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1 Abstract

Over the past few years, tremendous research concerning the possibilities of gold
nanoparticles in medicine has been conducted. AuNPs are considered to be unique
nanostructures due to their extraordinary chemical and physical properties. This dissertation
aims to bring into light the potential applications of gold nanoparticles for both diagnostic
and therapeutic purposes in ophthalmology. More specifically, attention will be drawn to the
utilization of AuNPs as contrast agents (CA) in Optical Coherence Tomography (OCT) and
Photoacoustic Imaging (PAIl), two novel imaging modalities for the visualization of the eye.
The in vitro, ex vivo, and in vivo studies investigating and supporting this concept will be
presented thoroughly, to elucidate whether AuNPs are eligible for imaging enhancement
owing to their optical characteristics. Then, the ability of gold nanoparticles to act as anti-
angiogenic factors for the management of various ocular diseases will be presented and data
from in vitro and in vivo studies will be analyzed. Finally, ocular distribution and
biocompatibility of AuNPs will also be discussed. The dissertation’s ultimate purpose is to
overview the research work regarding the use of gold nanoparticles as contrast agents in
imaging modalities and as anti-angiogenic factors against ocular neovascularization, thus
improving both ophthalmic diagnosis and management. To our knowledge, this is the first
work in current literature to investigate the use of gold nanoparticles as “theranostics” in
ophthalmology, in hopes of unveiling potential future perspectives and encouraging further

research.

Keywords: Gold Nanoparticles, Ophthalmology, Optical Coherence Tomography,

Photoacoustic Imaging, Molecular Imaging, Ocular Angiogenesis, Toxicity



2 Introduction

Nanotechnology is one of the fastest advancing fields in scientific research. In 1959
Richard P. Feynman notably stated during the annual American Physical Society meeting that
“There's Plenty of Room at the Bottom”, in an attempt to present the enormous possibilities
offered within this field and is therefore considered the father of nanotechnology [1].
Nevertheless, the term “nanotechnology” was first introduced by Japanese scientist Norio
Taniguchi in 1974 and refers to the interdisciplinary branch of science dealing with the
design, engineering, and application of materials and devices, whose dimensions belong in
the nanoscale, namely their size typically ranges between 1-100 nm. A nanometer is
equivalent to one billionth of the meter and materials belonging to this scale are associated
with numerous extraordinary characteristics, which allow novel applications and
revolutionary developments in a variety of sciences [2].

Nanoparticles (NPs) can be classified into different categories according to their
morphological, mechanical and chemical characteristics, with the most prevalent being
carbon-based NPs (fullerenes, carbon nanotubes), metal NPs (Au, Ag, Cu), semiconductor
NPs, lipid-based NPs and polymeric NPs [3]. Nanomaterials present different physical, optical,
chemical and electrical properties when compared to their bulk counterparts, which can be
attributed to the surface and quantum effects. When the size of a material is decreased, a
significant increase in the ratio of surface area to volume is to be observed. This improves the
reactivity of the material’s surface and affects the ability of the particle to interact with other
materials and biological systems [4] [5].

The innovative applications of nanotechnology in medicine are described by the term
“nanomedicine”. In recent years, exponential growth in the medical field has been observed
and scientific research is conducted with rapid progress. Nanotechnology has paved the way
for the development of novel drug delivery systems with site-specific targeting, the design of
nanovaccines, advances in tissue engineering, gene therapy, the enhancement of bioimaging,
as well as the fabrication of nanobiosensors and monitoring devices [6] [7] [8]. This
burgeoning in medical diagnosis and therapy can bring a positive impact on public health and

improve the monitoring and management of various diseases in the following years.



Among the medicinal branches exploiting the advantages of nanomaterials and
nanotechnology, Ophthalmology can also benefit from the introduction of this emerging
science. According to World Health Organization, blindness and visual impairment affect
more than 2.2 billion people worldwide, posing a paramount social and economic burden.
The most prevalent diseases impairing visual acuity in the western world are cataract, age-
related macular degeneration (AMD), diabetic retinopathy (DR), and refractive errors [9].
Therefore, it is imperative that early diagnosis and management of the above pathological
entities be improved.

Nanotechnology can accelerate progress toward imaging and therapy in
ophthalmology. Nanoparticles have already been employed for ocular drug delivery, due to
their ability to be engineered in a way that allows them to transcend the physical and
anatomical barriers of the eye [10] [11]. In this dissertation, the potential applications of gold
nanoparticles will be illustrated. Gold nanoparticles present optical properties which can be
advantageous for ocular imaging with Optical Coherence Tomography (OCT) and
Photoacoustic Imaging (PAl). As a result, molecular imaging can be performed and allow
diagnosis of the diseases at an early stage, before vision loss takes place. Gold nanoparticles
also exhibit anti-angiogenic properties and could be used for the management of ocular
diseases which are characterized by neovascularization. Therefore, gold nanoparticles are
attractive candidates to be used as “theranostics” in ophthalmology, by combining their
capacity of enhancing ocular visualization and management of neovascular conditions in the

eye.
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3 Theory
3.1 Imaging in Ophthalmology

3.1.1 Anatomy of the eye

Prior to attempting to study the imaging modalities currently being used in the field
of ophthalmology, a brief description of the anatomical structures of the eye is required. The
eye is a complex and highly specialized sensory organ, whose main functions involve the
detection and focus of visual stimuli, as well as the conversion of light into electrical signals
that are conveyed to the brain, in order to form an image and initiate the visual process. The
ocular structures are enclosed by three layers [12].

The outermost fibrous layer consists of the sclera and the cornea, and is responsible
for maintaining the rigidity of the globe of eye. The vascular layer lies beneath the fibrous
layer, and is formed by blood vessels and connective tissue. It is compromised by the
choroid, the ciliary body, and the iris. The third and innermost coat of the eye contains the
retina, which is a light-sensitive layer of nervous tissue with the ability to transmit visual
signals to central targets. The retina is structured of several layers consisting of neurons,
photoreceptors cells, and blood vessels, which can be histologically divided into ten distinct
layers: the inner limiting membrane (ILM), the retinal nerve firer layer (RNFL), the ganglion
cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear layer (INL), the outer
plexiform layer (OPL), the outer nuclear layer (ONL), the external limiting membrane layer
(ELM), the inner segment / outer segment layer (IS/0S), and finally the retinal pigment
epithelium (RPE) [13]. The crystalline lens is located posteriorly to the iris and its primary
function is to focus light on the retina. The vitreous body is a clear, semisolid gel structure
that occupies the space between the lens and the retina [14] [15]. The major structures of
the eye are seen in Figure 1.

The blood-retina barrier (BRB) consists of both the inner and the outer barrier. The
outer BRB is formed at the level of the RPE cell layer, and its main function is the regulation
of the movement of solutes and nutrients from the choroid to the subretinal space. The inner

BRB is similar to the blood brain barrier (BBB) and lies in the inner retinal microvasculature,
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formed by the microvascular endothelium lining these vessels. The tight junctions between
these cells mediate highly selective diffusion of molecules from the blood to the retina,

rendering this barrier essential in maintaining homeostasis of the retinal tissues [16] (Figure

2).
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Figure 1. Anatomy of the human eye (horizontal cross section). Obtained from Encyclopaedia
Britannica, Inc.
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Figure 2. The retina is the innermost ocular structure and is responsible for the translation of light
into electrical signals. The BRB consists of the inner and outer barrier. The outer BRB (a) consists of
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reprinted from Sharma et al. [17]
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3.1.2 Novel imaging modalities in Ophthalmology

Over the last two decades, ophthalmic imaging has been gaining significant
importance, becoming an indispensable part in the clinical diagnosis and management of
various ocular diseases, affecting both the anterior and posterior segment of the eye [18].
The development of new imaging techniques was marked by such great advancements, that
led to the shifting of their role from simple photographic documentation to highly advanced
diagnostic tools, allowing the objective assessment of various ocular structures in detail,
unavailable to conventional examination techniques. This progress enabled clinicians to gain
a better understanding of ocular health and disease, as well as a new insight into previously
undiagnosed conditions [19]. Presented below are the most commonly used ophthalmic
imaging modalities in clinical practice, mainly focusing emphasis on the recent advances in
eye imaging techniques and clinical applications.

Fundus fluorescein angiography (FFA) is an invasive diagnostic procedure, which
allows the assessment of the structure, physiology, and pathology of the retinal circulation,
by using different barrier and excitation filters. FFA involves the intravenous injection of
sodium fluorescein, a small-sized molecule that can easily diffuse through the retinal
capillaries forming the inner blood-retina barrier and can therefore indicate retinal areas of
disrupted blood-retina barrier through leakage. However, FFA is not suitable for
detailed imaging of the choroidal circulation due to profound dye leakage from the
fenestrated choroidal blood vessels. Following the administration of fluorescein, a series of
several normal phases can be identified in the retinal circulation. Understanding these
normal phases, as well as detecting and interpreting defects in each phase, is deemed
essential for the accurate diagnosis and evaluation of various ocular pathologies [19] [20]
[21].

Indocyanine green angiography (ICGA) is another invasive diagnostic procedure, used
for visualizing the choroidal vasculature. It incorporates the intravenous administration of
indocyanine green, a larger molecule which cannot escape from the choriocapillaris, and
therefore allows imaging of the choroidal circulation when combined with the use of an
infrared camera. It slowly diffuses through the choroidal, staining in the choroid over the

14



course of 12 minutes after injection. ICGA can provide useful information in the detection
and follow-up of various choroidal disorders, including central serous chorioretinopathy,
polypoidal choroidal vasculopathy, occult CNV in AMD, as well as intraocular tumors and
inflammatory conditions.

Ocular ultrasonography is a safe, non-invasive diagnostic tool, routinely used in
clinical practice for the assessment of anatomical ocular integrity and pathology. B-scan
provides two-dimensional cross-sectional images of the eye and orbit, using combined
multiple A-scan echoes. It enables indirect visualization of intraocular lesions in patients with
anterior segment opacities that obscure imaging i.e. corneal opacities, dense cataracts, or
vitreous hemorrhage. The resolution of standard clinical US is defined by the sound
wavelength in ocular tissue to about 150 um. However, B-scan ultrasonography represents
an important adjuvant in the assessment of ocular pathologies by obtaining information not
accessible through clinical examination alone [22] [23] [24].

In this dissertation, emphasis will be given to two novel imaging modalities: Optical
Coherence Tomography (OCT) and Photoacoustic Imaging (PAIl). More specifically, interest
will be focused on how nanotechnology can improve these techniques and enhance progress

in ocular imaging in the future.
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3.1.3 Optical Coherence Tomography

Optical Coherence Tomography (OCT) was first introduced in 1991 by Huang et al.
[25]. They presented a non-invasive technique which uses low-coherence interferometry and
achieves cross-sectional 2D imaging of internal biological structures by measuring their
optical reflections. The system is based on a Michelson interferometer, which calculates the

interference signal from a sample and the reference beam (Figure 3)
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Figure 3. OCT is based on low-coherence interferometry, where the light returning from the eye
interferes with light from a known path length. This is achieved with the help of a Michelson
interferometer (a) and a fiber-based OCT setup (b). Light emitted from a source is divided in two
directions towards two mirrors, the reference (R) and the sample (S). This interference pattern allows
the establishment of the degree and depth of reflectivity in the imaging tissue. [26]

Optical signals transmitted through or reflected from tissues provide information
acquired from the time-of-flight delay, which in turn offers spatial data of the tissue
microstructure. It is similar to the philosophy behind ultrasound, but this time the optical
reflectivity is calculated instead of the acoustic one. Most OCT systems use near-infrared
(NIR) light (around 850 nm), since it has the benefit of deeper tissue penetration [27] [28].
OCT offers the advantage of longitudinal and lateral spatial resolution of micrometers and
depth penetration of millimeters (10 um). This high depth resolution is particularly useful for
imaging deep tissues in the posterior segment of the eye, like the intraretinal layers [29] [30]

[31] (Figures 4 and 5).
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Since then, this imaging modality has become a key diagnostic tool in the field of
ophthalmology and is considered to be a gold standard for the detection of a wide range of
diseases and pathological conditions of both the anterior and posterior segment of the eye.
Among those belong age-related macular degeneration (AMD), macular edema, choroidal
neovascularization (CNV) and glaucoma [32] [33] [34] [35]. One of the most important traits
of OCT over conventional imaging modalities like FA and ICG angiography is the ability of
non-invasive imaging of retinal anatomy and morphology. However, one of its major
disadvantages is the fact that it mainly provides us with structural information about the
tissue.

In order to improve the OCT images, researchers have combined novel imaging
technologies with OCT systems, known as OCT adjuncts. The OCT technique used in clinical
practice is called time-domain OCT, because a sequence of samples revealing depth
information are obtained over time [26]. Other adjuncts include photothermal OCT (PT-OCT),
which can identify thermal changes which affect the optical path, and Spectral Domain OCT
(SD-OCT) [36] [37]. With OCT angiography (OCTA) [38] we are able to image blood vessels
and evaluate retinal blood flow, polarization-sensitive OCT (PS-OCT) [39] uses the
birefringence of the retina to provide contrast and optical coherence elastography (OCE) [40]
gives us information about the corneal mechanical characteristics. The vascular blood flow
can also be measured with the assistance of Doppler-OCT, which detects phase changes [41]
[42].

It is worth mentioning that aside from ophthalmology, OCT is considered to be a
revolutionary imaging system in other fields of medicine for the visualization of a variety of

tissues, including the gastrointestinal tract and vascular tissues [43] [44].
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Vitreous

Figure 4. OCT image of the retina and the optic disk of the human eye as presented by Huang et. al
[25] The cornea and the lens were removed and the OCT beam was focused on the retina. The
structures to be seen are the vitreous, the retina, the subretinal fluid (SRF), the retinal pigment
epithelium (RPE), the choroid, the sclera and blood vessels (BV). The anatomical structures visualized
by OCT correlated with the histological analysis.
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Figure 5. Cross sectional OCT images of the healthy human retina. The retinal layers are shown
with arrows. [45]
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3.1.4 Photoacoustic Imaging

Photoacoustic imaging (PAl), also known as optoacoustic imaging, is an emerging non-
ionizing imaging modality, which is characterized by the combination of the high contrast of
optical imaging as well as the high spatial resolution of the US [46] [47]. It is a non-invasive
technology based on the photoacoustic effect, which was first observed by Alexander G. Bell
in 1880 [48]. The PA effect concerns the acoustic wave production as a result of the optical
irradiation of biological tissue through a pulse laser beam. Endogenous chromophores or
exogenous contrast media absorb the energy of the light, and heat is released due to
thermoelastic relaxation. The occurring pressure waves, named PA waves, are then detected
by the US transducer, and image is reconstructed. PAl is a technology which merges light and
sound and the term “Light In and Sound Out” is therefore used to describe this technique
[47].

Over the last years, the interest in the use of this imaging modality has been growing
rapidly [49]. Photoacoustic imaging differs from other imaging modalities like OCT and US, in
the sense that it portrays optical absorption and is not influenced by the mechanical and
elastic characteristics of the tested tissue [50]. Thus, it allows us to gain anatomical,
structural as well as molecular knowledge concerning a tissue with a high spatial resolution
(as low as 5 um) in real-time and higher penetration depth [51] [52]. In the NIR, the tissue
absorption and background scattering generated are low, therefore allowing penetration
depth of several centimeters and resolution of a few hundred micrometers. This wavelength
region is referred to as the “tissue transparency window” [53].

Three groups of PAI are recognized: Photoacoustic Tomography (PAT), Photoacoustic
Microscopy (PAM) and Photoacoustic Endoscopy (PAE) [54]. Additionally, photoacoustic
imaging can be employed in combination with OCT or other imaging technologies, using a
multimodal imaging system with a different or mutual light source, to provide more
information regarding the target tissue. [55].

