University of Wollongong

Research Online

L2J(r)1i1v7eisity of Wollongong Thesis Collection University of Wollongong Thesis Collections

2019

New Generation Inorganic Nanoparticles for Sunscreen UV Filtration

Marcela L. Chaki Borras
University of Wollongong

Follow this and additional works at: https://ro.uow.edu.au/theses1

University of Wollongong
Copyright Warning
You may print or download ONE copy of this document for the purpose of your own research or study. The University
does not authorise you to copy, communicate or otherwise make available electronically to any other person any
copyright material contained on this site.

You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised,
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to copyright material.
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the

conversion of material into digital or electronic form.

Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily

represent the views of the University of Wollongong.

Recommended Citation

Chaki Borras, Marcela L., New Generation Inorganic Nanoparticles for Sunscreen UV Filtration, Master of
Research (Advanced Materials) thesis, School of Chemistry, University of Wollongong, 2019.
https://ro.uow.edu.au/theses1/746

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au

www.manaraa.com


https://ro.uow.edu.au/
https://ro.uow.edu.au/theses1
https://ro.uow.edu.au/theses1
https://ro.uow.edu.au/thesesuow
https://ro.uow.edu.au/theses1?utm_source=ro.uow.edu.au%2Ftheses1%2F746&utm_medium=PDF&utm_campaign=PDFCoverPages

UNIVERSITY
OF WOLLONGONG
AUSTRALIA

New Generation Inorganic
Nanoparticles for Sunscreen UV
Filtration

Marcela L. Chaki Borras

Supervisors: Dr. Konstantin Konstantinov,
& Dr. Vitor Sencadas

Co-supervisor: Dr. Shahnaz Bakand

This thesis is presented as part of the requirements for the conferral of the degree:

Master of Research
(Advanced Materials)

University of Wollongong
School of Chemistry

November 2019

www.manaraa.com



Certification

I, Marcela Laura Chaki Borras, declare that this thesis submitted in fulfilment of the
requirements for the conferral of the degree Master of Research, from the University of
Wollongong, is wholly my own wok unless otherwise referenced or acknowledged. This

document has not been submitted for qualifications at any other academic institution.

Marcela Laura Chaki Borras

8" November 2019

www.manharaa.com




Abstract

Australia has one of the highest melanoma rates worldwide owing to extremely high
ultraviolet (UV) levels due to ozone depletion. Thus, effective protection against UV
radiation is a necessity. Sunscreens contain titanium dioxide (TiOz) and zinc oxide (ZnO)
nanoparticles as inorganic UV filters to protect the skin from damaging UV light by
means of scattering, absorption and reflection. However, these nanomaterials have the
potential to penetrate the skin and impart cytotoxicity on viable cells caused by free
radicals generated as a result of their photocatalytic activity. As such, health concerns
have been raised regarding their use in cosmetic products. Toxicological reviews of these
particles have reported inconclusive results due to the differences in test protocols and
lack of real-life conditions, including the absence of UV irradiation. Regardless of these
discrepancies, the photocatalytic activity of these materials is a key property that should
be reduced to avoid potential detrimental effects, not only to humans but also to the
environment. Hence, the aim of this research was to develop a new generation
nanoparticle system for sunscreen application by reducing the photocatalytic activity of
currently available commercial TiO. nanoparticles for UV filtration in sunscreen
products. Thus, enhancing its biocompatibility whist also maintaining its UV absorption
properties. A reported free radical scavenger, yttrium oxide (Y203), was deposited onto
TiO> through a hydrothermal method forming a coating layer. The characterisation of the
synthesised nanomaterial comprised several standard analytical techniques, such as UV-
visible spectroscopy, X-ray diffraction, scanning and transmission electron microscopy,
electron dispersive spectroscopy and Brunauer-Emmett-Teller analysis to assess
properties such as UV absorption, photocatalytic activity, morphology, composition,
particle size and surface area. Furthermore, in vitro biocompatibility assays were
performed on the human skin HaCaT cell line in the absence and presence of simulated
solar radiation. Synthesised Y203 coated TiO2 nanoparticles showed an increase in UVB
and short UVA absorption, in addition to reduced photocatalytic activity, compared to
pristine TiO2 nanoparticles. Additionally, higher cell viability was observed after

exposure to the synthesised particles, compared to the commercial TiO2 both in the
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absence and presence of simulated solar radiation. Thus, highlighting the potential of
these coated particles for UV filtration applications.

Keywords: Sunscreen products, UV radiation, photocatalytic activity, TiO2, ZnO, Y20s,

antioxidant, HaCaT cells, biocompatibility, reactive oxygen species (ROS).
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Chapter 1

Introduction

1.1 General background and motivation

1.1.1 Nanotechnology within the cosmetic industry

Nanotechnology is a multidisciplinary science defined as the manipulation of matter with
at least one dimension between 1 and 100 nm [1]. At the nanoscale, materials possess
enhanced and unique physiochemical properties, including magnetic, optical, thermal and
catalytic properties ascribed to their size reduction [2, 3]. This is thought to be impart due
to the significantly increased surface area and greater percentage of surface atoms, which
make them attractive for a vast array of applications, from medicine to electronics and
from the food to the cosmetic industry [2, 3]. The enhanced optical properties of
nanomaterials are of extreme value for the cosmetic industry as these offer improved
transparency, reflectivity and colour in the final products [3]. Hence, as of 2009 the
number of registered cosmetic products containing nanoparticles within their formulation
had almost increased 1900% in four years, from 54 to 1015 between 2005 and 2009,
respectively [3]. The most frequently found nanomaterials in cosmetic products include

silver, carbon, gold, silicon, titanium and zinc based materials [3].
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1.1 General background and motivation 2

1.1.2 Ultraviolet radiation, skin cancer and Australia

Ultraviolet radiation comprises a small region of the electromagnetic spectrum, from
which its most energetic components (UVC and UVB) are fully and partially absorbed
by the stratospheric ozone layer, respectively [4]. Excessive UV doses are harmful,
resulting in sunburn and photoaging [4, 5]. Furthermore, UV radiation is considered a
carcinogen, and thus, excessive UV exposure also results in skin cancer [4, 5].
Nevertheless, small doses of UV radiation are required to initiate the production of
vitamin D in the human body [4]. Hence, UV exposure should not be avoided but instead
limited in order to maintain adequate levels of vitamin D within the body, while reducing
the likelihood of tumour development and further promotion. The three most common
types of skin cancers are the basal and squamous cell carcinomas and melanoma.
Melanoma is considered the deadliest form of skin cancer as it metastasises, and thus, it
cannot be simply removed by surgery like basal and squamous cell carcinoma [5]. Over
the past decade, skin cancer incidence rates have dramatically increased and has been
speculated to be due to sociocultural and environmental changes, such as clothing, higher
perceived value of tanned skin as well as depletion of the ozone layer [6, 7]. Ozone
depletion in the months of spring and early summer is a significant factor in the increased
levels of UV radiation in Australia, comparatively to worldwide levels, in addition to is
relatively proximity to the equator and less industrial activity, resulting in less air
pollution to scatter UV radiation [8]. These factors contribute to the substantially higher
skin cancer rates within the Australian population, compared to the rest of the world [9].
Thus, research and development of new, improved, safer and more efficient UV filters is
a necessity for protection against excessive UV exposure, and hence, the reduction of skin

cancer rates in Australia and the rest of the world.

1.1.3 Nanoparticles for sunscreen UV filtration

Titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles have been approved by
multiple governmental entities for their incorporation as active ingredients in sunscreen
formulations for enhanced UV protection [10]. Sunscreens are emulsions composed of
preservatives, additives and active ingredients that act as UV filters by absorbing,
reflecting and/or scattering UV light [11]. Thus, they protect the human skin against

potential detrimental health consequences of excessive UV exposure. These active
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ingredients have historically been subcategorized as either organic or inorganic based
upon their chemical composition and mechanism of UV protection. Organic UV filters
are typically conjugated organic systems containing one or multiple aromatic rings within
their structure [12]. These molecules dissipate absorbed UV light through chemical
reactions [13]. These reactions often result in the decomposition of the molecule into toxic
or allergenic by-products [13]. Hence, inorganic filters were introduced to overcome the
shortcomings of unstable organic filters. As mentioned above, currently used inorganic
UV filters comprise TiO2 and ZnO semiconductor nanoparticles. These materials absorb
UV radiation with higher or equal energy to their optical band gap through the promotion
of an electron from the valence band to the conduction band, generating an electron-hole
(e/h™) pair [13]. Titanium dioxide has a variable band gap between 3.0 and 3.2 eV and
zinc oxide has a band gaps of 3.3 eV [11]. Hence, in this size range, these materials
absorb UVA and UVB rays, and therefore, they offer broad spectrum protection and
transparency as they do not absorb visible light, resulting in more aesthetically pleasant
sunscreen products [11]. Furthermore, these nanoparticles are stable over long periods of
time and do not cause allergic reactions when applied onto the skin [11]. Nonetheless,
concerns have been raised regarding their safety and use in cosmetic products due to the
biological and environmental threat these nanoparticles may impose as a result of their
intrinsically high surface reactivity and uncertain toxicological potential [11].
Additionally, concerns also arise from the photocatalytic nature of these particles and
their ability to generate reactive oxygen species (ROS) once excited upon UV exposure
through photochemical reactions of the formed e/h* pair with surface adsorbed water
molecules [14]. These species can further react with the organic components of a
sunscreen, leading to their decomposition and reduced Sun Protection Factor (SPF) [15].
Moreover, excess ROS can lead to oxidative stress, which in turn, leads to cell death and
several diseases including cancer [16-18]. Multiple papers have reported the use of highly
active TiO2 nanoparticles in commercial sunscreen products; thus, safer materials are
needed [19, 20]. Nevertheless, toxicological assessments of these particles have reported
inconclusive results due to the differences in protocol and lack of real conditions,
including the absence of UV irradiation or UV doses equivalent to those in the Northern
Hemisphere [20-22].
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1.2  Thesis structure

This Master thesis is comprised of five chapters which are outlined below:

Chapter 1 provides background information of the role of nanoparticles in cosmetic
products, specifically in sunscreen formulations, as well as Australia’s situation regarding
skin cancer; which is the motivation for the research undertaken in this thesis. This

chapter also outlines the structure of this thesis.

Chapter 2 provides a review of the current literature on the information outlined in
Chapter 1. Firstly, the definition of UV radiation and its harmful effects in the human skin
will be covered, followed by the special situation of Australia regarding skin cancer. Next,
the issues surrounding UV filters in sunscreen products, current and potential solutions
to reduce the photocatalytic activity of titania nanoparticles and its possible detrimental
effects will be discussed. Lastly, the research objectives of this Master thesis will be

outlined in the form of questions to answer with this research.

Chapter 3 specifies the materials used over the course of this research as well as the
synthesis method employed to obtain coated titanium dioxide nanoparticles and the
techniques used to characterise the composition, morphology, optical properties and
photocatalytic activity of the synthesised materials. Described in this chapter is also the
in vitro assay protocol employed to determine the cyto- and photo-toxicity of the as
prepared nanoparticles in the absence and presence of simulated solar radiation.

Chapter 4 describes and extensively discusses the results obtained throughout this
research on titanium dioxide nanoparticles covered with a thin yttrium oxide layer. This
nanosystem is proposed to have improved UV absorption and free radical scavenging
properties for enhanced UV filtration properties and biocompatibility of titania.

Chapter 5 concludes this thesis with a summary of the findings of this research in

addition to suggested future research.
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Chapter 2

Literature Review

2.1 Ultraviolet (UV) radiation

The radiation emitted by the sun covers the full electromagnetic spectrum, from cosmic
rays to radio waves. Ultraviolet (UV) radiation comprises a very small part of this
spectrum, from 100 nm to 400 nm. According to environmental and dermatological photo
biologists, the UV region is subdivided into three bands associated with the biological
effects of these different wavelengths: UVC (100-280 nm), UVB (280-320 nm) and
UVA (320-400 nm) [4, 20, 23]. The ultraviolet type A can also be further subdivided into:
short UVA (320-340 nm) and long UVA (340-400 nm) [24, 25]. However, the ozone
layer behaves as a filter by absorbing radiation with wavelengths shorter than 315 nm;
thus, stratospheric ozone prevents UVC radiation from reaching the Earth’s surface,
whilst also greatly reducing the amounts of incident UVB. As such, the ultraviolet
radiation bands of concern to human health comprise the UVA and part of the UVB

wavelength regions [4, 8, 23, 26].
2.1.1 UV radiation, oxidative stress and human health

Ultraviolet radiation is a prominent cause of oxidative stress brought about by excessive
production of reactive oxygen species (ROS) within the body. Ultraviolet radiation can
inhibit enzymatic and/or antioxidative processes needed to counter ROS, thus leading to

an imbalance and oxidative stress [16-18]. The reactive species of most concern are

5
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hydrogen peroxide (H20>), free radicals such as the superoxide ion ("O2") and hydroxyl
radical ("OH) [27, 28]. The mitochondrial respiratory chain is the main biological source
of free radicals. They are produced as a by-product due to a fault in the electrochemical
reduction of O to water by the electron transport chain, resulting in H202 and "O2" [27,
28]. However, UV light can also generate ‘Oz by electron transfer from an excited state
molecule, such as phenolic moieties in effluent organic matter, to molecular oxygen [28].
States of oxidative stress are detrimental to human health since they can lead to apoptosis
and have been implicated in multiple diseases, including Alzheimer’s, Parkinson’s,
amyotrophic lateral sclerosis, diabetes, blindness, and cardiovascular diseases (Figure
2.1) [16-18].
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Figure 2.1: Biological effects of oxidative stress and the potential diseases associated
with the excessive ROS. Figure reproduced from Saeidnia et al. (2013) [17].

2.1.2 The human skin

The skin is the largest organ of the body [4, 29]. It acts as a physical barrier, protecting
the human body against external factors both chemical and physical, such as microbial
pathogens. Furthermore, it prevents water loss and covers functions like sensation and

thermoregulation:-It=is also involved in the synthesis of vitamin D upon short term
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2.1 Ultraviolet (UV) radiation 7

exposure to UV light. However, long term exposure to UV light can cause detrimental
effects to the skin, as will be discussed [1, 4, 29-31]. The human skin is composed of
three main layers [32]: the epidermis, the dermis and hypodermis (Figure 2.2) [4]. The
outermost layer is the epidermis, a self-renewing tissue through cell division in the
stratum basale (germinative compartment). The epidermis is composed of stratified
squamous epithelium consisting mainly of keratinocytes (up to 90%) and comprises many
layers, which represent the different stages of cell division and their migration outward
to form the stratum corneum from basal keratinocytes. Beneath the epidermis lies the
dermis, these two layers are separated by a basement membrane [4]. It is composed
largely of fibroblasts, collagen and elastin, providing the skin with structural, supportive
and elastic properties along with nutrients to the epidermis. Hair follicles, sweat glands,
small blood vessels, sensory nerves and eccrine glands are found in the dermis [4]. Under
the dermis lies the hypodermis, which accommodates blood vessels and adipocytes whose

accumulation of fat provides energy to the metabolism and has a cushioning action [1, 4].
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Figure 2.2: Scheme of the human skin layers. Figure adapted from McLafferty et al.
(2012) [29].

2.1.3 Effects of UV radiation on the human skin

The interaction of UV radiation on the human skin can cause both beneficial and adverse
health effects. The dose of UV radiation obtained is an important factor that is the
determinant between the two effects. The most commonly known adverse health effect
of excessive UV exposure is skin cancer. Other adverse health consequences important

to.considerinclude skin sunburn or erythema and photoaging. However, in small doses
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UV radiation has beneficial impacts for the human health since it helps to bring about the
synthesis of vitamin D.

2.1.3.1 Synthesis of vitamin D

As mentioned before, in small doses UV radiation is crucial for the synthesis of vitamin
D in the skin [4]. Upon exposure to UVB, stored cutaneous 7-dehydrocholesterol is
converted to pre-vitamin D3z over the epidermis and dermis, which then undergoes,
through a temperature dependent isomerisation, conversion to vitamin D [33-35]. The
synthesised vitamin D is then released into the circulatory system by vitamin D-binding
proteins for 3 days [33, 35]. Vitamin D is an essential hormone for developing a healthy
musculoskeletal system since it allows and controls the absorption of calcium from the
small intestine. As such, its deficiency has been linked to rickets and osteomalacia in
children and adults, respectively; in addition to multiple sclerosis, cardiovascular diseases
and multiple cancers [7, 31, 36, 37].

2.1.3.2 Sunburn

Sunburn, or erythema, is the most commonly known acute effect of excessive solar UV
exposure, characterised by an inflammatory response of the skin [4]. This reaction is
mainly caused by UVB rays which penetrate the upper epidermal layers of the skin [4].
The minimum dose of UVR that produces erythema 8 or 24 hours after UV exposure is
termed the Minimal Erythema Dose (MED) [4, 38]. Erythema tends to fade away within
one to two days after appearance; however, continuous UV exposure shortens its
reappearance time while increasing its intensity and extending its persistence. Ultimately,

high UV doses cause oedema, aching, blistering and peeling [38].

2.1.3.3 Photoaging

Photoaging, or early skin aging, is the result of DNA damage in skin stem cells found in
the inner and outer layer of the dermis and epidermis, respectively, upon chronic
excessive UV exposure [4, 39]. This damage is due to the structural reordering of
nucleotides produced by the absorption of UVB photons, which cause irregularities in the
DNA strand structure. Additionally, absorption of UVA photons results in the formation
of ROS, and consequently oxidative stress, by charge transfer from cellular

photesensitisers.to.oxygen molecules [39, 40]. Photoaging is characterised by dryness,
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wrinkles, skin atrophy and uneven pigmentation and it is known to decrease the levels of
antioxidants within the skin [4, 38-40].

2.1.3.4 Skin cancer

Skin cancer is the most common human cancer and is related to excessive chronic UV
exposure. On one hand, UVB rays can interact with certain cellular membranes [4, 26]
and be absorbed by DNA strands, causing subsequent DNA mutations [8, 41, 42].
Furthermore, the tumour suppressor gene p53 is often found mutated in skin cancers,
resulting in the loss of its tumour suppression functions, including regulation of the cell
cycle, DNA repair and apoptosis [43]. On the other hand, UV A rays can reach the dermis,
where they are absorbed by skin chromophores bringing about the production of ROS in
dermal fibroblasts and extracellular structures [4, 41, 42]. This leads to oxidative stress,
resulting in oxidative damage, mutations in gene expression and DNA lesions. If cell
division takes place while the damage has not been repaired, the photolesions may result
in mutations being integrated into daughter DNA causing genetic instability, a key factor

in the initiation of the carcinogenic process in skin [8].

