
nanoparticles is essential for fabrication of novel nanodevices endowed with novel
functionalities for diverse uses. Self-assemblies of nanomaterials are largely dependent
on the size distribution of the nanoparticle, their shape and interparticle interactions. >~
101 The self-assembly of nanoparticles demands narrow size distribution and uniform
shape of the particles.!®>!% This is because the collective properties of the assembly
structure via translational and rotational ordering as well as the interaction and coupling
of the individual components of the nanoparticle is largely influenced by their shape.”
The new features on assembly make AuNPs ideal candidates for use in chemistry,

biomedical engineering, environment, material science, medicine etc.

® Stimuli responsive gold nanoparticles and applications

Control of assembly/disassembly to achieve the desired structures in response to
the changes in their environment is critical for their applications. These changes can come
from external stimuli which results in their assembled or dispersed state. Due to their ease
of functionalization, numerous types of nanoparticles coated with stimuli responsive
ligands to induce stimuli responses upon trigger have been synthesized and utilized for
countless applications.'? To date numerous stimuli responsive nanoparticles that respond
to diverse stimuli like pH, light, magnetic field, ultrasound, electric field, hypoxia,
enzymes, adenosine triphosphate, hydrogen peroxide and heat etc have been used for drug
delivery, imaging, therapy, theranostics applications among others.'%” Specifically, gold
nanoparticles synthesized to induce stimuli responsive assembly/disassembly upon
stimulus trigger have also been utilized as nanocarriers for various biomedical
applications. For instance, pH responsive gold nanoparticles have been used for

bioapplications including cancer therapy, drug delivery and release, tumor targeting,
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imaging etc.!%-110110-115 Ty the same vein, light responsive gold nanoparticle have also

16-120 Thys far, thermo-responsive systems

been exploited for biomedical applications.
are among the most investigated of all types of stimuli responsive nanoparticles. As a
result of the photo-thermal conversion ability of gold nanoparticles, many thermo-
responsive AuNPs with diverse range of applications have also been synthesized and
utilized,!2L122 3171341237130 Among  them, the use of gold nanoparticles as
thermoplasmonics in nanomedicine stand out.!*137 For instance, the progresses made so
far in use of gold nanoparticles for cancer photothermal therapy cannot be
overemphasized. However, there are rooms to further improve and/or develop novel
plasmonic photothermal cancer therapy strategies capable of proffering permanent

solution to cancer.

1.4. Cancer

Cancer is a genetic disease typified as an uncontrollable multiplication of
abnormal cells that are capable of migrating to other body parts and compromising the
organs integrity and functions.!**!3° It is one of the most life-threatening ailments due to
high incidence and mortality rate.!*®!#! Cancer is caused by inheritable DNA damages
within cells or induced by environmental factors such as exposure to toxins, smoking,
drinking habits, exposure to excess sun, obesity, among others.'* It results from a series
of genetic alterations with a consequent loss of normal growth controls, genomic
instability, lack of differentiation and metastasis. The hallmarks of cancer cells include
self-sufficiency in growth signal, evasion of programmed cell death, insensitivity to
growth-inhibitory signals, limitless replicative potential, sustained angiogenesis, tissue
invasion and altered immunity.'*>!* These hallmarks are the reason for cancer's
heterogeneity, complexity and diversity. Cancer cells develop a series of changes during
their growth which imparts them with the ability to thrive and survive despite the inherent
properties of the cell to halt their activities. Cancer cells’ ability to invade and spread to
other tissues via the lymphatic or the bloodstream is key for cancer’s high mortality
rate.!*? To combat this deadly disease, various treatment strategies have been employed,

nevertheless, an effective panacea for cancer is still at large.
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® Cancer therapy
Cancer's heterogeneity and complexity have been the cog in the wheel of

progress in the development of an entirely comprehensive treatment method. To date, the
conventional approaches are still being used despite their limitations. The typical cancer
treatment methods are surgery, chemotherapy, radiation, and immunotherapy.'3%14%:144 [n
recent times, great strides have been made to develop an effective cancer therapy by
exploring the nonradiative conversion of light energy to heat by taking advantage of
properties of nanomaterials for photothermal cancer therapy as nanomedicines. This
technique among other phototherapies has since served as a viable alternative to the
conventional approaches, but still have some shortcomings. Furthermore, to achieve
synergistic effects, a combinational cancer therapy whereby two or more treatment
modalities are used for cancer treatment have also been recommended and widely
investigated. Since the war against cancer isn't won yet, the search for a successful and a
complete cure is expected to continue until the lasting solution is discovered. A few of the
current cancer therapy modalities are briefly describe below.
® Surgery

Surgery exemplifies the common therapeutic approach in oncology.'** This approach
is largely effective only in primary tumors. This mode of cancer therapy is quick and has
the highest number of cures. Nevertheless, it is invasive and is employed for easily
accessible tumors and most times the tumors may not be completely removed leading to
tumor recurrence and the attendant negative outcomes for the patients.!46:147:147
® Radiotherapy

This method utilizes high doses of ionizing radiation to kill cancer cells by
controlling their growth.!*1%% Like surgery, it is mainly used for localized and non-
metastasized cancer. This approach is divided into external beam, internal radiation
therapy, or the unsealed source radiotherapy. Despites its merits, radiation therapy can
lead to off-target toxicity, ineffective for hypoxic solid tumors and results in immune
response. 4
® Chemotherapy

Chemotherapy exploits many anti-cancer compounds or drugs to kill cancer.

This is based on the inhibition of cell division of the rapidly growing cells like cancer.
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Nevertheless, normal healthy cells that grow fast like the bone marrow, gastrointestinal
tract cells, hair follicles are negatively affected. Thus chemotherapy results in
myelosuppression, mucositis, and alopecia as side effects, etc.!*® A chemotherapeutic
agent can either be curative, palliative, adjuvant, or neoadjuvant therapy. Other drug
therapies commonly used in metastatic cancer treatment include hormone therapy,
immunotherapy, and targeted therapy. The destruction of healthy cells, multidrug
resistance and the general toxicity of anti-cancer drugs also supports the need for an
effective cancer therapy.

® Photothermal cancer therapy (PTT)

This spatiotemporal selective and noninvasive therapy employs the use of
electromagnetic radiation to treat cancer via hyperthermia generated because of the
photo-thermal conversion ability of photothermal agents. A special category of this
treatment method known as the plasmonic photothermal therapy (PPTT ) exploits the
biocompatibility, effects of size and shape, ease of functionalization as well as the photo-
thermal conversion ability of noble metals, especially the gold nanoparticles for cancer
treatment via hyperthermia mediated ablation.'*! This strategy offers efficient cancer
treatment alone and better synergistic effects in combination with other modalities.
Currently, the maximization of PTT is still bedeviled by some shortcomings irrespective
of the enormous potentials. These include the activation of heat shock proteins, thermo-
tolerance and killing of nearby healthy cells due to high temperature. However, this
minimally invasive and potentially effective cancer treatment approach has attracted a
great deal of attention because its reliability and impact on tumor therapy in recent
times.!3*144151 The PPTT is a potentially favorable alternative to traditional treatments of
localized tumors such as chemotherapy, radiotherapy, and surgery.!>? It is therefore
pertinent to exploit the merits of this modality to develop a novel photothermal cancer

therapy in order to proffer permanent solution to the long aged disease, cancer.
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1.5 Objectives

The inherent properties of gold nanoparticles paved the way for their wide range of
applications, be it in material science, biology, chemistry, nanotechnology, agriculture,
environment, optics, catalysis, nanomedicine and so on. Their ability to be easily
functionalized with a plethora of surface ligands, as well as the absorption/transmission
of light, and the consequent surface plasmon resonance, and biocompatibility have been
extensively exploited for biomedical applications. On assembly, metallic nanoparticles
show new features different from the bulk materials and nanoparticles itself. In the case
of gold nanoparticles, the enhanced plasmonic properties on assembly have potentials for
use as innovative nanodevices for sensing, environmental pollution control, food safety,
antiterrorism alerts and bioapplications including targeted drug delivery and release,
bioimaging, diagnostics, cancer plasmonic photothermal, photodynamic therapy and in
theranostics etc.

Recent advances in the development of stimuli responsive nanoparticles have led to
seamless design of functional materials with the ability to respond to the stimuli, often
resulting in assembled and disassembled states. These self-assembled nanostructures with
enhanced functions have emerged as efficient tools with countless list of uses. Up to the
present, various shapes of gold nanoparticles coated with stimuli responsive ligands have
been synthesized and explored. Particularly, thermo-responsive gold nanospheres,
nanorods, nanostars, nanowires, nanotriangles etc have been reported. The anisotropic
gold nanoparticles like the nano rods, stars and triangles with sharp edges have been very
useful for incorporation and intracellular delivery of AuNPs particles into cells for diverse
bioapplications. However, another interesting type of anisotropic gold nanoparticle is the
gold nanodiscs (AuNDs). This nanoparticle with similar inherent plasmonic properties
like other anisotopic AuNPs has two large atomically flat surfaces with potentials to
develop new and smart nanophotonic devices, optoelectronic nanodevices, plasmon
based switches, functional nanoarchitectures, metamaterials, and use in surface enhanced
Raman spectroscopy (SERS). Further, the flat surface of AuNDs promises better
interaction potentials for extracellular attachment of the nanoparticles to cells for sensing,
bioimaging, labelling, point-of-care diagnostics, photothermal cancer therapy, and so on.
The many possible uses of AuNDs span across disciplines including chemistry,
nanotechnology, medicine, nanobiotechnology, energy, information technology, biology
etc. Yet, up to the present, gold nanodiscs are insufficiently represented in studies like
other shapes of gold nanoparticles despite their unique properties and inherent optical
merits. Furthermore, the flat surfaces of AuNDs as well as their responsiveness to incident

random light, and tunable ratio to light absorption and scattering, dipolar plasmon modes
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etc make them strong candidate for preparation of plasmonic nanoassemblies for
emerging functionalities when coated with photo and thermo-responsive ligands. In the
light of the foregoing, the wide range of applications of AuNDs cannot be
overemphasized. There is therefore the need for fundamental and applied studies
exploiting gold nanodiscs for use as active plasmonics for biomedical and other
prospective applications. This study therefore is aimed to investigate the self-assemblies
of circular plasmonic AuNDs to uncover the thermal behaviour of such circular plasmon-
coupled systems for possible uses. Thus, in this study, I focused on investigating the
thermo-responsive assembly of gold nanodiscs and their application to develop a new
strategy for plasmonic photothermal cancer therapy.

