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ABSTRACT
This thesis reports on the synthesis and characterisation of novel, nanocomposite
architectures and elucidates their potential for applications in the target-specific treatment
of cancer. A core-shell approach was utilised for the design of the nanoparticles (NPs),
where the shell was outfitted to provide stability, biocompatibility and cell specificity and
the core provided the therapeutic entity.
A hollow silica shell was first developed and its ability to function as a delivery system
for small molecule drugs was investigated. Zinc oxide (ZnO) template NPs with controllable
size were prepared via hydrolysis reaction and condensation of an alkoxysilane allowed
coating of these templates with a silica shell. The shell was further modified to incorporate
surface bound folic acid (FA) targeting ligands, tasked to provide cell specificity. To
incorporate a therapeutic agent within the core, the ZnO templates were removed via acid
leaching, leaving a cavity for the inclusion of small molecule therapeutic agents. The size,
size distribution and morphology of the resulting NP system was characterised using
dynamic light scattering as well as scanning and transmission electron microscopy. Various
spectroscopic techniques such as Furrier transform infra-red, UV-visible absorption,
fluorescence and nuclear magnetic resonance were used to confirm successful surface
functionalisation. Thermogravimetric analysis allowed quantification of the surface bound
FA. This physiochemical characterisation scheme was used as a staple in future NP analysis.
The ability of the hollow silica shell to function as a drug carrier was scrutinised using
doxorubicin hydrochloride (DOX) as a model drug. Drug loading and release kinetics
revealed discharge of DOX via a Fickian diffusion mechanism. The effectiveness of the
system as a viable, functioning, targeted drug delivery agent was evaluated through in vitro
cell cytotoxicity studies using mouse embryonic fibroblast (3T3) cells and human epithelial
v
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colorectal adenocarcinoma (Caco-2) cells. The hollow shells displayed a toxic response,
specific to the Caco-2 cell line even without the conjugated FA cell targeting ligand. The
inclusion of FA enhanced cell specificity, but was also found to increase the viability of both
cell lines. Encapsulation of DOX saw enhanced cell specific toxicity towards Caco-2 when
compared to the free drug alone.
The developed silica shell system was then applied to a photoactive iron oxide-zinc
oxide (Fe3O4-ZnO) core, with investigations focussing on the system’s ability to function as
a novel photosensitiser for use in photodynamic therapy (PDT). Based on our previously
published work, the ZnO core NPs were modified via hybridisation with iron oxide to form
a heterogeneous semiconductor material; the photoactive core now acting as the
therapeutic entity in the core-shell NP system. As before, a silica shell, decorated with FA
ligands was employed and the core-shell NP system was subjugated to the developed
characterisation scheme.
While surface modification of the Fe3O4-ZnO core did mitigate its photophysical
properties, the novel core-shell system still outperformed a pure ZnO analogue in
photodegradation studies using methylene blue (MB) as a model organic compound. In
vitro cytotoxicity studies with Caco-2 cells showed a time and dose dependant toxicity in
the absence of UV-radiation. The UV-irradiated NPs demonstrated a significant photokilling
effect with a drastic reduction in caco-2 cell viability. FA conjugation served to enhance the
photokilling effect.
The versatility of the developed synthetic method was highlighted through further
surface modification of the silica coated hybrid Fe3O4-ZnO core-shell NPs. Polyethylene
glycol (PEG), with and without terminal FA groups, was conjugated to the surface of the
silica shell in varying quantities, to impart steric stability and stealth properties.
Furthermore, to illustrate that the developed NP system could function in applications for
imaging and image enhancement for possible diagnostic applications, dansyl chloride, a
fluorescent molecule, was also attached to the NP surfaces, both with and without a PEG
spacer. Characterisation of the synthetic products was once again carried out using the
established scheme to confirm successful chemical modification. Fluorescence microscopy
highlighted the capability of the dansylated NPs as a functioning fluorescent marker, while
photodegradation using MB under various pH conditions demonstrated the continuing
photoefficiency of the core-shell system.
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Importantly, the methodology and results presented herein should provide
practitioners of cancer therapeutic research an additional understanding of NP design as
well as a synthetic scheme for the surface modification of metal oxide nanostructures,
facilitating their transition towards biological applications, focussing particularly on
targeted cancer treatment.
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CHAPTER 1

1

Introduction and overview

1.1 Background
After more than twenty years of rapid advances, an abundant and multifaceted
knowledge base has been engendered through cancer research. The disease has thus
been revealed to be multifarious, comprising dynamic changes in the genome that
have added complexity and difficulty in its treatment. As such, the morbidity and
mortality associated with the disease are of definite concern on a global level. The
most current cancer statistics according to the World Health Organisation showed
that in 2012 alone, 14.1 million new cases of cancer were accrued worldwide, with
the disease accounting for 8.2 million deaths; a staggering thirteen percent of all
deaths [1]. The most recent data from the Australian Institute of Health and Welfare
suggested that in the same year an estimated 120,000 Australians were treated for
the disease with 43,039 deaths, accounting for about 30% of total deaths in the
country. The disease resulted in an economic burden in Australia of approximately
$4.7 billion in 2012. The number of new cancer cases diagnosed in Australia in 2016
was estimated to increase to 130,466 with 46,880 deaths predicted (2016
estimations are based on extrapolations from 2002-2011 data)[2]. In light of these
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figures, the development of novel therapeutic and diagnostic materials and strategies
for their implementation has become a significant part of cancer research.
Excluding the confines of clinical trials, the mainstay of cancer treatment over
the past two decades has largely rested on surgery, radiation therapy and systemic
treatment with chemotherapeutics, small molecules and hormone therapy [3]. The
modality of conventional treatment is based largely on the type of cancer, the
developmental stage of the disease and a variety of personal conditions inherent to
the patient. These factors are such that treatment of the disease is highly
personalised, and can vary considerably from patient to patient.
From the first oncologic surgery in 1809 for the removal of an ovarian tumour
[4], through to more recent emerging robotics and natural orifice transluminal
endoscopy surgery in colorectal cancer, surgery has become a key component of
cancer treatment, whether it is used for prevention, diagnosis, staging, curative
therapy or palliation [3]. Over 60% of all cancers are treated with some form of
surgery and this modality is used in approximately 90% of cases from a diagnosis and
staging perspective [5]. Curative surgery is normally undertaken only when the
malignancy is localised and can be removed in completion, such as with melanoma in
its primary stages [6]. The need for removal of healthy tissue surrounding diseased
tissue to ensure an adequate margin for successful resection is a disadvantage of
cancer surgery. Furthermore, patients are required to have exceptional cardiac and
pulmonary performance to undergo anaesthesia for major surgical procedures.
Notably, the postoperative risk of tumour recurrence remains high and in many cases
combination and or alternative therapies are required for further treatment [7].
Almost 66% of cancer patients undergo radiation therapy during the course of
their disease treatment, this form of therapy, along with surgery is considered a
primary treatment mode for cancer patients [8]. Essentially two types of ionising
radiation therapy can be administered; either electromagnetic radiation such as xrays or photons or that which produces particulate radiation such as alpha or beta
particles, electrons, protons and neutrons [8]. Irrespective of the source, the
radiation induces a cellular response in one of two ways; directly or indirectly. Direct
cellular responses occur through the damage of DNA molecules within the nucleus of
cells resulting in impaired function and eventually cell death [9]. Indirect cellular
2
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responses occur through interaction of radiation with the media surrounding the
molecular structures within the cell (primarily intracellular water). Radiation
absorbed by water molecules results in the formation of free radicals that in turn are
believed to generate reactive oxygen species (ROS) causing toxicity to the cell [8, 9].
As with surgery, radiation therapy can be used in a curative, through to palliative form
of treatment and is often used in combination with other treatment modalities.
Despite commonality in its use, radiation toxicities in many tissues including skin, lung
and brain have been described [10]. Skin tissue is particularly sensitive to adverse
reactions resulting in radiation dermatitis [11] and is known to compromise the
patient’s quality of life due to pain, as well as the untimely interruption of radiation
treatment, further compromising control of the disease [12, 13].
Whilst surgery and radiotherapy are commonly used for the treatment of
primary solid tumours, many patient cases involve malignancies at more advanced
stages. The use of chemotherapeutic agents and other small molecule drugs via
systemic therapy, either in combination with each other or alone, has formed the
basis of treatment for advanced tumours and metastatic malignancies [14].
Chemotherapeutic agents are termed cytotoxic as they impair proliferating cells,
primarily through interference with mitosis. However, mitosis being common to both
non-malignant and malignant cells, engenders the risk of damage to both cell
populations via chemotherapy. Nevertheless, some selectivity is seen towards cancer
cells due to comparatively high cellular proliferation of tumour cells relative to
normal cells [14]. Unfortunately, the rapidly dividing cells of the bone marrow,
gastrointestinal mucosa and hair follicles remain highly susceptible to adverse effects
resulting in acute side effects including myelosuppression, nausea and hair loss [15].
Furthermore, a major drawback to chemotherapy is acquired drug resistance,
intrinsic to a wide variety of tumour cells upon exposure to the drug itself. Biological
resistance mechanisms are well recognised and include increased drug efflux, upregulation of DNA repair systems, reduced drug uptake and enhanced intracellular
detoxification [16]. Whilst chemotherapy and its use in combination with surgery and
or radiation therapy has shown promise in cancer treatment, these treatment
options are not entirely satisfactory, for both patients and clinicians. More
particularly, in advanced forms of the disease such as with metastatic malignant
3
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melanoma, chemotherapy has resulted in low response rates with little survival
benefit [17], begging for the rise of more effective treatment modalities.
In contrast to the empirical approach used to develop chemotherapeutics, more
recent research has allowed for the formation of a conceptual framework,
established on a more substantial understanding of the cellular based mechanistic
properties inherent to cancer as a disease. For instance, research over the past
decades has uncovered a small number of molecular, biochemical and cellular traits
– all acquired capabilities – shared by most, if not all types of human cancer[18-20].
It has been postulated that the vast catalogue of cancer cell genotypes is a
manifestation of six essential alterations in cell physiology that collectively dictate
cancerous growth: self-sufficiency in growth signals, insensitivity to growth-inhibitory
signals, evasion of programmed cell death (apoptosis), limitless replicative potential,
sustained angiogenesis and finally, tissue invasion via spreading (metastasis) [19-21].
These alterations in cell physiology have generated specific molecular targets,
believed to play a critical role in tumour growth and disease progression [22].
Practitioners of experimental cancer therapeutics have thus been able to apply the
term ‘targeted therapy’ to a new generation of treatment modality, designed to
interfere with these specific molecular targets. Nanotechnology has shown
tremendous promise in the target-specific delivery of various therapeutic, imaging
and diagnostic agents within the human body; so much so, that this expanding field
may well have even coined the term “nano-theragnostics”. Among the vast plethora
of scientific research being undertaken in the field, a significant contribution has, and
is continually being applied to cancer research in the way of nano-theragnostic
systems; the common goal of which is to increase the theragnostic efficacy and
concomitantly reduce undesirable

side effects to a

manageable

level.

Nanoparticulate systems offer several attractions in the way of achieving this goal.
These attractions, the key properties of nanoparticles (NPs), and how they differ from
other cancer drugs shall be discussed herein. Particular attention shall be devoted to
silica based core-shell nanocomposite systems, building a case for their application in
the treatment and diagnosis of cancer.

4

Chapter 1
1.2 Nanoparticles for cancer theragnostics
There are a wide variety of NP systems currently being probed for cancer
therapies. These include Silica NPs [23], polymeric nanoparticles [24], liposomes [25],
as well as ceramic [26], magnetic [27], and metallic [28] NPs. Despite the large
variation of choice in available nanoparticulate delivery vehicles, each of these
systems is developed such that enhanced delivery to the tumour forms a common;
the properties allowing such enhancement shall be elaborated on in subsequent
sections. The mode of distribution within the body is subject to considerable
variation; administrative methods include systemic, local; via subcutaneous or
intratumoral administration, and topical administration to name just a few. Although
certain modes of delivery are dependent on the type of cancer being targeted – for
example, tumour targeting within the brain via systemic administration has proven
to be a difficult task [29] – systemic delivery via parenteral routes has grown to be of
the more popular, with several excellent reviews [23, 25, 29-31] focussing on studies
that have opted for such a delivery method. Passive and active tumour targeting form
the basis of NP delivery via systemic administration.
The characteristics of tumour growth are exploited when using the passive form
of targeting. Tumours become diffusion limited at volumes of 2 mm3 and above [32].
Diffusion limitation has an impact on oxygen delivery, nutrition intake and waste
excretion. To overcome diffusion limitation, vasculature surrounding the tumour is
increased through a process termed angiogenesis. Abnormalities in the connective
tissue and the basement membrane that line endothelial cells are a characteristic of
angiogenesis [33]. Consequently, the incomplete tumour vasculature results in leaky
vessels with gap sizes ranging from 100 nm up to 2 µm depending on the type of
tumour [34], whereas the fenestrations in vasculature of healthy tissue have
dimensions of only 1 to 2 nm [35]. Furthermore, the lack of a well-defined lymphatic
system within tumours results in an interstitial pressure gradient. As such, NPs that
gain interstitial access to tumours attain comparatively higher retention times than
when within normal tissues [32]. The coupling of leaky vasculature and poor
lymphatic drainage is termed the enhanced permeability and retention (EPR) effect
(Figure 1-1). NPs that are able circulating within the blood for long enough to diffuse
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through the leaky tumour vasculature, are in effect, able to enter the interstitium and
become entrapped within the tumour for extended periods of time [31, 32, 34]. This
is the basis of passive targeting and thus provides a simplistic method for the
preferential localisation of nano-scaled delivery systems within tumour tissue.

Figure 1-1.Illustrates passive targeting of NPs to tumours through the EPR effect. NPs
preferentially accumulate within the tumour interstitium through poorly constructed
vessels containing large fenestrae and impaired lymphatic drainage. Postextravasation, intracellular uptake of ligand functionalised NPs can be facilitated
through receptor mediated endocytosis (obtained with permission from [36]).
Active targeting requires the use of peripherally conjugated targeting moieties
such as small molecules, peptides, proteins or antibodies [37]. The binding of a ligand
molecule with its cell surface receptor is a common process through which numerous
intracellular signalling process occur, allowing for regulation of cellular functions [38].
NPs coated with these small molecules could hypothetically mimic multivalent
ligands that are capable of binding with cell surface receptors, allowing them to enter
cells via receptor-mediated endocytosis [39] (Figure 1-1). While the size and shape of
the NPs can influence cell internalisation, notably, the physical properties of the
ligands themselves have also been shown to be an influencing factor; where ligand
length, rigidity and density of coverage can strongly affect the final fate of the particle
[39].
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1.2.1 Distinguishing features of nanoparticles for cancer therapy
The highly tuneable nature of NPs allows them to be designed to specifically
improve upon the shortfalls of conventional treatment modalities. However, to meet
the criteria required for their effective and safe application as theragnostic agents, a
judicious approach in their synthesis is required and, biocompatibility becomes the
primary and governing factor in NP design. In therapeutic settings, the
biocompatibility of a material is generally measured through parameters such as cell
cytotoxicity, in vivo biodistribution, haemocompatibility, and clearance. A number of
distinguishing features, inherent to NP design govern their biocompatibility and
hence therapeutic fate.
1.2.1.1

Nanoparticle Size

The biocompatibility of a nanoparticulate system is dependent on its surface
characteristics [40]. Due to their small size NPs have high surface-to-volume ratios,
and so control of their size has a great influence on surface characteristics, which play
a crucial role in regulating their behaviour in vitro and in vivo. The size of the NP itself
can affect cell internalisation, biodistribution and clearance, making it a
distinguishing feature for NP based cancer treatment. For example, upon intravenous
administration of gold NPs in rats, De Jong et al. showed that 10 nm gold NPs were
found to localise in various organs including the liver, spleen, kidney, blood, heart,
lung, brain, testes and thymus, whereas larger NPs (50, 100 and 250 nm) were only
detected in the blood, liver and spleen [41]. Careful consideration of NP size is
therefore a must, to minimise unwanted agglomeration within non-targeted organs
and associated toxicity. As mentioned previously, passive targeting of tumours via
the EPR effect is dependent on localisation of the NPs within the tumour via
fenestrations in poorly formed vasculature. The cut-off size for extravasation from
tumour vasculature in animal models has been shown to be slightly narrower at
200 nm to 1.2 µm depending on the tumour type [42]. Therefore, further
consideration of NP size must also be taken if a passive targeting method is to be
employed in the delivery of theragnostic agents. Active targeting of cancer cells via
ligand to cell surface receptor interactions can also be affected by NP size. As
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illustrated by Suen and Chau [43], the size of their folate decorated polymeric NPs
was found to affect the rate of endocytosis in human retinal pigment epithelium cells,
as well as the endocytic pathway. The cellular uptake rate increased with decreasing
NP size (50 nm > 120 nm > 250 nm). Furthermore, the 50 and 120 nm particles were
observed to undergo both clathrin and caveolae-mediated endocytosis, whereas
uptake of the 250 nm was dominated by the caveolae-mediated pathway only. These
examples illustrate that significance must be placed on size when considering the
design of a nanoparticulate system.
1.2.1.2

Nanoparticle shape

The geometry of a NP has been established as a distinguishing feature when
considering its biological fate [44]. While spherical NPs currently form the mainstay
in shape design for this field of research, numerous fabrication methods have yielded
a variety of non-spherical NP shapes. For the successful delivery of a NP to its
biological target, it must first be able to circulate in the bloodstream while evading
uptake by the mononuclear phagocyte system (MPS; described in the proceeding
section). Biodistribution studies with macrophages have demonstrated that the
uptake of spherical particles is favoured over NPs with higher aspect ratios. For
example, the liver uptake of 100 nm diameter spherical particles was significantly
greater than that of 100 nm long nanochains [45]. Furthermore, it was demonstrated
that the lower liver uptake of the nanochains correlated to extended blood residence
and as a result they outperformed the spherical nanoparticles with regards to tumour
extravasation. In another example, a biodistribution study demonstrated that
mesoporous silica nanorods with an aspect ratio of 5 (length 720 nm) had half the
liver uptake rate of those with an aspect ratio of 1.5 (length 185 nm). Additionally,
uptake was found to be organ specific for the different geometries, where the
nanorods with an aspect ratio of 1.5 were subject to nearly 3 times higher uptake in
the spleen after two hours. The binding avidity of a NP decorated with targeting
ligands can also be influenced by NP shape. Kolhar et al. showed using microfluidics,
static cell cultures, mathematical modelling and in vivo studies in mice, that rod
shaped NPs exhibited greater avidity and selectivity towards endothelium when
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compared to their spherical counterparts [46]. These studies demonstrate that
consideration of NP shape is necessary when designing theragnostic entities for
cancer treatment.
1.2.1.3