Types and incidence

The three main types of skin cancers associated with UV exposure are basal cell
carcinoma (BCC), squamous cell carcinoma (SCC) and melanoma [8, 44]. The head,
neck, arms and hands are the areas of the body where BCC and SCC are most frequently
formed since these areas are regularly exposed to UV radiation. Basal and squamous cell
carcinoma are often removed by surgery; however, melanoma tends to metastasise and is

accountable for most skin cancer associated mortalities [4, 38].

The incidence of skin cancer is increasing due to the change in human behaviour, such as
clothing, perceived higher value of tanned skin over pale skin, desire for sun-seeking
holidays and the use of sun beds [7]. Annually, in the United States alone, 3.5 million
people are expected to be affected by some type of skin cancer, which imposes an
economic and emotional burden to the patients and their closest friends and family [45,
46].
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2.1.4 Solar UV radiation in Australia

The amount of solar UV radiation incident on the Earth’s surface is highly dependent on
the latitude; hence, the latitudes closest to the equator receive higher UV doses than either
of the poles. Furthermore, clearer skies due to less industrial activity leads to lower levels
of particulates and aerosols to absorb, reflect or scatter solar radiation [8]. As such, the
Southern Hemisphere receives increased levels of solar radiation as represented in
Figure 2.3 by a higher UV index value, an indicator of the intensity of UV radiation
incident on the earth’s surface. In the Southern Hemisphere, Australia is particularly
exposed to extremely high UV levels due to stratospheric ozone depletion [8, 23].
Because of the increased level of incident UV, Australia has one of the highest rates of
melanoma worldwide, two to three times the rates in Canada, the USA and the UK. As

such, effective protection against UV radiation is a necessity [9].
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Figure 2.3: Global erythemal UV index in the last Australian (a) winter and (b)
summer. Figure reproduced from TEMIS (2019) [47].

2.2 Sunscreen products and Sun Protection Factor (SPF)

Protective measures, such as the use of clothing, hats, sunglasses, and sunscreens, are
encouraged by governmental entities in order to minimise sunlight exposure and its
detrimental effects [44]. However, the most common method used to limit and protect the
skin from UV radiation is the application of sunscreen on skin prior to outdoor activities.
Sunscreens are emulsions composed of preservatives, additives and active ingredients

that act as UV filters, i.e. chemicals that transform, disperse, absorb or reflect UV light,
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protecting the skin against UVA, UVB rays or both (broad spectrum filters) [11, 48, 49].
The protection efficiency of these filters is known as the Sun Protection Factor (SPF)
rating, defined as the minimal erythema dose of UVB radiation required to produce
sunburn on protected skin compared to non-protected skin (Equation 2.1) [50, 51]. Thus,
sunscreens that are labelled with the same SPF value might display similar UVB
absorbance levels but diverse UVA absorbance [52]. The multiple SPF ratings of
sunscreens arise from the difference in active ingredients constituting the sunscreen
formulation and their loading amount, resulting in SPF ratings from 4 to 100+.
Nevertheless, many countries, Australia included, only allow a maximum SPF value of
50+ on sunscreen labels [53]. The higher the SPF rating, the higher the provided
protection against erythema; however, the amount of sunscreen applied by users is lower
than that recommended (2 mg-cm), unknowingly exposing them to high UV doses.
Theoretical models and in vivo experiments have shown that the applied amount of
sunscreen and its SPF rating are exponentially related [54].

minimum erythema dose on sunscreen-protected skin

SPF =

minimum erythema dose on non-sunscreen-protected skin (2.1)
The aforementioned active ingredients in sunscreen products are classified as ‘organic’
and ‘inorganic’ UV filters. The former comprises organic molecules that absorb specific
UV wavelengths and the latter are semiconductor nanoparticles that absorb, reflect and
scatter the incident UV radiation [49, 55].

2.2.1 Organic UV filters

Organic UV filters are conjugated organic systems containing one or multiple aromatic
rings within their structure, as shown in Figure 2.4 [12]. These molecules absorb UV
photons, resulting in the promotion of an electron in the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), forming a singlet
state (Figure 2.5 (a)) [13]. Such singlet state electrons can dissipate the excess energy
absorbed via emission of another photon through fluorescence or undergoing
photochemical reactions [13]. Nevertheless, in certain instances, the singlet state may
undergo intersystem crossing, resulting in a triple excited state [13]. De-excitation in this
triplet state can happen through photon emission, also known as phosphorescence,

photochemicalreactions or energy transfer to other molecules (Figure 2.5 (b)) [13].
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Figure 2.4: Chemical structure of three commonly used organic UV filters in sunscreen
products. From left to right: oxybenzone, avobenzone and ecamsule. Figure reproduced
from Abid et al.(2017) [56].
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Figure 2.5: (a) Absorption of a photon with enough energy to generate a singlet state
through a HOMO-LUMO electron transition and (b) multiple de-excitation pathways of
an absorbed photon. Figure adapted from Shaath (2010) [13].

As such, these molecules exhibit strong and narrow UV absorption bands of specific
wavelengths; thus, they are usually classified as UVA or UVB filters [13]. Therefore,
multiple organic filters are often used synergistically to provide broad spectrum

protection.

2.2.1.1 Risks of organic UV filters

The use of organic filters in sunscreen products has raised safety concerns as many of
these compounds are chemically unstable when exposed to UV light, resulting in their
photodegradation and subsequent loss of UV filtering behaviour [57]. Consequently,
users are unknowingly exposed to higher levels of UV radiation. Furthermore, if absorbed
and photodegraded, the generated reactive species could cause allergic reactions and,
moreover, interact with lipids, proteins and even the DNA [58]. In addition, recently, it

has been found that these filters impose a threat to the environment [59, 60].
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Lack of Photostability

As mentioned before, upon UV absorption many organic filters can undergo
photochemical reactions, which change their physical properties and reconfigure their
chemical structure, resulting in the formation of unstable or reactive by-products,
including free radicals (examples shown in Figure 2.6) [13]. These, in turn, can interact
with the skin, causing photoallergy and/or photocytotoxicity as well as react with other
UV filters or ingredients present in the sunscreen formulation decreasing the product’s
SPF rating [52, 57].

(a) (b)

(©)

Figure 2.6: (a) Electron delocalisation of para-aminobenzoic acid (PABA) upon UV
absorption, (b) photoisomerization of a camphor derivative and (c) keto-enol
tautomerization of avobenzone followed by the fragmentation of the keto form upon
UV irradiation. Figure adapted from Shaath (2010) [13].

The changes in the chemical structure of these filters lead to a loss in absorbance. Such
an effect has been widely studied and is highlighted in Figure 2.7 (a), where the UV
absorption spectra of common UVB (ethylhexyl p-methoxycinnamate, OMC) and UVA
(butylmethoxydibenzoylmethane, BMDBM, and avobenzone, AVOB) filters changes
after UVA exposure because of photo-induced isomerization. The observed reduction in
absorbance of OMC is due to the cis-trans isomerization whereas, in the case of BMDBM
and AVOB, the decrease in absorbance is attributed to a keto-enol isomerization [52]. As
shown in Figure 2.7 (@), in its enol form, AVOB absorbs UVA at 357 nm [57]. However,
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in its keto form, it absorbs in the UVC region, rendering avobenzone ineffective as a UVA
filter [57]. Additionally, upon further UV exposure, BMDBM and AVOB undergo
cleavage and fragmentation, respectively, resulting in the generation of reactive radical
species [52, 57]. In vitro studies have shown that such species accelerate the degradation

of other filters and can cause DNA and protein damage [58].

In order to achieve broad spectrum protection, prevent loss of photoprotection and reduce
the amount of formed reactive species, multiple UV filters, stabilisers and antioxidants
are used synergistically in sunscreen formulations [57]. Figure 2.7 (b) shows the effect of
UVA radiation in the absorbance and lipid peroxidation, as a result of free radical
generation, of three commercial sunscreens [52]. A reduction in UV absorption and
increase in thiobarbituric acid reactive substances (TBARS), a marker/control of lipid
peroxidation, can be seen in all the sunscreens after UVA exposure. Sunscreen A
contained multiple BMDBM stabilisers whereas sunscreen B and C contained one and
none, respectively; translating in a smaller TBARS increase in sunscreen A, followed by
B and C. Additionally, sunscreen A had less BMDBM and more antioxidants than B and
C, also contributing to the lower TBARS concentration. These results highlight the
importance of the sunscreen composition when it comes to photostability and human
safety. Thus, even though sunscreen C had a higher amount of UV filters, resulting in a
higher SPF value, the lack of stabilisers caused a noticeable loss of UVA absorption.
Furthermore, this sunscreen also contained photocatalytically active TiO2, which
accelerated the degradation of the organic components in the sunscreen formulation when

irradiated (this characteristic will be further examined in Section 2.2.2.2) [52].
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Figure 2.7: Change in the absorption spectra of (a) OMC, BMDBM and AVOB and (b)
three commercial sunscreens and concentration of TBARS after UVA exposure (dashed
line and white column). Figure adapted from Damiani et al. (2010) and Afonso et al.
(2014) [52, 57].

Allergic and photoallergic contact dermatitis

Organic filters and their photodegradation by-products can cause allergic and
photoallergic contact dermatitis, respectively [61]. The frequency of such reactions due
to sunscreen products is not clear; however, it has been estimated to be up to 40%, and
increasing in users with photosensitivity history [61]. In the late 90s, multiple commonly
used organic filters, such as oxybenzone, PABA and its derivatives, were found to cause
allergic and photoallergic reactions, leading to their reduction or replacement within
sunscreen products [61]. Cinnamate and salicylate based UVB filters were used to replace
PABA due to their higher stability, solubility and lower photo-/allergenic reactions [61].

Octocrylene and the photoproducts of avobenzone have also been found to be strong
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sensitisers [61, 62]. These allergic reactions are one of the incentives behind the
incorporation of inorganic filters in sunscreen formulations, as these are unlikely to cause

allergic responses even at high concentrations.

Ecotoxicity

Organic filters are released to the environment through recreational water activities and
wastewater treatment plants, where they can bioaccumulate and impart toxicity to biota
[59, 60]. An important ecosystem under threat by these UV filters are coral reefs. Upon
exposure to cosmetic products containing organic filters, corals release mucous composed
of coral tissue and symbiotic algae, inducing coral bleaching [60]. Thus, the use of
sunscreen products containing organic filters has been banned in multiple tourist
destinations, such as marine ecoparks in Mexico, the island nation of Palau, Hawaii and
Key West, Florida. [59, 60, 63]. More recent news has revealed the potential danger such
filters may pose to the Great Barrier Reef in Queensland, Australia.

Organic filters impose a threat to humans and the environment due to the reasons
described above; hence, they have been banned in some regions. To overcome the
drawbacks associated with these filters, inorganic nanoparticles are used in sunscreen

products as UV filters.

2.2.2 Inorganic UV filters

Multiple organic compounds are certified as UV filters; however, as regulated per the
Therapeutic Goods Administration (TGA), TiO2 and ZnO nanoparticles are the only two
inorganic materials approved for use in sunscreen products; the former being the most
commonly used [10]. For instance, in Australia it is estimated that TiO, nanoparticles are
present in 70% of sunscreen products whereas 30% contain ZnO nanoparticles [6]. These
particles are semiconductors that, as shown in Figure 2.8 (a), reflect and scatter UV
radiation [13]. Furthermore, they also absorb incident UV photons with energy greater
than their band gap through the promotion of an electron from the valence band (VB) to
the conduction band (CB) (Figure 2.8 (b)) [13].
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Figure 2.8: (a) Protection and (b) absorption mechanisms of inorganic UV filters.

Figures reproduced from Manaia et al. (2013) and Hanaor et al. (2011), respectively

In the nanometre regime, these metal oxides show improved spectroscopic and cosmetic

properties compared to their micron scale counterparts as they appear transparent.

Furthermore, they offer high photostability, non-irritability and broad UV spectrum

protection (Figure 2.9) compared to organic filters [11, 48, 49, 55]. Nevertheless, the use

of TiO2 and ZnO nanoparticles in cosmetics and sunscreen formulations is of great

concern due to the uncertainties regarding their ability to be absorbed through the skin,

reach viable cells and cause photocytotoxicity [1], leading to photocarcinogenesis [65].

Simple toxicity tests in the past either use an inappropriate grade of titanium dioxide or

do not include UV light in the evaluation [21].
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Figure 2.9: UV-vis absorbance of TiO2 and ZnO nanoparticles. Figure reproduced from
Manaia et al. (2013) [11].

2.2.2.1 Zinc oxide

Zinc oxide (ZnO) is a white, odourless and insoluble powder widely used in
optoelectronic devices, as a photocatalyst in the degradation of organic environmental
contaminants, as an antimicrobial agent and as a UV filter in cosmetic products due to its
low cost [66-68]. As highlighted in Figure 2.9, zinc oxide nanoparticles exhibit broad
band absorption across the UVB and UV A spectrum.

Crystal phases

Zinc oxide is found in three crystallographic forms which are wurtzite, zinc blend (cubic)
and rock salt (Figure 2.10). The most stable at ambient conditions, and therefore, the most
common, is wurtzite with an energy band gap of 3.4 eV [66]. The band gaps of zinc blend

and rock salt crystal structures are 3.25 and 4.05 eV, respectively [66].
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Figure 2.10: Ball and stick model of the unit cell of wurtzite, zinc blend and rock salt
ZnO crystal phases where O and Zn atoms are represented by red and grey balls,

respectively. Figure adapted from Ma et al. (2013) [66].

Solubility and photocorrosion of ZnO

The dissolution and photocorrosion of ZnO raises concerns over its use in cosmetic
products, such as sunscreens. It is known that this metal oxide solubilises into Zn?*
(Equation 2.2) at a wide range of pH, which could potentially result in toxicity to humans
and the environment [69, 70]. Furthermore, due to the higher surface area and reactivity
of nanoparticles, the solubility of nano-ZnO is enhanced [70]. Moreover, zinc oxide is
not photostable and it decomposes in aqueous solutions under UV exposure to once again
give Zn?" and oxygen through the reaction of ZnO with the holes formed in the valence
band (h*vg) (Equation 2.3) [68].

ZnO + H20 < Zn?* + 20H- (2.2)
ZnO + 2 h've — Zn?* + % O, (2.3)

2.2.2.2 Titanium dioxide

Titanium dioxide (TiOz), also known as titania, is present in paints as a pigment, and in
toothpastes and cosmetics, among other products [71-73]. Titania is also used in medicine
for drug delivery as a TiO.-DNA oligonucleotides complex [74]. As a photocatalyst,
titania is used in the treatment of contaminated air and waterways through the
decomposition of organic and gaseous pollutants and, in dye-sensitised solar cells
(DSSCs), it is used for the conversion of UV light into energy [75]. Titanium dioxide is
also extensively used as a UV filter in sunscreens [76]. Nevertheless, these applications
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are dependent on the physical properties of TiO>, which in turn, depend primarily on the
particle size, morphology and crystal phase of the material.

Crystal phases

Titanium dioxide is commonly found in three crystallographic forms which are rutile,
anatase and brookite (Figure 2.11). Only the rutile phase or mixtures of anatase and rutile
are found in sunscreens [11, 77]. In some formulations, the anatase to rutile ratio has been
found to be up to (85-75):(15-25), which is similar to a commercially sold photocatalyst
powder known as P25 or Degussa P25 [11, 77]. Both phases, rutile and anatase, have
tetragonal crystal structures; however, the rutile form is more thermodynamically stable
than the anatase phase [11, 64, 77, 78]. Thus, upon heat treatment, the anatase phase
transitions irreversibly to rutile at temperatures between 500 and 700 °C, depending on
the purity of the initial phase, grain size, morphology and the thermal treatment method
employed [64, 79]. For example, Wetchakun et al. (2012) reported this phase change on
anatase TiO2 nanoparticles synthesised through a sol-gel-method, where the transition
temperature to rutile was found to be between 500 and 600 °C. At 600 °C or above, the
anatase nanoparticles were transformed completely to the rutile phase [80]. Also, the
average particle size of the nanoparticles annealed for 3 hours between 400 and 600 °C
in air was between 10 and 50 nm. Above 600 °C, particle size growth, agglomeration and,
therefore, lower surface area were favoured [80]. Such an outcome is not desirable for
UV filtering since it would result in a decrease in UV absorptivity and increase scattering

within the visible light region.

Rutile

Figure 2.11: Ball and stick model of the unit cell of rutile, anatase and brookite TiO>
crystal phases where O and Ti atoms are represented by red and grey balls, respectively.

Figure reproduced from PaveMaintenance [81].

www.manaraa.com



2.2 Sunscreen products and Sun Protection Factor (SPF) 21

Furthermore, both crystal phases, anatase and rutile, are photocatalytically active.
However, due to the greater surface area of the anatase form, its photocatalytic activity
and adhesion to the skin is higher than that of the rutile phase [11, 20, 65, 77]. Such

photocatalytic activity results in the formation of reactive oxygen species (ROS).

Photocatalytic activity of TiOz2: free radical generator

As mentioned in Section 2.2.2, titanium dioxide is a semiconductor, therefore it consists
of an energy band gap (Eg) small enough for electrons in the valence band (VB) to be
excited and promoted to the conduction band (CB) through irradiation with stronger
energy than its Eg. The band gap energy of TiO> is crystal phase dependent [80]. Thus,
the Eg of the anatase and rutile phases are 3.20 eV and 3.02 eV [80], respectively, which
corresponds to wavelengths across the UV region. Under UV radiation of sufficient
energy, an electron from the VB is promoted to the CB, generating an electron-hole
(e /n™) pair on the TiO; surface, as highlighted in Figure 2.12 and Equation 2.4 [82-84].

This principle forms the basis for the mechanism of photocatalysis.
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Figure 2.12: Schematic diagram of the photocatalytic mechanism of TiO> particles.

Figure reproduced from Leong et al. (2016) [14].

