Nanoparticle Notch Filters for Selective Filtering of Blue Light

in Contact Lenses

by

Harish Krishnakumar

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Master of Applied Science
n

Chemical Engineering (Nanotechnology)

Waterloo, Ontario, Canada, 2018

© Harish Krishnakumar 2018



Author’s Declaration

This thesis consists of material all of which I authored or co-authored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required final
revisions, as accepted by my examiners.

[ understand that my thesis may be made electronically available to the public.

ii



Statement of Contributions

I would also like to state the contributions of Andrew Bright, Vyshna Krishakumar, Fezza Haider,
Shannon Tsai and Kashyap Kartha in synthesizing nanoparticles for many of my experiments, and
conducting some experiments of my behalf. In this they all contribute to chapters 3 to 4.

The concepts, planning, parameter setting, experimental work, and analysis are my own.

iii



Abstract

The visible wavelengths are essential to a normal colour vision, however overexposure of
high-energy visible (HEV) light may be damaging to both ocular and non-ocular health. Some
health concerns associated with HEV light (commonly referred to as blue light) include retinal
damage, age-related macular degeneration (AMD) and photophobia in benign essential
blepharospasm (BEB) and migraine patients. Certain wavelengths of blue light are essential to
regulating bodily functions such as pupillary light reflex, melatonin regulation, and circadian
rhythm, therefore completely filtering out these wavelengths may have adverse health effects.
Despite its health impact, there is a severe dearth of blue light filtering eyewear that provide
adequate protection from harmful blue-light wavelengths while allowing beneficial wavelengths
of blue light to be transmitted.

Contact lenses are an attractive platform for incorporating blue-light filters. There are
currently over 71 million contact lens wearers worldwide, however there are currently no
commercially available contact lenses on the market offering both UV and blue light protection.

This thesis presents a novel approach to selectively filtering out blue-light wavelengths in
contact lenses through the use of plasmonic silver nanoparticles (AgNPs). First, a tunable synthesis
process was developed to allow for the production of AgNPs with customizable localized surface
plasmon resonance (LSPR) peaks between 400 — 450 nm and full width at half maximum (FWHM)
values of less than 45 nm. Next, the blue-light filtering AgNPs were encapsulated with a thick,
uniform layer of silica to preserve colloidal and optical stability as well as minimizing leaching of
Ag" ions. Lastly, the silica-coated AgNPs were integrated into commercial etafilcon contact lenses
using industry transferrable processes. The NP-integrated lenses demonstrated blue-light filtering

capabilities while being transparent in the visible wavelengths. In addition, the NP-integrated
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lenses demonstrate stability post-autoclaving, UV and natural sunlight exposure, and room

temperature storage.
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Chapter 1. Introduction

1.1. Background

Although the visible wavelengths are essential to a normal colour vision, there is growing
concern that overexposure of high-energy visible (HEV) light may be damaging to both ocular and
non-ocular health. HEV light (commonly referred to as blue light) includes violet, blue and blue-
green light which corresponds to 380 — 500 nm on the electromagnetic spectrum [1, 2]. Some blue
light exposure is essential to regulate functions within the human body such as circadian rhythm,
melatonin regulation, and pupillary light reflex, though overexposure may disrupt these functions
[3, 4]. Other concerns associated with blue light include retinal damage, age-related macular
degeneration (AMD), and photophobia in migraine and benign essential blepharospasm (BEB)
patients [5, 6, 7, 8, 9]. Blue-light filtering may also be beneficial to improve vision, including
increased visual acuity and glare reduction [4, 10].

With over 71 million users worldwide, contact lenses are an attractive platform for
incorporating blue light filters [11]. Despite several patents being issued, there are currently no
commercially available contact lenses on the market offering both UV and blue light protection
[12, 13, 14, 15].

Plasmonic materials, such as silver nanoparticles (AgNPs), present a novel and promising
approach to selective filtering of blue light wavelengths in contact lenses while overcoming some
of the limitations of using blue light absorbing dyes. Plasmonic nanoparticles are ideal for light
filtering applications because the absorbance and scattering properties can be tuned by making
subtle changes to the particle shape and size [16, 17, 18]. In contrast, the chemical formula of
commercial pigments and dyes must be modified to change the light absorbing and scattering

properties. In addition, the surface of silver nanoparticles (AgNPs) is easily modified by polymers



through specific electrostatic interactions or by thiol functionalization, allowing for stable
dispersion in a variety of matrices [19]. These material properties support the integration of

transparent AgNPs into contact lenses to produce blue light absorbing lenses (as seen in Figure 1).

Figure 1. lllustration of AgNP (pink spheres) integrated lenses
filtering out harmful high-energy wavelengths and allowing
transmission of lower energy wavelengths.

1.2. Research objectives
The goal of this research was to develop transparent nanoparticles that are capable of
filtering specific wavelengths of blue light and are designed to interface with contact lens materials
and industrial manufacturing processes. This was done by addressing the following research
objectives:
(1) Developing a tunable synthesis process that allows for the production of plasmonic
silver nanoparticles with customizable localized surface plasmon resonance
(LSPR) peaks between 400 — 450 nm and full width at half maximum (FWHM)
values of less than 45 nm (to minimize the amount of beneficial visible light that is
filtered out).
(2) Depositing a thick, uniform layer of silica around individual AgNPs to preserve the
colloidal and optical stability of the plasmonic cores and minimize leaching of Ag"

ions.



3) Integrating the silica-coated AgNPs into etafilcon hydrogels through photocuring
and then demonstrating stability post-autoclaving, UV and natural sunlight
exposure, and room temperature storage.

1.3. Thesis outline

This thesis is written as follows:

Chapter 1 serves as an outline for the research presented. It provides an overview of the
thesis itself, along with background information.

Chapter 2 is an in-depth literature review, split into two main sections. Section 1 highlights
the ocular and non-ocular health effects associated with blue light exposure, the potential benefits
to selectively filtering out harmful blue light wavelengths, and the current limitations in eyewear
providing protection from blue light wavelengths. Section 2 focuses on the properties of plasmonic
nanoparticles and their potential to be applied as selective blue light filters in contact lenses.

Chapter 3 discusses the first phase in development of blue light filtering contact lenses,
which is to develop a protocol that can be used to produce silver nanoparticles with tunable LSPR
peaks throughout the region of harmful blue light wavelengths (400 — 450 nm). The polyol
synthesis was tuned such that the concentration of Cl ions in the reaction medium could be used
to selectively synthesize cubic or octahedra nanoparticles in a one-pot synthesis. Under these
optimized conditions the LSPR of the nanoparticles can be red-shifted over a range of ~40 nm,
without significantly compromising transparency in the visible wavelengths. In addition, the
synthesized nanoparticles are shown to have far superior optical properties in comparison to
commercially available silver nanoparticles.

Chapter 4 demonstrates the first steps towards transferring the optimized optical properties

of the cubic and octahedra AgNPs in Chapter 3 into materials with practical commercial



applications. The AgNPs were successfully silica-coated, resulting in a protective layer around the
plasmonic cores that improves both colloidal and optical stability. In addition, the silica coating is
shown to be an effective tool to further tune the LSPR of the synthesized AgNPs without
compromising transparency in the visible wavelengths. Silica-coated AgNPs were integrated into
etafilcon contact lenses using industry transferrable methods, where the nanoparticles were
introduced into etafilcon monomer mixture and photocured under blue light. The silica-coated
AgNPs were able to successfully impart blue light filtering capabilities on commercial etafilcon
contact lenses without hindering the transparency in the visible region. In addition, the NP-
integrated lenses show stability under autoclaving, UV and solar exposure as well as minimal
leaching of silver ions and nanoparticles during storage.

Chapter 5 wraps up the research with conclusions and suggestions for future work.
Chapter 2. Literature Review

2.1. Introduction

The human eye is adapted to radiation emitted by the sun [20]. Our vision is based on the
absorption of light by photoreceptors within the eye; through this process our eyes use light to
obtain information about our surroundings [20, 21]. Although the visible wavelengths are essential
to a normal colour vision, there is growing concern that overexposure of high-energy visible
(HEV) light may be damaging to both ocular and non-ocular health. HEV light (commonly referred
to as blue light) includes violet, blue, and blue-green light which correlates to 380 — 500 nm on the
electromagnetic spectrum. Unlike UV light (100 nm to 380 nm) blue light is not completely filtered
out by the cornea and crystalline lens, allowing it to pass through to the retina [1, 2]. This makes
wavelengths between 380 — 500 nm the highest-energy photons to be absorbed by the retinal

structures, and as a result there is concern about the impact of HEV light in this region. In addition,



the rampant increase over the last decade in blue light exposure from digital devices such as
smartphones and computer monitors has led to growing concerns about the health impact of blue
light. Overexposure may disrupt circadian rhythm, melatonin regulation, and pupillary light reflex
[3, 4]. Blue light exposure has also been linked to age-related macular degeneration (AMD), and
photophobia in migraine and benign essential blepharospasm (BEB) patients [5, 6, 7, 8, 9]. Blue-
light filtering may also be beneficial to improve vision, including increased visual acuity and glare
reduction [4, 10]. The following sections will focus on the ocular and non-ocular health effects
associated with blue-light exposure, the benefits to selectively filtering blue light, and
commercially available blue light filters.
2.2. Interaction of light with structures in the eye

When sunlight interacts with the eye, wavelengths of light are absorbed by different tissues
and molecules within the eye. The wavelengths that are transmitted to the retina are essential for
colour perception and regulating circadian rhythm.
2.2.1. Cornea

The human cornea absorbs all UVC light (100-280 nm). It also effectively absorbs UVB
radiation (280-315 nm) and approximately 30-40% of UVA light (315-380 nm). The cornea is also
effective at absorbing infrared radiation (780 nm to 1 mm) [22].
2.2.2. Lens

The lens in the adult human eye is an effective filter for UVB, UV A and some infrared (IR)
wavelengths. The transmission profile of the human lens changes with age. With aging, the lens
absorbs more blue light. Young children are at higher risk of damage from blue light exposure,
seeing as only 35% of blue light is filtered by their lenses [1].

2.2.3. Retina



The wavelengths that reach the retina include the visible wavelengths (380-780 nm) and
some near IR wavelengths [22, 23]. There are two main classes of photoreceptors in the retina that
mediate vision, rod and cone. Rod photoreceptors are responsible for vision at low light levels
(scotopic vision). They have high sensitivity but lack colour information, and their peak absorption
is at 507-530 nm. Rhodopsin is the visual pigment found in rod photoreceptors [1, 24]. Cone
photoreceptors mediate photopic vision and are responsible for colour vision. /n vivo, the peak
absorbance of the three different cone photoreceptors are around 450 nm for blue cones, 540 nm
for green cones and 570 nm for red cones [1].

The third class of photoreceptors are called intrinsically photosensitive retinal ganglion
cells (ipRGCs). IpRGCs contain the photopigment melanopsin, which has an action spectrum that
peaks around 480 nm [25]. The light-responsive ipRGCs regulate many non-visual physiological
functions in the body. These functions include circadian entrainment, pupillary light reflex, and

melatonin regulation [26, 27]. The various photoreceptors in the retina are summarized in Table 1.