In chapter two, I synthesized and investigated the thermo-responsive assembly of
AuNDs coated with hexa (ethylene glycol) derivatives consisting of a thermo-responsive
molecule, 2,5,8,11,14,17,20-heptaoxahentriacontane-31-thiol, and a carboxylic acid-
terminated ligand, 20-(11-mercaptoundecanyloxy)-3,6,9,12,15,18-hexaoxaeicosanoic
acid, to unravel their thermal behaviour. I also examined the effects of shape by
comparing with spherical gold nanoparticles of similar volumes. The effect of the
carboxylic anionic ligand on AuNDs was also explored.

In chapter three, I utilized thermo-responsive AuNDs for low temperature
photothermal cancer therapy. Here, I tuned the assembly temperature of the system by
preparing various mixing ratios of hexa (ethylene glycol) derivatives, using the thermo-
responsive and hydroxy group terminated nonionic ligand. Aimed to solve the problems
of the conventional photothermal therapy, this study was designed to exploit the flat
surfaces of the thermo-responsive AuNDs and the resulting hydrophobic surface upon
heating for mild cancer cell death due to membrane perturbations. Consequently, I
investigated the biocompatibility, photothermal conversion ability of the thermo-
responsive AuNDs and successfully used the synthesized thermo-responsive AuNDs
system to kill cancer cells upon mild photoirradiation.

In chapter four, I summarized the doctoral thesis and presented future perspectives.
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g Hysteresis in the thermo-responsive assembly of hexa (ethylene
glycol) derivative-modified gold nanodiscs as an effect of shape
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Chapter 2

Hysteresis in the thermo-responsive assembly of hexa (ethylene
glycol) derivative-modified gold nanodiscs as an effect of shape



Abstract:

Anisotropic gold nanodiscs (AuNDs) possess unique properties, such as large flat
surfaces and dipolar plasmon modes, which are ideal constituents for the fabrication of
plasmonic assemblies for novel and emergent functions. In this thesis, | present the
thermo-responsive assembly and thermo-dynamic behavior of AuNDs functionalized
with methyl-hexa(ethylene glycol) undecanethiol as a thermo-responsive ligand. Upon
heating, the temperature stimulus caused a blue shift of the plasmon peak to form a face-
to-face assembly of AuNDs due to the strong hydrophobic and van der Waals interactions
between their large flat surfaces. Importantly, AUNDs allowed for the incorporation of
the carboxylic acid-terminated ligand while maintaining their thermo-responsive
assembly ability. With regard to their reversible assembly/disassembly behavior in the
thermal cycling process, significant rate-independent hysteresis, which is related to their
thermo-dynamics, was observed and was shown to be dependent on the carboxylic acid
content of the surface ligands. As AuNDs have not only unique plasmonic properties but
also high potential for attachment due to the fact of their flat surfaces, this study paves
the way for the exploitation of AuUNDs in the development of novel functional materials
with a wide range of applications.
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2.1 Introduction

To date gold nanospheres (AuNSs) and nanorods (AuNRs) are among the most
studied and utilized out of all shapes of gold nanoparticles. Nonetheless, anisotropic flat
gold nanodiscs (AuNDs) promise enhanced functionalities because of their unique
properties and inherent optical merits. Self-assembly of nanoparticles allows for the
fabrication of an ordered structure with novel properties different from the individual
units. To achieve enhanced features for advanced applications, controlled self-assembly
of gold nanoparticles is important. In view of these, self-assembly of AuNDs can be
utilized to fabricate nanostructures with novel physico-chemical and biological properties

for diverse uses.
Recent advances in the fields of nanoscience and nanotechnology have seen the

development of a plethora of nanoparticle types including metallic nanoparticles.*
Among them, gold nanoparticles (AuNPs) have been widely exploited across diverse
applications due to the fact of their unique surface plasmon resonance,® biocompatibility,
6 and ease of functionalization by surface modification using amino, thiol, or carboxyl
residues on small molecules, 8 or polymers.® The shape as well as the size of AuNPs are
essential for the control of their optical, electronic, and physical properties.’ Further,
assembly of AuNPs promises the seamless design and fabrication of nanodevices with
novel physicochemical properties for diverse uses.

Self-assembly, which refers to the association of individual components of a
material into well-ordered patterns, often generates materials with emergent features that
can vary from the properties of the components. It is one of the practical strategies for
making ensembles of nanostructures with exceptional properties and functionalities.!!
When functionalized with stimulus-responsive ligands, AuNPs alter their physical and/or
chemical properties at their surfaces upon encountering external stimuli, such as solution
pH,21 temperature,’*1® and light,'"*® and form assembled structures. The ability to
reversibly control nanoparticle assemblies with external stimuli accelerates tunable
plasmon coupling for innovative applications.® Thus, in recent years, the assembly of
AUNPs into well-defined two- and three-dimensional nanostructures has attracted a great
deal of attention.?>?! To date, there have been numerous reports on the utilization of
AuUNPs self-assembly as probes,?>?> sensors,?® and in electronics,?”?° as well as for

biomedical purposes such as in drug delivery,*® cancer detection,®+% and cancer
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photothermal therapy.33-3* From the above, it can be seen that gold nanospheres (AuNSs)
and gold nanorods (AuNRs) are predominantly used for studies on thermo-responsive
assembly, even though there are many other differently shaped nanoparticles that show
valuable plasmonic properties.

Gold nanodiscs (AuNDs), which are plasmonic nanostructures with two circular-
shaped flat surfaces, are another type of attractive anisotropic nanoparticles. Like other
anisotropic AuNPs, AuNDs possess unique properties including a wide range of resonant
wavelengths in the visible and NIR regions, tunable ratio of light absorption to scattering,
and two large flat surfaces with circular symmetry.3 Due to the fact of their flat surfaces,
AuNDs can assemble either on the disc plane, providing configurational symmetry
breaking on plasmon coupling, or assemble along the direction perpendicular to the disc
plane for use as planar hot spots for surface-enhanced Raman scattering (SERS). In line
with these unique properties, stimuli-responsive assemblies of AuNDs have the capability
to provide enhanced or emergent functions. Yet, to date, AUNDs have been under-
represented in terms of studies in comparison with other AUNP shapes.

Our group has previously investigated the thermo-responsive assembly of
AuNPs (AuNSs and AuNRs) modified with a self-assembled monolayer (SAM) of
hexa(ethylene glycol) (HEG) derivatives with ethyl (C2) or methyl (C1) heads and alkyl-
thiol tails.™>%"*® The thermo-responsive assembly of the AuNPs resulted from
hydrophobic interactions between AuNPs due to the dehydration of the HEG part of the
ligands upon heating. Compared to other reports using thermo-responsive polymers, our
surface ligands, as small molecules, show significant shape-dependent effects, in
particular surface curvatures, of particles in terms of their thermo-responsiveness
(assembly temperatures). By utilizing this curvature dependence of our HEG-SAM-based
modification, we reported the reversible hierarchical assembly of AuNRs via a simple
surface modification with a single kind of ligand as a new strategy for the design and
fabrication of stimuli-responsive sophisticated assemblies. ¥ This suggests that | can
draw out further hidden potentials from various anisotropic-shaped nanoparticles on
assembly. At present, however, no similar studies have been conducted using AuNDs,
despite their unique properties and prospective applications. Thus, in this study, |
synthesized AuNDs, modified them with HEG derivatives to provide thermo-

responsiveness, and then investigated their thermo-responsive assembly/disassembly
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behaviors (Scheme 1), demonstrating unique shape-related phenomena as a higher degree

of hysteresis on reversible assembly/disassembly.
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Scheme 2.1. lllustration of this study.
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2.2 Experimental section
2.2.1 General information

Tetrachloroauric acid (HAuUCIs-3H20), sodium borohydride, sodium iodide,
tris(2-carboxyethyl) phosphine hydrochloride (TCEP), and ascorbic acid were purchased
from Merck (Sigma—Aldrich, Chemie GmbH, Munchen, Germany). Sodium hydroxide
was purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). Hexadecyl
trimethylammonium bromide (CTAB) was purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). Citrate-stabilized gold nanospheres (40 nm) in aqueous solution
were purchased from BBI Solutions (UK). HEPES was purchased from Dojindo
Laboratories Co., Ltd. (Kumamoto, Japan). Ultrapure water was used to prepare all
solutions for the experiments (Milli-Q Reference system). The thermo-responsive ligand
with a methyl-terminated head referred to as Cl1 was synthesized from [11-
(methylcarbonylthio) undecyl] hexa(ethylene glycol) methyl ether (Sigma—Aldrich)
according to previous report.*%#t The carboxylic acid-terminated ligand, 20-(11-
mercaptoundecanyloxy)-3,6,9,12,15,18-hexaoxaeicosanoic  acid (COOH), was
purchased from Dojindo Laboratories Co., Ltd. (Japan). All commercially available

reagents were used without further purification.

2.2.2 Synthesis of Gold Nanotriangles (AUNTS)

AuUNTSs were synthesized according to a previous report.*? Briefly, 0.5 mL of 20
mM HAuUCI; solution was added to 36.5 mL of water. Next, 1 mL of a 10 mM aqueous
solution of sodium citrate and 1 mL of 100 mM aqueous NaBH3 (ice-cold) solution were
added with vigorous stirring for 2 min and kept over 4 h at 30 °C in an incubator to
produce gold seeds. To prepare the triangular nanoplates, growth solutions were prepared
as follows. A mixture of 108 mL of 50 mM CTAB solution and 54 uL of 0.1 M Nal
solution was divided into three containers labeled with 1, 2, and 3. Containers 1 and 2
held 9 mL of the mixture and container 3 held the rest of the solution (90 mL). Next, 125
pL of 20 mM HAuCls solution, 50 pL. of 100 mM NaOH, and 50 pL. of 100 mM ascorbic
acid were added to container 1 and to container 2. Next, 1.25 mL of 20 mM HAuCl4, 0.5
mL of 100 mM NaOH, and 0.5 mL of 100 mM ascorbic acid were added to container 3.
Subsequently, 1 mL of the seed solution was added to container 1 with mild shaking.