In an aqueous medium, the photogenerated e/h* pair on the surface of TiO2 undergoes
redox reactions with H>O, OH™ and O (in aerated solutions), resulting in the production
of ROS, as highlighted in Equations 2.4-2.7 [15, 82-84]. The generated h* in the valence
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band is extremely oxidizing and, as such, it oxidises adsorbed H>O and OH™ molecules
resulting in "OH (Equations 2.5 and 2.6); these reactions have also been reported in
ambient air [28]. The generated "“OH can further react with organic compounds present in
solution or in sunscreen formulations for instance, resulting in decomposition of other
active ingredients [83]. In a similar fashion, the produced "O2  (Equation 2.7) also
decomposes organic compounds [15]. Thus, as mentioned in Section 2.2.1.1, generation
of these free radicals can compromise the protection against UV radiation provided by

sunscreen products.

TiO2+hv—e +h* (2.4)
H20 + h* — "OH + H* (2.5)
h* + OH — "OH (2.6)
O2+e — 'Oy 2.7)

As previously mentioned, the photocatalytic activity of TiO. is of interest for
environmental protection. For example, in water/air purification and renewable energy
production through DSSCs [64]. However, in a biological context, the generated free
radicals could potentially result in states of oxidative stress and subsequent apoptosis. As
a result, on one hand, studies have reported that TiO- is phototoxic due to the generation
of free radicals and, as such, concerns have been raised regarding its use in sunscreens as
a UV filter. Yet, on the other hand, a lack of toxicity of TiO> in the absence of UV light

has also been reported.
2.3 Reported inconclusive toxicity of inorganic UV filters

The effectiveness of the inorganic filters used in sunscreens, TiO; and ZnO, depends
mainly on their particle size. This in turn, also affects the potential to induce phototoxicity
and the capacity for these particles to enter the human body; for example, through
inhalation (respiratory tract), ingestion (gastrointestinal tract) and dermal penetration [1,
11]. As mentioned above, multiple studies have investigated the toxicity of inorganic
filters without reaching a consensus, as such, concerns have been raised regarding their

use In sunscreen products. A reason for this lack of conclusiveness could be due to the
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fact that there are no guidelines for skin toxicity as there are for skin sensitisation and
corrosion [85-88]. Combined with unrealistic conditions and the difference in

methods/protocols and materials tested

2.3.1 Reported lack of toxicity

A number of in vivo and in vitro studies [22, 89-93] have reported that neither TiO2 nor
ZnO nanoparticles in sunscreen products are toxic to the human body. For example, an in
vivo study by Popov et al. (2009) involved the application of a sunscreen containing rutile
TiO2 (100 nm) onto the flexor forearm skin 5 times per day over a period of 4 days [94].
It was shown that the production of free radicals generated by the skin upon UV light
exposure surpassed that of the particles [94]. The same results were obtained when an in
vitro test was performed on porcine skin, supporting the previous finding [94]. In the
presence and absence of UVA and UVB light ZnO particles (< 200 nm) did not display
signs of DNA damage in HaCaT cells in a concentration range between 1.95 and
32.5 ug-mL* [95]. Also, ZnO nanoparticles were identified as nontoxic by Kim et al.
(2017) in animal models; additionally, the potential use of these particles in cancer
treatment was highlighted as they are more cytotoxic against cancer cells than normal
cells [22]. In a review based on the safety of TiO. and ZnO nanoparticles in sunscreens
by the Therapeutic Goods Administration (TGA) (2016) it was concluded that there is no
sufficient evidence of toxicity caused by these inorganic filters used in sunscreen products
[77].

2.3.2 Reported toxicity

The toxicity of ZnO and TiO. nanoparticles (50 - 70 nm and < 150 nm, respectively) in
human skin fibroblasts in the absence of UV light was assessed by Dechsakulthorn et al.
(2008). A reduction in cell viability was observed in cells exposed for 24 hours to both
nanomaterials. Titania showed similar cell viability reduction following a 4 and 24 hour
post-exposure time period. Nevertheless, cell viability reduction due to 4 hour ZnO
exposure was negligible. However, a substantial reduction in cell viability was obtained
after exposure to ZnO for 24 hours, as highlighted in Figure 2.13 (a) [21]. From these
curves, the inhibitory concentration (ICso) (24 hours) values for ZnO and TiO2 were
determined to be (50 + 13) and (2.70 + 0.67)x10° mg-L!, respectively [21].
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@) (b)

Figure 2.13: Dose-response curves obtained after 4 and 24 hours exposure to (a) ZnO
and (b) TiO2 in human skin fibroblast. Figure adapted from Dechsakulthorn et al.
(2008) [21].

The mechanism by which ZnO nanoparticles induce toxicity has been widely studied and
the main causes of toxicity are the release of Zn?* ions and production of ROS, resulting
in oxidative stress, which happens to be similar mechanisms to that of its bulk counterpart
[1, 49]. In order to reduce the cytotoxicity of ZnO, Yin et al. (2010) coated ZnO
nanoparticles with silica (SiO2) and poly (methyl-acrylic) acid (PMAA). It was
established that neither of the coatings altered the filtering property of the core
nanoparticles; however, ZnO and ZnO@SiO; exhibited similar cytotoxicity to human
lymphoblastic cells, while ZnO@PMAA nanoparticles only had an adverse effect at high

concentrations [96].

Several studies have compared the cytotoxicity and capacity to form ROS of the anatase
and rutile crystalline forms [11, 19, 77, 82]. For example, Yin et al. (2012) assessed the
in vitro toxicity in HaCaT cells under UVA (340 nm) irradiation of four TiO, samples:
two anatase samples that were 25 and 325 nm in size (A25 and A325), one rutile phase
of 100 nm in size (R100) and one P25 (86:14 anatase:rutile ratio) sample 35 nm in size
(P25) [82]. No toxicity was found towards HaCaT cells exposed to TiO. or UVA alone,
in disagreement with Dechsakulthorn et al. (2008). However, a dose- and concentration-
dependant toxicity was caused by A25, A325 and P25 samples under UVA irradiation.
Only a small reduction in cell viability was produced by R100 at high concentrations
(100 pg-mLY) (Figure 2.14 (a)). It was determined by electron spin resonance (ESR) that

this toxicity was due to the generation of free radicals in the presence of UVA
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(Figure 2.14 (b)). Furthermore, larger particles produced less ROS, and thus decreased

phototoxicity [82].
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Figure 2.14: Effect of the four TiO2 samples exposed to UVA in (a) HaCaT cell
viability at different UVA irradiation dosages and (b) the generation of hydroxyl radical
(ESR spectra). Figure adapted from Yin et al. (2012) [82].

Another study by Xue et al. (2015) reported results in concordance with those obtained
by Yin et al. (2012) regarding the photoinduced ROS generation. It was found that HaCaT
cells exposed to 200 pg-mL* of P25 (21 nm, 75:25 anatase:rutile ratio) for 24 hours and
irradiated with UVA (365 nm) increased the accumulation of intracellular ROS level by
1.8-fold, compared to the control group, and reduced the mitochondrial membrane
potential [97, 98]. Similarly, in a recent study, where HaCaT cells were treated with ZnO
and TiO2 nanoparticles for 24 and 48 hours at concentrations between 0.5 and 40 pg-mL?
and irradiated with UVB, it was found that ZnO and TiO> increased intracellular ROS
levels by 2.1 and 1.8-fold, respectively. Moreover, these nanoparticles induced free
radical generation in cells upon UVB irradiation. It was also found that at a nanoparticle

concentration of 40 pg-mL?, cell viability was reduced to 45% [46].

In general, the phototoxicity studies of TiO2 nanoparticles show that rutile particles
produce-less-cytotoxicity than anatase particles of similar sizes. Therefore, in order to
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diminish the detrimental effects caused by the anatase phase, the scientific committee on
consumer safety (SCCS, European Union) has declared that TiO2 in sunscreens should be
mainly composed of the rutile form with up to 5% anatase and coated with silica,

methicone or aluminium hydroxide, in such way that the final formulation is stable [99].

The inconsistency in the reported toxic effects of TiO, and ZnO nanoparticles arise
mainly from the use of different protocols, presence or absence of UV light, cell type and
unrealistic dose or concentration exposures. Thus, a protocol which simulates realistic
conditions and reports consistent results should be developed. Nevertheless, whether
these materials are toxic or not, their photocatalytic activity leads to the degradation of
other organic filters present in the sunscreen formulation. This results in the formation of
toxic intermediates and a reduction of the SPF rating, unknowingly exposing users to
higher UV levels. Thus, the photocatalytic activity of the inorganic filters should be
reduced whilst conserving their UV filtering properties. Consequently, in recent years
alternative metal oxides with similar UV filtering features but lower photocatalytic

activity have been investigated.

2.4 Strategies to reduce the photocatalytic activity and ROS

generation of TiO;

To diminish the potential detrimental effects of TiO., the reduction of its photocatalytic
activity is the most effective strategy since its use in sunscreen products has already been
approved. Therefore, multiple strategies have been researched and some even put in place,
such as the use of less reactive crystal phases or coating of these particles. Additionally,

novel nanomaterials with UV filtering properties have been and are being investigated.
2.4.1 Crystal phase

The efficiency of the photocatalytic process of TiO: is determined by the recombination
rate of the excited e’/h* pair, and thus, its lifetime to undergo charge transfer to adsorbed
species on the surface of TiO particles. Degussa P25 has been reported to display greater
photocatalytic activity compared to single-phase TiO. due to improved charge carrier
separation. This has been proposed to occur through the trapping of electrons in the rutile
phase, and the subsequent e/h* recombination inhibition results in an increased lifetime

of the e7h* pair [64]. Moreover, the specific surface area of TiO2 nanoparticles also plays
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an important role in the efficiency of the photocatalytic process. Hence, anatase TiO-
particles exhibit higher photocatalytic activity than rutile TiO» particles due to, generally,
having higher surface area [64]. The rutile crystal phase is obtained upon heat treatment
of the anatase phase [80]. This, in turn, results in particle and crystal growth, and
agglomeration, resulting in reduced surface area [80]. In a recent study by Hayyan et al.
(2016), it was found that the free radicals produced are dependent on the TiO- crystal
phase present when O is used as the e™ acceptor [28]. Particles in the rutile crystal form
mainly yielded "O2 for instance, whilst when the anatase phase was used, H.O> was the
primary product obtained. Such an outcome is the result of the higher photocatalytic
activity of the anatase phase, compared to that of the rutile phase [28]. This coincides
with a previous study where, a potential explanation to why the anatase phase is more
active than the rutile phase, was due to the e in the former phase being more oxidative,
enabling e” transfer from the particles to adsorbed molecules [100]. Such oxidative nature
was ascribed to a raise to higher energy levels, relative to redox potentials of adsorbed
molecules, of the valence band maximum in the anatase phase [100]. As a result, TiO:
nanoparticles with only up to 5% anatase phase are allowed to be used in commercial
sunscreen products, as stated by the Scientific Committee on Consumer Safety (SCCS,
European Union) [99].

2.4.2 Coating

As discussed in Section 2.2.2.2, the charge transfer by the e’/h* pair takes place on the
surface of TiO2 nanoparticles; therefore, by coating the surface of these particles their
photocatalytic activity can be disrupted. The coating acts as a protective layer by isolating
TiO2 from its surrounding medium, and consequently, avoiding the formation of free
radicals. An appropriate coating should be stable in the final formulation and during the
usage of the sunscreen product [99]. Furthermore, the coating should not interfere with
the UV filtering properties of TiO2 [99]. Coating materials, such as silica (SiO>),
aluminium oxide (alumina, Al203) and different polymers, have been studied and applied
on TiO2 [11, 48]. Another investigated coating material is aluminium hydroxide

(Al(OH)3). The coated particles displayed a reduction in ROS generation compared to
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untreated TiO.. Nevertheless, ions present in swimming pool water, such as Ca?* and
OCI, have been shown to interact with the coating layer and disrupt its integrity. This
allows the core TiO to once again form free radicals and, thus, highlights the importance

of the coating stability [77].
2.5 Nanoparticles for ROS scavenging and UV filtration

Novel and safer oxides have been investigated as potential replacements of TiO2 and ZnO
nanoparticles in sunscreen formulations. Also, efforts have been made to reduce their
photocatalytic activity and free radical production. Recently, the free radical scavenging
behaviour of nanoparticles has been the focus of research, suggesting a novel approach
to diminish oxidative stress damage. Metal oxides, such as cerium oxide (CeO) and
yttrium oxide (Y203), have shown to be ROS scavengers and biocompatible [101, 102].
Thus, the use of these materials in conjunction with titanium dioxide could mitigate the

potential adverse effects of TiO».
2.5.1 Cerium oxide (Ce0>)

Many studies have investigated CeO2 nanoparticles for use in sunscreen formulations as
UV blockers since this metal oxide displays similar UV filtering properties to those of
TiO2 and ZnO [103]. Cerium oxide is a semiconductor with an optical Eg close to that of
TiO2 (3.19 eV) [103]. Thus, it also absorbs wavelengths corresponding to the UV region
[103]. Boutard et al. (2013) determined a noticeable increase in the in vitro SPF value of
two emulsions containing a mixture of organic UV filters, TiO2 and either ZnO or CeO
(SPF (43.4 + 2.6) compared to SPF (48.5 + 2.3)) by only replacing ZnO with CeO; at a
loading of 3 wt% [55]. In a similar fashion, a higher SPF rating was obtained from
sunscreen formulations containing a mixture of TiO2 and calcium doped CeO:
nanoparticles than those containing a mixture of TiO2 and ZnO [104]. Hence, these
studies highlight the advantages of the use of novel CeO, nanomaterials over TiO. and

ZnO in UV filtering applications.

Furthermore, CeO, nanoparticles have shown to be excellent free radical scavengers
through redox cycling of their Ce3* and Ce** oxidation states, where a high Ce3*/Ce**
ratio favours such scavenging behaviour due to the presence of oxygen vacancies at the

surface. of the particle [105]. Oxygen vacancy formation increases with a decrease in
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particle size; thus, the antioxidant behaviour of CeO: is accentuated in particles smaller
than 15 nm in diameter [105, 106]. These vacancies favour the reduction of Ce** to Ce®*
states on the particle surface, which act as active sites and react with free radicals, which
in turn, results in the aforementioned redox cycle between the 3+ and 4+ states [107, 108].
As shown by numerous in vivo and in vitro studies, this scavenging activity confers CeO>
nanoparticles an anti-apoptotic activity due to free radical scavenging in instances of

oxidative stress, and thus, aids in increasing cell viability [102].
2.5.2 Yttrium oxide (Y203)

Another metal oxide that has recently gained attention is yttrium oxide (yttria, Y203).
This material has been shown to have high thermal and chemical stability, as such, it has
been used to stabilise zirconia, increase the corrosion resistance of magnesium alloys and
as a host for rare earth-doped lasers [109, 110]. Yttrium oxide exhibits UVC absorption
properties due to its wide optical band gap of 5.8 eV which, as mentioned in Section 1.4,
is a UV wavelength band absorbed by the ozone layer and does not reach the Earth’s
surface [75]. Additionally, YOz nanoparticles have been studied for biomedical
applications, such as photodynamic therapy and biological imaging [111]. Furthermore,
as for CeO, this metal oxide exhibits good antioxidant behaviour due to high oxygen
affinity and nonstoichiometric oxygen [112]. Thus, recent research on this material has
focused on its scavenging activity to mitigate oxidative stress, and therefore, increase cell
viability [101, 102].

Schubert et al. (2006) assessed the toxicity of CeO2 and Y203 nanoparticles in HT22
nerve cells after 20 hours exposure [101]. Dichlorofluorescein-di-acetate, a
nonfluorescent reagent, was employed to determined intracellular levels of ROS. This
chemical undergoes de-acetylation and accumulates within the cells [101]. The formed
product then reacts with ROS to form fluorescent dichlorofluorescein, which can then be
quantified through fluorescence microscopy [101]. It was found that Y203 nanoparticles
(12 nm) increased cell viability in a concentration dependent manner, from
220 pg-mL%, due to direct antioxidant activity since a ~50% reduction in ROS
occurred after 10, 30 and 60 minutes exposure to Y203 (Figure 2.15 (a)). In addition, cells
were exposed to a source of ROS for 8 hours to cause an accumulation of free radicals
and induce oxidative stress. After adding Y203 nanoparticles to the cells 15 minutes prior
to the measurement of ROS, a decrease in free radicals was detected (Figure 2.15 (b)),
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corroborating the previous results, suggesting that these nanoparticles act as direct
antioxidants [101].
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Figure 2.15: Change in ROS levels when cells were exposed to (a) 20 pg-mL™ of Y203
over a period of 60 minutes and (b) glutamate for 8 hours following the addition of 20
or 200 ug-mL* of Y,0s3. Figure adapted from Schubert et al. (2006) [101].

Very recently, Khaksar et al. [102] showed that the administration of CeO, and Y203
nanoparticles, on their own or in conjunction, produce an antioxidant and cell protective
effect against oxidative stress and apoptosis from diazinon exposure in pancreatic rat
cells. Additionally, an increase in mean body weight and reduction in blood glucose levels
were observed in rats post-exposure to CeO2 or Y203 nanoparticles and a combination of
these two, compared to controls which were only exposed to diazinon [102].The ROS
levels were determined from serum and pancreatic tissue; rats exposed only to diazinon
showed increased free radical levels in both serum and pancreatic tissue; however, after
treatment with CeO3, Y203 nanoparticles and their combination, a noticeable decrease in
ROS was seen (Figure 2.16 (a)) [102]. As previously mentioned, CeO, and Y203
nanoparticles can impact the cell defence processes including apoptosis, and can instead,
protect cells from apoptosis. Such an effect can be appreciated in Figure 2.16 (b), where
the rat control group exposed to diazinon (D) exhibited the lowest viable cell percentage
(61.7%), relative to the control group (Con). However, cell viability increased to 74.8%,
82.3% and 89.3% after exposure to CeO2, Y203 and their combination, respectively, and
the percentage of early and late apoptotic cells decreased. Moreover, the nanoparticles
control group, consisting of a combination of both particles, caused no apoptotic effects
as.all.the cells.remained alive. Overall, this proves that both nanomaterials act as free
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radical scavengers and reduce toxicity, as evidenced by the lack of apoptotic cells [102].