Controllable biodistribution

The MPS consists of tissue-resident macrophages, dendritic cells and blood
monocytes in the spleen, lymph nodes and liver that are responsible for processing
and clearing foreign materials from circulation [47]. The adsorption of plasma
proteins such as immunoglobulin and its fragments, to the surface of NPs that are
circulating within the body, label them as foreign materials (this process is termed
opsonisation), affording recognition to phagocytic type cells for clearance [48].
Opsonisation of NPs is a complex process, heavily dependent on the type of adsorbing
protein, its spatial arrangement, as well as the physical and chemical state of the NP
surface itself. NPs can be modified to protect them from opsonisation, a
distinguishing feature when compared to conventional drug molecules used in cancer
therapy. PEGylation is the most commonly used method for imparting “stealth”
characteristics to NPs for evasion from the MPS, and has been reviewed extensively
[48-51]. It involves the grafting of polyethylene glycol (PEG) molecules to the surface
of NPs bound for systemic delivery. The hydrophilic nature of PEG has been shown to
render the adsorption of biomacromolecules onto NP surfaces thermodynamically
unfavourable [52] while concomitantly increasing steric stability through a reduction
of surface charge. While having the ability to evade the MPS is a distinguishing
feature of PEGylated NPs, use of PEG to this end has also been shown to reduce nonspecific NP uptake by cultured cells in vitro [53, 54]. While this outcome mitigates the
loss of NPs to non-targeted cells, it is also counterintuitive as cell uptake to target
cells is hindered, if further modification is not employed. As Dai et al. have shown,
the combination of PEG with a targeting ligand allows specific cell uptake, while
concomitantly mitigating serum protein adsorption [55]. Careful control of NP
surface chemistry can thus allow for regulation of the therapeutic entity’s
biodistribution, enhancing tumour localisation and avoiding clearance due to the
body’s immune response.
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1.2.1.4

Cell specificity

The circumvention of conventional chemotherapy is most widely perpetrated
by a phenomenon known as multidrug resistance (MDR). The mechanisms giving rise
to MDR can broadly be categorised as cellular and physiological both of which have
been reviewed elsewhere [56]. In short, chemotherapeutic agents target rapidly
proliferating cells (malignant and non-malignant), the non-malignant cells are
destroyed (resulting in undesirable side effects) and malignant cells enacting MDR
are spared. This results in large populations of drug resistant malignant cells,
requiring higher doses of chemotherapeutic agents, which demonstrate systemic
toxicity. The use of NPs functionalised with targeting moieties that promote receptor
mediated endocytosis, not only direct the therapeutic entity towards malignant cells
overexpressing target receptors (sparing non-malignant cells), but are able to bypass
drug efflux transporters, the over-expression of which, forms the most widely
encountered MDR phenomenon [57]. Folic acid (FA) is one of the most commonly
used targeting moieties in nanoparticulate mediated cancer research. FA is a small
molecule vitamin (441 Da) that is essential in eukaryotic cells for the biosynthesis of
pyrimidines and purines [58]. The uptake of folates by various cells is enabled by
either the low affinity reduced folate carrier, found in most cells of the body, or
through the high affinity folate receptor. While the reduced folate carrier enables
transport of reduced forms of FA, the folate receptor is capable of transporting FA as
well as non-physiologic forms of the vitamin and folate-linked nanoconjugates [59].
The cell surface receptor for FA forms a viable target for tumour cell specific drug
delivery for three major reasons. Firstly, it is over-expressed with upregulation
nearing two orders of magnitude in many human cancers, including breast, ovary,
kidney, brain, lung and myeloid cells [60]. Secondly, access to the folate receptor in
non-malignant tissues is compromised due to its location on the outward-facing
membrane of polarised epithelia and finally, the density of the folate receptor seems
to increase as the disease stage progresses [61]. While FA is the most commonly used
ligand based active targeting scheme, many other ligands have been used to such an
end, of which transferrin is notable. Transferrin is an iron transporting serum
glycoprotein allowing the receptor mediated endocytosis of iron from the blood into
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cells via cell surface transferrin receptors [32]. Over expression of transferrin
receptors on drug resistant malignant cells, the extracellular status of transferrin in
the body and its internalisation by cells, make transferrin a suitable cell targeting
agent in cancer therapy [58]. The use of targeting ligands has been demonstrated to
not only impart cell specificity [62], but to also enhance cellular uptake [63]. In a
clinical setting, such properties would show great promise in mitigating the effects of
MDR while concomitantly reducing undesirable side effects.
1.2.2 Core-shell nanoparticles
NPs offer many positive attributes towards the design of a cancer treatment
modality geared towards clinical use. The core-shell NP concept, as the name implies,
refers to a composite NP system comprising an inner core material, enveloped by an
outer casing of another material that forms the shell. It is important to note that all
of the distinguishing features discussed in preceding sections must still be considered
when applying the core-shell concept to the design and preparation of a NP system
geared towards clinical deployment. In fact, the core-shell design offers flexibility as
well as many advantages over homogeneous single particle systems when it comes
employing these features. For instance, controlling the size and shape of the core
material would ultimately decide the size and shape of the core-shell composite.
Furthermore, a core material need not necessarily be biocompatible as the use of a
biocompatible outer shell may shield from any negative impact inflicted within a
biological setting. The composite nature of such NPs gives rise to a plethora of coreshell based systems, with various combinations of core and shell material types
ranging from organic-organic, organic-inorganic and vice versa, as well as inorganicinorganic materials. Furthermore, the core or shell or both may also be composites
of inorganic and organic materials themselves; the combination depending on the
intended application and fate of the NP. The numerous possible arrangements give
rise to a huge variety of core-shell systems many of which been extensively reviewed
elsewhere for the readers reference [64, 65]. In most instances, for cancer therapy,
the core material generally comprises the theragnostic entity, while the shell
component serves either to enhance the biocompatibility of the core material,
increase the stability of the system in biological settings, and or provide a surface for
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functionalisation that will allow for these to be carried out. For example, the TiO 2SiO2 photosensitiser developed by a previous member of our research group, Feng et
al. [66] comprises a photoactive titanium dioxide core utilised as a therapeutic agent
for the destruction of human nasopharyngeal epidermoid cancer cells via photo
dynamic therapy (PDT). A silica shell was used to improve the dispersion of the core
material while providing a site to anchor folic acid targeting ligands. In another
example [67], Tan and co-workers developed a double shelled system with a hollow
core for the delivery of the antineoplastic dug mitoxantrone (mito). The mesoporous
silica shell allowed diffusion of the drug in and out of the hollow cores. Their double
shell design allowed the storage of over twice the amount of mito within the hollow
core and void space between shells, when compared to just the hollow core of a
corresponding single shelled system. Lin et al. demonstrated that their PEGylated
silica based core-shell NPs were able to act as a positive contrast agent for
neurovascular magnetic resonance (MR) imaging due to the gadolinium (Gd) core
material [68]. They reported that the PEG coating and microporous silica shell
allowed water exchange while keeping the toxic Gd core from leaching out. These
examples clearly indicate the versatility of design options available through the use
of the core-shell concept, also highlighting the ease with which NP systems can be
designed to incorporate the features that distinguish them from conventional cancer
treatment modalities.
Whilst core-shell NPs can be synthesised using any combination of organic and
or inorganic material for either core or shell component, inorganic materials such as
metals and metal oxides are more commonly used for the core [64]. Metals such as
gold, silver and copper have been used as core materials for their surface plasmon
resonance (SPR) based theragnostic properties. Strong electromagnetic fields on the
surface of the metal NPs are generated due to coherent oscillation of free surface
electrons upon interaction with the oscillating electric fields of incident light. These
electromagnetic fields enhance both the absorption and scattering properties of the
metal [69]. Smaller gold and silver NPs are preferentially used for photo-thermal
therapy, where irradiated light is absorbed by the NPs and efficiently converted to
heat resulting in hyperthermia of targeted cells and tissue. Larger NP counterparts
are preferred for imaging due to their higher scattering efficiency [70]. Iron and iron
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oxide based cores have been used widely as contrast agents in MRI [71], for local
hyperthermia [72] and for drug delivery systems employing external magnetic fields
for tumour localisation [73]. Semiconducting materials such as quantum dots (QD),
titanium dioxide (TiO2) and zinc oxide (ZnO) have shown great promise as core
materials for PDT applications [74]. In the case of semiconducting cores, irradiation
results in photo-excitation of electrons from the valence band to the conduction
band. The electron-hole pairs are able to react with water and oxygen within the
biological environment to generate reactive oxygen species (ROS) such as superoxide
and hydroxyl radicals, which in turn may cause oxidative stresses that lead to necrosis
and apoptosis [66].
Extensive research has been carried out in the use of heterogeneous
semiconductor materials as photocatalysts and in enhancing their photocatalytic
properties [75-77]. Application of the core-shell design concept to these materials
may allow a transition for their use as photosensitisers with all the desirable traits for
efficacious PDT. This forms the basis of this thesis and is elaborated on in the
proceeding sections.
1.3 Thesis overview
1.3.1 Aims and objectives
The purpose of this dissertation was to fabricate and characterise, using a facile
synthetic approach, a core-shell nanoparticulate system for applications as a dual
functional photosensitiser in photodynamic therapy. The core was to comprise of a
hybrid, magnetic, iron oxide-zinc oxide (Fe3O4-ZnO) material, enveloped by a silica
shell decorated with folic acid targeting ligands, a dansyl chloride based fluorescent
molecule and polyethylene glycol. The Fe3O4-ZnO composite was first developed by
this group to improve upon the photophysical properties of pure ZnO NPs intended
for the photodegradation of a water contaminant, viz. phenol [78]. The design
consisted of a heterogeneous semiconductor material, synthesised via a seed
mediated growth process, where Fe3O4 NPs were used as seeds for the growth of the
ZnO semiconductor. The presence of the Fe3O4 served to mitigate recombination of
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photoinduced electron-hole pairs thereby increasing the phenol degradation
efficiency to 82%, from 52% when using pure ZnO NPs alone.
The objectives of this research include: (1) the surface modification of the
Fe3O4-ZnO core via inclusion of a silica shell functionalised with various surface
groups to impart biocompatibility, cell specificity, fluorescent capabilities for imaging
and stealth properties. (2) The chemical and physical examination of the core, shell
and surface bound moieties and (3) The examination of cyto- and phototoxicity of the
core material, the silica shell itself, and the entire folic acid bound core-shell
structure, in order to evaluate the photoefficiency of the hybrid core and the effect
of surface modification on its efficacy as a photosensitiser.
1.3.2 Research methodology
A detailed flow chart of the thesis work is presented in Figure 1-2. In brief, a
hollow silica shell will be fabricated with controllable size. The toxicity and specificity
of this shell towards malignant and non-malignant cell lines will be evaluated. The
influence of attached folic acid molecules shall be investigated and the potential for
its use as a drug carrier shall be scrutinised. The developed shell system will then be
applied to the Fe3O4-ZnO core. The photocatalytic properties of the resultant folate
bound core-shell system shall be evaluated via photodegradation of methylene blue
(MB) and the influence of surface modification on photocatalytic efficiency, cyto- and
phototoxicity determined. Finally, additional surface modifications shall be carried
out through use of PEG and dansyl chloride. PEG chains shall be grafted to the surface
of the shell component both directly and acting as a spacer for terminal folate groups.
A fluorescent dansyl moity shall be grafted to the silica shell also with and without a
PEG spacer. The influence of these surface modifications on the photocatalytic
properties of the hybrid core shall be evaluated via MB degradation. Viability of the
fluorescent molecule for potential imaging applications shall also be investigated.
A rigorous physicochemical characterisation scheme shall be employed to
scrutinise the synthetic products. Transition electron microscopy (TEM), scanning
electron microscopy (SEM) and dynamic light scattering (DLS) shall be used to analyse
morphology, size and size distribution. Several spectroscopic techniques including
Furrier transform infra-red (FTIR), ultra violet – visible (UV-Vis) absorption,
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fluorescence and nuclear magnetic resonance (NMR) shall be used to confirm
conjugation of the various surface molecules. Finally, thermogravimetric analysis
(TGA) shall be used to quantify these groups.
The photodegradation of methylene blue shall be carried out using a UV
chamber and UV-vis absorption spectroscopy for quantification of the dye molecule,
Figure 1-3 details a schematic diagram of the apparatus. Photokilling experiments will
be conducted in a similar chamber type setup, with the double jacket reactor being
replaced by 96 well cell culture plates; details are elaborated in chapter 3.
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Figure 1-2. A flow chart detailing the research methodology employed in this
dissertation.
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Figure 1-3. A schematic diagram detailing the photocatalytic reaction apparatus
1.3.3 Expected outcomes and significance
The background information pertaining to current cancer treatment modalities
has highlighted the need for novel materials and methods to be exploited if the
mortality and morbidity associated with the disease are to be reduced, thus paving
the way for nanoparticulate based theragnostic systems. This dissertation hopes to
develop and implement a novel synthetic route, based on a core-shell design, to
enhance the biocompatibility, cell specificity and efficacy of therapeutic agents
intended for cancer treatment. As chapter two will show, incorporation of such a
methodology to small molecule drugs, can improve their specificity and cytotoxic
effect towards malignant cells. Furthermore, application of this system to
photocatalysts as per chapter 3, will provide a transition of those materials to
applications in photodynamic therapy. Chapter 4 will highlight the versatility of the
synthetic method by illustrating the various surface modifications possible and will
demonstrate how the employed method can be used to design multifaceted
theragnostic systems. Finally, chapter 5 shall summarise the major outcomes of this
research and will detail future considerations.
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2

Drug release characteristics and selective
cytotoxicity of hollow silica nanoparticles