Then, 1 mL of container 1 solution was added to container 2. After approximately 5 s of
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shaking, the entire solution from container 2 was added to container 3 and kept at 30 °C.
The supernatant was discarded after 24 hrs and the resultant AuUNTSs (greenish in color

with strong absorption in the NIR) were redispersed in 20 mL of 25 mM CTAB.

2.2.3 Synthesis of Gold Nanodiscs (AuNDs)

Gold nanodiscs were synthesized from AuUNTSs via a comproportionation
reaction according to a previous report with a few modifications.*® Briefly, 20 uL of 10
mM HAuUCIs was added to 5 mL of the as-prepared AuNTs while vigorously mixing by
vortex for 90 s. The solution was left overnight at 30 °C for 13 h. The AuNDs solution
was purified by 2 cycles of centrifugation (9400x g, 8 min, 30 °C) to end the reaction and
resuspended with 5 mL of 25 mM CTAB. To synthesize AuNDs of smaller diameter, a
second comproportionation reaction was performed as above to further etch the
synthesized AuNDs to a smaller diameter.

2.2.4 Surface Modification of AUNDs

The as-prepared AuNDs (1 mL) were purified twice by centrifugation (9400x% g,
8 min, 30 °C), and resuspended in 1 mM CTAB solution. Before use, thiol ligands (C1)
were mixed with tris(2-carboxyethyl) phosphine hydrochloride (TCEP) as a reductant for
over 1 h at 30 °C. Solutions of mixed ligands were then prepared as follows: C1:COOH
=100:0, 99:1, 97:3, 95:5, and 90:10 (5 mM final concentration). Next, 100 uL of 2 mM
CTAB was added to 100 pL of the mixed ligand and that solution was then added to 800
pL of AuNDs and incubated at 30 °C for 15 h. A second surface coating was performed
for 24 h to ensure apposite surface modification. The surface-modified AuNDs were
washed by three cycles of centrifugation with 10 mM HEPES buffer (pH 8.0) and 10 mM
NaOH to remove free thiol ligands. The samples were finally resuspended in a 10 mM

HEPES buffer (pH 8.0) for subsequent experiments.

2.2.5 Surface Modification of Gold Nanospheres (AuNSs)

Prior to surface modification, the surface coatings of 40 nm citrate-stabilized
AuNSs were changed to CTAB micelles according to a previous report with some
modifications.** This was to ensure the AuNSs had the same stabilizing substance and a
positive surface charge like the CTAB-stabilized AuNDs. Briefly, 10 mL of the citrate-
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AUNSs was mixed with 10 mL of 10 mM CTAB and incubated for 24 h at 30 °C. The
nanoparticles were purified by centrifugation (12,000x g, 15 min, 30 °C) and the surface
coating with CTAB micelles was repeated as above to ensure sufficient replacement of
the weakly bound citrate anions. Next, the 40 nm AuNSs were modified with a mixed
solution of C1 and COOH ligands (C1:COOH = 100:0 and 99:1) via a ligand exchange
reaction as with the AuUNDs. Briefly, 1 mL of CTAB-stabilized AuNSs was concentrated
by centrifugation (12,000 g, 15 min) and 900 pL of the supernatant was removed. The
concentrated AuNSs were then mixed with 100 puL solution of the mixed ligands followed
by the addition of ultrapure water up to 500 pL and incubation for 24 hrs twice at 30 °C
for a total of 48 h. The modified AuNSs were washed 3 times to remove the free thiol
ligands by centrifugation (12,000x g, 15 min) and resuspended in 10 mM HEPES buffer
(pH 8.0).

2.2.6 UV—Vis-NIR Spectroscopy

The UV—Vis-NIR spectra of the synthesized nanoparticles were measured using
UV—Vis-NIR spectrophotometers (V-730 or V-770) with a PAC-743R Automatic 6
position Peltier cell changer (JASCO Corp., Tokyo, Japan). A heating rate of 1 °C/min
and a waiting time of 5 or 30 min were applied for the measurement of the thermo-
responsive assembly and disassembly. We defined the assembly (Ta) and disassembly
(To) temperatures as that corresponding to the midpoint of the extinction change during
the heating and cooling processes, respectively. The degree of hysteresis was determined

as the difference between the assembly and disassembly temperature.

2.2.7 Dynamic Light Scattering (DLS) and Zeta Potential Measurement

The diameter and the zeta potentials of the nanoparticles were measured using a
ZetaSizer Nano ZS (Malvern Panalytical Ltd., Morvin, UK).

2.2.8 Scanning Transmission Electron Microscope (STEM) Observation

STEM images were obtained using a HD-2000 (Hitachi High-Tech, Ibaraki,
Japan) with a 200 kV accelerating voltage. Samples were prepared by dropping 5 uL of
the sample solution onto the collodion membrane-attached mesh (Nisshin EM, Tokyo,

Japan). This was dried in a desiccator overnight before the images were taken. The
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obtained STEM images were used to determine the shape and diameter of the AuNDs.

Over 200 discs were counted using the ImageJ software.

2.2.9 Scanning Electron Microscope (SEM) Observation

SEM images were obtained using an Ultimate Field Emission Scanning Electron
SU-8230 (Hitachi High-Tech, Ibaraki, Japan) to determine the shape and thickness of the
AuNDs. When unable to verify the thickness of the AuNDs from the well-dispersed
STEM images, we confirmed the thickness using a SEM, which is better equipped to give
the desired result via tilting. Here, 60- and 105-AuND (97:3) samples were prepared by
dropping 15 pL of the sample solution onto a silicon substrate. This was left to dry
overnight before the images were taken with a working distance (WD) of 3.0 mm and 0
tilt.
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2.3 Results and Discussion
2.3.1 Preparation of thermo-responsive AuNDs

AUNDs were synthesized from AuNTS via a comproportionation reaction, which
Is a type of chemical reaction that allows surface gold atoms to be oxidized in a self-
limiting and tip-selective manner by the addition of HAuCla4 solution (Scheme 2.1). First,
AuUNTSs were synthesized according to a previous report.*? The extinction spectrum of the
synthesized AuNTs shows a localized surface plasmon resonance (LSPR) peak at
approximately 1250 nm in the NIR region (Figure 2.1a). The STEM images show they
formed thin equilateral triangular shapes based on their high electron transmittance
(Figure 2.1Db).

\)u .\\ l\/\“’
\) Au /

Comproportionation | J
Growth \

Reaction

Seeds AuNTs AuNDs

Scheme 2.2. lllustration of AuNDs synthesis

The average edge length of one side of the AuUNTs was determined from STEM images
to be 163 = 19 nm (Figure 2.1c). After the comproportionation reaction was performed
with the AuNTSs, the LSPR peak showed a blue shift to 827 nm, indicating their shape
changes to AuNDs (Figure 2.2a(blue)). We determined the diameter and the shape of the
AuNDs by DLS analysis and STEM. The results of the DLS measurements revealed two
peaks at approximately 10 and 100 nm (Figure 2.2b(blue)). These corresponded to the
rotational and translational diffusion modes, respectively, which are peculiar to
anisotropic nanoparticles, supporting the fact that we had successfully produced
anisotropic disc structures.*=>° STEM images provided the diameter of AUNDs as 105 +
13 nm, hereafter designated as 105-AuNDs, indicating a narrow size distribution among
the synthesized AuNDs (Figure 2.2c). To synthesize AuNDs of smaller diameter, the
above synthesized AuNDs were resuspended in 25 mM CTAB and a second

comproportionation reaction was performed. The shift to the shorter wavelength of 715
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nm shown by the synthesized AuNDs after the second etching signifies a decrease in their
aspect ratio (Figure 2.2a(red)). The decrease in the size of the AUNDs was revealed by
the DLS results, as shown by the differences in their peaks at approximately 100 nm, and
by STEM images showing them to be 60.4 + 8.2 nm in diameter, hereafter designated as
60-AuNDs (Figure 2.2b(red),d). Scanning electron microscopy (SEM) images showed
stacked structures of AuNDs that formed on the silicon substrate during the drying
process, revealing the thicknesses of the 105-AuNDs and 60-AuNDs to be approximately
67 nm (Figure 2.2¢,f).
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Figure 2.1. Characterization of gold nanotriangles (AUNTS). (a) Extinction spectrum of AuNTS. (b) STEM
image of AuNTS. (c) Histogram of AuNTSs edge length.

Next, AuUNDs, which were stabilized with CTAB as prepared, were modified
with the thermo-responsive ligand (C1) mixed with different percentages (0, 1, 3, 5, and
10 mol%) of carboxylic acid-terminated ligand (COOH). The AuNDs modified with the
mixture of C1 and COOH ligands were designated as AuUND-(XX:YY) in which XX
represents the ligand ratio of C1 and Y'Y represents that of COOH. The zeta potentials
of the CTAB-stabilized and ligand-modified AuNDs were measured in 10 mM HEPES
buffer (pH 8.0) (Figure 2.2g,h). The zeta potential values changed from a positive charge
of 51 mV for the CTAB-stabilized 105-AuNDs to a negative charge of —10 mV for C1-
coated 105-AuNDs, designated as 105-AuND-(100:0).
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Figure 2.2. Characterization of the synthesized AuNDs: (a) the extinction spectra of CTAB-stabilized
AuNDs; (b) size distribution of AUNDs determined by DLS, with the 105- and 60-AuNDs shown by blue
and red, respectively, in 1la and 1b; (c) TEM image and size distribution of 105-AuNDs and (d) 60-AuNDs
obtained by STEM; (e) SEM image of 105-AuNDs and (f) 60-AuNDs dried on the silicone substrate; (g)
the zeta potentials of 105-AuNDs and (h) 60-AuNDs stabilized with CTAB (blue) and modified with a
ligand mixture C1:COOH (100:00) (black), (99:1) (grey), (97:3) (orange), (95:5) (red), and (90:10) (green).