# Necrotic cells

» Late apoptotic
cells
Early apoptotic
cells

# Viable cells

ats
N

-l

~

ROS in Tissue 100
(nmol/min/mg protein)

40
30
20
" i . i 3
o | 9 0
o .>,s- FoLL s

388

'\ ~

? 1/,
7 ‘/;
? 1/)

SRS

(@) (b)

Figure 2.16: (a) Protective effect of CeO2 and Y203 nanoparticles against ROS in
pancreatic tissue from diazinon exposure and (b) percentage of viable cells, apoptotic
and necrotic cells upon diazinon exposure and treatment with CeO2 and Y203

nanoparticles. Figure adapted from Khaksar et al. (2017) [102].

Hence, Y203 nanoparticles have been shown to scavenge free radical species and protect
cells from apoptosis. Therefore, the scavenging properties of Y203 will be studied in this
research thesis as part of a core-shell material (TiO.@Y203) for reduction of ROS
generated by the photocatalytic activity of P25 TiO». Consequently, such a reduction in
free radicals is expected to reduce potential toxic effects of pristine TiO2, whilst

maintaining the UV absorption properties of P25 TiO..
2.6 Research objectives

Cosmetic products, such as sunscreens, contain TiO2 and/or ZnO nanoparticles due to
their good UV blocking properties. However, in recent years, concerns have been raised
regarding their safety due to the generation of reactive species upon UV exposure, owing
to their photocatalytic activity, and the subsequent potential toxic effect of these species.
As such, the key objective of this research will be to synthesise a TiO2 based nanoparticle
system for sunscreen application with reduced photocatalytic activity but also
maintaining of its UV blocking properties. Furthermore, the cytotoxicity of these particles

on a human cell line pertinent to their use in sunscreen products will be assessed using in
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vitro test methods. The outlined research objectives will be accomplished by answering
the following questions:

- What methods can be used to reduce the photocatalytic activity of TiO2, and thus,
subsequent radical species produced?

- Will the designed nanoparticle system reduce the generated free radicals or
scavenge them?

- Will this system interfere with the UV filtering behaviour of TiO,?

- Will the synthesised system display higher in vitro biocompatibility, compared to
pristine TiO2, on a pertinent human cell line in the absence and/or presence of

simulated solar radiation?

Ol Ll Zyl_ﬂbl
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Chapter 3

Materials and Methods

3.1 Materials, chemicals and reagents

This section lists the materials, chemicals and reagents, specifications along with their

suppliers, used throughout the characterisation of the nanomaterials investigated in this

research.

33
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Table 3.1: List of materials and chemicals/reagents used in this research.

Material/ Chemical/ Reagent

Specifications Supplier

96-well plate

3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium salt (MTS)
Crystal violet (tris(4-
(dimethylamino)phenyl)methylium
chloride, [C(CsH4N(CHs3)2)3]Cl)
Dulbecco’s Modified Eagle Medium:
Ham’s F-12 nutrient mixture
(DMEM/F12)
Dulbecco’s phosphate buffered saline
(DPBS - -)

Ethanol (CHsCH,OH)
Fetal Bovine Serum (FBS)

GlutaMAX™-[ (100x)

HaCaT cell line

Penicillin/Streptomycin
Sodium hydroxide (NaOH)

Ultra-Vitalux sunlamp
T75 cm? sterile tissue culture flasks
Teflon liner
Titanium dioxide (P25 TiOy)

Trypan blue

Trypsin/EDTA

Yttrium (I11) nitrate hexahydrate
(Y(NOs)3-6H:0)

Zinc oxide (Zn0O)

CellStar, Greiner Bio-One,
Flat bottom

Germany

CellTiter96 ® AQueous

Non-Radioactive Cell Promega Corporation

Proliferation Assay

>90% Sigma Aldrich

Phenol red IHMRI

GIBCO, Life Technologies,

Without Ca?*/Mg?*
UK
Absolute Chem-Supply
GIBCO, Life Technologies,
USA
- GIBCO, Life Technologies
Borrowed from the
University of Sydney
10000 U-mL*! GIBCO, Life Technologies
>98% Sigma Aldrich
300 W OSRAM
CellStar, Greiner Bio-One,
Vented

Germany
40 mL capacity -

Evonik AEROXIDE,

Evonik Industries AG
Fumed Metal Oxide

0.4% Sigma Aldrich
0.25% GIBCO, Life Technologies
99.8% Sigma Aldrich
Nanopowder, particle size ) )
Sigma Aldrich

<100 nm
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3.2 Synthesis of TiO,@Y,03 nanoparticles

The desired TiO.@Y 203 nanoparticles were synthesised by a modification of the method
outlined by [113], whereby, a hydrothermal technique was employed to synthesise Y203
modified CeO nanoparticles without the need of a calcination step. As such, this
technique is favourable over commonly used techniques to form Y»Ogs, such as
precipitation, sol-gel and combustion methods, since these processes involve the
generation of impurities or a calcination step of over 800 °C [114, 115]. Such high
temperatures, as mentioned in Section 2.2.2.2, will result in a change in crystal phase of
anatase to rutile of TiO2, such an outcome is undesirable and out of the line with the aims
of this research [114, 116, 117]. The hydrothermal method involves the precipitation of a
precursor material in an aqueous solution and further heat treatment in a pressurised
vessel. The obtained product was a metal hydroxide which required further heat treatment

to form the desired metal oxide, as opposed to that suggested in [113].

Lgd
= A

e -

Figure 3.1: Schematic diagram of the procedure of the hydrothermal synthesis of
TiO.@Y 203 nanoparticles.

Firstly, pristine Y203 nanoparticles were prepared so as to establish the conditions at
which the core-shell particles should be synthesised. This synthesis involved the
preparation of a 0.1 M yttrium (II) nitrate hexahydrate (Y(NOz)3-6H20) solution in
10 mL DI water under continuous stirring. Next, 0.5 M sodium hydroxide (NaOH)
solution was dropwise added until the pH changed to ~10. Following this, the mixture
was transferred to a 40 mL Teflon-lined autoclave and kept at 150 °C in the oven for
10 hours and left to cool to room temperature. The resultant precipitate was transferred to
a 50 mL centrifuge tube and washed to remove impurities, firstly, with absolute ethanol.
The supernatant was discarded and the solid pellet was resuspended with DI water and
centrifuged again at 7000 rpm for 30 min in a TG16-WS centrifuge (ProSciTech,

Thuringowa, Australia). The remaining solid was subsequently dried at 100 °C over a
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period of 10 hours in an oven. The obtained precursor was heat treated in air at 500 °C
for 4 hours with a heating rate of 5 °C-min in a tube furnace (Figure 3.1). The XRD
pattern of the precursor and annealed samples (Figure 4.1 (b)) showed Y (OH)s and Y203
crystal phase, respectively. Thus, these conditions were used when synthesising the
coated P25 TiO; (hereafter TiO2) nanoparticles. However, instead of preparing a 0.1 M
Y (NO3)3-6H20 solution, 0.2 g TiO2 were suspended in 10 mL DI water in a glass beaker
under continuous stir with a magnetic bar along with a weighed amount of Y(NO3)36H.0

for a final weighting Y/Ti ratio or Y wt% of 5, 10 and 25 %. Shown in Figure 3.2 are the

obtained powders of the precursor and annealed samples, visually identical.

(@) (b)

Figure 3.2: Obtained (a) TiO.@Y(OH)s and (b) TiO-@ Y203 nanopowders.

3.3 Materials characterisation

The following section focuses on the multiple characterisation techniques employed to
asses and evaluate the suitability of the synthesised materials for UV filtration. The
investigated properties include particle composition, morphology, size, surface area, UV
absorption and photocatalytic activity.

3.3.1 X-ray Diffraction (XRD)

In order to evaluate the crystal phase and crystallinity of the materials used in this
research, X-ray diffraction was employed. Crystalline structures act as diffraction

gratings for monochromatic X-rays whose wavelength is similar to that of the lattice plane

18].
BRE 3J|_t|5|
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Incident X-ray \%‘\ Reflected X-ray
ggefssaseoss: s N’

Transmitted X-ray

Figure 3.3: Diagram of a crystalline structure with d lattice plane spacing irradiated
with X-rays. Figure reproduced from Kot (2014) [119].

The intensity of the reflected X-rays produced by constructive interference, which occurs
when the Bragg law (Equation 3.1) is satisfied, is recorded by a detector and processed
through software, resulting in an X-ray diffraction pattern [118]. The atomic distribution
within the lattice determines said intensities; hence, the obtained XRD pattern is a

fingerprint of the atomic arrangement of the investigated material [118].
nNA=2dsinf (3.1)

Where n is the order number, A is the wavelength of the X-rays (nm), d is the interplanar

spacing generating the diffraction (nm), and & is the diffraction angle (rad) [118].

3.3.1.1 Experimental procedure

Sample preparation involved the crushing of a small amount of nanoparticle powder with
an agate mortar and pestle into a fine powder. A small spatula was used to place the
powdered sample onto a circular quartz glass substrate and mixed with a few drops of
ethanol, forming a thin layer. The ethanol was allowed to evaporate prior to analysis. The
XRD patterns of all the prepared samples were obtained with an Enhanced Mini-Materials
Analyser (¢eMMA) X-Ray Diffractometer (XRD) (GBC Scientific Equipment,
Melbourne, Australia). The samples were scanned between 26 = 10 - 90°, at a scan speed
of 4 °-min, step size of 0.020° and using a CuKa (A = 1.54059 A) radiation source. The
phases of the studied samples were identified by matching their diffraction pattern to
those of a Powder Diffraction Card (PDF) using TRACES software. The mean crystallite
size of the studied particles was calculated using the Scherrer equation, as per Appendix
B.1.
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3.3.2 Hydrodynamic particle size

Particle size and size distribution are important determining factors of a nanoparticle
system since several properties relating to biocompatibility are strongly influenced by the
size of the particle. These properties include the effectiveness of the photoprotection,
photocytotoxicity and dermal penetration of TiO2 and ZnO, as previously mentioned [1,
11]. A widely used technique to determine the diameter of nanoparticles in suspension is
dynamic light scattering (DLS). This technique measures the changes in the scattering
intensity originated from laser illumination of a nanoparticle suspension due to Brownian
motion [120]. By using the Stokes-Einstein equation (Equation 3.2) the nanoparticle
hydrodynamic diameter (dp.s) (m) can be calculated from the translational diffusion

coefficient (D) (m?-s):

ks T
3anD

dpLs = (3.2)
where Kg is the Boltzmann constant (1.38x102 kg-m?.s2.K™1), T is the temperature (K)

and n is the dynamic viscosity of the suspending medium (kg-m*-s?) [120].
3.3.2.1 Experimental procedure

The size distribution of the particles used in this research was measured with a Zetasizer
APS particle analyser (Malvern Instruments, Worcestershire, United Kingdom). Two
nanoparticle solutions of varying concentration were used. Nanoparticle stock
suspensions of 500 mg-L™* in DMEM/F12 media were prepared on the experiment day,
sonicated for 1 hour using a Branson 1800 ultrasonic bath (Branson Ultrasonics, Danbury,
CT, USA), diluted 10-fold and analysed. The new 50 mg-L* solutions were sonicated for
10 minutes prior to their measurement. The size distribution measurements were

performed using 100 uL aliquots of each concentration in a flat bottom 96-well plate.

3.3.3 Specific surface area

The surface area of materials can be used as an indicator of their reactivity. Nanomaterials
are characterised by high surface areas, and thus, high reactivity, which could potentially
cause cytotoxicity on living organisms and the environment [97]. The Brunauer-Emmett-

Teller (BET) method is employed to determine the specific surface area of nanoparticles.
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This method assumes that gas adsorption on a solid surface occurs in a close-packed
multilayer state through which the volume of adsorbed gas can be used to determine the
specific surface area (Equations 3.3 and 3.4) [121, 122].

1 1 c-11p
V(@— 1) Vm C + Vm C Po ( )
p
Seer= M5 (3.4)

Where p and po are the equilibrium and gas saturation pressure (Pa), respectively, v is the
volume of gas adsorbed at pressure p (m?), vm is the volume of gas constituting an
adsorbed monolayer (m®) and c is the BET constant [121]. The specific surface area, Sger
(m2-gh), is defined by vm, Avogadro’s number (N, 6.022x10% mol™), the adsorbate cross
sectional area (Acs, m?), the molar volume of the adsorbate gas (V, m3-mol?), and the
weight of the studied solid (a, g) [121].

3.3.3.1 Experimental procedure

The surface area of all the particles was investigated using a TriStar Il (Micromeritics
Instrument Corp., Norcross, GA, USA) surface area and porosity analyser. Sample
preparation consisted of weighing a small amount (< 100 mg) of powder samples into a
glass sample tube, which was then placed in a VacPrep™ 061 (Micromeritics Instrument
Corp., Norcross, GA, USA) and degassed under vacuum overnight at 120 °C to remove
any atmospheric adsorbed contaminants (water vapor and gas) from the surface of the
particles. The tubes were then placed in the TriStar Il analyser and multipoint BET surface
area measurements were performed using nitrogen, N2, gas as the adsorbate which has a

cross sectional area of 0.162 nm? at 77 K [123].

3.3.4 Electron microscopy

The morphology of the synthesised particles was investigated through electron
microscopy. Electron microscopy is an imaging technique based on the bombardment of
a sample with an electron beam as illumination source [124]. The electron-matter
interaction results in the emission of multiple signals, as highlighted in Figure 3.4, which

are then recorded by a detector and an image is then reproduced.
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Figure 3.4: Signals generated due to electron-mater interaction volume. Figure
reproduced from Chauhan (2018) [125].

The multiple electron microscopy techniques differ in the recorded signals used to image
the sample, and thus, obtain different information regarding the investigated specimen,
such as its topography and composition. For example, in scanning electron microscopy
(SEM) an image of the sample surface is produced from the detection of scattered
electrons, either secondary or backscattered, whereas scanning transmission electron
microscopy (STEM) produces an image from elastically scattered transmitted electrons
[124]. Electron microscope instruments can be equipped to perform energy-dispersive
X-ray spectroscopy (EDS) [126]. Such a technique enables compositional elemental
analysis of specific regions of the sample through the detection of emitted X-rays intrinsic
to the sample [124]. The imaging methods employed in this thesis include SEM, STEM

and EDS, and their experimental procedures are outlined below.
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3.3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) was used to learn about the size distribution and
shape of the prepared samples. A small amount of powder was placed on a piece of
double-sided carbon tape. Micrographs of these particles were obtained using a JSM-
7500FA cold Field Emission Gun Scanning Electron Microscopy (FEGSEM) (JEOL,
Tokyo, Japan).

3.3.4.2  Scanning Transmission Electron Microscopy (STEM)

The morphology, atomic distribution and size of the nanoparticles mentioned in Section
3.1 were studied using a JEM-ARM200F STEM (JEOL, Tokyo, Japan) (Figure 3.5).
Small amounts of sample were suspended in ethanol and sonicated for 1 hour until a
homogeneous mixture was obtained, of which two drops were placed onto a lacey 200
mesh carbon coated copper TEM grid and allowed to dry prior to analysis. The particle
size distribution of each sample was obtained using ImageJ software on the corresponding

micrographs and then plotted.

Figure 3.5: JEOL JEM-ARM200F Cs Corrected S/ITEM [127].
3.3.4.3 Energy-dispersive X-ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) was used to determine the presence of any
contamination generated during synthesis or handling of the nanoparticles used in this
work, as well as to determine the coating wt% of the synthesised particles. High resolution
EDS mapping was _performed using a JEM-ARMZ200F cold FEGSEM (JEOL, Tokyo,
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Japan) and a 100 mm? detection area JEOL Centurio SDD detector. Sample preparation
consisted in the procedure described in Section 3.2.4.1. An accelerating voltage of 200 kV
and spatial resolution of 0.1 nm were utilised during analysis. NSS ARM EDS software

was used to collect the EDS mapping images of the selected lacey mesh regions.

3.3.5 Ultraviolet-Visible spectroscopy

In order to determine the UV absorption efficiency of the synthesised particles and their
band gap, UV-vis spectroscopy was used. These particles are semiconductors which, as
mentioned before, reflect, scatter and absorb UV photons with energy greater than their
band gap through the promotion of an electron from the valence band to the conduction
band [13]. The energy of the incoming photons, hv, can be calculated using the following
equation:

Ephoton = hv = 1220 (e om) (3.5)

A (nm)

where A is the wavelength of the photon. The band gap of a semiconductor can be
calculated using the following expression:

(ohv) = B(hv - EQ)" (3.6)

Where o is the optical absorption coefficient (cm™) proportional to the absorbance of the
samples, hv is the energy of the photon, B is a constant, and Eg (eV) is the band gap
energy. The type of electronic transition determines the value of n. Direct and indirect
transitions are represented by n = % and 2, respectively [128-130]. In this case n = % for
a direct allowed transition was used [128-130]. By plotting (ahv)" as a function of hv, a
Tauc plot is constructed (Appendix D.2). The extrapolation of the linear fragment of the
Tauc plot with the x-axis (hv) indicates the band gap of the investigated sample (Figure
3.6) [25].
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Figure 3.6: Tauc plot constructed from the UV-vis absorption spectrum of ZnO

nanoparticles suspended in ethanol.

3.3.5.1 Experimental procedure

Suspensions of ~25 mg-L* of nanoparticles in absolute ethanol were freshly prepared on
the experiment day. Such solutions were sonicated for 1 hour prior to their absorbance
measurement between 200 and 800 nm using a UV-1800 Spectrophotometer (Shimadzu,
Kyoto, Japan) and 1.4 mL quartz cuvettes with 1 cm path length. The scan speed and scan

mode were set to medium and single, respectively, with a sampling interval of 1.0 nm.

Photocatalytic activity

Semiconductor nanoparticles, such as ZnO and TiO», are used to purify waste water
through the degradation of organic pollutants [75, 131]. As mentioned in Section 2.2.2.2,
upon irradiation of energy equal to or higher than the band gap of these particles, charge
separation (e/h™) and subsequent generation of free radicals takes place [131]. These
highly active species, such as ‘OH and Oz, react with organic molecules and decompose
them [83]. Thus, through the degradation of an organic dye, for instance crystal violet,
the photocatalytic activity of nanoparticles can be assessed [131, 132]. Hydroxyl radicals
attack the electron rich -C=C- bond of crystal violet, rendering the dye colourless
(Figure 3.7) [132]. Hence, the change in maximum absorbance (590 nm) of the dye is

proportional to the amount of *OH generated [132].
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Figure 3.7: Degradation of crystal violet due to “OH radicals. Figure reproduced from
Xue et al. (2011) [132].

