PHOTONIC HYDROGEL SENSORS

By

Yousef Alqurashi

A thesis submitted to
The University of Birmingham
for the degree of

DOCTOR OF PHILOSOPHY

School of Engineering
College of Engineering
and Physical Science
University of Birmingham
April 2020



University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.






Abstract

Hydrogels are an important tools for sensing because of their sensitivity to small
adjustments and reactions to physical, biological, and chemical changes. They have been used
in wide range of applications such as biomedical fields for drug delivery and in diagnostics.
Hydrogel-based systems are a reusable sensing platform to quantify biomarkers in high-risk
patients at clinical and point-of-care settings. In this thesis, two fabrication methods have been
developed to successfully detect glucose concentration, pH changes and intraocular pressure
(IOP). Continuous glucose monitoring aims to achieve accurate control of blood glucose
concentration to prevent hypo/hyperglycaemia in diabetic patients. Also, the development of
pH changes sensing device is the key to prevent the fatal implications. The Increasing of
intraocular pressure (IOP) is the main risk factor for glaucoma, which is the second major

source of losing sight in the world.

The first method is to developed hydrogel-based sensor by using stamping technique. A
novel glucose sensor based on hydrogel with a micro-imprinted hexagonal structure was
fabricated here. Our method utilized diffraction properties of a hexagonally photonic
microscale concavities to detect the changes in the glucose concentration from 1 mM to 200
mM. In addition, same method was used to design a new pH hydrogel-based sensor with
imprinted Fresnel lens. The sensor was able to monitor the pH changes with respond time of 5
minutes. The sensor had pH range from 4.5 to 7 and showed an increase in the sensitivity after
10 days storage in PBS solution of pH 7.4. Also, when the effect of temperature changes was

investigated in the study, the temperature effect was negligible in the performance the sensor.
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The second method is Laser ablation of commercial contact lenses. Initially, CO> laser
(HPC LS 3040) was used to modify the surface properties of the lens at selective areas by
creating 1D and 2D patterns. Laser parameters (space gap between the patterns and laser power,
and scan speed) were examined to find the optimal laser setting. We managed to improve the
wettability properties of the lens by increasing the density of the surface. After that, we
engraved two circular micro-channels on the contact lens using CO» laser (Rayjet laser). Three
different lenses were fabricated with various spacing gap between the channels (1 mm, 1.5 mm
and 2 mm). The lenses had maximum channel depth of up to 20 um. By using laser treated
lenses, a change in pressure from 12 mmHg to 22 mmHg, normal eye IOP and glaucoma

patients IOP, was detect by the lenses.

In summary, this thesis presents important findings that can be recommended for
application in medical point-of-care diagnostics, implantable chips, and wearable continuous
monitoring devices to quantify biomarkers. These methods offer sensing devices that are easy

and fast to manufacture, cost effective, fast response and noninvasive sensors.
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Chapter 1:  Introduction

1.1 BACKGROUND

1.1.1 Contact lenses

Contact lenses are mainly used for vision correction by millions of people worldwide.
The use of contact lenses has been widely discussed and developed over the past decades. They
were discovered by Leonardo da Vinci about 500 years ago [1]. Then, A.E. Fick and Edouard
Kalt succeded in designing a curved and fitted lens in 1888 [2]. In 1971 the first soft contact
lens, which was made from a hydrogel polymer called hydroxyl-ethyl-methacrylate (HEMA),
was approved by The Food and Drug Administration in the USA and made available on the
market [3]. Three different generations of a silicone hydrogel soft lens were developed between

1998 and 2007, and colourful lenses were also launched [3, 4].

The main reason for wearing contact lenses is to correct vision deficiencies [5]. However,
they also have been used in a variety of applications, such as for sensors and drug delivery
devices [6,7]. The design of the lens should consider the following properties: biocompatibility,
oxygen permeability, transparency, and thermal and oxidative stability [5]. Nowadays the
majority of contact lenses are soft and mainly made out of HEMA; only 15% are hard contact
lens [8], with poly(methyl methacrylate) PMMA used to produce the hard lens [3]. The process
of manufacturing a contact lens consists of additional materials to the polymers, such as cross-
linkers and initiators [5, 9]. Further, the soft contact lens materials may mix with silicon
polymers and phosphoryl-choline to increase, for example, the oxygen permeability and

biocompatibility [9, 10].




The contact lenses can be applied as sensors to analyse tear fluid, monitor blood glucose
and intraocular pressure [6, 11]. Blood, urine, saliva, and tears are often used in relation to
disease diagnosis in hospitals [12, 13]. For example, a blood test is common in glucose
measurement technology by finger-pricking methods [7]. However, this method seems to be
invasive and a blood infection may occur during the process [13, 14]. Therefore, researchers
have tried to develop a diabetic assessment that is a non-invasive test and provides continuous
monitoring [6, 7, 15]. Many studies have suggested using contact lenses to trace sugar levels

with assistance of the tear fluid because it is safe and convenient [6, 7, 12, 16].

Moreover, contact lenses are appropriate for ophthalmic drug delivery as a treatment
method [11, 17, 18]. This delivery system has grown fast and became attractive to researchers.
However, the common method is still eye drops, which dominates about 90% of the treatment
[17, 19]; despite the fact that the eye drops’ technique has possible side effects, and is less
efficient [18, 20]. The lens delivery system faces a main problem in that the drugs’ release time
is short [17]. Thus, it becomes necessary to develop a material such that the release rate can be
managed. Some studies have recommended a specific material such as poly-2-hydroxyethyl
methacrylate (p-HEMA) hydrogels [17, 21]. This material has improved the drug release rate
in the contact lens for few days. Others explored different processes to control the release rate,

by immersing a soft contact lens in drug solutions [18, 20].

1.1.2 Hydrogel sensors

Polymers that react to stimuli are plastic materials with molecular chains cross-linked to
a 3-dimensional system, structured by a cross-linking interaction of polymer chains [22].

Usually, all polymers are solvophilic to a specific solution. In the company of these solvents’
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solutions, non-cross-linked polymers are dissolvable; whereas cross-linked polymers will just
swell and absorb the solvents because of the polymer chains’ interconnections. They are called

hydrogels if they swell in the water [23, 24].

Hydrogels are hydrophilic and water-swelling polymers that can transform chemical
energy into mechanical energy [25]. They are chemically or physically cross-linked polymer
systems in three dimensions that are capable of swelling up to 99% of their dry weights without
dissolution [25-27]. The hydrogel's physical activity depends on its balance and dynamic
swelling and shrinking activity in water [26]. These activities allow the polymer to respond to
the changes in the surrounding environments [28]. The swelling and deswelling process also
helps in the drug release [29]. Figure 1.1 shows the swelling and shrinking activities of a

hydrogel system that occurred due to the effect of changes in temperature and pH [30].

Figure 1.1: Presentation of the swelling and deswelling process of a hydrogel network affected
by changes in temperature and pH




Hydrogels are an important tool for sensing because of their sensitivity to small
adjustments and reactions to physical changes (e.g. pressure and temperature), biological
changes (e.g. pH), or chemical changes (e.g. glucose) [31-35]. Additionally, they have been
used in biomedical fields for drug delivery, and in diagnostics [26, 27]. Therefore, it is
important to know and study which polymer is suitable to react to the desired sensor. Table 1.1
shows different hydrogels used to track and sense changes. Moreover, the preparation of a
hydrogel sensor may include crosslinking with UV light and the use of other agents, such as

adding phenylboronic acid in order to make glucose sensors [26, 36].

Table 1.1: list of hydrogels’ composition and their applications

Hydrogel Composition Stimulus Ref.
N-isopropyl acrylamide Temperature [36]
poly(N-isopropylacrylamide) | Temperature [37]
(PNIPAAm)

HEMA Glucose, sensitivity range 10 uM—40 mM | [38]
Polypyrrole Glucose, sensitivity range up to 15 mM [39]
Polyethylene pH, swelling at pH 7.4, and deswelling at | [40]
glycol dimethacryalte pH 1.2

(PEGDMA)

Poly(dimethylaminoethyl pH, when PDMAEMA is mixed with [36]
methacrylate) (PDMAEMA) | acrylic acid, it can swell at low pH

Various types of measurement methods have been developed to determine hydrogels’

changes, such as optical and mechanical methods [25, 36]. The optical approaches were
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investigated extensively using different techniques such as reading the changes of fluorescence
intensity with respect to the hydrogel’s swelling [36]. Additionally, an interferometric method
has been used to determine the hydrogel’s swelling, in which a thin optical film network within
the hydrogel transfers the volume changes to spectral information [36]. Another useful optical
technique is tracking the shift in the wavelength of the diffraction light, referred to as Bragg
diffraction [41]. The shift starts to happen due to the swelling and shrinking processes of the
hydrogel. Figure 1.2 represents the typical wavelength shift in the diffraction, which is driven

by Bragg’s law ( Equation 1.1) [25, 41]:

mAd = 2nd sin 6, Equation 1.1
where m is the diffraction order A is the wavelength of light; n is the refractive index; d is the

groove constant; and 6, is the diffraction angle.

Figure 1.2: the typical shift in the wavelength of the diffraction light during swelling of the
hydrogel

Hydrogels’ swelling and shrinking processes are time-consuming and involve a transport

of matter. Two transmission mechanisms have to be considered for starting a volume matter




transition. Firstly, the initiating stimuli, such as differences in temperature, solvents or ions
which are related to the change of the pressure balance, must be passed into the hydrogel. This
happens either by heat transfer (heat transfer coefficient, Dr) or by the continuous mass
diffusion of a substance into the hydrogel (mass transfer coefficient, Ds). The second factor is
to obtain the swelling equilibrium. During swelling and shrinking, the polymer chains must be
relocated to new positions. Both the solvent diffusion and the chains’ movement create a model

called cooperative diffusion Dcoop. (Figure 1.3). The time then can be defined by determining

the time constant of swelling (7) and the hydrogel radiuses during the swelling and shrinking

by the following equations [24, 42, 43]:

Equation 1.2

where r is the final radius and the characteristic dimension. The radius of the hydrogel during

the swelling and the shrinking are expressed in Equations 1.3 and 1.4, respectively:

t
T(t) =r,+ (Too,max - To) ) (1 - 3_;) Equation 1.3
t

r)=ro+ (T, —T0) €T Equation 1.4

,max

where 1y is the initial radius; is the maximal radius in the equilibrium swelling.

rOO ,max

Figure 1.3: Schematic illustration of the transport operations at hydrogel swelling and shrinking
status [24]
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1.2 MOTIVATION

The demand for contact lenses is expected to rise due to the increase of eye-related
conditions, lens-based sensing and diagnostics, controlled drug release, and contact lens based
electronic interfaces [44, 45]. Structural integrity, comfort and vision correction are the main
keys to determine the quality of the contact lenses [5, 46]. Lack of comfort has been the most
common reason for the discontinuation of wearing contact lenses [47, 48]. Hydrophobic
contact lenses lead to unclear vision, a sensation of dryness, and discomfort. Consequently,
improved surface wettability and hydrophilicity are found to increase the comfort for contact
lens wearers [49]. Typically, two methods are established to slightly increase the wettability of
contact lenses. One is routine rewetting drops using a lens solution, which helps to increase the
tear film naturally between the contact lens and the eye’s surface; while the other is to adjust
the lens material (plasma treatment) [50, 51]. However, chemical modifications have been used

to develop hydroxyl groups to improve the wettability of the lens [52].

Contact lenses have been used to measure intraocular pressure (IOP) for glaucoma
patients. In 2012, a contact lens sensor named “CLS; SENSIMED Triggerfish, Sensimed AG”
was developed to detect intraocular pressure (IOP) continuously for 24 hours [53-55].
Traditionally, Goldmann applanation tonometry (GAT), is the most widely known method to
measure IOP [54]. The principal limitation of GAT is that it is influenced by the static nature
of the eye (central corneal thickness (CCT), ocular rigidity, and mechanical properties) [56,
57]. Moreover, the current general techniques for testing the IOP pattern in glaucoma patients
over the 24-hour period are through a stress curve during the daytime or hospitalised in a sleep
laboratory [58—60]. Only diurnal IOP values are established in the former process; whereas the

other method costs substantially and may possibly cause stress-related issues because patients




have to be woken up several times during the night/sleep sessions[61]. The main weakness of
both approaches is that IOP assessments are not practical during calm sleep and IOP readings
achieve the highest value when patients are in a supine positioned during the nocturnal/sleep

period [58, 62].

Moreover, currently the most common method of monitoring glucose concentration is
the finger prick test which is an electrochemical method based on enzymes such as glucose
oxidase, glucose dehydrogenase [63]. This procedure is inconvenient for patients, invasive, and
may lead to infections. Additionally, it does not allow real-time measurements and sensors
cannot be reused, due to the irreversibility of reactions [64]. Recent advances in photonics and
polymer chemistry have enabled the fabrication of photonic sensors on soft hydrogel materials
and have led to an increased interest in hydrogel-based optical glucose sensors [64]. Hydrogels
can be designed to respond to certain stimuli such as glucose and pH. One promising approach
for glucose detection using hydrogels is the covalent incorporation of boronic acids in a
copolymer matrix [65, 66]. Upon the binding of the boronic acid copolymer with glucose, the
polymer network swells and alters its physical and optical properties. It can be used for glucose
quantitative analyses and incorporated into photonic devices. Such photonic devices work
through controlling and manipulation of the propagation of light [23, 66—68]. Over the last two
decades, many approaches including laser writing, self-assembly, and layer-by-layer
deposition have been demonstrated to create Bragg diffraction gratings, micro-lenses, etalons
and plasmonic structures in hydrogels. However, no commercial device has been released yet

due to unsatisfactory sensitivity and specificity issues [69].

8 Chapter 1: Introduction



Additionally, accurate pH assessment is necessary for a variety of applications from
chemistry to medical science. On the one hand, Traditional approaches and devices for
measuring pH, such as pH paper strips and pH meters, are available. However, they may offer
low sensitivity and can also be a little expensive [70, 71]. On the other hand, pH-responsive
hydrogels are significantly valuable because they can be easily manufactured in small sizes,
have resistance to electromagnetism and are biocompatible [70]. Moreover, optical fibre
sensors are both cost-effective and reliable [71]. The pH-responsive hydrogels can be
incorporated with acidic groups for sensing at high pH, or the basic hydrogels are more suitable
for low pH [72]. Usually, these hydrogels exhibit significant sensitivity and have a working
range which is determined by the ionisable component [24]. When the pH-sensitive hydrogel
is in contact with the solution, the quantity of dissociated carboxylic ions will change

depending on the pH of the solution which alters the volume and refractive index [70].

1.3 AIMS AND OBJECTIVES

This thesis aims to develop optical sensors that are able to detect glucose, pH and
intraocular pressure (IOP) changes. The current methods of monitoring these biological
changes (e.g. pH) and chemical changes (e.g. glucose) are inconvenient for patients, are
invasive and may cause infections [30-33]. They do not allow real-time monitoring and the
sensors are not reusable [63, 64]. Different methods have already been reviewed in order to
reach a sustainable solution [73—76]. Optical sensors seemed to have tackle the weaknesses of
the current sensors, because they can offer fast, quantitative, real-time and reversible
approaches [77, 78]. In this thesis, two methods were applied to fabricate such sensors. The
first is a stamping technique in which micro or nano structures were printed on contact lens

material. The other method is using a laser to modify the hydrogel (contact lenses in our case)




to engrave and create micro-channels on the surface of the lenses. Using a laser is a faster
method to develop a sensor compared to the stamping method. Up to 10 contact lenses would
be fabricated in one session using laser engraving; whereas it would take a few hours to produce
one sample by the other approach. The following steps have been taken to achieve the aim of

this thesis:

1. Reviewing the contact lenses’ design and advantages, hydrogel-based sensors for

the glucose, pH and IOP, and the laser ablation systems; presented in Chapter 2.

2. Studying the principle of the optical diffuser, including the light propagation and

the law of reflection and refraction; presented in Chapter 2.

3. Inventing a novel stamping method in order to replicate a hexagonal 2.5D grating

to glucose sensitive hydrogel (GSH).

4. Probing and measuring the quality of the replication process using an angle-
resolved far-field diffraction experiment and SEM scanning; described in Chapter

3.
5. Copying the Fresnel lens structure on the pH sensitive hydrogel, as in Chapter 4.

6. Using a CO2 laser to fabricate a nano/micro structure on the surface of contact

lenses.

7. Finding the ideal set ups for texturing the surface of the commercial contact lens;

presented in Chapters 5 and 6.

8. Fabricating 1D and 2D arrays of differently grooved channels in selective areas

of the contact lens.

10 Chapter 1: Introduction



9. Inventing ring-shaped channels on the contact lens’s surface to mentor the

curvature changes.

10. Studying the optical properties of the micro/nano structure of all the fabricated

sensing systems.

11. Investigating the performance of the sensors using optical microscopy,

spectroscopy and optical characterisation for diffraction measurements.

12. Performing contact angle measurements to study the surface hydrophilicity;

described in Chapter 5.

1.4 THESIS OUTLINE

The thesis is structured in seven chapters and is based on four publications:

Chapter 1 introduces an overall summary and some background related to contact lenses
and hydrogel sensors. This chapter describes the main contribution, aims and objectives of the

project. Finally, it provides the outline of this thesis.

Chapter 2 provides the literature review related to glucose sensors, pH sensors, optical
sensors and IOP sensors. It covers hydrophilic and hydrophobic devices, contact angle

measurements, and the lotus effect. It will also review the use of CO; laser treatment.

