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Abstract

As of todaythe World Health Organization(WHO) counts millions of cases of preventable blindness
every year in high income countries, attributed to the lack of -statye ophthalmic screening
technologies.Contemporary methods rely on bulky and costly equipment exclusively operated by
specialized clirtians, resulting in a medical approach based on reaction over prevehtpmssible
approachresults from a literature survey on the tear fluid properties, which revealed its potential to be
used as a diagnostic medium. However, existing tear samplomgpdiegies lack practicality, and

introduce a high contamination risk of tear samples.

In this context, ie work of this thesibuilds up on the belief thabntact lensemay represent a suitable
platformto monitor tear fluid composition and ocular picgs parameters (temperature, pressure) directly
oneye With this objective, ommercial contact lenses were surffiwectionalized withmicrostructures

andmicrofluidic networks by laser ablation, and with nanostructures by replica molding.

The development of a customizettaxis femtosecond laser writing system allowed to obtain
geometricallyconsistent microfeatures with the highest resolution observed so far in contact lenses (80
pm) and to modulate the flow velocity across the channelsieofluidic elements. Flow velocity drops

of the 8.3%, 20.8%, and 29% were observed in microfluidic valves with enlargements of the 100%, 200%
and 300%compared to the base chanmelspectively. Microfluidic resistors yielded flow rate drops of
20.8% 336 and 50% in the small, medium, and large configurations, respectively. Contact lens
embedding microsplitters and micromixers waiso demonstrated. Laser ablation process and flow
velocity profiles were computed and visualized using the finite elemethoch@~EM). Suchsystems

were further employeéh the detection of tear fluid analyté®m artificial tears andn exvivo eye

models



Colorimetric chemical sensors for the detection of uric @diaiit of detection [OD) = 16 nm/mgLY),

pH (LOD = 0.2 uiits), glucosgLOD = 1.1 nm/mmolt!), proteingLOD = 1.1 nm/gLY), L-ascorbic acid
(LOD = 0.05 nm/mgt?) and nitrites(LOD = 0.53 nmimolL™t) were integrated imicrofluidic contact
lenses by drop casting, irreversible chemical bon{lizgplasma followedy APTES/GPTES)or paper
deposition. Digital readouts were implemented in MATLABd further translated in the Visual Studio
smartphone interface, based on the Nearest Neighbor Mbdelalgorithm allowed to read discrete

concentration values for eachadyte, as set by the calibration points given as inputs.

The same technological approach was implemented to obtain microcavities in contact lenses, where
temperaturesensitive liquid crystals werembeddedo map the ocular surface temperatbyedirect

contact with the corned hey yielded a time response of 490ans a reflection peak shift frori38 +

4 nm to 474 £ 4 nnin the physiologicaltemperature rangé9.0-40.0 °C). Colorimetric smartphone

readouts wereompared with infrared thermal measurements, resulting in an aweragef 0.3 °C.

Nanostructured contact lenses were implemented as-girable diffraction gratings for ocular pressure
monitoring. Naneholes were patterned on silicon bybeam littography and further incorporated as
nancbuttons into contact lenses by replica molding andp@sma bonding. Strain sensors were
characterized under monochromatic laser sources, yieddi@p <2 mmHg and a linear response in the
range of interest (2835 mmHg). A smartphone readout method based on preferentially reflected colors

was proposed to pave the way towards smartphased ocular health monitoring.

Suchdevices may help overcoming the hurdles encountered with traditional ophthalmic technologies,
reducing the costs and easing the operation. In addition, they could be emplagpedirasousocular

health monitoringplatforms at poinbf-care settings.
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Pref ace

The scope of this thesis is to unravel the potential of contact lens devices to be functionalized as sensing

platforms for ocular health monitoring.

Chapter lof the thess discusesthe tear fluid and state of the art methods and applications of contact
lenses, including materials, fabrication processes, contaminations and contact lens care, with a final
section dedicated to contact lens global market and novel research applications, such as sensing and dru

delivery.