3.3.5.2 Experimental procedure

The photocatalytic activity of the investigated/tested nanoparticles in this research was
assessed through the degradation of crystal violet. Two light sources, UVA/UVB and
simulated solar radiation, were employed as irradiation sources to induce free-radical

generation by the tested particles, and thus, dye degradation.
UVA/UVB radiation

The acute photocatalytic effects of the examined particles were assessed with a RPR-200
photochemical reactor (Rayonet, Brandford, CT, USA) equipped UV phosphor-coated
lamps (350 nm and 300 nm). Firstly, a stock solution of dye (c = 1305 mg-L™t) was
prepared in a 100 mL volumetric flask covered with aluminium foil and kept in the dark
in a dry cabinet. The photocatalyst nanoparticles stock solutions (¢ = 1000 mg-L ™) were
prepared freshly on the experiment day and sonicated for 1 hour prior to their addition
(0.50 mL) to 0.38 mL of dye stock solution into a 100 mL volumetric flask, which was
then filled to the mark with DI water and mixed thoroughly. The mixture was then
transferred to a quartz beaker and stirred in the dark with a magnetic bar for 30 min in the
UV reactor with a constant nitrogen flow bar as to avoid sedimentation of the tested
particles. A 10 mL aliquot was collected into a 15 mL centrifuge tube covered with
aluminium foil (t = 0 min) followed by UV irradiation over a period of 30 min, where

10 mL aliquots were collected every 5 min (Figure 3.8).
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Figure 3.8: UV-vis absorption degradation curves of crystal violet suspended in DI
water with TiO2 nanoparticles.

Simulated solar radiation

Irradiation of the examined particles with simulated solar radiation allows for a better
representation of real-life conditions, for instance, the application of sunscreen
formulations containing these particles during outdoor activities. In this case, the sample
was transferred to a PMMA glass vessel under continuous stirring and irradiated for
5 hours, where the absorbance was measured every hour. A halogen lamp (50 watts) and
an illumination intensity of AM 1.5G one sun (100 mW-cm?) were employed
(Figure 3.9) [133].
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Figure 3.9: Light emission profile of the halogen lamp filtered with AM 1.5G one sun
employed to create simulated solar radiation for a better representation of the
photocatalytic activity of the studied particles in this thesis work under real-life

conditions.
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For both approaches, the absorbance measurement at 590 nm of each aliquot was carried
out using a UV-1800 Spectrophotometer (Shimadzu, Kyoto, Japan), as outlined in Section
3.2.5.1. In order to assess the photocatalytic activity of the particles used in this research,
the Langmuir-Hinshelwood model was used. The Langmuir-Hinshelwood (L-H) model
Is used to describe the photocatalytic oxidation of organic compounds, such as crystal
violet, by means of the following equations [134, 135]:

dC kKad C

&t 1+ KeaCo (3.7)

M=
where rLnis the oxidation rate (mg-L*-min™) of crystal violet, C the concentration of
crystal violet, t the irradiation time (min), k the reaction rate constant (mg-L*-min) and
Kad the adsorption coefficient. Integrating Equation 3.7 for small Co (in the order of mM),

the L-H expression is given as the following pseudo first-order rate equation [134, 135]:

Cev
In— = 'Kadkt = 'kappt (38)
Co

thus, the slope obtained from plotting -In (C/Co) against t corresponds to the apparent rate
constant, Kapp, for the photodegradation of crystal violet in the presence of the tested
nanoparticles (Appendix E.1).

3.4 Biological system characterisation

3.4.1 Cell line

The main organ exposed to nanoparticles present in sunscreen products is the skin.
Therefore, the cell line used in this research was a spontaneously transformed aneuploid
immortal human skin keratinocyte cell line, HaCaT cell line, as to obtain more
representative data related to human exposure [136]. Such a cell line is obtained from
adult human epidermis, the outermost layer of the skin. Furthermore, this cell line is
immortal, which means it can be subcultured for longer periods of time than regular cell

lines before dying out and without loss of properties.
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3.4.2 Culture conditions

The aim of cell culturing is to preserve and nourish human (or animal) cells outside of
their biological environment or host by regularly removing waste produced during
incubation and nourishing the cells with culture media. Additionally, the incubation
conditions should maintain the correct temperature, moisture, and CO> levels essential
for normal cell survival.

The culture medium used to grow and preserve HaCaT cells in vented T75 cm? sterile
tissue culture flasks was modified from previous studies [21, 137] and contained phenol
red DMEM/F12 supplemented with 1% (v/v) GlutaMAX™- (100x), 1% (v/v)
Penicillin/Streptomycin and 10% (v/v) heat inactivated FBS. Cell cultures in T75 flasks
were kept at 37 °C in a humidified 5% CO; incubator.

3.4.3 Cell subculturing

Cells were subcultured, and/or transferred to a new flask with fresh media, once ~90%
confluency was reached in order to provide the cells with the necessary nutrients required
for a healthy growth. Prior to subculturing, each cell culture in a T75 flask was visually
examined under the microscope to control cell culture condition and look for signs of
contamination. If no contamination was found, then the subculturing process was carried

out. This process involved the following steps:

1. The culture media in the T75 flask was decanted and the confluent cell layer was
washed with 3 mL of DPBS three times.

2. Then, 3 mL 0.25% trypsin/EDTA was added to the cell flask, which was then put
in the incubator at 37 °C with 5% CO> for 3-5 minutes in order to enzymatically
dissociate the cell monolayer formed in the T75 flask without damaging the cell
membrane.

3. Culture media (5-10 mL) was added to the flask to stop the enzymatic activity
and the flask was shaken to detach the cells from the T75 flask.

4. This solution containing culture media, trypsin/EDTA and suspended cells was
transferred to a 50 mL centrifuge tube and centrifuged at 1200 rpm (300xg) for
5 minutes at 22 °C.

5. The resulting supernatant was decanted and the remaining pellet of cells was

resuspended.by pipetting in-and-out fresh culture media (7 mL).
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6. Cell number, and hence, the volume of resuspended cells and fresh culture media
added to a new T75 flask, was calculated. Finally, the new cell culture flask was
kept in the humidified incubator for the necessary period of time to reach ~90%

confluency.

3.4.4 Cell counting

Cell number was determined by mixing an equal volume of resuspended cells (Section
3.4.3) with an equal volume of trypan blue. This mixture was then placed onto a Neubauer
hemocytometer containing two gridded counting chambers consisting of sixteen 1 mm?
squares and thus a defined volume of 0.1 mm?® or 0.0001 mL. Cell counting was
performed in both chambers under a light microscope and the average number counted

was then used to determine the cell concentration following Equation 3.9 [137].
Cell concentration (cells-mL™) = Average cell count x 2 x 10* (3.9)
3.4.5 Cell density optimisation

Prior to each in vitro assay the optimal cell density or cell concentration yielding a
spectroscopic absorbance of approximately 1 a.u., was determined according to the

procedure described below.

1. Confluent cells were enzymatically detached from the T75 flask and resuspended
in culture media, following Section 3.3.4, and the cell number was determined as
per Section 3.3.5.

2. Serial dilutions of cells were prepared in a flat bottom 96-well plate by transferring
100 uL of media into columns 3 - 12 in four replicates, followed by the addition
of 100 pL of cells into the 3" column in four replicates, pipetting in-and-out the
mixture and transferring 100 pL to the next column. At the end, 100 pL of mixture
were discarded (Figure 3.10).

3. For each cell optimisation a background consisting of 100 pL of culture media
was set up indicating IC1o0 (inhibitory concentration 100%) (Figure 3.10).

4. The plates were placed in the humidified incubator for 48 hours, and 20 uL of
MTS reagent were added to each well 4 hours prior to its absorbance measurement
using a SpectroStar Nano (BMG LabTech, Victoria, Australia)

spectrophotometer.
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5. From this data, a linear relationship between cell concentration and absorbance
was obtained. Each incubation period experiment was carried out three times and
cell optimisation was calculated from the average of those three experiments. The
determined optimal cell density for 48 hours cell seeding was
(7.2 £ 1.2)x103 cells-well. Cell density optimisation plots can be found in

Appendix F.

Figure 3.10: Brown formazan product metabolised by viable cells during a cell density
optimisation assay. Darker and lighter regions indicate higher and lower number of

metabolically active cells, respectively.
3.5 Invitro cytotoxicity assessment

In vitro toxicity assays assess cytotoxicity or cell death, cell viability and/or apoptosis.
The quantification of changes in absorbance or fluorescence (spectrophotometric and
spectrofluorometric assays) as the result of biochemical reactions, are the basis of these
assays [138, 139]. Cytotoxic assays are differentiated by the biological endpoint
measured. For example, the NRU (neutral red uptake) assay measures cell viability via
assessing cellular lysosome integrity; the KB (kenacid blue) assay measures protein
content and proliferation. In this thesis, the MTS tetrazolium salt assay, which measures
mitochondrial activity, cell proliferation and/or cytotoxicity, will be used to assess the
toxicity of inorganic UV filters present in sunscreens [140]. The MTS tetrazolium salt
assay is an extensively used coluorimetric test in cytotoxicity due to its simple protocol.
Moreover, it is not required to: wash nor harvest the cells, to transfer the sample to another
well plate nor to use volatile organic solvents as with MTT methodologies [140]. The

aforementioned MTS tetrazolium salt assay measures mitochondrial activity, cell
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viability and cytotoxicity by the reduction of the tetrazolium salt to a soluble brown
formazan product in culture media. The scheme of the reduction of MTS reagent to
formazan by metabolically active cells is presented in Figure 3.11 [140]. The reduction
of the MTS reagent to formazan is accomplished by NADPH or NADH generated by
dehydrogenase enzymes in metabolically active cells [139, 140]. The formazan product
Is quantified by absorbance reading at 490 nm, which is illustrative of cell viability in
culture media by plotting a dose/concentration-response curve. Thus, this assay can also

be used to assess cell proliferation and cytotoxicity [139-141].
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Figure 3.11: Conversion of MTS reagent to formazan. Figure reproduced from

Promega technical bulletin [140].
3.5.1 The dose-response relationship

A dose-response curve indicates the toxicity of chemicals, and thus, safe levels of
chemical exposure can be determined [142]. This curve is obtained by measuring the
cumulative response between a subject treated with a chemical and its dose. Therefore, a
dose-response curve is a measure of the toxicity of the chemical, resulting in a sigmoidal
curve (Figure 3.12) [137, 142]. Several concentration values or toxicity endpoints can be
determined from a dose-response relationship which can be used for regulatory toxicity
evaluations [1, 137, 142]:

1. NOAEC, NOEC or threshold [No-Observed-(Adverse)-Effect Concentration] is
the highest concentration at which no effects are observed.
2. 1Cso (Inhibitory Concentration 50%) is the concentration at which the tested

chemical produces 50% inhibition of cellular viability.
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3. TLC (Total Lethal Concentration) is the concentration at which all cells activities

are inhibited.
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Figure 3.12: An example of a dose-response relationship in vitro. As the dose
increases, the cell viability is reduced. Figure adapted from Bakand (2006) [137].

3.5.2 Cytotoxicity in the absence of simulated solar radiation

Following cell subculturing, the remaining resuspended cells (Section 3.4.3) were diluted
in order to achieve the desired cell number in the 96-well plate, according to cell
optimisation results (Appendix F), and incubated in a humidified incubator for 24 hours
prior to the addition of the nanoparticles to be tested. The stock nanoparticle solutions
were prepared by suspending the required amount of test particles in culture media. All
nanoparticle samples were weighed with an analytical balance into a glass sample tube to
obtain a stock concentration of 1000 mg-L™ in supplemented culture media. Prior to the
addition of media, the nanoparticles were sterilised to reduce any possible contamination
to the cell culture by exposing the sample tubes to UVC in a Biosafety cabinet for 20 min.
Two and a half hours before the addition of nanoparticles to the assay plate, the
appropriate media volume was added to the sample tubes and sonicated for 2 hours in a
Branson 1800 ultrasonic bath (Branson Ultrasonics, Danbury, CT, USA). The method by
which the nanoparticles were added to the 96-well plate is outlined in Table 3.2 for
24 hour assays. Firstly, the volume of nanoparticles to be added to the plate was removed
from the desired wells. Then, the 1000 mg-L™* stock nanoparticle solution was diluted
1:10 and 1:100 to yield a 100 mg-L™* and 10 mg-L™ solution, respectively. Thirdly, the
right volume of nanoparticles was added to each well after being shaken with a spin vortex
in order to resuspend the particles. For each assay, two internal controls were set up

indicating 1C100 and ICo consisting of media and cells only, respectively, in addition to a
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background consisting of media and the appropriate concentration of nanoparticles.
Finally, the 96-well plate was put back into the incubator for 20 hours before 20 uL of
MTS reagent were added and incubated for another 4 hours to let the formazan product

be generated.

Table 3.2: Tabulated representation of the method followed for the addition of the

nanoparticles to the 24 hours incubated plate.

NP stock solution used (mg-L™)
1000 100 10

Column 3 4 5 6 7 8 9 10

Vol. media removed
(nL)

20 10 50 25 50 25 10

Vol. NPs added (nL) 50 20 10 50 25 50 25 10

NP conc. in each well
(mg-L?)

500 200 100 50 25 50 25 10

Each absorbance measurement was performed three times and from the average of these,
a concentration-response curve was plotted. The cell viability was calculated by the ratio
of the absorbance of the treated and control wells, following Equation 3.10, and then

plotted.

Mean absorbance of (treated cells - background))

Cell viability = (
y Mean absorbance of (ICo - ICio00)

(3.10)

3.5.3 Cytotoxicity in the presence of simulated solar radiation

Cytotoxicity of cells treated with nanoparticles was investigated in the presence of
simulated solar radiation as to obtain better representative data for the application of the

examined material in sunscreen products.
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3.5.3.1  Chamber set up

The set up employed to irradiate the cells treated with nanoparticles with simulated solar
radiation consisted in the chamber shown in Figure G.1. This chamber was designed to
accommodate the sunlamp (300 W Ultra-Vitalux, OSRAM) used to simulate solar
radiation and a fan. The fan was used to remove part of the heat emitted by the lamp as
to maintain temperatures close to ambient ones. Additionally, the 96-well plates were
placed on an ice pack to also aid in maintaining an adequate temperature when irradiating

the treated cells.

3.5.3.2 Lamp intensity distribution

In order to examine the homogeneity of the lamp across a 96-well plate, and thus,
determine the working wells, the intensity distribution of the sunlamp whose light
emission profile is shown in Figure 3.13, was assessed by the degradation of crystal violet
due to TiO. Crystal violet was dissolved in DPBS and added to a 96-well plate along
with 2 hour sonicated TiO. nanoparticle solutions in DPBS, at a concentration of
500 mg-L1so as to ensure noticeable and assessable dye degradation. The lamp was pre-
ran for 2 hours to allow the output to stabilise then, the 96-well plate was placed on an
ice pack under the lamp for 15 min at the chosen intensity of approximately 6 mw-cm,
as measured by a UVA/B meter (model 850009, Sper Scientific). Then, the absorbance
of the dye was measured and an intensity map across the exposed 96-well plate was

determined with a ‘colour scale” format in Microsoft Excel.
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Figure 3.13: Light emission profile of OSRAM Ultra-Vitalux 300 W Sunlamp. Figure
reproduced from [143].
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3.5.3.3  Experimental plate set up

The cytotoxicity of TiO2 based nanoparticles was assessed under simulated solar radiation
at approximately 6 mW-cm™ for 5 and 15 minutes. These exposures are equivalent to
approximately 2 and 7 minutes in Darwin (Australia), where the highest sun intensity is
recorded over the months of summer, which is double of that in European cities, such as
Paris (France) [144]. First of all, a new cell optimisation was performed as radiation alone
resulted in cell death. Such optimisation was performed as described in Section 3.4.5
concurrently for both exposure times, using the determined working wells from the
previous Section. Next, cells were seeded in a 96-well plate as described in Section 3.4.5
for 24 hours prior to the addition of nanoparticles. For every experiment, three plates were
used, an ‘incubator control’ (unexposed plate) and a 5 and 15min exposed plates. The
‘incubator control’ plate consisted of one column containing 3 replicates of 1Co and 1C1o.
The 15 and 5min exposed plates were replicates comprising IC’s and nanoparticle treated
cells. The three tested nanoparticle samples were tested simultaneously at single
concentrations of 25, 50 or 100 mg-L™*. Unlike in Section 3.5.2, nanoparticles were
diluted in DPBS to avoid absorbance and interference from the media components
(Figure 3.14) when exposing the plates to simulated solar radiation. The nanoparticles
were allowed to settle for approximately 1 hour before exposure. Control cells were
treated the same way, and thus, media was replaced with DPBS for 1 hour and the same
amount of simulated solar exposure time. After simulated solar exposure, DPBS was
replaced with media and the plates were incubated for 20 hours before MTS addition, as
described in Section 3.5.2. Cell viability (%) was calculated following Equation 3.10,
where the ‘incubator control’ plate was used as the control of the exposed plates.
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Figure 3.14: UV-vis spectra of phenol red free supplemented DMEM/F12 media and
DPBS.

3.5.4 Data analysis
3.5.4.1 Cytotoxicity endpoints

The calculated cell viability values were plotted against their respective nanoparticle
concentration, resulting in dose/concentration-response curves. From these curves, the
NOAEC, ICso and TLC endpoints (Section 3.4.1) were determined when possible. The
NOAEC values were determined by extrapolating the end of the plateau in the dose-
response curve. The ICso values were calculated by fitting the plotted concentration-

response curves to a sigmoidal curve, when possible.