Table 1. Photoreceptors in the retina.

Photoreceptor Photopigment = Peak Wavelength (nm) in ~ Function
Mammalian Cells
Rods Rhodopsin 507 Responsible for scotopic
vision.
Short-wavelength ~ Cyanolabe 450
cones
Medium- Chlorolabe 540 Responsible for photopic
wavelength cones ..
vision.
Long-wavelength ~ Erythrolabe 570
cones
ipRGCs Melanopsin 480 Regulate many non-visual

physiological functions
including circadian
entrainment, pupillary
light reflex, and
melatonin regulation.

2.3. Retinal damage and AMD

The primary health concern associated with blue light is AMD. AMD is a leading cause of

blindness among seniors over the age of 65 [28, 29]. Even more concerning is that the global AMD

population is expected to grow between 100-200 million people over the next 3 decades [4].

In vivo studies on primates have revealed retinal damage associated with blue light is due

to cumulative photochemical damage [5, 6]. Exposure to light between 380 — 500 nm results in the

photoactivation of all-frans-retinal accumulated in the photoreceptor outer segments, which

induces the production of reactive oxygen species (ROS) such as hydrogen peroxide, free radicals,

and singlet oxygen [30]. ROS are known to attack polyunsaturated fatty acids (a key component

of cell membranes) and as the retina has many cell membranes, the eye is rendered highly sensitive

to oxidative stress. The resulting oxidative stress interferes with the membrane structures of



photoreceptor outer segments and causes the incomplete phagocytosis of oxidized outer segments
of retinal pigment epithelial (RPE) cells. Overall, the process results in the accumulation of waste
known as lipofuscin in RPE cells [4].

Lipofuscin build-up is a significant contributor to AMD development. Lipofuscin typically
accumulates as a person ages, however blue light exposure can accelerate the process [31].
Lipofuscin’s phototoxicity is mediated by the photosensitive fluorophore A2E (N-retinylidene-N-
retinylethanolamine). A2E is excited by blue light wavelengths with a peak absorption at 440 nm
[30]. The photosensitization of lipofuscin leads to further ROS formation and inhibits lysosomal
activity [32, 33].

The excess oxidative stress resulting from A2E photosensitization and lipofuscin
accumulation eventually leads to RPE apoptosis. Once the RPE cells die, photoreceptors will also
degenerate [4]. In addition to lipofuscin accumulation, aging also results in a decrease in the retinal
concentrations of macular pigments [34, 35, 36]. Macular pigments such as lutein and zeaxanthin
are natural protective filters that attenuate blue light wavelengths before they reach the RPE and
photoreceptors. Lutein has a peak absorbance at 452 nm and zeaxanthin has a maximal absorbance
at 463 nm [37]. Aside from filtering HEV light, macular pigments also act as free-radical
scavengers [38].

There are limited treatment options available for patients with AMD. In the 1980s, laser
photocoagulation showed some effect in reducing long-term severe visual loss, but this was
coupled with minimal vision gain and high recurrence rates [39, 40]. Photodynamic therapy with
verteporfin was introduced in the 1980s. The therapy consists of two-stages. The first stage
involves intravenous infusion of verteporfin, which preferentially accumulates in neovascular

membranes. The dye is then activated with infrared light. When the dye is activated, it generates



oxygen-free radicals that damage the endothelium and promote the closure of newly formed
vessels. Photodynamic therapy is rarely used for age-related macular degeneration now. Some
patient groups that had received photodynamic therapy reported adverse effects, including
photosensitivity, headaches, and acute vision loss [41].

With the dearth of effective treatment options, AMD prevention is the most prudent option
and may be achieved through selective filtering of blue light wavelengths. In 2008, researchers at
the Paris Vision Institute identified the wavelengths from 415 — 455 nm as the most phototoxic
region of blue light [37]. The researchers split the visible light spectrum between 380 nm and 500
nm into multiple 10 nm bands and studied the effect on A2E-containing porcine RPE cells exposed
by these wavelengths. The researchers found that apoptotic cell death was both A2E-dose
dependent and wavelength dependent, with wavelengths centered near 440 nm resulting in a
significant increase in apoptosis.

2.4. Circadian rhythm

The circadian rhythm is an evolutionary feature that allows organisms to synchronize their
physiological processes to the time of day [42, 43]. Studies have shown that blue light is the most
significant environmental cue to entrain mammalian circadian rhythm [3]. The photoreceptors
involved in circadian entrainment are knowns as ipRGCs, and these photoreceptors contain the
photopigment melanopsin which has a maximal absorption at 480 nm [25]. Melanopsin has been
implicated in regulating pupillary light reflex, circadian entrainment, and melatonin regulation [3].
In a study conducted on mice, it was found that melanopsin-knockout mice showed incomplete
pupillary light reflex at high irradiances [44]. Tests on humans have found that melatonin
suppression has a peak absorbance around 460 nm, which suggests melanopsin plays a key role in

regulating melatonin levels [45]. Melatonin secretion is associated with increased sleep propensity,



and as a result, inhibiting melatonin secretion implicates the natural sleep cycle [46]. Several
studies have shown that blue light wavelengths between 440 nm to 480 nm are effective in shifting
the human circadian clock and disrupting regular sleep patterns [47, 48, 49]. Individuals that
experience sleep deficiency may experience several adverse health effects including a greater risk
of obesity, heart disease, diabetes, stroke, and depression [50].

Despite the adverse effects of overexposure of blue wavelengths near 460 nm on circadian
entrainment, filtering out all blue light wavelengths may also be detrimental to physiological
functions regulated by ipRGCs. Several studies have shown that pupillary constriction is
wavelength dependent and peaks at 480 nm, which is the maximal absorption of ipRGCs [27, 51,
52]. Pupil constriction is the eye’s natural defense to strong light exposure. In addition, Ishikawa
et al. found that filtering out light at 470 nm could disrupt the sustained phase of the pupil
constriction reflex [53]. Clearly, some blue light exposure is necessary for regulating circadian
entrainment, however overexposure of blue light wavelengths near 460 nm should be minimized
(especially at night) to avoid disrupting the circadian clock.

2.5. Blue light induced photophobia

Photophobia is an abnormal sensitivity to light and it is often associated with several
neurological disorders including migraines and benign essential blepharospasm [54, 55]. Recent
studies reveal ipRGCs play a key role in the physiological processes associated with photophobia
[56, 57]. These findings support the numerous studies which reveal blue light wavelengths seem
to have the most harmful effects on patients afflicted with photophobia [7, 8, 9].

2.5.1. Mechanism/Pathway
IpRGCs act as transducers, converting light into a pain stimulus [56, 58]. Upon

photoactivation, these melanopsin-containing cells direct their response towards thalmic pain
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centers [56]. There is some belief in the scientific community that the pathway between ipRGCs
and the thalmic pain centers may have a pathologic gain among patients with certain neurologic
disorders [55]. Unlike rod and cone photopigments, melanopsin is a biphasic photopigment, where
photoactivation drives both processes of phototransduction and pigment regeneration [51, 59].
Recent data suggests melanopsin can be photoconverted between the 11-cis and all-trans isoforms
through exposure to blue light (~480 nm) and orange-red light (590-620 nm) [59, 60]. The 11-cis
isoform is maximally sensitive to blue light wavelengths at 480 nm, whereas the 11-cis isoform
has a peak sensitivity at longer wavelengths (590-620 nm) [51, 60]. Under ambient light settings,
the existence of two stable photon absorption states allows melanopsin to be continuously
photoconverted between the dual states, which in turn results in photic responses being directed
towards the thalmic pain centers.
2.5.2. Migraines

Migraines are the most common neurological disorder, affecting roughly 6% of men and
18% of women [61]. Almost all migraine patients report light sensitivity [62]. Studies have shown
that blocking wavelengths near 480 nm reduce light sensitivity among those with migraines [9,
57]. Good et al. showed that children wearing blue-green light blocking FL-41 tinted spectacle
lenses experienced a drop in migraine frequency from 6.2 to 1.6 per month [9]. Hoggan et al. found
that patients wearing spectacles with a thin film optical notch filter centered at 480 nm reported
improved daily functionality [57].
2.5.3. Benign essential blepharospasm

Benign essential blepharospasm (BEB) is a disorder characterized by excessive and
involuntary spasms of the eyelids [63]. BEB is a severely debilitating condition, and in some cases

it may render the patient functionally blind [64]. As with migraine-sufferers, most BEB patients
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also report light sensitivity [65]. Blackburn et al. showed that BEB patients wearing FL-41 tinted
lenses experienced reduced light sensitivity and blink frequency [66]. FL-41 has a maximal
absorbance peak around 480 nm, similar to the action spectrum of melanopsin [55].

2.6. Visual acuity and glare

In addition to preserving ocular and non-ocular health, there is considerable interest in
blocking blue light wavelengths to improve visual performance. Blue light filters are popular
among athletes and sharpshooters who believe the filters reduce glare and improve visual acuity
[4, 67]. The improvement in vision resulting from filtering high-energy blue light wavelengths
may be due to UV and blue light being scattered by the atmosphere at a greater propensity than
longer-wavelength light [4]. In addition, glaring may be caused by UV and blue light wavelengths
photo-activating the crystalline lens to weakly fluoresce [68]. Despite the popularity of blue light
filters among those demanding sharp vision, there is little scientific evidence to support these
claims [67].

Filtering blue light wavelengths near the UV region may be beneficial to patients with
ocular conditions that result in clouding of the ocular media [10]. Intraocular light scattering is
reportedly higher in individuals with aphakia, albinism, and cataracts [10, 69]. By filtering blue
light wavelengths near the UV region, light scattering in ocular media can be decreased [70, 71,
72]. Rosenblum et al. found wearing blue light filters with a 50% transmission peak centered
around 445 nm improved visual acuity by 19% and contrast sensitivity function by 27% among
aphakic individuals [10].

Individuals with dry eye disease may also benefit from wearing eyewear with blue light

filtering capabilities. Dry eye disease is characterized by corneal opacity and persistent dryness of
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the conjunctiva [73]. Kaido et al. showed that dry eye patients had a significant improvement in
visual acuity while wearing eyeglasses that blocked 50% of blue light [74].
2.7. Development of notch filters for selective filtering of blue light wavelengths

Due to blue light wavelengths being both beneficial and detrimental, it is challenging to
develop blue light filters that improve human health. Filters that block off most or all blue light
wavelengths may be visually unappealing due to their strong yellow colour. They may also have
unwarranted effects such as distortion of colour perception and disruption of circadian
entrainment. To limit the possibilities of causing adverse health effects, notch filters that
selectively filter specific wavelengths of blue light (see Table 2) should be considered.

Table 2. Notch filters by wavelengths.

Wavelength(s) (nm) | Beneficial Effect to Filtering Wavelengths

380-420 May reduce glare and improve visual acuity in aphakic and dry eye
patients.
415-455 These wavelengths have been identified as the most phototoxic

wavelengths to RPE cells.
Blocking these wavelengths may prevent development of AMD.