Chapter 2preserd general materialand methods used throughout this work. Experimental methods
include laser ablation and nanopatterning. Direct laser inscription was tested on commercial rigid contact
lenses to obtain micrpatterns and microfluidic networksanalyze the tear fluid dictly on-eye. Surface
nanopatterning was achieved by replica molding of reinectured silicon wafers, with applications in
pressure sensing. Computational modeling based on the finite element method has been employed tc
predict, confirm, or visualize expmental outcomes of laser inscription, tear fluid flow within
microchannels, and stress/strain behavior of polymeric nanostructures. Sensors readouts were based o
the nearest neighbor model, performed using MATLAB (comghased), Visual Studio and Aradd

Studio (smartphonbased).

The application of these technologies is address€thapter 3 devolved to the monitoring tfie ocula
surfacetemperaturdOST). Thiswas achieved by incorporating temperatse@asitive liquid crystals into

microcavitiesetched in contact lenses.

Ocular pressure monitoring discussed i€hapter 4 Stretchable nanostructuresre integrated to soft

contact lenseand useds tunable diffraction gratings.

Chapter5 looks at another field of application of these devices, particularly the use of microfluidic

networks in contact lenses for timesitu analysis of the tear film. This concept results from a literature



survey on the tear fluid composition, where sevei@ilarkers and proxies were identified as potential
candidates in the eartage diagnosis and in the monitoring of multiple ocular and systemic health
conditions. Two approaches were investigated for the integration of biosensors within microfluidic
netwaks in contact lenses, namely capillary flow through the inscribed contact lens matrix, and paper
assisted capillary flow. Glucose, pH, proteinsgdcorbic acid, uric acid and nitrites colorimetric sensing

was demonstrated.

Chapter6 draws the final conalsions and potential expansions of this work.
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Chapter 1

Contact Lens Technol ogy: F
Applications

Contact lenses are ocular prosthetic devices used by over 150 million people worldwide. Primary
applications of contact lenses include vision correction, therapeutics, and cosmetics. Contact lens
materials have significantly evolved over time to minimideaase effects associated to contact lens wearr,

to maintain a regular corneal metabolism, and to preserve tear film stabilitychEpterencompasses
contact lens technologies, including materials, chemical and physical properties, manufacturing
processg, microbial contamination, and ocular complications. The function and the composition of the
tear fluid are discussed, to assess its potential as a diagnostionmAdi outlook toward contact lens
platforms for medical applications is provided. The ratprly standards of contact lens devices with
regards to biocompatibility and contact lens market are presdhiespectsn contact lens technology

are evaluated, with particular interest given to theranostic applicationssitwocular healtimonitoiing.

1.1.Introduction

The human eye is one of the most complex organs of the animal kingdom, and its retina one of the most
complex tissues. The human eye can be capable of detecting a singlePkuaever, eye dysfunctions

affect a significant percentage of the modern population. According t&/thkel Health Organization,

1.3 billion people worldwide experience visual deficiency. Among them, 189 million people have mild
distance vision impairmeffl 217 million have moderate to s&e distance vision impairmelit 826

million people live with a near vision impairmé#itand 36 million people are blifél. The majority of

vision impaired individuals are over the age of 50 years, and the leading causes include uncorrected

refractive errors, cataractglaucoma, and diabetic retinopathy. Approximately the 80% of all vision

17



impairment is considered avoidal€! Eye surgery technogies to restore vision have gained popularity
in the last three decades, particularly Laser Assistesitin Keratomileusis (LASIK), to rshape the
cornea and restore its ability to properly focus light on the retina. However ASH ocular
complicatons have been extensively repogteland the most common methods currently used for vision

correction remain spectacles and contact lenses.