Chapter 3 presents the fabrication of a new optical glucose sensor based on a hexagonal
diffraction grating imprinted on a flexible hydrogel. Here, an imprinting method was created
to rapidly produce 2.5D photonic concavities in phenylboronic acid functionalized hydrogel

films.
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Chapter 4 demonstrates the possibility of using hydrogels to sense changes in pH for
application in the coronary artery of diabetic patients. The fabricated hydrogel was based on a
composition of hydroxyethyl methacrylate (HEMA). The proposed sensor exhibited good
sensitivity with a quick response time. In addition to this, the recorded responses were also

reproducible, meaning the hydrogel could be reused.

Chapter 5 reports on the laser-induced modification of the surface properties of contact
lenses. Selective areas of the surface of commercial silicon-hydrogel contact lenses are
patterned in array formats, using different powers of the CO; laser. One-dimensional arrays of
different groove densities, channels, and 2D intersecting architecture are fabricated. Contact
angle measurements are taken to measure the surface hydrophilicity. The extent of the
hydration is linked with the surface profile properties and the space gap between the fabricated
patterns, which are controlled by the beam exposure time, beam power, and scan speed. Laser
treatment of contact lenses results in improved hydration proportional to the density of the

laser-ablated segments on the surface.

Chapter 6 investigates the possibility of using laser-engraved contact lenses to measure
intraocular pressure (IOP) changes for glaucoma patients. In this work, an easy method to

fabricate channels in contact lenses using CO»-laser treatment is developed.

Chapter 7 concludes and highlights the essential findings in this work; discusses the

limitations of the current projects; and proposes potential future work.
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Chapter 2: Literature review.

2.1 INTRODUCTION

The literature review is presented in this chapter and includes some background about
contact lenses, hydrogel-based sensors and laser ablation. It starts with contact lenses’ history
and advantages, and brief section on the use of wearable medical devices including contact
lenses. Then we review types of contact lens used in glucose sensing, including fluorescence-
based sensors, photonic-based sensors and electrochemical-based sensors. The glaucoma
hydrogel-based sensor is discussed in section 2.4. The following sections, 2.5 and 2.6 present
the pH hydrogel-based sensor and background to the Fresnel lens. Then, the principles of an
optical diffuser are reviewed in section 2.7. At the end, a laser ablation review, including CO>
laser ablation, is presented in section 2.8. Finally, the differences between hydrophilic and

hydrophobic surfaces are discussed.

2.2  CONTACT LENS

The World Health Organization has reported that 75% of the global population is
determined as sub-health. However only 20% is actually required to be hospitalised [1].
Therefore, the domain of having point-of-care (POC) diagnostic devices is increasing [1, 2].
Wearable devices have attracted more attention in healthcare due to the comfort, great
flexibility and long-term detection capability [3]. These devices use tear fluid, sweat, saliva
and skin interstitial fluid to measure blood pressure, heart rhythm, glucose level, body
temperature and intraocular pressure (IOP) [3—7]. Some devices have been developed and sold

on the market; such the GluoWatch Automatic Glucose Biographer which using the skin’s
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interstitial fluid to monitor glucose in the body. However, this equipment had to be withdrawn
from the market after patients reported irritation of the skin [8]. Moreover, wrist-worn watches
have shown a potential to detect biochemical changes in sweat. The main issue here is that
there is a shortage of protein biomarkers in sweat which limits any further monitoring [9]. On
the other hand, tear fluid produces comparably abundant proteins that have similar elements to
those in blood [10]; and thus, contact lenses are becoming the ideal tool for such diagnoses
(Figure 2.1). Contact lenses have already been effectively inserted with a sensor for

continuously detecting glucose and glaucoma [11].
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Figure 2.1: Description of wearable medical equipment based on lacrimal fluid [8§]
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2.2.1  Contact lens design

When designing the dimensions and features of a contact lens, four physical criteria have
to be considered. The base curve radius (BCR), the contact lens diameter, the centre thickness,
and the contact lens optical power (OP) are the important parameters. The curve radius ranges
from 8 to10 mm, which is significant to fit the contact lens comfortably. This provides enough
oxygen between the corneal cells and the surrounding air. The centre thickness, is the thickness
between both the internal and the external layers through the central contact lens axis, and is

about 0.1 mm. The optical power is the essential factor for vision correction [11-13].

Contact lenses are fabricated using polymer mixtures such as poly(2-
hydroxyethylmethacrylate) (pHEMA), poly(vinyl alcohol) (PVA), polyacrylamide (PA),
polyethylene terephthalate (PET), or polydimethylsiloxane (PDMS). These are the most
common polymers to develop a sensor because of the significant oxygen permeability and
consumer comfort [11, 14]. Moreover, contact lenses are cost-effective and would cost the

patients roughly £2 per week [15].

222 Tear fluid

Researchers have been investigating replacement diagnosis techniques rather than using
blood sampling. Although blood testing has been the standard diagnosis option in hospitals for
decades, it is an invasive method and can cause some side effects [16]. By contrast, tear fluid
offers diagnosis techniques in a non-invasive manner. The tear fluid contains many biological
markers (proteins, lipids, enzymes, and salts) [17]. This provides a chance for disease detection.
Lacrimal film has three layers, shown in Figure 2.2, which are mainly to lubricate and clean

the eye [8, 18].
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Figure 2.2: Presentation of tears’ film layers [8]

Plasma leakage through the blood-tear barrier leads to tear fluid having similar
components to those in the blood [11]. For example, both the blood and the tear contain
glucose. However, the glucose concentrations for diabetics in blood and tears are 2-40 mM and
0.5-4 mM respectively [10, 19]. The average pH level in tears is around 7.4.

Table 2.1 shows the concentrations of biomarkers that can be found in the lacrimal fluid
[10]. The tear fluid can be affected by a number of factors like low sampling size, the collection
methods, variability between patinas and time to time variations. These factors cause some
errors and require a highly sensitive mechanism [10], [20]. In spite of these limitations, a

number of biosensors have been introduced using tear fluid to diagnose and detect disease.
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Table 2.1: shows biomarkers in tear fluid compared with blood concentrations and shows
the diagnostic disease for each biomarker [10, 21-24]

Tear concentrations | Blood concentrations

Component Diagnostic disease
(mM) (mM)
Glucose 0.01-0.05 3.3-6.5 Diabetes
Lactate 2.0-5.0 0.36-0.75 Cancer and liver disease
Na® 120-165 130-145 Hypo/hypernatremia

An indicator of ocular

K* 20-42 3.5-5.0
disease
Dopamine 0.37 475x107° Glaucoma
Urea 3.0-6.0 3.3-6.5 Renal function

2.2.3 Contact lens advantages

Among all wearable devices, contact lenses are the most common device developed for
sight correction, and therapeutic purposes. There are more than 7 million contact lens users
around the globe [11]. The intimate contact between human eyes and contact lenses can
continue for a long time without causing significant irritation, and it gives an optimal platform
for continuous sensing and up to 24 hours monitoring [25, 26]. Additionally, the samples
remain fresh and clean throughout the collection time due to natural blinking and the tear film

of the eye.

2.3 CONTACT LENS GLUCOSE SENSORS

Diabetes mellitus is a progressive metabolic disorder that affects more than 400 million

people around the world. It is primarily defined by an increase in the concentration of blood
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glucose [27, 28]. In 2015, the diabetes spread was reported at about 8.8% in adults and 16.2%
in pregnant women. These numbers may be increased by 3% by 2040. Overall spending on
diabetes care is around USD 700 billion [29]. Most of the existing POC diagnostic methods are
based on invasive techniques and have limitations [30]. The contact lens sensors may serve as
continuous and non-invasive diagnostic tools, using the relationship between blood and tears’
glucose concentrations [27, 31]. Many types of enzyme-based electrochemical biosensors for
glucose detection have been introduced and have evolved from invasive to non-invasive
methods, as presented in Figure 2.3. This section reports on contact lens biosensors for
continuously monitoring glucose based on different techniques, including fluorescent,

holographic, and electrochemical techniques.

Figure 2.3: presentation of invasive to non-invasive electrochemical glucose detection
devices: (A) the glucose monitoring approach in the blood directly, which is the most accurate
approach but it is associated with pain and discomfort for patients; (B) a substitutional approach
for non-invasive glucose monitoring using tears, saliva, interstitial fluid (ISF), and sweat [32]

2.3.1 Fluorescence-based sensors

Fluorescence-based sensors have been used in a wide range of applications due to their

simplicity, flexibility and accuracy. The fluorescence occurs when excitable fluorescent
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molecules absorb radiation of a specific wavelength and there is a subsequent release of
photons with a greater wavelength (lower energy). Therefore, the emitted photons can be
distinguished from background noise using filtering methods, which enables this monitoring
method to be particularly sensitive. The chemical composition of the fluorophore affects both
the excited and released wavelengths, which leads to flexible and highly specific sensing. A
part of the released energy is passed from the donor fluorophore to the receiver fluorophore,
and is called Forster resonance energy transfer (FRET). The transferring of the excited energy
relies on the spectral overlapping between fluorophores and their interspace. In contact lens
devices, March et al. developed a biosensor to monitor the glucose in tear fluid. This sensor
was capable of monitoring the glucose levels of patients for more than 3 hours [33]. The
biosensor was made of polymerized Nelfilcon A, which is a polyvinyl alcohol polymer that is
partly converted with N-formylmethyl acrylamide and contains 69% water [34]. This polymer
was incorporated into a hydrogel network that was chemically combined with
tetramethylrhodamine isothicyanate concanavalin A (TRITC-Con A) and fluorescein
isothiocyanate dextran (FITC-dextran) inside a contact lens mould [33]. When glucose
distributes through the network, the Forster resonance energy transfer (FRET) reduces and
fluorescence intensity increases due to the shift in distance between FITC-dextran molecules
and TRITC-Con A. Another contact lens biosensor was fabricated by pHEMA or PDMS which
had an organic dye contacting silica nanoparticles to control the quality of the sensor, and avoid
early leaking [35]. The sensitivity range of this biosensor was 0.5 mM to 5 mM. Additionally,
a glucose monitoring device based on boronic acid was developed by Badugu et al. and attached
into commercial contact lens. It had a range from 50 uM to 100 mM with a response time of

10 min [36].
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2.3.2 Photonic-based sensors

Photonic crystals (PC) can be categorised into one dimension, two dimensions and three
dimensions by their optical direction [8]. When a PC network is illuminated by a wavelength
beam, light is then diffracted which can calculated by Bragg's law. As a result, the colour of
the diffracted light will be therefore changed due to variations in either the distance or refractive
index. Use of photonic crystals has become a common method in visible medical equipment
because the sensing is generally based on the changes in the colour. The advantages of this
method: (1) operates without dyes or fluorophores; (2) the readouts’ visibility which allow the

use of readily accessible devices, like phone cameras; and (3) reusability [37, 38].

For one-dimension PC, Yetisen and his group developed a glucose sensor by
functionalizing 3-(acrylamido) phenylboronic acid (3-APB) on a hydrogel network. The
binding between glucose and 3-APB led to swelling of the hydrogel. The swelling then shifted
the diffracted light. The sensor had a response time of 5 min for glucose concentrations between
0.1 mM and 300 mM [39]. On contact lens applications, Domschke et al. built a glucose
sensitive hologram on a contact lens to measure the glucose concentrations for diabetics via
tear fluid. The contact lens was able to diffract the light and in the presence of glucose the lens
expanded and changed the nanoparticles’ spacing. After chemical processing and sterilisation,
the biosensor could still operate reversibly [40]. Another glucose sensor was designed by an
imprinted photonic network with 1.6 um on polyacrylamide (PA), which was mixed with
phenylboronic acid. The structure then was fitted to a commercial contact lens. The pattern of
the photonic structure was adjusted in the presence of the glucose. The sensor had glucose
sensitivity up to 50 mM and a response time of about 3 s [41]. The main concern for this type
of sensor is the change of intraocular pressure for glaucoma patients, as it may disturb the

periodicity of the photonic structure.

28 Chapter 2: Literature review.



Moreover, 2D and 3D photonic crystals have been fabricated for biosensors’ use.
Colloidal crystal arrays’ (CCA) sensors have been applied for monitoring glucose levels in tear
fluid. Such structures are made from crystalline nanospheres, including polystyrene or silica.
Sensors based on a photonic crystal array comprises a colloidal array attached to a polymer
network that diffracts light into the visible spectrum. The production of CCA includes the self-
assembly of monodispersed particles using the colloidal suspension evaporation [38]. Alexeev
and colleagues embedded polystyrene colloids inside a polymer mixture, PA-(bis-AA)-
poly(ethylene glycol). The sensor was then functionalized with boronic acid groups like 4-
amino-3-fl uorophenylboronic acid and 4-carboxy-3-fl uorophenylboronic acid which
produced the opportunity to detect glucose levels at a physiological pH [42]. The measuring
process includes linking glucose to boronic acid and creating additional bonds within the
contact lens matrix. The structure then shrunk and altered the lattice spacing of the colloidal
array. Matrix shrinkage leads to a blue shift of the diffracted light, which is related to the
glucose level in the tears. The sensor had glucose sensitivity down to 0.15 mM at pH 7.4 and

a response time of about 90 s to 300 s [43].

Lately, further development for this technique has been demonstrated by Ruan et al. They
successfully created CCA on the surface of commercial contact lenses, using a glucose-
sensitive hydrogel. Figure 2.4(A) shows the fabrication process for the sensor. The polystyrene
(PS) particles were self-assembled on the surface of the contact lens. Then, the layer of the
colloidal crystal was coated using a mixture of 4-boronobenzaldehyde-modified poly(vinyl
alcohol) (4-BBA-PVA) in order to create the gel, which was crosslinked by glutaraldehyde
(GA). This led to the designing of a hydrogel-based CCA-lens to detect the glucose in the tear

fluid. The sensor had glucose sensitivity between 0.05 and 50 mM with visible diffracted light
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from 0 to 3 mM between a wavelength of 567 and 468 nm and up to 10 mM (up to 567 nm
wavelength), as presented in Figure 2.4 (B) [44]. Figure 2.4 (C) shows an image of the GCCA-

lens sample.

Figure 2.4: (A) the fabrication process hydrogel-based CCA-lens; (B) presentation of
GCCA’s diffraction wavelength from the CCA into a visible light; (C) real photographs of the
GCCA-lens samples [44]

2.3.3  Electrochemically based sensors

In the previous decades, electrochemical devices for biosensor monitoring have been
deeply investigated. Several manufacturing methods like the semiconductor technique are
applied to develop electrochemical sensors which can be integrated into contact lenses.
Electrochemical biosensors have been used to detect many biomarkers like glucose, lactate,
and intraocular pressure. Such a technique can demonstrate high selectivity by using enzymes

that can stimulate the electrochemical sensing reactions. Electrochemical devices have
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attracted more interest due to their rapid response time, low cost, flexibility, small size of the
sensors, good sensitivity and capability to provide direct biological measurements [32, 45-48].
Basically, when glucose oxidase (GOD) breaks glucose into oxygen, hydrogen ions and
electrons, then electrochemically based sensors utilize the electrons to measure the glucose

concentration [10].

Electrochemical devices have also been incorporated into contact lenses to measure
glucose levels in tear fluid. Yao and colleagues reported an electrochemical contact lens sensor
for monitoring glucose in tears [49]. They fabricated a circuitry using photoresist into a thin
chip of poly(ethylene terephthalate) (PET) film. Then three layers of titanium (Ti), palladium
(Pd) and platinum (Pt) were deposited on the outside surface of the PET chip and covered by a
thin metal film. Having a layer of Pd between the Ti and Pt increases the signal stability [50].
Finally, the chip was heat-moulded in order to create a contact lens shape, as shown in
Figure 2.5. The sensor showed a fast response time about 20 s and a detection range between
0.1 mM and 0.6 mM. Furthermore, Chu et al. designed an electrochemically based sensor on a
contact lens to detect glucose in tears. They built a flexible hydrogen peroxide electrode, which
had a Pt working electrode and a silver chloride (Ag/AgCl) reference/counter electrode, on
PDMS film as the contact lens material. The sensitivity range of the biosensor was between
0.03 and 5.0 mM. This biosensor was tested on a rabbit’s eyeball to monitor the tear glucose.

It was successfully able to detect the glucose changes with a response time of 10 minutes [51].
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Figure 2.5: the route to fabricate an electrochemical sensor on a contact: (a) preparing
the PET substrate; (b) the substrate was cured by UV light; (c) the electrodes were created
using 10 nm of Ti, 20 nm of Pd and 100 nm of Pt; (d) the surface of the sample was covered
by thin metal film; And (e) the sensor was heated and cut into a contact lens shape; (f-h) show
images of the sensor [49].