460 460 nm is the peak absorbance of melatonin suppression.
Filtering out wavelengths near 460 nm at night may help preserve
circadian rhythm.

480 480 nm is the peak absorbance wavelength of ipRGCS.
Filtering out wavelengths near 480 nm may reduce light sensitivity for
migraine-sufferers and BEB patients who experience photophobia.

Such filters are difficult to design due to their sharp drop-offs in transmission at specific
wavelengths, but some promising patents for designing optical notch filters in the blue light region
have been filed (as seen in Table 3). Metal plasmonic nanoparticles have been considered given
the optical properties of these materials are tunable in the blue light region [75]. Hoggan et al.

designed a notch filter centered around 480 nm through sequential deposition of thin layers of
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metal oxides onto substrate lenses [57]. The optical properties of the lenses were tuned by
controlling the composition, thickness, and ordering of the metal oxide layers [55]. Blue light
absorbing dyes and pigments with narrow absorption bandwidths have also been proposed as notch

filters integrated into spectacles and/or contact lenses [76].
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Table 3. Patents describing the application of selective blue light notch filters in eyewear.

Patent Name Number Assignee Method of Application
Selective
Filtering

Nanoparticle US20150168616A1 University of Plasmonic Reducing severity

light filtering Utah Research ~ nanoparticles  of photophobic

method and Foundation responses,

apparatus (including
migraine headache
and
blepharospasm) or
for regulating
circadian cycles
[75].

Tinted US9891448B2 Smith Optics Polarized film Reducing glare

polarized lenses Inc coating and improving

having colour perception

selective [76].

frequency

filtering

Circadian US20150268396A1 3M Innovative  Polymeric Reduce circadian

rhythm optical Properties Co interference rhythm disruption

film filters [77].

High US8360574B2 High Blue light Improve contrast

performance Performance absorbing sensitivity [78].

selective light Optics pigment or

wavelength dye

filtering

providing

improved

contrast

sensitivity

High energy US8882267B2 High Blue light One potential

visible light Performance absorbing dye application of this

filter systems Optics invention is that it

with may reduce cell

yellowness death due to

index values limiting exposure
by wavelengths
near 430 nm [79].

Rugate optical  US20060092374A1 High Rugate filter =~ To provide

lens to prevent Performance protection against

macular Optics macular

degeneration degeneration [80].
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2.8. Commercially available blue light filters
2.8.1. Spectacles

There are several commercially available spectacle lenses that offer blue light protection.
These lenses typically use blue light absorbing materials or surface coatings to reduce the
transmission of blue light wavelengths [81]. Despite the abundance of blue light filtering
spectacles on the market, these lenses have not been widely accepted by society. The limiting
factors for widespread usage of blue light filtering spectacles include that (1) they may be
cosmetically unappealing because of a yellow or amber tint produced by blocking of blue light
wavelengths, (2) the yellow or amber tint imparted on the spectacles may interfere with normal
colour perception and (3) it is difficult to selectively filter out harmful wavelengths of blue light
while allowing the essential blue light wavelengths to pass through [78, 81].

Essilor addressed many of the limiting factors with their blue light filtering spectacles,
“Crizal Prevencia No-Glare”. These lenses selectively filter out harmful UV and blue light
wavelengths (between 415 to 455 nm). They also reduce the transmission of blue light wavelengths
between 415 to 455 nm by 20% while causing minimal colour distortion — appearing almost
completely clear [4]. In vitro studies conducted with A2E-containing RPE cells demonstrated the
efficacy of the lenses as they were able to reduce cell apoptosis by 25% compared to no light
filtering whatsoever [37]. Leung et al. studied the performance of several commercially available
blue light filtering spectacles, including “Stressfree” and “Noflex” from SwissLens, on computer
users over the course of a month. Both spectacle lenses were measured to have transmittance less
than 0.2% in the UV and near UV region. “Stressfree” blocked 17.8% blue light through anti-
reflective coating whereas the brown-tinted “Noflex” was measured to block 22.5% of blue light.

Wearers reported no significant change in sleep quality, contrast sensitivity and glare while
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wearing the blue-light filtering spectacle lenses [81]. Spectacles such as “Noflex” and “Stressfree”
may be an option for protecting the eye from harmful blue light without adversely affecting visual
performance and circadian rhythm. However, it is unclear whether the low levels of blue light
blockage (17.8 — 22.5%) in these lenses is sufficient for preventing development of AMD and
other harmful health effects.

2.8.2. Contact lenses

Contact lenses are an attractive platform for incorporating blue light filters. There are
currently over 71 million people worldwide using contact lenses for vision correction, therapeutic
and cosmetic purposes [11, 82]. Unlike sunglasses, where UV and HEV light can still reach the
eyes through the top, bottom and sides of the glasses, contact lenses can provide complete
protection from light at all angles since they cover the entire cornea [83, 84, 85]. There are several
contact lenses on the market, most notably the Acuvue brand offering “Class 1” UV protection
(blocking >90% UVA and >99% UVB) [86, 87]. Despite several patents being issued, there are
currently no commercially available contact lenses on the market offering both UV and blue light
protection [12, 13, 14, 15].

Most of these blue light filtering contact lens patents describe methods of incorporating
blue light-absorbing molecules that are copolymerized with the polymer(s) used to manufacture
the lenses. This is to eliminate potential leaching of blue-light absorbing molecules. There are
several challenges with incorporating blue light filtering molecules into contact lenses:

(1) Contact lenses are most commonly fabricated using cast molding in the industry, and this
typically involves curing the polymers under UV (or HEV light) to form the lens. The

blue light absorbing dye may absorb the curing light, resulting in a longer cure or
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requiring increased light intensity. This may also result in the final properties of the lens
being compromised [88].
(2) The blue light absorbing agent may affect the kinetics of polymerization especially if a
significant amount of the agent is added to the monomer mixture [88].
(3) If the blue light absorber needs to be copolymerized with the lens matrix, it limits the
choice of materials available for blue light blocking in lens [88].
(4) The polymerized lens (containing the blue light absorbing agent) must be able to
withstand sterilization conditions and be stable in the contact lens packing solution [89].
2.9. Nanoparticles for notch filters
2.9.1. Overview of nanoparticles
Nanomaterials refers to objects with dimensions in the range of 1 — 100 nanometers,
approximately the size of 10 — 1000 atoms. At the nanoscale, well-known materials can take on
new properties due to quantum effects. Small enough nanoparticles (~ half the wavelength of
light), will cease to scatter light that they do not absorb, making the material appear transparent
[90]. By tuning the light absorption of nanoparticles and taking advantage of sizes that avoid light
scattering, blue light blocking nanoparticles can be developed with the potential to be applied as
spectral filters in contact lenses.
Semiconducting NPs such as TiO and ZnO are frequently used in sunscreens as inorganic
UV blockers [90]. By using nanoscale TiO2 and ZnO, the undesired opaqueness of the materials
is eliminated while still providing sufficient UV protection [90]. Materials engineering allows for
the preparation of doped TiO; for control over band structuring (e.g. nitrogen or metal-doped TiO3)

to increase the amount of visible blue light that is absorbed. However, it is difficult to achieve

18



selective filtering of blue-light wavelengths over a narrow region, as doping tends to increase the
amount of light that is absorbed over a broad region of visible light [91, 92, 93].

Quantum dots exhibit remarkable and tunable optical properties. In addition, low-cost
synthesis methods with high degree of control over material properties exist [94, 95, 96]. However,
there are concerns over the toxicity of quantum dots [97]. In addition, quantum dots are well known
for their intense fluorescent properties, which is undesirable in a contact lens.

Plasmonic nanoparticles, such as silver and gold, are very promising materials for blue
light blocking applications and contact lens integration. Plasmonic nanoparticles are ideal for light
absorbing applications because the absorbance and scattering properties can be tuned by making
subtle changes to the particle shape and size [16, 17, 18]. In contrast, the chemical formula of
commercial pigments and dyes must be modified to change the light absorbing and scattering
properties. This significantly reduces the tunability of pigments. Silver is an ideal candidate for
blue light blocking and contact lens integration. The surface of silver nanoparticles (AgNPs) is
easily modified by polymers through specific electrostatic interactions or by thiol
functionalization, allowing for stable dispersion in a variety of matrices [19]. Furthermore, silver
enjoys application in a wide range of consumer goods including food and personal care products.
While recent literature strongly recommends careful consideration toward toxicity of all
nanomaterial-containing products, using materials already approved for consumer goods helps
ensure the safety of the product [98]. These material properties support the integration of
transparent AgNPs with contact lenses to produce blue-light absorbing lenses while mitigating
health and approval risks associated with new products.

2.9.2. Plasmonic nanoparticles and LSPR
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Metallic nanoparticles made of silver and gold have generated significant interest for
research and commercial applications due to their unique optical properties. Silver and gold
nanoparticles are now considered as inorganic chromophores with strong extinction [99]. These
metallic nanoparticles can display very intense colours when dispersed in liquid media due to
surface plasmon resonance (SPR), which corresponds to the frequency of oscillation at which
conductive electrons oscillate due to the electrical field of the incident electromagnetic radiation
[99, 100].

The intense light absorbing and scattering properties of metallic nanoparticles have been
actively considered for use as nanoscale devices for enhanced light scattering in solar cells, photon
energy transport, surface-enhanced Raman/fluorescence scattering, and chemical/biological
sensing. Many of these applications require the SPR band to be tunable over a broad range [99].
The only metallic materials to exhibit plasmonic effects in the visible spectrum are gold, silver and
copper NPs. The SPR peak of metal nanostructures includes both absorption and scattering
components, and unlike in bulk materials, these components are dependent on the size, shape,
surrounding media, and composition of the nanostructure [16, 17, 18]. In the case of metal
nanoparticles, the collective oscillation of free electrons is confined to a finite volume, and the
corresponding plasmon is referred to as a LSPR [100]. In a sense, the surface plasmons are
electromagnetic waves trapped at the dielectric/metal interface due to the collective oscillations of
free electrons in the metal [100]. This phenomenon was explained by Gustov Mie in 1908 [101].
Mie theory can be used to determine the extinction cross-section of spherical nanoparticles at a

given size as seen in Equation 1 [102]:

24m2R3e3/? &
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Equation 1: Extinction coefficient determination using Mie theory.
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where C,,; 1s the extinction cross section, A is the excitation wavelength, R is the particle
radius, &, is the relative dielectric constant of the medium around the NP, and &, and ¢; are the
real and imaginary parts of the dielectric function, respectively. However, there are several
limitations of Mie theory. Mie theory only applies to the optical properties of a single, isolated
nanoparticle in a homogenous environment. In addition, Mie theory is unable to account for non-
spherical shapes, coating and shell layers, or the effects of nanoparticle aggregation [103].

To overcome the limitations of Mie theory, several other approximation techniques can be
used to determine the optical properties of non-spherical nanoparticles, such as dipole, quadrupole,
and discrete dipole approximation (DDA) [103]. This thesis will not include numerical methods
and modelling to determine the optical properties of synthesized plasmonic materials. All optical
values reported in this thesis are determined from experimental data.