Since Wang et al. [56] used PAI to view the hemodynamic responses in rat brain, the

application of PAl in different medical fields has been encouraged, including cardiology and
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oncology [57] [58]. The introduction of PAIl in ophthalmology has also been suggested and
appears to be promising, due to the presence of endogenous light-absorbing molecules
within the eye; melanin and hemoglobin [59] [60]. These molecules provide intrinsic tissue
contrast and enable structural and physiological imaging of blood vessels and ocular tissues
containing melanin, such as the iris, the choroid and the RPE. This could be beneficial for the
diagnosis and monitoring of ocular pathological conditions and diseases, which affect the
presence of the aforementioned molecules. Examples include neovascularization in AMD and
ocular tumors, as well as pigmentary disorders.

Even though PAI exhibits various benefits, it has not yet been implemented in
ophthalmology. Research groups endeavor to design an ocular photoacoustic imaging system
that could be applicable to humans, but further investigation is necessary. Photoacoustic
Ophthalmoscopy (PAOM) has also been designed by research groups with the purpose to
study the tissues of the posterior segment of the eye of small animals [54]. Figures 6 and 7
represent images from PAl systems that have been engineered for ocular imaging in animals

in vivo.

20



Figure 6. De la Zerda et al. [61]

designed a PAIl system for the

visualization of the blood
100 distribution in rabbit's eye in
vivo. The PA image was taken at
a wavelength of 740 nm. The
red box in the photographic
image (a) shows the region of
the horizontal photoacoustic
image (b). The vertical US image
(c) demonstrates the depth of
the horizontal image with the
dashed red line. Vertical PA
images (d) indicate that this
system was able to detect the
deeper layers of the posterior

1
)

Photoacoustic Signal (a.u.

Retina Retina segment of the eye (retina,
Choroid choroid) and achieve
Sclera 2 ol penetration with high depth.
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Figure 7. A photoacoustic ophthalmoscopy for in vivo imaging of the rat retina was created by Jiao
et al. [62]. PAOM B-scan image shows regions of high PA signals which correspond to the presence
of hemoglobin/blood vessels and melanin/RPE layer, which is seen as a line of high signal
amplitude. The vertical lines represent the position of the vessels. OCT image was also received at
the same time (b). The maximum-amplitude-projection (MAP) of the PA set (c) shows the RPE
boundary.
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3.2 Molecular Ophthalmic Imaging

Even though a variety of ocular imaging modalities are currently being used in clinical
practice, there are still limitations to be dealt with. Morphological changes linked to diseases
are often revealed and can be detected after functional and molecular changes have already
manifested [63]. The disease has often developed to the point that structural damage to the
tissue has already taken place. This is particularly seen in retinal diseases, which can lead to
vision loss before alterations in the tissue can be visualized [64]. As a result, the early
diagnosis of ocular diseases still remains a challenge for physicians, and the necessity for the
advancement of molecular imaging in ophthalmology is growing. Molecular Imaging (Ml)
aims to detect functional as well as molecular changes in the eye and the introduction of
exogenous contrast agents in traditional imaging modalities can enhance the signal and help
us visualize and quantify molecular and biological processes non-invasively [26] [65]. This can
allow physicians to diagnose diseases at an early stage and monitor their progression

effectively.

3.2.1 Contrast Agents for OCT

OCT does not require the addition of a contrast agent to function and provide us with
structural information about the eye; conventional OCT contrast is provided by the
interaction between matter and light; namely optical absorption and scattering of the
examined tissue. Spatial variations in the tested tissue are able to function as an endogenous
source of contrast, due to the different scattering properties that they present. However the
concept of using an exogenous imaging agent to improve image quality and enhance contrast
has been a subject of great interest for researchers.

Designing contrast agents compatible with the OCT system can be challenging since it
uses a coherent light source and therefore cannot visualize contrast agents which disrupt this
technology, such as fluorophores and other dyes [66]. Contrast agents to be utilized in OCT,

need to be able to absorb or reflect light in the spectral range of the system, after having
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reached the tissue that needs to be imaged. Moreover, the developed contrast agents should
be non-toxic, photostable, biodegradable, and able to avoid clearance by the human
reticuloendothelial system (RES), to prolong circulation time [67]. Over the years, several
imaging agents have been suggested for the enhancement of scattering in OCT imaging.
Among those belong microbubbles [68], engineered microspheres [69] [70], melanin and
near-infrared light-absorbing dyes (e.g. indocyanine green) [71] [72]. Metallic nanoparticles

have also been proposed as CA, including ferrous and gold nanoparticles [73] [74].

3.2.2 Contrast Agents for Photoacoustic Imaging

Similarly, the operation of the photoacoustic imaging system also does not demand
the application of an exogenous imaging agent, as it relies on the contrast produced by
endogenous chromophores and intrinsic tissue contrast. This implies, that PAl offers
molecular imaging without the administration of exogenous media, through the usage of
various wavelengths (multispectral imaging) to obtain information from already existing
molecules. To achieve high photoacoustic contrast, the utilization of imaging probes with
high photothermal conversion ability is favorable [75]. However, as in the case of OCT, a
variety of exogenous contrast agents have been used or suggested for the improvement of
photoacoustic imaging. In the case of ocular imaging, this means that information regarding
hemodynamic changes within the vessels of the eye, like blood flow and oxygen saturation,
will be available to physicians.

Several agents have been tested, including small chromophores, small molecules NIR
dyes (like indocyanine green, squaraines, rhodamines, Evans blue dye), and fluorescent
proteins [67] [76] [77]. Nanoparticles have also been administered as contrast agents. Among
the CA in use belong polymer NPs, nanomaterials made from carbon, semiconductor and
plasmonic materials [78] [79] [80] [81]. Au nanoparticles are the most studied type of

metallic NPs, due to their unique optical properties [82] [83] [84].
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3.2.3 Gold Nanoparticles as Contrast Agents

Gold Nanoparticles (AuNPs) are one of the most studied types of nanostructures for
application in bioimaging, due to their highly favorable properties for in vivo imaging. They
are characterized by facile fabrication, chemical stability and biocompatibility. Furthermore,
gold nanoparticles can be functionalized with antibodies, enabling the targeting of specific
tissues and the design of functionalized contrast agents [85] [86]. Nevertheless, their
versatile optical properties are probably their most important feature, as they allow the
control of their function by changing their shape, size and other parameters. The main
characteristics of gold nanoparticles and their optical properties are presented below with

the aim of elucidating their potential function as contrast media in imaging modalities.
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3.3 Gold Nanoparticles

Gold is a noble metal and is considered to be one of the least reactive metals. It is
characterized by its high resistance to oxidation and corrosion. When gold is processed to
belong in the nanoscale, it presents numerous unique physicochemical characteristics that
are not seen in the bulk form or molecular scale [87]. The use of colloidal gold was first
introduced during ancient times as a therapeutic and decorative means in China and Egypt. A
famous example of the decorative application of gold is the Lycurgus cup (Figure 8), designed
in 400 A.D., which presents color change by reflecting green light and transmitting red light,
and can be found in the British Museum [88]. The optical properties of gold nanospheres and
their fascinating variations in color were also exploited over a thousand years ago, to create

colorful glasses in medieval European churches.

Figure 8. The vivid colors of nanoscale gold were perfectly illustrated by Romans in 400 A.D. through
the design of the Lycurgus cup. The cup presents different colors when the light is reflected (a) or
transmitted (b). This artwork is considered to be a milestone in the history of nanotechnology during
ancient times. Obtained from The Trustees of the British Museum / Art Resource, NY

Apart from decorative purposes, the use of colloidal gold has been investigated and
employed for the management of various diseases [89]. The oldest preserved book that
describes the AuNPs medicinal applications was published at the beginning of the 17"
century by Francisco Antonii [90]. Since then, plenty of research has been conducted in quest

of the therapeutic features of gold. In 1925, the use of gold complexes against rheumatoid
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arthritis was examined through clinical trials [91]. The effect on the progress and
management of various other diseases has also been studied, including syphilis, tuberculosis
and discoid lupus erythematosus [92].

Even though the use of gold nanoparticles in medicine has a long history, tremendous
progress has been noted in the biomedical field during the last decades. Their fascinating
properties explain the ascending interest in their study and their application for various
medicinal purposes. More specifically, AuNPs have found appliances in bioimaging, drug
delivery, photothermal therapy, gene delivery, tissue engineering, colorimetric sensing and,
foremost, cancer therapy [93]. Advances in oncology with the use of AuNPs include drug
delivery, photodynamic therapy, photothermal therapy, and imaging. The term
“theranostics” is commonly used to describe the dual ability of gold nanoparticles to provide
therapy and diagnosis simultaneously (therapeutics & diagnostics) [94] [95].

The biomedical applications of AuNPs are directly linked with their physical and
optical properties, which are reported in depth below. Moreover, in vitro studies have
proved the high colloidal stability as well as low acute toxicity of AuNPs and biocompatibility,

which makes them even more attractive candidates for biomedical applications [96].
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3.3.1 Synthesis of Gold Nanoparticles

During the 19" century, Michael Faraday was the first scientist to report the synthesis
of colloidal gold nanomaterials in the literature [97]. He noticed that the use of phosphorus
as a reduction agent for gold chloride produced particles that created a ‘‘beautiful ruby
fluid”’. He realized that the color of these “fine particles” was due to their interaction with
light. This inspired the theoretical work by a German physicist called Gustav Mie, who, using
the Maxwell equations, explained that the ruby color of a spherical AuNP solution relates
with the absorption and scattering of the light interacting with it, at the beginning of the 20t
century [98].

Regarding the synthesis of nanomaterials nowadays, two different techniques can be
applied: either a “bottom-up” or a “top-down” strategy. The “bottom-up” synthesis describes
the use of physical or mechanical methods to “break down” bulk materials for the production
of nano-sized materials. This technology includes the use of procedures like lithography,
etching and mechanical grinding (Figure 9). “Top-down” protocols, on the other hand,
represent the fabrication of NPs through molecular or atomic assembling. Spherical gold
nanoparticles are principally synthesized with a “bottom-up” technique, using a reducing
agent such as NaBHs or sodium citrate, for the reduction of Au (Ill) ions [87]. The concept of
citrate reduction of Au (lll) to Au (0) in water was first established by Turkevitch et al. [99]
during the 20" century, and this technique is still employed nowadays. The green synthesis
of AuNPs through plants’ secondary metabolites and other raw materials has also been a
subject of scientific research over the last years [100].

The fabrication of AuNPs is often characterized by poor colloidal stability and
aggregation. Gold nanoparticles can be stabilized with the addition of various molecules
through thiol-gold interactions [101]. Giersig and Mulvaney [102] revealed that AuNPs can be
stabilized by thiolates via a sulfur bond. The Shiffrin—Brust biphasic synthesis, which is
commonly wused, is based on sulfur coordination and uses HAuClsy, a thiol,
tetraoctylammonium bromide and NaBH4 [103]. To earn better stability, surfactants like
CTAB (cetyltrimethylammonium bromide) or agents that control the surface are often added
[104]. Such surfactants are also used for the fabrication of anisotropic AuNPs [105]. However,
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the addition of CTAB can increase toxicity and has led to cellular necrosis when tested in vitro
[106]. In order to reduce cytotoxicity, achieve better stability as well as increase the ability of

gold nanoparticles to conjugate with other molecules, their surface can be functionalized

with PEG or silica [107].
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Figure 9. Physical, chemical and biological methods for Top—down and Bottom—up synthesis of AuUNPs
as demonstrated by Ovais et al. [108]

Apart from gold nanospheres, gold nanoparticles of various sizes and shapes have
been engineered with appropriate methods over the years, including nanorods [109],
nanoshells [110], nanocages [111], nanostars [112], nanodisks [113] and nanoprisms [114].
Figure 10 demonstrates TEM images of AuNPs with different geometries and sizes. Each of

these AuNPs displays special physical and chemical properties, which will be elucidated

below.
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Figure 10. TEM images of AuNPs of various shapes and sizes: nanospheres (A), nanocubes (B),
nanobranches (C), nanorods with aspect ratio of 2.4 + 0.3 (D), nanorods with aspect ratio of 3.4 £ 0.5
(E), nanorods with aspect ratio of 4.6 + 0.8 (F) and nanobipyramids with aspect ratio of 1.5 + 0.3 (G),
nanobipyramids with aspect ratio of 2.7 + 0.2 (H), nanobipyramids with aspect ratio of 3.9 + 0.2 (l)
and nanobipyramids with aspect ratio of 4.7 £ 0.2 (J). Figured obtained from Chen et al. [115]
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3.3.2 Localized Surface Plasmon Resonance

Noble metals, like gold, are characterized by the collective oscillation of the
conductive electrons when an electromagnetic field is applied. This means, that the
oscillation of the free electrons is driven by an alternating electric field at an eigenfrequency
(wp), which is relative to the lattice of positive ions [116]. This phenomenon is commonly
known as Localized Surface Plasmon Resonance (LSPR), as it leads to the formation of the
localized surface plasmon, which can be characterized as a “negatively charged cloud”
(Figure 11). This process involves two types of interactions between light and matter:
scattering, which results in the light being re-radiated in different directions, but at the same
frequency, and absorption, which causes the conversion of light to heat [87]. Metal particles
that belong to the nanoscale are capable of intensifying the electromagnetic field applied
near their surface and their optical absorption lies in a spectrum with a maximum at the

plasmon resonance frequency [117].

/ \" /‘“\ Light wave

Figure 11. Graphical illustration of Localized Surface Plasmon Resonance (LSPR) band as presented by
Kohout et al. [117]. The yellow circle represents the negative electron cloud and the red one the
positive electron cloud.

Electric Field

The collective oscillation of the conductive electrons results in photon absorption at

different wavelengths, a phenomenon depending on a number of parameters, such as shape
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and size. The way gold nanoparticles interact with light explains the intense colors that gold
nanoparticles present, as opposed to the yellow color of gold in its bulk form (Figures 12 and
13) The LSPR parameters of a gold nanostructure (peak position and scattering to absorption
ratio) are highly dependent on a variety of parameters such as its size, shape, aggregation,
morphology, and surrounding environment [96] [118]. The interaction of gold nanoparticles
with light explains the different colors. It should be noted that the plasmon resonance of gold
nanoparticles cannot be detected if their diameter is less than 3 nm, because molecular

orbitals are created rather than conduction bands [119].
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The alteration of the above factors strongly affects the LSPR and enables the shift of
the absorption band within the visible to the near infrared region (NIR). The electromagnetic
spectrum and the types of electromagnetic radiation can be seen in Figure 14. The NIR is
distinguished into two regions: the NIR | (650 nm—=950 nm) and NIR Il (1000-1350 nm). This
range of the spectrum is considered to be beneficial for optical imaging in medicine because
it allows light to penetrate deeper tissues [122] [123]. This can be explained by the fact that
light absorption by tissue components, including hemoglobin, water and intrinsic
chromophores, is minimum in this region of the electromagnetic spectrum [28]. Therefore
the term “tissue transparency window” or “optically clear window” is often used to

characterize the NIR [124].

frequency wavelength photon energy Figu re 14. The electromagnetic
v (hertz) A (centimetres) hv (electron volts) . .
. ; 1015 ! spectrum. The narrow range of visible
1025 N _ . . . .
! 1 107 light is depicted on the right.
gamma rays ] . . .
] ] The first near-infrared (NIR-I) window
I 10 _] . violet
L1020 | W e indigo corresponds to 650-950 nm and the
I i J ue .
j - X-rays ] ] —— second near-infrared (NIR-Il) to 1000-
3 4 fultraviolet light . 1
1015, 10 5_- - visible light g?:gge 1350 nm.
o Obtained from Encyclopaedia Britannica,
[ 10 | radar waves . i Inc.
10 L microwaves ) 1075
television waves 1
+ radio waves g
105 105+ 1
L ] 10-10
1 1010 10_15_'

© Encyclopzedia Britannica, Inc.