Recently, Kim et al. introduced a wearable contact lens sensor that can detect glucose
and intraocular pressure using different electrical reactions. The sensor contained graphene and
silver nanowires which can serve as a field-effect transistor sensor. The graphene-silver
nanowires’ structure provides a measurement of electrical and mechanical properties. They
demonstrated real-time measurement in a live rabbit and successfully monitored glucose
concentrations from ImM to 10 mM. Figure 2.6 shows a schematic diagram of the graphene-

silver nanowires’ biosensor integrated into a contact lens [52].
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Figure 2.6: (A) Presents a schematic diagram of the graphene-silver nanowires’ biosensor
integrated into a contact lens; (B) presents a photograph of the sensor [52]

24  GLAUCOMA HYDROGEL-BASED SENSOR

Glaucoma has become one of the main causes of blindness, it influences the optic disc
and harms the optic nerve due the increase of the intraocular pressure (IOP), see Figure 2.7(A)
[53-55]. The World Health Organisation (WHO) stated that glaucoma is currently the second
major source of sight loss worldwide, after cataracts [55]. The number of people affected by
glaucoma is approximately 80 million around the world by 2019 [54]. Glaucoma is categorised
into two different groups: open-angle glaucoma and angle-closure glaucoma. Although both
types can damage the sight, the cause of the disease varies [56—59]. The relation between the
eye fluid secretion and its discharges defines each type. In open-angle glaucoma patients the
fluid outflow is blocked by the trabecular meshwork leading to bulked fluid in the eye chamber,
see Figure 2.7(B). On the other hand, the eye fluid is blocked by reducing the angle between

the iris and the cornea in angle-closure glaucoma patients see Figure 2.7(C) [53, 60—62].
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Figure 2.7: presentation of the glaucoma condition: (A) shows an illustration of the eye for a
healthy person and glaucoma patients [59]; (B) shows the open-angle glaucoma condition in
which the eye fluid is blocked by the trabecular meshwork; (C) shows the angle-closure
glaucoma condition in which the iris-cornea angle stops the fluid outflow [53]

The main modifiable risk factor for glaucoma development is the intraocular pressure
(IOP) which is associated with the curvature of the corneal radius [63—65]. An increase in [OP
of 1 mmHg leads to 3 pm increase in the curvature of the corneal [62, 66]. An IOP above 21
mmHg is the indication level of developing glaucoma [67]. Thus, accurate evaluation of the
IOP is significantly important in controlling glaucoma. The most common tool to measure the
IOP is Goldmann applanation tonometry (GAT) [58, 67]. This measurement technique is more
than 50 years old, imprecise, uses a single measurement, is only done at a specific time (i.e.
during clinics hours only), and results are affected by the dynamic of the eye. The GAT method

assumes the cornea is flattened in a certain area and is also thin, elastic and flexible. These

assumptions are not accurate. There is also essential evidence confirming that many glaucoma
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patients experience the peak of IOP values outside of clinics hours [68—70]. Another issue
when using GAT is that the IOP varies during the day, so a single measurement cannot give an
accurate diagnosis [67]. Therefore, many researchers have focused on developing a 24-hour
IOP measurement. Continuous IOP detectors can give significant resources to understand more

about 24-hour IOP variations and improve glaucoma treatments [71].

The first hydrogel-based IOP sensor was developed in 1976 by Collins who built a
pressure sensor on a contact lens [62]. After that, there were many attempts to design a
continuous IOP monitoring system based on contact lens. In 2002, Leonardi et al. introduced
their contact lens sensor to detect IOP continuously [72]. They built a microstructure strain
gauge on the lens to measure the cornea curvature changes according to IOP changes. The
sensor was the first device to record 24-hour IOP measurements, and the first to confirm that
the IOP value during the night is higher than the daytime values (clinic hours) [73]. Moreover,
the Sensimed Company proposed and published new microprocessor strain gauges instilled in
contact lenses, called Sensimed Triggerfish CLS, to record the change in the cornea limbus,
see Figure 2.8 (A-C). The sensor is the only available device on the market after it had been
approved with a European Conformity Declaration [62, 74]. The main issue with the Sensimed
Triggerfish sensor is the IOP values’ validation, i.e. the pressure units of the device are in
millivolts or arbitrary units instead of mmHg. Several reports indicate negative IOP results or
an IOP above 30 mmHg, which is biologically unlikely to happen [62]. Similarly, Chen et al.
fabricated a pressure sensor based on a contact lens, see Figure 2.8(D-F). It was composed of
silicone of medical standard with transition moulding, and the electrodes and inductive coils

were made of copper foil [11].
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Figure 2.8: presentation of some contact lens sensors to detect IOP continuously: (A) an image
of the SENSIMED Triggerfish lens to measure IOP; (B) schematic image of the device, (1)
contact lens sensor (2) wireless system to transfer the data (3) a cable (4) portable recording
device; (C) a real image of the device on a glaucoma patient [11], [67]; (D) a picture of a
contact lens sensor to measure IOP developed by Chen et al.; (E) and (F) the mechanism of the
sensor, the sensor behaviour with normal IOP values and with high IOP, in which the distance
between the electrodes is decreased with IOP increase [11]

25 pHHYDROGEL-BASED SENSORS

Measuring pH has been a crucial factor in the evaluation of health issues, in the toxicity
of environmental substances and in food safety. In fact, a change of pH is generally correlated
with development and growth of bacteria [75—77]. Hydrogels that are sensitive to pH have
become promising materials for a wide variety of applications because these hydrogels

reversibly adjust their thickness, mass and elasticity due to the change in pH values [78-80].
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The effect of pH changes in hydrogel swelling can be detected by a variety of methods such as
diffraction wavelength, resonance frequency changes, or silicon layer deflection [81, 82]. This
method has several benefits, such as easy and rapid production procedure, low cost, easy digital

integration, chemical and biological compatibility [80].

Generally, pH hydrogel-based sensors contain polymer with acidic or basic group, which
provides the pH sensitivity. All materials should be mixed, dried and cross-linked. Then, they
should be cross-linked and exposed to UV light [83—-85]. The selection of the polymer is
important, as the delamination of the polymer layer affects the measurements’ accuracy and
the stability of the sensor. This can be avoided by applying a long spacer adhesion promoter,
using extremely thin hydrogel layers [83, 86]. The mechanical properties and sensitivity of the
sensor can be modified by adjusting the ratio between the polymer and the ionisable group, or
the cross-linking parameters. Therefore, a wide range of hydrogel-based pH sensors have been

developed and tested over the past decades [78, 87, 88].
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Table 2.2: Hydrogel-based pH sensors along with their dimensions, sensitivity range, response

time and detection method

Hydrogel Thickness pH Response Sensor type Detection method | Ref.
material range time
HEMA- 300 nm 7-7.75 | =80s Refractometric refractive index [89]
DMAEMA!
PHEMA-co- | 10 pum 5-7 ~4m Holographic wavelength [90]
MAA?
PAAM- 125 um 4-8.5 10 m Holographic wavelength [91]
PCCA3
HEMA- 8 um 7-8 ~6m Conductimetric resistance [92]
DMAEMA?*
poly(AA-co- | 1.4 um 4-8.5 2 m Magnetoelastic frequency [87]
I0A)°
AAM- 15 um 6-9 15m Microcantilever deflection [93]
DMAEMA?®
AAM- 125 um 8-10 20s Optical wavelength [78]
BAAM’
PVA-PAA? | 390 nm 2.55- 500 ms Quartz crystal frequency damping | [88]
3.45 micro

14 2-hydroxyethyl methacrylate - N, N-dimethylaminoethyl methacrylate

2 Poly(hydroxyethyl methacrylate-co- methacrylic acid)

3 Poly(acrylamide)-polymerised crystalline colloidal array

3 Poly(acrylic acid-co-isooctyl acrylate)

¢ Acrylamide-N, N-dimethylaminoethyl methacrylate

" Acrylamide-N, N’-methylene diacrylamide

8Poly(vinyl alcohol)-poly(acrylic acid)
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It can be observed from Table 2.2 that the pH working range varies from sensor to senor
due to the selection of the ionisable hydrogel network. Mostly, it relates directly to the pKa
value of the ionic group used within the network. The response time is affected by the hydrogel
thickness, the ionic group strength, and the mechanical properties of the swelling and shrinking.
The sensors with thicknesses in the nm range responded faster than other sensors. Also, the
strong ionic strength had the shortest response time, whereas the low strength was time
consuming. Additionally, the sensors that relied on the swelling and the shrinking of the
hydrogel were shown. Thong et al. reported that the shrinking time was significantly faster than
the time taken in swelling, due to the associated elastic force with the process [94]. On the other
hand, sensors that were not based on the swelling of the gel showed no significant gap in the
time [88]. Figure 2.9 shows an example of the preparation process and swell/shrink behaviour

of hydrogel based pH sensor [79].

Figure 2.9: presentation of the preparation and behaviour of a hydrogel based pH sensor

26  FRESNEL LENS

Augustin-Jean Fresnel invented the Fresnel lens made of glass in 1822 and its first
application was in a lighthouse due to its capability of attracting more light and its long range

of visibility [95, 96]. In the 1950s, polymethylmethacrylate (PMMA) was used as Fresnel lens
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material, providing an alternative option which was lighter and a more stable polymer [96-98].
Usually, Fresnel lenses contain distinct focused prism components in a superstrate design, in
which the light becomes more focused in the central area. Figure 2.10(A and B) show the
profile of a typical Fresnel lens [96, 99]. In general, a Fresnel lens is an optical function that
can be used as a cost-effective, durable option to traditional optical lenses, Figure 2.10(C)
displays the differences between Fresnel and standard lenses in shape and thickness. It has been
used in a wide variety of applications such as solar power, photography, imaging (i.e.
magnifier) and illumination (i.e. car headlights) [95, 98—100]. Moreover, in a study carried out
by Espirito-Santo and colleagues, a Fresnel lens was built within a thermal energy system in
order to focus the light, increase or decrease the temperature within the system and generate
the power to activate a pH smart sensor to detect the pH level in water; Figure 2.10(D) presents

an image of the system [101].

Figure 2.10: (A and B) show a typical Fresnel lens; (C) displays the differences between
Fresnel and standard lenses [102]; (D) shows a Fresnel lens used to generate a pH smart sensor
[101]
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2.7 PRINCIPLES OF AN OPTICAL DIFFUSER

2.7.1  Brief background

Kuhn explained the history of light discovery in his book, In Quest of the Universe [103].
In 1666, Newton said that light has small and fast particles, which lead to vibration of the
aether. Then, in 1890, Maxwell found that light is an electromagnetic wave. Maxwell’s idea
led Hertz to discover radio waves in 1888. In 1900, Planck highlighted that the energy of these
waves is a continuously varying signal and is related to frequency. Einstein noted that if light
contains massless particles, which are defined as photonics, then it should interact with matter.
Figure 2.11(A) demonstrates how white light is divided into a visible spectrum when it passes
through glass. A spectrum is the order of colours after the light has been separated by the glass.

It can also be defined as a wavelength [103, 104].

A wavelength, A, is the distance between two crests or troughs of a wave in which the
wave starts repeating itself, as shown in Figure 2.11(B). Mehta said that the characteristics of
matter can be examined by using the electromagnetic spectrum for spectroscopy [105].
Table 2.3 shows eight regions of the electromagnetic spectrum with their wavelength range
and some applications, shown in Figure 2.11(C and D). This distribution of a wave is known
as diffraction and occurs when a wave passes through a slit or across the edge of an object [103,
105]. The degree of diffraction depends on the size of the opening and the length of the wave.
A smaller opening causes greater diffraction and a shorter wavelength leads to less diffraction
[103]. Another important wave phenomenon is interference. This occurs when a pattern of tiny

matter reflects light in the form of colours [105].
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Figure 2.11: (A) presentation of glass separates a white light into its visible colours of
light; (B) presentation of the wavelength A, measured by metre (m); (C) presentation of the
visible wavelength range and colours; (D) presentation of the electromagnetic spectrum order
and ranges [103, 105, 106]

Table 2.3: Electromagnetic spectrum regions [103—-105]

Electromagnetic spectrum | Wavelength, A (nm) Applications

Electric power Above 10° Transfers electric energy
to homes

Radio and TV 107-10° Broadcasting,
communications industry

Microwave 10°-107 Cooking, phones, radar

Infrared (IR) 10°-10° Heating and drying,
cameras, remote controls

Visible 4% 10°-7* 10° Human eye can see this
range of wave

Ultraviolet (UV) 1-10? Germicidal, medicine

X-ray 102-1 Medicine, remote sensing

Gamma 102-10* Mineral exploration

2.7.2  Light propagation

Light is defined as an electromagnetic wave consisting of coordinated pulses of electrical

and magnetic fields. It transmits at light speed in a vacuum (3 x 10® m.s™!). Light propagation
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relates to the process when an electric wave moves its energy from one position to another. So
this phenomenon refers to light interaction with material networks. Generally there are three
major processes occurring when light passes through boundaries. In a transmission case, a light
beam hits a transparent material such as glass. Then only a forward beam is maintained while
the scattered wavelengths cancel one another. If the light beam is going across two different
materials (i.e. going through the air and glass), some wavelengths are diverted back every time,
the process is called reflection. When a light strikes an interface at an angle, both forward and
backward beams will occur. This phenomenon is known as refraction, see Figure 2.12 [107—

110].

Figure 2.12: presentation of the refraction phenomenon which takes place when light
strikes at an angle, showing the incident, reflected and transmitted waves [107]

2.7.3 The law of reflection

Figure 2.13(A) shows a reflected light in which the law of reflection generally assumes
the reflection angle (0r) is equal to the incidence angle (01) 6r=0i. The reflected beam direction

is defined by the angle-of-incidence which is the angle between the incident beam and the
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surface. Figure 2.13(B and C) display the difference in the reflection behaviour between a
smooth and rough surface. On the smooth surface the light will be reflected clearly and every
single beam would be well-defined; this is called specular reflection. The rough surfaces would
reflect the light differently and the light beams would return in all directions; this is called
diffuser reflection. However, the reflection angle will be equal to the incidence angle for each

beam [107, 109].

Figure 2.13: (A) the angle-of-incidence is similar to the angle-of- reflection; (B) and (C)
show a presentation of specular and diffuser reflection

2.7.4 The law of refraction

Snell's law defines the law of refraction in which the beam may be reflected and
transmitted at any time to form secondary wavelets [107, 109]. It states that the time # in which
the light beam is travelling at a speed (v) to move from one point to another between two
different transparent mediums with refractive indexes (niand ny. The transmitted wave would

reach a point at speed (v¢). The incident wave speed can be defined by v; = ¢/n; , and the speed
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within the transmission can be defined by v, = c/n;, where c is the speed of light in vacuum.

If the n>ni would make v;<v,. Then the Snell's law will be as

n; sinf; = n; sin 6, Equation 2.1

275 Interference and diffraction

Interference refers to a process where two waves from two different sources converge to
create a subsequent wave of larger or smaller amplitude. Whereas diffraction refers to the
results of two secondary wavelets interacting from two various points of the same wave.
Huygens’s principle said that diffraction occurs when the wave passes or bends around an
obstacle's edges or a small opening. The principle states that each point on a wavefront can
serve as a source of secondary wavelets. These wavelets scatter in all directions at a speed

equal to the original source [107, 108]. Figure 2.14 presents Huygens’s principle of diffraction.

Figure 2.14: presentation of Huygens’s principle of diffraction
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2.8 LASER ABLATION

The term laser is formed from the initial letters of “Light Amplification by Stimulated
Emission of Radiation”. The accurate meaning of the expression is essential to understand
when considering lasers’ reaction with other materials; which makes laser energy remarkable
in comparison to other forms of light energy [111, 112]. Lasers produce light power in the
shape of a combination of photons from a medium that can be solid, liquid or gas. This medium
defines the laser's name and the exact wavelength generated by the laser. For instance, the
medium in a ruby laser is a synthetic ruby crystal and diffuses at 0.694 um wavelength (infrared
region). Moreover, the medium in a CO> laser is carbon dioxide gas and produces energy at
10.6 pm wavelength (far-infrared region) [112—115]. Lasers are found widely in industries such
as laser drilling, laser cutting, laser milling and laser etching. Laser machining operations
provide a better surface finishing for difficult to machine materials (like titanium and super
alloys) compared to traditional machining operations [116—119]. These laser procedures

include a popular phenomenon called laser ablation.

Laser ablation is a method of substance removal carried out by focussing a laser beam.
Ablation happens only when the substance receives enough energy to melt or evaporate part of
the material partially or fully [112, 115, 120]. The development of laser ablation started in
1960, when the ruby laser was discovered. Then the discovery was followed by several studies
to define the fundamental features of laser removal: such as collecting the optically scattered
light released from ablated metals in 1962; the foundation for the emission of a laser
microprobe in 1963; and the detection of electrons’ photoemission in 1963 [121]. In 1965,
Smith and Turner recorded the first application of laser ablation for optically thin films made

of powdered materials [122]. Currently, laser ablation is commonly utilised in metal, glass,
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polymer production, and medical fields [112, 123, 124]. In past decades, laser ablation on
polymers has received immense attention because of the polymers’ potential to fabricate
micro/nano structures such as microfluidic channels [114]. Polymers attract considerable
interest because of their special characteristics including their light weight, corrosion
resistance, and wide range of applications. The first use of laser ablation on polymers was
published in 1978 by Cozzens and Fox. They applied an infrared laser of 10.6 um wavelength

to 11 different polymers [120].