3.5.4.2 Statistical analysis

Data were expressed as mean * standard deviation (SD) from three independent
experiments in order to demonstrate the reproducibility of the results. One-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test was used to establish the
significance of the calculated data, where a value was considered statistically significant

when p < 0.05, with p being the probability.
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Chapter 4

Results and Discussion

4.1 Structural, elemental and physical characterisation

The XRD patterns of pristine and annealed (at 500 °C for 4 hours in air) TiO:
(Figure 4.1 (a)) display sharp diffraction peaks at 25° and 48° which correspond to the
(101) and (200) anatase crystal phase planes, respectively (JCPDS Card No. 03-065-
5714). In the same patterns, strong diffraction peaks at 27° and 36° corresponded to the
(110) and (101) rutile phase planes, respectively (JCPDS Card No. 03-065-1119), as is
expected for mixed-phase P25 TiO». No significant difference can be seen between both
patterns suggesting no anatase-to-rutile phase transformation at the employed calcination
conditions occurred. The onset anatase-to-rutile phase transition temperature has been
reported to vary between 400 and 1200 °C; nevertheless, most studies on this topic have
stated an irreversible phase transition to rutile at an onset temperature of 600 °C [64,
145]. Thus, the obtained results are in agreement with previous studies where the reported

crystal phase transformation temperature is above the 500 °C used here.

56
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Figure 4.1: X-ray diffraction pattern of (a) commercial and annealed TiO> at 500 °C for
4 hours in air and (b) synthesised Y(OH)s and Y203 particles.

As shown in Figure 4.1 (b), a highly crystalline Y(OH)s precursor (JCPDS Card No. 01-
074-1705) and Y203 (JCPDS Card No. 03-065-3178) were obtained by the hydrothermal
synthesis method described in Section 3.1.1. This revealed that to synthesise Y203, high
annealing temperatures were not required, as opposed to that reported in the literature
where temperatures from 600 °C up to 1000 °C are used [114, 116, 117, 146, 147]. Such
high temperatures would have been not ideal for the composite particles containing
mixed-phase TiO>, as they would have caused the transformation of anatase-to-rutile TiO-
phase (Section 2.2.2.2).

Highlighted in Figure 4.2 are the XRD patterns of the synthesised composite particles
before annealing (precursors, TiO.@Y (OH)z3) (Figure 4.2 (a)) and the annealed samples
(TiIO2@Y203) (Figure 4.2 (b)). Diffraction peaks associated with Y(OH)s phase were not
observed in the 5 wt% sample; nevertheless, broad peaks located at 15°, corresponding
to the (100) Y(OH)s crystal plane, can be observed with increasing the Y(OH)s content.
The broadness of these Y(OH)s peaks indicate the poor crystallinity of the samples.
Contrarily, only annealed 25 wt% samples exhibited peaks low in intensity at 29°,
corresponding to the (222) Y203 crystal plane. This suggests that the Y>Oz amount on the
5 and 10 wt% samples was too small to be detected. The appearance of these diffraction
peaks is directly related to the increased Y (NOz)s content during synthesis, resulting in a
higher amount of Y(OH)3 and Y203 formed.
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Figure 4.2: X-ray diffraction pattern of TiO2and (a) prepared TiO.@' (OH)z precursor
at 5, 10 and 25 wt% and (b) synthesised TiO.@Y203 5, 10 and 25 wt% by annealing of

their respective precursors.

The mean crystallite grain size of these samples was calculated using the Scherrer
equation (Equation B.1). A reduction in grain size was observed for the synthesised
TiO2@Y(OH)3 and TiO@Y203 particles (Table 4.1), compared to pristine TiO:
((34.9 £ 0.3) nm). Such a reduction has been previously reported during the hydrothermal
synthesis of silica-modified TiO2 nanoparticles[148]. It was found that the presence of
silica supressed the formation of the rutile phase in addition to the growth of TiO: crystals
even at 1000 °C [148]. In a similar fashion, the conservation of the anatase phase can be
due to the presence of Ti-O-Y bonds at the surface of TiO2 which could inhibit the crystal
phase transition. Such an effect is confirmed by the reduction in crystallite size occurring
during hydrothermal synthesis (TiO2@Y (OH)3) and further reduction after sintering of
the precursor samples. The exception to this is with the 5 wt% sample, where an increase
in size is observed upon heat treatment (from (30.1 £ 0.2) nm to (32.7 £ 0.3) nm). This is
most likely due to higher TiO> surface exposed because of the lower Y(NO)s loading and
partial coating formed. Furthermore, the detected reduction is dependent on the Y203
content as the crystallite size of pristine TiO> decreased from (32.7 £ 0.3) nm to
(26.6 £ 0.2) nm as the coating layer increased from 5 to 25 wt% (Table 4.1).
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Table 4.1: Mean crystallite size of the studied nanomaterials in this research calculated

with the Scherrer equation.

Sample Mean crystallite size (nm)
Zn0O 77x1
TiO2 349+0.3
TiO2 annealed 35.6+0.3
TiO2@Y(OH); 5 wt% 30.1+0.2
10 wt% 33.4+0.3
25 wt% 30.7+£0.2
TiO2@Y203 5 wt% 32.7+0.3
10 wt% 309+0.2
25 wt% 26.6 £0.2

STEM micrographs of TiO> (Figure 4.3) show the tendency of these particles to form
agglomerates of sizes ranging from approximately 50 nm up to 500 nm in diameter.
However, the particles forming these agglomerates vary in size, as shown by the particle
size distribution histogram (Figure C.5), from 10 to 45 nm. A mean particle size of
(23 £7) nm was determined using ImageJ, which is in agreement with the reported
particle size of 21 nm by the product supplier [149]. Furthermore, according to
hydrodynamic size measurements (Table 4.5), once in suspension and sonicated for

1- 2 hours, the larger agglomerates dissociate into possibly smaller clusters ((70 + 1) nm).

100 nm .

Figure 4.3: STEM micrographs of TiO2 obtained in (a) SEM and (b) bright field

imaging modes.
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Highlighted in Figure 4.4 are the morphology and general size distribution of the
synthesised precursor (Figures 4.4 (a) and (b)) and annealed (Figures 4.4 (c) and (d))
samples at 10 and 25 wt%. It can be seen that these samples contain a mixture of
morphologies, from spherical TiO: particles to plate like particles (Y(OH)s and/or Y203)
found across the TiO- particles, as confirmed by EDS mapping (Figures C.3 and C.4).
These plate particles are present in both precursor and annealed samples, as shown in
Figure 4.4 (a) and (c); thus, the formation of such particles occurred during the
hydrothermal synthesis. Such formation is highly likely due to the lack of stirring during

autoclaving, resulting in the sedimentation of Y(OH)s and further nucleation, resulting in

densification of the plate shaped structures with widths of approximately 500 nm
(Figures C.4 and C.7).

Figure 4.4: SEM micrographs of (a) TiO2@Y (OH)3 10 wt%, (b) TiO.@Y (OH)3
25 wt%, (c) TiO2@Y203 10 wt% and (d) TiO2@Y 203 25 wit%.

TEM mlcrographs of TIO2@Y203 at 5, 10 and 25 wt% are shown in Figure 4.5. In all the

Ol Ll ‘”LlLI

e displays high crystallinity which coincides with the XRD patterns
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in Figure 4.2. Moreover, the Y»Oscoating layer is very thin in all the annealed samples,
suggesting that the diffraction peaks related to the formation of Y203 in Figure 4.2 (b)
arise from the mentioned plate shaped particles in Figure 4.4. The morphology of these
particles remains unaltered, resembling pristine TiO- particles, as seen in the STEM and
SEM micrographs (Figures 4.3 and 4.4). The TEM micrographs of the precursor samples
(Figure C.2) show semi-amorphous coating layers on TiO2, supporting the evidence of
the amorphous phase in Figure 4.2 (a) at 25 wt% at 15°, whereas the annealed samples
display crystalline YOz coating layers. Moreover, as highlighted in Table 4.2, the mean
particle size determined from the TEM micrographs of the synthesised particles follows
the trend observed with the mean crystallite sizes calculated using the Scherrer equation

(Table 4.1), whereby the particle size is reduced upon heat treatment.

Figure 4.5: TEM micrographs of TiO2@Y203 at (a), (d) 5 wt%, (b), (e) 10 wt% and (c),
() 25 wt% Y content.

Energy-dispersive X-ray spectroscopy (EDS) was used to determine possible sodium
(Na) contamination arising from the synthesis procedures where NaOH was used as the
precipitating agent (Section 3.2). No Na was detected through EDS analysis of the
precursor particles, suggesting that the washing of the sample prior to being dried and
annealed removed all traces of Na from autoclaving.

BRE EJLIH
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High resolution EDS mapping was also used to confirm the theoretical Y wt% values in
the TiO.@Y203 samples and its distribution along the TiO> core (Figure 4.6). The EDS
images show that yttrium (green) is distributed around TiO: (red) particles forming a
coating layer, confirming what was found by the TEM micrographs. Furthermore, Figure
4.6 shows the increase in Y content from (a) to (c), as theoretically calculated. The
calculated weight percentage using the EDS mapping data for TiO.@Y203 5 and 10 wt%
was (4.6 £ 0.3) wt% and (9.2 = 0.8) wt%, respectively; thus, the Y content in these
samples correlates well with the theoretical values. However, the actual ratio for the
25 wt% sample was much lower than the target ratio, which was (15.2 + 0.3) wt%. Such
a result could be due to the favourable nucleation and formation of sheet like particles at
high yttrium salt content used during synthesis (Figure C.4 (b)). This leads to reduced
growth of Y203 on the surface of TiO», and thus, lower Y wt% content calculated with

EDS mapping performed on the synthesised core particles.

10 nm

Figure 4.6: EDS mapping of TiO.@Y20s3 at (a) 5 wt%, (b) 10 wt% and (c) 25 wt% Y
content. Red and green regions correspond to Ti and Y atoms, respectively.

The specific surface area of ZnO, TiO. and the synthesised coated TiO> particles was
measured in order to determine the relationship between the specific surface area and any
potential change in the photocatalytic activity of TiO2. Moreover, the cytotoxicity of TiO>
nanoparticles has been reported to be correlated to high surface areas due to higher

interaction with biomolecules and production of free radicals upon UV excitation [150].

The specific surface area of the particles was determined using Brunaeur-Emmett-Teller
(BET) analysis. The determined BET surface areas of TiO, and ZnO are (48 + 2) m?.g™
and (13.4 +0.4) m?-g*}(Table 4.2), respectively, which coincide with the suppliers product
information ((50 + 15) m?-gtand 15-25 m?.g%, respectively) [149]. The small measured

surface area of ZnO could be attributed to large particles (Table 4.2), and thus, reduced
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available surface area for nitrogen adsorption. Furthermore, these findings are in line with
the calculated mean crystallite and particle size determined for pristine TiO>
((34.9 £ 0.3) nm and (23 + 7) nm, respectively) (Tables 4.1 and 4.2), highlighting the
inverse relationship between the specific surface area and size of a particle. Annealing of
pristine TiO- results in a reduction in surface area and increase of crystallite and particle
size, from (48 + 2) m?.g™ to (40 = 1) m2.g™* and from (34.9 + 0.3) nm to (35.6 + 0.3) nm
and from (23 £ 7) nm to (29 £ 9) nm, respectively. Heat treatment of nanoparticles results
in the formation of large agglomerates as these are more energetically favourable due to
the reduced free surface energy. Hence, a reduction in the surface area is observed due to
increased crystallite and particle size (Tables 4.1 and 4.2) [145].

Table 4.2: Mean particle sizes and BET specific surface area of the studied nanomaterials
in this research.

Mean particle  Specific surface

Sample
size (nm) area (m?.g1)

Zn0O 80 +£40 134+£04
TiO2 237 48 +2
TiO2 annealed 29+9 401
TiO2@Y(OH); 5 wt% 19+7 52+ 1
10 wt% 24 +8 62+6
25 wt% 216 48 +2
TiO2@Y203 5 wt% 206 46 £ 5
10 wt% 217 128 +9
25 wt% 217 54 +3

The relation between the specific surface area and the Y content in the precursor and
annealed coated particles is shown in Figure 4.7 and Table 4.2. Generally, the synthesised
particles display higher surface area than pristine TiO2. There is an increase in surface
area as the Y content increases from 5 to 10 wt% and a reduction from 10 to 25 wt%. This
effect is more predominant on the annealed samples, as shown in Figure 4.7. Additionally,
annealing of the TiO.@Y(OH)s samples results in an increase in surface area, arising
from possible pore formation on the coating layer as the reduction of particle size is not
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significant (Table 4.2) [75]. An exception to this is the 5 wt% sample, where a slight
decrease is observed (from (52 + 1) m?-g™* to (46 + 5) m?-g™) due to the increase in size.
The significant increase in the surface area of TiO.@Y203 10 wt% could be attributed to
a favourable pore formation from the decomposition of the hydroxide precursor (Equation
A.2), as previously reported [75]. The thermal decomposition of Y(OH)s has been
established to mainly follow two steps as determined via thermo-gravimetric analysis and
differential-thermo analysis [114]. First, dehydration of Y(OH)s through the loss of
absorbed and bonding water molecules and second, crystallisation of Y203 [114]. During
the dehydration process, the amount of gas molecules produced aids in decomposing the
solid or in pore formation and thus, an increase on surface area at temperatures between
350 - 600 °C [151-153]. Porosity results in increased surface area since these structures
allow for more gas molecules to be adsorbed as they translocate into the porous
formations. However, by further increasing the yttrium salt content during synthesis, only
a slight increase in surface area is observed upon heat treatment, potentially attributed to

a higher formation tendency of plate like particles mentioned in the previous section.
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Figure 4.7: Specific surface area of the synthesised nanoparticles for each Y wt% of the

precursor and annealed samples using BET analysis.
4.2 Optical properties and bang gap calculations

Ultraviolet filters protect the human skin against UV radiation through reflection,
scattering or absorption of incident UV rays [13]. Hence, an essential requirement for UV
filters is that they absorb radiation within the UV range of the electromagnetic spectrum.
As such, the suitability of the synthesised particles for UV filtration applications was
assessed through UV-vis spectrophotometry, along with the UV-vis absorption

characterisation of commercial ZnO and TiO2 nanoparticles.
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Highlighted in Figure 4.8 are the UV-vis absorption spectra of commercial TiO>
(25 mg-L1) and ZnO at 25 and 50 mg-L™. These curves depict the same characteristic
absorption spectra as depicted in Figure 2.9 for TiO2 and ZnO nanoparticles, with broad
absorption peaks between 200-400 nm corresponding to UVB and UVA absorption. The
broadness of the peak in the TiO, curve could be due to the presence of rutile in the crystal
phase of the material as the rutile phase absorbs at 360 nm whereas the anatase form
absorbs at 320 nm [154]. The low intensity absorption of ZnO compared to TiO2 is
ascribed to fewer available excitation states of ZnO due to its conduction band being
formed by filled 3d orbitals whereas the Ti conduction band is partially filled. This allows
for a greater number of excitations to take place from the valence to the conduction band
(O 2p orbitals to Ti 3d orbitals) of TiOz, in addition to the greater number of surface atoms
due to the reduced particle size to interact with the incident radiation [155, 156].
Moreover, both commercial particle solutions scatter significant amount of visible light
possibly due to agglomeration, resulting in scattering of wavelengths corresponding to
the visible light region (Appendix D.1). The calculated energy band gap (Table 4.3 and
Figures D.2 and 3.6) for TiO2 and ZnO is (3.21 £ 0.02) eV and (3.15 + 0.08) eV,
respectively. These values are close to those specified by the TiO> supplier, where a band
gap of 3.05 and 3.29 eV corresponding to the rutile and anatase phase, respectively, are
given [149]. The Eg value obtained for ZnO ((3.15 £ 0.08) eV) falls within that found in
the literature (3.1 to 3.3 eV) [69].
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Figure 4.8: UV-vis absorption spectra of commercial TiO2 and ZnO nanoparticles at

different nanoparticle concentration suspended in ethanol.

As shown in Figure 4.9, the synthesised particles showed significant absorption over the
UVB and short UVA range (280-340 nm). Additionally, in general, the addition of Y on
TiO2 results in a higher absorbance intensity, an effect that is more pronounced for the

TiO,@Y2035 and 10 wt% samples. Such an increase in intensity can be due to the
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scattering of incidents photons by Y into TiO; thus, triggering charge separation, as it
has been previously reported for rare earth oxides [157] and organic semiconductor
coated silver particles [158]. Since such an effect is highlighted on particles with partial
coating at Y 5 and 10 wt%, a significant absorption enhancement is observed for
TiO2@Y2035 and 10 wt% due to the higher degree of exposed TiO: surface available for
uptake of scattered photons. Similarly, a moderate increase in the absorbance intensity is
seen in the rest of the synthesised samples. This difference could be attributed to the
difference in the thickness of Y coating formed on TiO2 at varying Y content. Once the
surface of TiOz is covered with Y(OH)s/Y203 at 25 wt%, a reduction in the incident
photons scattered towards TiO2 occurs (Figure 4.9). The precursor samples do not show
the same significant absorption enhancement as the annealed samples. Such a result could
be ascribed to reduced scattering due to Y(OH)s as compared to Y203 (Figure D.1) and
subsequent reduction in scattering induced absorption. Moreover, the synthesised
particles show improved transparency through a reduction in scattering over wavelengths
above 350 nm compared to pristine TiO2 possibly due to reduced size, as outlined in
Table 4.2. As such, cosmetic products containing these particles will appear more

transparent than those containing TiOz, and hence, be more aesthetically appealing.
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Figure 4.9: UV-vis spectra of (a) TiO.@Y(OH)s and (b) TiO.@Y .05 coated particles at
varying Y wt%.

Furthermore, from the optical Eg of these materials (Table 4.3) calculated using Tauc
plots derived from Equation 3.6 (Figure D.2), the incorporation of Y on TiO; slightly
affects the absorption and optical band gap of the nanocomposites, compared to pristine
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TiO2. A slight blue shift in the absorption is observed when comparing the absorbance of
pristine and coated TiO> alongside with a band gap widening of pristine TiO2. As
previously reported in Section 4.1, the synthesised particles are smaller than TiO2 which,
as per the quantum confinement effect, results in the aforementioned blue shift.
Additionally, as yttria has a higher band gap relative to the core TiO., the addition of
yttria onto the core particles could result in the mentioned band gap widening of the
nanocomposite particles. Furthermore, as reported in the literature, an heterojunction
could be formed between the TiO2 core and the yttrium layer, shifting the Fermi level of

TiO> towards the conduction band resulting in the expanded optical Eg calculated [75].

Table 4.3: Calculated optical Eg of the materials used in this research.