2.9.3. Tuning the optical properties of silver

Among the various plasmonic metal NPs, AgNPs show the greatest promise for light
filtering applications due to their high surface plasmon strength and tunability of the SPR
absorption spectra from 300 to 1200 nm. The surface plasmon strength is described using the
quality factor (Q) described in Equation 2 [102]:

_ w(de,/dw)
B 2e?

i
Equation 2. Quality factor

The surface plasmon strength is directly proportional to the quality factor. Large Q values

indicate strong plasmons whereas a low Q indicates weak surface plasmons with a small C,,;. Low

quality factors are also correlated with broadening of the extinction spectra FWHM [104]. In

comparison to other plasmonic metals, silver has the largest quality factor across most of the

spectrum from 300 to 1200 nm. In addition, interband transitions involving excitations of electrons
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from the conduction to higher energy levels also contribute to dampening the surface plasmon
modes [105]. In silver, these interband transitions take place at much higher frequencies than the
LSPRs, however in the case of gold and copper, these interband transitions limit their LSPR
excitations to wavelengths above 500 and 600 nm, respectively [106]. It is for these reasons that
silver appears as an ideal candidate for selective filtering of blue light wavelengths.

The LSPR of silver nanoparticles can be tuned by controlling the size, shape, surrounding
media, and elemental composition [16, 17, 18]. The size of the AgNPs can be modulated to shift
the SPR absorption peak. Increasing the size of the nanoparticles will red-shift the SPR, but also
broaden the absorption band. The effect of scattering also becomes more dominant at larger sizes
[107, 108].

The SPR of AgNPs can also be significantly altered by changing the shapes of the NPs.
NPs with sharper features will have a more red-shifted SPR in comparison to spherical
nanoparticles and nanoparticles with rounded corners [109]. This is due to the sharp features of
the AgNPs increasing the charge separation and reducing the restoring force for the dipole
oscillation [110]. Small spherical AgNPs (less than 20 nm in size) typically have one SPR around
400 nm in water [111]. In comparison, cubic, octahedra and right bipyramids will have one strong
SPR peak at a more red-shifted wavelength along with multiple shoulders at more blue-shifted
wavelengths. The number of SPR peaks increases with non-spherical shapes due to a loss in
symmetry. This leads to polarization of electrons in multiple directions. Shape control can be a
very effective way to tune the SPR of AgNPs throughout the blue light regions. Changing the
shape of the nanoparticles from spheres to cubes, octahedra, and right bipyramids, can red-shift

the SPR peak by up to 40, 50 and 100 nm, respectively [110]. The added advantage of this
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tunability is that the overall size of the NPs is not significantly increased, and so broadening of the
extinction spectra can be minimized.

The LSPR of the AgNPs can also be tuned by modulating the dielectric constant of the
surrounding medium. By coating AgNPs with dielectric materials such SiO» or TiO,, the LSPR
can be red-shifted throughout the visible spectrum [112].

2.9.4. Silica coating

There has been a great deal of interest over the last two decades in encapsulating individual
plasmonic NPs in silica shells [113]. The main driving force behind this interest is that bare
plasmonic nanoparticles are poorly suited for the harsh conditions required for many applications.
Without a protective coating, the optical properties of plasmonic nanoparticles may be
compromised due to particle aggregation, etching, or reshaping [114]. Silica coating has emerged
as a promising approach to improve the stability of plasmonic nanoparticles and facilitate their
integration into sensors, as well as catalytic, biomedical, and photovoltaic devices [115, 116].

In contact lenses, the motivation behind coating plasmonic nanoparticles with silica can be
categorized into 4 functions: (1) improving colloidal stabilization, (2) protecting the cores from
the surrounding medium, (3) attaining a higher degree of control over the optical properties in
harsh environments, and (4) functionalizing and integrating the nanoparticles into a contact lens
(Table 4).

Silica shells improve colloidal stabilization against aggregation through electrostatic and
steric repulsion. The exposed silanol groups allow for free cations to adsorb onto silica surfaces,
leading to long-range electrostatic repulsion between nanoparticles [116]. Steric repulsion arises
at short interparticle distance due to the comparatively lower Hamaker constant of silica in water

(Asitica =1 x 102° J vs Apg = 1-4 x 10"'? J) which leads to weaker van der Waals interactions [117,
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118]. The synergistic effects of electrostatic and steric stabilization have been to show to prevent
irreversible aggregation, even in solvents with high ionic strengths [119, 120]. In addition, silica
coating imparts greater mechanical stability which can prevent morphological changes and fixate
specific particle structures [121, 122].

Silica coating has also been shown to inhibit the oxidative etching of less noble metals such
as silver. Furthermore, silica coating can reduce the toxicity of the plasmonic metal nanoparticle
by preventing leakage of ions from the cores [123, 124].

Silica coating can also be used to tune and control the optical properties of plasmonic
nanoparticles. The deposition of a silica layer usually causes the LSPR to red-shift due to the
increase in the refractive index surrounding the plasmonic core [114]. If a sufficiently thick silica
layer is deposited on the nanoparticles, it can act as a spacer layer that prevents plasmons from
interacting with adjacent NPs. The LSPR of plasmonic nanoparticles usually red-shift in response
to particle aggregation, however, the introduction of a silica spacer layer effectively separates
adjacent plasmonic cores and prevents coupling of their electric fields [125, 126]. This is illustrated

in Figure 2.
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Figure 2. Schematic illustration depicting how optical properties are preserved due to silica
acting as a spacer layer between plasmonic nanoparticles in close proximity.
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Aside from optical tuning, silica coating may also be desirable from a material
compatibility/integration perspective. The presence of exposed silanol and siloxane groups on the
silica shell allow for further functionalization that may facilitate lens integration and long-term
stability [127]. Silane coupling chemistry may be applied to functionalize the nanoparticles with
reactive agents that can cross-link the plasmonic materials into the contact lens matrix under
photocuring. Or alternatively, the silica shell can be functionalized to improve the stability and
dispersion of the NPs in various monomer mixtures.

In summary, the potential to improve surface functionalization, colloidal and chemical
stabilization, and further tune optical properties of plasmonic materials make the silica shell a high
desirable feature in designing AgNP based blue light filtering contact lenses. The potential
functions of the silica shell are summarized in Table 4.

Table 4. Potential functions of silica shell in plasmonic blue light filters in contact lenses.

Function Description References
Colloidal Stabilization Prevent irreversible aggregation. [119, 120,
Fixate the shape of NP structures. 121, 122]
Chemical Stabilization Protect plasmonic cores from oxidative etching. | [123, 124]
Optical Properties Tunability | Redshift the LSPR to a desired wavelength. [125, 126]
Minimize changes in optical properties due to
NP aggregation.
Surface Functionalization and | Functionalize the NPs with reactive agents that
Integration can cross-link into the contact lens.

Chapter 3. Silver nanoparticle synthesis

3.1. Introduction
There are a wide array of chemical synthesis protocols available for preparing silver

nanoparticles of various sizes and shapes, including citrate and silver mirror reduction, polyol
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process, seed-mediated growth and light-mediated synthesis [128, 129, 130, 131, 132]. For
applications such as sensing and selective light filtering, it is critical to attain nanoparticles of
uniform size and shape. The polyol process is a simple and versatile method that has been used to
make silver nanoparticles of various shapes, including cubes, rods, wires, and octahedra [133, 134,
135]. However, synthesis of AgNPs through the polyol process has been plagued by
reproducibility issues stemming from trace impurities and poor temperature control [102]. In
addition, controlling the reduction and growth rates are essential to synthesizing nanoparticles
within an appropriate time frame. Long synthesis periods extending past several hours are
inconvenient from a production perspective, however short synthesis times (less than 15 minutes)
are also undesirable due to difficulties in being able to effectively monitor the reaction and quench
it once a specific size/shape of nanoparticles has been obtained. Previous reports of cubic AgNP
synthesis using the polyol process show the ability to tune the LSPR from ~400 nm to wavelengths
near 500 nm [133, 134, 135]. In addition, Xia et al. reported FWHM values as narrow as 30 nm
for LSPR peaks between 401 to 418 nm [133]. However, narrow FWHM values for LSPRs at more
red-shifted wavelengths (420-450 nm) have not been reported with AgNPs. In this chapter we
demonstrate reproducible AgNP synthesis of cubic and octahedra structures by simply tuning the
salt concentration in the polyol process. To the best of our knowledge this is the first reported
demonstration of tuning the concentration of NaCl to selectively synthesize cubic or octahedra
AgNPs in a one-step polyol synthesis. In addition, the experimental parameters of the synthesis
have been tuned such that (1) the NP synthesis can be monitored and quenched over an appropriate
time phase (45-120 minutes) and (2) narrow FWHMs (< 45-50 nm) can be attained at LSPRs >
440 nm. The ability to synthesize AgNPs with narrow FWHMs for LSPRs between 400-450 nm

is crucial to developing a library of selective blue light filters.
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3.2. Materials and methods
3.2.1. Materials

Ethylene glycol (EG, 99.8%), silver trifluoroacetate (CF;COOAg, 2>99.99%),
poly(vinylpyrrolidone) (PVP, MW = 55, 000), sodium chloride (NaCl) and sodium hydrosulfide
hydrate (NaHS-xH>O) were purchased from Sigma-Aldrich. All chemicals were used as received.
The synthesis of AgNPs was carried out in 20 mL glass scintillation vials, purchased from VWR.
A filtration device was purchased from EMD Millipore to produce Millipore-grade water (>15
MQ.cm).

All glassware was cleaned prior to use with 12 M NaOH for 1 hour followed by washing
with copious amounts of DI water, and 3 washes of Millipore-grade water. Stir bars were cleaned
with nitric acid for 10 minutes, followed by washing with copious amount of Millipore-grade
water.

40 nm (cat no. 795968) and 60 nm (cat no. 795984) spherical, PVP functionalized AgNPs
were purchased from Sigma-Aldrich for comparison purposes. Optical properties of commercial
AgNPs were measured in-house. TEM sizing information of commercial AgNPs reported in this
thesis are based off of the supplier’s information.

3.2.2. Synthesis of AgNP

Synthesis of cubic AgNPs. The synthesis of cubic AgNPs was based off a modified polyol
synthesis [136]. 5 mL of EG was added to a 20 mL scintillation vial and heated in an oil bath set
at a temperature between 115 — 130 °C. The temperature was monitored throughout the entirety of
the synthesis. All reagents were dissolved in EG and sequentially added to the scintillation vial
placed in the oil bath. 90 pl of NaSH (3 mM) was first introduced, followed by PVP (20 g/L) and

NaCl (1.5 mM) after a 2-minute delay. Lastly, 0.4 mL of CF3COOAg (282 mM) was introduced
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after 2 minutes. The scintillation vial was loosely capped, and aliquots were taken at 15-minute
intervals with a glass Pasteur pipette. All aliquots were diluted with Millipore deionized water
(MDI) prior to TEM and UV-Vis analysis.

Synthesis of octahedra AgNPs. The synthesis parameters of octahedra AgNPs were
identical to that of cubic AgNPs except for the concentration of NaCl. 0.5 mL of 0.075 mM NacCl
was added to the scintillation vial to prepare octahedra AgNPs.