There has also been a significant increase in studying the effect of laser types on the
performance and durability of ablated properties of polymer materials. Poly(methyl
methacrylate) (PMMA) is the most common polymer that has been ablated by different types
of lasers such as an excimer laser (krypton fluoride laser and argon fluoride laser) and a CO>
laser. Danielzik and his group ablated PMMA with an ArF excimer laser at a wavelength of
193 nm with a high speed to investigate the impact of laser speed on the ablation process [125].
Moreover, Nayak et al. used a CO; laser to fabricate micro-channels on PMMA of various
molecular weights, to study the effect of the material choice on the manufacture of the
microchannels [126]. Polydimethylsiloxane (PDMS) was ablated by a CO; laser and a
femtosecond pulsed laser to produce microfluidic channels. Both laser types showed the ability
to generate the channels [80, 127, 128]. Furthermore, there have been studies of laser ablation
of polyimide (PI) using an excimer laser, and Nd:YAG lasers. It can be found in the literature
that laser ablation has been an effective tool for the manufacture of micro and nano structures
on diverse polymers. It is important to highlight that both the laser variables and material

characteristics influence the laser ablation performance.
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28.1 Mechanisms of laser ablation

All laser systems like laser milling, drilling and laser cutting mainly have the same laser
ablation mechanisms. Ablation is a mixture of vaporisation and a melting process. If a focussed
laser beam hits a target, laser photons excite the electrons existing in the substratum, see
Figure 2.15 [129-131]. The excitement generates heat production due to the photon energy
absorption. This energy can be defined by the Beer—Lambert law, which stated that the amount
of the light absorbed relies on the substrate thickness and the light intensity [114, 132]. The
heating impact leads to melting or evaporating of the substance, which causes selective areas
to be removed from the surface of the substrate. Then, a plasma plume is created during the
solid-gas transition [133, 134]. The process for ablation may be completely photochemical,
photothermal or a mixture of both, depending on the laser parameters such as fluence,
wavelength and speed, and material properties such as absorption level and reflectivity. The
chemical ablation happens as a consequence of the breaking of polymer bonds by the UV
photons’ energy; whereas the thermal ablation occurs as a result of the breaking of polymer

bonds by thermalizing the UV photons [135-138].
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Figure 2.15: presentation of the laser ablation mechanisms [121]

2.8.2 CO:2 laser ablation

The CO; lasers have demonstrated outstanding performances in machining many
materials. The CO; laser is a continuous wave laser with an infrared wavelength of 10.6 pm
and are the most common laser system for cutting metal [114, 139, 140]. Stournaras et al.
studied a COz laser’s quality in cutting aluminium alloy AA5083. They examined the surface
roughness and the heat affected zone size by adjusting the laser power from 1500 W to 1800
W, the scanning speed from 2 m/min to 4 m/min, and the frequency from 8 Hz to 10 Hz [141].
Also, Yilbas investigated the effect of a CO» laser’s parameters on the cutting quality of carbon
steel. He found that the cutting width was decreased with faster laser scanning speed, and
increased with greater laser power [142]. Additionally, this laser system has been used for
modifying glass-based devices. Fu et al. developed glass-based microfluidic chips to detect
formaldehyde concentration. They patterned the glass using a CO; laser to improve the

roughness of the surface and create micro-channels for the detection material [140]. Ogura and
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Yoshida etched two glass types, quartz glass and Pyrex glass, using a CO; laser. They stated
that the CO; laser offered better results with quartz glass than Pyrex glass [143]. Furthermore,
this laser is the most popular laser treatment tool in dermatology and surgery applications [112],
[144], [145]. Omi and Numano highlighted that the use of CO; lasers in dermatology is safe,

efficient, and offers a precise method [112].

In addition, CO; lasers have been widely used to pattern and modify polymers. This type
of laser has been applied to PMMA, PDMS, HEMA, PI and many different polymers. The CO>
laser ablation allows the manufacture of micro and nano patterns on the polymer [146—151]. It
is also easy to control the focal beam precisely on the surface. Additionally, the water in the
polymers helps to absorb the laser energy and minimise the damage to the polymer. Hong et
al. used COz laser ablation to structure microfluidic chips in PMMA for methanol detection.
The study showed that CO, laser system has less surface in comparison to other laser ablation
systems [151]. Also, Nan et al. created micro-channels on a commercial contact lens, which
was made of HEMA, PEGDA, EDMA and 2-HMP, using a CO; laser at 30 W [114]. Liu et al.
reported on the use of a CO: laser in cutting and patterning polydimethylsiloxane (PDMS).
They fabricated a number of microstructures with different thickness from 2 pm to 3.6 mm on
the PDMS layer [150]. Additionally, Riahi fabricated a 3D pattern on PMMA and PDMS by

utilizing CO» laser removal [149].

Most of research facilities and manufacturing industries have in fact switched to CO»
lasers because of their low cost, extremely fast fabrication and flexibility [152]. Moreover, CO»
lasers can replace other systems without the need for equipment changes, clean room centres

or professional staff. The researchers have been able to develop microfluidic structures to be
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used in devices within less than 45 minutes [151-153]. The cost of the CO, laser ablation
system is 10 times less than other ablation lasers such as the excimer laser, the femtosecond
laser [140]. However, the COz laser has several challenges which affects its capability. Firstly,
it is hard to define the interaction between the laser and the material at the ablation point. This
is because the ablation mechanism varies from one polymer to another [121, 152]. It is
important to control the heat affected zone in order to avoid creating cracks and non-uniformity,
to lead to a better polymer resolution [127, 132]. Moreover, one of the main challenges is
getting the desired dimensions (depth and width) because currently there is no optimal for the
CO; removal of each polymer [112]. This leads to not having a good quality finish, which is
greatly required in manufacturing micro or nano structures. Controlling the laser parameters
such power and speed would increase the quality of the fabrication structures [153—155]. The
laser power is the main cause of the heat during the process. Some of this heat will be absorbed
by the polymer in the desired location, but the rest may create cracks around the removal spots
on the surface. Also the scanning speed is responsible for the surface cracks, because it has
been found that the less time the laser spends in contact with the samples leads to reducing the

risk of developing cracks on the surface [114, 121, 131, 149].

2.8.3 Hydrophilic and hydrophobic surfaces

The phrases "hydrophilic surface” and “hydrophobic surface" are widely used to define
water behaviour on the surface of the materials. Hydrophilic surfaces have a good liquid
attraction, while hydrophobic surfaces repel liquid [156, 157]. However, each material has its
own wetting characteristics which classifies its surface type [158]. Applications of hydrophilic
surfaces can be found in anti-fogging applications and the biomedical field. Also, hydrophobic

surfaces have been used in oil removal, self-cleaning applications and waterproof solutions
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[114, 159-161]. The main factor in the wetting characteristics is the surface roughness. The
water spreading on the surface can be controlled by the surface roughness [162, 163]. In fact,
most organic and artificial materials may be classified into the hydrophilic group. Also, the

majority of polymers could be classified in this group [156].

The main criterion used to determine whether the surface is hydrophilic or hydrophobic
is by measuring the contact angle. The contact angle (0) is the angle at which the water or liquid
meets the solid surface. The material is categorised according to the contact angle of the water
droplet; the material will classify as hydrophilic when the angle is between 0° and 90°, and as
hydrophobic when the angle is above 90° [157, 164, 165]. The material will be more water
repellent as the angle gets bigger. Therefore, some authors have used various wetting
classifications in which they introduced new terms like superhydrophilic (6 = 0°),
ultrahydrophobic (120° < 0 < 150°) and superhydrophobic (6 > 150°), see Figure 2.16(A) [157,
166]. Drelich et al. reported that increasing the surface roughness will increase the contact
angle. Figure 2.16(B) shows the relationship between the water-surface contact angle and the

surface roughness.
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Figure 2.16: the contact angle of the liquid droplet: (A) shows the contact angle properties
from superhydrophilic to superhydrophobic [157]; (B) shows the surface roughness and the
contact angle correlation [156]

Laser ablation affects the surface roughness of the desired material. Therefore, it is
essential to take the wettability conditions into consideration [121]. There are many studies on
the influence of ablation on the surface wettability of different polymers, and on changing the
polymers from the hydrophilicity region to the hydrophobicity region [167-171]. The
modification of the polymer surface has attracted many researchers over the past years due to
its wide applications in biomedical, coating systems and adhesion. Waugh and Lawrence
investigated the effect of CO» lasers on the wettability characteristics of PMMA. They were
able to increase the surface roughness by 3 um by patterning structures on the surface using
the laser. They managed to shift the contact angle slightly into the hydrophobic region [167].
In addition, Khorasani et al. fabricated a superhydrophobic layer on PDMS by CO; laser
treatment [172]. Moreover, Kim et al. reported that a contact lens made of pHEMA can extend

drug release time by treating the surface of the lens [171].
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29 SUMMARY

This chapter covered the background of contact lenses and their design, hydrogel based
sensors, the principles of an optical diffuser, and laser ablation. It showed that tear fluid could
replace the blood sampling method in some cases. Then, contact lens sensors for glucose were
studied in depth and presented. The current glucose testing methods, which are merely based
on blood samples, provide only single reading, and uncomfortable, causing side effects. Over
the last two decades this has encouraged researchers to look into alternative techniques.
Hydrogel-based sensors for measuring IOP, which is related to glaucoma issues, were
discussed. Here, we reported three methods based on contact lenses for continuous glucose
monitoring. Furthermore, pH hydrogel-based sensors were reviewed in the chapter and several
studies were summarized in Table 2.2 where we described the hydrogel material and detection
approach in each study. Additionally, a brief background of the Fresnel lens and its applications
were presented as well. Then, the principles of the optical diffuser were reviewed, including
the subject of light propagation, the law of reflection and refraction. Moreover, this chapter has
comprehensively studied the laser ablation systems and presented some examples of using such
laser especially the COz laser on polymer treatment. Furthermore, the mechanisms of the laser
removal were discussed. Finally, hydrophilic hydrophobic surfaces were explained in terms of

the effect of laser treatment on polymers.
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Abstract

Continuous glucose monitoring aims to achieve accurate control of blood glucose
concentration to prevent hypo/hyperglycaemia in diabetic patients. Hydrogel-based systems
have emerged as a reusable sensing platform to quantify biomarkers in high-risk patients at
clinical and point-of-care settings. The capability to integrate hydrogel-based systems with
optical transducers will provide quantitative and colorimetric measurements via
spectrophotometric analyses of biomarkers. Here, we created an imprinting method to rapidly
produce 2.5D photonic concavities in phenylboronic acid functionalized hydrogel films. Our
method exploited diffraction properties of a hexagonally-packed 2.5D photonic microscale
concavities having a lattice spacing of 3.3 um. Illumination of the 2.5D hexagonally-packed
structure with a monochromatic light source in transmission mode allowed reversible and
quantitative measurements of variation in the glucose concentration based on first order lattice
interspace tracking. Reversible covalent phenyboronic acid coupling with cis-diols of glucose
molecules expanded the hydrogel matrix by ~ 2% and 34% in the presence of glucose
concentrations of 1 mM and 200 mM, respectively. A Donnan osmotic pressure induced
volumetric expansion of the hydrogel matrix due to increasing glucose concentrations (1-200
mM), resulted in a nanoscale modulation of the lattice interspace, and shifted the diffraction
angle (~ 45° to 36°) as well as the interspacing between the 1st order diffraction spots (~ 8 to
3 mm). The sensor exhibited a maximum lattice spacing diffraction shift within a response time
of 15 min in a reversible manner. The developed 2.5D photonic sensors may have application
in medical point-of-care diagnostics, implantable chips, and wearable continuous glucose

monitoring devices.

Keywords: Optical sensors, hydrogels, glucose sensing, phenylboronic acids, diabetes
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3.1 INTRODUCOTION

Diabetes is one of the most serious health problems worldwide [1, 2]. It is a chronic
disease characterized by disorder of glucose metabolism which is reflected in the elevated
concentration of blood glucose [3, 4]. Health complications caused by diabetes include heart
disease, kidney failure, blindness and increase in the disability-adjusted life years [5—7]. In
2015, the estimated diabetes prevalence was 415 million adults, which is projected to reach
642 million by 2040 [8]. This epidemic also poses an enormous economic burden on the society
[9], the direct annual cost of diabetes to the world is more than $827 billion [10]. Appropriate
medication and glucose concentration control can improve treatment efficacy by mitigating the
symptoms and reducing the complications [5, 11-13]. For this reason, glucose monitoring is

crucial in diabetes management.

Currently, the most common method of monitoring glucose concentration is the finger
prick test which is an electrochemical method based on enzymes such as glucose oxidase,
glucose dehydrogenase [14]. This procedure is inconvenient for patients, and due to being
invasive, may lead to infections. Additionally, it does not allow real-time measurements and
sensors cannot be reused, due to the irreversibility of reactions [15]. Moreover, the sensitivity
of such electrochemical and enzymatic sensors is affected by numerous factors such as
interference from the high partial pressure of oxygen, maltose and haematocrit [14, 15]. Hence,
development of new continuous and non-invasive glucose monitoring system is necessary to
overcome problems related to the conventional electrochemical method [16]. It is highly
desirable that the new system would provide information about real-time fluctuations in blood

glucose concentrations, which improves the accuracy of insulin administration in diabetes
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management [17]. To date, different approaches have been investigated to achieve a complete
solution [18-21]. Optical sensors seem to overcome the limitation of existing sensors since
they can provide fast, quantitative, measurements in real-time and in a reversible manner [16,

22].

Recent advances in photonics and polymer chemistry have enabled the fabrication of
photonic sensors on soft hydrogel materials and have led to an increased interest in hydrogel-
based optical glucose sensors [15]. Hydrogels are highly water-absorbing polymers capable of
undergoing reversible volume changes [23]. They can be designed to respond to certain stimuli
(e.g. temperature, pH, ionic strength, metal ions, antigens, proteins) [24—30]. The selectivity is
obtained by functionalizing hydrogels with receptor molecules that are sensitive to a particular
stimulus or a molecule [31, 32]. One promising approach for glucose detection using hydrogels
is the covalent incorporation of boronic acids in a copolymer matrix [33—37]. Boronic acids
bind to diol-containing carbohydrate species, such as glucose, through a reversible boronate
formation [38, 39]. Upon binding of boronic acid copolymer with glucose, the polymer network
swells and alters its physical and optical properties, which can be used for glucose quantitative
analyses [31, 32]. Glucose-responsive hydrogels can be incorporated into photonic devices.
The inclusion of the photonic sensor into the hydrogel can help in the development of superior
analytical devices. Such photonic devices work through controlling and manipulation of the
propagation of light [40]. Over the last two decades, many approaches including laser writing,
self-assembly, and layer-by-layer deposition have been demonstrated to create Bragg
diffraction gratings, micro-lenses, etalons and plasmonic structures in hydrogels. Although no
commercial device has been released yet due to unsatisfactory sensitivity and specificity issues

[10].
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In this paper, we have proposed a new optical glucose sensor based on a hexagonal
diffraction grating imprinted on a flexible hydrogel. The fabrication method is quick and cost-
effective. The sensor detected the changes (of overall ~ 8°) in the diffraction angle within 15
min due to the increasing glucose concentrations (1-200 mM), see Figure 3.1 for the schematic
illustration of the concept. This change could also be detected clearly under an optical
microscope - the minimum increase in the thickness of the hydrogel sensor was ~ 2% for the
lowest concentration of 1mM. These 2.5D glucose sensors could be used multiple times as the

detection was observed to be reversible as well as repeatable.

Figure 3.1: Swelling of the polyacrylamide hydrogel functionalized with 3-
(acrylamido)phenyl-boronic acid, induced by the presence of glucose: (a) representation of the
reversible chemical attachment of glucose at OH sites of phenylboronic acid; (b) illustration of
such reversible reaction that results in a volumetric change in the boronic acid functionalized
hydrogel upon glucose intake or depletion, respectively. Such volumetric modulation can be

exploited for glucose sensing
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3.2 METHODOLOGY

The boronic acid—diol interaction is highly pH-dependent [41]. For this reason, all
measurements were conducted in phosphate-buffered saline (PBS) at a constant pH 7.4. Stock
solutions of phosphate-buffered saline were prepared from PBS tablets (ThermoFisher
Scientific). A high concentration glucose solution (200 mM) was prepared by dissolving D-
glucose (dextrose anhydrous, Science Lab) in the PBS solution. The buffer solution containing
glucose was serially diluted with the PBS to prepare various glucose concentrations in the range
from 1 to 200 mM. A fresh solution was prepared for each trial and used immediately after

their preparation.

A honeycomb 2.5D structure was mirror-replicated to obtain a polydimethylsiloxane
(PDMS) stamp by a micro imprinting process using a honeycomb master grating [42]. The
PDMS solution was prepared by mixing the PDMS base Sylgards 184 (Dow Corning) with the
provided curing agent in a 10:1 (w/w) ratio and stirring the solution for 10 min at 24 °C. This
solution was placed in low vacuum for 5 min to remove bubbles. The mixture was then poured
on the master grating and covered with a glass slide. The sample was cured in an oven for
40 min at 60°C. The curing process solidified the PDMS, giving a mirror-replica of the parent
2.5D microstructure of the master grating for the subsequent fabrication process of the sensor,
see Error! Reference source not found.(a-g). The micro-replication process did not damage
the original 2.5D grating, such that multiple PDMS stamps could be fabricated from a single
master. Subsequently, each individual PDMS stamp could be used multiple times for the

preparation of glucose sensors before it starts showing some degrading.
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Acrylamide, N,N'-methylenebisacrylamide, 3-(acrylamido)phenylboronic acid (PBA),
dimethyl sulfoxide (DMSO) and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were used as
core components of our glucose sensitive hydrogel (GSH): Acrylamide (78.5 mol%), N,N'-
methylenebisacrylamide (1.5 mol%) and (PBA) (20 mol%) were mixed together. A solution of
2% (w/v) DMPA in DMSO was added to the mixture at a ratio 1:1 (v/v). Subsequently, this
mixture was stirred very well (120 min, at room temperature) in order to ensure good
homogeneity. The resulting mixture was poured directly onto the PDMS stamp and covered
with a glass slide. The thickness of the sample was controlled by controlling the space gap
between glass slides by placing a fine shim of a known thickness. The sample was then moved
to an ultraviolet (UV) curing chamber and cured with UV light for 5 min. Then, it was kept in
DI water for 5 min and peeled off — hydrophobic nature of the surface of the PDMS stamps
facilitates an easily peeling off process. Mirror-replication of the 3D structure copied from the
PDMS stamp onto the GSH results in copying of the original structure of the hexagonal 2.5D
master grating, see Error! Reference source not found.(h). All samples were hydrated

overnight in deionized (DI) water before further use.
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Figure 3.2: Schematic illustration of imprinting the micrograting on the glucose sensitive
hydrogel: (a-d) preparation of PDMS stamp; (e-g) copying the structure from PDMS stamp on

a glucose sensitive material; (h) summary of the replication process

The surface of 2.5D grating, PDMS and GSH were imaged by a scanning electron
microscope (SEM) (JCM-6000PLUS NeoScope Benchtop). Before imaging, samples were
coated with a gold layer (5—10 nm) using Agar sputter coater, to avoid charging effects —
specimens being highly dielectric in nature result in charge accumulation and subsequently
poor resolution. SEM images show that the hexagonal structure of the 2.5D mimics the true
honeycomb architecture, such that the pits with certain depth covered with elevated walls
around them form hexagonal cells, with an average cell constant of ~ 3.0 + 0.3 pm and depth
(/height) of ~ 1.2 um. The mirror replication of this structure on PDMS is a conjugate fit, i.e.
domes replace the pits in the mirror-replication process, and the walls in the original structure
are now the deeper parts of the replica. The GHS copied from the PDMS stamp again results

in the original 2.5D honeycomb (hexagonal) structure, see Error! Reference source not
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found.(a-c). All three specimens exhibit perfect surface morphology with almost no defects
suggesting a perfect copying from the 2.5D grating to the PDMS stamp and subsequently from

the stamp to the GHS sensor.