2.1 Introduction
Siliceous nano-composite materials have elicited growing interest in the field
of cancer treatment through drug delivery and diagnostics [1], due to their
controllable physiochemical properties including size, morphology, composition,
biocompatibility and ease of surface functionalisation when compared to other
nanomaterials [2, 3]. The vast potential of silica nanocomposites is demonstrated by
Benezra et al’s work through the synthesis of FDA approved diagnostic multimodal
silica nanoparticles (NPs) [4, 5]. Their dye-encapsulated particles, approved for the
first-in-human clinical trial of their class, were surface functionalised with cyclic
arginine-glycine-aspartic acid peptide ligands and radioiodine. This afforded effective
renal clearance with concurrent tumour targeting and sensitive in vivo imaging. While
notable advancements have been realised through the use of silica NPs in a diagnostic
regime [6], promising results in the way of in vitro and in vivo drug delivery also have
been demonstrated. In this light, encapsulation of therapeutic agents by silica shells
including drugs such as paclitaxel [7], gemcitabine [8] and bortezomib [9], has
allowed for suppression in the growth of malignant cell lines in vitro and tumour
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shrinkage in vivo with more efficacious results than using the free drug alone. Studies
have also shown greater efficacy through use of silica nanoparticle encapsulated
doxorubicin hydrochloride (DOX) than when using free DOX, both in vitro [10, 11] and
in vivo [11]. While these studies report the advantages of drug encapsulation, the
silica NP carriers have been demonstrated to be compatible with both non-malignant
and malignant cells in the absence of DOX. A recent study by Tan et al [12] concluded
that double layered hollow silica nano-spheres of 260 nm diameter alone were not
toxic at concentrations as high as 400 µg.mL-1. Another study by Zhao et al. [13]
reported that hollow silica NPs of 30 nm diameter showed negligible cytotoxicity
after 48 h incubation at a concentration up to 200 µg.mL-1. Both groups used human
liver carcinoma (HepG2) cell lines, while Zhao and co-workers also used HeLa, RAW
264.7, SMMC-7721 and MCF-7 cells. A separate study [14] used 110 nm sized hollow
silica particles at similar concentrations and a 48 h incubation period to find no
obvious toxicity in human breast cancer (ZR75-30) cells. These results suggest hollow
silica particles alone can be non-toxic to a variety of cell types.
However, studies on solid silica NPs have emerged to show contradictory
results. Early studies [15, 16] on commercially available amorphous silica NPs with
diameters of about 15 nm have found time and concentration dependant toxicity to
human lung adenocarcinoma (A549) cells, exhibiting toxic effects at concentrations
of 50 μg.mL-1 and greater when exposure times were 24 h and longer. A recent study
[17] on 20 nm commercial silica particles found the cell viability of human gastric
cancer (MGC80–3) cells was reduced to 25% (48 h) and 12% (72 h) upon incubation
with the NPs at a concentration of 320 μg mL-1. Reduction in viability of human
cervical cancer (HeLa) cells was also observed, to a lesser degree (61% and 65%) at
concentrations as low as 20 μg mL-1 for the same incubation periods. Data on noncancerous cells was not reported in the work. Aside from commercially obtained NPs,
studies employing the commonly used Stöber synthetic route for silica NPs have also
emerged within the last decade, suggesting particle associated toxicity in vitro. Chang
et al [18] used Stöber based silica particles to find a NP concentration of 667 μg.mL-1
was required to reduce the viability of six different cell lines to between 60 and 80%
of the control after a 48 h incubation period. More recently, Gonzalez and co-workers
[19] investigated the influence of serum on cell viability, cell cycle and generation of
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micronuclei by silica NPs. In serum free conditions Stöber based NPs of sizes 28, 59
and 139 nm were observed to induce at least a 50 ± 5 % reduction in cell viability at
doses of 27.5 μg.mL-1 (28 nm) and 100 μg.mL-1 (59 and 139 nm NPs). In the presence
of serum, the viability was also seen to diminish, however to a lesser extent. Kim et
al. [20] reported a reduction of A549 and HepG2 cell viability to between 60 and 80%
by NPs of strictly controlled sizes (20-200 nm) at concentrations of ≥50 μg.mL-1 for a
24 h incubation period. They observed time and dose dependent reduction of
viability between 20 % and 60 % under the same conditions for mouse embryonic
fibroblast (3T3) cells, with their 60 nm particles showing exaggerated (as low as 010%) diminution in viability at 200 and 500 μg.mL-1. Yu et al. [21] also reported a
significant reduction in the cell viability of A549 cells upon 24 h incubation with 62 nm
silica NPs. These studies have suggested that in vitro toxicity, associated with use of
amorphous silica based NPs, could be induced by a myriad of complicated processes
including reactive oxygen species (ROS) generation [21], changes in membrane
integrity induced by cellular uptake of NPs [20], influence of serum [19], metabolic
activity type of the cell line [18], as well as simply adjusting dose, size of NPs and time
of exposure to cells.
This investigation reports on the synthesis of two size-different hollow silica
shells, and their toxic effects to human epithelial colorectal adenocarcinoma (Caco2) and 3T3 cells, with and without encapsulated DOX. Conjugation of folic acid (FA),
a cancer cell targeting ligand, to the hollow silica nanoparticles was also explored and
its effect on the cell viability was investigated. The results demonstrated that both
the hollow silica nanoparticles and the FA conjugated counterparts can produce
selectively enhanced cytotoxicity to Caco-2 cells over 3T3 cells, which was not seen
with the free anticancer drug DOX under the same conditions. Synergistic toxicity was
demonstrated when silica NP encapsulated DOX was used. To the best of our
knowledge, this is the first report identifying the selective cytotoxicity of hollow silica
nanoparticles towards a cancer cell line. It also was interesting to discover that the
conjugated FA at the investigated concentration range encouraged the growth of
both 3T3 and Caco-2 cells.
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2.2 Materials and Methods
2.2.1 Materials
The following chemicals were purchased from Sigma-Aldrich Australia: zinc
acetate dihydrate (Zn(Ac)2•2H2O), diethylene glycol (DEG), tetraethyl orthosilicate
(99.999%, TEOS), 3-aminopropyl triethoxysilane (99%, APTES), N‐hydroxysuccinimide
(NHS), N,N’-Dicyclohexyl carbodiimide (DCC), reagent grade triethylamine, folic acid
(97%, FA). Anhydrous ether and dimethyl sulfoxide (DMSO) were sourced from Alfa
Aesar. Doxorubicin hydrochloride (>99%, DOX), was purchased from Thermo Fisher
Scientific, together with laboratory grade ethanol and acetone.
2.2.2 Synthesis of ZnO template and hS NPs
The synthetic pathway of the investigated NPs is schematically displayed in
Figure 2-1. ZnO template NPs were synthesised in a two stage reaction process via
the hydrolysis of Zn(Ac)2·2H2O using a reported method [22] with slight modification.
Typically, 6.59 g (0.03 mol) of Zn(Ac)2·2H2O was added to 300 mL of DEG with stirring
and the temperature was raised to 90 oC to assist dissolution. Upon dissolution, the
temperature was raised to 160 oC and maintained for 2 h. Upon cooling to room
temperature, the product was subject to centrifugation at 7240 x g for 10 min. The
polydisperse sediment was discarded and the slightly turbid supernatant was kept for
use in the second stage. Stage two began in the same way as stage one: 0.03 mol
Zn(Ac)2·2H2O was added to 300 mL of DEG with stirring and the temperature was
raised to 90 oC to assist dissolution. Upon dissolution the temperature was raised to
150 oC at which point a known volume of the primary supernatant was added, drop
wise, to the reaction mixture. After addition, the reaction temperature was raised to
160 oC and maintained for 2 h. The reaction was allowed to cool to room temperature
and the ZnO NPs were collected via centrifugation and were subject to six washes
with milli-Q water in conjunction with ultra-sonication. Particles were stored as a
suspension in milli-Q water. The reaction yield was 98.7%.
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Figure 2-1. A schematic illustration of the synthetic process used to fabricate hollow silica (hS) and folic acid conjugated hollow silica
(hSFA) NPs.
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Silanisation of the ZnO NPs was achieved through a sol-gel process, employing
TEOS [23]. Briefly, 0.5 g (6.14mmol) of ZnO NPs was suspended via ultra-sonication
in a mixture of 20 mL ethanol and 20 mL milli-Q water containing 1.1 mL of
ammonium hydroxide solution (25 % wt.). A solution of TEOS (0.603 mL, 2.70 mmol)
in 10 mL of ethanol was added drop wise to the nanoparticle suspension. The
reaction was allowed to proceed at room temperature with magnetic stirring
(300 rpm) for 2 h. The produced particles were collected by centrifugation and
washed sequentially in ethanol followed by milli-Q water using ultra sonication.
To produce hollow silica (hS) NPs, the above prepared ZnO-SiO2 (ZS) core shell
particles (0.1 g) were dispersed in a hydrochloric acid (HCl) solution (0.25 M, 20 mL)
at room temperature with constant stirring for 1 h. The NPs were then collected
through centrifugation and treated in the same manner with progressively dilute HCl
solutions (0.20 M and 0.1 M) until all ZnO was leached out. The final collected hS NPs
were washed with milli-Q water (5 x 50 mL) via centrifugation (20 min, 9163 x g) and
stored for further analysis.
2.2.3 Synthesis of hSFA NPs
ZnO NPs were first silanised according to the procedure described above. A
subsequent amine functionalisation of the obtained ZS was achieved by the dropwise addition of APTES (1.264 mL, 5.40 mmol) in 10 mL ethanol to the ZS NP
suspension, followed with 2 hours stirring at room temperature. The amine
terminated ZS NPs (ZSNH2) were collected via centrifugation (10 min, 7240 x g) and
were washed three times sequentially in ethanol followed by milli-Q water.
At the same time, the NHS ester of FA (NHS-FA) was synthesised via a DCC
coupling method reported previously [24]. The synthesised NHS-FA intermediate was
used to react with ZSNH2 in order to produce FA conjugated ZnO-SiO2 core shell
nanoparticles (ZSFA). To do this, 0.1 g of ZSNH2 NPs were dispersed in 22.5 mL of
Na2CO3/NaHCO3 buffer (pH 9.30) using sonication for 10 min. NHS-FA (2.79 mmol)
was added drop wise to the NP suspension with constant stirring. After one hour,
ZSFA NPs were collected via centrifugation (10 min, 7240 x g) and were washed in
conjunction with sonication five times in DMSO followed by 3 times with milli-Q
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water. The FA conjugated hollow silica (hSFA) NPs were obtained by leaching of the
ZnO using the same procedure discussed in section 2.2.2.
2.2.4 Nanoparticle Characterisation
Transmission and scanning electron micrographs of the produced NPs were
obtained using our previously reported method [25]. Geometric particle size analysis
was carried out using Gwyddion imaging software. Hydrodynamic particle size and
size distribution were further assessed via dynamic light scattering (DLS) using a
Zetasizer Nano‐ZS from Malvern Instruments. v Samples were prepared as NP
dispersions in milli-Q water. Size and distribution data were analysed using the
Malvern Zetasizer Nano software version 7.0. Size and polydispersity results were
reported as the mean ± standard deviation of triplicate measurements. A Thermo
Scientific Nicolet is50 FT-IR spectrometer equipped with a diamond ATR sampling
accessory and a Bruker Advance III NMR spectrometer (400 MHz) were used for
chemical characterisation. Detailed information can be found in previously reported
work [25].
Quantification of the organic moieties bound to the NP surfaces was carried out
using thermogravimetric analysis (TGA) (Mettler Toledo). Samples (10 to 15 mg) were
heated in air (0.1 L.min-1) from an equilibrium temperature of 35 oC to 110 oC at a
rate of 10 oC.min-1. The temperature was held at 110 oC for 30 min and was then
raised to 900 oC at a rate of 10 oC.min-1. The FA content on the NPs was calculated
from the relative mass loss shown by the TGA.
Nitrogen sorption isotherms were measured at at 77K on a Micromeritics
Tristar 3000 apparatus. Prior to examination NPs were freeze dried at -65 oC
(0.0054 mbar) for 18 hours. The specific surface area of the NPs was calculated using
the Brunauer–Emmett–Teller (BET) method and the pore size distribution was
derived from the adsorption branches of the isotherms based on the Barrett-JoynerHalenda (BJH) method.
2.2.5 Drug loading and Release
Nanoparticles of hSFA (9-10 mg of) were dispersed in a PBS solution of DOX
(2 % wt.) for 18 hours with constant agitation at room temperature and then
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separated from the solution via centrifugation (5 min, 9163 x g) and rinsed 4 times
with 0.8 mL PBS (pH 7.4) to remove excess drug molecules on the surface. Loading
capacity was determined via UV-Vis spectroscopy by subtraction of the drug present
in the supernatant and washing media from the total amount of drug in the loading
solution. The drug-loaded particles were redispersed in 0.8 mL fresh PBS with slight
agitation using an orbital shaker. At allotted periods of time the PBS solution
containing released drug was collected via centrifugation and subject to UV-Vis
absorbance measurement using a Jasco V-570 UV-Visible diffuse reflectance
spectroscope. The particles were resuspended in 0.8 mL of fresh PBS after each
sampling stage to maintain sink conditions. Cumulative release percentage was
plotted against time and the first 60 % of release was modelled using Equation 2-1 as
adapted from the work of Ritger and Peppas [26]:
𝑀𝑡
𝑀∞

= 𝑘𝑡 𝑛

Equation 2-1

in which k is a constant, representing the characteristics of the drug and the NP shell’s
macromolecular network system, while the diffusional exponent n, indicates the
mechanism of transport and is constrained by the morphology and geometry of the
𝑀

drug carrier. The value of k and n can be obtained by plotting 𝑙𝑛 𝑀 𝑡 against 𝑙𝑛(𝑡).
∞

2.2.6 Cell Culture
Caco-2 and 3T3 cells were grown in DMEM-high glucose medium supplemented
with 10 % fetal bovine serum, 1 % Penicillin-Streptomycin and 1 % L-glutamine
(Sigma-Aldrich). The cells were grown into 96-well plates at a density of 5 x 103 cells
per well at 37 oC and under
2.2.7 Cell Viability
A modified acid phosphatase (APH) assay [27] based on quantification of
cytosolic acid phosphatase activity, was employed for determining cell viability.
Intracellular acid phosphatases in viable cells hydrolyse p-nitrophenyl phosphate to
p-nitrophenol. The absorption of the latter at 405 nm is directly proportional to the
cell number in the range of 103 to 105 monolayer cells. For this work, the investigated
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nanoparticle concentrations were 50, 100 and 200 µg.mL-1. Free DOX was used at
0.5 µg.mL-1. DOX loaded hSFA(215) at a NP concentration of 50 µg.mL-1 was also
used. The nanoparticles were suspended in growth medium using an ultrasonic bath
for 15 minutes before treatment of cells. A control experiment was performed using
the cells treated with complete medium containing no NPs, under identical
conditions. Cells were incubated with the NPs for 6 h and 24 h, respectively, prior to
the APH assessment. At testing time, the culture medium was removed, and the cells
were rinsed once with PBS. Then, 100 µL of the assay buffer (0.1 M sodium acetate,
0.1% Triton-X-100, supplemented with ImmunoPure p-nitrophenyl phosphate;
Sigma-Aldrich) was added to each well and incubated for 90 min at 37 oC. Following
incubation, 10 µL of 1 M sodium hydroxide (NaOH) was supplemented to each well,
and absorption at 405 nm was measured within 10 min on an Enspire Multimode
plate reader (PerkinElmer).The relative cell viability was estimated by Atest/Acontrol,
where Atest and Acontrol are the absorbance of the produced p-nitrophenol by samples
and controls, respectively.
2.2.8 Statistical Analysis
All experiments were repeated three times under identical conditions. The
results were expressed as mean ± standard error of the mean (SEM); where SEM =
𝑆𝐷
√𝑛

, and SD is the standard deviation. All data were analysed using two-way-ANOVA,

via Dunnett’s multiple comparisons test and Tukey’s multiple comparisons test
(GraphPad Prism 6). Statistical significance was considered at P < 0.05.
2.3 Results and Discussion
2.3.1 Characterisation of NHS-FA
The successful synthesis of NHS-FA was confirmed both by FTIR (Figure 2-2a)
and by 1H NMR (Figure 2-2b). From Figure 2-2a the peak at 1687 cm-1 in the FA FTIR
spectrum was attributable to the C=O stretching vibration of the carboxyl group, and
that at 1638 cm-1, was ascribed to the carbonyl stretching vibration of the –CO–HN
(amide band II) group from the L-glutamic acid moiety [25, 28]; both peaks were blue
shifted to 1698 cm-1 and 1647 cm-1 respectively upon activation to form NHS-FA.
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Notably new peaks at 1201 cm-1 and 1068 cm-1 in the NHS-FA spectrum were
respectively ascribed to the C–O and N–O stretching vibration of the newly formed
succinimidyl ester group [25, 29]. Furthermore, the strong peak at 1729 cm-1 was
ascribed to splitting of the band associated with the carbonyl stretching vibration of
the newly formed succinimidyl ester group [25, 30]. The peaks seen at 1814 and
1872 cm-1 were related to the C=O stretching vibration of the succinimidyl carbonyl
groups also [25, 30].
For 1H NMR analysis (Figure 2-2b), the signals at 2.50 and 3.30 ppm correspond
to the DMSO-d6 solvent and water respectively. The signals at 8.65, 7.64 and
6.65 ppm are attributed to the aromatic protons of FA, labelled a, c and e respectively
[25, 31]. The signals at 8.13 and 7.00, labelled b and d correspond to protons of the
–CO–NH– group in the glutamate moiety and the –NH– group in the p-amino benzoic
acid moiety of FA respectively [25, 32]. Methylene protons of the FA glutamate
moiety are labelled f, h, and i and appear at signals of 4.48, 2.31 and 1.99-2.10 ppm
respectively, while a new peak corresponding to the methyl protons of NHS appeared
at 2.80 ppm in the NHS-FA spectrum (labelled j) indicating successful conversion of
FA to NHS-FA [25, 33]. Integration of peak j revealed a higher stoichiometric value of
6.40 H as compared to 4 H, most likely attributed to the presence of unreacted NHS.
It must be noted that the presence of the unreacted NHS impurity was not found to
interfere in progressive stages of NP synthesis. Integration of proton resonances g
(methine proton in the glutamate portion of FA) and h showed a respective
diminution of ~74 and ~10 % respectively, this observation is consistent with NHS
ester formation at the α and γ carboxylates of FA, providing further confirmation of
successful activation of FA. A similar result was obtained by Alexander et al. [33]. Note
that the FA molecule contains two carboxylate groups, termed α and γ at which
conjugation can occur (Figure 2-2b).
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Figure 2-2. (a) FTIR and (b) 1H NMR spectra, both detailing the activation of FA to
NHS-FA. The γ isomer of NHS-FA is shown in (b).
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2.3.2 Characterisation of synthesised NPs
In this study, ZnO NPs of distinct sizes (215 ± 15 nm and 430 ± 21 nm) were
synthesised and were termed Z(215) and Z(430) respectively. Subsequently, the
silanised ZnO core-shell structures were termed ZS(215) and ZS(430), folate
conjugated particles ZSFA(215) and ZSFA(430) and the corresponding hollow
counterparts hS(215), hS(430), hSFA(215) and hSFA(430). SEM and TEM micrographs
of selected NPs are shown in Figure 2-3. The measured diameters of these particles
are summarised in Table 2-1. The nanocrystallite structural morphology of the ZnO
templates, clearly visible in Figure 2-3a (centre), is typified by their seeded growth.
Particle size distribution was narrow as seen in Figure 2-3a (left) and was confirmed
by obtaining polydispersity indices (PDIs) below 0.1 via DLS (Table 2-1). Silanisation
and FA modification was evident as a smoothing of the particle surfaces as per Figure
2-3a (right) and also resulted in an increase in size and PDI. Shell thickness of the hSFA
NPs was measured post leaching of the ZnO cores using TEM and was found to be
11.4 ± 1.2 nm and 38.6 ± 3.1 nm respectively for hSFA(215) (Figure 2-3b, left) and
hSFA(430) (Figure 2-3b, right). Larger particle diameters obtained via DLS were
attributed to measurement of the hydrodynamic diameter, known to be larger than
the geometric diameter measured via SEM and TEM [34] as seen in our previous work
also [35]. The average particle size decreased upon removal of the ZnO cores. An
average reduction in diameter by 19.5 and 21.2 % respectively for the smaller and
larger sets of hollow particles was observed collectively through all three methods.
This could be explained by strain present in the silica shell due to presence of the
core. Removal of the core leades to the relaxation of the hollow NPs therefore
resulting in a reduced size. An estimation of the silica cavity volume per unit mass
based on the shell thickness and radius, yielded 1.00 cm3.g-1 and 0.48 cm3.g-1 for
hSFA(215) and hSFA(430) respectively.
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472 ± 4
0.071
430 ±21
427 ± 20

243 ± 7
0.076
215 ± 15
211 ± 15

262 ± 14
0.252
234 ± 13
230 ± 14

ZSFA(215)
539 ± 18
0.204
494 ± 22
496 ± 22

ZSFA(430)
214 ± 7
0.301
179 ± 16
182 ± 20

hS(215)
409 ± 11
0.298
397 ± 20
394 ± 17

hS(430)
210 ± 26
0.241
188 ± 14
186 ± 9

hSFA(215)

Values represent mean ± SD where a𝑛 = 3 measurements, b𝑛 = 200 particles, c𝑛 = 50 particles.

Z(430)

Z(215)
422 ± 21
0.267
391 ± 19
391 ± 16

hSFA(430)

Figure 2-3. (a) SEM micrographs of Z(215) (left), Z(430) (centre), ZSFA(430) (right) and (b) TEM micrographs of hSFA(215) (left) and hSFA(430)
(right).