Sample Optical Eg (eV)
ZnO 3.18+0.08
TiO2 3.21+£0.02

TiO2@Y(OH)s 5wi%  3.47 +0.02
10Wt%  3.43+0.03
25wWit%  3.43 +0.04

Ti0,@Y20s  5wit%  3.50 +0. 04
10Wt%  3.43+0.02
25wWit%  3.48 +0.02

The spectroscopic properties of the synthesised composite materials make them suitable
for their inclusion in sunscreen products as they show increased UV absorbance as well
as improved transparency over the visible light region, which would result in more

aesthetically pleasant cosmetic products.
4.3 Photocatalytic activity characterisation

Ultraviolet filters present in sunscreen products are semiconductor nanoparticles which,
upon UV excitation, generate free radical species owing to their photocatalytic activity
[14]. These ROS have the potential to induce the degradation of the organic components
in sunscreens as well as toxic effects to the environment and product users [83]. As such,

less photocatalytically active nanoparticle ingredients are preferred. The assessment and
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characterisation of the photocatalytic activity of the studied materials used in this thesis
was performed through the degradation of crystal violet.

Crystal violet (CV) degradation due to excited TiO2 and ZnO nanoparticles under UV and
simulated solar radiation, and thus, the photocatalytic activity of these materials is
highlighted in Figure 4.10 and Table 4.4 through the apparent rate constant (k) calculated
as per Equation 3.8 from the kinetic plots (Figure E.1). As expected, TiO> showed the
highest activity, and thus, the greatest dye degradation due to generation of ROS upon
both radiation types (96 and 98 % dye degradation upon UV and simulated solar radiation,
respectively). As ZnO has a similar band gap to TiO> ((3.18 = 0.08) eV and
(3.21 £ 0.02) eV, respectively), it also expected to get excited under both irradiation types
used and degrade the dye, as shown in Figure 4.10 and Table 4.4. However, as reflected
by a lower rate constant and reduced dye degradation, ZnO is less photocatalytically
active than TiO2. An explanation for this could be due the smaller specific surface area
of ZnO ((13.4 + 0.4) m?-g™Y) compared to TiO, ((48 + 2) m2-g1). This could suggest there
are fewer reaction sites for the dye molecules to adsorb onto the particles surface, and
hence, the observed reduction in photocatalytic activity of ZnO, highlighting the
relationship between specific surface area and photocatalytic activity mentioned in the
literature [83]. Furthermore, as shown in Figure 4.8, ZnO does not absorb UV light as
efficiently as TiO2 and, as such, excitation of " to form an e’/h* pair and subsequent ROS

generation does not take place as readily as for TiOx.
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Figure 4.10: Photocatalytic degradation of crystal violet due to commercial TiO. and
ZnO nanoparticles under (a) UV and (b) simulated solar radiation.
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Shown in Table 4.4 are the calculated apparent rate constant (k) using the Langmuir-
Hinshelwood model (Figure E.1) for the synthesised core-shell particles as well as their
dye degradation efficiencies. All samples display reduced photocatalytic activity
compared to bare TiO, which is enhanced with increasing yttrium content (Figure 4.11).
This trend could be the result of the improved coating layer as the Y content increases.
As mentioned in Section 2.2.2.2, the photocatalytic reaction takes place on the surface of
TiOg; thus, by reducing the TiO, area exposed to the dye with a coating layer, a significant
reduction in the catalytic activity is observed. The yttrium coating layer could directly
inhibit the formation of hydroxyl radicals by blocking the surface migration of the e’/h*
pairs formed or act as a recombination centre and further prevent reactions with adsorbed
dye molecules. This would result in the observed activity reduction of both the precursor
and annealed samples with increasing Y content compared to pristine TiO2. [65, 159,
160]. In the case of the precursor samples, the slight reduction could be explained by the
semi amorphous Y(OH)s layer acting as a trap for the e’/h* pairs, reducing the charge
recombination efficiency and resulting in the observed higher activity compared to the

annealed samples [161].

Table 4.4: Apparent rate constant (k) and photocatalytic efficiency of commercial ZnO,
TiO2 and synthesised TiO.@Y (OH)s and TiO>@Y 203 particles at different Y wt% under
UV and simulated solar radiation.

UVA/UVB radiation Simulated solar radiation

Sample K (<102 mint) Dye degradation K (x10° min) Dye degradation
(%) (%)
CV (control) 0.03+£0.02 0.2 0.50 £ 0.03 14
Zn0O 1.5+0.2 36 1.57 +£0.09 38
TiO> 10+1 96 12.3+04 98
TIO2@Y(OH): 5wt%  7.69+0.07 90 45+04 74
10 wt% 3.9+0.1 69 3.1+0.1 61
25 wt% 24+0.1 52 1.59 + 0.07 39
TiO2@Y203 5wt%  2.11+0.04 48 3.8%0.1 68
10wt%  0.90 £ 0.06 25 2.26 £ 0.04 49
25wt% 0.64+£0.04 18 1.90 £ 0.08 44
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Moreover, annealing further reduces the photocatalytic activity of the particles under UV
excitation (Figure 4.11 (a) and (b)). Such an outcome could be the result of the synthesis
method employed. As shown in Equation 2.6, surface adsorbed OH" accepts
photogenerated holes migrated to the surface of TiO2to form hydroxyl radicals which
degrade the dye. Hence, the OH"group on the Y (OH)z layer could react with the h* formed
on TiOy, resulting in the increased dye reduction observed (90% compared to 48% after
heat treatment of the 5 wt% samples) [28]. In a similar fashion, by annealing the precursor
samples a reduction in adsorbed OH" is achieved. Consequently, a decrease in dye
degradation and rate constant is obtained regardless of the increased surface area and UV
absorption properties of annealed samples reported in Table 4.2 and Figure 4.9,
respectively (Table 4.4 and Figure 4.11). It has been shown that the surface area plays an
important role in the photocatalytic activity of TiO2 [150]. Thus, according to previous
results, the photocatalytic activity of the annealed samples should follow the next trend:
10 wt% ((128 +9) m?-gt) > 25 wt% ((54 + 3) m?-g™t) > 5 wt% ((46 = 5) m?.gt). However,
as mentioned before, this is not the case. The lower the Y content in the sample, the higher
the photocatalytic activity. As a result, TiO2@Y 203 25 wt% exhibits the highest reduction
in the photocatalytic activity of TiO., followed by TiO.@Y203 10 and 5 wt%
((0.64 +0.04)x102 min?, (0.90 + 0.06)x102 min? and (2.11 * 0.04)x102 min™,
respectively). Furthermore, as per the UV absorption efficiencies of these samples, charge
separation is favoured at 10 wt% yttrium content followed by 5 and 25 wt% yttrium
content (Figure 4.9 (b)). By a combination of greater surface area for dye molecules to be
adsorbed and enhanced UV absorptivity or charge separation, it would have been
expected for TiO@Y203 10 wt% to display the highest dye degradation and
photocatalytic activity. Nevertheless, this is not the case, suggesting that the
photocatalytic efficiency of the annealed samples is governed by another mechanism than
surface area and UV absorptivity. As mentioned in Section 2.5.2, yttria behaves as a free
radical scavenger due to its high oxygen affinity and nonstoichiometric oxygen [112].
Thus, the observed further reduction in the photocatalytic activity of TiO.@Y (OH)s upon
annealing could also be the result of the antioxidant property of the Y20z layer. Moreover,
this antioxidant behaviour would explain the photocatalytic activity reduction being
dependant on the Y203 content on the sample instead of the surface area and/or UV

absorption properties of the TiO.@Y 203 samples.
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Figure 4.11: Photocatalytic degradation of crystal violet due to TiO.@Y (OH)sz and
TiO.@Y203 under UV radiation (a) and (b), respectively, and under simulated solar

radiation (c) and (d), respectively, at varying Y content.

Under simulated solar radiation, the photocatalytic efficiency of the precursor and
annealed samples seem to lessen and improve, respectively, compared to the UV based
degradation results (Table 4.4). As with UV exposure, under simulated solar light the
Y (OH)s layer is suggested to block the e/h™ pair from reacting with the dye molecules
leading to a reduction in their subsequent degradation. Under simulated solar radiation,
the rate and amount at which free radical species are formed is diminished as reflected by
a 10-fold k reduction (x107 min!) compared to UV radiation rate constants (x102 min™1).
As such, the more efficient activity reduction in the first case could potentially indicate a
charge trapping centre saturation reached upon UV radiation but not upon simulated solar
radiation. Hence, the enhanced photocatalytic activity reduction of TiO.@Y(OH)s
25 wt% comparedtothe 10 wi% sample upon solar light degradation.
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The observed enhancement in photocatalytic efficiency of the annealed samples upon
change in light source could be explained by a tunnelling effect and subsequent
sensitisation of TiO to degrade the dye (Appendix E.2) [75, 162]. In this process, the dye
molecules get excited and form cationic dye radicals which transfer an e to the
conduction band of TiO2. The charged particle then reacts with adsorbed aqueous,
molecules resulting in the decolourisation of the organic dye molecules, as outlined in
Equations E.1-E.6 and Figure 3.7 [163]. An apparent plateau is reached at TiO2@Y203
10 wt% (49% dye degradation compared to 44% at 25 wt%), as such, yttria layers above
10wt% do not seem to impart a significant effect on the photocatalytic activity of TiOa.
Such an effect could be explained by the increase in layer thickness and consequent
reduction of photoinjected electron transfer from the excited dye molecule to the TiO>
core. The free radical scavenging behaviour or charge recombination rate in the
composites outweighs the tunnelling effect; thus, significantly low photocatalytic activity
is still maintained compared to pristine TiOx.

Enhanced UV absorption and low photocatalytic activity are ideal for UV filter
nanoparticles for the inhibition of states of oxidative stress whilst protecting the human
skin from UV exposure. Thus, TiO2@Y203 5 and 10 wt% are the most promising samples
for UV filtration and potential biocompatibility due to a combination of their enhanced
UV absorption properties and reduced photocatalytic activity as compared to pristine
TiO2. As such, these synthesised materials which absorb UV light while inhibiting the
production of free radicals, could potentially be beneficial for the cosmetic industry. The
incorporation of these particles in, for example, sunscreen products, would result in
protection against UV radiation, reduction of free radicals produced, and therefore,
possible antioxidant stabilisation for the organic filters present in the product; thus,
maintaining an adequate SPF level and increasing the overall biocompatibility of UV

filters.
4.4 In vitro cytotoxicity in HaCaT cells

The biocompatibility of commercial UV filters, ZnO and TiO», along with the most
promising synthesised materials for UV filtration in sunscreen products, TiO.@Y203 5
and 10 wt%, was assessed through treatment of HaCaT cells with these particles for

24-hoursgingthegabsence and presence of simulated solar/UV light using the MTS
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tetrazolium salt assay. This assay enables an assessment of the cytotoxicity of the studied
materials by measuring the absorbance of formazan produced as a result of the reduction
of MTS via mitochondrial activity [141, 164].

4.4.1 Cytotoxicity of ZnO nanoparticles in the absence of UV light

Cell viability reduction due to ZnO in HaCaT cells followed a concentration-response
curve, as shown in Figure 4.12. A cell viability reduction at low nanoparticle
concentration can be observed, from (84.7 + 3.4)% to (73.8 + 9.3)% at 2.5 and 5 mg-L™*,
respectively. As such, the NOAEC of ZnO nanoparticles in HaCaT cells was determined
to be < 2.5 mg-L* (Table 4.5). As the nanoparticle concentration increases, a sharp
reduction in cell viability occurred, until a plateau at (2.5 + 2.4)% was reached between
100-200 mg-L* (TLC of (100 £ 2) mg-L™Y).
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Figure 4.12: Concentration-response curve of HaCaT cells after 24 hour exposure to

ZnO nanoparticles, expressed as percentage of viable cells with respect to 1Co control.

The mechanism by which ZnO induces cytotoxicity is uncertain. Nevertheless, the
generation of intracellular free radicals and the release of Zn?* ions due to the high
solubility of ZnO nanoparticles are believed to be the main mechanisms [2, 69]. In this
research, the toxicity exerted by these nanoparticles is suspected to be due to both
mechanisms, ion-shedding and generation of intracellular free radicals, leading to
subsequent DNA damage (Figure H.1). The release of Zn?" ions could explain the
reduction of cell viability even at low nanoparticle concentration, due to greater

dispersibility.at lower nanoparticle concentration, and thus, higher surface area available
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for Zn?* ions to be released from (Figure 4.12) [69]. The solubility of ZnO nanoparticles
is greater in acidic media than neutral media [69]. Therefore, the solubility of the tested
ZnO particles is reduced in the culture media used since the pH is 7.4 in order to maintain
a healthy environment for the cells to grow. Phenol red changes in colour to yellow in
acidic conditions and to purple in basic conditions. Thus, qualitatively, the pH remained
stable over the assay period as no change in phenol red colour occurred, possibly resulting
in a decreased release of Zn?* ions due to a reduced solubility of ZnO. However, the sharp
reduction in cell viability as the nanoparticle concentration increases, could be caused by
a combination of free radicals stimulated by the dissolved ions and the latter. As
previously reported, it is highly possible that some ZnO nanoparticles attach to the cell
membrane and, consequently, they are internalised through endocytosis [69]. Once in the
cytoplasm, these particles could dissolve because of the acidic conditions within the cell
and release Zn?* ions, damaging the mitochondria and resulting in the generation of free
radicals and reduced formazan product (Figure H.1) [69].

The obtained results highlight the high toxicity of ZnO nanoparticles in HaCaT cells and
thus, the calculated low ICso of (11 + 1) mg-L™* (Table 4.5). This value is in agreement
with that reported in a recent study where an ICso of ZnO in HaCaT cells was found to be
between 10-20 mg-L1[165]. As mentioned in Section 2.3.2, Dechsakulthorn et al. (2008)
reported an 1Cso of (50 + 13) mg-L* on human skin fibroblasts after 24 hour exposure to
ZnO nanoparticles whereas an ICso of (2.70 + 0.67)x10% mg-L* was reported for TiOx,

showing the higher cytotoxicity of ZnO over TiO2 nanoparticles [21].

Multiple analyses methods should be performed in conjunction with the MTS tetrazolium
salt assay in order to determine the mechanism by which ZnO nanoparticles induce

cytotoxicity in HaCaT cells. However, this is beyond the scope of this thesis.
4.4.2 Cytotoxicity of TiO2 based nanoparticles

The cytotoxicity of TiO2 and TiO.@Y203 5 and 10 wt% in HaCaT cells was assessed
under the absence and presence of simulated solar radiation, emulating acute UV
exposures reflective of Darwin, Australia [144].
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4.4.2.1 Inthe absence of UV light

The effect of pristine TiO2 and coated TiO2@Y203 5 and 10wt% samples on the viability
of HaCaT cells is shown in Figure 4.13. As observed in this figure, cell viability of HaCaT
cells was reduced in a concentration dependent manner following 24 hour treatment with
TiO2 nanoparticles. At high nanoparticle concentrations, 100-500 mg-L™, a reduction in
HaCaT cell viability can be observed in cells treated with TiO2 even without UV
irradiation, from (93.2 + 1.6)% to (66.2 + 9.8)% at 100 and 500 mg-L™, respectively.
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Figure 4.13: Reduction in HaCaT cell viability due to 24 hour exposure to TiOs,

TiO2@Y203 5 and 10 wt%, expressed as percentage of viable cells with respect to I1Co

control. Compared to TiO2 T indicates p < 0.05, ™ indicates p < 0.01 and T'T indicates

p < 0.001. Compared between the synthesised particles “"indicates p <0.01.

Such high nanoparticle concentrations might cause cell or organelle membrane injury and
oxidative stress [69]. Multiple studies have assessed the cytotoxicity of TiO:
nanoparticles on different systems in the absence of UV exposure and attributed the
observed toxicological effects to increased intracellular ROS production upon
internalisation and subsequent oxidative stress and apoptosis [166-172]. In a theoretical
framework, TiO2 was proposed to have an oxidative stress potential/band gap comparable

to redox potentials of biological reactions involved in the formation of radical species
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[100, 173]. This suggests a favoured electron transfer between TiO. and cellular
components and, consequently, induced oxidative stress [100, 173]. Furthermore, recent
studies on several cell types exposed to TiO2 nanoparticles have found that generated
ROS induced oxidative stress through a cascade of processes initiated by the induction of
endoplasmic reticulum stress and, ultimately, autophagy (Figure H.2) [169, 174-176].
The endoplasmic reticulum is an organelle primarily responsible for protein synthesis,
folding and sorting, and calcium storage and release [175, 177, 178]. Shortage of calcium
causes the inactivation of chaperons in the endoplasmic reticulum which leads to
misfolded proteins [176]. Aggregation of misfolded proteins brings about endoplasmic
reticulum stress and subsequent initiation of the unfolded protein response and autophagy
[172, 175, 176]. These responses are responsible for restoring homeostasis within the
endoplasmic reticulum [175, 176]. Autophagy is the process by which foreign,
unnecessary and dysfunctional cellular matter within the cytoplasm is encapsulated in a
vesicle, which then fuses with a lysosome resulting in the degradation of the unwanted
products [169, 179]. This process, is triggered by oxidative stress mechanisms such as
mitochondrial damage or, as mentioned before, endoplasmic reticulum stress [172]. Thus,
autophagy is involved in the improvement of stress conditions through the clearance of
aggregated misfolded proteins. Autophagy in the presence of TiO. nanoparticles has been
evaluated and shown through TEM, where a double membrane organelle contained
cellular material, as well as TiO» particles [180]. Hence, in a similar fashion, in our case,
at low TiO2 nanoparticle concentrations no toxicological effects were observed in HaCaT
cells (Figure 4.13) possibly due to successful degradation of potentially internalised TiO-
[169] or oxidated damaged molecules and cell structures due to ROS generation [180].
However, at higher nanoparticle concentrations possible autophagy blockade occurred,
and thus, impeded clearance of oxidative stress inductors and damaged cellular
components, resulting in organelle damage, mitochondrial dysfunction through an
imbalance of calcium and oxidative stress through imbalance of free radicals, as
previously reported [172, 174, 178].