The volumetric change of the GSH in the presence of glucose is also one way of
measuring the glucose content in solutions, optical microscopy (Axio scope Al, Zeiss) was
performed in order to determine the thickness of the pristine sample and in different conditions
(after exposing to different glucose concentrations, discussed latter). We obtained the cross-

section thickness of ~ 221 pm for a dry pristine GSH sensor.

Angle-resolved far-field diffraction experiment were carried out using original 2.5D
grating, PDMS and GSH samples, see Error! Reference source not found.(d) for schematic
illustration of the experiment. The sample was carefully placed in a transparent plastic cuvette,
mounted on a motorized precision rotation stage and aligned normal to the incident laser beam.
The intensity of each diffracted beam was measured using an image-screen place at a distance
of 45 cm away from the sample, as well as, by using an optical power meter (Newport, 1918-
R) traversable on a circular rail (CR) of radius of 13 cm with sample mount on its centre (the
radius of CR also defines the measurement distance between the sample and the power meter).
Three laser sources, red, green and blue (640, 532 and 491 nm) (Newport) were used in
diffraction experiments. Measurements were recorded in dry (pristine) and soaked conditions
(in PBS solution). In order to perform glucose sensing, the cuvette was filled with different
solutions and the whole sample was submerged before taking the measurement. The forward-
scattered spectra were collected in all cases either by rotating the cuvette or the detector itself

by an increment of I’ from 0° to 180°, relative to the sample normal. For the reference, the
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intensity/power of the incident light (blank) was also recorded and percentage of the diffracted
intensity for each diffraction spot was calculated. A simple method was adopted to record the
glucose induced shift in the spectra: the change in the displacement between two opposite 1st
order points such that the displacement line should pass through the centre (0-order) of the
diffraction pattern was recorded as a function of glucose concentration. Photographs of the
diffracted spectra taken on an imaging screen were also analysed with Imagel software, and
diffraction efficiency (intensity) was plotted against 1st-1st order interspace and diffraction

angle.

Photographs of the master grating, PDMS and GSH took in white light revealed their
diffractive properties as colors present in the incident light were resolved over space, see
Error! Reference source not found.(e-i) for photographs of all three samples along with
computationally calculated Fourier transforms (FT) of their microscopic images revealing their
hexagonal architecture. Error! Reference source not found.(k-m) shows an example of
experimentally obtained diffraction from the PDMS stamp, whereas a reverse FT can be
exploited to redraw the physical structure where the light originally diffracts from. We plotted
angle-resolved diffracted intensities normalize (to 1) for up to 3rd diffraction orders as the
function the diffraction angle for the original 2.5D grating and PDMS stamp in Error!
Reference source not found.(o-u). The 0-order peak was the strongest in both cases
suggesting that most of the light was transmitted straight to the 0 order without being diffracted:
blue, green and red illumination resulted in 0-order intensities of 29, 35 and 40% for 2.5D
grating, and 16, 28 and 41% for the PDMS stamp, respectively. Intensities of increasing orders
(1st, 2nd etc.) decreased with the increasing order number. Consistent with 0-order, a slight
difference in diffracted intensities (e.g. for the Ist order) was also observed between both

samples: blue, green and red illumination resulted in 1-order intensities of 3.2, 2.9 and 2.7%
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for 2.5D grating, and 7.7, 6.8 and 6.2% for the PDMS stamp, respectively. Notice that the light
distribution in diffraction depends on the incident wavelength. For shorter wavelengths, lesser
transmission to the 0-order meant a stronger diffraction, such that the light was distributed more
among the subsequent orders, whereas for longer wavelengths, more light was transmitted to
the 0-order without being diffracted. Angle-resolved measurements confirmed that the
diffraction angles for original 2.5D grating and PDMS replica were identical. The diffraction
angles between normal and 1st-order peaks for different lasers, blue, red and green were 10°,

13° and 16°, respectively, consistent with the Bragg’s law.
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Figure 3.3: Characteristics of the original and copied honeycomb micostructures: (a-c) SEM
images of the 2.5D master structure, PDMS stamp, and glucose sensitive sample, (d) Schematic
illustration of optical measurement setup; (e-j) photographs taken in white-light for the surfaces
of 2.5D sample, PDMS stamp and glucose sensitive sample and theoretical picture of their
Fourier transforms, respectively; (k-m) Diffraction patterns generated by red, green and blue
laser light transmitted through the original glucose sensitive sample; (n) Reconstruction of the
glucose sensitive sample image by taking Fourier transform of the pattern itself obtained from
the patterned hydrogel; (0-q) angle-resolved intensity graphs representing diffraction patterns
generated by the 2.5D sample illuminated by the light of blue, green and red laser; (s-u) angle-
resolved intensity graphs representing diffraction patterns generated by PDMS stamp
illuminated by the light of blue, green and red laser
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3.3 RESULTS AND DISCUSSION

Angle-resolved diffraction measurements were carried for the GSH in its dry and wet
conditions, Figure 3.4. This was done before carrying out the glucose sensing experiment as
hydrophobic nature of sensing material’s resulted in an initial swelling that needed be taken
into account beforehand in order to perform an error-free measurement. When the sample was
soaked in PBS, it absorbed the liquid and swelled in all 3 dimensions. During the analysis, two
main observations were made in the behavior of diffraction patterns: firstly, the intensity
(efficiency) of the transmitted light dropped significantly when the sample was wet. For dry
(wet) condition, the efficiency of 0-order spot was 64 (32), 63 (28) and 58% (34%) for blue,
green and red lasers, respectively. The decrease in efficiency in the wet condition can be
explained by Beer-Lambert Law, which states that increasing the thickness of the material in
which light is traveling, decreases the light transmission. As soon as the sample underwent the
initial swelling as the result of absorbed PBS solution, more light was absorbed by the swollen
material. Secondly, the diffraction angle of the transmitted laser light decreased when the
sample was in its wet condition. Diffraction angles between Ist-order spots generated by the
dry (wet) sample were ~ 10° (8°), 14° (11°) and 16° (12°) for blue, green and red lasers. By the
same token, the distance between 1st-order diffraction points projected on the image screen
also decreased. The reason for such negative shift of the diffraction angle is the increase in the

gap size (groove constant) of the micro-grating imprinted on the hydrogel.
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Figure 3.4 (a) Schematic illustration explaining how the volumetric change of a hydrogel
influences the diffraction angle (0) of the transmitted light by changing the groove constant of
the microctructure on the surface; (b-g) angle-resolved intensity graphs of the transmitted light
from the GSH in dry and wet conditions. Insets show the photographs of the diffraction patterns
taken on the imaging screen. The images were obtained in transmission mode by illuminating

the dry and wet samples with blue, green and red lasers, respectively

Absorption of PBS by the hydrogel sample resulted in its three-dimensional expansion,
thereby, expanded the surface and the features present on the surface. According to the Braggs
equation, nA = 2dsinf, where, n is the diffraction order, d is the groove constant, and 0 is the

diffraction angle, the observed shift in the diffraction pattern can be explained. Therefore,
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volumetric change of the hydrogel material was detected by analyzing the changes in the
diffraction pattern generated by the light transmitted through the grating imprinted on the
sample. Also, it was established that the resolution of the sensor strongly depended on the
wavelength of the laser light that illuminated the sample. Red laser resulted in better resolvable

measurements as compared to the shorter wavelengths.

For glucose sensing, angle-resolved diffraction measurements were carried out in far-
field by normally illuminating the GSH grating sensor with a green laser and recording the
diffraction pattern on an imaging screen located at a distance of 45 cm away from the sensor,
see Figure 3.5(a) for the snapshots of the 1st order interspace taken for increasing glucose
concentration. Increasing glucose concentration can be appreciated by noticing a negative shift
in the diffraction angle/lst-order interspace resulted by increasing groove constant of the
illuminated GSH structure. Such observation is reversible, that is, the diffraction angle
increased or decreased due to the shrinking or swelling of the grating upon exposing the same
sensor to low or high glucose concentrations, respectively. Figure 3.5(b) shows the diffraction
efficiency versus diffraction angle (between 0 and 1st-order) after the sensor was soaked in
different solution of different glucose concentrations for 1 hr. When the sample was soaked in
PBS (without glucose) the diffraction angle was ~ 28°. Subsequently, after removing the PBS
solution, different glucose solutions were added one by one to examine their effect on the
diffraction pattern — the diffraction angle decreased due to the increasing sensor size with a
maximum change of ~ 8° for 200 mM glucose solutions. In this experiment, the lowest
concentration that could be detected accurately was ~10 mM, for which the change in the 1st-
order interspace was ~ 3 mm (diffraction angle =~ 0.3°), compared with the PBS-soaked

condition. However, this value of sensitivity could be improved considerably by refining
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various experimental parameters, such as the laser spot size, distance between the GSH and the

imaging plate and, using a more precise rotation stage.

Response time is a parameter that determines how fast does the sensor work. It is
important because a quick real-time capture of the change in sugar level leads to a better
treatment/management. Figure 3.5(d) represents the change in the angle over time for the
100 mM glucose concentration solution. Within first 10 min, a rapid change was observed, that
moved towards the saturation at ~ 15 min, the change after 15 min was negligible. It is
important to note that it is not only the interspace that could be translated to different
concentrations, the time slope for different glucose concentration is also different. Therefore,
the change in glucose concentration can also be measured well before 15 min by measuring the
slope of the interspace-time curve. Other studies suggest that the sensors may take over 1 hr to
respond [43]. In this work, we have demonstrated much faster response time as compared with
previous studies. Further improvement in the response time can be achieved by using a thin
GSH grating or/and a more responsive phenylboronic acid (however, this is the subject of a

separate report).

86Chapter 3: Optical Glucose Sensors Based on Hexagonallypacked 2.5-dimensional Photonic Concavities Imprinted in
Phenylboronic Acid Functionalized Hydrogel Films.



Figure 3.5: Optical sensing of glucose using GSH sensor: (a) photograph of the interspace
between 1st-order points changing due to increasing glucose concentration (0-order is masked);
(b-d) the change in diffraction angle of the 1st-order with increasing glucose concertation; (e)
the change in the interspace of the 1st-order with increasing glucose concentration; (f) time-
response of the sensor — measurements to record the change in the diffraction angle for 100
mM glucose level with time.

A thin slice was cut off the GSH sample and placed under the microscope to measure its
thickness and its direct response to different glucose concentrations. The slice was placed
vertically between two small glass slides and adjusted on a transparent petri dish. Then, the
buffer solution of 7.4 pH was poured into the dish in order to measure the initial increase in the
thickness, that is, in the presence of the buffer reference. The initial thickness of the sample
without glucose was ~ 305 um. Subsequently, the sample was soaked in different glucose
solutions. With increasing glucose concentration, thickness increased, see Figure 3.6(a). The
lowest detectable glucose concentration was 1 mM. For this concentration, the thickness

increased by ~ 7 pum, which is ~ 2% of the initial thickness. At 200 mM, the thickness increased
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by ~ 34%. A linear correlation was found between the cross-section thickness and glucose
concentration at low concentrations, that is, within the range between 1 to 10 mM, see
Figure 3.6(b-d). Notice that the said range is actually the physiological range and could be
useful in sensing application. Extension of this work to measure the blood or urine glucose
concentration are the subject our next report. It suggests that the swelling process is uniform in
all 3 dimensions: from microscopic images, comparing the change in the thickness in z-axis
with the change in the x-y plane extracted from the diffraction angle measurements, a linear
correlation between the change in thickness and the change in the diffraction angle is obtained,

see Figure 3.6(e).

Figure 3.6: Glucose sensing via direct measurements of the dimensions (thickness) of the GSH:
(a) The volumetric change of the sample in the presence of glucose at different concentration;
(b-d) the change in the thickness for glucose concentration from 0 to 200 mM; (e) the
correlation between the change in the diffraction angle and the change in the thickness

Although the thickness measurements gave a better resolution as compared with the
optical measurements due to our experimental limitations below 10 mM, there is considerable

room to refine the diffraction experiments for much higher resolution. The difficulties of
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detecting the change in the diffraction angle for low concertation can be overcome by using
small feature size of the diffraction grating, using longer laser wavelength and decreasing the
spot size. More responsive (larger swelling coefficient) phenylboronic acids for larger glucose
modulated changes in the imprinted patterns can also be used for enhanced sensitivity and
improved selectively, such as 2-(acrylamido)phenylboronate, bisboronic acid, and 4-
vinylphenylboronic acid [33, 41, 44, 45]. Increasing the surface area by making the nanoporous
structures and introducing a gating membrane have also been proven to increase the analyte
diffusion and rate of complexation [46]. Borrowing the similar techniques from previous
studies can also help improving the performance of our proposed glucose sensor. Table 3.1
highlights some of the recent strategies employed to monitor glucose concentration and their
challenges as compared to the standard electrochemical method. Optical detection of glucose

can lead to an alternative way to the non-invasive, continuous glucose monitoring in a point-

of-care setting for diabetic and non-diabetic patients in near future.

Table 3.1: Examples of different types of glucose sensors.

Type/Work Principle Readout Range Advantages Drawbacks Ref.
Electrochemical: 10-1000 It is capable of Suffers
Measures Electrochemical ~Voltage vs. glucose M doing single cell signal bias [14,20]
potential between concentration K measurements, and day to ’
electrodes Commercial use day drift
. . Raman
Raman. spectroscop'zc ' Raman peak shift 2.6mM  Medium range spectroscopy
detection: Probes vibronic  vs. glucose i [47]
sensitivity setup
properties of the materials  concentration
needed.
Holographic lorimetri Medium range C}? mp:ex
2 and 3D Colorimetric sensitivity, can be pheny boron [22, 29,
Sensors: change vs glucose made for non- ic acid - 48]
concentration . . synthesis, S—
Photonic Based on [nvasive use slower [15, 22,
crystal: Bragg 1(11/([)_100 response rate 29, 40]
scattering 1 order diffraction K .
. mM Medium range
peak; measures in sensitivity, can be
Imprinted 1% order interspace made for};;on- Slower Present
1D (angle/separation) . . response rate  work
vs. glucose invasive use

concentration

Easy synthesis
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3.4 CONCLUSION

We have demonstrated a new glucose sensor based on a physically patterned glucose
responsive  hydrogel. The hydrogel was based on poly-acrylamide, N,N'-
methylenebisacrylamide polymerized with a phenylboronic acid, 3-(acrylamido)phenylboronic
acid. The patterning was carried out by micro-imprinting of a hexagonal structure from PDMS
mirror-replica of a 2.5D honeycomb grating. Sensing was done by carrying out optical
diffraction measurements from the patterned hydrogel surface in the presence of different
glucose concentration. Glucose binding with phenylboronic acid resulted in physical swelling
of the hydrogel, which led to the expansion of the sensor’s surface imprinted with micro-
patterns. This change in the Bragg diffraction was measured in a far-field transmission
configuration. A clear modulation of the Ist-order interspace against varying glucose
concentration was recorded. Direct observation of glucose-induced swelling of the hydrogel
was carried under an optical microscope. A linear relationship between the surface and volume
expansions was established. A minimum glucose concentration of 1 mM was successfully
recorded suggesting the sensor’s usability in physiological conditions. We demonstrated that
the fabrication of such sensors is quick and cost-effective as compared to its conventional

counterparts, and it is suitable for the mass production.
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ABSTRACT

Measuring pH has become a major key for determining health conditions, and food
safety. The traditional pH assessment approaches are costly and offer low sensitivity. Here, a
novel pH hydrogel-based sensor has been developed. A Fresnel lens pattern was replicated on
the surface of a pH-responsive hydrogel using replica mold method. The pH-responsive
hydrogel is based on hydroxyethyl methacrylate (HEMA). Free standing and substrate attached
hydrogel sensors were fabricated. The pH-sensors were tested in pH range of 4 — 7. Introducing
various pH solutions to the pH-sensor led to volumetric shifts as the hydrogel swelled with pH.
Subsequently, the dimensions of the replicated Fresnel lens changed modifying the focal lens
and the focus efficiency of the optical sensor. As a result, the measured optical power at a fixed
distance from the sensor changed with pH. The optical sensor showed the best performance in
the acidic region when pH changed from 4.5 to 5.5 in which the recorded power increased by
7% 1n the first day and 13% after storing the sensor for 7 days. Microscopic images of the
optical sensor were taken while the sensor was immersed in various pH solutions for
understanding the working principle. The effect of the temperature on the sensor’s performance
was studied, and a negligible interference resulting from the temperature changes (20° — 40°)
was recorded. The sensor exhibited sensitivity to pH changes with respond time within minutes
in a reversible manner. The developed pH-optical sensor may have applications in medical

point-of-care diagnostics, and wearable continuous pH detection devices.