Regarding the absorption band of gold nanostructures, the shift to the NIR can be
achieved either through the interaction between spherical nanoparticles, such as
aggregation, or by designing nanoparticles with a non-symmetrical morphology, which are
named anisotropic NPs.

The absorption peak of Au nanoparticles can be tuned within the broad range of 520-
1415 nm [63]. Gold nanospheres with a diameter of 50 nm have an LSPR peak of around 520

nm, which is too limited to be suitable for in vivo imaging (Figure 15a). The peak absorption
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at this wavelength (green color) interprets the ruby red color which Faraday noticed in the
Au colloid samples, taking into account that it is the complementary color of green. However,
when the diameter of the Au nanospheres is raised to 100 nm, the LSPR peak displays a small
red- shift to 550 nm, which is still not appropriate for in vivo application [125]. This indicates
that it is not feasible to regulate the peak in the range of 700- 900 nm and at the same time

keep the size below 100 nm when it comes to gold nanospheres (Figure 15b).
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Figure 15. The extinction spectra (scattering and absorption) for gold nanospheres of various
diameters were calculated using the Mie theory (a). The LSPR absorption peaks are detected at ca.
520 nm. The increase in the size of Au nanospheres creates a small red shift of the LSPR, which also
appears broader [126].

The LSPR spectra compare the ratios of scattering to absorption for gold nanospheres. It can be noted
that the LSPR peak is below 700 nm for Au nanospheres with a diameter of 150 nm (b).

Abbreviations: ext.: extinction; abs.: absorption; sca.: scattering. [127]

Consequently, by altering the size of spherical AuNPs alone, the LSPR peak remains
out of the NIR spectrum and thus other parameters such as shape, morphology and structure
of the NP need to be adjusted to achieve the desirable LSPR tunability [128] [120]. This
phenomenon can be explained by the ability of these parameters to modify the conditions of
the Maxwell equations, which were solved by Mie and are still used nowadays in a modified
way to predict the scattering and absorption of nanoparticles [126]. Thus, LSRR shifts to the
NIR region can result from small variations of these parameters and this adjustability has

brought great interest toward anisotropic/non-spherical AuNPs for biomedical applications
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[90].

Among the anisotropic NPs that have been studied for their LSRP properties in the
NIR, gold nanorods are probably the most examined type of AuNPs. The first synthesis was
reported in 1977 and was performed through electrochemical reduction and the use of CTAB
[129]. Due to their morphology, the conductive electrons of gold nanorods are able to
oscillate in two different directions resulting in a transverse and longitudinal LSPR peak, with
the latter tuning into the NIR [130]. As a result, the aspect ratio (the ratio of the length of the
long axis to the short axis) is a determinant parameter for the adjustment of the two
separate bands that control the optical properties of gold nanorods. The longitudinal band is
shifted from the visible to the NIR when the aspect ratio is raised, whereas the transverse

band undergoes small blue-shift variations (Figure 16).
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Figure 16. The aspect ratio of gold nanorods determines their optical properties. Vials containing
aqueous solutions of gold nanoparticles are seen in (a). Vial 0 contains gold nanospheres with a
diameter of 4 nm and the vials 1-5 contain gold nanorods with increasing aspect ratio. The absorption
bands of the gold nanorod solutions are seen in (b) and the transmission electron micrographs of the
particles are presented in (c). The scale bars are 100 nm. [131]
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Gold nanoshells, which consist of a metallic shell and a dielectric core, also present
interesting LSPR shifts, depending on their geometry [132] [133]. More specifically, the LSPR
tunability can be accomplished by tailoring the ratio of shell thickness to diameter (Figure
17). The LSPR properties of gold nanoshells are very sensitive to even small changes in the

morphology of the nanoparticles and a NIR shift can be achieved when increasing the shell

thickness [134].
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Figure 17. The extinction spectra of gold nanoshells with a fixed diameter of the silica core at 60 nm
and shell thickness (t) ranging from 2 nm to 15 nm. Small variations in shell thickness lead to
significant alterations in the plasmonic properties of Au nanoshells [126].

Gold nanocages represent a recently designed type of gold nanostructures, which
present hollow interiors or porous walls. These nanoparticles also exhibit morphology-
dependent plasmonic characteristics, which can be attained through adjustments in the
thickness and porosity of the walls [135] [136]. The morphology of the designed nanocages is
determined by the fabrication method, by adjusting the molar ratio of silver nanocubes to
HAuCls [126]. Varying the molar ratio enables the tunability of the extinction spectra in a
wide range of 400 to 1200 nm (Figure 18) [137]. Furthermore, the hollow morphology of Au
nanocages allows them to load molecules for drug delivery as well as magnetic nanoparticles,

adding to the extraordinary properties of this novel class of gold nanostructures.
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Figure 18. Vials with Au nanocages suspended in water, designed by titrating silver nanocubes with

HAuCl, solutions of different volumes (a) and extinction spectra of these Au nanocages (b). The
volumes of the HAuCl, solutions are noted above each curve [126].

Similarly, gold nanoparticles of other shapes present plasmonic properties which are
controlled by their geometry and dimensions. For example, gold nanostars are highly
anisotropic nanostructures and present plasmon resonances from the hybridization of
plasmons which depend on the morphology of the core and the individual tips of the particle
[138]. These properties of gold nanostructures are undoubtedly of great interest for many
biomedical applications in both diagnosis and therapy. Among those is the enhancement of

medical imaging through their function as contrast agents in modalities such as OCT and PAI.
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3.3.3 How can Gold Nanoparticles function as Contrast Agents?

The exceptional physical properties of AuNPs, in combination with their facile
fabrication and functionalization, render them appropriate for in vivo bioimaging applications
[93]. The ability to customize their optical properties and extinction band, as described
previously, has brought attention to their use in various imaging techniques, including X-ray
computed tomography, dark field microscopic imaging, magnetic resonance imaging, and
fluorescence imaging [139] [140] [141]. The high LSPR tunability of gold nanostructures
makes them more suitable for these imaging modalities when compared to organic
fluorophores or quantum dots [142] [143].

Aside from the above modalities, gold nanoparticles are also considered to be
attractive candidates for the enhancement of imaging using techniques such as OCT and PAI,
due to their ability to be precisely tuned at a specific wavelength by morphology [144] [145]
[146]. As explained previously, OCT images result from the detection of backscattering of
light from biological tissues. Gold nanoparticles present excellent light scattering ability,
which is many times stronger than the one generated by conventional fluorophores.
Therefore, imaging enhancement can be achieved by tuning the optical properties of gold
nanoparticles in the wavelength, in which the OCT system operates.

Furthermore, gold nanostructures can effectively act as imaging adjuvants in
photoacoustic imaging. Cross-sectional photoacoustic images of biological tissues are based
on the principles of optical and ultrasonic/acoustic waves, which means that acoustic waves
are generated after the absorption of optical energy. The operation of this system, therefore,
requires the presence of light-absorbing molecules. Gold nanoparticles can effectively absorb
light in a tunable manner, based on their LSPR properties, and can consequently serve as
exogenous contrast agents for this imaging modality [144]. Au nanostructures can result in
an optical absorption significantly higher compared to organic dyes [147].

In short, AuNPs show great potential as exogenous contrast agents for both OCT and
PAI. Their optical properties allow high backscattering of light and strong light absorption,

which is beneficial for imaging with OCT and PAI, respectively. Figures 19 and 20 are
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schematic representations of the application of gold nanoparticles as contrast agents for
these novel imaging techniques, as illustrated by Chen et al. [63] and Nguyen at al. [148].

In the following chapters, the in vitro, ex vivo and in vitro studies which investigate
the use of gold nanoparticles as contrast agents in the above modalities will be analyzed in
detail. The ex vivo and in vivo studies that are presented are performed in ocular tissues or
animal eyes. It should be noted that studies which include an in vitro as well as in vivo
experiment, have been included in the in vivo studies. Research concerning other tissues and
organs has also been carried out, but is out of the scope of this dissertation and will not be

discussed.
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Figure 19. Schematic illustration of the use of Gold Nanoparticles as Contrast Agents in Optical
Coherence Tomography and Photoacoustic Imaging for the visualization of the eye. After the
stimulation with incident light, gold nanoparticles can create back-scattered light for the detection by
the OCT camera or an ultrasound signal to be detected by the PAI system [63]. Plasmons convert a
part of the oscillation energy into heat, which is then detected by the PAI system.
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Figure 20. Application of gold nanoparticles as a CA for a multimodal CA for PAM imaging system
for ophthalmic molecular imaging, as proposed by Nguyen et al. [148]. AuNPs can be administrated
with or without targeting molecules. Using a laser beam with a specific wavelength, gold
nanoparticles are capable of producing strong back-scattered light or acoustic signal, which can
then be detected by an OCT image or by ultrasound to create a PA image, respectively. It should be
noted that the wavelength of 578 nm is selected in order to detect hemoglobin in the vessels and
650 nm to detect extravasation of AuNPs at the vessels, with the purpose of distinguishing
neovascularization.
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4 Methods

This review inspects publications of the recent literature, which analyze the features
of gold nanoparticles and their potential applications in ophthalmology. For this purpose,
various search engines were utilized, with the most prominent being PubMed, Google
Scholar and Elsevier. To detect the most related articles to the subject of this dissertation, a
number of keywords were chosen, such as “Gold Nanoparticles AND Ophthalmology”, “Gold
Nanoparticles AND molecular imaging”, “Gold Nanoparticles AND Optical Coherence
Tomography”, “Gold Nanoparticles AND Photoacoustic Imaging”, “Gold Nanoparticles AND
Angiogenesis”, “Gold Nanoparticles AND Toxicity”, “Gold Nanoparticles AND ocular
distribution” and more. The results were screened based on titles and their abstracts. Articles
discussing the use of AuNPs in medical fields other than ophthalmology were excluded and
the articles selected were those related with ocular applications of gold nanoparticles. More
specifically, attention was focused on articles publishes during the past two decades, which
investigated the applications of gold nanoparticles as contrast agents for ocular imaging

through OCT and PAI and articles demonstrating their anti-angiogenic effects, with a view to

highlight their potential as both diagnostic and therapeutic tools in ophthalmology.

40



5 Results
5.1 Studies investigating the use of Gold Nanoparticles as Contrast Agents for OCT & PAI
5.1.1 Gold nanoparticles as Contrast Agents for Optical Coherence Tomography

5.1.1.1 In vitro studies

Gold Nanorods (AuNRs/GNRs) are generally considered to be beneficial as possible
contrast agent candidates for in vivo imaging, due to their plasmonic properties in the near-
infrared wavelength. They present an intense and narrow LSPR absorption band in the NIR,
which can be easily tuned depending on their aspect ratio [128].

Troutman et al. [149] created cylinder-like shaped gold nanorods (GNRs) with an
average diameter of 20 nm and tested their application as backscattering contrast agents in a
time-domain OCT, using tissue phantoms. The nanorods exhibited a plasmon resonance peak
at 750 nm or at 912 nm, which was close to the spectral distribution of the OCT, and
therefore produced a much stronger signal. They furthermore noticed that both suspensions
enhanced the signal contrast compared to water, indicating that gold nanorods effectively
worked as contrast agents for OCT imaging.

AuNRs absorbing in the second near-infrared wavelength (1000-1200 nm) were
engineered by Chen et al. [150], using a seedless method in order to achieve small
dimensions. These miniature Au nanorods (smallest GNR: 8 + 2 nm by 49 + 8 nm) were tested
as CA for PAI and their performance was compared with the one using Au nanorods of
regular sizes (18 £ 4 nm by 120 £ 17 nm), which were synthesized through a seed-mediated
method. The experiment took place in vitro, using phantom tubes. It was seen that miniature
GNRs not only produced a ~ 3.5 fold stronger photoacoustic signal, but were also
characterized by better photothermal stability than large nanorods under nanosecond
irradiation. Chen and co-workers attributed this signal enhancement to the greater surface to
volume ratio of the miniature nanoparticles, which boosts heat transfer.

Jia et al. [151] conducted in vitro experiments to determine the effectiveness of gold
nanorods as CA for imaging via a Fourier-domain OCT system. For their study they chose

intralipid tissue phantoms to mimic the retinal tissue as well as cultured RPE cells for labeling.
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The OCT system functioned at a center wavelength of ~ 840 nm and the NPs (diameter: 10
nm) were coated with PEG and Tat peptide. The OCT images from the intralipid alone were
compared with those obtained by the GNR (SPR= 870 nm) sample and the intralipid mixed
with GNRs, and it was seen that the presence of GNRs caused a red shift. Next, images of 1 %
gelatin, unlabeled RPE cells, and GNR-labeled (10 x 50 nm) RPE cells were taken. The spectral
shift allowed the visualization of the RPE cells that were labeled. The purpose of this study
was to design a cellular CA, with the purpose of finding a way to track stem cells for the
management of retinal diseases in the future.

The use of gold nanorods in a dual-band OCT system with two separated bandwidths
(830 and 1220 nm) was discussed by Rawashdeh et al. [152]. GNRs of different dimensions
were studied using a highly scattering agar phantom. Their idea was to exploit and measure
the different contrast that is produced when the nanoparticles used are only resonant to one
wavelength of the dual system. The strongest differential contrast at both wavelengths was
produced with the aid of nanorods large (NRL) sample, which had an average length of 75
nm. The optimal concentration to create this contrast was measured to be 100-500 pg
Au/mL. Regarding the gold nanorods with the smallest dimensions (length: 48 nm), the signal
intensities were not detectable

Apart from regular gold nanorods, Liba et al. [153] [154] proposed the use of large
gold nanorods (LGNRS) as spectral OCT contrast enhancers. Their larger dimensions (~ 100 x
30 nm) offer advantages compared to smaller gold nanorods, due to their ability to produce
stronger backscattered and spectral signals. Through their in vivo study, they discovered that
these LGNRs presented a 30-fold higher OCT intensity and were able to produce a spectral

signal per particle more than 100 times stronger when compared to conventional GNRs.

Gold Nanoshells have also been proposed as OCT contrast agents, due to their high
scattering and low absorption efficiency, which are considered to be desirable properties
[155].

Gold Nanoshells with a core radius of 100 nm and shell thickness of 20 nm were

fabricated by Loo et al. [156] and their prospect for OCT imaging was tested in vitro. The
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scattering properties of these nanoparticles at a concentration of 10°/mL in water, were
evaluated and compared to solutions of saline and scattering microspheres. The average
grayscale intensity for the saline solution was 247, whereas for the cuvette walls with the
nanoshells solution, it was found to be 160.

Agrawal et al. [157] performed in vitro quantitative measurements to investigate the
OCT contrast enhancement with the use of gold nanoshells. Their intention was to elucidate
the effect of the relative dimensions of the Au nanoshells on the image quality and fabricate
NPs with high-backscattering properties and low absorption at a specific wavelength. For this
purpose, OCT imaging was conducted at 1310 nm, in water and tissue-simulating phantoms.
Mono-layered nanoshells of different concentrations, core diameter and shell thickness were
tested, to understand the influence of the geometry of the NPs on the signal strength.
Results revealed a monotonic elevation of the OCT signal intensity and attenuation when the
shell and core size were enlarged. Moreover, the NP leading to the strongest backscattering
was found to have a core diameter of 291 nm and shell thickness of 25 nm and the threshold
concentration to produce a signal elevation (intensity gain of 2 dB or more) was measured at
10° nanoshells/mL. Gold nanoshells can, therefore, be promising CA for the improvement of
the OCT image by optimizing the dimensions of the core and the shell and consequently
modulating their optical resonance for molecular imaging.