The others, 105-AuND-(99:1), -(97:3), -(95:5), and -(90:10), showed charges of —14, —20,
—23, and —29 mV, respectively. The zeta potential values for 60-AuND-CTAB and 60-
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AuND-(100:0), -(99:1), -(97:3), -(95:5), and -(90:10) were 55, —12, —15, —19, —24, and
—28 mV, respectively. The COOH content and zeta potential showed a good correlation
(Figure 2.3). The results of the spectral analysis, DLS measurements, STEM, SEM, and
zeta potential analysis support the successful synthesis and surface modification of the
AUNDs.
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Figure 2.3. A plot of the Zeta-potential of AuNDs against the COOH contents on their surface ligands.

2.3.2. Thermo-responsive assembly of AuUNDs

The thermo-responsive assembly of AuNDs modified with the thermo-
responsive ligand was investigated by heating the samples from 25 to 70 °C at a rate of
1 °C/min. Spectral changes were measured every 5 °C after 5 min of waiting time. The
extinction spectra for 105-AuND-(100:0) showed a total decrease in not only the LSPR
peak at approximately 850 nm but also absorption and scattering by AuNPs at shorter
wavelengths below 500 nm during heating between 30 and 40 °C, suggesting
precipitation of AuNDs due to the formation of assemblies in larger sizes (Figure 2.4a).
This thermo-responsive assembly of 105-AuND-(100:0) is thought to be driven by the
dehydration of the ethylene glycol part of the C1 ligand due to the increase in temperature
3, The temperature for this AUND assembly (between 30 and 40 °C) is much lower than
that of AuNSs (73 °C for 10 nm, 63 °C for 15 nm, and 53 °C for 20 nm in a diameter)
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or AuNRs (approximately 65 °C for 33 x 14 nm) *° but similar to that for silver nanocubes
(AgNCs) of 25 nm in size .
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Figure 2.4. Thermo-responsive assembly of 105-AuND-(100:0). (a) The extinction spectra of 105-AuND-
(100:0) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C.

This is in line with the curvature dependence of the assembly temperature (Ta) in which
the lower curvature at their flat surfaces leads to a lower Ta. To examine the reversibility
of the thermo-responsiveness of 105-AuND-(100:0), we cooled the solution temperature
down to 25 °C. However, their spectra did not recover, indicating 105-AuND-(100:0)
remained assembled (Figure 2.4b). This result is inconsistent with those of our previous
reports, where AUNRs and AuNSs modified with C1 ligand (100%) showed reversible
assembly/disassembly.*>38 The irreversibility of 105-AuND-(100:0) was likely due to the
flat surfaces of the AuNDs facilitating strong attraction against disassembly. While
spheres attach at a point (zero dimension; 0D) and rods can attach along a line in a side-
by-side (1D) structure, discs can attach across a plane in a face-to-face (2D) structure.
This non-reversibility of the assembled 105-AuND-(100:0) is thus attributed to the strong
hydrophobic and van der Waals interactions between the flat surfaces of 105-AuND-
(100:0).

I hypothesized that an electrostatic repulsive force helps to induce disassembly
of the strongly assembled AuNDs. Thus, AuNDs were modified with a C1:COOH ligand
mixture of 97:3, shown as 105-AuND-(97:3). The spectral changes showed a decrease in
the intensity of the plasmon peak at approximately 830 nm and the appearance of a new
plasmon peak at approximately 700 nm upon heating to over 60 °C, indicating assembly

formation in response to temperature (Figure 2.5a).
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Figure 2.5. Thermo-responsive assembly of 105-AuND-(97:3): (a) the extinction spectra of 105-AuND-
(97:3) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C; (c) the extinction values at
827 nm against temperature changes; (d) the reversible changes in extinction values between 25 and 70 °C;
(e) SEM mode image of AuNDs dried at 60 °C on the TEM grid obtained by STEM observation; (f) FDTD
simulation of AUNDs of 100 nm in diameter and 6 nm in thickness. The dispersed single AUND (blue),
face-to-face assembly of double (red) and triple AuUNDs (green) are with a 3 nm gap distance. The red
arrows in 2a and 2b indicate the plasmon peak changes. Ta and Tp in 2c represent the assembly and
disassembly temperature, respectively, while the dotted red line indicates the degree of hysteresis. The red

circles in 2e indicate the pancake-like, face-to-face assembly of 105-AuND-(97:3).

When cooled, the extinction peaks returned to the original values at 45 °C (Figure 2.5b).
This means 105-AuND-(97:3) disassembled and redispersed. Interestingly, their plasmon
intensity changes and peak shift upon temperature change demonstrated a large hysteresis,
which is a large difference between the Ta and disassembly temperature (Tp) (Figure 2.5c,
Table 1). This hysteresis is further discussed below. Thermal cycling experiments support
the notion that the thermo-responsive assembly/disassembly is repeatable (Figure 2.5d).

To clarify the assembly structures of the AuNDs, STEM imaging was performed. The
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105-AuND-(97:3) sample was dried overnight on the TEM grid at 25 and 60 °C, below
and around their assembly temperatures, respectively.
(b)

Figure 2.6. STEM images of 105-AuND-(97:3). (a) SEM image of 105-AuND-(97:3) dried at 25 °C and
(b)dried at 60 °C with a STEM image as the insert.

The SEM image dried at 25 °C shows well-packed AuNDs attached on the grid in a flat
surface, and the well-contrasted TEM image suggests single layered attachment (Figure
2.6a). On the other hand, the SEM image dried at 60 °C shows disturbed attachment, and
the TEM mode provides an unclear dark image probably due to the low transmittance
from the stacked structures (Figure 2.6b). Importantly, | could find face-to-face
assemblies of the AuNDs in pancake-like nanostructures (Figure 2.5e). To clarify their
assembly structures, FDTD simulation was performed by a collaborator, Professor
Matsuo Yasutaka. Simulated spectra showed that face-to-face assembly caused a blue
shift of the plasmon peak for AuNDs (Figure 2.5f). In more detail, FDTD simulation
supports the notion that the decrease in peak intensity at approximately 830 nm, as shown
in Figure 2.5a, represents a smaller number of dispersed AuNDs in solution, and the
newly appeared peak at approximately 700 nm results from assemblies composed of two
or three nanoplates. In other words, the FDTD simulation results support face-to-face
assembly formation in solution.

To investigate the mechanism underlying their face-to-face assembly, I studied
the effect of salt concentrations on 105-AuND-(97:3) assembly at 25 °C (Figure 2.7). As
salt reduces electrostatic repulsions, an increase in salt concentration should induce
assembly formation. The results revealed that a low salt concentration (10 mM) resulted
in a small decrease in the peak intensity for 105-AuND-(97:3), and medium salt

concentrations (20 and 30 mM) provided blue shifts in the plasmon peaks.
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Table 2.1. The assembly (7) and disassembly (7p) temperatures of AuNDs and AuNSs modified with a

mixture of C1 and COOH ligands.

105-AuND 60-AuND 40-AuNS
C1:COO
H TA To Ta-Tp Ta To Ta-To Ta To Ta-Tp
100:0 36 ND ND 38 ND ND 45 39 6
99:1 57 39 18 54 44 10 ND ND ND
97:3 67 52 15 66 53 13 - - -
95:5 74 49 25 76 52 24 - - -

ND: not determined.

====HEPES buffer
| =10 mM NacI
w20 mM NaCl
0.3 =30 mM NaCl
w50 mM NaCl

Extinction
o
N

400 500 600 700 800

900 1000 1100

Wavelength (nm)

Figure 2.7. The extinction spectra of 105-AuND-(97:3) under various salt concentrations.

These results are similar to those for the thermo-responsive assembly of 105-AuND-

(97:3) in Figure 2.5a. This indicates that AuNDs can preferably form face-to-face

assemblies. This was also observed in the SEM images in Figure 2.1e, f. On the other

hand, the highly reduced electrostatic repulsion using 50 mM NaCl caused a red shift and

broadening of the plasmonic peak, indicating the random aggregation or assembly of the

stacked AuNDs. Although AuNDs preferably assemble across their flat surfaces due to

the fact of their shape, these results suggest that shape itself is not a completely dominant

factor in the formation of face-to-face assemblies. In essence, the curvature dependence

on the thermo-responsive properties obtained from our thermo-responsive ligand (C1)

should be the dominant factor leading to this face-to-face assembly.*>3"-3
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2.3.3 Effects of size and shape on thermo-responsive assembly
The size and shape of gold nanoparticles are key determinants of their

interparticle interactions and are also critical in defining their properties. In particular, for
AUNDs, their flat surfaces have the potential to provide strong particle—particle
interactions as mentioned above. Thus, | investigated the effect of size on the thermo-
responsive behavior using AuNDs with a smaller diameter, 60-AuNDs. The 60-AuND-
(100:0) consistently showed a decrease in peak intensity and a blue shift of the plasmon
peak upon heating (Figure 2.8a). When cooled, the spectra did not return to the original
values, suggesting the nanoparticles remained assembled as observed for 105-AuND-
(100:0) (Figure 2.8b). On the other hand, the 60-AuND-(97:3) showed reversible thermo-
responsive assembly and disassembly (Figure 2.9 a,b). Their plasmon intensity changes

on changes in temperature revealed a large hysteresis (Figure 2.9c, Table 1).
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Figure 2.8. Thermo-responsive assembly of 60-AuND-(100:0). (a) The extinction spectra of 60-AuND-
(100:0) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C.