Method
DLSa
PDI
SEMb
TEMc

Nanoparticle Size, nm

Table 2-1. Size and size distribution of NPs

Chapter 2

35

Chapter 2
FTIR spectra of the synthesised NPs are displayed in Figure 2-4a. For ZnO, the
strong characteristic absorption band at 370 cm-1 was attributed to the Zn–O
stretching vibration and agrees well with literature [36, 37]. Silanisation of the
nanoparticles was successfully confirmed via the presence of a strong absorption
band between 1000-1200 cm-1 ascribed to the asymmetric bending and stretching
vibration modes of siloxane groups [38]. Additionally the weak absorption band at
795 cm-1 was attributed to the formation of the Zn–O–Si linkage between the ZnO
core and silica shell, this linkage also resulted in a blue shift of the Zn–O stretching
vibration band from 370 to 410 cm-1. The broad peak present in all spectra at
3350 cm-1 was attributed to the O–H stretching vibration due to adsorbed water and
in the spectra of ZSNH2, ZSFA and hSFA this peak saw an additional contribution from
the O–H stretching vibration of surface silanol groups. Amine functionalisation of the
silica shell was elucidated by the appearance of relatively weak bands at 2929 cm-1
and 2857 cm-1 assigned to the C-H stretching mode of the n-propyl chain. In addition,
the weak absorption band at 1624 cm-1 indicated the presence of NH2 through
deformation modes of NH2 and NH3+ groups [25, 39]. Furthermore, the weak band at
1468 cm-1, was attributed to the symmetric deformation mode of NH3+ and the weak
bands at 1451 and 1416 cm-1 assigned to the CH2 deformation mode of the n-propyl
chain for bound APTES . FA conjugation was confirmed by newly formed amide bonds
in the spectra of ZSFA; highlighted by the appearance of peaks at 1576 cm-1 and
1538 cm-1, corresponding respectively to the C–N and N–H bending modes of the
amide band II as well as the appearance of a weak band at 3323 cm-1 corresponding
to the N–H stretching vibration [25, 39]. Expansion of the region between 1300 and
1700 cm-1 (Figure 2-4a, right) more clearly illustrates spectral differences upon FA
conjugation. The peak at 1622 cm-1 saw an increase in intensity due to the
characteristic C=O stretching vibration of amide band I. Furthermore, the appearance
of a shoulder at 1609 cm-1, corresponding to the N–H bending vibration both
provided further confirmation of FA conjugation. Leaching of the ZnO templates
resulted in a diminution of the band corresponding to the Zn–O stretching vibration
at 370 cm-1 and also allowed for the resolution of several shielded peaks in the
spectra of hSFA below 900 cm-1 which were ascribed to various vibration modes of
the pterin ring moiety of FA [38].
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TGA of ZSFA(430) (Figure 2-4b, Left) revealed a two stage mass loss that
occurred respectively between 35 and 110 oC, attributed to the release of adsorbed
water molecules, and between 110 and 850 oC, owing to the decomposition of
organic moieties grafted to the particle surfaces. The density of FA attached on the
NP surface was determined by difference of mass loss between ZSFA and its
precursor ZSNH2 and was found to be 0.12 mmol.g-1 for ZSFA(430). Similar analysis
was carried out for ZSFA(215), indicating 0.20 mmol.g-1 of FA incorporated on the
surface of the smaller sized NPs. The average particle size was used to determine the
density of FA on the surfaces of the NPs and was found to be approximately 1.16 and
1.09 FA molecules per nm2 for ZSFA(215) and ZSFA(430) respectively. The similarity
in FA density was expected as the amount of FA precursor used in the synthesis stage
was controlled to account for variation in NP surface area.
BET and BJH methods allowed elucidation of surface area, pore size and pore
volume of ZSFA(215), ZSFA(430), their hollow counterparts and DOX loaded NPs
(DOX-hSFA(215)). The results are summarised in Table 2-2 below. The increase in
surface area and pore volume upon hollowing of ZSFA NPs to produce hSFA particles,
evident in both sized NPs, is indicative of the formation of the hollow cavity due to
an increase in N2 adsorption. No significant change was evident in the pore size upon
hollowing of the NPs, further indicating that the increase in pore volume must have
been due to the formation of the hollow cavity. The reults for DOX loaded particles
are discussed in subsequent sections.
Table 2-2. Surface area, pore volume and pore size data obtained from BET and BJH
nitrogen sorption experiments.

BET/BJH property
Surface Area (m2.g-1)
Pore Volume (cm2.g-1)
Pore Size (nm)

ZSFA(215)

ZSFA(430)

hSFA(215)

hSFA(430)

DOX-hSFA(215)

104
0.31
10.3

66
0.14
11.6

187
0.68
10.5

90
0.36
11.7

50
0.20
0.3

UV-Visible absorbance spectra are shown in Figure 2-4b (right). The absorbance
peaks at 269 nm and 279 nm in the spectra of hSFA and ZSFA particles respectively,
are blue shifted from the 285 nm absorbance peak of free FA. This peak is assigned
to the π→π* orbital transition associated with the pterin ring of the FA molecule and
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confirms the presence of conjugated FA on the particle surfaces. The broad
absorbance in the visible region of ZnO and ZSFA can be attributed to light scattering
caused by the suspended NPs. The characteristic absorbance peak at wavelength 370
nm was assigned to the intrinsic band-gap absorbance of ZnO and is due to electron
transitions from the valence band to the conduction band (O2p→ Zn3d). This peak is
discernible in the ZSFA spectra, but is not present in the spectra of hSFA suggesting
the successful leaching of ZnO templates. Furthermore, the broad absorbance in the
visible range above 400 nm was seen to diminish considerably upon removal of the
ZnO cores due to a reduction in the scattering of incident light, also suggesting a
successful leaching process.

Figure 2-4. (a) FTIR spectra, (b) TGA curves (left) and UV-Vis spectra (right) for
various NPs.
Removal of ZnO was confirmed through ICP-OES analysis (PerkinElmer Optima
8300 ICP-OES spectrometer). The core shell NPs were subject to a three stage
leaching process with the concentration of the HCl leaching solution decreasing with
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each progressive stage. Quantification of zinc content via axial and radial ICP-OES
measurements of leaching solution in stage 2 was 0.001 mg.L-1 for hSFA(215) and
0.002 mg.L-1 for hSFA(430). For leaching solution at stage 3, there was no detectable
amount of zinc ions. The final hollow particles were also tested for zinc content and
showed ≤ 0.013 mg.L-1 of zinc.
2.3.3 Drug loading and release studies
DOX loaded particles were also subject to BET/BJH analysis to elucidate
whether the drug was adsorbed on the surface or within the hollow cavity. As per
Table 2-2, DOX-hSFA(215) NPs were found to have a significantly lower specific
surface area and pore volume when compared to unloaded hSFA(215) NPs.
Furthermore, the pore size of the DOX loaded particles was considerably smaller than
that of the unloaded counterparts. These results indicate a filling of the hollow cavity
and pores by the drug molecules resulting in smaller amounts of N2 adsorption. Such
a reduction in surface area, pore volume and pore size upon drug loading of hollow
silica NPs has also been reported in other studies [40].

Figure 2-5. (a) Release profiles of DOX, and (b) the corresponding linear fitting using
Equation 2-1.
The DOX loading capacity was 28.6 mg.g-1 for hSFA(215) and 17.4 mg.g-1 for
hSFA(430). This difference is likely due to variation in cavity volume between the two
types of particles as mentioned in section 3.1. The release was measured over a
period of 21 days with sampling at various time intervals. The cumulative release
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versus time is displayed in Figure 2-5a, showing a drug burst at early times and a
marked retardation of drug transport for longer times for both sets of samples; a
typical diffusion driven release. Greater release of DOX was observed from the
smaller particles at all times due to their larger surface to volume ratio. For
hSFA(215), the cumulative release reached just above 60% at 11 days. However, for
hSFA(430), the cumulative release only reached 45% within the monitored time
period 21 days .Modelling of the first 60% of release data using Equation 2-1 resulted
in n values of 0.40 and 0.36 for hSFA(215) and hSFA(430) respectively, with R2
correlation coefficients of 0.97 for hSFA(215) and 0.96 hSFA(430). According to Ritger
and Peppas [20], for spherical and mono-disperse particles the diffusional exponent
n, is expected to take on the limits: 𝑛 = 0.43 for Fickian diffusion, 0.43 < 𝑛 < 1 for
anomalous diffusion and 𝑛 = 1.00 for time independent zero order diffusion. In this
study, the n values for both particle sizes were smaller than 0.43, which is likely due
to the polydisperse nature of the particles under investigation [26].
It is worth noting that liposomal DOX is clinically used in the treatment of
various cancers with dosage varying from 10 to 50 mg.m-2 depending on the disease
and patient prognosis [41]. A study by Amantea et al. [42] using DOX, involving 43
patients showed that an average Cmax value of 0.40 µg.mL-1.day-1 and a dose intensity
of 0.7 mg.m-2.day-1 (30 mg.m-2 every three weeks) were the minimum requirements
to achieve significant decrease in tumour size. As such, for the cell viability study
conducted in this work, DOX loaded hSFA(215) NPs were used at a concentration of
50 µg.mL-1, corresponding to approximately 0.5 µg.mL-1 of released DOX at 24 h. Free
DOX at a concentration of 0.5 µg.mL-1 was also investigated for comparison.
2.3.4 Cell viability study
Cell viability was assessed after 3T3 and Caco-2 cells were incubated with
different NPs at various concentrations. No significant change was observed in the
viability of 3T3 cells at 6 h, however, comparatively, Caco-2 cells did show a toxic
response to all NPs after a 6 h exposure period (Figure 2-6) with cell viability dropping
to as low as 56 % for hS(430) at a concentration of 200 µg.mL-1. Responses of both
cell lines changed significantly when prolonging exposure to 24 h (Figure 2-6).
Significant toxic responses were observed in both cell lines at all investigated
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concentrations regardless of the nanoparticle sizes, except for 3T3 cells treated with
50 µg.mL-1 hS(215) or hS(430) (Figure 2-6). An apparent concentration dependence
was well demonstrated (Figure 2-6 inserts). In comparison to 3T3 cells, the viability
of Caco-2 cells at 24 h was more significantly reduced at all nanoparticle
concentrations, and dropped to as low as 42 % for hS(430) and 44 % for hS(215) at a
concentration of 200 µg.mL-1 (Figure 2-6). The results from this study clearly
demonstrated a selective toxicity of the hollow silica NPs towards Caco-2 cells. At 24
h, the cell viability was reduced to 66 % and 94 % respectively for Caco-2 and 3T3 cells
when 50 µg.mL-1 of hS(215) was used (Figure 2-7a). Increasing the NP concentration
to 200 µg.mL-1 saw the viability reduce to 44 % for Caco-2 and 81 % for 3T3. The
results from the larger nanoparticles, hS(430), showed a similar concentration
dependence as displayed in the inserts of Figure 2-6.
As mentioned previously, recent studies on hollow silica NPs have reported
biocompatibility with various cell lines. Results from this work however, clearly
indicate that toxicity induced by hollow silica NPs is dependent on the type of cell line
used, time of exposure and concentration of NPs. These findings are analogous to
research that has emerged in the past decade utilising solid silica NPs. Further
investigations are needed to draw parallel conclusions between hollow and solid
silica NPs regarding ROS generation, cell membrane integrity and other cell specific
mechanistic driving forces for NP induced toxicity [20, 21].
The influence of DOX on cell viability was also assessed in both its free and
encapsulated form. Free DOX had a similar effect in both cell lines with viability
dropping to 72 % (3T3) and 80 % (Caco-2) at a concentration of 0.5 µg.mL-1 (Figure
2-7b). Encapsulated DOX reduced 3T3 cell viability to 83 %, however with Caco-2 cells
the viability diminished to 45% at an equivalent DOX concentration of 0.5 µg.mL-1. A
pronounced selectivity towards Caco-2 cells by hollow silica NPs was once again
demonstrated. When comparing Caco-2 cell viability, encapsulation of DOX within
the silica shell obviously served to further reduce cell viability, as seen with other
studies [43, 44]. It is known that the Caco-2 cell line is rich with the folate binding
protein gp38, and p-glycoprotein (PgP) energy-dependent efflux pumps whereas 3T3
is not [45-47]. The presence of PgP pumps reduces the cytotoxic effect of DOX on
cancer cells [45], which explains the difference seen in the cell viability data between
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3T3 and Caco-2 cells, i.e., the use of DOX loaded NPs bypassed the PgP pumps,
prevented the reduction effect on the toxicity. Furthermore, conjugation with FA may
have facilitated the cell uptake of NPs, as demonstrated by the enhanced cell growth
in the absence of DOX (Figure 2-7b), leading to enhanced toxicity towards to Caco-2
cells.

Figure 2-6. Viability of 3T3 and Caco-2 cells at t = 6 h and t = 24 h. All data are
represented as mean ± SEM with n = 3. Inserts in (c) and (d) show concentration
dependence of cell viability for hS(215) and hS(430) NPs. * and ● denote P < 0.05.
It is noteworthy that the presence of conjugated folate on the hollow silica
spheres enhanced the growth of 3T3 cells (Figure 2-6). The enhancement was also
seen in the Caco-2 cells, however the effect was less obvious due to toxicity
associated with the hollow silica (Figure 2-6). This observation, coupled with our
previously reported results using L929 and KB cells with FA conjugated titanium
dioxide NPs [25], indicates folate conjugation supplements the growth of cells. The
enhancement in viability due to FA was seen to increase with hSFA NP concentration
(Figure 2-6), indicating the concentration dependence of surface bound FA. A more
comprehensive interrogation of the relationship between folate concentration and
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cancer cell viability would well supplement the scientific literature in this field. The
cell selectivity of pure hollow silica NPs is also an on-going topic of the investigation.

Figure 2-7. (a) Viability of 3T3 and Caco-2 cells at t = 24 h upon treatment with hS(215)
at various concentrations. (b) Influence of free and encapsulated DOX (0.5 µg.mL-1)
on 3T3 and Caco-2 cell viability at t = 24 h. NP concentration was 50 µg.mL-1. All data
are represented as mean ± SEM with n = 3. Note: dotted lines are used for visual
emphasis of cell specificity and do not signify any correlation between NPs.
2.4 Conclusions
Hollow silica nanoparticles of two sizes (215 ± 15 nm and 430 ± 21 nm) and
their folic acid conjugated counterparts were synthesized using a facile approach,
with confirmation through the use of a physiochemical characterisation scheme.
Investigation of drug loading and release properties revealed the drug carrier’s ability
to discharge the chemotherapeutic agent DOX via Fickian diffusion. Cell viability
studies showed hollow silica particle inherent toxicity, selective to Caco-2 cancer cells
over 3T3 cells. The selectivity was not limited to folate conjugated NPs, but was also
observed through use of the pure hollow silica itself. Cell toxicity was further
enhanced via encapsulation of DOX by the NPs, also showing a significant advantage
over the free drug upon treatment of Caco-2 cells. FA targeting ligands were found
to increase the viability of both cell lines and as such, optimisation of folate content
must be a consideration in the synthesis of future systems. A systematic investigation
of the relationship between FA content and cell viability is currently underway. So is
the study of the selective toxicity of the synthesised hollow silica nanoparticles
towards a greater range of cancerous cell lines.
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3

Novel, folic acid conjugated, Fe3O4-ZnO hybrid
nanoparticles for cancer targeted photodynamic
therapy

3.1 Introduction
Since its first modern demonstration in 1975 [1], photodynamic therapy (PDT) has
been the subject of extensive investigation, allowing it to emerge as an alternative
oncologic intervention for many types of cancer [2, 3]. PDT involves the administration of
a tumour-localising photosensitiser (PS) followed by local irradiation using light of a
specified wavelength to activate the PS. The excited PS transfers its energy to molecular
oxygen resulting in the formation of cytotoxic reactive oxygen species (ROS). These ROS are
able to oxidise key cellular macromolecules, leading to apoptosis or necrosis and eventually
tumour shrinkage [4]. Unlike conventional cancer treatments such as chemotherapy, which
induces systemic toxicity [5], or radiation therapy, which damages neighbouring normal
tissues [6], PDT employs two components, namely the PS and light, that should ideally
contribute no toxicity to biological systems on their own.
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Current research trends pertinent to PS are steering away from classical porphyrinbased PS drugs that normally contain large π-conjugation domains and are hydrophobic.
Hydrophobicity leads to aggregation of these large-molecule-based PSs under physiological
conditions, consequently resulting in poor ROS yield, which is essential for efficacious PDT
[7]. Furthermore, poor selectivity to target tissues and low clearance levels of classical PSs
have led to skin hyper-photosensitivity and associated pain in patients after treatment [8].
Ideally, a PS geared towards efficacious PDT should be able to combine a high yield of ROS,
with excellent cancer cell selectivity when used at therapeutic concentrations, while
minimising damage to normal tissue. The implementation of nanotechnology to the design
of PSs has given rise to promising results in this regard. Recent reviews [9, 10] have
highlighted the potential for nanoparticles (NPs) to mitigate the shortfalls of classical PSs.
Encapsulation and or conjugation of PS molecules into NPs with biocompatible/hydrophilic
surface functional groups has been shown to reduce toxicity and aggregation as well as
increase the concentration of PSs to targeted tissue. Summarised also, is the discovery and
development of certain nano-scale materials that are able to generate a high level of ROS
due to unique optical absorption properties. These semiconducting materials are able to
function as PSs without the need of conjugated or encapsulated small molecule PSs.
Titanium dioxide (TiO2) is such an example, and has been widely studied for killing different
groups of microorganisms including bacteria, fungi and viruses, as well as cancer cells via
PDT [11, 12]. Problems such as insufficient selectivity and low efficiency, as well as metal
toxicity are yet to be overcome before TiO2 can be considered clinically viable. Zinc oxide
(ZnO), also an n-type semiconductor material, has been widely investigated for applications
in photocatalysis and is well regarded due to its high photosensitivity, environmentally
friendly nature and low cost [13, 14]. Under irradiation of UV light with energy greater than
−
its band gap energy (3.2 eV), ZnO can be photoexcited to generate negative electrons (𝑒𝐶𝐵
)
+
in the conduction band and positive holes (ℎ𝑉𝐵
) in the valence band. These photo induced