An OCT system operating at 900 nm was utilized by Zagaynova et al. [158] to evaluate
the contrasting abilities of silica-gold nanoparticles as contrast media. The nanoshells
exhibited a silica core size of 150 nm and gold shell thickness of 25 nm and agar bio-tissue
phantoms were chosen for the experiment. OCT imaging proved that gold nanoshells
penetrating the phantoms caused the intensification of the signal.

Gold nanoshells were also tested as an exogenous CA for a phase-sensitive OCT
imaging system in vitro by Adler et al. [74]. The Au nanoshells that were chosen had a core of
120 nm and shell thickness of 16 nm. Photothermal modulation was induced by an 808 nm
laser diode, with the purpose to study the modifications in the optical path length caused by
temperature oscillations. An OCT phase microscopy was used on pure deionized water and

an Au nanoshell solution. Results illustrated a high contrast between the phantoms with and
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the phantoms without NPs. Consequently, gold nanoshells are also prospective candidates as

contrast agents in a phase-sensitive OCT system.

Gold Nanocages are gold nanoparticles with a hollow and porous morphology. They
are usually fabricated through the galvanic replacement reaction between silver nanocubes
and HAuCls in solution and have also been suggested as CA [111].

Gold nanocages were proposed as potential contrast media for spectroscopic OCT in
vitro, using gelatin-made tissue phantoms, by Cang and co-workers [159]. The
monodispersed NPs demonstrated an average edge length of ~ 35 nm and resonant peak at
~ 716 nm. It was observed that using nanocages, the absorption cross section presented a ~

5 orders larger magnitude than conventional dyes.

Gold nanoparticles with a star-like morphology, also referred to as gold nanostars
(GNSs), have also been engineered to be studied as contrast agents.

Ponce-de-Leon et al. [160] fabricated gold nanoparticles of different geometry and
size and analyzed their ability to enhance imaging using an OCT system in the wavelength
region of 1325 nm in vitro. The morphology of the produced AuNPs was either spherical-,
cubic- or star-like-shaped. Among these, the AuNPs with a morphology resembling a star and
sizes less than 150 nm were the ones producing the best contrast in water as well as in
agarose phantoms. This was the first time that gold nanostars were introduced as potential
contrast materials for the enhancement of OCT imaging.

The use of gold nanostars as contrast adjuvants for OCT and Doppler OCT at 930 nm
was evaluated by Bibokova et al. [161] in vitro. Through the seed-mediated method, GNSs of
various sizes and numbers of spherical seeds were used for this purpose (50, 82, 100 and 120
nm) and their plasmon resonance peaks were in the range of 690-830 nm. The GNSs
presented different scattering/absorption ratios at the LSPR wavelengths (being 0.12, 0.25,
0.30, 0.35 respectively). The nanoparticles showing the most promising results as a CA for
OCT and Doppler OCT were found to be the 120 nm- sized nanostars, due to their prominent

scattering properties leading to improved contrast. Therefore, by changing the number of
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seeds and consequently the size of the Au nanostars, it was possible to adjust their scattering

properties to the appropriate wavelength, rendering them appealing as imaging agents.
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5.1.1.2 Exvivo studies

Wang and co-workers. [162] performed GNR-enhanced Doppler OCT scans to image
the intrascleral aqueous humor outflow. The aqueous flow, which normally does not produce
a Doppler signal, determines intraocular pressure and is therefore related to the
development of glaucoma [163]. The dimensions of the nanoparticles used were ~ 40 x 10
nm and their peak resonance wavelength 850 nm. A solution of gold nanorods with
concentration of 1 x 10'2 GNRs/mL was injected into porcine eyes with mock aqueous (n=2)
and the control group was injected with Barany’s mock aqueous (n=6). The use of Au
nanorods produced a measurable signal and the anterior chamber outflow was visualized.

In a study by Prabhulkar et al. [164], antibody-conjugated Au nanorods were
examined as backscattering OCT contrast adjuvants for molecular histopathology on an
ocular surface squamous neoplasia (OSSN) model. Anti—glucose transporter-1 (Glut-1), which
is normally expressed by erythrocytes and overexpressed in OSSN lesions, was selected as a
molecular target for the NP functionalization [165]. The term OSSN describes a variety of
pathological entities and types of lesions, including dysplasia of the cornea and conjunctiva
epithelium, carcinoma in situ (CIS), and invasive squamous cell carcinoma (SCC) [166].
Furthermore, fluorescent-tagged secondary Abs were applied and immunofluorescence and
OCT imaging of human conjunctiva tissue specimens took place.

The OCT images taken from the control specimens (presenting no epithelial atypia)
revealed a minimal background signal in the epithelium, since there was no binding of the
functionalized NPs and therefore no Glut-1 overexpression. However, an enhanced signal
derived from the sub-epithelial region (substantia propria), correlated to the foci detected on
immunofluorescence, due to the presence of capillaries. The OCT imaging of the conjunctival
specimens with CIS disclosed a weak background signal within the epithelium, even though
immunofluorescence showed intense staining due to atypical epithelial cells. In the three
cases of SCC that were studied, the OCT of only two showed increased signal which matched
with the immunofluorescence-positive regions. No OCT enhancement was seen in the third
case, even though there was moderate staining in immunofluorescence.

The above research findings suggest the presence of a minimum concentration of
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GNRs for the generation of a detectable OCT signal. In the six cases of OSSN studied, only SCC
cases were characterized by a strong Glut-1 overexpression, and only two of them exceeded
the threshold for detection. Despite the limitations of this study, it is the first reported
application of Au-enhanced imaging for this purpose and it broadens the scope of research
for the use of molecular markers in ocular imaging.

Faber et al. [167] discussed the use of nanoshells as contrast agents for OCT in an
attempt to develop nanoparticle-assisted optical molecular imaging (NAOMI). In their study,
they used nanoshells with a core radius 290 nm thick and a gold shell 33 nm thick and
injected them ex vivo in porcine eyes, subretinally, after removing the lens and the iris. These
nanoshells had contrast features in the wavelength region of 800 nm. The withdrawal of the
syringe created a "cloud" of nanoshells, which appeared to sediment onto the retina and
create a reflective layer. These observations supported the idea of using gold nanoshells as
an OCT contrast agent.

Ozone (03) has oxidizing effects and can be harmful when penetrating the damaged
corneal epithelium of the eye [168]. To study and visualize the penetration of Os into the
anterior chamber of the eye, Jiang et al. [169] used gold triangular nanoprisms as CA for 3D
OCT imaging, using an isolated crucian carp eye. The idea to use GTNPs as signal-modulation
contrast agents arose from the blue shift of the plasmon peak that takes place as a result of
their morphological changes in the presence of O3 [170]. Exposure to Os can be considered as
an alternative method for tailoring the plasmon mode of gold NPs, in an uncomplicated and
controllable process. More specifically, after O3 exposure, the morphology of the GTNPs
changed into circular nanodisks, which have stronger scattering properties at 830 nm and
caused a higher contrast enhancement. In this way, the ozone penetration can be assessed
by measuring the contrast enhancement that results from this morphology transformation.

The OCT images of the crucian carp eye with the use of GTNPs can be seen in Figure
21. After the Au nanoparticle- injection (~ 0.0228 mg/mL) in the anterior chamber of the
eye, contrast enhancement was noticed. The crucian carp eye with a damaged cornea was
exposed to ozone to study its distribution and OCT images were obtained at several time

points. It was noted, that the area around the wound had enhanced contrast due to the
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morphological change of the nanoparticles (Figure 22). These results indicated that gold
nanoprisms could serve as a promising CA for the detection of ozone in the eye using OCT

imaging.
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Figure 21. Cross-sectional OCT images of the crucian carp eye before and after the NP injection: A
schematic diagram showing the structure of a fish eye. (A) OCT image of a crucian carp eye before
the injection (B) and after the injection (C) into the anterior chamber. The scale bars represent 300
um.
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Figure 22. OCT images of an isolated crucian carp eye after the GTNPs - injection under ozone
exposure: 0 min (A), 76 min (B), 110 min (C), and 172 min (D). The scale bars represent 300 um.
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5.1.1.3 Invivo studies

De la Zerda et al. [171] investigated the use of gold nanorods as optical coherence
contrast agents in vivo, in mice eyes. For their study, they constructed GNRs with an
absorbance peak at 780 nm and 850 nm. To avoid aggregation, these particles were
suspended in cetyltrimethyl-ammonium bromide (CTAB) during the manufacturing process,
and were then coated with thiol-terminated polyethylene glycol (PEG) in order to replace the
potentially cytotoxic CTAB and achieve stealth properties. Corneal and anterior chamber
injections of two different sizes of GNRs at different concentrations took place: GNRs
corresponding to a peak absorbance wavelength of 780 nm (GNR-780: length =43 + 4.22 nm;
axial diameter =12 + 0.25 nm) and 850 nm (GNR-850: length = 49.31 + 6.9 nm; axial diameter
=12.09 + 1.63 nm) were utilized.

Results indicated that the signal produced by GNR-850 was higher than the one by
GNR-780 for each of the concentrations that were tested and the lowest concentrations to
detect were 230 pM and 750 pM respectively. Regarding GNR-850, concentrations of 120 pM
or above resulted in a significantly different OCT contrast (P <0.05) (Figure 23). Furthermore,
the signal from corneas injected with GNR-780 was 3 times stronger compared to mice
corneas injected with balanced saline solution (BSS) and 7.5 times stronger compared to
naive mice corneas. GNR-850 injected at a concentration of 0.5 nM led to a clear contrast
and when the concentration was 5 nM or above the contrast was even higher (Figure 24).

Overall, this study led to the conclusion that GNRs can be characterized as high-
sensitivity contrast agents for OCT in living animals and are capable of creating an OCT signal
stronger than the background signal of tissues in the eye. Their sensitivity limit in living

corneas of mice was found to be 120 pM.
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Figure 23. 3-5 pL of GNR-
850 at concentrations from
30 nM to 0 nM were
injected at the ACs of mice
(N=12) The control group
was injected with Matrigel.
Mice injected with 29 pM
of GNR-850 showed similar
contrast to control mice,
whereas concentrations 2
120 pM led to distinct
detectable OCT signal.

Figure 24. Mice corneas
injected with 10 uL GNR-780
at 50 nM (bottom) compared
to control mice corneas
injected with 10 pL of BSS
(middle) and mice corneas
not injected at all (upper).
OCT cross sectional images
showed the high contrast by
GNR-780 in the cornea. (a)
Mice corneas (N=4) injected
with 5 pL of GNRs at
concentrations from 50 nM
to 0.05 nM and control mice
injected with BSS.
Concentration of 0.05 nM
had a contrast similar to
control mice, whereas
concentration of > 0.5 nM
created a distinct detectable
signal. (b)

Bioconjugated GNRs (~110 x 32 nm, peak absorbance wavelength: 824 - 830 nm)

were used as exogenous OCT CA to image single cells and vessels in vitro and in vivo, in mice

retinae, by Sen et al. [172]. GNRs functionalized with anti-mouse CD45 (GNR®P**) were used
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to label mouse leukocytes (taken from blood and spleen) and mPEG-GNRS (GNR™PE6) were
used to determine the in vivo sensitivity inside retinal vessels.

In vitro, the GNR®®*-labeled leukocytes were imaged with OCT and had a
significantly higher scattering intensity compared to the unlabeled cells. To investigate the
detection sensitivity of the NPs inside the retinal vessels in vivo, 200 puL of GNR™PE¢ (10 nM)
were injected intravenously into living mice. An increase in OCT intensities could be detected
at a GNR concentration as low as 0.5 nM and GNR™S circulated in the blood for ~4 h.
(Figure 25) These results indicate that GNRs can effectively be used as a contrast agent for
the imaging of the retina using OCT and can be detected at a sensitivity of ~0.5 nM after

being injected intravenously.
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Figure 25. OCT images of the retinal vessels
after GNR™¢ injection in living mice.

200uL of GNR™EE (10 nM) were injected via a
tail vein catheter progressively with an interval
of 25uL. Images were taken 3 min after each
injection. Orange arrows show the time of
injection and black arrows the time of OCT
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Sandrian et al. [173] performed intravitreal injections of gold nanorods to determine
their eligibility as CA for OCT, as well as their potential ocular inflammatory effects on the
eyes of mice. The OCT images were received with a spectral-domain OCT (SD-OCT) operating
at 870 nm. C57BI/6 mice were selected (N=14, 25 eyes) and the images were taken
approximately 30 min and 24 h after the AuNR (aspect ratio: ~3.4) injection, as well as
before the intravitreal injection, for the purpose of using them as baseline images.
Unconjugated PSS-AuNR (Au nanorods coated with poly(strenesulfate)) and Ab-AuNRs (Au
nanorods coated with Anti-CD90.20. (Thyl) antibodies were chosen for the intravitreal

injections. Thyl was selected because it is expressed by retinal ganglion cells. Phosphate-
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buffered saline (PBS) injections were used as sham injections. As seen in Figures 26 and 27,
the enhanced backscattered signal was noted in the vitreous of the AuNR-injected mice,
when compared to baseline images and images obtained from mice which received PBS
injection. A day after the GNR injection, the increased contrast could still be observed. These
results indicated that gold nanorods can function as contrast agents and be imaged within
the vitreous of the eye using OCT and the presence of GNRs was verified via TEM.
Nevertheless, the intravitreal injection of bare GNRs resulted in the creation of opacities of
unknown nature, which hindered retinal imaging due to the shadowing effect caused by the
vitreal signal. This optical effect was attributed to the immunological response from the GNR
injection. Results regarding the immune response and inflammatory effects are discussed in

“Ocular distribution and safety of gold nanoparticles”

Baseline

Figure 26. Single cross-section OCT images (a-c) of a single living mouse, before and after PSS-AuNR-
injection in the vitreous. Signal increase is to be noted. However, 30 min after the injection, the
imaging of retina is unclear.

The lens (L), the optic nerve (ON), the retina (R), and the vitreous (V) are visible in the images.
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Baseline 1 Day

Ab-AuNR

Figure 27. Baseline and 1 day post-injection OCT images from PBS and Ab-AuNR injected mice.
After the gold nanorod injection, significant signal enhancement can be seen in the vitreous in
comparison to pre-injection and the sham injection images. The shadow occurring from the strong
vitreous signal reduces the signal from the retina.

The hyaloid canal (HC), the lens (L), the optic nerve (ON), the retina (R) and the vitreous (V) are
visible in the above images.

The formation of opacities in OCT images and this “shadowing effect” was also
observed by Gordon et al. [174], who performed intravitreal injections of bare gold nanorods
(CTAB-coated) in wild-type (C57BL/6) mice. Within a few minutes of injecting the nanorods,
this amorphous opacity became apparent and the visualization of the retina was obscured
(Figure 28). Considering the above reaction, the surface CTAB was then displaced with PEG,
to attain better stability and biocompatibility. In this case, the Au nanorod injection did not
cause the morphological changes described above. Even though PEG-coated GNR seemed to
be viable agents for in vivo imaging experiments, they were not able to reach the retina

through the vitreous, due to their size (Figure 29).
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In view of the results from intravitreal injections, Gordon et al. continued their studies
with GNR intravenous injections via the tail vein of mice, to enable retinal imaging. For this
purpose, they decided on the use of the laser-induced choroidal neovascularization (LCNV)
model [175]. Five days after being treated with the LCNV model, mice were injected with PBS
(n=10 eyes) (phosphate-buffered saline) or targeted GNRs (n=10 eyes), aiming to estimate
the GNR accumulation in the lesions and the potential target effect via functionalization. OCT
images were taken 8, 24 and 28 hours after the injection. Even though GNRs reached the
LCNV lesions and the functionalization was effective for targeting, they were not able to be

detected using OCT due to the background noise of the tissue.