3.2.3. Characterization

NP optical density (OD) spectra were obtained with a UV-Vis spectrophotometer (BioTek
Epoch). The size and shape of the particles were analyzed with a Philips CM-10 transmission
electron microscope (TEM). Particle diameters were measured using ImagelJ software. The
average diameter and standard deviations were calculated using built-in function on Microsoft
Excel. Large, irregularly shaped NPs were excluded from the analysis.

3.3. Results & Discussion
3.3.1. Influence of CI ions

Cubic AgNPs were prepared following the synthesis protocol in Section 3.2.2 (with the
temperature set at 130 °C). Under these experimental conditions, the growth kinetics were slow
enough such that the LSPR could be easily monitored throughout the synthesis. After 90 minutes

the AgNPs had attained a LSPR peak of 430 nm with a FWHM of 47 nm as seen in Figure 3.

28



Normalized OD
(@)
(@)

0
300 350 400 450 500 550 600 650 700 750
Wavelength (nm)
—30 Minutes =—45 Minutes =——60 Minutes ——90 Minutes

Figure 3. Normalized OD spectra of aliquots obtained at different time points during the
synthesis of cubic AgNPs.

The progression of nanoparticle growth was also studied under TEM analysis as seen in
Figure 4. 30 minutes into the synthesis, the nanoparticles appear to be quasi-spherical in shape
with an LSPR peak at 411 nm. At the 45-minute timepoint, the nanoparticles are larger, and this
1s accompanied by a red-shift in the LSPR of ~5 nm. At this stage, the nanoparticles appear to be
cuboctahedra with an average diameter of 33.1+5.9 nm. Well-defined cubic nanoparticles with
sharp corners are finally attained after 90 minutes. In addition, the average particle diameter
increased to 42.14+5.9 nm. The changes in the optical properties include both a significant red-shift
in the LSPR and the development of a well-defined shoulder peak at ~347 nm. This shoulder peak
is associated with cubic AgNPs [137]. The cubic morphology arises due to a high yield of single
crystal seeds attained during the initial stages of the reaction, shape-directed growth by PVP, and
oxidative etching (assisted by CI ions) to eliminate twinned and multi-twinned particles [134,

138].
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PVP acts as a shape directing agent by preferentially binding to the {100} facets, thereby
lowering their free energy. In the absence of PVP, the {111} facets have the lowest free energies
of Ag polyhedrons followed by the {100} and {110} facets. [11] Cubic nanoparticles are enclosed

by {100} facets, therefore PVP is required to lower the free energy of these facets.
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Figure 4. TEM images of aliquots obtaiﬁed during the synthesis of cubic
AgNPs after 30 (left), 45 (middle) and 90 (right) minutes. Scale bar
represents 100 nm.

Throughout the reaction, there was a very low percentage of right bipyramids and irregular
shapes. This is partly due to the role of chloride and oxygen in controlling the growth of single
crystal seeds in the early stages of nanoparticle growth. The oxidative etching mechanism outlined
by previous works suggests that the combination of an oxidant (such as oxygen) and a ligand (such
as chloride) is capable of not only coordinating to metal ions in the reaction solution, but to also
act as etchants for both seeds and nuclei [134, 138]. Out of the three most dominant crystalline
structures taken on by metal seeds, single-crystal structures are far more resistant to oxidative
etching than twinned and multi-twinned structures. Twinned and multi-twinned structures contain
a greater amount of defect regions that are higher in activity and hence more susceptible to
oxidative etching [ 134]. Chloride was used to great effect in this process to eliminate the presence
of twinned and multi-twinned structures during the early stages of the synthesis.

Lowering the concentration of NaCl by a factor of two led to the LSPRs being far more

red-shifted but at the expense of the FWHM values of these LSPRs being broader (Figure 5). Apart
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from red-shifting the LSPR peaks, the lower salt concentration also resulted in the emergence of a

2" shoulder peak around 380 nm after the 30-minute timepoint.
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Figure 5 Normalized OD spectra of aliquots obtained at different timepoints during the synthesis
of octahedra AgNPs.

The presence of these shoulder peaks indicates the presence of octahedra AgNPs [137].
TEM images taken after the 90-minute timepoint reveal the formation of octahedra AgNPs at the
lower salt concentration (Figure 6). Under TEM analysis, the octahedra nanoparticles (Figure 6)

are easily distinguishable from cubic nanoparticles (Figure 6) by their lack of perpendicular edges.
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Figure 6. TEM images of cubes (left) and octahedra AgNPs (vight) after 90 minutes of synthesis.
Scalebar represents 100 nm.

Both octahedra and cubic nanoparticles stem from single crystal seeds. Preferential growth
of either cubic or octahedra nanoparticles can be controlled by tuning the relative growth rates
along the <111> and <100> directions. The formation of octahedra AgNPs by simply lowering the
NaCl concentration suggests that the growth rate along the <100> direction is increased relative to
growth along the <111> direction. To the best of our knowledge Cl" and Na* ions have not been
used to tune the relative growth rates of the <111> and <100> directions to synthesize AgNPs of
cubic or octahedral shapes. Previously, PVP and sodium citrate have been used to direct the growth
of cubes and octahedrons respectively in a two-step polyol process [137, 139]. Citrate ions
preferentially bind to {111} facets whereas PVP strongly adheres to {100} facets, as previously
mentioned.

These results suggest that Cl” ions may also preferentially adhere to the {100} facets, and
that it is the synergistic effect of PVP and Cl  ions that direct the growth of cubic nanoparticles
from single crystal seeds. It is interesting to note that at the lower CI" concentrations, single
crystalline seeds were still the dominant species, however it should be noted that there does seem

to be a slightly higher percentage of irregular shapes at this concentration (as seen in Figure 6).
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This could be due to a reduction in oxidative etching of twinned and multi-twinned seeds during
the early stages of the reaction, due to a lower availability of free Cl ions.

Comparing the progression of LSPR peaks of the nanoparticles synthesized at both salt
concentrations reveals that the lower salt concentration led to much faster red-shifting of the LSPR
peak (Table 5). However, the FWHM values of these LSPR peaks were broader and were
accompanied by a shoulder peak at wavelengths > 500 nm. This indicates the presence of irregular
nanoparticles [136]. Absorbance in this region is also undesirable for selective blue light filtering
as it compromises the transparency in the visible light region.

Table 5. Change in LSPR (nm) over the course of the synthesis at low and high CI

concentrations.
Cr Time (mins)
Concentration 30 45 60 75 90
Low 429 447 451 449 437
High 411 416 424 431 430

The results from these syntheses are promising as they show the potential to develop a
synthesis protocol that can produce AgNPs with tunable LSPR peaks > 435 nm and narrow FWHM
values. The next steps involve controlling the growth kinetics of the reaction such that the LSPR
can be red-shifted throughout the blue light region without compromising the FWHM and
introducing undesirable shoulder peaks at wavelengths > 500 nm.

3.3.2. Tuning the optical properties of octahedra AgNPs — NaHS variation

Low concentrations of bisulfide (SH") are required to increase the reduction rate of the
polyol synthesis such that cubic and octahedral AgNPs can be obtained within an adequate time
frame [102]. Bisulfide is hypothesized to rapidly react with Ag" ions to form insoluble Ag,S
clusters which then serve as catalysts and seeds for rapid heterogenous nucleation of Ag atoms

[136]. Table 6 shows the effects of varying the volume of NaHS added to the reaction while
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keeping all other parameters constant in the synthesis of octahedra AgNPs. Reducing the bisulfide
concentration helped minimize the increase in the FWHM of the LSPR peak, however overall red-
shifting of the peak was also significantly reduced.

Table 6. Evolution of LSPR peak and FWHM (denoted in brackets) at various NaHS volume

additions.
Volume of Time (min)

NaHS (ul) 15 30 45 60 75 90
60 403 411 427 431 433 428
(34) (28) (34) (37) (38) (38)

90 -- 429 447 451 449 437
(50) (64) (66) (61) (61)

100 -- 436 445 450 450 445
(99) (68) (82) (88) (78)

The growth of octahedral AgNPs at the reduced bisulfide concentrations was significantly
slower. After 15 minutes into the reaction there is a single plasmon peak at 403 nm (as seen in
Figure 7). A second plasmonic peak appears after 30 minutes, revealing the presence of
cuboctahedra. A third plasmonic peak around 380 nm appears between 45 — 60 minutes into the

reaction, indicating the formation of octahedra nanoparticles.
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Figure 7. Normalized OD spectra of aliquots obtained at different timepoints during the
synthesis of octahedra AgNPs (60 ul NaHS).

The results from the UV-Vis spectra correspond well with TEM images of the AgNPs at
various stages of the reaction, as seen in Figure 8. Comparing the TEM images of AgNPs obtained
at 15 and 30 minutes into the reaction, the key noticeable difference is in the size of the NPs. This
difference in size contributes to a red-shift of 8 nm. Between 30 and 60 minutes, the NPs do not
appear to be significantly larger, however the LSPR peak is red-shifted by 20 nm. This result shows
that tuning the shapes and sharpness of features can be a powerful tool to tuning the LSPR of
AgNPs. The controlled evolution of cuboctahedra to octahedra NPs allows for significant red-
shifting without increasing the overall size of the NPs, thereby minimizing any broadening in the

FWHM.
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Figure 8. AgNP growth after 15 (top and bottom left), 30 (top middle) and 90 (top and bottom
right) minutes into the synthesis. Scalebars represent 100 nm.

3.3.3. Tuning the optical properties of octahedra AgNPs — Temperature variation
The temperature of the reaction was also investigated as a parameter that can be tuned to
slow down the growth kinetics. As seen in Table 7, reducing the synthesis temperature to 115 °C
significantly reduced the rate of red-shifting of the LSPR peak. In spite of this reduced temperature,
LSPR peaks >435 nm with narrow FWHM values (<40 nm) were attained, albeit over a longer
period. The narrow FWHM values can be attributed to the high level of particle uniformity. Nearly

70% of the final product falls into a diameter range of 43-48 nm. The final product consists of
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monodisperse octahedra nanoparticles with an average diameter of 46.1+3.2 nm. A histogram
showing the NP diameter distribution can be found in Appendix A.

Table 7. Evolution of octahedral AgNP LSPR peak and FWHM at various polyol synthesis

temperatures.
Temperature Time (min)

(O] 30 45 60 75 90 105 120

115 405 406 413 425-426 435 440 441
(29) (28) (30) (36) (34) (35) (35)

120 402-403 413-414 426 433 436 -- --
(44) (32) (36) (34) (33)

130 429 447 451 449 437 -- --
(50) (64) (66) (61) (61)

Under these optimized synthesis conditions, the LSPR was successfully red-shifted by 36
nm without compromising the FWHM of the LSPR peak, as depicted in Figure 9. These optimized
synthesis conditions enable uniform nanoparticle growth, thereby allowing for the production of

AgNPs with tunable, narrow LSPR peaks between 405 to 441 nm.
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Figure 9. Evolution of LSPR and FWHM throughout the synthesis of octahedra AgNPs (top).
Normalized OD spectra of aliquots obtained from the synthesis of octahedra AgNPS after 30, 75
and 120 minutes into the synthesis.