electron-hole pairs have strong reduction and oxidation properties and can either
recombine or be captured by other molecules such as oxygen or water, forming ROS such
as the superoxide radical (𝑂2•− ) and hydroxyl radical (𝑂𝐻 • ). These ROS react with
surrounding biological molecules such as lipids, proteins and DNA, eventually leading to
cell death.
Pure ZnO PSs have been used via PDT for the treatment of malignant cell lines in vitro,
with some success [15]. Hackenberg and co-workers [16], used rod shaped (79 nm
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longitudinal) ZnO NPs to show a significant (P < 0.05) reduction in the viability of two
human head and neck squamous cell carcinoma cell lines. Upon 15 min of UVA radiation
the viability of HLaC 78 cells was reduced to about 65% and 35% using ZnO NPs at a
concentration of 0.2 and 2.0 µg.mL-1 respectively. Similar results were obtained using a UDSCC 7A cell line. Zhang et al [17] also used rod shaped ZnO PSs; their PS elicited a 45% drop
in the viability of SMMC-7721 cells upon exposure to UV radiation for 3 min with a 6 h PS
incubation period. Metal doped ZnO PSs have been used analogously, also with promising
results [18, 19]. Iron and silver doped ZnO NPs were shown to reduce the viability of human
liver adenocarcinoma cells (HepG2) to 50% of a control using respective concentrations of
42.6 and 37.2 µg.mL-1 of the photocatalysts with 3 minutes of exposure to UV irradiation
[18]. Rapid recombination of photo-induced electron-hole pairs however, has
compromised the photocatalytic effectiveness of ZnO [20, 21] and furthermore, biological
toxicity associated with ZnO nanoparticles (NPs) poses another problem [22]. As such, the
development of novel, biocompatible, composite ZnO NPs that can effectively suppress
charge recombination has gained momentum of late for effective PDT [23, 24].
A recent development by our team has shown a dramatic increase in the phenol
degradation efficiency by a Fe3O4-ZnO nanocomposite (82%) when compared to pure ZnO
NPs (52%) [20].The study demonstrated a retardation of charge recombination in ZnO
through the presence of Fe3+ as electron trapping sites, therefore improving the
photophysical properties of the Fe3O4-ZnO hybrid NPs and attracting wide attention of
researchers in the field of photocatalysis [25-28]. We also have observed dissolution of ZnO
induced by both chemical and photodissolution [20, 21]. The dissolution of the hybrid NPs,
which reduces the photocatalytic effectiveness, may become a bonus characteristic in
managing clearance from the body and reducing possible side effects, should the NPs prove
to be effective in PDT. The aim of the current study was to synthesise and characterise FA
conjugated hybrid Fe3O4-ZnO NPs (FZ-SFA), and to further assess their photosensitivity and
interactions with cancerous cells under radiation. To achieve this, silanisation and chemical
conjugation of FA to the hybrid Fe3O4-ZnO cores was carried out. The photocatalytic
properties of the novel PS were assessed and optimised through the photo-degradation of
methylene blue (MB). Subsequently, the assessment of cell viability and effective photoinduced cytotoxicity of NPs was carried out through use of colorectal adenocarcinoma
(Caco-2) cancer cells. The dissolution of metal components was also examined to provide
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insight into the mechanistic workings of the PS, while also provisioning the need for future
control of metal toxicity.
3.2 Materials and Methods
3.2.1 Materials
The following chemicals were purchased from Sigma-Aldrich Australia: Zinc acetate
dihydrate (≥ 98%, Zn(Ac)2•2H2O), tetraethyl orthosilicate (99.999%, TEOS), (3-aminopropyl)
triethoxysilane (99%, APTES), N‐hydroxysuccinimide (NHS), N,N’-dicyclohexyl carbodiimide
(DCC), reagent grade triethylamine, folic acid (97%, FA). Methylene blue (MB), anhydrous
ether, dimethyl sulfoxide (DMSO) and diethylene glycol (99%, DEG) were sourced from Alfa
Aesar.
3.2.2 Chemical Synthesis
The synthesis of hybrid iron/zinc oxide (FZ) nanoparticles was carried out by first
preparing iron oxide (magnetite, Fe3O4) NPs via a chemical co-precipitation method. The
Fe3O4 NPs were then used as seeds for the growth of hybrid FZ nanoparticles via
dehydration of a zinc acetate dihydrate precursor in DEG. Control ZnO NPs were prepared
in a similar fashion. Readers are referred to our previous work for detailed synthesis of
these initial steps [20]. Subsequent synthetic stages are illustrated schematically in Figure
3-1 and are outlined below.
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Figure 3-1. Synthetic scheme outlining preparation of FZ-S and FS-SFA NPs.
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Silanisation of the FZ hybrid NPs to produce silica coated FZ-S NPs was achieved
through a sol-gel process, employing TEOS. Readers are referred to our previous work for
detailed silanisation procedures [11]. FA conjugation was achieved by first functionalising
the FZ-S NP surfaces with active amine groups. This required the drop-wise addition of
APTES (1:1, 2:1 and 4:1 molar ratio of TEOS:APTES) in 20 mL ethanol to a FZ-S NP
suspension, followed by 2 hours mechanical stirring at room temperature. Control of the
TEOS:APTES ratio was vital to ensure management of folate content in subsequent
synthetic steps. The aminated FZ-S NPs (FZ-SNH2) were collected via external magnet and
were washed three times sequentially in ethanol followed by milli-Q water using ultra
sonication.
At the same time, the NHS ester of FA (NHS-FA) was synthesised via a DCC coupling
method reported previously [29]. NHS-FA intermediate facilitated conjugation of FA to FZSNH2. Briefly, 0.1 g of FZ-SNH2 NPs were dispersed in 10 mL of Na2CO3/NaHCO3 buffer (pH
9.30) using sonication for 10 min. NHS-FA (1:1 molar ratio of APTES:NHS-FA) was added
drop wise to the NP suspension with constant mechanical stirring for one hour. FZ-SFA NPs
were collected via external magnet and were washed in conjunction with sonication 5 times
in DMSO followed by 3 times with milli-Q water. The prepared FA conjugated NPs were
termed FZ-SFA100, FZ-SFA50 and FZ-SFA25 in order of decreasing FA content.
3.2.3 Nanoparticle characterisation
Transmission electron micrographs of the produced NPs were obtained using our
previously reported method [12]. Geometric particle size analysis was carried out using
Gwyddion imaging software. Hydrodynamic particle size and size distribution were further
assessed via dynamic light scattering (DLS) using a Zetasizer Nano‐ZS from Malvern
Instruments. Zeta potential was carried out using the same instrument. Sodium chloride
(10 ml, 0.01 M) was used as a conductive regulator. The pH of the sodium chloride solution
was adjusted to 4.0, 6.0, 7.4 and 9.3 using an aqueous solution of NaOH (0.01 M) and HCl
(0.01 M). Samples (1 mg) were dispersed in the resulting solutions (10 mL) using ultra
sonication (10 min) prior to measurement.
X-ray diffraction (XRD) analysis was conducted on ZnO, Fe3O4 and FZ samples using a
D8 Discover (Bruker AXS, Germany) x-ray diffractometer with cobalt Kα radiation
(λ = 1.78901 Å). A scan rate of 0.015o/s was used to obtain patterns within a 2θ rage of 10-
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80o using an accelerating voltage of 35 kV and a current of 40 mA. Phase identification
software (Match! Version 3.1.0 50) was used to index the spectral peaks with planes.
A Thermo Scientific Nicolet is50 FT-IR spectrometer equipped with an automated
beam splitter exchanger, affording both mid-IR and far-IR capabilities, was used to identify
various chemical functional groups. Quantification of FA bound to the NP surfaces was
carried out using thermogravimetric analysis (TGA; Mettler Toledo) as reported previously
[30].
Elemental iron and zinc content within the NPs was quantified via ICP-OES (Perkin
Elmer Optima 8300 ICP-OES spectrometer). Analysis was performed at wavelengths of
238.2 and 206.2 nm respectively for iron and zinc. Samples were prepared through
dissolution of approximately 1 mg of NPs in 25 mL of 2 M nitric acid at 80 oC for 60 min
under reflux. Upon cooling, samples were diluted with milli-q water to a concentration
within the range of prepared standards (5-100 mg.L-1).
Optical properties of the NPs were characterised via UV-Vis diffuse reflectance
spectroscopy using a Jasco V670 spectrophotometer equipped with an integrating sphere,
with BaSO4 as a reference material. All samples were subject to a scan range from 250 nm
to 750 nm with a band width of 2 nm. Fluorescence spectroscopy was also carried out,
using an Aligent Technologies Cary Eclipse fluorescence spectrophotometer with excitation
wavelengths of 277 nm for all synthesised NPs and 283 nm for FA conjugated NPs. Spectra
were obtained using a scan rate of 600 nm.min-1 with 10 co-added scans.
3.2.4

Adsorption and photoreactivity study
Adsorption and photocatalytic properties of ZnO, Fe3O4, FZ, FZ-S, and FZ-SFA NPs

were evaluated through measurement of the MB concentration of solutions containing PSs
without and with exposure to UV radiation, respectively, over time. Reaction solutions had
a MB concentration of 10 mg.L-1 (pH 4.0, 6.0, 7.4 or 9.3) and a photocatalyst concentration
of 325 mg.L-1. This reaction mixture was placed in a 1 L double-jacket reactor with cycled
cooling water (25 ± 1 oC) where a directed stream of nitrogen gas was used to agitate the
reaction mixture. Adsorption of MB on the photocatalysts was investigated in the dark; 23 mL aliquots of the reaction mixture were sampled via syringe at set intervals over a
90 min period. Adsorption percentage was determined via ratio of MB concentration at
time t termed Ct, divided by the initial MB concentration (C0). For photodegradation of MB,
UV irradiation was facilitated by a MSR 575/2 metal halide lamp (575W, Philips) with a
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wavelength range of 315-1050 nm. The experimental setup remained the same, however
at the 90 min mark the light source was immediately turned on. Photocatalysts were
separated from the reaction solution before UV-Vis analysis by first collecting via external
magnet prior to passing the solution through a 0.2 μm Millipore film. Degradation
percentage was determined analogously to adsorption percentage; however Ct was divided
by the MB concentration at t = 90 min (C0’).
3.2.5 Cell culture and MTT cell viability assay
Culture of Caco-2 cells was carried out using a previously reported procedure [30].
Caco-2

cell

viability

was

assessed

by

3-(4,5-dimethylthiazol-2-yl)-5-(3-

cayboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) assay as described by
Mossman [31], with some modifications. Briefly, 5 x 103 cells per well were seeded in 96well plates and cultured for 48 hours before exposure to FZ, FS-S, FZ-SFA50 and FZ-SFA25
NPs at concentrations of 12.5, 25, 50 and 100 µg.mL-1 for 6 hours and 24 hours. After
exposure, MTT solution 100 µL (1 mg.mL-1) was added to each well and incubated for
4 hours at 37oC. The resulting formazan product was dissolved in DMSO (100 µL per well).
The absorbance was quantified at 570 nm using a microplate reader (Perkin Elmer). Results
were reported as percentage viability with respect to untreated cells according to the
following equation:

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 𝐴

𝐴𝑡𝑒𝑠𝑡 −𝐴𝑁𝑃

𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −𝐴𝑏𝑙𝑎𝑛𝑘

Equation 3-1

Where A test was the absorbance of the formazan produced by cells incubated with
NPs in medium, A NP was the absorbance associated with just NPs in medium, A control was
the absorbance of just cells in medium and A blank corresponded to the absorbance of the
DMEM medium alone.
3.2.6 Photokilling effect
5x103 cells per well were seeded and allowed to grow for 48 h. The cell supernatant
was replaced with fresh medium containing FZ, FZ-S FZ-SFA25 and FZ-SFA50 NPs at
concentrations of 12.5, 25 and 50 µg.mL-1 incubated for 24 h. Following exposure of the
cells with NPs, the plates were treated with UV-A radiation (365 nm) at a dose of 10 J.cm-2
in a BS-02 UV chamber (8 x 15 W lamps at 120 W total power output, UV-GROEBEL,
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Germany) for 10 min at a distance of 10 cm from the lamps. Chamber temperature (3738oC) was monitored using an IR thermometer (ThermoFisher, Australia) and was
maintained via circulating fan within the chamber. After UV exposure the cells were
allowed to grow for 24 h, and cell viability was assessed via MTT assay. Viability of cells not
exposed to UV radiation was expressed as a percentage according to Eq. 1. The cell viability
corresponding to UV exposed samples was expressed in the same way however, A test
corresponded to cells incubated with NPs in medium that had also been exposed to UV
radiation and A control corresponded to UV exposed cells in the absence of NPs.
3.2.7 Statistical analysis
All experiments were repeated at least two times under identical conditions. The
results were expressed as mean ± standard deviation (n = 4). All data were analysed using
two-way-ANOVA, via Bonferroni’s multiple comparisons test (GraphPad Prism 6). Statistical
significance was considered at P < 0.05.
3.3 Results and Discussion
3.3.1 Nanoparticle synthesis and characterisation
The hybrid Fe3O4-ZnO oxide (FZ) NPs were prepared according to previously reported
work [20]. Surface modification of FZ NPs was carried out with silica and the subsequent
esterification of FA with NHS (Figure 3-1). The produced novel, folate bound, silica coated
PSs (FZ-SFA) showed an average diameter of 21.4 ± 3.5 nm via TEM, which is greater than
that of the unmodified FZ PSs (16.1 ± 2.5 nm). TEM micrographs of FZ and FZ-SFA are
presented in Figure 3-2. The silica shell present in FZ-SFA NPs is clearly visible and is
indicated by the arrows in Figure 3-2b. The estimated shell thickness was approximately
2.7 nm, coinciding well with our previous work [11].
XRD spectra for Fe3O4, ZnO and FZ NPs are presented in Figure 3-3. Peak identification
software allowed assignment of the 2θ = 21.37o, 35.26o, 41.59o, 50.76o, 63.35o, 37.64o and
74.58o diffraction signals to the (111), (202), (311), (400), (422), (333) and (404) planes of
magnetite respectively, with a cubic crystal structure according to [32]. Hybridisation to
form FZ NPs resulted in the appearance of 4 new signals, identified at the 2θ = 37.05o,
40.22o, 42.30o and 55.81o positions. These signals were also present in the diffraction
pattern of pure ZnO and correspond to the (100), (002), (101) and (012) planes of hexagonal
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wurtzite-structured ZnO (zincite) [33]. The relatively weak signals at 21.37o and 50.76o
match those of the (111) and (400) planes in Fe3O4 indicating the presence of the iron oxide
within the hybrid NPs. The relatively low signal strength of the Fe3O4 phase can be
explained by the mass ratio of Iron oxide to zinc oxide in the hybrid NPs. The ratio was
determined via quantification of metal content via ICP-OES and was determined to be 1:5.2
in favour of ZnO.

Figure 3-2. TEM micrographs of (a) FZ and b) FZ-SFA NPS. Black arrows in (b) indicate the
silica layer.

Figure 3-3. XRD diffraction patterns for Fe3O4 (a), FZ (b) and Zn) (c) NPs.
FTIR spectra of all nanoparticles are displayed in Fig. 4a (left). Both of the Fe–O and
Zn–O stretching vibrations were evident in the spectra of hybrid FZ NPs and corresponded
well with literature [34, 35]. Silanisation was confirmed by appearance of a strong
absorption band between 1000 cm-1 and 1200 cm-1 (FZ-SNH2 spectrum), attributable to the
asymmetric bending and stretching vibrational modes of siloxane groups [36]. Amination
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was confirmed by appearance of bands between 1603 cm-1 and 1625 cm-1, indicative of N–
H bending and NH3+ deformation vibrational modes [12]. The shoulder at 1624 cm-1 was
ascribed to the vibrational mode of the carbonyl group in the unbound carboxylic acid
moiety of FA. The amide bond that was formed upon FA conjugation gave rise to bands
at 1622 cm-1 due to vibrational modes of the amide band I C=O group, as well as 1576 cm-1
and 1538 cm-1, assigned respectively to the C–N and N–H bending modes of the amide band
II. The signal at 3321 cm-1 was assigned to N–H stretching vibration, and further confirmed
FA conjugation [12, 37]. Signals between 2830 cm-1 and 2950 cm-1 grew in intensity and
were assigned to C–H symmetric and asymmetric stretching vibrations.
Solid-state UV-visible DRS absorbance spectra are detailed in Figure 3-4a. An
absorbance threshold of 400 nm was observed for pure ZnO, corresponding to a band gap
energy of 3.1 eV, well corroborated by literature and assigned to electron transitions from
the valence band to the conduction band (O2p → Zn3d) [38]. The broad absorbance region
between 350-650 nm in the case of the Fe3O4 was attributed to octahedral Fe3+ [20, 39]. All
hybrid NPs contained absorbance regions corresponding to both ZnO and Fe 3O4. The
presence of the silica layer enhanced the absorbance intensity within the region of the
characteristic ZnO band. The absorption threshold of FZ composite NPs was estimated to
be 430 nm by taking the departure point from zero of the second derivative of absorption
spectra provisioning an estimated band gap energy of 2.9 eV. The shift towards lower band
gap energy for the hybrid NPs suggests that light within the visible region of the
electromagnetic spectrum may have sufficient energy for electron excitation and
subsequently ROS generation.
Figure 3-4b (left) exemplifies the TGA curves for mass loss percentage as a function
of temperature using FZ-SFA25, FZ-SNH2, and FZ-S. From the TGA curves, a FA content of
0.059, 0.085 and 0.187 mmol.g-1 was obtained respectively for FZ-SFA25, FZ-SFA50 and FZSFA100 [30] .
The fluorescence emission intensity of FZ-SFA samples at 451 nm using an excitation
wavelength of 283 nm (Figure 3-4b (right)) was compared to that of standard FA solutions
ranging from 0.006 to 0.06 mg.L-1. FA content was found to be 0.063, 0.090 and
0.145 mmol.g-1 for FZ-SFA25, FZ-SFA50 and FZ-SFA100 NPs respectively. These values agree
well with those obtained via TGA. FA, commonly used in the growth medium for cell culture
work had a concentration of 4 µg.mL-1 within the DMEM medium according to the product
specification sheet.