KEYWORDS: Fresnel lens, hydrogel, hydroxyethyl methacrylate, pH-monitoring
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41 INTRODUCOTION

Heart disease is a chronic condition which continues to be the primary cause of death in
Europe [1]. Improved treatment methods for such disorders have been under review.
Monitoring the changes in pH of blood is one way to prevent many fatal implications [2, 3].
Measuring pH has become a major signal for determining health conditions, and food safety.
In food quality applications, variations in pH are generally correlated with bacteria growth and
colonisation. In human blood, increasing the pH level than the normal range (7.35 — 7.45) is
related to degenerative diseases and decreasing the pH level is related to lower blood flow due
to excessing acid adhering to the vessel [4-8]. The pH determination is necessary in a variety

of applications in many fields such as chemistry and medical research [9].

Hydrogels are three-dimensional cross-linked system that are made of water soluble
polymer with characteristics enable them to be suitable for use in biomedical technologies [10—
12]. They have shown reversible responses to various stimuli such as pH, temperature, and
biological molecules [13, 14]. In addition, devices that use optical properties are both cost-
effective and durable [15, 16]. pH-responsive hydrogels gained attention because of their ease
of manufacturing, small size, and their biocompatibility [17-19]. pH-responsive hydrogels
contain acidic or basic groups which respond to pH changes [11]. The selection of the polymer
is critical because the delamination of the backbone polymer affects the quality and stability of
the sensor. Generally, the ionisable portion of the hydrogel determines the sensitivity and the
working range of pH-sensor [16]. The sensor's mechanical properties and sensitivity can be
controlled by modifying the ratio between the polymer and the ionisable portion or cross-
linking. Fibre optic based on hydrogels is an ideal method for remote and continuous measuring

of the pH level. Their working principle relies on the change of the refractive index of the
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hydrogel in presence of different pH levels which occurs due to the volumetric shift of the

hydrogel network [20, 21].

In the past decades, pH-responsive hydrogels have been widely investigated for
implementation in many applications. Every hydrogel sensor has its unique characteristics and
working range due to the various formulations of hydrogels which provide enormous range of
applications. For instant, Tamayol et al. reported a pH-hydrogel sensor for epidermal wound
monitoring [22]. The pH-sensor changed its colour with pH of the wound which reflects the
health conditions. Also, hydrogel based pH sensors have been developed for drug delivery. pH-
sensor have been synthesised from different groups of polymers such as 2-
hydroxymethacrylate, N,N'-methylenebisacrylamide, and N-isopropylacrylamide [12, 23-25].
Recently, hydrogel-based pH sensors have been used for controlling the insulin delivery [26—

28].

In this paper, we presented a novel optical hydrogel sensor to monitor pH levels. The
sensor is rapid to fabricate, cost-effective, and reusable. Fresnel lens was replicated on pH-
sensitive hydrogel in order to monitor the volumetric changes of the responsive-hydrogel. The
sensor was tested for detecting pH changes in the range of 4.5 - 7. The sensor’s performance
was examined under microscope and by using a practical optical setup. Testing the sensor was
carried out in the temperature range of 20° - 40 °C to study the temperature influence.

Moreover, effect of the shelf life on the sensor was studied.
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42 METHODOLOGY

Materials: Fresnel lens made of acrylic polymer was purchased from Thorlabs. The lens
has a focal length of 32 mm, diameter of 25 mm, and 1.5 mm thickness. Hydroxyethyl
methacrylate (HEMA), ethylene glycol diamethacrylate (EGDMA), Acrylic acid (AA), 2-
dimethoxy-2-phenylacetophenone (DMPA), sodium phosphate monobasic, sodium phosphate
dibasic, isopropanol, 3-(trimethoxysilyl) propyl methacrylate (98%) were purchased from

Sigma Aldrich and were used without further purification.

Fabrication of the pH-optical sensor: A mixer of HEMA (91.5 mol%), EGDMA (2.5
mol%), and AA (6%) was prepared. The photoinitiator (DMPA) was mixed with isopropanol
in a separate plastic vial. Both mixtures were added together to form the pH-responsive gel.
Approximately 40 pl of this gel was dropped on the Fresnel lens using pipette and a glass piece
was gently paced on top (Figure 4.1A-E). The gel was polymerised using a UV light lamp of
wavelength 365 nm for 5 minutes. The sample was kept in DI water for up to two hours to
facilitate separating the sample from the master mold. In case of preparing the substrate’s
attached sensor, a salinized glass piece was used instead of the untreated one that was used in
preparing the free standing sensor. Blu Tack was used to close some grooves of the Fresnel
lens to prevent any leakage of the solution. All samples were hydrated overnight in phosphate-
buffered saline (PBS) solution at pH 7.4 before any further experiment. Figure 4.1(F-1) show

that the Fresnel lens pattern has been successfully copied into the pH-sensitive hydrogel.
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Figure 4.1: A schematic illustration of the fabrication process for replication the Fresnel lens
on the pH-sensitive hydrogel; (A-E) steps of replicating the Fresnel lens on the pH-responsive
hydrogel; (F-I) images of the Fresnel lens, laser beam passed through the Fresnel lens, Fresnel
lens pattern replicated on the pH-responsive hydrogel, and the pH-sensor illuminated by white

light beam

Measurement techniques: Computer-controlled rotation stage, laser pointer of
wavelength 532 nm, and an optical power meter (Newport, 1918-R) were used for angle-
resolved optical power intensity measurements. The pH-sensor was fitted in a transparent
plastic cuvette filled with PBS solution, ensuring that the whole sample was submerged in the
solution and aligned with the laser beam and a power meter. Then, the test started with
replacing the PBS solution with the lowest pH solution (4.5). The pH-sensor was illuminated
with the laser beam which was incident normal to the surface plane. The laser transmitted
spectra was collected by rotating the sennsor’s holder at 1° increments from 0° to 180° and the

power meter was recording the light intensity at each angle. The same steps were repeated for
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all tested pH solutions. Also, an optical microscope (Zeiss) was used to measure the changes
in dimensions of the Fresnel lens imprinted on the pH- sensitive hydrogel. pH-sensor was
placed in a transparent petri dish containing 1 ml of the tested pH solution. The free standing

sensor was permitted to shrink and expand naturally in the solution.

4.3 RESULTS AND DISCUSSION

The sensitivity of the fabricated pH-sensor was investigated by detecting the optical
signal transmitted through the sensor by a photodetector. A schematic illustration of the testing
setup is shown in Figure 4.2(A-B). Introducing different pH solutions in the range of 4.5-7 led
to change the recoded optical signals and the optical power increased with pH (Figure 4.2C).
The sensor showed the highest sensitivity in the pH range of 4.5 — 5.5 as the power increased
with value of 4.5 107> mW which represent 7% of the reference power. In order to study the
effect of the shelf life on the sensor, the pH-sensor was stored in PBS solution for 7 days and
the test was repeated. Again, the recorded optical signals increased with pH; however, the
sensitivity of the sensor is doubled as sensor showed an increase of 13% in the recorded power
in the same pH range (4.5 —5.5) (Figure 4.2D). The respond and saturation times for the sensor
were 5, and 9 min, respectively. The response time of the stimuli-responsive hydrogels relies
on the thickness of the hydrogel sensor. Since our sensor was thin, the response time was fast
and immediate shifts were apparent with pH change. Figure 4.2(E) displays the recorded power
measurements versus time which shows the saturation time of the sensor. The sensor also was
examined daily for 10 days while it was stored in PBS buffer solution during the time between
tests (Figure 4.2F). It was found that the sensitivity increased with longer storage time as well

as increasing the input optical power.
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Figure 4.2: (A-B) A schematic illustration of the experiment setup; (C) profile of the
measured power intensity for the constrained pH-sensor; (D) laser power profile of the
laser beam passed through the confined pH-sensor which was stored for 7 days before testing;
(E) response time of the sensor; (F) the effect of 10 days storing on the sensitivity of the pH-
sensor

The optical microscope was used to measure and analyse the Fresnel lens dimensions
which is replicated on the pH-responsive hydrogel. The test was carried out for the free-
standing and the substrate-attached pH-sensors. Microscope images of the pH-sensor immersed

in different pH solutions are presented in Figure 4.3(A-F). The images show that changing pH
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induced a volumetric shift for the hydrogel sensor. The cuvette contained the constrained pH-
sensor was sealed and placed horizontally under the microscope to measure the change in
dimensions of Fresnel lens replicated on the sensor’s surface when the sensor was soaked in
different pH solutions. The cuvette was filled with a PBS solution of pH 7.4 and the diameter
of Fresnel lens rings were measured. Then, the PBS buffer was replaced with a solution of pH
4.5 and the diameter of the Fresnel lens rings were measured. This protocol was repeated with
different pH solutions (Figure 4.3A). The diameter of Fresnel lens rings at pH 7 increased = 6
um which represents 3 % of the ring diameter at pH 4.5 (Figure 4.3G). For the free standing
sensor, the sensor was placed in a petri dish containing 1 ml of PBS solution having a pH 7.4
and the diameter of Fresnel lens ring was measured under the microscope, and the measured
diameter was 238 pm. Different pH solutions having pH in the range of 4.5 — 7 were replaced
the PBS on sequence. The initial diameter of Fresnel lens ring at pH of 4.5 was =~ 187 um, and
at pH of 5.5 the diameter dramatically increased by 11% reached up to =213 um. At pH 7 the
measured diameter value increased by =~ 18% (Figure 4.3G). Noticeably, the diameter of
Fresnel lens rings for both sensors (free-standing and constrained) rapidly dropped due to the
pH change from high pH level (PBS of 7.4 pH) to low pH level of 4.5. Overall, the results show
that the constrained sensor had a much smaller diameter change comparing to the free standing
sensor. Also, the free standing sensor demonstrated higher sensitivity with a significant rise in

dimensions of Fresnel lens with pH.

Effect of temperature on the sensor was studied (Figure 4.3H). The senor was soaked in
PBS solution and the temperature was increased from 20 to 40 °C and the transmitted optical
powers were recorded. Both the attached/constrained, and free standing sensors showed that
the temperature changes has no significant impact on the sensitivity. The power increased by

0.5% and 1% for the free standing, and substrate-attached sensors, respectively.
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Figure 4.3: (A-F) Images snapped by the scanning electron microscope for the free
standing pH-sensor at different pH levels, PBS of pH 7.4 and pH 4.5, 5.5, 6, 6.5 and 7; (G)
diameter of Fresnel lens rings recoded during the change of pH levels for both sensors; (H) the
impact of temperature on the pH-sensors

44 CONCLUSION

We have demonstrated a novel pH-optical sensor based on a combination of Fresnel lens
and a pH-responsive hydrogel. A substrate-attached sensor, and a free-standing sensor were
fabricated in this work. The optical sensors had a pH sensitivity range of 4.5 - 7, and recorded
a respond time of 5 min. The sensors showed the highest sensitivity in the pH range of 4.5 -

5.5 and the sensitivity of the sensors increased due to storage for 10 days in a PBS buffer
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solution of pH 7.4. The free standing sensor showed a three-fold higher sensitivity as compared
to the substrate-attached one. The temperature changes in the range of 20 — 40 °C was found
to have a negligible effect on the sensor. Also, we showed that the fabrication of such novel
sensors is fast and cost-effective compared to their conventional counterpart and it could be
ideal for mass production. However, optimizing the sensor sensitivity to function perfectly at
the physiological pH range would candidate these sensor for monitoring the pH of human

blood.
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ABSTRACT

We report on the laser-induced modification of surface properties of contact lenses.
Selective areas of the surface of commercial silicon-hydrogel contact lenses were patterned in
array formats using different powers of the CO> laser. 1D arrays of different groove densities,
channels, and 2D intersecting architecture were fabricated. Contact angle measurements were
carried out to measure the surface hydrophilicity, and extent of hydration was linked with the
surface profile properties and the space gap between the fabricated patterns, which were
controlled by the beam exposure time, beam power, and scan speed. Laser treatment of contact
lenses resulted in improved hydration proportional to the density of laser ablated segments on
the surface. The hydration time of water droplets on different lens surfaces was also recorded
—all 2D patterned lenses showed faster hydration as water quickly diffused into the bulk of the
lens due to the extended interfacial area between the contact lens and the water droplet as a
consequence of larger areal modification in 2D as compared with 1D patterns. The best
wettability properties were obtained with 0.3 mm space gap, 9 W power, and 200 mm s scan
speed. Optical microscopy was used to image the 3D surface profiles of the modified lenses
and the depth of the patterns and was correlated with the experimental observations. The
maximum depth of 40 pm was observed with 0.3 mm space gap, 9 W, and 200 mm s! scan
speed. Optical transmittance of broadband white light was measured to assess the surface
treatment effects on the contact lenses. A large exposure and dense patterning of contact lens
resulted in decreased (down to a minimum of 45%) in the light transmittance, which dictates
the practical usability of such patterning. Surface treatment of contact lenses can be utilized to
deposit stable conducting connection for on-lens-LEDs, displays, and communication antennas

as well as for stabilizing biosensing materials and drug dispensing applications.

Keywords: contact lenses; microfluidics; channels; laser ablation; laser proccessing; contact

angle.
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5.1 INTRODUCTION

Contact lenses were invented by Adolf Fick in 1888, [1] and this industry is currently
worth more than $9 billion as of 2017 [2]. 125 million people wear contact lenses worldwide
for correcting vision or trending decorative fashion [3]. The demand for contact lenses is
expected to increase due to increasing eye-related conditions, lens-based sensing and
diagnostics, controlled drug release, and contact lens based electronic interfaces [1, 2, 4]. Since
their first discovery, contact lenses have continually evolved, bringing numerous advantages
in terms of quality, ease of use, and compatibility with eye chemistry [5—7]. Three different
generations of silicone hydrogel soft lens were developed between 1998 to [8—10]. Soft contact
lenses are flexible, softer, oxygen permeable, and hydrophilic [11-13]. Their quality is

determined by structural integrity, comfort, and vision correction [14].

Lack of comfort is the most common cause of contact lens discontinuation [15, 16].
Hydrophobic contact lenses lead to hazy vision, a sensation of dryness, and discomfort [17,
18]. Consequently, increase in surface wettability and hydrophilicity has been known to
enhance the wear comfort of contact lenses [17]. Typically, two approaches are undertaken to
improve the wettability of contact lenses temporarily; one is the regular application of lens
solution (rewetting drops) that replenish the naturally diminishing tear film between the contact
lens and ocular surface, while the other is to modify the lens material itself (plasma treatment)
[18, 19]. However, introducing hydroxyl groups through chemical modifications have been

utilized to increase the water affinity of the lens’s surface [20].

Here, a new laser treatment method is demonstrated to improve the wettability of
commercial contact lenses. The approach was adopted to increase the surface area at selective

places on the contact lens. Improved wetting properties were obtained by increasing the density
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of surface patterns. The wettability was measured by depositing a controlled volume of
deionized (DI) water onto a fully-hydrated lens. Correlation between the surface area and
inherent wettability/contact angle was studied. Continuous monitoring of the drop-cast water
droplet revealed the temporal behavior of the droplet on various laser-treated contact lens

surfaces.

5.2 METHODOLOGY

A CO; laser (HPC LS 3040) was used to modify the surface properties of commercial
silicon-hydrogel contact lenses (Narafilcon, 1-day Acuvue® TruEye®, Johnson & Johnson)
(Figure 5.1a-g). Silicone hydrogel contact lenses had a center thickness of 0.09 mm. and a
dioptric power of -0.5 with a base curve of 8.6 mm. The surface structures in the form of long
channels were produced in an engraving mode. Laser parameters were varied to obtain different
architectures: power (6, 9 W), scan speed (200, 300 mm s, space-gap/hatch (0.1, 0.2, 0.3,
0.4, 0.5 mm). The distance (7.4 mm) between the laser-head and surface bed (height or z-axis)
remained constant throughout the experiments. After the laser exposure, contact lenses were

stored in DI water before characterization.