Figure 28. In vivo OCT imaging after CTAB-coated GNR intravitreal injection. The arrow indicates the

amorphous opacity throughout the vitreous. The asterisk shows the “shadowing effect” caused on
the retina.
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Figure 29. In vivo OCT retinal imaging after PEG-GNR intravitreal injection. The asterisk shows the
optic nerve and the arrows show the discrete scatterers in the tissue near the inner retina. The
opacities seen with the bare GNR injections are no be seen in this case.

Lapierre-Landry et al. [176] proposed the use of photothermal OCT (PT-OCT) to image
endogenous (melanin) and exogenous (Au nanorods) absorbers in the eyes of pigmented
(C57BL/6, n = 6 eyes) and albino mice (BALB/c, n=6 eyes). Pigmented mice have melanin in
the retinal pigment epithelium (RPE) and choroid. First, OCT and PT-OCT images without the
injection of a CA were taken by both types of mice, in order to separate the signal generated
by melanin. In this case, a potent signal was generated from the RPE and choroid of the
pigmented animals and no signal from the albino ones.

For the PT-OCT imaging of the Au nanorods, pigmented mice were first subjected to
laser-induced choroidal neovascularization. Gold nanorods coated with PEG or saline (control
group) were injected intravenously via the tail vein five days after the photocoagulation and
the images were received 6 h later. A statistically significant (p < 0.05) enhancement in the
PT-OCT signal was observed in the LCNV lesions of the group injected with the Au nanorods
in comparison to the control group (Figure 30). This study showed that gold nanorods can

accumulate in these lesions and identified with an OCT-based system.
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Control group (saline)

Figure 30. OCT B-scans of the retina for the control group (a) and the GNRs group (d), with the LCNV
lesion marked by the red box. PT-OCT scans of the boxed area were taken, which are seen in green on
top of the OCT B-scans (grayscale) in (b) and (e) respectively. The control group presents minimal PT-
OCT signal. En face images of the lesion are shown in (c) and (f). The dashed red line indicated the
location of the B-scan.

Through a top-down process, Song et al. [177] synthesized 160-nm-sized gold
nanodisks with a resonant wavelength of 830 nm, to evaluate them as OCT CA for retinal
imaging in mice eyes. The spectral domain OCT system had a central wavelength at 849 nm.
Gold nanodisks were chosen because they are considered to have a better scattering ability
compared to gold nanorods, as their signal does not depend on the direction and polarization
of the light source [178]. The threshold concentration for an OCT signal following the
intravitreal injections was found to be as low as 1 pM, whereas concentrations of 0.1 pM
showed a minimal signal, similarly to when distilled water was administered. At higher

concentrations (10 pM), the signal in the mice vitreous bodies was even stronger (Figure 31)
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Figure 31. Cross-sectional OCT images after intravitreal injections of distilled water and GND solutions
of various concentrations (0,1 pM, 1 pM, 10 pM) in mice eyes (a). Projectional images of the regions
between the red dotted lines were also obtained (b).

The use of gold nanoparticles was also proposed for the monitoring of transplanted
cells using multimodal imaging in vivo [179]. Cell replacement therapy has been presented as
a method to restore vision in retinal degenerative diseases, such as AMD and retinitis
pigmentosa [180]. Photoreceptor precursors (PRPs) are transplanted subretinally and
tracking of the cells is essential for the assessment of the transplantation, but can often be
challenging.

For this purpose, Chemla and co-workers suggested the use of AuNPs for non-invasive
multimodal monitoring of PRP cells through CT, OCT, and fluorescence fundus imaging. More
specifically, AUNP- and fluorescently labeled PRPs were transplanted in the vitreous and
subretinal space of wild-type pigmented rats and were monitored in vivo at 24 h and 7 and
30 days after the transplantation. The gold NPs that were used were coated with PEG,
presented a spherical shape, and had an average diameter of 20 nm. OCT imaging at 24 h

was able to detect PRP clusters of cells subretinally. At 7 and 30 days, the imaging of small
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cellular clusters that migrated from the subretinal space toward the inner layers of the retina
was possible, indicating the ability of prolonged monitoring. Moreover, gold nanoparticles
showed no toxicity to PRP cells when tested in vitro. Altogether this study demonstrated that
gold nanoparticles can enhance ophthalmic imaging and achieve longitudinal and high-

resolution tracking of the transplanted PRPs using multimodal imaging technology.
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5.1.2 Gold Nanoparticles as Contrast Agents for Photoacoustic Imaging

5.1.2.1 In vitro studies

Gold nanostars have been tested for contrast enhancement in photoacoustic imaging
using phantoms (2 % agarose in water, 1 % intralipid). Raghavan et al. [181] designed
multibranched star-like AuNPs, which present dual plasmon peaks, one longitudinal (1000-
1150 nm) and one transverse (~ 700 nm). The distance between opposite tips of the Au
nanostars was found to be 120 - 150 nm and the length of the braches at 35 — 40 nm. Using a
1064 nm laser, PA images of the tissue phantoms with and without the addition of the NPs
were compared. An enhancement in the signal was observed when the concentration of the
Au nanostars was also increased, and the same phenomenon was to be seen when using a
700 nm laser. Of particular importance was the fact that gold nanostars were able to produce
a potent signal in the wavelength of 1064 nm, which belongs in the NIR-II. This region is
where deeper tissue penetration is achieved and background signal from the tissue is
minimized, allowing better contrast in vivo.

In vitro studies were also conducted by Bayer et al. [182], who designed silica-coated
gold nanorods for molecular PAI. The SiO>-AuNPs (thickness: 40 nm) were functionalized with
monoclonal antibodies, which targeted specific proteins/cell-receptors over-expressed by
cells within the tissue phantoms. The NPs presented separate peak absorption wavelengths
at 780 and 830 nm. Results showed increased PA signals, which represented the presence of
gold nanorods in cell inclusions. Bayer et al. were able to identify the separate cell inclusions
of the tissue phantom with the use of this multispectral PAI system, due to the different
wavelengths of the SiO,-AuNPs used to label the cell types. Therefore, the silica-coated Au
nanorods were proved to promote molecular imaging through a multiplex photoacoustic

system.
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5.1.2.2 Exvivo studies

Raveendran et al. [183] examined the function of gold nanocages (AuNcgs) as
contrast agents for PAI using enucleated porcine eye models with the purpose of improving
the diagnosis of ocular diseases, such as uveal melanoma — an intraocular cancer. The
AuNcgs were fabricated with an ultra-fast microwave assisted method, enabling synthesis in
just a few seconds, and the dimensions of the NPs were: wall thickness: 5+2 nm and average
edge length: ~65 nm. In this study, AuNcgs were used for the first time as contrast agents for
ophthalmic imaging and separate tubings filled with solutions of AuNcg at different
concentrations were used to obtain PA and US images and understand the effect of the
concentration on the signal. It was found that the amplitude of the photoacoustic waves was
directly proportional to the concentration of the AuNcgs solution and that the signals were
produced by the nanocages under pulsed optical excitation. Furthermore, PA and US images
were obtained and compared with images before the injection of the nanocages. The results
showed that there was an increase in the PA signals from 17.6 % to 81.4 % after the injection
of AuNcgs into the eye models. Therefore, the idea of using quickly synthesized gold
nanocages for ocular photoacoustic imaging produced encouraging results, as it was
demonstrated that have the capacity to enhance contrast for the diagnosis of ophthalmic

disease.
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5.1.2.3 Invivo studies

Kim et al. [184] investigated the potential of AuNPs to work as both a therapeutic and
diagnostic means for intraocular tumors using New Zealand White rabbits (N=24). Gold
nanoparticles coated with fucoidan (Fu) and conjugated with doxorubicin (Dox), which is a
chemotherapeutic drug, were able to act as anti-tumor agents due to their chemo-
photothermal properties in vitro and in vivo. Using rabbit models with VX2 tumor, the
feasibility of Dox-Fu@AuNPs to function as CA for photoacoustic imaging was tested. Imaging
before and after the intratumoral injection of 100 pul of Dox-FU@AuUNPs at a concentration of
200 pg/ul was performed in vivo. The tumor which had received the injection produced
stronger PA signals in comparison to the image taken before the injection, which presented
an obscure signal. Moreover, the post-injection image allowed visualization of the than two
folds of deeper tissue (p < 0.001), and the margins of the tumor were clearly viewed (Figure
32). This study was able to prove that AuNPs can be useful as tools for both the treatment
and imaging of intraocular tumors, as they increase the PA contrast and aid to determine the

tumor margins.
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5.1.3 Gold Nanoparticles as Contrast Agents for a multimodal OCT & PAI system

5.1.3.1 In vitro studies

Two different-sized nanodisks were physically synthesized in a stacked form by Wi et
al. [185] and were assessed as CA for a bimodal PA and OCT system. The smaller nanodisk (80
nm) was placed on top of the larger one (180 nm) and due to their different size they
presented a localized surface plasmon resonance of two separate wavelengths, at 630 nm
and 850 nm. Gold nanodisks with small diameters (< 100 nm) are more appropriate for light
absorption and therefore can be utilized in OCT imaging, whereas the ones with larger
diameters (> 100 nm) are more appropriate for light-scattering and can be effectively used in
PAM [186]. Thus, the stacked Au nanodisks could be applied as a bimodal contrast agent for
both OCT and PAM.

For their study, Wi and co-workers used four silicon tubes which contained: aqueous
solutions of a black-colored ink (blood phantom), gold nanorods (PAM-CA, resonant
wavelength: 650 nm), stacked Au nanodisks (bimodal CA), and gold nanospheres (OCT-CA,
resonant wavelength: 850 nm). Quantitative measurements showed that only the stacked Au
nanodisks were detected by both OCT and PAM, and furthermore the PAM intensity of a
single stacked Au nanodisk was 2-folds larger than that of a gold nanorod. Therefore, Au
nanodisks in a stacked form with different sizes and consequently a different SPR can

effectively function as sensitive contrast media and improve PAM and OCT image.
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5.1.3.2 Invivo studies

In 2019, Nguyen et al. [148] synthesized PEGylated AuNPs and tested their capability
to serve as CA for multimodal imaging with PAM and OCT in vivo, aiming to achieve
vasculature visualization. Colloidal AuNPs (20.0 + 1.5 nm) were fabricated by femtosecond
laser ablation and their surface was functionalized with PEG. Their absorption peak was
found at 520 nm. The NPs were intravenously injected in living rabbits (N= 16: 13 New
Zealand white rabbits, 3 Dutch Belted pigmented rabbits) and their retinal and choroidal
microvasculature was examined.

The PAM operated at the wavelength of 532 nm, close to the absorption peak of the
produced NPs. Images of the retinal and choroidal vessels were obtained before (control
group) and after the injection of 0.8 mL PEG-AuNPs (2 mg/mL) and were then reconstructed
in 2D and 3D images. The maximum intensity projection (MIP) of the retinal vessels before
the PEG-AuUNP injection and at 1, 3, 5, 9, and 11 minutes after injection was presented. The
rabbits injected with PEG-AuNPs led to a stronger signal compared to control animals and the
PA signal of the vessels reached an increase of 52 % over the one without injection. To
examine the dynamic changes, PEG-AuNPs concentration was raised at 5 mg/mL and PAM
images were acquired every minute for 14 minutes and the increase of the signal reached 82
% compared to the one before the injection. Furthermore, to examine whether melanin can
affect the PA signal, PEG-AuNPs (0.5 ml, 5 mg/ml) were injected into Dutch Belted pigmented
rabbits (N=3) in vivo, and a 62 % increase of the signal at 1-minute post the injection was
noted. Finally, Nguyen and co-workers tested the ability of PEG-AuNPs to function as CA for
OCT and found that the rabbit injected with AuNPs demonstrated ~ 45 % greater OCT
intensity than the control. Overall, this study demonstrated that PEG-AuNPs can function as a
multimodal CA for PAM and OCT in vivo in rabbits to visualize retinal and choroidal
microvasculature.

In another study by Nguyen et al. [187], they used gold nanostars functionalized with
arginine-glycine-aspartic acid (RGD) peptide as a CA for multimodal imaging with OCT and
PAM in vitro and in vivo, in living rabbits with choroidal neovascularization model. The
purpose of this study was to test whether the use of GNS-RGD (average diameter of 30 nm,
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absorption peak of 650 nm) can help distinguish neovascularization from the surrounding

retinal vasculature, which remains a challenge for ocular imaging. (Figure 33)
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Figure 33. Nguyen et al. fabricated gold nanostars functionalized with RGD peptide and examined
their function as contrast agents for a multimodal OCT and PAM imaging system in living rabbits,
using a laser-induced choroidal neovascularization (CNV) model.

Quantitative measurements using silicon tubes filled with GNS suspension of different
concentrations showed a linear relationship between the PA signal and the GNS
concentration in vitro. Moreover, in vitro OCT analysis with capillary glass tubes indicated a
linear relation of the OCT signal and the GNS concentration.

The in vivo studies were carried out using a laser-induced choroidal
neovascularization (CNV) model in six rabbits. The rabbits were injected with 400uL of GNS (5
mg/mL). PAM images were obtained at two different wavelengths (578 nm and 650 nm) and
the contrast in CNV and the microvasculature of the retina were measured. OCT images were
obtained as well after the injection. The PAM images presented CNV distinctively against the
choroidal vessels.

On the same rabbit, sequential imagesat O h, 2 h,48 h, 72 h,and 5, 7, 9, 11, and 14
days post-injection showed that GNS can create contrast between CNV and the adjacent
vasculature (Figure 34). There was a 17- fold increase in the PA signal inside the CNV after

the GNS injection. GNS were also tested as CA for OCT and images were taken pre- and post-
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injection at 2h. It was noted that CNV was depicted with better contrast after the injection
and the OCT signal reached ~ 167 % higher intensity compared to pre-injection (p < 0.001)
(Figure 35)

In conclusion, this study showed that gold nanostars can function as high-sensitivity
contrast agents for OCT and PAM and allow CNV to be differentiated from the surrounding

microvasculature.

Figure 34. Longitudinal in vivo PAM images at different wavelengths: 578 nm (a) and 650 nm (b)
before then GNS injection and 2 h, 48 h, 72h, 5d, 7d, 9d, 11d and 14d after the GNS injection (0.4 mL,
5 mg/mL). White arrows show choroidal vessels (CVs) and white dotted arrows show Choroidal
Neovasculariztion (CNV)
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(a) Pre-Injection

(b) Post-Injection

Figure 35. OCT image enhanced with GNS in vivo: B-scan OCT images obtained before (a) and 2 h
after IV injection of GNS (b). The white arrows indicate the position of Choroidal Neovascularization
(CNV).

Recently, the same research team created chain-like gold nanoparticle (CGNP)
clusters and tested them as CA for a multimodal PAM and OCT imaging system in vitro and in
vivo, in living rabbits (N=12) [188]. The nanoparticles (average diameter: 20 nm) were
functionalized with arginine-glycine-aspartic acid (RGD) peptides (CGNP clusters-RGD) and
exhibited peak LSPR features at 650 nm. The purpose of this study was to elucidate whether
these functionalized nanoparticles can visualize choroidal neovascularization (CNV) and
retinal vessels, with the hypothesis that RGD peptides target a,Bs integrin, which is expressed

in CNV (Figure 36).
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Figure 36. In vivo imaging with OCT and PAM using CGNP clusters-RGD. CGNP clusters-RGD were
intravenously injected into the rabbit through the marginal ear vein. PA signals were produced with
the use of nanosecond pulsed laser illumination at a wavelength of 578 or 650 nm.