Previously we showed that FA content on our NPs serves to
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supplement the growth of cancer cells [12, 30]. This prompted the need for control of FA
content on the NP surfaces. The NP concentration range used for cell work in this study
was 12.5 – 100 µg.mL-1 and corresponded to a FA content of 0.33 – 2.60 µg.mL-1 and 0.47
– 3.75 µg.mL-1 for FZ-SFA25 and FZ-SFA50 respectively. Using the average particle size of
FZ-SFA, the density of FA on NP surfaces was estimated to be 0.39, 0.60 and 1.25 molecules
per nm2 for FZ-SFA25, FZ-SFA50 and FZ-SFA100. The estimation for FZ-SFA100 was
expected to be and is consistent with the FA density of ZSFA(215) NPs from chapter 2 (1.16
molecules per nm2) as similar FA precursor amounts were used in the synthesis of these
particles. The estimation also shows that reducing the amount of FA precursor in the
synthetic stage has in fact reduced the density of the targeting ligand on the surfaces of FZSFA25 and FZ-SFA50 NPs.
NP optical properties were also probed using fluorescence spectroscopy.
Fluorescence emission due to ZnO was found to be centred at 351 nm for all particles and
the emission intensity was lower for the hybrid FZ NPs as compared to pure ZnO as shown
in Figure 3-4b (centre). This was attributed to the presence of additional electronic energy
states afforded by hybridisation with Fe3O4. Silanisation of the hybrid particles saw a
further reduction in the fluorescence intensity. This was ascribed to shielding of incident
radiation by the silica layer and was demonstrated clearly in our previous work with TiO2
[11]. The poly-cyclic aromatic ring structure of the FA molecule is known to facilitate
fluorescent properties with a low quantum yield (< 0.005) [40]. The fluorescence associated
with FA was believed to combine synergistically with that of the ZnO resulting in the
observed increase in emission intensity of FA conjugated NPs. Figure 3-4b (right) portrays
the emission spectra of free FA and FA conjugated NPs when subject to an excitation
wavelength of 283 nm. Fluorescent intensity increased with increasing FA content and
emission maxima were centred well at a wavelength of 451 nm. The signal centred at
352 nm in Figure 3-4b (right) was not present in the spectrum of free FA and was ascribed
to emission due to ZnO present in the nanoparticulate samples.
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Figure 3-4. FTIR spectra (a, left), UV-Vis DRS spectra (a, right), TGA curves (b, left), fluorescence emission spectra using
an excitation wavelength of 277 nm (b, centre) and 283 nm (b, right).
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3.3.2 Adsorption and photocatalytic properties of FZ, FZ-S and FZ-S-FA NPs
The adsorption of MB over time is presented in Figure 3-5 (left) where Ct/C0
represents the ratio of MB concentration at time t, over that at t = 0. At t = 0, the
percentage of MB adsorption was determined to be 0.0, 33.8, 26.3, 30.8 and 24.0% for FZ,
FZ-S, FZ-SFA25, FZ-SFA50 and FZ-SFA100 respectively. The measured zeta potential of the
PSs indicated a double layer charge of -0.91, -16.5, -17.2, -20.6 and -23.4 mV respectively.
As MB is known to be positively charged in solution [41], ultra-sonication during the
dispersion process may have facilitated electrostatic adsorption of the dye onto the
negatively charged particle surfaces. Lack of adsorption on FZ NPs was correlated to their
less negative surface charge. The lower magnitude of charge on FZ NPs was ascribed to the
presence of N(CH3)+
4 ions from a trimethyl ammonium hydroxide dispersing agent, used
in their synthesis. A dramatic decrease in charge was seen for silanised particles due to the
accumulation of surface hydroxyl groups. Folate conjugation correlated to a further
increase in the magnitude of the negative charge. The presence of the unbound carboxylate
group on FA (Figure 3-1) would lead to dissociation of a hydrogen ion in solution, leaving a
negative charge on the surface of the particles. Charge induced adsorption of MB to
negatively charged silica NPs seems a viable conclusion, and has been reported elsewhere
[42]. Whilst the increase of FA content from FZ-SFA50 to FZ-SFA100 caused a reduction in
the zeta potential, MB adsorption was found to decrease slightly, this was theorised to be
a result of steric hindrance. Reduction in MB concentration via complexation with Zn 2+,
Fe2+, and Fe3+ ions was ruled out through repetition of adsorption experiments, where PSs
were replaced by either Zn2+ and or Fe2+/Fe3+ ions; no decline in MB concentration was
found in these instances. Similar results were obtained through use of MB solutions at
concentrations of 5 and 20 mg.L-1.
After the initial 90 min adsorption period in the dark, MB concentration was found to
stabilise and photodegradation was initiated by switching on the lamp. The percentage
degradation of MB over time is displayed in Figure 3-5 (centre). A marked improvement in
photodegradation was observed when using hybrid PSs over control ZnO NPs. The
Langmuir-Hinshelwood equation (Eq. 3-2) [43], was used to estimate the apparent rate
constant (κ, min-1) for each NP catalyst, with fitting applied to the first 90 min of
degradation data. Ct was defined as the MB concentration at time t, and C0’ was defined as
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the concentration of MB at time t = 90 min. The fitting, apparent rate constants and least
squares regression coefficients are presented in Figure 3-5 (right).

𝑙𝑛(𝐶𝑡 ⁄𝐶𝑜 ′) = 𝜅𝑡

Equation 3-2

While all hybrid NPs outperformed the control ZnO NPs, the photocatalytic efficiency
of FZ-SFA PSs was found to decrease with increasing FA content. This is in agreement with
our previous work investigating the shielding effect of silica using TiO2 and phenol [11, 12].
The rate constant of FZ was over 5 fold greater than that of pure ZnO. This, combined with
the reduction in fluorescence emission intensity of FZ NPs when compared to ZnO NPs
(Figure 3-4b (centre)), showed conformity to our work with hybrid Fe3O4-ZnO and phenol
[20].
Redox cycling resulting from electron entrapment by Fe3+ ions and subsequent
reactions with oxygen within the reaction solution impedes recombination of photoinduced charge carriers within ZnO. The presence of dissolved iron at concentrations
between 0.3 - 0.4 mg.L-1 (Table 1) within the photocatalysis reaction mixtures at the end of
the degradation studies was measured by ICP-OES, further confirming our hypothesis [20,
21]. A recent study [44] has also demonstrated that the synthesis of a p-n junction through
the coupling of iron (III) oxide and ZnO allowed continuous diffusion of photoexcited
electrons from the ZnO to the iron oxide (and vice versa for photo-induced holes) resulting
in suppression of electron-hole pair recombination.
Table 3-1. ICP-OES quantification of Zinc and Iron in initial and final reaction solutions for
adsorption and photodegradation studies at pH 7.4.
Analyte

Time (min)
FZ
FZS
FZ-SFA100 FZ-SFA50 FZ-SFA25
0
5.322
4.701
4.300
4.298
4.610
-1
Zn (mg.L )
5.561
4.873
4.494
4.512
4.818
90*
7.230
6.840
6.741
6.692
6.910
240
0
0.000
0.001
0.000
0.002
0.000
-1
0.001
0.002
0.000
0.002
0.001
Fe (mg.L )
90*
0.390
0.340
0.330
0.320
0.340
240
* t = 90 min corresponded to the end of the adsorption study. The UV lamp was switched
on at this point, where photodegradation began.
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3.3.3 Effect of pH on adsorption and photodegradation
Adsorption and degradation experiments were repeated under identical conditions
at pH 4.0, 6.0, and 9.3 (Figure 3-6). MB adsorption percentage was found to increase with
increasing pH, this trend was observed in all samples excluding the FZ NPs (Figure 3-6 (left)),
which showed little to no adsorption. Adsorption trends correlated well with the increase
in magnitude of the negative surface charge on the particles measured via Zeta potential
(Figure 3-6). Despite having a greater electronegative surface charge, FA modified samples
saw a decrease in adsorbed MB comparative to FS-S NPs, which as before, was ascribed to
steric hindrance. A lower degree of adsorption at pH 4.0 and 6.0 was observed and ascribed
to chemical corrosion of the PSs.
The pH dependence of MB photodegradation is highlighted in Figure 3-6b.
Degradation increased with increasing pH. Lower photodegradation at lower pH values was
due to the chemical dissolution of ZnO. The amount of dissolved zinc measured using ICPOES in the reaction solutions over the studied pH range is shown in Table 1. The lower
dissolved metal content at pH 9.3 demonstrated a much higher chemical stability of the
PSs, leading to greater photodegradation of MB. Improved photodegradation could also be
due to elevated particle surface charge at higher pH, as observed from DLS data (Figure
3-6b), which enhances inter-particle repulsion therefore increasing available surface area
of the PSs.
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Figure 3-5. Change in MB concentration over time for adsorption (left) and photodegradation (centre) studies at pH 7.4. The linear fit as per Eq.
3-2 of the first 90 min of degradation data is shown on the right.
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Dissolution of zinc and iron was not limited to pH based chemical corrosion, but was
also observed to result from photocorrosion. This observation is best highlighted through
ICP-OES analysis of iron content at pH 7.4 in Table 1. The iron content was clearly low and
stable between the 90 min initial and post adsorption study periods in the absence of UV
radiation. The measured iron content was higher after the photodegradation study with
UV irradiation.. The increase in iron dissolution was attributed to photo-corrosion of the
hybrid NPs, whereby interactions between photo-induced holes and the metal oxides
yielded water soluble Zn2+ and Fe2/Fe3+ ions [20]. The presence of Fe2+/Fe3+ ions therefore,
is not limited to chemical corrosion and corroborates the hypothesis in our previous work
[20] regarding electron-trapping as a mechanism for slower electron-hole recombination.
The mildly acidic extracellular pH of tumour microenvironments may contribute to the
chemical corrosion of the fabricated PSs. Whilst the presence of Fe 3+ has been shown to
enhance photo catalysis, corrosion of the ZnO phase could result in diminutive
photocatalytic efficiency as well as possible metal induced toxicity. Optimisation of the
dissolution kinetics under biological conditions is the subject of current investigations.

Figure 3-6. Effect of pH on adsorption (a) and photodegradation (b) of MB. Open circles
designate the zeta potential of the corresponding samples, at the given pH.
3.3.4 Cell toxicity and photokilling effect
Caco-2 cell viability was assessed after incubation in the presence of FZ, FZ-S, FZSFA25 and FZ-SFA50 NPs for 6 h at various concentrations as per Figure 3-7. A time and
concentration dependence was seen across all samples. After a 6 h exposure to the NPs,
Caco-2 cell viability was above 80% at a NP concentrations < 100 µg.mL-1 for all samples
(Figure 3-7 (left)). Increasing the exposure time to 24 h (Figure 3-7 (centre)) saw a
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Figure 3-7. Viability of Caco-2 cells upon exposure to various NPs for 6 h (left) and 24 h (centre) at various concentrations. Photo-induced
reduction in Caco-2 cell viability is shown on the right, where shaded portions of the columns represent the level to which cell viability was
reduced after exposure to UV radiation.
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statistically significant reduction in cell viability for all NPs, at all concentrations (P < 0.05).
The cell viability was above 70% at NP concentrations ≤25 µg.mL-1, however dropped to
below 35% when the NP concentrations were ≥50 µg.mL-1 (Figure 3-7 (centre)). This
indicated possible toxicity caused by dissolved zinc ions (7.5 mg.L-1 across all NPs as shown
in Table 1). A study by Zödl et al reported significant reduction in Caco-2 cell proliferation
upon exposure to zinc at concentrations > 150 µM (9.8 mg.L-1) [45]. At 6 h, the presence of
the silica coating was found to reduce the cell viability from 64% (FZ) to 52% (FZ-S) (Figure
3-7 (left)) at 100 µg.mL-1. This trend was even more obvious upon prolonged exposure to
24h with FZ-S showing a statistically significant reduction in cell viability when compared
to FZ (Figure 3-7 (centre)) at all concentrations. Whilst in many cases silica has been used
to promote cell compatibility [11], some studies have reported in vitro toxicity associated
with silica NPs, stemming from ROS generation [46], impaired cell membrane integrity [47],
metabolic activity of cell line [48], as well as simply adjusting the dose, size of NPs, time of
exposure to cells and type of cell line. Our recent work with hollow silica NPs [30] has also
shown toxic effect towards Caco-2. We have speculated that Caco-2 may have an aversion
to silica NPs. The results in Figure 3-7 (left) also showed that the cell viability for FA bound
NPs at 100 µg.mL-1 were greater than that of FZ and FZ-S NPs, suggesting supplementation
of cell growth, also reported in other studies [12, 30, 49]. The estimated folate content of
FZ-SFA25 and FZ-SFA50 at a NP concentration of 100 µg.mL-1 equated to 2.60 and
3.75 µg.mL-1 of FA respectively, corresponding to a 65% and 94% increase in the total FA
content in the DMEM medium.
FZ, FZ-S, FZ-SFA25 and FZ-SFA50 were chosen to assess the effect of UV exposed PSs
to the viability of Caco-2 cells after an incubation period of 24 h. Figure 3-7 highlights the
photo-induced reduction in cell viability in which the influence of radiation alone on the
cells was subtracted and changes in viability upon exposure were due fundamentally to
cellular interactions with light irradiated PSs. In all cases, Caco-2 cells suffered a substantial
photo-induced reduction in viability. At a nano-PS concentration of 50 µg.mL-1 the cell
viability was reduced to 6 to 11% upon UV irradiation, compared to 22 to 31% in the
absence of radiation. For UV irradiated FZ at 12.5 µg.mL-1 the cell viability was reduced to
30%, compared to 89% in the dark. The silica coating hampered photo-killing due to the
shielding effect when compared to FZ NPs, leading to a cell viability of 59%. Conjugation of
FA improved the photo-killing effect with the viability being reduced to 54% and 36%
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respectively upon UV irradiation of FZ-SFA25 and FZ-SFA50 respectively. This was likely due
to the increased particle-cell interactions in the presence of FA. A similar effect was seen
in our previous work with folate bound TiO2 [12].
3.4 Conclusion
A novel folic acid conjugated hybrid Fe3O4-ZnO (FZ-SFA) NP was fabricated and
assessed for its potential as a photosensitiser (PS) in therapeutic applications pertinent to
PDT. Photodegradation studies on methylene blue highlighted enhanced due to the
presence of Fe3+ and its impedance of charge recombination through electron trapping.
Caco-2 cell viability studies in the absence of radiation indicated a dose and time dependant
toxicity to the PSs. UV irradiation of the nano-PSs resulted in a significant photo-killing
effect, with drastic reduction in Caco-2 cell viability. FA conjugation further enhanced
photo-induced toxicity. Whilst the synthesised nano-PSs showed potential as a therapeutic
agent for PDT, elevated toxicity at higher doses and longer exposure times were of concern
and are being addressed in current work via chemical modification for the control of
dissolution kinetics. The presence of a magnetic component in Fe3O4 will allow exploration
of multimodality in the form of MRI imaging and the use of external magnetic fields in
assisting tumour localisation.
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4

Surface modification of Fe3O4-ZnO hybrid nanoparticles
to produce a multimodal photosensitiser

4.1 Introduction
As discussed in Chapter 3 the development of photosensitisers (PSs) with efficient
photocatalytic properties and selectivity toward cancerous cells has seen growing interest
for applications in photodynamic therapy (PDT) [1]. The inherent toxicity and inefficiency
in photocatalysis of titanium dioxide (TiO2) and zinc oxide (ZnO), as well as the inability to
target diseased sites were previously mentioned as limiting factors for transition of
semiconductor materials to clinical use in PDT [2, 3]. Chapter 3 addressed some of these
limitations via hybridisation of ZnO using iron oxide (Fe3O4). The resultant heterogeneous
photosensitiser (PS) outperformed its conventional ZnO counterpart. Furthermore, surface
modification to form a core shell, silanised and folic acid decorated PS highlighted the
potential for use in PDT via photokilling of colorectal adenocarcinoma (Caco-2) cells. While
photoefficiency and targeting were enhanced, metal toxicity was still an issue, where, in
the absence of radiation, prolonged exposure and PS concentrations ≥ 50 μg.mL-1 resulted
in a significant reduction of Caco-2 cell viability. This chapter details further surface
modification of the existing iron oxide – zinc oxide PSs to increase their potential as a viable
candidate for applications in cancer treatment.
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The modification of therapeutic and diagnostic agents with polyethylene glycol (PEG)
has been termed PEGylation. Work with PEGylated nanoparticles (NPs) in the early 1990’s
focussed on drug delivery applications, where PEG incorporation was found to increase NP
blood circulation half-lives [4-6]. Longer blood circulation was later shown to be a result of
reduced uptake by mononuclear phagocytes [7], as well as via provision of a thick and
dynamic hydration shell, rendering the adsorption of biomacromolecules to PEG coated
surfaces thermodynamically unfavourable [8]. The significance of this outcome was
highlighted by increased tumour localisation, where NPs with longer circulation times were
better able to take advantage of the enhanced permeability and retention (EPR) effect [9].
The mechanism of these effects have more recently been explained through prevention of
protein corona formation, whereby the tendency of protein adsorption onto PEGylated
surfaces is mitigated, masking NPs from the body’s immune response [10]. Furthermore,
formation of a protein corona has also been shown to hinder interactions between
targeting ligands with cellular membranes [11] such a disadvantage provides further
credence for PEGylation. The effectiveness of “stealth” behaviour imparted upon NPs
through PEGylation has been shown to be critically dependant on the density of the surface
PEG chains [12], which in turn controls their conformation; a low PEG density instigates a
“mushroom” like conformation while higher densities result in a “brush” like conformation
[10, 13, 14] as illustrated in Figure 4-1. As explained by Yang and co-workers [15], the
resultant PEG conformation is dictated by grafting distance (D: the distance between
closest neighbouring PEG anchors, inversely proportional to density) and the Flory radius
(RF) of the PEG coils, which is directly related to the molecular weight of the PEG used. They
further showed that a dense brush conformation was essential to evading uptake by
macrophages in vitro and extending particle circulation times in vivo.