Commercial TiO2 nanoparticles caused the highest cell viability reduction followed by
TiO.@Y20; 5 and 10 wt% at the highest tested concentration of 500 mg-L*
((91.7 £ 3.6)% and (103.71 + 0.07)%, respectively), compared to 1Co. Such an outcome
could be the result of larger TiO.@Y203 10 wt% particles formed in media (Table 4.5),

compared-to.the.other,two samples, suggesting that both particles tend to form clusters
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when dispersed in solution; however, these differences are not significant. Thus, another
explanation could be the reduced photocatalytic activity of TiO> because of the presence
of Y203 as TiO.@Y203 10 wt% yields the lowest activity followed by TiO.@Y203 5 wt%
and TiO». This trend is highlighted by the calculated differences in NOAEC values (Table
4.5). Furthermore, TiO2@Y203 10 wt% treatment at 500 mg-L™* promoted cell viability.
As reported in the literature [101, 111, 181], Y203 behaves as an antioxidant implying
that at high nanoparticle concentration, potential free radicals generated due to
nanoparticle presence could have been scavenged by the antioxidant coating layer. Hence,
oxidative stress mediated toxicity mechanisms explained above could have potentially
been avoided. Similarly, suppression of fullerene nanoparticle oxidative stress mediated
autophagy in HelLa cells was achieved by N-acetylcysteine, an antioxidant [172]. The
study of the potential cyto- or geno-toxic mechanisms of TiO2 in HaCaT cells are out of
the scope of this thesis. Nevertheless, we can infer that TiO, ROS generation mediated
cytotoxicity in HaCaT cells is the main toxic mechanism as the cytotoxicity was affected

by the presence of Y203, an antioxidant as per previous studies.

Table 4.5: Measured hydrodynamic size of the tested nanoparticles in DMEM/F12 media
and calculated NOAEC, ICso and TLC end points of the tested nanoparticles in HaCaT
cells after 24 hour treatment in the absence of simulated solar radiation.

Hydrodynamic NOAEC I1Cso TLC
Sample )
size (nm) (mg L1 (mg-LY)  (mg-L?)
Zn0 75+6 <25 11+1 100+ 2
TiO; 70x1 1005 > 500 > 500
TiO.@Y203 5 wt% 69 +2 200+ 2 > 500 > 500
10 wt% 75+4 500 + 1* > 500 > 500

*The observed effect is positive not adverse (NOEC).

The ICso obtained for these samples are highlighted in Table 4.5. All tested particles
display 1Cso above the treatment concentrations employed. Similarly, Dechsakulthorn et
al. (2008) calculated an ICso of (2.70 + 0.67)x10° mg-L* for TiO, incubated with human
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skin fibroblasts [21]. The difference in these two ICso values could be due to the protocol
followed as Dechsakulthorn et al. (2008) did not allow the cells to attach to the wells for
24 hours prior to the addition of the nanoparticles, but rather mixed the cells and
nanoparticles at the same time. Moreover, the reported ICso values depend on the cell line
used. For instance, in the study of the toxicity of TiO, towards two malignant bone tumour
cell lines for a 24 hour assay, ICso values of (210 * 15) mg-L? and
(5.41 + 0.05)x10° mg-L* were obtained [182]. Hence, highlighting the effect of the
protocol and cell line used in toxicological studies since, as shown, cell lines differ in
inherent resistance against the same nanoparticles; thus, multiple 1Cso values are obtained
for the same nanomaterial. Nevertheless, the synthesised particles seem to promote cell
viability since, as mentioned above, Y:0s could potentially be acting as an ROS
scavenger. Hence, cell viability seems to increase with increasing nanocomposite

concentration (Figure 4.13).

Thus, these results show that in the absence of UV light the as-synthesised particles are
less toxic than TiO., protecting the cells against potential oxidative stress and cell death,

highlighting their improved biocompatibility.
4.4.2.2 Inthe presence of UV light

The effect of TiO2, TiO2@Y203 5 and 10 wt% was assessed in HaCaT cells treated with
these nanoparticles for 24 hours after 5 and 15 min exposure to simulated solar radiation
as to emulate real life conditions (Figure 4.14). From the previous section, a reduction in
cell viability was observed above 100 mg-L™, suggesting cytotoxicity from possible
oxidative stress induced cell or organelle damage. Thus, in this case, cells were treated
with a nanoparticle centration range between 0-100 mg-L™ as to ensure any effect caused
on the cells did not rise from the intrinsic properties of the particles but rather from their
photocatalytic activity and subsequent free radical generation, reduction or lack thereof.

As shown in Figure 4.14, 5 and 15 min exposure of HaCaT cells to simulated solar
radiation resulted in a dose dependent cell viability reduction to (43 + 3)% and (22 + 3)%,
respectively, as compared to a non-irradiated cell control plate set as 100% cell viability.
Several studies have investigated the effect of UV radiation in HaCaT cells, establishing
that UV radiation acts as a stressor in HaCaT cells, resulting in inflammation, oxidative

and endoplasmic reticulum stress mediated apoptosis and cell proliferation inhibition
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[183-189]. The irradiation dosage plays an important role in the resultant deleterious
biological effects. It has been found that HaCaT cells exposed to UVB (10-30 mJ-cm?)
resulted in increased ROS levels within the cells, causing cell viability reduction in a dose
dependent manner [183]. Additionally, the produced ROS facilitated calcium storage
depletion in the endoplasmic reticulum leading to, as mentioned in the previous section,
endoplasmic reticulum stress [183]. In a recent study, superoxide dismutase activity was
significantly diminished in HaCaT cells after UVB irradiation (70 mJ-cm?) [190].
Superoxide dismutase is an enzyme responsible for maintaining balanced levels of ROS
by converting superoxide anions into hydrogen peroxide and molecular oxygen within
the cells [28].
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Figure 4.14: Change in HaCaT cell viability after 24 hour treatment with TiOz and
TiO.@Y203 5 and 10wt% at 25, 50 and 100 mg-L* upon (a) 5 and (b) 15 min UV
irradiation, expressed as percentage of viable cells with respect to 1Co control (no UV).

Cells (control) group has been plotted for each nanoparticle concentration to assist with

comparisons. Compared with cells (control) T indicates p < 0.05, 7' indicates p < 0.01
and "' indicates p < 0.001. Compared to TiO, ** indicates p < 0.01 and *** indicates
p < 0.001. Compared to TiO2@Y203 5wt% * indicates p < 0.05.

Notably, at low UV doses the tested particles provided protection against UV radiation;
however, at higher doses these particles induced cell death (Figure 4.14). This suggests
the governance of different nanoparticle properties upon 5 and 15 min UV exposure, in
addition of potential ROS scavenging from Y20s. For instance, in the first case, the UV

absorption efficiency of the tested particles prevails over free radical formation in a
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concentration dependent manner. Nanoparticle treated cells resulted in higher cell
viability than the control, most likely due to their absorptivity properties (Section 4.2).
Furthermore, this also explains why TiO.@Y203 10 wt% resulted in the highest cell
viability at all concentrations tested. Nevertheless, such an effect is only significant from
50 mg-L* for TiO.@Y203 10 wt% and at 100 mg-L™ for TiO; and TiO.@Y203 5 wt%
((52 = 4)%, (48 £ 4)% and (49 £ 1)%, respectively) (Figure 4.14 (a)). This effect was
further enhanced by TiO.@Y203 5 and 10 wt% due to improved UV absorption compared
to TiOz resulting in greater protection against UV radiation than TiO2. However, such an
improvement is only significant for TiO,@Y203; 10 wt% at 100 mg-L™* where a cell
viability of (57 £ 2)% compared to (48 + 4)% for TiO, was obtained. Similarly, silver
nanoparticles have been found to also protect HaCaT cells exposed to low levels of UVB
(40 mJ.-cm™) [191].

In the second case, the tested particles reduced cell viability in a concentration dependent
manner (Figure 4.14 (b)), most likely due to ROS generation owing to their photocatalytic
nature (Section 4.3), as supported by previous studies [20, 46, 97, 98, 192, 193]. Upon
UV exposure, excitation of the tested nanomaterials could have occurred as per Section
4.3, and thus, the formed electron could have potentially reacted with molecular oxygen
to generate ROS, ultimately resulting in cyto- and geno-toxicity through the complex
network of processes mentioned in the previous section [194]. As observed in Figure 4.14
(b), the higher the yttria content, the less pronounced the cell viability reduction appeared.
These results coincide with the reduction in photocatalytic activity of TiO2 with
increasing yttria content. No significant differences in cell viability were obtained when
the nanoparticle concentration was 25 mg-L™, neither compared with the control nor
between nanoparticles. However, a significant cell viability reduction took place with
TiO, treated cells at 50 and 100 mg-L™((11 + 2)% and (9 + 2)%, respectively). A
significant cell viability reduction at 50 mg-L™ due to TiO.@ Y203 5 wt% and at
100 mg-L* due to 5 and 10 wt% composites occurred ((19 * 1)%, (15 + 2)% and
(18 £ 3)%, respectively), compared to the control. In addition of being less
photocatalytically efficient, and consequently being less prone to generate ROS, the
synthesised composites could potentially be preventing cell death through the scavenging
behaviour of the coating layer. As mentioned before, Y203 behaves as an antioxidant,
hence, the detected inhibition on cell viability reduction could be a product of the

suppression of ROS mediated cytotoxicity, as reported for multiple antioxidants [175,
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183, 185, 195]. A series of studies have documented the inhibition of endoplasmic
reticulum stress induced apoptosis upon treatment with antioxidants, resulting in the

suppression of endoplasmic reticulum stress and consequent apoptosis [183, 195].

Cell protection and induced cell death upon 5 and 15 min UV irradiation occurred in a
concentration dependent manner for all the assessed nanomaterials. Titanium dioxide
caused the highest cell viability reduction after 15 min UV exposure. Between the
synthesised nanoparticles, TiO.@Y203 10 wt% provided the most protection and least
ROS formation. Such outcomes are hypothesised to be the result of a combination of a
charge transfer blockage and free radical scavenging due to its coating layer; hence,

displaying the highest biocompatibility between these particles.
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Chapter 5

Conclusion and Future Work

In this project, TiO2@Y (OH)3/Y203 nanoparticles with varying yttrium content were
synthesised through a hydrothermal method. The crystal structure and composition,
specific surface area, size and morphology of these particles were studied. Additionally,
the optical properties of these particles were also investigated. It was found that the
introduction of yttrium on TiOz resulted in a high absorbance in the UVB and short UVA
region, thus highlighting the potential application of these nanoparticles as UV filters.
Moreover, scattering in the visible region was reduced, compared to pristine TiO., further
highlighting the applicability of these particles in sunscreen products as these will appear
transparent and be more aesthetically pleasant. Furthermore, a significant reduction in the
photocatalytic activity of TiO2 was achieved by these composites, as assessed upon UV
and simulated solar irradiation. The underlying mechanism of such reduction was most
likely due to an active charge carrier transfer blockage from the coating layer, as well as,
the free radical scavenging property of yttrium oxide. Moreover, the toxicity of these
composite particles along with pristine TiO2 and ZnO in the absence of UV light was
assessed in HaCaT human skin cells for 24 hour exposure via the MTS tetrazolium salt
assay. The commercial samples, ZnO and TiO>, displayed the highest toxicity towards
HaCaT cells, the former being the most cytotoxic. The coated TiO.@Y203 5 and 10 wt%
particles exhibited the highest cell viability in all the tested conditions. Such an effect was
found to be strongly related to the Y20z content, in that, the higher the Y203 loading, the

higher the cell viability. In the absence of UV radiation, the composites seemed to
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promote cell proliferation in a concentration, and yttria loading, dependent manner. Such
an effect was suggested to be due to the antioxidant behaviour of the coating layer, as it
has been previously reported in the literature. Under more realistic conditions, i.e. under
simulated solar radiation, TiO. based nanoparticles were shown to induce contrasting
effects at low and high UV doses, with cell protection against incident radiation and
increased cell death, respectively. Protection and cell death were attributed to the
previously determined UV absorption and photocatalytic efficiencies of the tested
materials, respectively. Thus, TiO.@Y203 10 wt% displayed the highest protection and
least induced cell death followed by the 5 wt% composite and TiO2. These results
highlight the improved biocompatibility of TiO2 upon coating with Y20Og3, as a potential
result of the antioxidant coating layer. Overall, the synthesised nanomaterials show
improved optical properties and biocompatibility and reduced photocatalytic activity,
thus highlighting the potential benefits of the inclusion of these materials in sunscreen
products for UV filtration.

The findings of this thesis highlight the complexity of the underlying toxic mechanism of
nanoparticles in living organisms. As such, additional techniques should be used in
conjunction with the MTS tetrazolium salt assay in order to elucidate the mechanism by
which these particles exert toxicity in HaCaT cells. Also, longer treatment times could be
used to determine subchronic effects caused by these particles as after sunscreen
application they might remain in the skin even after long periods of time. The synthesised
particles reduced intracellular ROS levels, possibly due to the antioxidant behaviour of
the yttria coating layer, and thus, prevented cell death due to oxidative stress. Oxidative
stress has been linked to multiple diseases including cancer; hence, the synthesised

particles could potentially be used as therapeutic agents.
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Appendix A

Synthesis of Y203

Synthesis of Y.03 via a hydrothermal method involved the precipitation of Y(OH)s
through the addition of NaOH (Equation A.1) followed by the calcination of the
hydroxide precursor formed (Equation A.2), as proven by their XRD patterns (Figure 4.1

(b)).
Y(NO3)s-6H:0 (aq) + NaOH (ag)—> Y(OH)s () (A1)
A
2Y(OH)3(s) — Y203 (s) + 3H20 (A.2)

As previoulsy mentioned in Section 3.2, the synthesised Y(OH)s and Y203 particles
display high crystallinity as confirmed by the sharp peaks in Figure 4.1 (b).

84

www.manaraa.com



Appendix B
X-ray Diffraction

B.1 Mean crystallite size

The mean crystallite size was calculated using Scherrer equation on the (101) anatase

plane as following [129]:

b= 091
- BcosO

(B.1)
Where A is the CuKa wavelength (1.54059 A), B is the FWHM (full width at half

maximum) (minus the broadening caused by the silicon substrate and instrument which

was measured to be 0.142) and 0 (in radians) is the Bragg angle at (101).
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B.2 X-ray diffraction pattern 86

B.2 X-ray diffraction pattern
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Figure B.1: X-ray diffraction pattern of ZnO.
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Appendix C
Electron Microscopy

C.1 Scanning Transmission Electron Microscopy (STEM)

Figure C.1: STEM micrographs of (a), (b) TiO2 and (c), (d) annealed TiO-.
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C.1 Scanning Transmission Electron Microscopy (STEM) 88

Figure C.2: TEM micrographs of TiO.@Y(OH)s at (a) 5 wt%, (b) 10 wt% and (c) 25
wt% Y content.

Figure C.3: Sheet and rod particles present in (a) TiO.@Y(OH)s and (b) TiO2@Y 203 at
10 wt% Y content.
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C.2 Enerqy-dispersive X-ray Spectroscopy (EDS) 89

C.2 Energy-dispersive X-ray Spectroscopy (EDS)

Figure C.4: EDS mapping of (a) TiO-@Y (OH)s 10 wt% and (b) TiO2@Y 203 25 wt%
Y content. Red and green regions correspond to Ti and Y atoms, respectively.
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C.3 Size distribution
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Figure C.5: Particle size distribution histograms of commercial ZnO, TiOz and
annealed TiO- (top to bottom) as measured from TEM micrographs.
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C.3 Size distribution 91
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op.to bottom) as measured from TEM micrographs.
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C.3 Size distribution
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Appendix D

Optical Properties

D.1 Rayleigh scattering

The absorption and scattering of nanoparticles in suspension primarily depend on the size
of the nanomaterial and the wavelength (L) of the incident radiation [196]. Scattering due
to nanoparticles less than a tenth in diameter (d) of A, is governed by the Rayleigh

scattering regime (Equation D.1).
Iy Lreos’s (2n)4 (n2-1)2 (d)6 o1
~ 0 R? ) \2+2/) o (-

Where | and lo are the intensity and initial intensity of the scattered light, respectively, 6

the scattering angle of the scattered light, R the distance to the scattering particle and n
the refractive index. The intensity of the scattered light (1) can be approximated to 1-A*
[197]. Hence, smaller particles scatter shorter wavelengths more intensely, as shown in
Figure 4.9. The synthesised samples do not scatter as much visible light as pristine TiOg,

which has been determined to be larger than the coated particles (Section 4.1).
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D.2 UV-vis spectroscopy 94

D.2 UV-vis spectroscopy
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Figure D.1: UV-vis spectra of the synthesised Y (OH)z and Y203 particles suspended in
ethanol.

D.3 Band gap energy (EQ)
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Figure D.2: Tauc plot constructed from the UV-vis absorption spectrum of TiO> along
with (a) TiIO.@Y(OH)s and (b) TiO2@Y203 nanoparticles at varying Y content
suspended in ethanol.
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Appendix E

Photocatalytic activity and Langmuir-

Hinshelwood Kinetics

E.1 Langmuir-Hinshelwood kinetic plots
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Figure E.1: Kinetic plots derived from the Langmuir-Hinshelwood model for
commercial TiO2 and ZnO excited trough (a) UV radiation and (b) simulated solar

radiation.

95

www.manaraa.com



E.1 Langmuir-Hinshelwood kinetic plots
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Figure E.2: Kinetic plots derived from the Langmuir-Hinshelwood model for
TiO.@Y (OH)zand TiO.@Y 203 excited under UV radiation (a) and (b), respectively,

and under simulated solar radiation (c) and (d), respectively, at varying Y content.
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E.2 Dye sensitisation process of TiO2 under simulated solar radiation 97

E.2 Dye sensitisation process of TiO, under simulated solar

radiation

Figure E.3: Diagram of the dye sensitisation process of TiOz (grey) at varying Y203

(blue) coating thickness.
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Appendix F

Cell optimisation
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Figure F.1: 48 hour cell optimisation.
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Appendix G

Chamber set up

Figure G.1: Chamber used to assess the toxicity of TiO2 based nanoparticles under
simulated solar radiation.
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Appendix H

Toxicity mechanism of ZnO and TiO>

Figure H.1: Toxic mechanism of ZnO in cells. Figure reproduced from Liu et al.
(2016) [69].
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Figure H.2: Schematic toxic mechanism of TiO. in human bronchial epithelial cells in
the absence of UV light. Figure reproduced from Yu et al. (2015) [174].
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