3.3.4. Reproducibility
Metal nanoparticle synthesis through the polyol method has been plagued by
reproducibility issues due to a variety of factors [102]. Our optimized synthesis process for cubic

and octahedral AgNPs (with the temperature set at 115 °C) is highly reproducible. The high
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reproducibility of our modified polyol process for octahedra AgNPs is shown in Table 8 (see
Appendix B for cubic replicates and more replicates of octahedra AgNPs).

Table 8. Reproducibility of octahedra AgNPs under optimized polyol synthesis conditions.

Time (min)

30 45 60 75 90 105 120

Replicate 1 405 406 413 425-426 435 440 441
(29) (28) (30) (36) (34) (35) (35)

Replicate 2 407 406 415 426 436 442 444
(30) (28) (32) (36) (36) (36) (37)

Replicate 3 408 407 416 427 438 441 444
(30) (29) (31 (36) (38) (38) (37)

3.3.5. Comparing the optical properties of various shapes

The optical properties of our cubic and octahedra AgNPs were compared to that of
commercially available PVP-functionalized spherical AgNPs. 40 nm spherical AgNPs purchased
from Sigma-Aldrich were measured to have an LSPR of 409 nm with a corresponding FWHM of
59 nm. As seen in Figure 10, octahedra and cubic AgNPs synthesized under our optimized
synthesis conditions possess narrower LSPR peaks at much further red-shifted wavelengths,

despite being comparable in size.
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Figure 10. Normalized OD spectras of 40 nm commercial spherical AgNPs, cubic AgNPs and
octahedra AgNPs.

Spherical AgNPs of 60 nm in diameter were measured to have an LSPR of 440-441 with a
corresponding FWHM of 109 nm. The LSPR of these spherical AgNPs matches that of our
46.1+3.2 nm octahedra AgNPs (LSPR = 440 nm). However, as seen in Figure 11, the FWHM of

the spherical AgNPs’ LSPR is significantly broader.
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Figure 11. Direct comparison of the normalized OD spectras of commercial
spherical AgNPs and octahedra AgNPs with comparable LSPR peaks.

Our synthesis protocol yields nanoparticles of greater uniformity of size and shape. In
addition, our nanoparticles appear more symmetrical and possess sharper features compared to
commercial AgNPs as seen in Figure 12. The combination of these factors allows for the
attainment of LSPR peaks at more red-shifted wavelengths and narrow FWHM values. This
maximizes the amount of harmful blue light wavelengths that can be filtered out, while allowing

for transmission of beneficial blue light wavelengths.
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Figure 12. TEM images of commercial AgNPs (left) and octahedra AgNPs (right) synthesized
using the optimized conditions of the polyol method. Scalebars represent 100 nm.

3.4. Conclusions

In conclusion, this chapter focused on tuning the polyol synthesis through controlling
parameters that affect the growth kinetics and shape of the NPs. This is the first reported
demonstration of using CI" ions to selectively synthesize cubic or octahedra AgNPs in a one-pot
polyol synthesis. Under these optimized synthesis conditions, AgNPs with LSPRs > 440 nm and
narrow FWHM values (<45 nm) can be produced. The LSPR can also be red-shifted over a range
of ~40 nm (from 405 to 445 nm) without compromising the FWHM. The synthesis can be easily
monitored over time and quenched once the LSPR is at the desired wavelength. In addition, the
FWHM values of the LSPR peaks associated with these NPs are far superior to commercially
available AgNPs. This work shows great promise for the utilization of AgNPs as selective blue

light filters.
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Chapter 4. Integration of NPs into contact lenses

4.1. Introduction

With over 71 million users worldwide, contact lenses are an attractive platform for
incorporating blue light filters [11]. There are currently no commercially available contact lenses
on the market offering both UV and blue light protection, although several patents have been issued
[12, 13, 14, 15]. Most of these blue light filtering contact lens patents describe methods of
incorporating blue light-absorbing molecules that are copolymerized with the polymer(s) used to
manufacture the lenses. This is to eliminate potential leaching of blue-light absorbing molecules.
The use of blue light absorbing dyes in contact lenses poses several limitations including low
tunability of wavelengths that are absorbed, and their effect on the kinetics of polymerization
(especially if a significant amount of the blue light absorbing agent is added to the monomer
mixture). In addition, contact lenses are most commonly fabricated using cast molding in the
industry, and this typically involves curing the polymers under UV (or HEV light) to form the lens.
A longer cure time or increased light intensity may be required to circumvent for light that is
absorbed by the HEV light absorbing agent during photocuring. The caveat is that increasing the
curing time may affect the final properties of the lens [88].

The AgNPs prepared in Chapter 3 present a novel and promising approach to selective
filtering of blue light wavelengths in contact lenses while overcoming some of the limitations of
using blue light absorbing dyes. The high level of LSPR tunability shown in Chapter 3 allows for
the development of custom blue light filters. This level of tunability is beneficial as it allows for
the LSPR to be moved to wavelengths outside the peak emission of the photocuring lamps. It also

allows for high transparency of blue light wavelengths that are beneficial to human health.
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However, bare AgNPs are poorly suited for the harsh conditions required for selective light
filtering in contact lenses. Without a protective coating, the optical properties of AgNPs may be
compromised due to particle aggregation, etching, or reshaping [114]. Silica coating has gained
increasing popularity as a tool to improve the stability of plasmonic nanoparticles and facilitate
their integration into biomedical devices [115, 116]. In addition, silica coating has also been shown
to inhibit the oxidative etching of silver and reduce its toxicity by preventing leakage of ions from
the cores [123, 124].

For contact lens applications, encapsulating individual plasmonic AgNPs with thick silica
shells has the potential to impart greater colloidal stability, protect the cores from the surrounding
medium, attain a higher degree of control over the optical properties in harsh environments, and
minimize/prevent leaching of Ag" ions. In addition, the protective silica layer around the
plasmonic cores help stabilize the optical properties of the cores in the contact lens under
autoclaving, and subsequent storage at room temperature.

In this chapter, the real-world utility of the nanoparticles developed in Chapter 3 is
demonstrated. The following are presented herein:

(1) Successful integration of silica-coated AgNPs into etafilcon contact lenses using
protocols that can be transferred to large-scale industry production.

(2) High transparency in the visible wavelengths and selective blue light filtering capabilities
of AgNP integrated lenses.

(3) Comparative optical measurements of NP-integrated lenses after autoclaving and
exposure to UV and natural sunlight.

(4) High optical stability of NP-integrated lenses over a 2-week storage period post-

autoclaving, and UV exposure.
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(5) Minimal leaching of nanoparticles and Ag" ions from the etafilcon lenses during storage.
4.2. Materials and methods
4.2.1. Chemicals and materials

Tetraethyl orthosilicate (TEOS, 99.999% trace metals basis), ammonia (28-30% NH3
basis), poly(vinylpyrrolidone) (PVP, MW = 55, 000), acetone, and anhydrous ethanol (EtOH,
<0.003% H20) were purchased from Sigma-Aldrich. All chemicals were used as received. The
silica coating of AgNPs were carried out in 20 mL glass scintillation vials, purchased from VWR.
A filtration device was purchased from EMD Millipore to produce Millipore-grade water (>15
MQ.cm).

All glassware was cleaned prior to use with 12 M NaOH for 1 hour followed by washing
with copious amounts of DI water, and 3 washes of Millipore-grade water. Stir bars were cleaned
with nitric acid for 10 minutes, followed by washing with copious amount of Millipore-grade
water.

Contact lens molds, etafilcon monomer mixture and blue light emitting lamps (NARVA
LT 40 W-K, peak emission ~420-430 nm) were received from Johnson and Johnson Vision Care.
20 mL glass scintillation vials and 8 mL autoclavable vials were purchased from VWR. Lenses
were stored in 20 mL scintillation vials filled with 7 mL MDI.

4.2.2. AgNPs

Cubic AgNPs were prepared using the optimized polyol synthesis conditions described in
section 3 (e.g. temperature set at 115 °C, 120 minute reaction duration). Octahedra AgNPs were
also prepared at 115 °C, however the reaction duration was shortened to 105 minutes. A second

octahedra AgNP sample (that was not silica coated) was prepared with slight variations in the
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synthesis to yield a more red-shifted LSPR peak. The reaction time was increased to 120 minutes
and 7 ml of EG were added to the scintillation vial, instead of 5 ml.

The synthesis was quenched by immersing the scintillation vial in an ice bath. The final
NP suspension was split into 3 mL portions, to which 50 mg of PVP were introduced. The NPs
were precipitated with acetone and re-suspended in 3 mL EtOH, following centrifugation at 10000
RPM for 13 minutes.
4.2.3. Coating of AgNPs

The AgNPs were coated with silica following a modified Stober-like growth process. [140]
A 10% TEOS solution (vol/vol %) was prepared in EtOH. 250 ul of ammonia and 100 ul of TEOS
(10%) were introduced to the NP suspension in EtOH under magnetic stirring. The coating process
continued over 12 hours, during which time the scintillation vial was capped, and aliquots were
taken every few hours with a micropipette. Following the 12 hour silica coating, the NPs were
washed with EtOH two times and collected via centrifugation at 10000 RPM for 13 minutes.
Following 2 rounds of centrifugation, the NPs were re-suspended in EtOH and stored in the fridge
(2 °C) until further use. All aliquots were diluted with MDI prior to TEM and UV-Vis analysis.
4.2.4. Lens photocuring

Silica-coated AgNPs (suspended in EtOH) were introduced into etafilcon monomer
mixture at low volume concentrations (<10:140 vol/vol %). NPs were dispersed throughout the
monomer mixture through vortexing. Six drops of the NP-monomer mixture were added to the
back molds using a Pasteur pipette. The front molds were placed on top of the back molds
(containing the monomer mixture). Molds were placed underneath the blue light emitting lamps

for 20 minutes to photo-cure the monomer mixtures. After photocuring, the front molds were pried
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off the back molds and the back molds (containing the etafilcon lens) were placed in a hot DI water
bath (set at 70 °C) to separate the NP-integrated contact lenses from the molds.
4.2.5. UV exposure

The stability of the synthesized NP-integrated etafilcon lenses was tested under an array of
UVA fluorescent bulbs (Philips F20T12/BL., Amsterdam, Netherlands, peak emission ~350 nm)
in an enclosed environment. The lenses were contained in transparent Gladwrap-sealed 20 mL
scintillation vials filled with 7 mL of MDI. The UV intensity was measured to be ~33.96 W/m?
with a UVA/B light meter (Sper Scientific, Scottsdale, AZ, USA, NIST certified calibration) which
is slightly lower than the UV content of the solar spectrum (ASTM G173-03 global tilt) [141].
Cumulative UV exposure was adjusted such that lenses would receive the equivalent of 1, 3.5 or
7 days of solar UV exposure with the assumption that UV contributes to 4.72% of cumulative
insolation [142].
4.2.6. Solar exposure

The stability of the prepared NP-integrated etafilcon lenses was tested under natural
sunlight exposure in Waterloo, Ontario. The lenses were placed in clear 20 mL scintillation vials
filled with MDI and left outdoors during peak sunlight hours (10:00 AM to 4:15 PM). Weather
data was obtained from the University of Waterloo Weather Station [143]. See Appendix E for
solar irradiation data.
4.2.7. Autoclaving

NP-integrated etafilcon lenses were autoclaved for 20 minutes at 121°C and 1.1 bar. Lenses
were placed in loosely sealed 8 mL autoclavable glass, filled with 6 mL of MDL
4.2.8. Characterization

TEM
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The size and shape of the nanoparticles were analyzed with a Philips CM-10 transmission
electron microscope (TEM).