Thermal cycling experiments support the notion that the thermo-responsive
assembly/disassembly was repeatable (Figure 2.9d). These results are the same as those
for 105-AuNDs, even though their area of the flat surface was only one-third. To further
confirm the role of the shape of AuNDs in their unique thermo-responsive behaviors, the
thermo-responsive assembly of AuNSs with a similar volume was investigated for
comparison. As the volume of 60- and 105-AuNDs were calculated to be 20,000 and
52,000 nm?, respectively, AuNSs of 40 nm in diameter (40-AuNSs), which had a volume
of 33,000 nm?, were used. To ensure the AuNSs had the same surface coating and

comparable zeta potential as the AuNDs, the surface coating of the citrate-capped AuNSs
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was replaced with CTAB prior to their functionalization with the C1 and COOH ligand
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mixture.
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Figure 2.9. Thermo-responsive assembly of 60-AuND-(97:3): (a) the extinction spectra of 60-AuND-
(97:3) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C; (c) the extinction values at
715 nm against temperature changes; (d) the reversible changes in extinction values between 25 and 70 °C.

The red arrows in 3a and 3b indicate the plasmon peak changes.

After surface modification with the C1 and COOH ligands, their characteristics
were analyzed by UV-Vis-NIR spectroscopy, DLS, TEM, and zeta potential (Figure 2.10).
Zeta potential changed from highly negative (—41 mV) for citrate-coated AuNSs to highly
positive (55 mV) for the CTAB-coated AuNSs, and to -9 mV for 40-AuNS-(100:0),
which  was very close to that for AuUND-(100:0). Thermo-responsive
assembly/disassembly was then investigated for 40-AuNS-(100:0). Upon heating, the
LSPR peak of 40-AuNSs was markedly red-shifted between 40 and 50 °C (Figure 2.11).
This temperature range was higher than that for 105- and 60-AuND-(100:0). Upon
cooling, the red-shifted plasmon peak returned to the original wavelength between 50 and
40 °C, indicating disassembly and redispersion of 40-AuNS-(100:0) and a little hysteresis
(Figure 2.11b, c, Table 1). This is quite consistent with our previous research on AuNSs,

even though the volume was much larger than that previously examined.*
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Figure 2.10. Characterization of 40-AuNSs. (a) The extinction spectra of 40 nm citrate-stabilized AuNSs
before (red) and after (blue) CTAB coating. (b) DLS analyses of 40 nm citrate-stabilized AuNSs before
(red) and after (blue) CTAB coating. (c) TEM image and size distribution of 40 nm CTAB-capped AuNSs.
(d) Zeta potentials of 40-AuNSs stabilized with citrate (blue), CTAB (red) and modified with a mixture of
C1:COOH ligands; (100:00) (grey) and (99:1) (orange).

On the other hand, this result is in contrast with those for 105- and 60-AuND-(100:0),
which utterly failed to disassemble upon cooling. Contrary to the thermo-responsive
assembly of 105- and 60-AuND-(99:1), the introduction of 1% COOH ligand totally
diminished the thermo-responsive assembly of 40-AuNS-(99:1) (Figure 2.12). From
these results, we deduced that the flat surfaces of the AuUNDs are critical for their unique
thermo-responsive behaviors, not their size or volume. In other words, the thermo-
responsive assembly of AuNDs is insensitive to their diameter, unlike that of AuNSs.
Thus, one merit of AuNDs is that the plasmonic properties of AUNDs can be tuned by
changing their sizes (diameter) without consequent changes in their thermo-responsive

properties, a condition that cannot be realized with AuNSs.3"3#

52



_—
L)
-
—_—
o
-

044 Heatlng —25 50 0.4 Coollng -—T0 45
w30 w—55 ’
e 35—

0.3 1 —A0 65
sl w—T0

Extinction
o
N
Extinction

/

e
o
o

400 500 600 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)

_—
(2)
S

1
>

e
w

O\
N\

«=@=Heating
«f=Cooling

Extinction
o
N

e
-

=4
o

30 40 50 60 70
Temperature (°C)

»n
=]

Figure 2.11. Thermo-responsive assembly of 40-AuNS-(100:0): (a) the extinction spectra of 40-AuNS-
(100:0) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C; (c) the extinction values at
530 nm against temperature changes. The red arrows in 4a and 4b indicate the plasmon peak changes.

2.3.4 Effects of COOH content on the thermo-responsive assembly of AuNDs

Next, the effect of COOH content on the thermo-responsive
assembly/disassembly was investigated, as it is known that the incorporation of a
hydrophilic residue, such as carboxylic acid, in the thermo-responsive polymers with a

lower critical solution temperature causes an increase in responsive temperatures.>°3
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Figure 2.12. Thermo-responsive assembly of 40-AuNS-(99:1). (a) The extinction spectra of 40-AuNS-
(99:1) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C.
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Figure 2.13. Thermo-responsive assembly of 105-AuND-(99:1). (a) The extinction spectra of 105-AuND-
(99:1) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C. (c) The extinction values at

827 nm against temperature changes. (d) The reversible changes in extinction values be-tween 25 and 70 °C.

The 105-AuND-(99:1) showed similar assembly/disassembly behavior but a lower Ta
compared to the AuUND-(97:3) (Figure 2.13). The 105-AuND-(95:5) showed a higher Ta
with smaller spectral changes in intensity compared to the AUND-(97:3) (Figure 2.14).

A further increase in COOH content to 10% prevented thermo-responsive assembly; that
is, 105-AuND-(90:10) did not show any spectral changes upon heating up to 70 °C
(Figure 2.15). Likewise, the thermo-responsive assemblies of 60-AuND-(99:1), -(97:3),
-(95:5), and -(90:10) were the same as that for 105-AuND (Figures 2.3 and 2.16 - 2.18).
Their Ta values were determined as the midpoint between the extinction changes during
the heating process and plotted against COOH content and zeta potential (Figure 2.19a).
It is clear that an increase in COOH content from 0 to 5% leads to an increase in assembly
temperature from approximately 36 to 76 °C (Figure 2.19a). The 60-AuNDs also showed
similar results (Figure 2.20). This relationship between COOH content and assembly
temperature suggests that 10% COOH could increase their assembly temperature to over

80 °C, which makes thermo-responsive assembly in water difficult.
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Figure 2.14. Thermo-responsive assembly of 105-AuND-(95:5). (a) The extinction spectra of 105-AuND-
(95:5) upon heating from 25 to 80 °C and (b) upon cooling from 80 to 25 °C. (c) The extinction values at
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Figure 2.15. Thermo-responsive assembly of 105-AuND-(90:10). (a) The extinction
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Importantly, as noted above, a larger hysteresis on the thermo-responsive
assembly/disassembly of AuNDs was observed (Figures 2.5¢, 2.9¢, 2.13c, and 2.14c).
Thus, the assembly (Ta) and disassembly (Tp) temperatures of 105-AuNDs, 60-AuNDs,
and 40-AuNSs are summarized in Table 2.1. The increase in COOH content leads to a
larger degree of hysteresis based on the difference between Ta and Tp, except for 105-
AUND-(99:1) (Figure 2.19Db).
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Figure 2.18. Thermo-responsive assembly of 60-AuND-(90:10). (a) The extinction spectra of 60-AuND-
(90:10) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C.

This could result from the suppressed increase in Tp against Ta, probably due to the
stabilization of their assembly via hydrogen bonding between carboxylic groups and/or

carboxylic acid and the oxygen atom in the ethylene glycol units under the hydrophobic
environment 414,
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Figure 2.19. (a) Effects of COOH content (blue) and zeta potential (red) on the assembly temperature of

105-AuNDs and (b) a plot of the degree of hysteresis against the COOH content for 105- (blue) and 60-
AUNDs (red).
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Further details on the hysteresis of the thermo-responsive assembly/disassembly are

presented in the next section.
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Figure 2.20. Assembly temperature of 60-AuNDs against COOH content and zeta potential.

2.3.5 Hysteresis Mechanism

To clarify the mechanism for hysteresis on AUND assembly/disassembly, that is,

whether it is rate-dependent (Kinetic) or independent (thermo-dynamic), | studied the

effect of incubation time on the thermo-responsive assembly of 60-AuND-(97:3).
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Figure 2.21. The plot of changes in extinction during the time course experiment of 60-AuND-(97:3) at 25,

40, 45, 50, 55 and 60 °C. The starting point was 25 °C and the sample was heated up to 90 min.
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Foremost, the temperature of the sample was kept at 25, 40, 45, 50, 55, and 60 °C and the
time course of the extinction spectra change was measured every 30 min up to 90 min.
The plot of the time course revealed no thermo-responsive effect when the sample was
kept at 25 °C (Figure 2.21). A small decrease in peak intensity was subsequently observed
up to 45 °C and significant decreases were observed at 50 °C. Notably, while the sample
solution was at equilibrium at 60 min, the plot revealed a significant decrease in the
extinction peak intensity (over 75% to be equilibrated) within 30 min, indicating that the

first 30 min is critical for the thermo-responsive assembly of 60-AuNDs.
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Figure 2.22. Thermo-responsive assembly of 60-AuND-(97:3) with 30 min of waiting time. (a) The
extinction spectra of 60-AuND-(97:3) upon heating from 25 to 70 °C and (b) upon cooling from 70 to 25 °C.

As a sequel to the above result, a longer waiting time of 30 min was thought to be essential
for the study of the hysteretic mechanism. Thus, | investigated the effect of time on
hysteresis for 60-AuND-(97:3) assembly by waiting for 30 min during the heating and
cooling of the sample between 25 and 70 °C. The results of the spectral analyses revealed
a similar decrease/increase in the plasmon peak intensities upon the increase/decrease in
temperature (Figure 2.22). Here, 30 min of waiting time was found to result in significant
hysteresis (Figure 2.23a). A plot of the degree of hysteresis on the thermal cycling with a
5 and 30 min waiting time revealed some decrease, but the degree of hysteresis remained
comparable for the longer waiting time (Figure 2.23b). We also studied the effects of a 5
and 30 min waiting time on the observed hysteresis for 60-AuND-(99:1) and similar
results were also obtained (Figure 2.24). These results indicate that the hysteretic behavior
of AuND assembly mostly results from a thermo-dynamic phenomenon.* Grzybowski et

al. reported that hysteresis during the dispersion/aggregation of charged nanoparticles
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accompanying pH changes derive from a subtle interplay between electrostatic and van
der Waals forces.>®
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Figure 2.23. Rate-independent hysteresis of 60-AuND-(97:3): (a) the extinction values at 715 nm against
temperature changes with a 30 min waiting time for 60-AuND-(97:3); (b) a plot of the degree of hysteresis
during 5- and 30-min waiting times for 60-AuND-(97:3). The error bars represent standard deviation of the
mean (n = 3).