Contactlenses are optical devices regulated by the US Food and Drug Administration §FDA).
Approximately 140 million people worldwide and 40.9 million people in the UScasg&ct lensg to

correct refractive errors in myopia, hyperopia, and astigmatism €aghse.contact lens global market is
predicted to reach over 19 billion US dollars by 2694Therapeutic contact lenses are used to treat eye
dysfunctions, particularly corneal irregularities, and for peftactive surgery rehabiliian. Cosmetic

contact lenses, such as colored lenses and limgallenses, are also popular, especially in Asian
countries, and they are now classified as medical devices in the UK, US, China, Sindafaysia,and
Koreal!¥l Contact lenses were used as smart delivery systems to achieve extended drug releasing times.
and as wearable b&ensing platform82 1519 On the other hand, contact lens wear was found to induce
adverse effect8’ the most frequent being discomi&tt 22 microbial keratitig?® 24 allergies?® 26l and

corneal complicationg’]

As further discussed in detail throughout this thesis, enabling contact lenses with novel functionalities
presents several advantages over currently employed methods in ophthalmology, the most important of
which being the possibility to target eardyage ocular diseases diagnosis, and continuous monitoring of
the ocular health. In addition, contact lenses significantly reduce contamination risks associated to tear

fluid analysis, currently performed with time @uming and erreprone procedures.

Table 1summarizes the scientific collocation of this thesis within the contemporary landscape of contact
lens sensing technologies. In particular, the work addresses the limitations of existing devices reported in

theliterature with regards to:

18



1 Materials: the use of soft or rigid commercial contact lenses ovemlatie devices;

1 Technology. developing fast and efficient processes that can be standardized, to minimize
inter-device variability and envision a future rotbecommercialization;

1 Applications: addressing unmet needs and expand the potential use of the technology

1 Usability: designing readout methods that can be widely employed bgpemialists

This work focuses on the functionalization of commercial coméastes with 12 steps processes, where

the core technologies are laser writing and replica molding. Despite the use of these methods having beer
previously reported, the unpleasant combination of materials/technology produced unpracticable results
(e.g. bser writing of microfluidic structures in hydrophilic polymet€)The purpose of this work is

further investigated in practical applications, namely tear fluid screening (composition and volume), and
ocular surface monitoring (temperature, pressuti@g.riext paragraphs present a detailed overview of the
origin of contact lenses, materials, processes, makdtapplicationghat provides the reader with the

fundamental knowledge to navigating through the result chapters.
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Table 1. Scientific collocation of this thesis. The table highlights the disadvantages associated to existing technologies

employed in the development of contact leaasorg'8 2526. 351

Application Surface Working Lens Commercial Technological Reference
Modification principle type contact lens disadvantages
Technology material
Tear fluid Laser ablation Microfluidics ~ Soft (28]
screening
Tear fluid Replica Microfluidics ~ Soft 2]
screening molding
Tear glucose Replica Contact Soft (261
monitoring molding sensing
Ocular pressure Replica Microfluidics ~ Soft (279
monitoring molding
Ocular pressure Replica Contact Soft Multi-step Chapter 4
monitoring molding sensing processing
(could be
avoided)
Tear volume Laserablation Microfluidics  Rigid Chapter 2
sensing
Ocular Laser ablation Contact Rigid Chapter 3
temperature sensing
monitoring
Tear fluid Laser ablation Microfluidics  Rigid 1 Additional Chapters 5
screening materials
Tear fluid Laser ablation Microfluidics  Rigid Chapters 2, 5
screening

Legend Red:disadvantages; Yellow: minor disadvantagésen:advantages; Gray: neutrélue: this work.
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1.1.1. History of contact lenses

Leonardo da Vincintroduced the concept of contact lenses in J8d8llowed by Reg Descartesn
1636. However, both Da Vinci 6s PhThalfirsDpaisof @ntacte s 0
lenses was manufactured Bgomas Youngn 1801%?%! John Herschetonceived the possibility to obtain

molds of the cornedy impression on a transparent matefalin 1888, Adolf Fick successfully
constructed and fitted scleral lenses for the first time. They were made of heavy blown glass, with
diameters rangingom 18 to 2Imm. Fickds | enses were fitted on
dextrose solution, and they allowed a maximum wearing time of two R8uTfhe development of