For the in vitro part of their experiments Nguyen and co-workers used silicone tubes
filled with CGNP clusters-RGD solutions at different concentrations. A linear increase (R? =
0.9947) of the PA signal produced was noted when raising the concentration of the
nanoparticles in the solution and the threshold concentration to be detected was 0.01
mg/mL. A linear relation was also to be seen between the OCT signal and the CGNP clusters-
RGD concentration (R? = 0.9938) and the lowest perceivable concentration was calculated at
0.005 mg/mL.

For the in vivo study, 0.4 mL CGNP clusters-RGD (5 mg/mL) was administered
intravenously to rabbits with laser-induced CNV (N=3) and PA images were obtained before
and after the injection at wavelengths of 578 nm and 650 nm. 2D and 3D PA images were
reconstructed at several time points after the injection. The PA signal of CNV at both
wavelengths was significantly elevated compared to the images before the injection. At the
wavelength of 650 nm, the optical absorption from the blood vessels is decreased and
therefore CNV was imaged distinctly from the surrounding vasculature. When CGNPs were
administered without RGD, the signal at 650 nm was not as strong. Overall, the peak signal

showed a 17-fold increase (0.11 + 0.01 to 1.89 + 0.1) at 24 h after the injection.
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Figure 37. PAM images of CNV before and at2 h, 24 h, 48 h, 72 h, 5, 7,9, 11, and 14 days after injection

of 0.5 mL CGNP clusters-RGD (2.5 mg/mL) acquired under nanosecond pulsed laser illumination at

wavelengths 578 nm (a) and 650 nm (b) . The increase in the signal after the injection can be noticed.
OCT images were also taken before and after the IV-injection of CGNP clusters-RGD at

different time points. Peak OCT signal was noticed at 48h and the contrast to noise ratio

improved from 1 to 1.76. (Figure 38).
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Figure 38. Cross-sectional B-scan OCT images
after the injection of CGNP clusters-RGD at 2 h,
24 h, 48 h, 73 h, days 4, 5, 7, 9, 11, and 14, in
vivo. White arrows indicate the location of CNV.
Rabbit injected with CGNP clusters-RGD showed
an increase of 176 % in the OCT amplitude
compared to the pre-injection.
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Table 1. In vivo studies investigating AuNPs as CA for OCT, PAl or a multimodal OCT/PAM system

Imaging AuNP Type Dimensions LSPR Concentration  Administration Subject Results References
Modality peak / Dose Type
SD-OCT PEG-coated GNR-780: 780 nm  GNR-780: 50 Anterior Wild- GNR-780: injected De la Zerda
nanorods length: 43 + & nM /5-10 pL chamber (AC) type corneas: x3 etal.
4.22 nm; 850 nm (corneal (GNR-850) C57BL/6 stronger signal vs [171]
diam.: 12 + stroma) & mice BSS-injected and
0.25 nm GNR-850: 29 corneal X7.5 vs naive mice;
GNR-850: pM-30 nM / injections concentrations > 5
length: 3-5 uL (AC) (GNR-780) nM lead to clear
49.31+6.9 contrast
nm, diam.: GNR-850:
12.09 + 1.63 Threshold
nm concentration for
significantly
enhanced signal >
120 pM
SD-OCT mPEG- ~110x 32 824- 10 nM/ 200 pL Intravenous Nu/nu Images of the Sen et al.
coated nm 830 nm (in steps of 25 injections mice retinal blood [172]
nanorods (longitu uL) vessels showed
dinal) that AuNRs were
perceived at a
sensitivity of ~ 0.5
nM
SD-OCT Nanorods Aspect ratio: PSS- 2 uL Intravitreal C57BL/6 Enhanced Sandrian
coated with ~3.4 AuNRs: injections mice backscattered et al.
poly(strenes 850 nm signal in the [173]
ulfate)/ Ab- vitreous of the mice
(PSS-AuNRs) AuNRs: vs control group,
or anti- 857 nm even after 24 h
CD90.2
antibodies/
Ab-AuNRs
OCT CTAB-coated Diameter: 808 nm 100 ulL of the Intravitreal Wild- Images after Gordon
nanorods, 10 nm AuNR solution & type Intravitreal CTAB- et al.
PEG-coated foriv Intravenous C57BL/6 AuNRs inj. showed [174]
nanorods, injections Injections mice, amorphous opacity,
Targeted LCNV PEG-AuNPs
nanorods model intravitreal inj. had
(ICAM2) no shadowing
effect, IV inj. of
targeted NPs
caused unclear
results due to
retinal background
noise
PT-OCT PEG-coated diameter: 750 nm 1.66 nM/ Intravenous Pigmente Statistically Lapierre-
nanorods 10 nm, 100 pL injections d mice significant Landry
length: C57BL/6, (p < 0.05) increase etal.
35 nm LCNV in the PT-OCT signal [176]
model in the LCNV lesions
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SD-OCT Nanodisks 160 nm 830 nm 0.1 pM- Intravitreal C57BL/6 Threshold Song
10 pM injections J mice concentration for etal.
significant OCT [177]

enhancement vs

the control group
was found 1 pM,
Signal increases in a
dose-dependent
manner

PAI Doxorubicin- 101.5+23.2 532nm 200 pg/uL / Intratumoral New Dox-Fu@AuNPs- Kim
coated nm 100 pL injection in the Zealand injected tumors et al.
nanospheres rabbit eye VX2 white showed stronger [184]
loaded with tumors rabbits PA signals vs pre-
fucoidan injection,
(Dox- X 2 deeper image

Fu@AuNPs) depth (p < 0.001)

Multi- Nanostars Average 650 nm 5mg/mL/ Intravenous New Photoacoustic Nguyen
modal conjugated diameter: 400 pL injections Zealand performance raised et al.
PAM with RGD 30 nm white x 17 and OCT [187]
& peptide rabbits, intensities were
oCT CNV elevated by 167 %
model
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5.2 Anti-angiogenic properties of Gold Nanoparticles

5.2.1 Mechanism of Angiogenesis

Angiogenesis describes the physiological process of formation of new blood vessels
from vasculature that already exists [189]. Early stages of this process include proliferation
and migration of endothelial cells as well as tube formation [190]. Pathological angiogenesis/
neovascularization plays a critical role in a number of diseases and pathological entities, such
as age-related macular degeneration (AMD), ischemic heart disease, rheumatoid arthritis and
cancer [191].

Vascular endothelial growth factor (VEGF) is the leading cytokine in the cascade of
angiogenesis [192]. VEGF 165, an isoform of VEGF, is a heparin-binding protein, which binds
to the tyrosine kinase receptor KRD (also named VEGFR-2) and is responsible for the
initiation of signaling cascades and the activation of VEGFR-2/PI3K/Akt/eNOS pathway in
endothelial cells [193] [194]. This results in endothelial cell proliferation, which in turn leads
to migration and angiogenesis [195]. VEGFR-2 has been recognized as the key signaling VEGF
receptor [196] [197]. Fibroblast growth factor (FGF) is another essential element in the
pathophysiological process of angiogenesis and also binds to cell receptors with tyrosine
kinase function [198].

Angiogenesis is a process controlled by the balance between pro-angiogenic growth
factors like VEGF and anti-angiogenic factors. This equilibrium can be disrupted by the
presence of hypoxia, which can promote neovascularization through pathways that increase
pro-angiogenic factors, such as VEGF, epidermal growth factor (EGF) and transforming

growth factor B (TGF-B) [199] [200].
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5.2.2 Angiogenesis in ocular diseases

Pathological neovascularization is the hallmark of various diseases of the posterior
segment of the eye, with the three most typical being age-related macular degeneration
(AMD), diabetic retinopathy (DR), and retinopathy of prematurity (ROP). These types of
retinopathy are associated with a high risk of vision loss.

Age-related macular degeneration is the leading cause of blindness in the elderly
population of the Western world [201]. Two types of AMD have been recognized: “wet”
AMD, which occurs through exudative neovascularization, and “dry” AMD, which concerns
non-exudative geographic atrophy. In “wet” AMD, the neovascularizations pass through
Bruch’s membrane and reach the RPE [202]. Diabetic Retinopathy (DR) is a manifestation of
diabetes mellitus and can also appear in a proliferative and non-proliferative form [203]. In
the neovascular condition, the neovascularizations pass through the inner limiting membrane
and reach the vitreous cavity [204]. Retinopathy of prematurity (ROP) is a blinding condition
which appears in premature infants and is characterized by abnormal development of the
retinal vasculature and high sensitivity to VEGF. This disease is the primary cause of blindness
in children around the globe [205].

There are two classes of neovascularization that can arise in the retina: retinal
neovascularization (RNV), where new vessels grow from retinal capillaries and reach the
vitreous and neural layers of the retina, and subretinal or choroidal neovascularization (CNV),
where the vessels grow from the choroidal vasculature and enter the subretinal space [206]
(Figure 39). However, both types of retinal neovascularization are a result of the same
molecular mechanisms. VEGF is the driving force for the development and molecular
pathogenesis of these retinopathies [207] [208]. Retinal neovascularization is seen in ROP,
proliferative DR, and retinal vein occlusions, which are diseases characterized by the
presence of an “ischemic retina”, promoting the up-regulation of VEGF and therefore the
progress of retinal neovascularization. Choroidal neovascularization, on the other hand, is
primarily seen in AMD cases [209]. Neovascularization in ocular diseases leads to

hemorrhage in the retina and eventually in retinal detachment as well as photoreceptor
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(a)

degeneration. Visual impairment or even blindness is the final result of these diseases [210]

[211].

(b)
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Figure 39. Schematic representation of the pathological neovascularization in retinal diseases. Retinal
neovascularization (a) shows retinal capillaries invading the retinal tissue and choroidal
neovascularization (b) describes choroidal capillaries passing penetrating Bruch’s membrane and
reaching the subretinal area [206].

Neovascularization can also appear in the cornea, which is normally avascular and
transparent. This process involves the growth of new vessels from the pericorneal plexus into
the corneal tissue. This sight-threatening condition can be induced by various ocular insults,
such as inflammation, trauma, infection and hypoxia from the wear of contact lenses [212].
The pathophysiological mechanism of corneal neovascularization is associated with the
disequilibrium between pro-angiogenic and anti-angiogenic molecules, and the production of
VEGF is again of paramount importance [213]. This pathological state eventually leads to
reduced visual acuity and disruption of corneal transparency [214].

For the management of the conditions described above, intravitreal injections of an
anti-VEGF monoclonal antibody (bevacizumab) are performed [215]. However, these
injections have been associated with a variety of implications, including inflammation,
hemorrhage, endophalmitis, detachment of the retina as well as macular edema [216].
Moreover, many patients experience discomfort due to the injection frequency and are not

able to comply with this method of treatment. Therefore, there is an emerging need to
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develop alternative therapeutic approaches to suppress ocular neovascularization, prevent
vision loss and at the same time avoid these adverse events.

A number of reports have suggested that gold salts have the ability to suppress the
progression of rheumatoid arthritis, a disease which is also characterized by angiogenesis
[217]. These findings encouraged scientists to delve deeper into the investigation of the anti-
angiogenic potential of gold nanoparticles. Many research groups have conducted in vitro
experiments to determine the mechanism through which the inhibition of neovascularization
takes place and which pathways are involved. In vivo studies using Choroidal
Neovascularization (CNV) models have also been performed to elucidate whether AuNPs can
produce a therapeutic effect against ocular diseases characterized by angiogenesis [218].
These in vitro and in vivo studies are presented below to assemble the existing data

regarding neovascularization with an emphasis on ocular applications.
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5.2.3 Invitro studies

Bhattacharya et al. [219] were the first to demonstrate the capacity of gold
nanoparticles to bind and inhibit vascular permeability factor/ vascular endothelial growth
factor 165 (VPF/ VEGF-165). For their study they utilized gold nanospheres with a diameter of
~ 5 nm and human umbilical vein endothelial cells (HUVECs) to test their proliferation.

First, the effect of AuNPs (67, 335, 670 nM) on VEGF 165-induced cell proliferation
was evaluated. The pre-incubation with AuNPs showed a statistically significant suppression
in the proliferation of the cells (p < 0.001). On the other hand, when the proliferation of
HUVECs was induced by VEGF 121, which is a non-heparin binding growth factor, AuNPs did
not have a suppressing effect on the proliferation of the cells. This led to the suggestion that
the inhibitory effect of gold nanoparticles is dependent on the presence of a heparin-binding
domain. Therefore, AuNPs bind to VEGF 165 through its heparin-binding domain, which was
proved by using XPS analysis.

Mukherjee et al. [220] inspected the potential of AUNPs (~ 5 nm) to obstruct the pro-
angiogenic function of vascular endothelial growth factor/vascular permeability factor
(VEGF/ VPF)-165, basic fibroblast growth factor (bFGF), VEGF 121 and endothelial growth
factor (EGF). VEFG/VPF and bFGF are both heparin-binding factors, whereas VEGF 121 and
EGF are non-heparin-binding growth factors.

HUVECs were selected for this experiment as well and were treated with VEGF 165 or
VEGF 121 (10 ng/mL) and pre-incubated with AuNPs. Results showed that AuNPs were
capable of inhibiting VEGF 165- but not VEGF 121-induced proliferation. Similarly, NIH3T3
fibroblasts were treated with bFGF or EGF (10 ng/mL) and pre-incubated with AuNPs. The
inhibition of bFGF-induced proliferation of the fibroblasts was observed, but the same effect
was not seen on EGF-induced cell proliferation. No toxicity was noticed in any of the two cell
lines. This study, therefore, supported the idea that AuNPs require a heparin-binding domain
to be effective as anti-angiogenic factors. Their studies were continued, by further searching

for the inhibition mechanism involving the pathway of VEGF 165. They were able to prove
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that AuNPs bind to the heparin-binding domain and block the phosphorylation of VEGFR-2 by
VEGF 165.

The effect of AuNPs (50 nm) on the VEGF-induced tube development and
proliferation of Bovine retinal endothelial cells (BRECs) was evaluated by Kalishwaralal et al.
[221]. Cell proliferation assay showed that treatment with gold nanoparticles (500 nM)
impeded the VEGF-induced cell proliferation. Apart from that, AUNPs were able to inhibit the
migration of BRECs, with the maximum result seen at a concentration of 500 nM. Matrigel
assay was used to figure out whether AuNPs impede the development of tubules in the
endothelial cells, which is a key step in the process of angiogenesis. Tube formation of BRECs
was inhibited at a percentage of 80 % when AuNPs were used with VEGF, which was proven
to be the stimulus responsible for the presence of the tubules.

Vascular leakage is another principal pathophysiological process which characterizes
the retina in various diseases, resulting from cell permeability. A dose-dependent effect of
AuNPs on the prevention of VEGF-induced permeability was perceived. Lastly, Kalishwaralal
and co-workers discovered that gold nanoparticles inhibit the phosphorylation of VEGF-
induced VEGFR2 and Src, which are involved in the angiogenic pathways. In short, gold
nanoparticles can, in the presence of VEFG, prevent cell proliferation, migration and tube
development in BRECs in vitro.