In our system, AuNDs could provide strong van der Waals forces and hydrophobic
interactions between particles as indicated above. Hydrophobicity at the surface resulting
from the dehydration of the HEG portion could inhibit rehydration due to the reduced
water accessibility to the inner surfaces of the closely packed assemblies, but this could

be a kinetic (rate-dependent) factor.
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Figure 2.24. (a) The extinction values at 715 nm against temperature changes with 30 min waiting time for
60-AuND-(99:1). (b) A plot of the degree of hysteresis with the 5 and 30 min waiting time for 60-AuND-

(99:1). The error bars represent standard deviation of the mean (n = 3).
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On the other hand, as described in the previous section, the higher COOH content showed
a higher degree of hysteresis. This is expected to be due to the increased formation of
hydrogen bonding as a new interaction in the face-to-face assembly. The formed
hydrogen bonding is stabilized under the hydrophobic environment from the dehydrated
HEG molecules and could have contributed to the large hysteresis observed in this study.
Thus, | attributed this hysteresis to van der Waals interactions and hydrogen bonding.

In the light of the foregoing, it is suggested that the flat surfaces of AuUNDs allow
for the introduction of COOH ligands without loss of thermo-responsive assembly,
leading to the above-demonstrated hysteresis. Conversely, the introduction of COOH
ligands to the curved surfaces of AuNSs completely hinders their thermo-responsive
assembly. The ability of AuNDs to retain their inherent features, even with the
introduction of an electronegative moiety, is another merit of the flat plasmonic
nanomaterial over AuUNSs. These unique properties of AuNDs, among others, can be
exploited to generate novel nanodevices for specific applications.

2.4 Conclusion

I successfully synthesized gold nanodiscs functionalized with different mixing
ratios of C1 and COOH ligands as HEG-derivatives. They showed a strong plasmonic
peak at approximately 830 nm and significant changes in spectra in response to
temperature, supporting the notion of thermo-responsive assembly via hydrophobic
interactions due to the dehydration of the HEG portion in the ligands. STEM imaging and
FDTD simulation support the presence of face-to-face structures on assembly. In contrast
to the spherical nanoparticles modified with the same thermo-responsive ligand, AUNDs
showed different assembly/disassembly behavior such as irreversible assembly for
AUNDs modified with 100% C1 ligand and a large hysteresis on reversible
assembly/disassembly for AuND-(99:1), -(99:3), and -(99:5). In particular, AuNDs
exhibited rate-independent hysteresis from different thermo-dynamic processes,
including strong van der Waals interactions, hydrogen bonding in the hydrophobic
environment, and so on. These results demonstrated the consequences of particle shape
and interparticle interactions on the thermo-responsive assembly of isotropic and
anisotropic plasmonic nanoparticles. This study demonstrated the unique thermo-

responsive behavior of AuNDs and highlighted some potential functionalities that can be

61



utilized, for instance, extracellular attachment of AuNDs for cell labeling and sensing as
well as for cancer theranostic applications. Further, beyond bioapplications, AUNDs can
be modified with diverse ligands to facilitate the design and fabrication of smart and

functional nanodevices for advanced applications.
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Chapter 3

Membrane perturbation for cancer cell death induced by
photothermal heating of gold nanodiscs
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Abstract

Cancer, one of the leading causes of death in the world is in dire need of cure due to
its diversity, heterogeneity, complexity, and high fatality rate. Conventional methods of
cancer therapy, such as surgery, chemotherapy, and radiotherapy are limited by the
invasive nature, multidrug resistance, and selectivity issues, respectively. Photothermal
therapy, a non-invasive targeted therapy intervention has attracted a great deal of attention
because its merits over the traditional approaches. However, the activation of heat-shock
response and inevitable damage to nearby healthy cells/tissues by suppressive
hyperthermia limit the use of this modality. To solve these problems, thermo-responsive
gold nanodiscs with efficient photothermal conversion ability, and low assembly
temperature that is capable of surface property change from hydrophilic to a hydrophobic
state on heating was developed as a promising novel system for low temperature
photothermal cancer therapy via cell membrane perturbation. The system did not only
show good biocompatibility and highly efficacious phototherapeutic effect on treated
HelLa cells but also revealed its potentials as a new panacea for mild cancer cell death.
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3.1 Introduction

Globally, cancer remains one of the lives’ most threatening ailment. It is a
complex, diverse and heterogenous genetic disease characterized as an uncontrolled
growth of abnormal cells in the body. Across the world, it is the second most cause of
death after the ischemic heart disease.! A recent survey showed the global number of new
cancer patients and deaths in 2020 to be above 19 million and 9 million people,
respectively.? Despite the recent progresses made through scientific research and
discoveries for cancer diagnosis and treatment, prevalence of cancer continues to grow.
Thus, cancer is a serious health issue in dire need of effective panacea for satisfactory
outcomes for the numerous patients.

To curb its menace, the need for effective cancer therapies has been at the
forefront of scientific research for decades. Notwithstanding the merits of the traditional
methods for cancer treatment and the successes recorded so far, these conventional
approaches such as surgery, chemotherapy, radiotherapy and immunotherapy are limited
by the invasive nature, multidrug resistance, selectivity issues, and negative impact on
the immune system, respectively,’’ For instance, despite the discovery, synthesis, and the
use of several anticancer drugs to target key areas in cancer metabolism and proliferation,
there is still very low satisfactory outcomes for cancer patients treated with
chemotherapy.® The greatest challenge remained the inability to selectively target these
anticancer drugs to tumors for their anticancer activities. So far, various efforts have been
put in place to mitigate the demerits of the treatment strategies. The quest for cancer cure
led to the birthing of phototherapies, such as the photodynamic therapy,
photoimmunotherapy and photothermal therapy. Photothermal cancer therapy employs
the heat generated from visible, infrared, near infrared, radio waves or microwaves to kill
cancerous cells due to the light-to-heat conversion phenomenon. Furthermore, the
plasmonic photothermal cancer therapy (PPTT), in which cancer is killed via
thermoablation from the heat generated from noble metal nanoparticles embedded near
the tumors addressed many of the demerits of the traditional modalities.””!" The use of
gold nanoparticle (AuNPs) for cancer therapy offers numerous advantages to PTT
including its minimally invasive nature, selective targeting, tunability of their
characteristics, and the ability to combine the photothermal cancer therapy as a
multimodal treatment form with other treatment modalities. However, this non-invasive
approach is limited by the activation of heat-shock proteins, inevitable damage to
peripheral healthy tissues by higher temperatures above 50 °C and the inability to affect
metastatic lesions or cancer tumors outside the area of photoirradiation.!> With the

growing concern about food safety, environmental issues and the ageing society, cancer
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is expected to continue to exacerbate its menace and consequent effects to humans and
the society, respectively. The need for an effective approach to achieve excellent cancer
treatment efficacy cannot be overemphasized. To date, there are limited instances of
successful uses of nanomedicines in cancer therapy despite its potentials. However, when
compared with other methods, plasmonic photothermal cancer therapy as a nanomedicine
is a highly effective and powerful noninvasive modality that can eliminate diverse cancer
forms.? There is therefore the need to develop a novel strategy while exploiting the merits
of this noninvasive, spatiotemporal selective and high efficient modality.

Recent advances in the development of stimuli responsive nanoparticles have led
to seamless design of functional materials with the ability to respond to the stimuli, often
resulting in assembled and disassembled states.'*!” These self-assembled nanostructures
with enhanced functions have emerged as efficient tools with countless list of uses. Up to
the present, various shapes of gold nanoparticles coated with stimuli responsive ligands
have been synthesized and explored.!®?° Particularly, thermo-responsive gold
nanospheres, nanorods, nanostars, nanowires, nanotriangles etc have been reported.?*2°
The anisotropic gold nanoparticles like the nano rods, stars and triangles with sharp edges
have been very useful for incorporation and intracellular delivery of AuNPs into cells for
diverse bioapplications.”” However, another fascinating type of anisotropic gold
nanoparticle, gold nanodiscs (AuNDs) is under represented in studies despite the inherent
plasmonic properties and optical advantages. Gold nanodiscs is an attractive anisotropic
nanoparticle because of its large flat surfaces, two plasmon modes and responsiveness to
random incident light, among others.?®? Their atomically large flat surfaces promise
better interaction ability, for instance for extracellular attachment to cells for diverse
bioapplications. Further, the dipolar plasmon mode of AuNDs has the potential to offer
unique plasmon coupling not seen in other shapes of gold nanoparticles on assembly.
Fabrication of sophisticated assembled structures has relied on site-specific modification
using several kinds of stimuli responsive ligand. The capability of reversibly controlling
nanoparticle assemblies with external stimuli enables dynamically tunable plasmon
coupling for advanced applications. Thus, stimuli responsive assemblies of AuUNDs have
the capability to provide enhanced functions. In the light of the foregoing, controlled
assembled functional architectures of AUNDs have the possibility to open endless range
of applications in the fields of material science, chemistry, biology, and nanomedicine.