The surface morphology of laser-treated contact lenses was analysed by an optical
microscope (Zeiss Axio). Also, the transmissibility of each lens was measured within the
visible spectral range (400-700 nm) using a spectrophotometer (Ocean Optic DH-2000)
attached to the eye-piece of the optical microscope. The topography of the modified surface of
contact lenses after the laser exposure was also studied using Alicona optical microscope. 3D

images were obtained to assess the depth profile of laser engraved channels. The sessile drop
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method was used to measure the contact angle on laser-treated contact lenses. A customized
liquid dispensing system was used to drop equal amount (5 pL) of DI water for each
measurement. A digital microscope coupled with a charge-coupled device (CCD) camera was
used to record time-lapse images to study the temporal response of the water drop on contact
lenses. Still images were captured at 0, 15, 30, 60 and 90 s after landing the drop onto the
surface. The contact angle plugin of ImageJ software (NIH) was used to analyse the images
and determine the contact angles (n = 3). All the experiments were conducted at 24 °C and ~
30% relative humidity. Figure 5.1(h-1) presents an image of CO> laser-patterned geometries on

selective area of the lenses.
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Figure 5.1. Formation of arrays and channels in contact lenses via CO: laser treatment:
(a) The design of the desired structure; (b) the CAD and implementation software was used to
design the space gap, exposure time, rate and power information to pattern through the laser;
(c) the computer-controlled laser fabrication of patterns on contact lenses; (d) the illustration
of laser treatment of the lens; (e) a concept figure of patterns areas to stabilize different
biosensing materials on the contact due to the increased area and roughness of laser treated
selective areas; (f) photograph of a contact lens with channel patterned across the entire lens
(17 mm); (g) photograph of a partially patterned contact lens; (h,i) photographs of CO» laser-

patterned geometries on selective portions of contact lenses
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5.3 RESULTS AND DISCUSSION

Figure 5.2(a) shows 1D and 2D structures obtained by scan the CO> laser beam (with
different operating conditions) on contact lens samples in xy-plane. The scan speed was
controlled to achieve different desired patterns. A slow beam scan speed (200 mm s™') was
utilized for pattering continuous channels. However, a faster scanning speed (300 mm s™!) was
used to make segregated spots/pits in the contact lens. A space gap between the scanned lines
was introduced to draw the patterns with different duty cycles/groove densities. Two laser
beam powers (6 and 9 W) were used for both scan speeds as well as for all space gaps. Higher
power produced deeper patterns as compared to the low-power scans. This was attributed to
the total energy imparted to the lens by the laser beam, namely, E = P.t, where, E is the total
energy imparted by the laser, P is the beam power, and t is the active engraving time spent per
pattern. Powers above 9 W, cut through the lens and no patterning could be obtained at these
powers. Nevertheless, this also defined the lower limit of the power threshold that can be used
to cut the lens in particular shapes if needed. In 2D patterning at 6 W, continuous channels and
segregated structures were patterned without damaging the lens. At 9 W beam power, the
crossing points where the laser interacted with the contact lens twice traversing from two
perpendicular directions showed some damage and formed well-matrixed through holes in
lenses. An optical microscope was used to analyze the maximum groove depth obtained at 200
mm s scan speed and the beam power of 9 W. The maximum depth was recorded to be ~ 40

um for the channels made at the scan speed of 200 mm s 1 and power of 9 (Figure 5.2b).
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Figure 5.2: Microscopic images of laser-modified contact lenses: (a) 1D and 2D patterns were
fabricated at 6 and 9 W, scan speeds (200 and 300 mm s™!), and five space gaps (0.1-0.5 mm,
with the increment of 0.1 mm). A fast scan speed casts distant features whereas the low speed
results in channel-like structures. Scale bars=200 um; (b) 3D microscopic images of 1D and

2D patterned surfaces produced at 200 mm s™! scan speed and 9 W for different space gaps

Contact angle measurements were carried out to analyze the hydration properties of 1D

and 2D patterned lenses (Figure 5.3). The behaviour is governed by cos0* = r.cosbe, where 6e
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is the equilibrium of the contact angle [21, 22]. 6* is the apparent contact angle owing to the
surface roughness r defined as the ratio of the actual area to the projected area of the surface.
The contact angle was plotted against the groove density (1/space gap) (Figure 5.3d-k) and
time (Figure 5.31-u) after pouring a droplet on the surface. For unmodified contact lens, the
initial contact angle was ~77.2°. A decrease of 3.5° (4.52%) was recorded in the contact angle
within 90 s. The space gap played an important role in the surface wettability — for all samples,
increasing (decreasing) space gap (groove density) from 0.1 mm to 0.3 mm (10-3 mm 1), and
the recorded contact angle initially showed a decreasing (increased) trend. The initial decrease
in the contact angle with increasing groove density is attributed to increasing surface
roughness. As the groove density decreased from 3.33 mm™ to 2 mm!, the recorded contact
angles exhibited increasing trend across the entire time-frame for all samples (1 and 2D).
However, hydration effects in 2D lenses were more pronounced as compared to their
corresponding 1D samples. 2D-patterned contact lenses showed lower contact angles as
compared to corresponding single-engraved lenses. In comparison to corresponding 1D lenses,
2D patterned lenses showed an average of ~ 21% lower contact angle (recorded after 90 s) as

2D lenses contained twice as many channels as the single engraved equivalents.

The laser energy also systematically influenced the contact angle (Supporting
Information, Figure S1). Lenses subject to 9 W, as opposed to 6 W, had ~ 9% lower contact
angle after 90 s of time lapse, as more energy was imparted by the laser over the same area of
engraving in the case of 9 W exposure, which led to the formation of deeper channels,
increasing hydration. The scan speed had also some effects on patterns produced on lenses —
the lower the speed, the smaller the contact angle. The speed 200 mm s showed ~ 4 % lower

contact angle (after 90 s) as compared to patterning at 300 mm s™.
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Figure 5.3: Contact angle measurements in laser-treated contact lenses: (a) schematic of the
contact angle measurement setup; (b, ¢) photographs of contact angle measurements for 1D
and 2D pattering, respectively (scan speed=200 mm s, beam power=6 W); (d-g) contact angle
versus groove density for 1D-patterned lenses; (h-k) contact angle versus groove or line density
for 2D-patterned lenses; (I-p) time response of contact angle for 1D patterns; (q-u) time

response of contact angle for 2D patterns

The time response of the diffusing water droplet on contact lens surfaces suggests higher
diffusivity on 2D patterned contact lenses as compared with 1D patterns as slopes in contact

angle-versus-time graphs show larger negative values than 1D suggesting their better
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hydration. The overall contacts angle for all condition and interval of times are also smaller in
2D patterned contact lenses. The behaviour suggests that increasing the surface area by making
it rougher with laser treatment provides a larger cross-section at the water-contact lens
interface, increasing the diffusion rate and improving the hydration properties of these modified

samples.

Broadband white-light transmission measurements were carried out to analyze the optical
modification introduced by CO; laser patterning of contact lenses Figure 5.4. A pristine
(unmodified) lens showed a transmittance of ~97% for the visible light spectrum. Increasing
the space gap (0.1 to 0.5 mm) in the patterned samples showed increased transmittance, both
in 1D and 2D patterned samples. The behaviour was expected because at large space gaps, the
laser beam modified the surface at larger distances and there was more pristine area present
between the consecutive grooves as compared with densely patterned designs. Consequently,
most of the incoming light transmitted unhindered through the pristine parts of the lens.
Increasing the power from 6 W to 9 W decreased the transmittance due to the wider profile of
the patterns, decreasing the pristine area between the grooves, and also due to deeper engraving
(consequently roughening) at higher power. 1D-patterned lenses exposed to 9 W beam power
showed a ~11% lesser transmittance on average as compared to 6 W exposure. Similarly,
comparison of 9 W and 6 W equivalent 2D-patterned lenses showed a decreased transmittance
by ~14%. Increasing the scan speed effectively has the effect of increasing the distance between
the laser patterns within a particular groove. Therefore, increased scan speed also results in
increased transmission of the light as more pristine areas become available to the incoming

light to pass through.
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Un-patterned and patterned (1D and 2D) contact lenses were placed in front of a mobile
camera to see how patterning might deteriorate the vision, though actual effects can only be
realized only in clinical trials (Figure 5.4c). Photographs taken with and without un-patterned
contact lens are almost of identical quality and provided a good definition of the captured
objects. However, 1D and 2D patterning resulted in deterioration of the definition such that
2D-patterned contact lens resulted in a more blurred image as compared to that taken through

a 1D-patterned contact lens.

Figure 5.4: Transmission properties of the laser-treated lenses: Transmission of light within the

visible range for 1D (a) and 2D (b) patterning for groove spacing between 0.1 mm to 0.5 mm
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for 1D (i-v) and 2D (vi-x) patterning, respectively; (c) photographs taken from a mobile phone
camera without a contact lens in front (i) with contact lens having no patterning (ii) with 1D

patterned contact lens (iii), and with 2D patterning

Figure 5.5(a-d) summarizes the transmittance behaviour related to increasing space gap
and energy imparted to the lens. The transmittance increased systematically with a linear trend
with increasing space gap, and as an exponential function of the imparted energy. The
transmittance was also related to the scan speed. In general, the low scan speed of 200 mm s
resulted in slightly lower transmittance over the whole range of space gaps than the patterns
fabricated at the higher speed of 300 mm s™'. These results were consistent with contact angle
measurements. Decreasing contact angle suggested higher roughness which generally occurred
at high power, low scan speed, and high groove density. Accordingly, the light transmittance
also showed a general decreasing trend with the abovementioned parameters. Therefore,
smaller the contact angle poorer the light transmission due to increasing surface roughness

effects and vice versa.
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Figure 5.5: Transmittance versus space gap for 200 and 300 mm s! scan speed and at 6 W and
9 W for (a) 1D and (b) 2D patterns. Transmittance with energy imparted to the lens at scan
speeds of 200 and 300 mm s™! and powers of 6 and 9 W for (c) 1D and (d) 2D patterns

The impact of laser patterning on mechanical properties of modified contact lenses was
studied in a load (F) versus extension (E) experiment (Figure 5.6). The lens was patterned from
the middle (5%5 mm?2, hatch distance 400 mm, power 6 W). The pristine lens withstood an
extension of ~ 2.2 mm at which the maximum load was ~ 0.078 N. The corresponding tensile
strength was ~ 0.052 N/mm?2, followed by a downturn (failure) in the F-E curve. The patterned
lens showed the extension of ~ 1.6 mm, where the maximum load was ~ 0.032 N, with the
corresponding tensile strength of ~ 0.021 N/mm?2 before the failure. Notice that 5x5 mm?2 is a
large area considering the dimensions of the lens. The experimental setup restrained us to carry
out the measurements on a lens having patterns on its periphery. We suggest that the
deterioration of the mechanical properties can be lessened by selectively premodifying the ‘to-

be-patterned’ area of the contact lens during its fabrication process.

Figure 5.6 (a) Experimental setup used to measure the mechanical properties of the unpatterned
and patterned cont lenses; (b) Load vs. Extension curves for unpatterned pristine contact lens

(dotted line) and laser patterned contact lens (solid line)
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5.4 CONCLUSION

We developed an effective low-cost and fast method of writing different structures using
a CO; laser on the surface of commercial contact lenses for tuning the surface properties.
Different parameters including the groove spacing, beam power, and scan speed were changed
to study the surface roughness variation on hydrophilicity and transmission properties of
contact lenses. Modifying the roughness of contact lenses by laser treatment increased
hydrophilicity. The maximum power that can be used in this process was 9 W, above which
laser can cut through the bulk of the lens matrix. The optimal range for the scan speed of the
laser was within 200-300 mm.s!. The space gap and laser energy applied to the lens were
critical parameters that affected the wettability significantly. For the best wettability properties

' were the

as assessed by contact angle behavior, 0.3 mm space gap, 9 W power, and 200 mm.s
optimum conditions. In the case of 2D scan the crossing-points, where the lens area was

exposed twice to the laser beam, the higher power range (9 W) resulted in deeper ablation. The

intense exposure led to localized cut-through areas of damage.

Laser treatment of contact lenses has its practical limitations as there was a trade-off
between the wettability and transmittance. Surface areas away from the sight of vision are
should be patterned to avoid specular effects such as laser processing of the periphery of the
lenses can be utilized for quick hydration of the contact lens, as well as for biosensing by
attaching/crosslinking colorimetric, fluorescent, or electronics within the patterned area [4].
Channels can be exploited to fabricate conducting contacts due to enhanced sticktion of such
roughened surfaces [23]. Such processing can find its applications in contact lens-embedded
LEDs, displays and communication systems [24, 25]. In addition, a lens containing nanoscale
channels is also promising for inducing anti-bacterial properties [26]. Although a CO; laser

was successfully employed to form channels on the contact lens surfaces, more precise
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channels can be formed with higher resolution by using more advanced laser systems such as

femtosecond lasers with shorter wavelengths.

SUPPORTING INFORMATION

Table S1. Specifications of commercial silicone lens.

Material Narafilcon-A (silicon-hydrogel)

Manufacturer Johnson & Johnson

Water content (%0) 46%

FDA group \

Center thickness (mm) 0.09

Oxygen permeability (x10-11) 100

Principal monomers MPMDSM, DMA, HEMA, siloxane
macromer, TEGDMA, PVP

Figure S1: (a-d) Contact angle measurements versus imparted energy in laser-treated contact
lenses for scan speeds of 200 and 300 mm s™!' and powers of 6 and 9W. Data for different groove

spacing, 0.1mm (blue) 0.2mm (green) 0.3 (yellow), 0.4mm (red) and 0.5(brown), are shown.
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ABSTRACT

Glaucoma is a major cause of irreversible blindness worldwide. For diagnosis, the
intraocular eye pressure (IOP) has to be measured. Unfortunately, the available diagnostic
techniques are invasive, uncomfortable, and requires visiting an optician. Here, commercial
contact lenses were laser-processed to be capable of monitoring the intraocular eye pressure.
A ring-couple was engraved on the surface of the contact lens by using carbon dioxide laser.
Changing IOP leads to shift the interspace between the ring-couple and the interspace can be
detected by a smartphone camera. Three different models of the ring-couples were introduced;
the interspacing distances between the ring-couples were 1 mm, 1.5 mm, and 2 mm. The laser
operation conditions for engraving the rings was 40 W, and 440 mm.s™!, which produced a
maximum depth of 20 um. The developed contact lenses showed a significant response to the
changes of the surface curvature, which make them candidate for measuring the intraocular
pressure (IOP). The developed lenses were able to respond to the change of IOP in the range
of 12 - 22 mmHg which represents the normal and the risk level of intraocular eye pressure,
respectively. The proposed contact lenses are cost-effective, non-invasive, reusable, and can

provide continuous monitoring.

KEYWORDS: contact lenses; glaucoma, intraocular eye pressure, carbon dioxide laser
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6.1 INTRODUCTION

Glaucoma has become one of the main causes of blindness, which affects over 65 million
people around the world. Almost half of patients with glaucoma do not recognize that they
have this disease. [1-4] The increasing of intraocular pressure (IOP) is the main risk factor for
glaucoma. An IOP above 21 mmHg is considered as a risk point for having glaucoma disease
[5,6]. Although the IOP fluctuates during the day in glaucoma patients, most of the eye care
clinicians depend mainly on one or a few IOP assessments within regular office times.
Considerable studies have indicated that glaucoma patients experience the peak level of IOP
outside of office hours [5-8]. The average IOP range over a 24-hour duration has been recorded
as 9.4 mmHg and it can reach the highest value any time. Also, the 24-hour IOP value can be
12 mmHg higher than IOPs measured in the clinic [9—12]. Therefore, continuous IOP detection

will be essential and more useful than the current methods.

Goldmann applanation tonometry (GAT) is the most known standard test for measuring
intraocular pressure (IOP) since 1940 [12,13]. The GAT measurements are based on law of
Imbert-Fick. The law assumes that the eyeball is an ideal sphere and the cornea is thin and
elastic.[14,15] The GAT works by flattening the cornea over a defined area with a diameter of
3.06 mm and IOP estimation is provided by the applanation pressure. However, the central
thickness of the cornea, scleral rigidity, and mechanical properties of the cornea affect the GAT
performance.[16—18] Currently, the most popular method for 24-hour monitoring of IOP
fluctuations is the diurnal tension curve (DTC), which records several IOP measurements at
different times during working hours, or in a sleep laboratory.[19,20] Both GAT and DTC offer
limited IOP values, inconvenient, and expensive. The patients are required to be awake during

both approaches which may then cause stress issues.[14, 21]. In the past few years, self-
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tonometry has been recommended; however, it is challenging for elderly patients and does not

provide IOP measurements during sleep time.[22-24].

In order to tackle these issues, the Swiss company SENSIMED Triggerfish® has
developed a contact lens sensor to detect continuously the IOP changes [25]. The sensor is
designed based on the idea of that the IOP fluctuations induces changes in the cornea’s
curvature [26]. The sensor involves a silicone soft contact lens embedded with two pressure
gauges, an antenna, and a microprocessor. The gauges monitor the modifications in cornea’s
shape to record the IOP values. It is a safe and well tolerated device for 24-hour measuring of
IOP for healthy and glaucomatous users. Although the device is minimally invasive, safe, and
has limited incompliance, it has some side effects such as blurry vision as the contact lens has
no vision correction option.[6, 24]. Other side effects include dry eye, eye irritation, and the

eye feel scratchy were reported.

In this paper, commercial contact lenses were laser-treated to allow continuous detection
of intraocular eye pressure (IOP). A ring-couple was engraved on the surface of commercial
contact lenses (ACUVUE TrueEye) using a carbon dioxide laser. Fabrication of the rings on
the contact lenses was carried out by using simple, easy, rapid, cost-effective, and applicable
mass-production method. The interspace between the ring-couples changed upon IOP

fluctuations, and was detected by a smartphone camera.

6.2 METHODOLOGY

The contact lenses used in the experiment were ACUVUE TrueEye (Johnson & Johnson,

Jacksonville, FL, USA). The lenses were taken from their original packaging and stored in 46%
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H>O in buffered saline with methyl ether cellulose; each lens had a base curve of 9.0 mm and
a diameter of 14.2 mm. Micro-channels were created on the surfaces of the contact lenses in a
shape of a ring-couple using a CO: laser (Rayjet, Canada, USA The laser beam has a
wavelength of 10.6 um, a variable output power with a maximum of 80 W, and a diameter of
20 um. The ablation process was carried out on the outer edges of the lenses to avoid blocking
the vision. The distance between the contact lens and the outlet of the laser beam was kept
invariable at 50 mm throughout all laser-treatment processes. Other parameters such as laser’s
power, and laser’ s scanning speed were validated and optimised using Rayjet software in order
to avoid damaging the contact lenses. A schematic illustrates the used laser system and the
fabrication process is showed in Figure 6.1(A). Two circular channels (rings) were created on
the surface of the contact lens at different laser operation settings (power and scanning speed)
to identify the optimum conditions. The fabricated micro-channels on the surfaces of contact

lenses and their geometry are displayed in Figure 6.1(B-E).
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Figure 6.1: COy-laser for treating contact lenses: (A) Schematic of the laser system used to
fabricate the micro-channel rings; (B) top and side view of the contact lens after laser-
treatment; (C-E) an illustration of the geometric parameters of the engraved rings/channels;
and (F) shows a real image of the laser- engraved geometries on selective portions of a contact

lens

An optical microscopic (ZEISS, Jena, Germany, Zen USA software) was used to image
the modified surface of the laser-treated lenses. The performance of the processed contact
lenses was determined by measuring the change in the interspace between the fabricated ring-
couple while the lenses fixed on surfaces of different curvature levels. The measurements were
performed using an automatic calliper and a microscope. A schematic diagram of the
microscope set-up and an image of the contact lens placed on the test holder is shown in
Figure 6.2(A-C). The interspace between the laser-engraved rings were measured in flat and

curved conditions for both the inner side and outer side of the lenses. Firstly, measurements
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were performed when the lens was fixed on a flat plastic sheet (Figure 6.2D). Secondly,
measurements were recorded when a force was applied on the sides of the plastic sheet in such
way that the lens was curved/bent, and the distance between the top of the lens and its bottom
edge was 7.7 mm, which is the typical cornea radius of curvature (Figure 6.2E) [18]. Also,
measurements were taken at radius of curvature of 15 mm, which represents the extreme risk
of the cornea for developing glaucoma (Figure 6.2F) [18]. The distance between the two rings

was measured by using the microscope’s built-in software (Zen, USA).