Optical Measurements

The OD spectra of the contact lenses were measured using a spectrophotometer (BioTek
Epoch, Take3 Plate).

ICP Sample Preparation of NP-Integrated Contact Lenses

5 mL of the storage solution was diluted with 0.2 mL of concentrated nitric acid (70%) and
left undisturbed over 1 day to acid-digest any nanoparticles that may be present in solution. After
the initial acid digestion, 4.8 mL of dilute nitric acid (0.7%) was introduced and the solution was
left undisturbed for at least 24 hours.

ICP Sample Preparation of Silica-coated AgNP

Silica-coated AgNPs were acid digested in a similar manner to the storage solution used to
hydrate the contact lenses.

ICP Analysis

ICP-(OES) analysis for Ag" ions were carried out using the model ProdigyPlus (Teledyne
Leeman Labs). The detection range of this instrument was 15 ppb to 80 ppm and the lower limit
of detection (LLOD) was found to be 15 ppb for Ag™ detection in MDI. Calibration standards
containing 0, 9.6, 16, 32 and 80 ppm Ag as well as an internal standard of 10 ppm yttrium were
used. Data was collected using Salsa software.
4.3. Results and discussion
4.3.1. Silica coating — Preparing colloidally stable plasmonic NP-based filters

Both cubic and octahedra NPs were successfully coated with silica. On average, the silica

coating red-shifts the LSPR by ~10 nm with minimal changes in the FWHM of the LSPR peak.
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This red-shifting is attributed to silica having a higher refractive index than water [114]. In
addition, the characteristic plasmonic peaks/shoulders associated with cubic and octahedra
structures are retained post-silica coating as seen in Figure 13. High transparency in the visible

wavelengths is also retained, revealing silica coating is an effective means to further tune the LSPR

peak, without hindering the FWHM.
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Figure 13. Normalized OD spectras of cubic AgNPs (left) and octahedra AgNPs (right) before and
after silica coating.

TEM analysis revealed the coating process led to the deposition of a thick, uniform shell
around individual plasmonic nanoparticles, as seen in Appendix C. The sharp features of the Ag
cores were also retained throughout the entirety of the coating and washing process. The successful
deposition of thick silica layers is due to finite control over the relative concentrations of ammonia,
TEOS, and AgNPs, as well as the coordinating effect of PVP. Fine control over the relative ratios
of these components are necessary to ensure that heterogenous nucleation of silica were favourable
over homogenous nucleation of silica nanoparticles [114]. The presence of PVP on the surface of
the AgNPs also aids in the early stages of silica deposition. Apart from improving the colloidal
stability of the NPs, PVP also makes the AgNPs vitreophillic through its high affinity for silica
[140]. The high affinity arises from electrostatic interactions and hydrogen bonding between the

positively charged groups of PVP and negatively charged silica [144].
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The stability of the silica-coated AgNPs were monitored at room temperature over a 4-
week period. The LSPR tends to blue-shift by a few nanometers (6-7 nm) over time, however there
are minimal changes in the FWHM of the LSPR peak and OD values of the LSPR, as seen in Table
9.

Table 9. Optical stability of silica-coated AgNPs stored at room temperature. Top, middle and
bottom values in each cell correspond to the LSPR, FWHM and OD respectively.

Silica-coated Initial 1 Week 2 Week 4 Week
Sample

Octahedra 437 431 431 430
40 37 38 37

1.143 1.147 1.086 1.109
Cubic 442 438 436 436
43 42 42 42

1.968 1.916 1.916 1.879

The slight blue-shifting in LSPR peak may be due to surface rearrangement and rounding
out of the corners as seen in Figure 14. The TEM images in Figure 14 reveal the features of the
Ag cores to be sharper prior to room temperature storage. The silica shell appears to be stable
throughout this storage period. The high stability of this protective shell layer is essential to
preserve the optical properties of the plasmonic cores and to prevent irreversible aggregation over

time.
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Figure 14. TEM images of silica-coated cubic AgNPs stored in the fridge (left) and after 2 weeks
of storage at room temperature (right). Scalebars represent 50 nm.

4.3.2. Integration of NPs into contact lenses

Silica-coated cubic and octahedra AgNPs were successfully integrated into etafilcon
hydrogel lenses through photocuring. The fabricated lenses show good mechanical and optical
properties. As seen in Figure 15, the fabricated lenses are transparent and devoid of any visible
defects. The high transparency of the lenses suggests that the nanoparticles are well dispersed and
non-aggregated in the hydrogel lens. The yellow tint is inevitable given the blue light filtering
properties imparted on the lenses by the plasmonic nanoparticles. Apart from the yellow tint, the
NP-integrated lenses appear comparable to commercial etafilcon contact lenses. Since the NPs
were introduced into the monomer mixtures at low volume/volume ratios (<10:140), the relative

concentrations of the various components in the monomer mixture (e.g. initiator, monomer, UV
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blocking agent, etc.) were minimally affected. As a result, photo-initiated polymerization
proceeded smoothly, and a 20-minute curing period proved to be effective in preparing

mechanically stable and transparent blue light filtering contact lenses.

Figure 15. NP-integrated lenses show high transparency and are devoid of visible defects.

Three key findings were made upon measuring the optical properties of the NP-integrated
contact lenses:

(1) The LSPR of silica-coated AgNPs blue-shifts by a few nanometers.

(2) The LSPR of uncoated AgNPs red-shifts.

(3) The LSPR peak generated by silica-coated AgNPs shows minimal broadening post-
integration.

The red-shifting of the LSPR peak (as seen in Table 10) generated by bare AgNPs is
unsurprising given the nanoparticles have been transferred into a matrix with a higher refractive
index and may be in closer proximity to one another. The silica-coated AgNPs do not show a red-
shift in LSPR post-integration and this may be attributed to the role of the protective silica layer

around the plasmonic cores. Even though the NPs have been transferred to a matrix of higher
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refractive index than water, silica remains the immediate surrounding layer around the plasmonic
cores. Thus, the plasmonic cores should not be significantly affected by any changes in the
refractive index surrounding the silica layer. In addition, the thick layer of silica surrounding the
plasmonic cores serves as an effective spacer layer between adjacent cores. This prevents their
electric fields from being coupled which would lead to a red-shift in LSPR and increase in FWHM.
There is a slight blue shift in the LSPR peak post-integration of silica-coated AgNPs which may
be due to a combination of photo-oxidation, surface rearrangement, and rounding out of the sharp
features of the nanoparticles.

Table 10. Optical properties of NPs and NP-integrated lenses.

Sample Pre-Lens Integration Post Lens Integration
LSPR FWHM Lens No LSPR FWHM

1 443-445 44
Octahedra 2 443-445 46
AgNPs 436-437 39 3 444-445 45
4 443-444 42
1 436 44
Silica-Coated 2 434-436 48
Octahedra 437 40 3 433-434 47
AgNPs 4 431-432 45
5 429-431 41
1 433-434 47
2 435 47
Silica Coated 441 43 3 431-434 46
Cubic AgNPs 4 429-430 46
5 430-432 46

Apart from the slight blue-shift in the LSPR peak, the optical properties of the NP-
integrated lenses are exceptional, as seen in Figure 16. The lenses possess both UV and high energy

blue-light filtering capabilities while being highly transparent in the visible regions.
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Figure 16. Light blockage spectra of lens no.4 and 5 of silica-coated octahedra AgNP-integrated
etafilcon lenses. Inset is the normalized OD spectra of silica-coated octahedra AgNPs (in water)
prior to integration.

4.3.3. Stability under UV exposure

The optical properties of silica-coated AgNP integrated lenses were monitored after
exposure to UVA light in an enclosed setting. The lenses received doses equivalent to 1, 3.5 and
7 days of UV exposure from natural sunlight (during peak hours). There is a slight blue-shift in
the LSPR after “1 day” of UV exposure as seen in Table 11. The LSPR appears to stabilize after
this initial blue shift, as further UV exposure has minimal effects on the LSPR. No significant
changes in the FWHM were observed. The initial blue shift may be due to the formation of an
oxide layer around the plasmonic cores due to photo-oxidation. The presence of this layer comes
at the expense of rounding out of corners and sharp features of the plasmonic cores [145]. This

oxide layer may then act as a protective layer, preventing further oxidation of the Ag cores. As a
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result, further UV exposure has no noticeable change on the optical properties of the NP-integrated

lenses.

Table 11. The effects of UV exposure on the optical properties of NP-integrated lenses. Control
lenses were not exposed to UV light.

Control 1 Day 3.5 Days 1 Week
LSPR FWHM LSPR FWHM LSPR FWHM LSPR FWHM
436 44 428 42 428-430 45 428 41
434-436 48 428 46 429-430 45 427-428 43
433-434 47 428 44 430-432 41 427-429 42
431-432 45 429-430 41 427-429 42 428-429 42
429-431 41 428-429 43 429-430 41 426-428 44

The light blockage profile of lenses exposed to UV exposure appear comparable to non-

UV exposed lenses. The inset in Figure 17 reveals no noticeable difference in the aesthetics of the

lenses after “1 week” of UV exposure.
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Figure 17. Light blockage profile of control NP-integrated lenses and lenses that received the
equivalent of “I week” of UV dose. The inset depicts NP-integrated lenses that received 1 week of

UV exposure (left) control NP-integrated lenses (right).
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4.3.4. Stability under solar exposure

The silica-coated AgNP-integrated lenses were also tested under natural sunlight
conditions. Once again, a slight blue-shift in the LSPR peak was observed due to photo-oxidation.
Aside from lens no.1, there were no noticeable increases in the FWHM of the LSPR peak.

Table 12. The effects of natural sunlight exposure on the optical properties of NP-integrated
contact lenses.

Initial Solar Exposure
No Peak FWHM Peak FWHM
1 436 44 429-431 56
2 434-436 48 433-434 45
3 435-436 43 433 43
4 436 54 431 43

4.3.5. Stability under autoclaving

NP-integrated lenses were autoclaved to assess their compatibility with industrial
sterilization processes. The LSPR peak blue-shifts after autoclaving as seen in Table 13. The rate
of oxidation may be catalysed at the increased pressure and temperature conditions of the
autoclave. In addition, the gas permeability of the lenses may be elevated under autoclaving, which
results in the entrapped nanoparticles being exposed to a higher dose of oxidizing agents.

Table 13. The effects of autoclaving on the optical properties of NP-integrated contact lenses.