To mitigate the risks and demerits of the current photothermal modality, a new
nanoplatform with low temperature is highly desirable. Previously, the thermo-responsive
assembly of AuNPs based on hydrophobic interactions due to the dehydration of the
ethylene glycol parts of a thermo-responsive ligand, 2,5,8,11,14,17,20-
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heptaoxahentriacontane-3 1-thiol, on heating was reported.'** Furthermore, near infrared
photoimmunotherapy has also been reported, where a photo induced ligand release from
a monoclonal antibody resulted in a series of outcomes that led to the killing of cancer
cells via membrane perturbation.** Building on these, the objective of this study is to
develop a novel PTT strategy for cancer treatment using AuNDs functionalized with the
thermo-responsive ligand as previously reported by our group® for mild cancer cell death.
Since the surface property of the thermo-responsive ligand can change from hydrophilic
to a hydrophobic state upon heating, this study was designed to exploit the hydrophobic
interactions between the hydrophobic AuNDs and the biomolecules of the cell membrane
such as lipids and proteins in order to cause membrane perturbation and concomitant
cancer cell death upon mild (LED) light irradiation. We hypothesized that the perturbation
of the cell membranes and the consequent disruption of the cell membrane structure by
the resultant hydrophobic interactions between the hydrophobic AuNDs and cancer cells
will induce their death. The approach is therefore to exploit the flat surfaces of AuNDs
for extracellular attachment to cells, and then use mild LED light to cause a surface
property change of the synthesized nanomedicine for consequent cancer cells death due
to membrane disruption. At this juncture, it is important to mention that this new system
is designed to solve the problems of the current photothermal modality. Here, the use of
mild LED light is hoped to prevent the generation of excessive heat and the concomitant
activation of heat-shock proteins and damage to nearby healthy cells. In all, the resultant
low temperature therapy is expected to offer a new means of mild cancer cell death via

membrane perturbation.
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3.2 Experimental

3.2.1 General information
Tetrachloroauric acid (HAuUCIs-3H20), sodium borohydride, sodium iodide,

tris(2-carboxyethyl) phosphine hydrochloride (TCEP), and ascorbic acid were purchased
from Merck (Sigma—Aldrich, Chemie GmbH, Munchen, Germany). Sodium hydroxide
was purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). Hexadecyl
trimethylammonium bromide (CTAB) was purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). HEPES was purchased from Dojindo Laboratories Co., Ltd.
(Kumamoto, Japan). Ultrapure water was used to prepare all solutions for the experiments
(Milli-Q Reference system). The thermo-responsive ligand with a methyl-terminated
head referred to as Cl1 was synthesized from [11-(methylcarbonylthio) undecyl]
hexa(ethylene glycol) methyl ether (Sigma—Aldrich) according to previous report. The
hydroxyl group terminated ligand, (OH), was purchased from Dojindo Laboratories Co.,
Ltd. (Japan). Dulbecco's Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS)
and antibiotics (penicillin/streptomycin) were bought from Sigma—Aldrich and Gibco by
Life Technologies. Cell counting kit-8 solution and Calcein AM and propidium iodide
were purchased from Dojindo Laboratories Co., Ltd. (Kumamoto, Japan). All

commercially available reagents were used without further purification.

3.2.2 Synthesis of gold nanotriangles

Foremost, gold nanoplates (AuNTs) was synthesized using a previous report.*
Briefly, 0.5 mL of 20 mM aqueous HAuCls -3H>O solution was added to 36.5 mL of
deionized water. And then one milliliter of a 10 mM aqueous solution of sodium citrate
and 1 mL of 100 mM aqueous NaBH4 (Ice-cold) solution were added with vigorous
stirring for 1 minute. This solution contains Au spherical seed nanoparticles. In order to
prepare triangular nanoplates, growth solutions were prepared as follows. A mixture of
108 mL of 0.05 M aqueous CTAB (from Fluka) solution and 54 pL of 0.1 M aqueous Nal
solution was divided into three containers labeled with 1, 2, and 3. Containers 1 and 2
hold 9 mL of the mixture and container 3 holds the rest solution of 90 mL. Then, a mixture
of 125 pL of 20 mM aqueous HAuCly -3H>O solution, 50 pLL of 100 mM NaOH, and 50
puL of 100 mM ascorbic acid were added to each container 1 and 2. A mixture of 1.25 mL
of 20 mM HAuCls -3H;0, 0.5 mL of 100 mM NaOH, and 0.5 mL of 100 mM ascorbic
acid were added to container 3. One mL of the seed solution was added to the container

1 with mild shaking. Then, one mL of container 1 solution was added container 2. After
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5 second shakings, the whole solution of container 2 was added to container 3. After 30
minutes, the color of container 3 shows magenta purple. The supernatant is discarded after
24 hrs and the resultant AuNTs (greenish in colour with strong absorption in the NIR) are
redispersed in 20 mL 50 mM CTAB for subsequent experiment.

3.2.3 Synthesis of gold nanodiscs
To synthesize gold nanodiscs (AuNDs), 20 uL of 10 mM HAuCI4 was added to

5 mL of the as-prepared AuNTSs above while mixing by vortex vigorously as previously
reported. The solution is left overnight at 30° C for 13 hours. The AuNDs solution was
purified twice by centrifugation (9400% g, 8 min, 30° C). The AuNDs solution was
purified by 2 cycles of centrifugation (9400% g, 8 min, 30° C) to end the reaction and
resuspended with 5 mL of 25 mM CTAB. To synthesize AuNDs of smaller diameter, a
second comproportionation reaction was performed as above to further etch the
synthesized AuNDs to a smaller diameter. The final solution is resuspended in 10 mM

CTAB for subsequent experiments.

3.2.4 Surface Modification of Gold nanodiscs
The as-prepared AuNDs (1000 uL) was centrifuged twice (9400 g, 8 min, 30° C)

using Milli Q water and resuspended in 1 mM CTAB. Before use, the thermo-responsive
ligand (C1) were mixed with tris(2-carboxyethyl) phosphine hydrochloride (TCEP) as a
reductant for over 1 h at 30 °C. Solutions of mixed ligands were then prepared as follows:
C1:0OH =100:0, 99:1, 97:3, and 95:5 (5 mM final concentration). Next, 100 uL of 2 mM
CTAB was added to 100 pL of the mixed ligand and that solution was then added to 800
uL of AuNDs and incubated at 4° C for 24 h. A second surface coating was performed for
at 4° C for 24 h to ensure apposite surface modification. The surface modified AuNDs
were washed by 4 cycles of centrifugation with 10 mM HEPES buffer (pH 8.0) and 10
mM NaOH to remove free thiol ligands and the thermo-responsive properties was
investigated using UV-Vis spectroscopy. For cell experiments, the sample was
resuspended in 1 mM NaOH.

3.2.5 Characterization of Gold nanodiscs

The gold nanoparticles used in this study were characterized using UV-Vis spectroscopy,

and Dynamic light scattering.
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UV-Vis absorption Spectroscopy.
The UV—Vis-NIR spectra of the synthesized nanoparticles were measured using

UV—Vis-NIR spectrophotometers (V-730 or V-770) with a PAC-743R Automatic 6
position Peltier cell changer (JASCO Corp., Tokyo, Japan). A heating rate of 1° C/min
and a waiting time of 5 was applied for the measurement of the thermo-responsive
assembly and disassembly. We defined the assembly (Ta) and disassembly (Tp)
temperatures as that corresponding to the midpoint of the extinction change during the

heating and cooling processes, respectively.

3.2.6 Cell culture

HelLa cells were maintained in monolayer cultures by seeding 5.0 x 10° cells in
100 mm tissue culture dishes. The cells were grown under humidified 5% CO2/95% air
at 37° C in DMEM cell culture media (CCM) supplemented with 10% (v/v) FBS,
penicillin (500 units/mL), and streptomycin (500 pg/mL). The cells were harvested from
the dishes for transfer by treatment with 0.05% trypsin/0.02% EDTA. The cells were
subcultured every 2 to 3 days.

3.2.7 Gold nanoparticle incubation and NIR PPTT

For photoirradiation experiments, 2x10° HeLa cells were seeded in 96 well
culture dish and cultured for 24hr at 37 ° C under 5% CO». The cells were then incubated
with 200 uL of the synthesized AuND-(97:3) (100 uL) mixed with DMEM cell culture
media (CCM) (100 uL) and left for 3 hrs at 37 °© C under 5% CO,. Next, the cells were
washed twice with PBS and subjected to photoirradiation using 730 nm LED light (76.6
mW density) after the addition of 100 uL of the CCM for PPTT.

3.2.8 Cytotoxicity assay of HeLa cells incubated with AuND-(97:3)

2x10° Hela cell was seeded in 96 well culture dish and cultured for 24hr at 37° C
under 5% CO. The cells were then incubated with 100 uL of AuND-(97:3) mixed with
DMEM cell culture media (100 uL) and left for 3 hrs. As a positive control 20 uL of 0.2%
tween 20 was incubated with cancer cell. Next, the cells were washed twice with PBS and
10 uL of cell counting kit-8 (CCK-8) solution/100 uL. was added to the cell and
absorbance measured at 450 nm using a microplate reader. Live/dead staining assay using
Calcein AM and propidium iodide stain was also used to investigate the phototherapeutic
effects of the treated cells after AuND-(97:3) incubation and photoirradiation. The
fluorescence images were taken with Olympus IX70 inverted fluorescence and phase

contrast microscope.
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3.3 Results and discussion

3.3.1 Preparation of thermo-responsive AuNDs
AUNDs were synthesized from AuNTSs via a comproportionation reaction as

previously done in chapter 2. The extinction spectrum of the synthesized AuNDs shows
the localized surface plasmon resonance (LSPR) peak at 720 nm in the NIR region (figure
3.1a). | determined the diameter of the AuNDs by DLS analysis and the result revealed
two peaks at around 10 and 100 nm, which corresponds to the rotational and translational
diffusion modes of AUNDs, respectively as previously reported by our group (figure 3.1b).
These results are similar to those earlier reported, thus, | assumed they are of the size in
diameter, 60 nm. Next, | functionalized the AuNDs with a mixed ligand solution of the
thermo-responsive ligand (C1) and hydroxyl group terminated ligand (OH) prepared with
different percentages (0, 1, 3, and 5 mol%) (figure 3.1c). The nonionic OH ligand was

utilized to enhance the stable dispersion of the synthesized AuNDs in cell culture media.
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Figure 3.1. Characterization of the synthesized AuNDs: (a) the extinction spectrum of CTAB-stabilized
AuNDs; (b) hydrodynamic diameter of AuNDs determined by DLS (c) Illustration of the functionalization
of AuNDs and the thermo-responsive assembly measurements (d) the zeta potentials of AUNDs modified
with a ligand mixture C1:0OH (100:00) (blue), (99:1) (black), (97:3) (orange), and (95:5) (yellow).