Figure 4-1. An illustration depicting the brush and mushroom conformations of PEG chains.
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Whilst PEGylation has allowed for a reduced uptake by immune cells, it has also been
reported to reduce NP uptake in cultured cells in vitro [12, 16]; an undesirable quality when
considering the delivery of a therapeutic payload to target cells. As such, employing
targeting ligands when utilising PEG for enhanced tumour localisation is a must if cellular
uptake is a prerequisite of the treatment modality. The work of Bartlett [17] and Kirpotin
[18] clearly illustrates that while PEGylated NPs are able to agglomerate within tumour
interstitium, concomitant use of a receptor binding ligand, facilitates cellular uptake of the
NPs, preventing recirculation into the bloodstream.
Clearly, the surface characteristics of nanoparticulate PSs are paramount in the
determination of their biological fate and as discussed in Chapter 3, their photocatalytic
efficiency [19, 20]. This chapter details surface modification of the hybrid iron oxide-zinc
oxide (FZ) NPs described in Chapter 3, with PEG to include also a folic acid (FA) targeting
ligand. Whilst enhancing biodistribution and facilitating cellular uptake are clear goals for
making a successful transition to efficacious PDT, the ability to determine the PSs
biodistribution is also of importance. As such, the PS platform was also modified with 5dimethylaminonaphthalene sulfonyl chloride (dansyl chloride, DnCl), a fluorophore well
established in its use for the derivatisation of amino acids and labelling of drugs and
proteins for applications in cellular imaging [21-23]. DnCl offers a high emission quantum
yield and a large stokes shift with respective excitation and emission wavelengths of
340 nm and 520 nm [24], additionally the synthetic flexibility afforded by the sulfonic acid
moiety afforded facile preparation of a novel fluorescent PS. Incorporation of DnCl, would
not only allow for visualisation of the PS’s biodistribution, but adds an element of
multimodality with potential applications in diagnostics and also highlights the versatility
of the synthetic approach used. The work herein describes PEGylation of the silanised FZ
NPs (FZ-S) prepared in chapter 3, to produce PSs with varying PEG density; viz. FZ-S-PEG25
and FZ-S-PEG50 in order of increasing PEG content. A FA targeting ligand was then
covalently bound to the PEG to produce FZ-S-PEG-FA25 and FZ-S-PEGFA50 in order of
increasing FA content. DnCl was used to prepare the novel fluorescent FZ-S-DnS50 PS. PEG
was again used as a spacer to produce FZ-S-PEG-DnS50. To assess the effect of surface
modification on photocatalytic efficiency, methylene blue (MB) was used as a model
organic

compound

in

photodegradation

studies

at

various

pH

conditions.

Thermogravimetric analysis was used to quantify the various surface conjugated moieties
and estimate the density and conformation of PEG groups. The suitability of the prepared
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PSs for future biological testing, with regards to surface modification and photocatalytic
performance shall be discussed.
4.2 Materials and methods
4.2.1 Materials
The following chemicals were purchased from Sigma-Aldrich Australia: Zinc acetate
dihydrate (≥ 98%, Zn(Ac)2•2H2O), tetraethyl orthosilicate (99.999%, TEOS), (3-aminopropyl)
triethoxysilane (99%, APTES), (3-glycidyloxypropyl) trimethoxysilane (≥98%, GPS), α-(2aminoethyl)-ω-hydroxy poly(oxyethylene) (Mp 3000, PEG), N‐hydroxysuccinimide (NHS),
N,N’-dicyclohexyl carbodiimide (DCC), reagent grade triethylamine, folic acid (97%, FA) and
5-dimethylaminonaphthalene sulfonyl chloride (98%, dansyl chloride, DnCl). Methylene
blue (MB), anhydrous ether, dimethyl sulfoxide (DMSO) and diethylene glycol (99%, DEG)
were sourced from Alfa Aesar.
4.2.2 Chemical synthesis
The synthesis of hybrid iron/zinc oxide (FZ) nanoparticles was carried out as
previously reported [19]. Subsequent synthetic stages are illustrated schematically in
Figure 4-2 and are outlined below. Table 4-1 summarises various reactant amounts utilised
in the different stages of surface functionalisation and also details the corresponding
quantification estimates of functional surface groups as measured via thermogravimetric
analysis (TGA).
4.2.2.1

Synthesis of core-shell hybrid FZ-S-NH250 and FZ-S-GPS NPs

Silanisation of the FZ hybrid NPs to produce silica coated FZ-S NPs was achieved
through a sol-gel process, employing TEOS (0.908 mmol.g-1) as per our previous work [25].
The surface silica layer was activated with reactive functional groups. Amine functional
groups were introduced using APTES (Figure 4-2a) and epoxide functional groups were
added via GPS (Figure 4-2b). The final surface density of PEG, FA and DnS molecules was
controlled at this stage through variation of APTES and GPS quantity. Amination of the silica
shell required drop-wise addition of APTES in 20 mL ethanol (0.523 mmol.g-1 equivalent
NH2) to a FZ-S NP suspension, followed by 2 hours mechanical stirring at room temperature.
The aminated FZ-S NPs (FZ-SNH250) were collected via external magnet and were washed
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three times sequentially in ethanol followed by milli-Q water using ultra-sonication. TGA
quantification yielded an NH2 concentration of 0.459 mmol.g-1 on the surface of FZ-S-NH250
NPs (88% reaction yield). GPS functionalised NPs (FZ-S-GPS; Figure 4-2b) were prepared in
the same way as aminated particles, however APTES was replaced with GPS (quantity in
Table 1). Quantification via TGA yielded 0.232 and 0.461 mmol.g-1 of epoxide functional
groups for FZ-S-GPS25 and FZ-S-GPS50 respectively, (90 and 92% reaction yields).
4.2.2.2

Synthesis of FZ-S-DnS50 NPs

Dry acetone was first prepared via distillation of acetone after treating with calcium
chloride overnight. FZ-S-NH250 NPs (9.18 µmol equivalent NH2) were dispersed in 40 mL of
dry acetone containing 0.25 mL (1.79 mmol) triethylamine. DnCl (10 mg, 37 µmol) was
dissolved in 10 mL dry acetone and then added to the FZ-S-NH250 dispersion. The reaction
was stirred at room temperature for 24 h in the dark (Figure 4-2a). The FZ-S-DnS50 product
was then isolated and cleaned via external magnet, washing sequentially in acetone and
milli Q water three times each with ultra-sonication.
4.2.2.3

Synthesis of FZ-S-PEG and FZ-S-PEG-DnS NPs

PEGylated hybrid NPs, FZ-S-PEG25 and FZ-S-PEG50 (Figure 4-2b), were prepared by
dispersing the FZ-S-GPS precursor (refer to Table 1 for reactant quantities) in 10 mL of milli
Q water and heating to 65 oC. α-(2-aminoethyl)-ω-hydroxy poly(oxyethylene) (PEG;
dissolved in 10 mL milli Q water, quantity in Table 4-1) was added to the NP dispersion
under mechanical stirring. The temperature was maintained for a further 6 h with constant
stirring. PEGylated NPs were termed FZ-S-PEG25 and FZ-S-PEG50 in order of increasing PEG
content and were washed three times sequentially with milli Q water, acetone and dry
acetone. Dansylation of FZ-S-PEG50 (Figure 4-2c) was carried out as per section 2.2.2 (refer
to Table 4-1 for reactant quantities) and the final FZ-S-PEG-DnS50 product was stored as a
suspension in milli Q water in the dark.
4.2.2.4

Synthesis of FZ-S-PEG-FA NPs

The NHS ester of FA (NHS-FA) was synthesised first via a DCC coupling method as
reported previously [26] (not shown in Figure 4-2). The NHS-FA intermediate facilitated
conjugation of FA to FZ-S-PEG. FZ-S-PEG NPs were dispersed in 10 mL of Na2CO3/NaHCO3
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buffer (pH 9.30) using sonication for 10 min. NHS-FA was added drop wise to the NP
suspension (Figure 4-2d) with constant mechanical stirring for one hour. FZ-S-PEG-FA NPs
were collected via external magnet and were washed in conjunction with sonication 5 times
in DMSO followed by 3 times with milli-Q water. The prepared FA conjugated NPs were
termed FZ-S-PEG-FA25 and FZ-S-PEG-FA50 in order of increasing FA content. Reactant
quantities used are summarised in Table 4-1 below.
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Figure 4-2. Synthetic scheme detailing the preparation of (a) dansylated hybrid NPs FZ-S-DnS, (b) PEGylation to produce FZ-S-PEG and
subsequently (c) FZ-S-PEG-DnS and (d) FZ-S-PEG-FA.
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FZ-S
FZ-S-NH250
FZ-S-DnS50
FZ-S-GPS25
FZ-S-GPS50
FZ-S-PEG25
FZ-S-PEG50
FZ-S-PEG-DnS50
FZ-S-PEG-FA25
FZ-S-PEG-FA50

Sample

0.908
0.908
0.908
0.908
0.908
0.908
0.908
0.908
0.908
0.908

TEOS added
(mmol.g-1)

0.523
0.523

0.459
0.459
0.257
0.501
0.257
0.501
0.501
0.257
0.501

0.232
0.461
0.232
0.461
0.461
0.232
0.461
0.500
1.005
1.005
0.500
1.005

0.047
0.092
0.092
0.047
0.092

0.250

0.911

0.052

0.061

Quantity (mmol.g-1)
Added Measured Added Measured Added Measured Added Measured
APTES
NH2
GPS
epoxide
PEG
PEG
DnCl
DnS

0.150
0.302

Added
NHS-FA

0.030
0.058

Measured
FA

Table 4-1. Quantity of reactants used to prepare specified samples and the measured molar concentration of corresponding functional groups per
gram of NP.
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4.2.3 Nanoparticle characterisation
Geometric particle size was evaluated using high resolution TEM (JOEL JSM 2011,
equipped with a Gatan digital camera) as per previously reported method [3].
Hydrodynamic particle size and size distribution were assessed via dynamic light scattering
(DLS) using a Zetasizer Nano‐ZS from Malvern Instruments. Zeta potential was carried out
using the same instrument. Sodium chloride (10 ml, 0.01 M) was used as a conductive
regulator. The pH of the sodium chloride solution was adjusted to 4.0, 6.0, 7.4 and 9.3 using
an aqueous solution of NaOH (0.01 M) and HCl (0.01 M). Samples (1 mg) were dispersed in
the resulting solutions (10 mL) using ultra sonication (10 min) prior to measurement.
A Thermo Scientific Nicolet is50 FT-IR spectrometer equipped with an automated
beam splitter exchanger, affording both mid-IR and far-IR capabilities, was used to identify
various chemical functional groups. Quantification of organic moieties bound to the NP
surfaces was carried out using thermogravimetric analysis (TGA; Mettler Toledo) as
reported previously [27]. Estimation of the density of PEG surface coverage was carried out
using an average FZ NP diameter of 13.74 nm and a silica shell thickness of 1.86 nm as
obtained via TEM. To approximate the conformational regime of PEG the Flory radius RF
and the grafting distance D were determined using the following equations obtained from
Yang et al. [15]: RF = αN3/5, D = 2(A/π)1/2 and A = 1/P; where α is the monomer length of
PEG (oxyethylene; 0.35 nm), N the number of PEG repeat units (N = 68), A is the area
occupied per PEG chain and P is the density of PEG surface coverage (obtained via TGA).
Mushroom and brush conformations were defined by RF/D ≤ 1 and RF/D > 1 respectively
and the dense brush conformation was defined as RF/D > 2.8.
Elemental iron and zinc content within the NPs was quantified via ICP-OES (Perkin
Elmer Optima 8300 ICP-OES spectrometer). Analysis was performed at wavelengths of
238.2 and 206.2 nm respectively for iron and zinc. Samples were prepared as per section
2.3 in Chapter 3.
Fluorescence spectroscopy was carried out using an Aligent Technologies Cary Eclipse
fluorescence spectrophotometer with excitation wavelengths of 277 nm for all synthesised
NPs, with 283 nm for FA conjugated NPs and 327 nm for dansylated particles. Spectra were
obtained using a scan rate of 600 nm.min-1 with 10 co-added scans.
Fluorescent micrographs of FZ-S-PEG-DnS and the control FZ-S-PEG NPs were
obtained using an Olympus florescence microscope equipped with a Xenon arc lamp. An
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excitation wavelength of 335 nm was used with a 510 nm long pass emission filter.
Aqueous dispersions of FZ-S-PEG-DnS were prepared at concentrations of 25 and
100 µg.mL-1 with control NPs having a concentration of 100 µg.mL-1 also. Dispersions were
drop cast on to pre cleaned glass slides. A magnification of 240x was used for all imaging.
4.2.4 Adsorption and photoreactivity study
Adsorption and photocatalytic properties of FZ, FZ-S, FZ-S-PEG, FZ-S-PEG-DnS and FZS-PEG-FA NPs were evaluated through measurement of the MB concentration of solutions
containing PSs without and with exposure to UV radiation, respectively, over time. Reaction
solutions had a MB concentration of 10 mg.L-1 (pH 4.0, 6.0, 7.4 or 9.3) and a photocatalyst
concentration of 325 mg.L-1. The experimental setup for adsorption and photodegradation
was the same as that described in section 2.4 of Chapter 3. Adsorption percentage was
determined via ratio of MB concentration at time t (Ct), divided by the initial MB
concentration (C0) and degradation percentage was determined by dividing Ct by the MB
concentration at t = 90 min (C0’).
4.3 Results and discussion
4.3.1 Synthesis and characterisation of FZ-S-PEG, FZ-S-PEG-FA and FZ-S-PEG-DnS
PSs with various surface modifications were prepared according to Figure 4-2. FZ
hybrid nanoparticles were first prepared according to a previously reported method [19].
The hybrid core was coated with a thin layer of silica which was subsequently functionalised
with 3-aminopropyl or 3-glycidyloxypropyl functional groups. TEOS and either APTES or GPS
were used simultaneously in these reactions. DnCl was then conjugated to the aminated
NPs to produce the PS FZ-S-DnS50. GPS functionalised NPs were subject to PEGylation to
produce the PSs FZ-S-PEG25 and FZ-S-PEG50. Subsequent esterification allowed the
preparation of the PEGylated PSs FZ-S-PEG-DnS50 and FZ-S-PEG-FA. FA content was varied
by altering the ratio of TEOS:GPS as per Table 1 resulting in FZ-S-PEG-FA25 and FZ-S-PEGFA50 in order of increasing FA content.
Size and size distribution of the PSs were evaluated via DLS and TEM and are
displayed in Figure 4-3. The hybrid FZ core particles had a hydrodynamic diameter of
43 ± 11 nm. This compared to a geometric diameter of 13.74 ± 2.22 nm obtained via TEM
(Figure 4-3a). Hydrodynamic diameters are known to be larger than their geometric
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counterparts and this observation has been reported previously in published work [27].
Furthermore, the large discrepancy in size measurements between DLS and TEM may be
accounted for by aggregation of the NPs in dispersions used for DLS. Coating with silica
resulted in an increase in the geometric diameter to 17.46 ± 2.82 nm, which corresponded
to a silica shell thickness of 1.86 nm (Figure 4-3b). Conjugation of PEG showed no significant
increase in the thickness of the shell component when imaged via TEM (Figure 4-3c and d).
A reduction in the polydispersity index measured by DLS was observed upon PEGylation
(0.253, FZ; 0.181, FZ-S-FA; 0.101 for FZ-S-PEG-FA), which suggests a possible reduction in
aggregation afforded by inclusion of the polymer spacer.

Figure 4-3. TEM micrographs (above) and DLS size distributions (below) of (a) FZ, (b) FZ-SFA and (c) FZ-S-PEG-FA nanoparticles. Where (d) is a lower magnification TEM micrograph
of FZ-S-PEG-FA NPs.
FTIR was used to confirm the successful modification of the PS surfaces with organic
moieties and spectra are displayed in Figure 4-4, with Figure 4-4 showing spectra of free
FA, DnCl and PEG for comparison. Stretching vibrations corresponding to Fe–O and Zn–O
were evident in all spectra and corresponded well with literature [28, 29]. The appearance
of a broad band between 1000 cm-1 and 1200 cm-1 in the spectra of FZ-S-NH2 (Figure 4-4a)
and FZ-S-GPS (Figure 4-4b) corresponded to the asymmetric bending and stretching
vibrational modes of siloxane groups [30] confirming silanisation. Amine functionalisation
of the silica shell (Figure 4-4a) was confirmed by the appearance of bands at 1603 cm-1 and
1625 cm-1, indicative of N–H bending and NH3+ deformation vibrational modes [3]. GPS
functionalisation of the silica shell was validated by the emergence of a band at 951 cm-1
(Figure 4-4b) corresponding to the ring deformation mode of the epoxy functional group
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[24]. Successful dansylation to form the FZ-S-DnS PS was confirmed by the presence of new
bands at 1152 cm-1 and 1209 cm-1 corresponding to the stretching vibrations of C-C and
S=O respectively (Figure 4-4a) [24]. The weaker signals at 1371 and 1565 cm-1 were ascribed
to C-CH bending vibrations of the aromatic ring within the dansyl group [31].

Figure 4-4. FTIR spectra detailing (a) GPS functionalisation, PEGylation and conjugation of
FA and the dansyl fluorophore to include the PEG spacer. (b) amination and dansylation
without a PEG spacer and (c) free FA, DnCl and PEG molecules used in the synthesis.
PEGylation was confirmed in the spectra of FZ-S-PEG, FZ-S-PEG-Dns and FS-S-PEG-FA
by appearance of the strong signal at 1146 cm-1, corresponding to the C-O stretching
vibrational band (Figure 4-4b). The appearance of the asymmetric and symmetric
stretching vibrational bands of CH2 groups between 2800 and 2970 cm-1 as well as weaker
signals at 1478 and 1356 cm-1 corresponding to H-C-H bending vibrational modes, further
confirmed successful PEGylation [24]. Attachment of FA to produce FZ-S-PEG-FA gave rise
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to several new bands between 1470 and 1700 cm-1 (Figure 4-4b). The signal at 1670 cm-1
corresponded to the C=O stretching vibration characteristic to FA [32]. The shoulder at
1643 cm-1 corresponded to the bending vibration of the newly formed O-H bond between
PEG and FA and the signal at 1611 cm-1 corresponded to the deformation vibrational mode
of NH2. The signals at 1587 cm-1 and 1537 cm-1 were associated with the C-N and N-H
bending modes of the amide band II [33]. Dansylation of the FZ-S-PEG-DnS PS was
confirmed by the appearance of a new shoulder on the strong C-O signal at 1160 cm-1
(Figure 4-4b), which correlated to the C-N stretching vibration of the dansyl group. Further
contribution to the shoulder was ascribed to stretching of the O=S=O group at 1210 cm1.The

new bands at 1375 and 1561 cm-1 were assigned to the C-CH stretching vibrations of

the aromatic ring structure within the dansyl moiety and the asymmetric stretching
frequencies of CH3 groups of the dansyl moiety were appeared at 2985 cm-1 [31], further
confirming successful dansylation.
Example TGA curves for FZ-S-PEG-FA25 and FZ-S-DnS50 together with their
intermediates are displayed in Figure 4-5a and b respectively. Similar data was obtained for
FZ-S-PEG-DnS and its constituents. All NPs were subject to a mass loss region between 35110 oC corresponding to evaporation of adsorbed water. More significant losses were
observed between 110-585 oC and were correlated to loss of the various functional groups
chemically bound to the NP surfaces.
Estimation based on this data allowed quantification of various functional groups as
summarized in Table 1. Dansylation of FZ-S-NH250 to produce FZ-S-DnS50 saw an estimated
dansyl moiety concentration of 0.061 mmol.g-1 at a reaction yield of 13% (Figure 4-5b).
PEGylation was achieved via nucleophilic substitution of the epoxide groups on FZ-S-GPS
NPs. For FZ-S-PEG25 (Figure 4-5a) the reaction yield was 20% and gave an estimated
0.047 mmol.g-1 of PEG. The PEG content on FZ-S-PEG50 (TGA curve not shown) was
estimated to be 0.092 mmol.g-1 with a reaction yield of 20%. Subsequent reaction to form
FZ-S-PEG-DnS50 (TGA curve not shown) yielded a dansyl fluorophore concentration of
0.052 mmol.g-1, with a reaction yield of 57%. The reaction yield for PEGylated dansyl bound
PSs was about 4 times greater than its non-PEGylated counterpart. Conjugation of DnCl in
either case was achieved via nucleophilic substitution to form a sulfonate ester; via -NH2
for FZ-S-DnS50 and via -OH for FZ-S-PEG-DnS50. The latter being a weaker nucleophile
suggests the PEGylated analogue should produce the lower reaction yield. However, as
explained by Pourfallah et al. the presence of the inert hydrophilic PEG spacer may have
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resulted in a more facile reaction, with direct attachment to the NP surfaces being more
sterically hindered [24] thus resulting in a higher reaction yield. Folate conjugation was also
achieved via reaction with epoxide groups and for FZ-S-PEG-FA(25) the FA content was
calculated at 0.030 mmol.g-1 (Figure 4-5a) equating to a reaction yield of 64%. For FZ-SPEG-FA50 (TGA curve not shown) the FA content was 0.058 mmol.g-1 corresponding to a
reaction yield of 63%.
Quantification of PEG content revealed 0.047 and 0.092 mmol.g-1 respectively for FZS-PEG25 and FZ-S-PEG50 correlating to an estimated PEG coverage density of 0.31 and
0.62 PEG.nm-2 through use of particle size and shell thickness. These values translated to
RF/D = 2.2 and RF/D = 3.1 for FZ-S-PEG25 and FZ-S-PEG50 respectively. The former value
equaling 2.2 suggests a brush PEG conformation and the latter being greater that 2.8
corresponds to a dense brush conformation. These estimations signify the potential for
protein and macrophage resistance of the synthesized NPs and compare well to several
reports in reviewed literature [14].