Control Lenses Autoclaved Lenses
No Peak FWHM No Peak FWHM
1 436 44 1 424-425 42
2 434-436 48 2 425 44
3 433-434 47 3 423 46
4 431-432 45 4 417-419 45
5 429-431 41 5 426-428 45

Apart from blue-shifting of the LSPR peak, there were no noticeable abnormalities in the

light blockage spectra of the autoclaved lenses (as seen in Figure 18).
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Figure 18. Light blockage spectra of autoclaved lenses. Inset depicts AgNP-integrated lens post-
autoclaving.

4.3.6. Room temperature storage

The stability of the lenses was studied over time at room temperature. Table 14 compares
the stability of UV exposed lenses to the control lenses (which didn’t receive UV exposure). There
were no significant changes in the LSPR peak and FWHM after 2 weeks of storage.

Table 14. Optical stability of UV-exposed lenses during storage.

Control Lenses UV-Exposed Lenses
After 1 Week UV 2 Weeks Storage Post-
Exposure Uv

No Peak FWHM No Peak FWHM Peak FWHM
1 436 44 1 428 41 427-428 39
2 434-436 48 2 427-428 43 428 41
3 433-434 47 3 427-429 42 428 40
4 431-432 45 4 428-429 42 427 44
5 429-431 41 5 426-428 44 425-427 41

The optical stability of autoclaved lenses was also investigated to get a sense of the shelf
life of sterilized NP-integrated lenses. As seen in Table 15, there is minimal blue-shifting and

broadening of the LSPR post-storage.
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Table 15. Optical stability of autoclaved lenses during storage.

Control Lenses Autoclaved Lenses
After Autoclaving 2 Weeks Storage
No Peak FWHM No Peak FWHM Peak FWHM
1 436 44 1 424-425 42 421-422 47-48
2 434-436 48 2 425 44 425 45
3 433-434 47 3 423 46 421-424 47
4 431-432 45 4 417-419 45 416-418 48*
5 429-431 41 5 426-428 45 426 49
* See Appendix F.

4.3.7. Quantitation of leaching from NP-integrated lenses using ICP

ICP analysis was conducted to determine the combined extent of Ag" ion and nanoparticle
leaching from the NP-integrated lenses. ICP analysis was conducted on the MDI storage solution
that the lenses were stored in (for >3 weeks) after fabrication (for control lenses), during and after
UV exposure (for UV-exposed lenses) and post-autoclaving (for autoclaved lenses). The total mass
of silver initially integrated into the contact lenses is estimated to be ~12.401 ug (Appendix G).
Minimal leaching occurred over the storage period, and in some cases the amount of leaching was

less than the LLOD of the system (<210 ng or <1.7%). The results are summarized in Table 16.
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Table 16. Leaching of silver from control, autoclaved and UV exposed NP-integrated lenses

determined by ICP.
No | Total Mass of Leached Silver | Percentage of Silver Leached
(ng) from Lens (%)

1 <210.0 <1.7
2 <210.0 <l1.7

Control 3 380.4 3.1
4 <210.0 <l1.7
5 <210.0 <1.7

1 382.8 3.1

2 428.4 3.5

Autoclaved 3 526.8 4.2
4 357.6 2.9

5 381.6 3.1

1 264.6 2.1

2 546.0 4.4

7 Days of UV 3 429.8 3.5
Exposure 4 383.6 3.1
5 203.0 1.6

4.4. Conclusions

In summary, silica-coated AgNPs were successfully integrated into etafilcon contact lenses
to impart selective blue light filtering capabilities while retaining high transparency in the visible
wavelengths. The NP-integrated lenses show good mechanical properties (e.g. lenses do not tear
easily) and are devoid of any visible deformations. In addition, the NP-integrated lenses show good
stability under autoclaving, UV, and natural sunlight exposure. Furthermore, ICP analysis revealed

very low percentages of leached nanomaterials and/or ions from the lenses during storage.

Chapter 5. Conclusions & Future Work

5.1. Conclusions

The goal of this thesis was to address a critical market void in blue light blocking eyewear
by synthesizing plasmonic silica-coated AgNPs and integrating them into commercial etafilcon
contact lenses. A thorough literature review was conducted to determine the impact of various blue

light wavelengths on ocular and non-ocular health, the current pitfalls in developing notch filters
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in eyewear, and the selective light filtering capabilities of plasmonic nanoparticles. Based off this,
it was determined that silica-coated AgNPs would make for an excellent candidate to block
selective wavelengths of blue light in contact lenses. The morphology of the plasmonic Ag cores
could be tuned to adjust their LSPR peak throughout the blue light wavelengths, while the
deposited silica shell could impart greater colloidal and chemical stability, improve the
biocompatibility of the plasmonic materials (by preventing/minimizing leaching of Ag" ions), and
facilitate integration into contact lenses.

The first phase of this research focused on investigating the polyol process to develop a
tunable synthesis process that allows for the production of notch silver nanoparticle-based filters
with customizable optical properties. Through careful control over the growth kinetics and shape-
directing agents, a synthesis protocol was developed that allows the LSPR peaks of the AgNPs to
be tuned between 400 — 450 nm with FWHM values of less than 45 nm.

Phase 2 focused on depositing a thick, uniform layer of silica around individual AgNPs to
serve as a protective layer. The silica-coated NP were shown to be colloidally and optically stable
under storage at room temperature and for months in the fridge. The silica coating also proved to
be a tool that could be exploited to further red-shift the LSPR of the plasmonic Ag cores, without
compromising the FWHM.

Lastly, phase 3 focused on integrating silica-coated AgNPs into etafilcon hydrogels and
demonstrating stability during sterilization processes (autoclaving), UV and sunlight exposure, and
room temperature storage. Silica-coated AgNPs were successfully integrated into etafilcon contact
lenses using methods that can be transferred to large-scale industry production. The silica-coated
AgNPs imparted notch blue light filtering capabilities on commercial etafilcon contact lenses

while retaining high transparency in the visible wavelengths. In addition, the NP-integrated lenses
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showed comparative optical measurements after autoclaving and exposure to UV and natural
sunlight. High optical stability of the NP-integrated lenses was demonstrated over a 2-week storage
period post-autoclaving and UV exposure, as well as minimal leaching of silver from the etafilcon
lenses.

5.2. Future Work

The research objectives highlighted in section 1.2 were met through this research project,
and paved the way for future studies. The next steps are to further tune and improve upon the
optical properties of the silica-coated AgNPs and to continue assessing the stability, mechanical,
and optical properties of NP-integrated lenses.

The polyol process can be further investigated to determine whether the nanoparticle
synthesis can be tuned to generate LSPR peaks at even more red-shifted wavelengths (>450 nm)
while retaining narrow FWHM values (<45 nm).

Further testing of NP-integrated lenses is required to determine their utility in commercial
applications. The shelf-life of the NP-integrated lenses should be investigated along with their
compatibility with commercial packing solutions. A series of studies should also be conducted to
estimate the lifetime and optical stability of the NP-integrated lenses during consumer wear.
Optical measurements and ICP analysis can be routinely conducted as the NP-integrated lenses are
exposed to various external conditions, such as natural and artificial lighting, changes in
temperature, and mechanical agitation to simulate blinking of the eyelids, while being immersed
in simulated tear fluid. Preliminary in vivo studies should also be carried out to determine the

mechanical stability and biocompatibility of the synthesized lenses.
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Appendices

Appendix A Histogram showing the diameter distribution of octahedra AgNPs synthesized
under optimized polyol synthesis conditions
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Figure 19. Histogram showing the diameter distribution of octahedra AgNPs synthesized after 120

minutes under optimized polyol synthesis conditions.
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Appendix B Reproducibility of cubic and octahedra AgNPs under optimized polyol synthesis
conditions

Table 17. Reproducibility of cubic and octahedra AgNPs under optimized polyol synthesis

conditions.
Time (min)
30 45 60 75 90 105 120
Octahedra
Replicate 1 405 406 413 425-426 435 440 441
(29) (28) (30) (36) (34) (35) (35)
Replicate 2 407 406 415 426 436 442 444
(30) (28) (32) (36) (36) (36) (37)
Replicate 3 408 407 416 427 438 441 444
(30) (29) 31) (36) (38) (38) (37)
Replicate 4 410 408 410 420 433 441 443
(31) 28 (28) (37) (38) (36) (36)
Replicate 5 408 421 433 445 446 447 445
(34) (39) (43) (44) (45) (45) (42)
Replicate 6 407 409 409 410 415 423 435
47) (43) (38) (37) (36) (39) (42)
Replicate 7 406 405 410 422 434 442 446
(46) (54) (37) (38) (41) (42) (39)
Cubes
Replicate 1 | 403-405 411 413 418 422 425 429
(101) (42) (41) (44) (40) (50) (40)
Replicate 2 412 417 423 429 434 434 430
47) (48) (46) (53) (55) (48) (49)
Replicate 3 415 419 421 423-424  425-426 429 431
(47) (53) (44) (45) (61) (55) (48)
Replicate 4 418 421 423 426 430-431 433 436-437
(54) 47) (54) (45) (49) (44) (42)
Replicate 5 409 412 416 420 425 431 ==
(197) (91) (60) (56) (68) (42)
Replicate 6 407 413-414 417 420 423 426 429-430
(67) (52) (50) (49) (53) (50) (49)
Replicate 7 408 413 417 422 428 = ==
(43) (39) (43) (44) (40)
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Appendix C TEM images of silica-coated octahedra AgNPs

Figure 20. TEM images of octahedra NPs after silica coating (and washing). Scalebars represent
50 nm.

Appendix D Light blockage determination
Light blockage (%) at specific wavelengths is a function of the optical density (OD), as shown in
Equation 3:

Light Blocked % = (1 — 1079P) « 100%

Equation 3. Light blockage
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Appendix E OQutdoor solar irradiation on May 14, 2018

Table 18. Outdoor solar irradiation on May 14, 2018. [143]

Time Incoming Radiation (W/m?)
10:00 AM 556.4
10:15 AM 586.2
10:30 AM 549.4
10:45 AM 677.1
11:00 AM 673.8
11:15 AM 629.8
11:30 AM 659.6
11:45 AM 641.2
12:00 PM 557.4
12:15 PM 570.0
12:30 PM 832.8
12:45 PM 678.5
1:00 PM 446.9
1:15 PM 456.7
1:30 PM 263.8
1:45 PM 238.3
2:00 PM 359.9
2:15PM 721.7
2:30 PM 471.5
2:45 PM 572.2
3:00 PM 789.3
3:15PM 568.8
3:30 PM 759.0
3:45 PM 751.9
4:00 PM 436.1
4:15 PM 597.8

Appendix F FWHM of autoclaved lens
For this lens, the FWHM was determined using double the HWHM value (on the right half
side of the LSPR peak).
Appendix G Mass of Ag per lens
Concentration of Ag in NP-monomer mixture = 88.58 mg/L (determined by ICP analysis)
Volume of NP-monomer mixture required per lens = 140 uLL

Mass of Ag per lens = 88.58 mg/L * 140 uL = 12.401 ug
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