Pan et al. [222] carried out in vitro studies on HUVECs to elucidate the mechanism
through which AuNPs obstruct cell proliferation and angiogenesis. More specifically, HUVECs
were treated with VEGF165 or VEGF121 (20 ng/mL) and pre-incubated with AuNPs (500 pL)
at a concentration of 1,000 nmol/L. The nanoparticles had a mean diameter of 10 nm.
Results from MTT and BrdU assay indicated that gold nanoparticles did not affect cell
proliferation when VEGF was not present. AUNPs were capable of suppressing VEFG 165-
induced endothelial cell proliferation; however, no inhibition was notable on VEGF 121-
induced proliferation. These findings supported conclusions from previous studies, showing
that AuNPs have a heparin-binding ability. Moreover, no cytotoxic effects were observed on

HUVECs.
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They continued their experiments by evaluating the relationship between AuNPs and
VEGF 165-mediated phosphorylation of VEGFR2 and AKT, important steps in the
angiogenesis pathways. VEGF 165 and VEGF 121 are both factors which increase the
phosphorylation of these receptors. Pan and co-workers proved that gold nanoparticles can
inhibit phosphorylation mediated by VEGF 165, but not VEGF 121. Then, near-field scanning
optical microscopy/quantum dot (NSOM/QD) imaging was utilized to search for possible
changes in the nanostructure of VEGFR2 caused by AuNPs. It was seen that the NPs can block
VEGFR2/VEGF 165 interaction and affect the shaping of nanodomains and microdomains on
VEGFR2.

The same research group proceeded with the in vitro investigation of the anti-
angiogenic effects of gold nanoparticles [223]. This time, their goal was to determine their
effect on endothelial cell migration and the formation of tubes. For the testing of migration,
wound-healing and Transwell assays were used. HUVECs were treated with VEGF 165 (20
ng/mL) with or without gold nanospheres (diameter of 15 nm) at a concentration of 125 or
250 nM. When pre-incubation with AuNPs took place, a statistically significant reduction in
the VEGF-induced cell migration was observed in a dose-dependent way.

Matrigel assay was employed to determine the effect on tube formation. The
development of tubes by VEGF 165 was strongly inhibited by the presence of AuNPs.
Furthermore, the function of Akt was examined with Western blotting and pre-incubation
with gold nanoparticles showed limited phosphorylation in the HUVECs in a dose-dependent
manner.

The inhibitory ability of AUNPs (3—5 nm) on VEGF-induced choroid-retina endothelial
(RF/6A) cell migration was studied by Chan et al. [224] in vitro. Transwell migration assays
were utilized for the evaluation of RF/6A cell migration. The migration of cells was induced by
the presence of VEGF and they noticed that when VEGF was pre-incubated with AuNPs,
migration was prevented accordingly to the dose. This effect was not visible, without VEGF
treatment.

The effect of AuNPs on the attachment of RF/6A cells to fibronectin was also tested,

to understand whether it could affect the migration process. However, no such interference
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was found to be responsible for the suppression of cell migration. Furthermore, the
possibility of a cytotoxic effect was excluded as a factor in the results on cell migration,
through MTT assays. AuNPs of different concentrations (1, 2, and 4 ppm) did not decrease
the viability of RF/6A cells. The effect of AUNPs on the phosphorylation of protein kinase B
(Akt) and endothelial nitric oxide synthase (eNOS), whose pathways are related to
angiogenesis, was also evaluated. Western blot results indicated the decrease of VEGF-
induced phosphorylation in a dose-dependent way. The above results suggest that gold
nanoparticles hinder the migration of endothelial cells via the pathways of Akt/eNOS,
without affecting the viability of the cells or the adhesion to fibronectin.

Arvizo et al. [225] were able to prove that the angiogenesis inhibitory ability of gold
nanoparticles is dependent on their size and surface charge. Using AuNPs of different sizes
(5, 10, and 20 nm) to stimulate HUVEC cells pre-incubated with VEGF 165, they showed that
they inhibited heparin-binding growth factors (HB-GFs), such as VEGF 165 and basic
fibroblast growth factor (bFGF). The nanoparticles with the larger diameter (20 nm) exhibited
the strongest effect and it was also proved that a naked NP surface is essential for the

inhibition process.
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5.2.4 In vivo studies

The anti-angiogenic properties of gold nanoparticles were evaluated by Roh et al.
[226], who conducted in vitro and in vivo studies using a choroidal neovascularization model
in mice.

For their in vitro studies, they used human umbilical vein endothelial cells (HUVECs)
to explore the effect of AUNPs on the development of a capillary network induced by VEGF
treatment. The cells were treated with AuNPs at different concentrations (0.1, 1, and 10 uM)
and a concentration-dependent decrease in the tube formation was noted. Using an MTT
assay it was also found that the proliferation of HUVECs was hindered when treatment with
AuNPs took place. Moreover, treatment with AuNPs suppressed the phosphorylation of
ERK1/2, Akt, and FAK in HUVECs, which takes place in angiogenesis and is induced by VEGF.
Lastly, using an RPE cell line (ARPE-19), no increase in apoptosis and no cytotoxic effects
caused by the presence of AuNPs were observed with flow cytometry.

For the in vivo part of their study, C57BL/6 mice were chosen (N=40) and CNV
occurred by the rupture of Bruch’s membrane via laser photocoagulation. A day later, gold
nanoparticles with a neutral charge and size of 20 nm were injected within the vitreous of
the mice (n=10) at a concentration of 10 uM and a total dose of 1 uL. The control group
received a PBS injection of the same dose instead (n=10). Images of choroidal flat-mount
preparations obtained by the two groups showed suppressed CNV progress in the AuNP-
treated group. The decrease in the mean CNV area of the lesions in the treated group was
calculated to be 67.9 % (P < 0.001) in comparison to the untreated one (Figure 40).
Immunofluorescence staining with the use of markers, such as isolectin B4, to label
endothelial cells was performed 14 days after laser coagulation. Less staining in the CNV

regions which were treated with AuNPs was seen in comparison to the control group.
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Figure 40. Images of choroidal flat-
mount preparations of the mice
treated with PBS intravitreal injections
(A) and the mice treated with AuNPs
intravitreal injections (B). Roh and co-
workers calculated that the mean CNV
region of each lesion was about
26,160.9 and 8400.8 respectively. This
means that the development of CNV

C ,:9 50 was decreased by 67 % in the treated
Ko group. The length of the scale bar (C)
g_ 40 * represents 100 um. The difference in
; 30 : the CNV formation between the two
S 0 groups was statistically significant
5 20] (P <0.001).
8 10 é
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Song et al. [177] used gold nanodisks to investigate their anti-angiogenic effect both
in vitro and in vivo in C57BL/6 J mice. After calculating the concentration of VEGF bound to
GNDs at concentrations of 1 pM and 3 pM via ELISA, in vitro angiogenesis assays took place.
They noticed that GNDs were able to suppress migration of human retinal microvascular
endothelial cells (HRMECs) when their concentration was 3 pM, but were not as successful at
1 pM.

For their in vivo study, they selected a mouse model with oxygen induced
retinopathy. Intravitreally injected gold nanodisks caused inhibition of the neovascularization
at concentrations 1 pM and 3 pM, with the larger concentration having a stronger effect. To
assess the potential toxic effect, histological examination, TUNEL assay as well as an
electroretinogram (ERG) took place 5 weeks post-injection of NPs at 10 pm. No inflammation
or apoptosis was observed and changes on ERG were of no significance.

The therapeutic effect of systematically delivered AuNPs in a laser-induced CNV
animal model was monitored by Singh et al. [227] with the use of OCT imaging and confocal

scanning laser ophthalmoscope (cSLO) in vivo. CNV lesions were induced in pigmented wild
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type (C57BL6/J) mice (N=18) via laser. All animals received intravenous injections (50 uL) of
either the nanoparticle solution (average diameter of 50 nm) at a concentration of 4.37 x
10° nps/mL or Phosphate -Buffered Saline (PBS) through the tail vein on days 0 and 4 after
the laser injury.

Fluorescein angiography (FA) images were obtained at days 7, 14 and 21 after the
laser injury from both the experimental and the control group. Dye leakage was calculated
and compared between the two groups of mice. The FA images showed that the AuNP-
treated group was characterized by a statistically significant decrease in the leakage area
when compared to the PBS-injected group on all testing days. OCT imaging at the same time
points indicated a reduced lesion volume in the treated animals in a statistically significant
manner. The decrease was calculated at ~ 53 % on days 7 and 14 and ~ 35 % on day 21, due
to the intrinsic healing that took place in both groups (Figure 41).

After the FA and OCT imaging on day 21, the mice were euthanized and the eyes were
enucleated and the choroid was isolated. Samples were stained with the endothelial cell
marker Isolectin B4. Images of the retinal flat mounts showed reduced CNV area (~ 75 %) in
the treated group. TEM images confirmed the presence of AuNPs in the CNV lesions and the
junctions between RPE and the photoreceptors. In conclusion, the longitudinal evaluation of
CNV lesions through in vivo imaging highlighted the therapeutic potential of gold

nanoparticles against neovascularization after systemic administration.
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Figure 41. OCT — CNV volume representative images of PBS-injected mice/control group (n=17) (a)
and AuNP-treated/treatment group (n=24) (b) at various time points (day 0, 7, 14, 21) after the laser
injury. A statistically significant reduction was observed at each time point.

Shen et al. [228] presented autophagy as another mechanism which explains the anti-
angiogenic ability of gold nanoparticles. Initially, in vitro experiments took place to measure
the proliferation of HUVECs when treated with AuNPs. EdU kit measures DNA replication
and can subsequently provide information about cell growth. Data showed that AuNPs
decreased HUVEC proliferation in a dose-dependent way. Cell migration was another factor
that was evaluated and results indicated a dose-dependent suppression of HUVECs migration
after treatment with AuNPs, compared to the control group. Moreover, Matrigel assay was
utilized to study tube formation. Data revealed that the presence of gold nanoparticles
diminished capillary formation.

For the in vivo experiment, 0.4 uL of AuNPs at a concentration of 1.2 ug were
injected into the vitreous of C57BL/6 mice, which served as the treatment group, whereas
the control group was PBS-injected. Oxygen-induced retinopathy model was chosen to assess

the effect of gold nanoparticles on retinal angiogenesis, and the retinas were stained with
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isolectin B4. This retinopathy model exhibits avascular and neovascular regions. However, in
the AuNP-treated mice group a reduction in these regions was observed suggesting the
therapeutic properties of gold nanoparticles against oxygen-induced retinopathy. In an effort
to elucidate the mechanism explaining these therapeutic effects, Shen and co-workers used
confocal microscopy to determine the accumulation of LC3, a marker of autophagy. While
the fluorescent green dots and red dots were scattered evenly in the control group, the
number of the dots was increased in the treatment group, proving the induction of
autophagy. Western blotting confirmed alteration in the expression of autophagic markers
after AuNP treatment. Overall, the research group supported the concept that gold
nanoparticles inhibit retinal angiogenesis through the activation of autophagy.

Aside from choroidal neovascularization, the corneal neovascularization model has
also been investigated upon exposure to AuNPs. Cho et al. [229] administrated gold
nanoparticles (20 nm) topically in Balb/c mice, after the induction of inflammatory corneal
neovascularization through alkali burns. The treatment group (n=15) received AuNPs at a
dose of 5 mL per drop, whereas the control group (n=15) received PBS drops of the same
dose.

The presence of corneal neovascularization between the border and the limbus was
confirmed with a digital camera 7 days after the alkali burns. It was observed that the AuNP-
treated mice group exhibited a statistical reduction in corneal neovascularization in
comparison to the control group (P = 0.002). The neovascular region was calculated to be
34.2 % + 7.8 % of the total corneal area in the treated mice and 56.8 % + 11.6 % in the control
group (Figure 42). Cho and co-workers utilized Western blot analysis to evaluate VEGFR2 and
p-ERK1/2 expression and determine the mechanism leading to neovascularization inhibition.

The increase in VEGF expression in the treated group was smaller than the one of the control

group when compared with corneal areas which did not receive alkali burns (P = 0.029).

Moreover, AuNPs suppressed the ERK phosphorylation induced by the burns (P = 0.029).
These results disclosed that the mechanism of corneal neovascularization suppression is due

to inhibition of the ERK pathway.
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Figure 42. Topical administration of
gold nanoparticles in mice model of
corneal neovascularization. One week
after the alkali burns, images taken
from the PBS-treated/control group (a)
and AuNPs-treated/treatment group
(b) showed a reduction in the area of
corneal neovascularization in the
treated group. This suppression was
calculated to be 39.8 % when the two
groups were compared and was
statistically significant (*P, 0.05)

The in vivo studies exploring the anti-angiogenic properties of AUNPs are summarized

in Table 2.
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Table 2. In vivo studies investigating the use of Gold Nanoparticles as anti-angiogenic factors

AuNP type Size Concentration  Administration  Subject Pathology Results References
/ Dose Type

Nanodisks 160 nm 1pM, 3 pM Intravitreal C57BL/6 Oxygen- Inhibition of neo- Song et al.
J mice induced angiogenesisin a [177]
retinopathy dose-dependent
manner

Nanospheres 26.2 1.2 ug/0.4 uL Intravitreal C57BL/6 Oxygen- AuNPs exhibit Shen et al.
+ mice induced therapeutic effects [228]
2.8 nm retinopathy on oxygen-induced

retinopathy & inhibit

retinal angiogenesis
by inducing
autophagy




5.3 Ocular distribution and safety of gold nanoparticles

5.3.1 Factors affecting distribution and safety of gold Nanoparticles

Even though gold nanoparticles offer unique properties and are promising candidates
for diagnostic and therapeutic purposes in Ophthalmology, it is of paramount importance to
test their bio-distribution and potential bio-accumulation and toxicity, in order to introduce
them in clinical practice. They are generally considered to be non-toxic, but there is also data
indicating the possibility of a toxic effect [230] [231] [232].

Factors which can alter the biocompatibility of gold nanoparticles need to be studied
thoroughly. Among those belong the size and concentration of the NPs [233] [234]. The
significance of the nanoparticle size was highlighted by Jong et al. [235], who carried out in
vivo experiments by intravenously injecting gold nanospheres in rats. The NPs chosen were
of various diameters ranging from 10 to 250 nm. The smaller nanospheres with a diameter of
10 nm were spotted in various organs, including blood, liver, spleen, kidney, testis, thymus,
heart, lung and brain. On the other hand, larger NPs were only detected in the blood, the
liver and the spleen. These results supported a size-dependent distribution of gold
nanoparticles after systematic delivery in rats. A similar study with intravenous delivery of
gold nanospheres of various sizes (15, 50, 100 and 200 nm) in mice was conducted by
Sonavane et al. [236]. The smaller NPs presented again wider distribution in the mice organs,
including blood, liver, lung, spleen, kidney, brain, heart, and stomach. Nanoparticles with
sizes below 50 nm were able to cross the blood—brain barrier (BBB).

The repeated administration of gold nanoparticles (12.5 + 1.7 nm) was assessed by
Lasagna-Reeves et al. [237] in C57/BL6 mice. Gold nanoparticle solutions were given through
daily intraperitoneal injections (100 uL) in various doses in different groups: 40, 200, and 400
ug/kg/day for 8 days. The gold nanoparticles were distributed into tissues and the blood
levels were similar among the groups, but in other organs such as the kidneys and the spleen,
the accumulation followed a dose-dependent pattern. However, no changes in the weight
and the behavior of the animals were noted as well as any changes in the tissue morphology
or hematological and histopathological examinations occurred.
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Apart from the size and dose of the administrated nanoparticles, their surface
chemistry and charge are also key factors for their biocompatibility profile. The presence of
cetyltrimethylammonium bromide (CTAB), a cationic detergent utilized as a stabilizing agent
for the preparation of AuNPs, has been found to cause cytotoxicity [129] [238]. To reduce
this cytotoxic effect, Niidome et al. [239] fabricated Au nanorods modified with
polyethyleneglycol (PEG) and removed CTAB, and tested their biocompatibility profile in vitro
and in vivo. In vitro results using Hela cells showed reduced cytotoxicity, when CTAB was
replaced with PEG. When PEG modified Au nanorods when injected intravenously in mice,
more than 50 % of the NPs were detected in the blood, whereas in the case of CTAB-
stabilized Au nanorods, they were mostly spotted in the liver.