Figure 4-5. Mass loss percentage curves for (a) FZ-S-PEG-FA25 and (b) FZ-S-DnS and their
constituent NPs as obtained via thermogravimetric analysis.
Fluorescence emission spectra of the synthesised PSs are presented in Figure 4-6
below. Emission corresponding to the dansyl moity was investigated through use of an
excitation wavelength of 327 nm (Figure 4-6a) and the concentration of the dansyl group
was held constant for DnCl, FZ-S-DnS50 and FZ-S-PEG-DnS50, with FZ, FZ-S and FZ-S-PEG50
not containing any dansyl groups. The emission at λmax = 498 nm observed for free DnCl
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(Figure 4-6a) was attributed to charge transfer from the tertiary amine group to the
naphthalene ring [34]. The fluorescence emission was enhanced for FZ-S-DnS50, likely due
to the intermolecular charge transfer from the dimethyl amino electron donor group to the
electron withdrawal sulphonamide group as per the red chemical scheme insert in Figure
4-6a [34-36]. Addition of the PEG spacer to form FZ-S-PEG-DnS50 saw a further increase in
the emission intensity and a shift to 508 nm. Bonding with PEG was facilitated by the more
electronegative oxygen atom, thus affording a greater electron withdrawing capacity
through the sulfonic ester group (black chemical scheme insert in Figure 4-6b). Hence, an
enhanced push-pull effect would result, therefore increasing the emission intensity. An
increase in the charge transfer would also result in a decrease in the energy gap between
the highest occupied molecular orbital and the lowest unoccupied molecular orbital,
explaining the red shift in emission wavelength [37]. Emission spectra of FZ, FZ-S and FZ-SPEG50 did not contain the characteristic emission band of the dansyl moiety (Figure 4-6a).
All spectra in Figure 4-6a also exhibited an emission cantered at 353 nm which was
attributed to electron transitions associated with ZnO. Interestingly, spectra of FZ-S-DnS50
and FZ-S-PEG-DnS50 also contained a shoulder at 388 nm (Figure 4-6a) that was absent in
the spectra of free DnCl and NPs not containing the dansyl moiety.

Figure 4-6. Fluorescence emission spectra using an excitation wavelength of (a) 327 nm and
(b) 277 nm. The chemical scheme inserts in a) represent variations in electronic charge
transfer resulting from changes in bond type and are colour coded to match respective
spectra.
Fluorescence emission associated with the ZnO component of the dansylated NPs
was investigated through use of an excitation wavelength of 277 nm and spectra are
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displayed in Figure 4-6b. The zinc content in each sample was kept constant. All PSs
exhibited an emission at λmax = 351 nm in accordance with analogous work carried out in
Chapter 3. Emission intensity of the FZ PS was lower than that of pure ZnO as expected and
reported previously in published work [19] and Chapter 3. Incorporation of the silica shell
once again saw a reduction in the emission intensity due to shielding, also as expected [25].
PEGylation to form FZ-S-PEG saw a further reduction in the emission intensity and was also
attributed to shielding due to presence of the bulky PEG molecules. Direct conjugation of
the dansyl fluorophore saw an increase in fluorescent intensity, ascribed to a synergistic
contribution from the fluorophore and ZnO. The use of a PEG spacer saw a further increase
in intensity, again due to the combinatory effect of fluorescence emission from the
semiconductor and fluorophore. Interestingly an additional emission was seen at 360 nm
in the spectra of FZ-S-DnS50 and FZ-S-PEG-DnS50. Initially the extra emission was believed
to be a product of Raman scattering, however, variation of the excitation wavelength to
10 nm either side of the original 277 nm excitation wavelength did not result in a
corresponding 10 nm shift of the 360 nm emission signal as would be expected from a
signal caused by Raman scattering. It was then postulated that there may be a possible
electron transition occurring at the interface of the ZnO and Fe3O4 crystallites that form the
bulk of the core NP, however, the signal was not present in the spectra of FZ and FZ-S NPs.
To eliminate, possible artefacts due to solvent impurities the samples were reprepared in
fresh solvent and the fluorescence emission retested, however the signal at 360 nm
persisted in the spectra of FZ-S-DnS50 and FZ-S-PEG-DnS50. As such, it was hypothesised
that an additional excited state of ZnO may have formed due to the complex nature of the
composite nanostructure, however additional investigation would be required to
confidently assign the emission.
The fluorescent properties of FZ-S-PEG-DnS NPs were further demonstrated via
fluorescence microscopy, where dilute suspensions (25 and 100 µg.mL-1) of the PS were
drop cast on to glass slides for imaging. A 100 µg.mL-1 sample of FZ-S-PEG was used as a
control. As shown in Figure 4-7, several green spots of NP fluorescence can be observed
(Figure 4-7a and b), indicating the presence of dansyl terminated PEGylated NPs on the
surface of the glass slide; inconsistency in the brightness and size of spots was attributed
to aggregation. In contrast, the absence of the dansyl moiety on the control NPs is clearly
illustrated by the lack of fluorescent green spots observed in Figure 4-7c. The use of FZ-SPEG-DnS as a fluorescent marker in cell culture is currently under investigation.
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Figure 4-7. Fluorescence micrographs of FZ-S-PEG-DnS NPs at (a) 25 µg.mL-1 and (b)
100 µg.mL-1. With (c) FZ-S-PEG at 100 µg.mL-1. A magnification of 240x was used for all
images.
4.3.2 Adsorption and photodegradation of MB
Adsorption and Photodegradation experiments were carried out using a wellestablished method based on previously published work [2, 3]. As such, testing was not
carried out in replicate, however several trial experiments were run to establish the
reproducibility and reliability of the method; supporting results are presented in Appendix
1. The percentage adsorption and photodegradation of MB through use of FZ, FZ-S, and FZS-PEG25 and FZ-S-PEG50 is displayed in Figure 4-8 with corresponding zeta potential
measurements also displayed. MB adsorption (Figure 4-8a), evaluated in the dark from
t = 0 min to t = 90 min, was facilitated via electrostatic attraction between the negatively
charged PS surfaces and positively charged MB [38], and was observed to be instantaneous,
as seen previously in Chapter 3. Adsorption was maximised on FZ-S NPs due to the
accumulation of surface hydroxyl groups promoting electronegativity (Figure 4-8a). Charge
induced adsorption of MB with silica NPs has been reported previously [39]. As pH was
reduced from 9.3 to 4.0, protonation caused a decrease in the magnitude of the
electronegative double layer and corresponded to a reduction in MB adsorption.
Adsorption of MB to FZ core NPs was negligible (< 1.5%) over the studied pH range (Figure
4-8a). MB adsorption was observed to vary inversely with PEG content across the entire pH
range. Increasing the PEG content had a neutralising effect on PS surface charge, explaining
the observed decrease in adsorption; charge neutralisation through PEG conjugation has
been reported elsewhere [15]. Conjugation of FA onto FZ-S-PEG25 and FZ-S-PEG50 had no
discernible change on MB adsorption and thus FZ-S-PEG-FA25 and FZ-S-PEG-FA50 have not
been include in Figure 4-8a.
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Figure 4-8. Effect of PEG on adsorption (a) and photodegradation (b) of MB. Open circles designate the zeta potential of the corresponding samples,
at the given pH, in the absence of MB.
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The percentage degradation of MB after exposure to 150 min of UV radiation using
FZ, FZ-S, FZ-S-PEG25, FZ-S-PEG50, FZ-S-PEG-FA25 and FZ-S-PEG-FA50 is displayed in Figure
4-8b. Photodegradation was maximised at high pH and this trend was obvious through use
of all photocatalysts and correlated well with observations in Chapter 3. The reduction in
photocatalytic performance at lower pH was attributed to corrosion of the catalytic ZnO
component, where the corroded zinc content for the FZ reaction solution was measured to
be 256 mg.L-1 at pH 4 via ICP-OES. MB degradation efficiency and stability of the catalyst
dispersions was maximised at pH 9.3 due to elevated particle surface charge and minimal
corrosion (1.4 and 0.003 mg.L-1 zinc and iron respectively for FZ NP reaction solution),
resulting in increased inter-particle repulsion and maximised PS surface area. The efficiency
of MB photodegradation generally decreased with increasing degree of surface
modification (FZ > FZ-S > FZ-S-PEG25 > FZ-S-PEG50) irrespective of reaction pH, with no
significant difference in photo degradation between FZ-S-PEG25 and FZ-S-PEG-FA25 and
FZ-S-PEG50 and FZ-S-PEG-FA50. In Chapter 3 and in our previous work with TiO2 and
phenol, silanisation was shown to shield the FZ core from irradiation and act as a barrier,
preventing the migration of reactive radical species to the surface of the PS mitigating
oxidation of MB [25]. Addition of bulky PEG molecules to the surface of FZ-S seemed to
augment this shielding effect as observed by the reduction in MB photodegradation upon
PEGylation and the further decrease upon increasing the PEG content. Subsequent
attachment of FA had little impact on the degradation efficiency.
MB photodegradation percentage using FZ, FZ-S, FZ-S-DnS50, FZ-S-PEG50 and FZ-SPEG-DnS50 is displayed in Figure 4-9b. Similar trends were seen as before with degradation
being maximised at higher pH. FZ-S-DnS50 outperformed its PEGylated counterpart at all
pH trials due to the shielding effect of the PEG spacer. Degradation afforded by FZ-S was
greater than that of FZ-S-DnS50, possibly due to steric hindrance afforded by the
fluorophore molecules, as seen with FA in Chapter 3.
To confirm the prevalence of photocorrosion, aliquots of reaction solutions were
subject to ICP-OES analysis for zinc and iron content at predetermined time points of the
adsorption and degradation studies. Quantification of zinc and iron was carried out for
reaction solutions of pH 9.3 to avoid the influence of chemical corrosion. Quantification
data are represented graphically in Figure 4-10 below. The increase in zinc and iron content
after t = 90 min was attributed to photo-corrosion of the hybrid NPs, whereby interactions
between photo-induced holes and the metal oxides yielded water soluble Zn2+ and Fe2/Fe3+
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ions. Furthermore, surface modification with silica was found to reduce the degree of
photocorrosion through the formation of a physical barrier. This effect was compounded
upon PEGylation and more so upon increasing the PEG content. PEGylation may further
assist compatibility of the synthesised PSs with biological environments by curbing metal
associated toxicity.
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Figure 4-9. Effect of dansylation on adsorption (a) and photodegradation (b) of MB. Open circles designate the zeta potential of the
corresponding samples, at the given pH, in the absence of MB.
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Figure 4-10. ICP-OES analysis of (a) zinc content and (b) iron content at pH 9.3 over the
adsorption (dark) and photodegradation periods.
4.4 Conclusion
The surface modification of hybrid iron oxide/ zinc oxide nanoparticles with a silica
shell and PEG was successfully carried out to produce the novel core shell PEGylated
photosensitisers FZ-S-PEG25 and FZ-S-PEG50. Subsequent chemical modification allowed
conjugation of a folic acid targeting ligand to produce FZ-S-PEG-FA25 and FZ-S-PEG-FA50.
The flexibility of this synthetic scheme was highlighted through attachment of a dansyl
fluorophore either with a PEG spacer or directly to the silanised core-shell particles to form
novel fluorescent labelled PSs FS-S-PEG-DnS50 and FZ-S-DnS50 respectively. Adsorption
and photodegradation studies using methylene blue showed that surface modification with
either PEG or the fluorophore did not compromise the photocatalytic properties of the
hybrid core. Furthermore, metal dissolution was found to be curbed by the presence of
PEG, possibly lowering metal associated toxicity. Estimates of PEG surface coverage
revealed a possible dense brush conformation of the surface bound polymer and indicated
a potential for resistance to protein adsorption and macrophage elimination. Fluorescence
microscopy revealed a green fluorescent emission from the dansylated NPs, suggesting a
potential for cellular imaging. An in vitro cell toxicity study revealed that PEGylation
mitigated the toxic response of NPs towards a Caco-2 cell line (to be published in a separate
paper). Future in vivo work shall provide a foundation to pave the way for the clinical
application of these heterogeneous semiconductor photosensitisers in photodynamic
therapy.
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5

Conclusions and future considerations

The methods, techniques and results presented in this dissertation are of significant
value to practitioners of experimental cancer therapeutics because they not only
contribute to current knowledge pertaining to nanoparticle (NP) design and synthesis for
theragnostic applications, but they also provide a novel, yet facile surface modification
scheme that allows a transition of NP systems intended for photocatalytic based
applications, to use in biological settings as potential cancer therapeutics. The multifarious
nature of cancer is impetus alone for the application of rigorous exploration and adaptation
to developing and established therapies, and so it seems only logical that future work be
carried out on the systems developed and studied in this thesis.
Cytotoxicity investigations utilising hollow silica shells provided new insights into cell
specific toxic responses. The hollow silica shells not only showed cytotoxicity specific to a
malignant cell line, they did so in the absence of the attached folic acid (FA) cell targeting
ligand. This finding merits further investigation to elucidate the mechanisms driving cell
specific toxic responses. Furthermore, research should be carried out to determine
whether the developed silica shells show toxic avidity towards other malignant cell lines
over non-malignant counterparts. While conjugation with the folate ligand did enhance
cancer cell specificity, it also proved to increase the viability of both the malignant and nonmalignant cell lines. Although there are a few investigations detailing the optimal FA ligand
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density for cellular uptake [1, 2], the effect of the FA ligand density on cell viability has not
been openly discussed in the prevailing research. As such, further stipulations on folate
content must be provisioned when designing such systems. Future studies with this hollow
silica shell material may pave the way for designing a single NP system able to impart
specificity towards multiple cancer cell types. Application of the silica coating on to an
established iron oxide-zinc oxide photocatalyst (Fe3O4-ZnO)demonstrated a decline in the
photophysical properties of the core structure. However, the novel core-shell system was
also proven to be more effective than its pure zinc oxide (ZnO).More importantly, this
research has demonstrated that the hybrid core-shell nanoparticles have a great potential
in applications geared towards photodynamic therapy (PDT). The FA conjugated core-shell
system demonstrated a significant photokilling effect with a drastic reduction in the
viability of human epithelial colorectal adenocarcinoma (Caco-2) cells. While concerning
toxicity at larger doses and longer incubation periods was observed, it was postulated that
this toxicity stemmed from metal dissolution of the core – a property that could be
mitigated with design adaptations. An investigation confirming the processes behind this
toxicity and understanding and controlling the dissolution kinetics would assist in the
design of photosensitisers that are compatible with cell lines in the absence of radiation –
a key requirement for PDT.
Further modification of the silica coated Fe3O4-ZnO core-shell system with
polyethylene glycol (PEG) and a dansyl fluorophore was carried out in order to impart
multimodality in the way of potential stealth and imaging properties. Physiochemical
characterisation confirmed and highlighted the flexibility and facile nature of the synthetic
route employed. Furthermore, the photophysical properties of the surface modified coreshell systems were shown to remain highly efficient and PEGylation was found to mitigate
the effect of NP associated cell toxicity in vitro towards a Caco-2 cell line. Additional work
can be carried out to assess the impact of PEGylation and dansylation in in vivo biological
settings. The photo-killing effect of the surface modified NP should also be investigated to
prove the proposed concept, hence forming a continuous topic of research in this group.
Finally, studying and applying the magnetic properties of iron oxide within the core towards
magnetic resonance imaging and tumour targeting via external magnetic fields would
further extend the multifaceted nature of this NP system.
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APPENDIX 1
Reproducibility of photodegradation experiments
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Photodegradation experiments were conducted using a well-established method
based on previously published work [1,2,3,4]. The reproducibility of the method was
scrutinised in trial experiments using methylene blue (MB) at a concentration of 10 mg.L-1.
The results of trial experiments are displayed in Figure A2-1 below and clearly highlight the
reliability of the method employed.
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Figure A1-1. Photodegradation experimental trials highlighting the reproducibility of the
employed method. Experiments were conducted 3 times with a MB concentration of
10 mg.L-1 and a FZ NP concentration of 0.00 mg.L-1 (left) and 325mg.L-1(right).
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