The AuNDs modified with the mixture of C1 and OH ligands were designated as AUND-
(XX:YY) in which XX depicts the ligand ratio of C1 and Y'Y exemplifies that of OH.
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The zeta potentials of the modified AuUNDs were measured in 10 mM HEPES buffer (pH
8.0) (figure 3.1d). The zeta potential values changed from a positive charge of 52 mV for
the CTAB-stabilized AuNDs to a negative charge of =10 mV for C1-coated AuNDs. The
values for AUND-(99:1), -(97:3), and -(95:5) were —6.6, —8.2, and —9.4 mV, respectively.
These results support the successful synthesis of C1 and OH modified AuNDs.

3.3.2 Thermo-responsive assembly of C1 and OH functionalized AuNDs

Following their synthesis, the thermo-responsive properties of the functionalized
AuNDs was confirmed by heating the samples from 20 to 60° C at a rate of 1° C/min.
Spectral changes were measured every 5° C after 5 min of waiting time. The extinction
spectra for AuND-(99:1) displayed a decrease in not only the LSPR peak at 720 nm during
heating, but also blue shifted, signifying precipitation of AuNDs due to the formation of
face-to-face assemblies (figure 3.2a). The AuND-(97:3) depicted similar thermo-
responsive property (figure 3.2b). These thermo-responsive assembly results confirmed
the surface property change of AuND-(99:1) and AuND-(97:3) from the hydrophilic to a
hydrophobic state, which is attributed to the dehydration of the hexa (ethylene glycol)
(HEG) part of the C1 ligand upon increase in temperature. Consequently, the synthesized

system is suitable for the novel photothermal cancer therapy strategy.
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Figure 3.2. Thermo-responsive assembly of AuNDs. (a) the extinction spectra of AuND-(99:1) and (b)
AuND-(97:3) upon heating from 20 to 60° C.

For the proposed low temperature plasmonic photothermal cancer therapy, the assembly
temperature of the photothermal agent is critical. Therefore, I confirmed the assembly
temperatures of AuND-(99:1) and AuND-(97:3) to be 41° C and 43° C, respectively.
These low assembly temperatures are appropriate for low temperature photothermal

cancer therapy.
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3.3.3 Photothermal performance of AuND-(97:3)

Efficient photothermal conversion efficacy of gold nanoparticles is essential for
a successful plasmonic photothermal therapy. For the conventional photothermal therapy,
two main strategies have been devised to improve this efficiency including the induction
of plasmon coupling and the generation of novel nanostructures.’” These ensure effective
photothermal conversion ability of the nanomaterial, leading to heating of the surrounding
environment for hyperthermia induced cell death through the phonon-phonon interactions
of the gold lattice.” In contrast, the designed new photothermal cancer therapy in this
study requires only a minimum amount of temperature just enough to cause a change in
the surface properties of the synthesized AuNDs for the cell membrane perturbation by
the ensuing hydrophobic interactions. On this note, [ verified the photothermal conversion
efficiency of AuND-(97:3) by photo irradiating the sample using 730 nm LED light with

a power density of 76.6 mW.
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Figure 3.3. The photothermal curve of AuND-(97:3).

The photothermal curve showed increase in solution temperature upon increase in light
irradiation time up to 30 min (figure 3.3). The result revealed over 10° C increase of the
solution temperature following heating with low LED light. The solution temperature
obtained after 30 mins of photoirradiation was 38° C. The observed photothermal
performance of AuND-(97:3) is reasonable for a low temperature cancer therapy, thus,

lays the foundation for their application for cancer treatment.
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3.3.4 Cytotoxicity and in vitro phototherapeutic effects of AuND-(97:3)

In view of the good photothermal conversion efficacy and the potential for the
surface property change for the novel photothermal cancer therapy, the cytotoxicity of
AuND-(97:3) on HeLa cells was investigated by CCK8 assay. Compared to the control
experiment (green colour), the result of the cell viability test showed that the viability of
HeLa cells was over 95% after 3 hrs incubation with AuND-(97:3), indicating it is
biocompatible with very low cytotoxic effect, thus, an appealing biomaterial for
nanomedicine application (figure 3.4, blue). Photoirradiation of HeLa cells alone without
AuND-(97:3) resulted in negligible reduction in number of dead cells (figure 3.4, black).
The cancer cells treated with AuND-(97:3) and photo irradiated for 20 min (orange) and
30 mins (red) demonstrated high toxicity to the treated cells. As a positive control, HeL.a
cells incubated with 0.2% tween 20 showed highly significant cell death over 90% (figure

3.4, yellow).
140

120 A _
PN

—— 7 &

20 min 30 min
Tween 20
0

Figure 3.4. Cell viability tests of HeLa cells incubated with AuND-(97:3) for 3 hours with or without photoirradiation.
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(yellow).

To evaluate the phototherapeutic effects of AuND-(97:3), live/dead assay of HeLa cells
incubated with AuND-(97:3) was also conducted using calcein AM and propidium iodide
following LED light irradiation. As shown in figure 3.5, the untreated control group and
HeLa cells+tAuND-(97:3) were mostly alive and depicted mainly green fluorescence of
calcein with a very minute number of dead cells (top images). In contrast, the images for
HeLa cellstAuND-(97:3)+light displayed substantial decrease in the viability of the

treated HeLa cells as indicated by the observed red fluorescence of PI stained nuclei after
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light irradiation for 20 or 30 mins (bottom images). These results are consistent with the
CCK 8 assay results above which revealed that photoirradiation of HeLa cells incubated
with AuND-(97:3) led to about 40% decrease in cancer cell viability (figure 3.2, orange
and red colours). The obvious increase of PI-stained HeLa cells population after treatment
indicated the successful killing of cancer cells using AuND-(97:3) and low light intensity

for mild cancer cell death.
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Figure 3.3. Fluorescence images of calcein AM and PI stained HeLa cells for live/dead detection of the cytotoxicity
effects of photoirradiation of HeLa cells (76.6 mW, 20/30 mins) after incubation with AuND-(97:3) for 3 hours. Scale

bar is 200 pm.

Thus far, these results showcased the high phototherapeutic effects of AuND-(97:3) to the
treated cancer cells upon mild LED photoirradiation, demonstrating the potentials of
AuND-(97:3) as a new remedy for cancer. In conclusion, I successfully killed cancer cells
using the new low temperature system by mild LED photoirradiation after incubation
with HeLa cells. To fully exploit the potentials of the new platform for cancer treatment,

there 1s need to clarify the mechanism of cell death as well as in vivo studies.

3.4 Conclusion

In this study, I successfully synthesized thermo-responsive gold nanodiscs and
investigated its potentials for a new photothermal cancer treatment strategy. The C1 and
OH coated AUNDs (AuND-(97:3)) demonstrated thermo-responsive assembly due to the
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dehydration of the HEG part and subsequent surface property change on heating. The
photothermal performance ability of AuND-(97:3) showed an effective photothermal
conversion efficacy suitable for the proposed novel low temperature PTT. The result
implied that the generated heat could induce the surface property change of AuND-(97:3)
for cell membrane perturbation via hydrophobic interactions. In addition, the low
assembly temperature of AuND-(97:3) indicated the capability of the system to prevent
the activation of heat shock proteins and phototoxicity to peripheral healthy cells caused
by suppressive hyperthermia in the conventional method. Further, the system depicted
good biocompatibility upon incubation with HeLa cells and demonstrated good
therapeutic effects against the treated cancer cells upon mild LED light irradiation. So far,
the results establish that the system is highly effective for cancer photothermal therapy. It
is expected the surface property of AuND-(97:3) must have been changed via
photothermal conversion to cause the disruption of the cell membrane via hydrophobic
interactions between the cell membrane biomolecules (lipids and proteins) and the
resulting hydrophobic AuND-(97:3) for mild cancer cell death. However, this expectation
is subject to further investigations. Thus, to confirm the merits of this promising strategy
over conventional PTT and to exploit its full potentials, the mechanism of cell death,
investigation of prevention of activation of heat shock proteins as a merit as well as in

vivo studies will be conducted for subsequent clinical trials and translations.
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Chapter 4

Conclusion and future perspectives
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In this thesis, I focused on the synthesis of thermo-responsive gold nanodiscs
(AuNDs) and the investigation of its potential for a novel plasmonic photothermal cancer
therapy. In chapter 1, I gave an overview of the background of the study, highlighted the
significance, and summarized the thesis.

In chapter 2, I synthesized two diameters of AuNDs, functionalized them with a
thermo-responsive ligand or in a mixed solution of small percentages of carboxylic acid
terminated ligand, and investigated their thermo-responsive assembly as well as their
interaction potentials on assembly. The results demonstrated the unique thermo-
responsive assembly and thermo-dynamic behavior of AuNDs as an effect of shape. From
the results, | deduced that the flat surfaces of the AuNDs are critical for their unique
thermo-responsive behaviors, not their size or volume. As AuNDs have not only unique
plasmonic properties but also high potential for attachment due to the fact of their flat
surfaces, this study paves the way for the utilization of AUNDs to develop innovative and
advanced functional materials for diverse applications.

In chapter 3, | presented the study of the utilization of gold nanodiscs
functionalized with mixed ligand solution of thermo-responsive ligand and hydroxyl
group terminated ligand for a novel plasmonic low temperature photothermal cancer
therapy. The results demonstrated the biocompatibility of the synthesized AuND-(97:3),
and good photothermal conversion properties suitable for the new cancer treatment
strategy via membrane perturbation for mild cancer cell death due to hydrophobic
interactions between the hydrophobic AuUND-(97:3) and the cell membrane biomolecules
which are also hydrophobic in nature. The in vitro investigation demonstrated successful
killing of HeLa cells following mild light irradiation after incubation with the
nanomedicine, thus, showing excellent potentials of the nanoplatform for a novel
photothermal cancer treatment approach.

In this thesis, | showed the unique thermo-responsive assembly, thermo-dynamic
behavior of gold nanodiscs functionalized with hexa (ethylene glycol) derivatives and the
interaction potentials of the system on assembly. The photothermal therapy investigations
resulted in effective cancer treatment using the developed system, indicating its promise
as a new strategy for cancer panacea. In subsequent experiments, the mechanism of cell
death, immunohistochemistry, flow cytometry and Western blotting among other
investigations will be conducted to utilize the potentials of this system as a novel
alternative for cancer treatment.
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