Another test was carried out to check performance of the lenses. The contact lenses were
fixed directly on a balloon surface to examine effect of increasing the balloon’s internal
pressure and the balloon surface curvature on the interspace of the rings which was measured
by a calliper and a smartphone (Figure 6.2G). The photos of the tested lenses were captured by
a smartphone camera, then Imagel software was used to analyse the images measuring the
interspace changes. Usage of a balloon assisted to simulate the change of the curvature of eye
cornea resulting from increasing of IOP. The curvature of the balloon’s surface changed with
the internal pressure of the balloon. As a result, the interspace between the engraved rings on
the contact lens fixed on the balloon shifted. The contact lenses were examined at two
conditions: at pressures of 12 mmHg, and 22 mmHg which represent the normal and risk level

of the intraocular eye pressure (Figure 6.2G-I)) [5].

137



Figure 6.2: (A) a schematic presentation of the microscope setup; (B) top and side view of
sample images during the change of the curvature; (C) shows a real image taken by the
microscope; (D-F) show an illustration of the testing cases; (G) a schematic presentation of the
pressure increasing experiment using a balloon; (H-I) show an illustration of the testing cases
with pressure at 12 mmHg and 22 mmHg, which are the normal IOP and the glaucoma’s IOP,
respectively

6.3 RESULTS AND DISCUSSION

Many trials were carried to optimize the microchannel fabrication process on the contact
lens by using CO; laser. The laser power was swapped from 36 up to 48 W while the scanning
speed was changed in the range of 440 — 520 mm.s!. However, the distance between the laser
outlet and the contact lens was kept fixed at 50 mm. Table 6.1 summarizes the laser system

operation conditions and the geometry of the fabricated ring-couples on each contact lens.
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Table 6.1: lists all the testing scenarios.

Contact lens Interspacing (mm) Laser power (W) ‘ Scanning speed (mm-s™)
1 48 520
2 48 480
i 12 mm and 10 mm jj 451;8
5 40 600
6 40 440
7 12 mm and 9 mm 40 440
8 12 mm and 8 mm 40 440
9 12 mm and 8 mm 36 440

Microscope images of all laser-processed contact lenses are presented in Figure 6.3(A).
Some laser-treated contact lenses were damaged and images of the successfully processed
lenses are showed in Figure 6.3B. According to the microscopic images, the best results were
achieved at laser operation conditions; laser power of 40 W and scanning speed of 440mm.s™.
The experiment showed that the power and speed of the laser beam above the optimal settings
leads to cracking and destroying the lenses. Also, the lower input power could not create
convenient engraves on the lens’s surface. The quality of the produced micro-channels was
examined by Alicona optical microscope (Figure 6.4B-C). Following to the laser optimization
process, the laser system was run at the optimum operation conditions for producing a ring-
couple on each introduced contact lens. Three ring-couples each of interspace 1, 1.5, 2 mm
were engraved on three contact lenses separately (Figure 6.4A). Also, a 3D optical microscope

was used to analyse the channels’ depth, obtained at optimum operation condition of the laser

system (Figure 6.4D). The maximum depth was measured to be ~ 20 um for the rings.
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Figure 6.3: Images of contact lenses captured by an optical microscope after the laser treatment
process; (A) images of all the laser-treated lenses at different laser operation conditions; (B)
images of the contact lenses those survived the laser treatment process having different spacing
gaps between the microchannel, the red lines in the images were drawn to measure the distance
between the rings using the microscope’s built-in software

Figure 6.4: Pictures of the laser-treated contact lenses: (A) photographs of CO; laser-engraved
rings on the lenses produced at laser power of 40 W and scanning speed of 440 mm.s™!; (B-C)
microscopic images of laser-modified contact lenses; (D) 3D microscopic images of the
channels to study the depth
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Performance of the laser treated lenses was tested. The lens was fixed on a plastic flexible
sheet and the interspace between the ring-couple was measured under the microscope while the
lens was lying flat. The interspace measurements were repeated while the lens was curved at
different radius of curvatures. Changing the curvature of the lens affected the interspacing
between the engraved rings. The interspaces of the ring-couples in all examined lenses showed
an increase with changing the lens conditions from flat to curved. Changing the conditions of
the lens’s surface from flat to curved with a radius of curvature 7.7 mm led to increasing the
interspace between the channels by up to = 12%. The interspacing distance was increasing with
the lens’s surface curvature. For the lens with interspacing of 1.5 mm, increasing the radius of
curvature to 15 mm resulted in an increase in the interspace by =~ 20%. However, it increased
by = 10% for the contact lens with interspacing of 1 mm and 2 mm (Figure 6.5A). The
interspace readings can be recorded by examining either the engraved surface of the lens or the
intact surface. Figure 6.5B illustrates that the readings taken from the intact lens’s surface are
relatively similar to the results taken from the laser-treated side. As the interspacing increased

by up to = 10% and = 20% at radius of curvatures 7.7 mm and 15 mm, respectively.

Performance of the laser-treated lenses was re-checked by a different method. The lens
was fixed on a balloon surface and the interspace between the ring-couple was measured using
a smartphone. The test was carried out at normal IOP value, 12 mmHg, and in glaucoma
condition, 22 mmHg. It was found that the interspacing distance was increasing with the
pressure (Figure 6.5C-D). The interspacing increased up to 4%, 10%, and 6% due to increasing
the balloon internal pressure for the samples of interspacing distances 1, 1.5, and 2 mm,
respectively. Also, results taken from the untreated surfaces of the contact lenses were similar

to those measured at the treated surface (Figure 6.5D).
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Figure 6.5: The interspace measurements for the laser-treated contact lenses: (A) the change of
the interspacing between the channels due to the increase of the radius of curvature from the
flat condition(0 mm) to 7.7 mm, and 15 mm; (B) the change of the interspacing between the
channels measured at the untreated surface of the lenses; (C) the change of the interspacing
between the microchannels measured from the laser-treated side of the contact lens at pressure
range of 12 — 22 mmHg; (D) the change of the interspacing between the channels,
measurements were taken from the untreated side of the contact lens

6.4 CONCLUSION

We have developed a cost-effective, and minimally invasive method for monitoring the
intraocular eye pressure. Commercial contact lenses were laser-treated to create ring-couples.
The ring-couples were fabricated on the contact lenses at a laser power of 40 W and a scanning
speed of 440 mm.s"! with channel depths of up to 20 pm. The fabricated lenses showed the
ability to change the interspacing distance with changing their curvature. The fabricated rings

demonstrated a good response to the changes of the different surface curvature level as the
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interspace between the ring-couple changed up to 20% upon increasing the pressure from 12
to 22 mmHg. The proposed contact lens is reusable and it could be used as a continuous and
non-invasive technique to monitor IOP for glaucoma patients. Smartphones can be used as
readers to capture the interspacing changes, and thus providing the opportunity to obtain rapid

results at home.
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Chapter 7:  Conclusions

7.1  CONCLUSION

The aim of this research was accomplished by the fabrication of three different sensors
to detect glucose, pH level and intraocular pressure (IOP). Two methods were used to develop
the sensors. Firstly, imprinted micro-structures were fabricated on hydrogel material. The
imprinted structures helped to monitor glucose using phenylboronic acid functionalized
hydrogel films, and to detect pH levels using a Fresnel lens stamped on 2-hydroxyethyl
methacrylate (HEMA). Secondly, CO- laser ablation was used to develop two micro circular
channels on the surface of commercial contact lenses. The CO; laser removal was also used to
modify the surface properties of a contact lens by engraving 1D and 2D channels on the surface

and then investigating the wettability of the lens.

A novel glucose sensor based imprinted glucose responsive hydrogel was developed. The
hydrogel was made on poly-acrylamide, N,N'-methylenebisacrylamide polymerized with a
phenylboronic acid, 3-(acrylamido)phenylboronic acid. A micro-stamp of a hexagonal
structure was fabricated from PDMS mirror-replica grating into the hydrogel mixture. Then the
glucose detection was achieved through optical diffraction measurements from the stamped
hydrogel in the presence of various glucose levels. The sensor was able to detect a glucose
concentration from 1 mM to 200 mM within a response time of 15 min. The proposed photonic
sensors can be used in point-of-care tools, implantable devices, and continuous wearable

glucose detection systems.
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In addition, a new pH monitoring method was presented here based on a patterned
Fresnel lens on the surface of hydrogel, mainly made of 2-hydroxyethyl methacrylate (HEMA),
which is the fundamental material used to manufacture commercial contact lenses. The HEMA
substance was incorporated with ethylenedioxy-N-methylamphetamine (EDMA), acrylic acid
(AA) and 2-dimethoxy-2-phenylacetophenone (DMPA) to form the pH-sensitive hydrogel.
Then, the combination was poured on a Fresnel lens structure to fabricate two sets of samples,
a sample attached to the glass and a free standing sample. Both sensors had a pH sensitivity
range from 4.5 to 7.4 and a response time of 5 minutes. The sensors showed an increase in
sensitivity after 10 days storage in a buffer solution of pH 7.4. The increase in temperature
from 20 “C to 40 ‘C had no significant impact on the sensors’ performance. The proposed

hydrogel-based sensors are a simple, fast and cost-effective method to detect pH changes.

Laser ablation was applied to commercial contact lenses, Narafilcon, 1-day Acuvue®
TruEye®, Johnson & Johnson, to modify their surface in order to improve the wettability of the
lenses. Carbon dioxide laser (CO»-laser), HPC LS 3040, was utilized to perform 1D and 2D
arrays on selective areas of the lenses. Different laser parameters (the space gap between the
patterns; laser power; and scan speed) were applied to investigate the effect of surface
roughness on the hydrophilicity and transmission of the lenses. It was found that the laser
parameters of 0.3 mm space gap, 9 W power at 200 mm s™' scanning speed are the best settings
that can be applied to commercial contact lenses to improve the wettability area. The laser
removal process had a maximum depth of 40 um. Surface treatment of contact lenses may be
useful for a wide range of applications such as LED lights, communication systems, biosensing
applications, and drug release control. However, our optical transmittance measurements
showed a drop on the light transmittance by 45% for the treated lenses, due to the large

exposure and density of the laser energy.
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Furthermore, a CO» laser was used to structure two ring-shaped channels on the surface
of'a commercial contact lens (ACUVUE TrueEye) with diameter of 14.2 mm. It was found that
the optimal laser setting was a power of 40 W with a scanning speed of 440 mm.s™!, creating a
maximum depth of 20 um. Three lens were fabricated with interspacing between the channels
of I mm, 1.5 mm and 2 mm. The interspacing between the designed channels changed in
respect to the change in the lens position, from a flat position to up to a 15-mm curvature
position. The distance increased by up 20% when the lenses’ curvature changed to 7.7 mm and
15 mm, which are respectively the ideal radius of the cornea curvature, and the extreme risk
radius of the cornea curvature. Additionally, the space between the two rings increased when
the pressure was boosted up from 12 mmHg to 22 mmHg, which are the normal IOP of a
healthy eye and the IOP of a glaucoma patient’s eye, respectively. The proposed lenses are
reusable, fast to fabricate, and cost-effective. Moreover, the lenses showed a response in
detecting the pressure changes, which may be used for detection of IOP increases in glaucoma

treatment.

Finally, stamping and laser ablation methods were demonstrated to fabricate hydrogel-
based sensors. However, each method has its own advantages and limitations. Stamping
techniques are reusable, suitable for mass production, cost-effective, have a fast response and
are non-invasive. Two different structures were stamped on the hydrogel substance. Firstly, a
hexagonal diffraction grating was imprinted on hydrogel with phenylboronic acid to monitor
the glucose changes. The second stamped structure was a Fresnel lens which was copied on the
surface of the hydrogel. Both micro-structures and the use of hydrogels showed the capability
of manufacturing good quality sensors with a fast response time. However, the range of these
sensors may need to be increased; for example to detect glucose concentrations below 1 mM

or a pH level between 7 and 7.45, where the sensors may be suitable for biological use. The
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main limitation of this process was that the hydrogel preparation may be time consuming. The
pH-sensitive hydrogel needed about 5 minutes under the UV light; whereas the glucose-
sensitive hydrogel needed about one hour of UV curing. It required more time because the
hexagonal grating cannot be copied directly into the phenylboronic-acid-based hydrogel.
Moreover, the pH hydrogel-based sensor was equilibrated by keeping the samples overnight in

a PBS of pH 7.4.

On the other hand, the CO; laser ablation method is modern, fast, and no skilled staff are
required. Additionally, it is the least expensive ablation laser system compared to other systems
like the excimer laser, and the femtosecond laser. The contact lens treatment was carried out
by two different CO; lasers: CO> laser (HPC LS 3040) and Rayjet CO> laser. The CO; laser
(HPC LS 3040) was used to manipulate the surface of contact lenses that are available on the
market. We managed to improve the surface wettability by treating a selective area of the lens.
However, the laser power damaged some lenses due to the high light exposure. Also, the
creation of the 2D patterns led to the lenses being destroyed due to the thermal effects of
repeating the micro-patterning on the same spots. Hence, a femtosecond laser would offer a
better result for 2D micro-structures because of the high resolution of such a laser. Moreover,
the Rayjet CO> laser was used to fabricate micro-channels on the contact lens to measure the
IOP for glaucoma patients. The Rayjet laser showed relatively better results in comparison to
the other laser system here. The CO; laser (HPC LS 3040) has a fixed z-axis of 7.4 mm; while
the z-axis in the Rayjet removal was manually adjustable. In addition, the Rayjet provides
access to graphic design software called CorelDraw, used for designing the desired structures.
Furthermore, the Rayjet laser can work with other software and even with Microsoft

PowerPoint.
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7.2

CONTRIBUTION TO KNOWLEDGE

A new optical glucose sensor based on a hexagonal diffraction grating imprinted on
flexible hydrogel has been developed. The sensor detected the changes in the diffraction
angle within 15 min due to the increasing glucose concentrations (1-200 mM). This
change could also be detected clearly under an optical microscope — the minimum
increase in the thickness of the hydrogel sensor was ~ 2% for the lowest concentration

of 1 mM.

A pH sensor has also been manufactured using a Fresnel lens structure stamped on pH-
sensitive hydrogel. The sensor detected changes within seconds of contact with the pH
solutions. These pH sensors were also found to be reusable by repetition of the
experimental process. The fabricated hydrogel was based on a composition of
hydroxyethyl methacrylate (HEMA). The proposed sensors exhibited good sensitivity

with a quick response time.

A new laser treatment method, using a CO»-laser, was demonstrated to improve the
wettability of commercial contact lenses. The approach was adopted to increase the
surface area at selected places on the contact lens. Improved wetting properties were
obtained by increasing the density of the surface patterns. The wettability was measured
by depositing a controlled volume of deionized (DI) water onto a fully-hydrated lens.
The correlation between the surface area and the inherent wettability/contact angle was
studied. The wettability improvement led us to fabricate channels in contact lenses via

COs-laser treatment.

The laser engraving treatment has been used to create a ring-shaped channel on
commercial contact lenses to measure IOP changes. The objective of the project is to

critically assess the channel design, as well as to classify and evaluate the effectiveness

150

Chapter 7: Conclusions



and viability of the channel application for glaucoma patients. The fabricated lenses

were able to respond to the change of IOP in the range of 12-22 mmHg.

7.3 FUTURE WORK

The master hexagonal diffraction grating has been successfully copied in poly(HEMA).
This poly(HEMA) is the main compound used to fabricate commercial contact lenses. The
master grating was patterned initially in a PDMS surface and then replicated into the
poly(HEMA) hydrogel (Figure 7.1A). The hydrogel was made of 2-hydroxyethyl methacrylate
(HEMA), ethylene glycol dimethacrylate (EGDMA) and a photo-initiator (of 2-hydroxy-2-
methylpropiophenone). The proposed fabricated hydrogel was able to react to the temperature
changes from 20°C to 40°C. Diffraction patterns generated by the blue laser of 450 nm showed
that the diffraction angles between zero and the 1st-order peaks for blue light shifted due to
variation in the temperature Figure 7.1(B-C). Moreover, when the temperature increases, in the

interspace of the 1st-order diffraction decreases see Figure 7.1(D).
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Figure 7.1: Fabrication of hydrogel-based sensor to detect the temperature changes: (A) a
summary of the replication process; (B) diffraction patterns generated by blue laser light (450
nm wavelength) transmitted through the sample due the increase of temperature 20, 30, 35, and
40 °C; (C) the shift of the angle-resolved intensity graphs representing diffraction patterns
generated by the 2smaple illuminated by the blue laser due to the variation in temperature; (D)
the change in the interspace of the 1st-order with increasing temperature; (E) time-response of
the sensor

Furthermore, fibre optic cables were used to create micro-channels within the contact
lenses’ hydrogel. This technique may be used in a wide range of biomedical applications, such

as controlling the time of drugs delivery release.

Figure 7.2: Fabricated channel inside hydrogel sample: (A) picture of the sample; (B) and (C)
microscopic images of the channel
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