Therefore, the modification of PEG can offer stealth properties and reduce
cytotoxicity and bioaccumulation. The stealth characteristics are also related to the fact that
PEG obstructs the binding of plasma proteins on the NP surface, helping it avoid recognition
by the reticuloendothelial system. Gold nanoparticles modified with PEG of high molecular
weight (> 5000 Da) were found to provide better stability and cause less toxicity than those
modified with PEG of low molecular weight (< 5000 Da) [240].

The charge of gold nanoparticles can also affect their potential toxicity. Goodman et
al. [241] tested cationic gold nanospheres with a diameter of 2 nm and found that they were
toxic in a cell line. However, nanospheres at the same concentration and of the same size

which had a negatively charged surface did not cause toxicity in the same cell line.
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5.3.2 Studies investigating ocular distribution and safety of gold nanoparticles

All the parameters analyzed above are important factors to be taken under
consideration in in vivo and clinical applications of gold nanoparticles. The studies that have
been presented in this dissertation have generally provided results of non-toxicity related to
the use of AuNPs, unless indicated otherwise. However, limited research has been conducted
regarding AuUNP compatibility in ocular cells and tissues. The in vitro, ex vivo and in vitro
experiments which consider the distribution and safety issues of AuUNPs towards retinal cells
and ocular tissues are presented below, with the intention of gaining a better perspective on

this matter.

5.3.2.1 In vitro studies

The biocompatibility of AuNPs of different morphologies and sizes was examined by
Karakogak et al. [242] using a retinal pigment epithelial cell line (ARPE-19). The NPs selected
for their experiments were Au spheres (5-100 nm), cubes (50 nm) or rods (10 x 90 nm) at
concentrations ranging from 0.01 to 5 mg/mL. To understand the potential toxicity of the
AuNPs and the effect of their shape and concentration, the lethal dose required to kill 50 %
of the cells (LDso) was calculated with the use of an MTT assay (3-[4, 5 dimethyl-thiazoly-2-yl]
2-5 diphenyl tetrazolium bromide).

Results indicated that Au nanospheres with diameters of 5- 30 nm as well as Au
nanorods with dimensions 10 x 90 nm were capable of decreasing the viability of the cells
even at concentrations of 0.05 mg/mL. On the other hand, larger nanospheres with
diameters of 50 and 100 nm and nanocubes of 50 nm did not affect the viability in a
significant manner. When the surface area of the nanoparticles was correlated to cell
viability, it was seen that independently of the nanoparticle size, the increased surface area
was associated with decreased biocompatibility of the spherical AuNPs. Interestingly, the
surface area concentration that caused the death of half of the retinal cells (LDsga) was

reported to be similar for the spheres of various dimensions (5-30 nm). The above findings
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imply that adjustment of the surface area is important for the application of AuNPs in
imaging or as therapeutic agents.

The proliferation of ARPE-19 cells was also studied by Hayashi et al. [243] in
correlation with AuNP exposure. Gold nanoparticles at different concentrations (10 uM, 100
uM, and 1 mM) were added to the growth medium. They were able to verify that the
presence of gold nanoparticles at the above concentrations did not affect the growth of the

cells, when compared to the control.
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5.3.2.2 Exvivo studies

Kim et al. [244] studied the distribution of Au nanoparticles in the retinal layers after
intravenous administration in C57BL/6 mice, ex vivo. AuNPs with diameters of 20 nm and 100
nm were studied in enucleated mice eyes for their ability to penetrate the blood-retinal
barrier (BRB) and their safety and potential cytotoxicity were evaluated. A day after the
AuNPs IV injection (1 g/kg), the NPs with a diameter of 100 nm were not found in the retina,
whereas the 20 nm NPs were able to pass through the BRB and reached all of the retinal
layers. Histological evaluation at days 1 and 7 after the injection of 20 nm AuNPs showed no
signs of inflammation in the vitreous, retina, or choroid. Furthermore, no changes in the
viability of astrocytes and retinoblastoma cells were observed, as well as any alterations in
the expression of proteins by retinal endothelial cells. In conclusion, intravenously injected
Au nanoparticles can penetrate the BRB in a size-dependent manner and were proven safe.
This study proves that the size of the gold nanoparticles is determining factor for the
distribution within the retina. Smaller nanoparticles present increased bioavailability and can
therefore be more effective as imaging or therapeutic elements in ophthalmology. However,
at the same time, wider distribution within the retinal layers can also be associated with
higher possibility of toxicity. Therefore, the balance between these two events needs to be
investigated, in order to achieve high bioavailability and low toxicity.

Sdoderstjerna et al. [245] used an ex vivo cultured mouse retina model (C3H wild-type)
to analyze the effect resulting from the exposure of 20 and 80 nm Ag- and AuNPs at low
concentrations. Using TEM analysis 72 after the exposure, the distribution of the
nanoparticles of both dimensions was revealed across all retinal neuronal layers and the
smaller NPs were also localized within the nucleus of cells and other cellular compartments.
An increase in the number of pyknotic cells and vacuoles was observed in the inner plexiform
layers (IPL). Apart from the above morphological changes, the nanoparticles affected glial
and microglial function, as well as induced cytotoxicity, apoptosis and oxidative stress. Gold
nanoparticles can, therefore, give rise to adverse effects on the mouse retina model both on

a cellular and tissue level.
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Gold nanorods were delivered intravitreally to Dutch-belted rabbits (N: 16, eyes: 32)
by Bakri et al. [246], to evaluate whether they can cause toxicity to the retina ex vivo. Each
rabbit had one eye injected with GNRs and the other served as a control and 8 of them
received a dose of 67 umol/0.1 mL and the rest a dose of 670 umol/0.1 mL. From each of
these groups, 4 rabbits were killed 15 days after the injection and the rest 29 days post-
injection and the eyes were enucleated. Visualization of the inner layers of the retina did not
indicate cellular atrophy or disorganization. In both the control and treatment group, the
formation of vacuoles in the cells of the ganglion layer and disorganization of the outer
segments of the photoreceptors was observed to the same extent, which was attributed to
autolysis. However, no toxicity in the histological analysis of the retina and the optic nerve

was detected as well as any ocular inflammation was seen with light microscopy.
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5.3.2.3 Invivo studies

Kim et al. [247] used Zebrafish embryos to evaluate the effect of Au nanoparticles on
ocular development in vivo. Gold nanospheres with cores of 1.3 nm were functionalized with
positively charged N, N, N-trimethylammoniumethanethiol (TMAT) through covalent bonds.
Zebrafish exposed to TMAT-AuNPs were found to develop eyes that were smaller and paler
in color than normal. Furthermore, genes linked to apoptosis, like p53 and bax, were up-
regulated, whereas genes linked with eye development, such as pax6a, pax6b, otx2, and rx1,
were down-regulated. The decreased pigmentation and the repression of ocular growth in
embryos indicated that TMAT-AuNPs are capable of inducing unfavorable effects on eye
development in mammals.

After confirming the utility of gold nanorods as contrast agents for OCT and visualizing
them in the vitreous of mice, Sandrian et al. [173] proceeded to examine the potential
inflammatory effect of intravitreal GNR injections. Four groups of C57BIl/6 mice were
examined: untreated group (n=6), phosphate-buffered saline (PBS) injected mice (n=6), GNR
injected mice (n=5) and mice injected with GNRs coated with anti-CD45 antibodies, which are
expressed by cells of the immune system. The last two groups were characterized by a
significant increase of CD45+ cells in the eye. The increase in the number of leukocytes,
predominantly neutrophils, was attributed to ocular inflammation, which could not be
ascribed to either tissue injury caused by the injection or contamination from endotoxins or
bacteria. Therefore, it is important to further investigate which parameters concerning gold
nanoparticles could be responsible for the induction of inflammation, with the goal of
altering them and enabling in vivo application of AuNPs.

Intravitreal injections were also performed by Olson et al. [248] with the purpose to
assess the potential changes in retinal electrical activity in vivo. For their study they used
brown Norway rats (N=8, eyes: 16) and suspensions of colloidal gold nanoparticles (CGN)
were delivered within the vitreous of the right eyes of the animals, while the left eyes did not
receive an injection and were used as controls. ERGs were carried out before and six weeks
after the injections, in order to compare the results. No statistically significant difference was
spotted in any of the steps of the ERGs six weeks after the injections between the two
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groups. Therefore, the injection of the Au nanoparticles did not elicit any electrophysiological
changes and did not affect the electrical function of the retina in rats.

Song et al. [177] delivered gold nanodisks intravitreally to mice, attempting to study
their ability to work as OCT CA and inhibit neovascularization, as described previously. After
having proved that GNDs could enhance imaging and inhibit neovascularization, without
causing any toxicity or inflammation in vivo, they continued their experiments to evaluate
the clearance of gold nanodisks in vivo. For this reason, they injected GNDs (diameter of 160
nm) within the vitreous of mice at concentrations of 10 pM. Afterward, the clearance of the
NPs was estimated by using OCT. Imaging 6 hours post-injection showed, that the gold
nanodisks were scattered all over the vitreous, whereas at day 7 they were only detected in
the hyaloid canal. Finally, 14 days after the injection the gold nanodisks were not to be

detected or accumulated any longer (Figure 43)

6h 2d 7d 14 d
(a) -.--
(b) /""\ g \ o |

Figure 43. OCT images showing the in vivo clearance of gold nanodisks after their intravitreal injection
in mice. Cross-sectional images at various time points (6 h, 2 d, 7 d and 14 d) were received (a) and
Projectional images (b) from the regions defined by the red lines.

Apart from intravitreal delivery of AuNPs, subretinal injections have also been
performed to study the distribution of the NPs in the retina in vivo. More specifically,

Hayashi et al. [243] adsorbed goat 1gG antibodies on gold nanoparticles (12 nm) and injected
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them into the subretinal space of pigmented Dutch-belted rabbits (N=22). Fundus
photographs were obtained at 7 days, 1 month and 3 months after the injection.

The image one month post-injection showed mild pigmentation in the RPE and retinal
degeneration, which were more noticeable at 3 months. However, similar results were
obtained when IgG with PBS or AuNPs were injected instead of lgG-adsorbed GNPs.
Histological analysis of euthanized rabbits was performed at the above time points, in order
to detect the presence of AuNPs within the retinal layers. One week after the injection, IgGs
were found in the RPE, the photoreceptor layer, the ONL, and the OPL, and retinal
degeneration was seen in the ONL and the photoreceptor layer. TEM showed that gold
nanoparticles also reached the lysosomes of the RPE cells. Nevertheless, when IgG with PBS
was injected, they were detected in less retinal layers and milder degeneration was
observed. In conclusion, they proved that AuNPs can be delivered to photoreceptor cells and
RPE, but the presence of retinal degeneration needs to be further studied.

Topical administration of gold nanoparticles is another way to deliver drugs, when
aiming to reach the anterior segment of the eye [249]. Azharuddin et al. [250] performed in
vivo experiments with guinea pig models (N= 20) and investigated whether the topical
application of gold nanoparticles for therapeutic purposes is safe. For this purpose, the
inertness of the corneal endothelium was tested, as well as the ability of AuUNPs to penetrate
the corneal layers. The treatment with the NPs (hydrodynamic diameter: 20-30 nm) lasted
for 2 weeks and the histological examinations were performed after a month. TEM imaging
showed the presence of gold nanoparticles in different corneal layers, primarily in
keratocytes, indicating the permeability properties of the NPs. The morphology of the
endothelial cells appeared normal and the intracellular organelles were intact one month
after the topical application and no signs of inflammation were seen when examined with a

slit lamp.
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6 Discussion

Gold is a noble metal, which when designed to belong in the nanoscale, presents
fascinating physical and chemical properties. Over the last decades there has been
tremendous growth in scientific research exploring the unique characteristics of gold
nanoparticles and their ability to augment bioimaging. AuNPs exhibit interesting optical
features attributed to the localized surface plasmon resonance effect (LSPR). The LSPR
phenomenon concerns the collective oscillation of conductive electrons under the excitation
by an electromagnetic field. This effect involves two light-matter interactions: scattering and
absorption. The extinction peaks of AuNPs can be tuned by tailoring the geometry and size of
the nanostructure and can be shifted from the visible to the near-infrared region of the
spectrum.

Consequently, the LSPR properties of AuNPs can be appropriately adjusted to the
operating wavelength of an imaging modality. In the case of Optical Coherence Tomography,
gold nanoparticles can enhance the backscattering of the light and improve image quality,
and regarding Photoacoustic Imaging, they can increase the light absorption and, thus,
improve photoacoustic performance. These novel imaging modalities can be used for ocular
visualization and monitoring of various diseases of the anterior and posterior segments of
the eye. However, early diagnosis can often be challenging in clinical practice, and molecular
imaging needs to be encouraged. As a result, gold nanoparticles have been investigated
through in vitro, ex vivo, and in vivo studies in animals, for their eligibility as contrast
adjuvants in the above mentioned modalities. This novel idea has brought encouraging
results so far, suggesting that gold nanoparticles can significantly improve ophthalmic
imaging and function as contrast agents.

Apart from the exploitation of gold nanoparticles for advancements in ophthalmic
imaging, these nanostructures also show great potential for therapeutic purposes. Various
ocular disorders are characterized by the formation of new blood vessels, a process known as
neovascularization, and current therapeutic options are not sufficient. In vitro studies on
various cell lines have proved that gold nanoparticles present anti-angiogenic properties. This
suppression is mainly achieved through the disruption of the interaction between VEGF 165
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and its tyrosine kinase receptor, VEGFR2. Vascular Endothelial Growth Factor (VEGF) is a key
molecule in the molecular pathway of angiogenesis. Therefore, inhibition of its function
blocks the development of new blood vessels. Moreover, in vivo studies in animals have
shown that intravitreal or intravenous injections of AUNPs suppress ocular neovascularization
and CNV lesions.

The above characteristics of gold nanoparticles render them attractive candidates for
the improvement of ophthalmic diagnostic and therapeutic capabilities. This dual function
could potentially allow us to introduce them as “theranostic” agents in ophthalmology in the
future. Gold nanoparticles have already been applied as theranostics means in other fields of
medicine, primarily in oncology, for the diagnosis and therapy of cancer. Therefore, the
concept of employing them also in ophthalmology, by combing the improvement of ocular
imaging and management of neovascular conditions, is appealing.

However, before progressing from bench to bedside, there are challenges to be
addressed and dealt with. The in vivo studies investigating the above effects have been
recently introduced and are still limited in number. Further research in ocular tissues should
be encouraged, in order to fully understand the capabilities of gold nanoparticles in this field
and move forward to clinical translation of their promising results. Additionally, studies on
the ocular distribution of AuNPs and possible toxic effects are limited and the results
regarding their biocompatibility are conflicting. As a result, these unaddressed issues should
be thoroughly examined before applying gold nanoparticles in the clinical practice of

Ophthalmology.
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7 Conclusion

Gold nanoparticles are characterized by unique physical and chemical features and
present great potential as both imaging and therapeutic agents in ophthalmology. Their
ability to act as contrast adjuvants for OCT and PAI has been exhibited through numerous
studies, and early diagnosis and monitoring of various diseases can be improved.
Additionally, gold nanoparticles present anti-angiogenic properties, which could be useful for
the management of ocular diseases characterized by neovascularization. However, before
combing the diagnostic and therapeutic potential of gold nanoparticles, further research is
required as well as a better understanding of the ocular distribution and biocompatibility of

these nanostructures.
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