Pl exiglas in the 0630s al |eosee dontacblenses madd ohfally plaste p |
materials were produced by Istvan Gyorffy in 1%8bCorneal lenses were developed in 1949, and they
coud be worn for 16 consecutive hours. Polymethyl methacr{yR¥&MA) corneal lenses gained
popularity in the 196088 However, pon realizing that # low oxygen permeability of PMMA was the
cause of several adverse effects, from the 1970s Ripd PermeabldRGP)materials were
introducedIn 1965,Bausch & Lombstarted to manufactuteydrogelcontact lenseis the US28 which
werepreviously invented byichterleandLim in 195952 The firsthydrogelcontact lenseappeared in

the 1960s, and in 1971 the Soflens material received the first FDA approval. In 1972, disposable soft
contact lenses were produced. Silicone hydrogetsbined high oxygen permeability and comfort.
Diverse commercial materials with similar properties followed shortly after. Nowadays, silicone
hydrogels and RGP materials lead the market of soft and rigid lenses, respectively. A timeline on the

history ofcontact lenses is illustrated kigure 1.
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(Da Vinci) (Descartes) (Young) animaljelly  |enses fitting  First powered
(Herschell (Fick, Kalt)  contact lens 1939
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Smart contact Silicone hydrogel Ierrl)s acrylates (Bausch & Lomb)
lenses lenses (Gaylord)
(CIBA Vision, (Bay)
Bausch & Lomb)

Figure 1. Timeline of contact lens evolution. The highlighted inventions of HEMA in 1960 and silicone hydrogel contact

lenses in 1998 are defined as the most gréaredking developments in contdens history.

1.1.2. Evolution of the human eye

The first reported eykke structure dates back to 521 million years ago, during the Cambrian explosion,
in which earth has seen the first optical devices in animals in the form of eyes with flellmesd by

the first reflector around 13 years la8r.34 In the same period, a variety of life forms started
differentiating from the wornlike animals that inhabited earth until then to most of the phyla known
today, and visual systems quickly became a domiaamn in the survival game. Optical structures found

in animals have been identified as multilayer reflectors, diffraction gratings, liquid crystals, light
scattering structures, and natural photonic cryStatd. Despite soft tissues rarely fossilize whilst
maintaining the full original information, different eye structures were found in f¢8sifadding pieces

to the evolution of the human eye puzzfk.
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The human eye can be divided into two main chambers, namely the antetioe podterior segmenits!

The anterior chamber hosts cornea, @&l lens. Vitreous, retina, choroid, optic nerve and sclera are
located in the posterior chamber. The cornea acts as a protection for they&aide, and it focuses light

into the retina. The sclera is the outer white shell, connected to the corriba imabus. The iris is a
pigmented circular structure surrounding the pupil and adjusting its dilation together with the sphincter
muscles to regulate the amount of light entering the eye. The ciliary body produces the aqueous humor,
located between lerand cornea, with immunological and nourishment functions, which drains from the
posterior to the anterior chamber via the pupil, maintaining an intraocular pressure (loP) of 12 to 22 mmHg
in healthy condition¥® The most relevant eye structures in the framework ottigisisare cornea and

sclera. All contact lensesaused in direct contact to the cornea and/or the sclera.

The human vision process starts in the eye, where the optical input is received. Light enters the eye through
corneapupil, and lens. Photons reaching the inner retina are converted into elesigials by rods and

cones, photoreceptive cells that respond to different intensities and wavelengths of light. Intrinsically
photosensitive retinal ganglion cells project to the lateral geniculate nucleus, where the electrical signals
travel to threeiges of the visual cortex. The visual certéthe eye, i.e. the line of sight, is not et

within the pupil, it can rather be found dislodged towards the left hanéQide.

1.1.3. The tear fluid

Tears are bidluids that may reflect ocular and systemic physiological hé&aitfl. The tear fluid
nourishes the ocular surface tissaesl flushes away the waste products of corneal metabolism. Tears
can be divided in three main layers: the outer lipid layer, secreted byethemian glands, the aqueous
layer, secreted by tHacrimal glands, and the mucin layer, produced by the conjunctivégigod|si*)l

The tear fluid is often referred to as the proximal fluid, which is the outer layer of the lacrimal function
unit (LFU). Tear fluid can be collected with minimallyvasive procedurefFigure 2a).*! This is an

advantage over body fluids such as plasma, serum and blood that need a specialized operator, anc
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cerebrospinal fluid or biopsy that require hospitalizatibi.h e S ¢ htéstr isnlee rgd@dsstandard for

tear fluid collection. However, the collected fluid may be contaminated by proteins from epithelial cells.
The Schirmerdpl|l deisig conpapdrs strip, knownidas Sc
for 5 minutes. The strip is further stored-ad to-80 °C to deactivate enzymes and hydrolases found in
tears. The sample can be frozen either before or after extraction, both methods showing advantages anc
drawbacks?” 48l Alternatively, tear samples may be collected with capillary tubes, made either of glass

or plastics, and inserted horizontally in the lower eyéfidhe physical properties of the poeular tear

film are summarized ifigure 2b. The tear fluid composition can be analyzed with different techniques.
The best methods for mass screening of tear proteins are considered to beTSELME andLC-

MALDI. 4 45 491 The most sensitive technique to studydame in tears is L&S,*"! to address the
limitations of NMR and GEMS. Lowweight substances are studied by MAEDDFMS and LG

MS/MS techniqes®’

The tear fluid is composed of a mixture of lipids, electesyfproteins, peptides, glucose, amaoals,

and Olinked carbohydrates with a protein c8&® The typical protein concentration in tears i fig

uLt, given by over 1500 different proteins, the 90% of which include lysozyme, lipocalin, laanitin,
lactoferrin!>® >IThe most complete human tears lipidome has individuated over than 600 lipid €Becies.
521 Tear lipids are involved in antiflammatory processethey maintain tear film stability, reduce surface
free energy, act as a barrier to the aqueous layer, and control water evaporation from tearéaceg?!

Very low concentrations of hydrophilic metabolites were also found in the teaf*fifild as well as
vitamin A, E and of the B family (B1, B2, B&#%° Different expressins of micro RNAs and mucins
(MUC1, MUC5AC, MUC4, MUC16) have also been targeted as potential biomarkers to be found in
tears*”] The composition of the human poeular tear film is summarized iFable 2. Multiple studies

are currently workingowards the identification of biomarkers in the tear flftiPotential tear fluid

biomarkers associated with ocular and systemic disoedlersummarized ifable 3.
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(b) Rate of production

* Unstimulated: 1-2 pl/min
+ Stimulated >100 pl/min

* 7.45
Thickness
* 3 um

Volume
» 7.0£0.2 pl
Osmolarity
» 302+6.3 mOsm/I

Refractive index
* 1.336

Figure 2. The tear fluid. @T ear s col | ect i on m&eptoduded with permissidCopyrighes 2016, t e st
Springer NatureScale bar: 1.5 cm. (i) Capillary tube. Reproduced with permidsid@opyrights 2017, Elsevier. Scale bar:

1.5 cm.(b) Physical properties of the poeular tear film.
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Table 2. Composition of the precular tear film(mEqg=milliequivalent)

Components

Electrolytes

Na*

Cr

HCO*

ca*

M92+

Proteins

Lysozyme

Secretory IgA

Lactoferrin

Lipocalin

Albumin

IgG

Aquaporin 5

EGF

Lipids

Wax esters

Cholesteryl esters

Polar lipids

Hydrocarbons

Diesters

Concentration

135 mEq !

131 mEq L*

36 mEq L*

26 mEq L*

0.46 mEq [*

0.36 mEq [*

5-7 pg pL?

2.07gLt

3.69g Lt

1.65g Lt

1.55g Lt

0.04 g L*

0.004 g *

41%, 44%

27.3%

14.8%

7.5%, 2%

7.7%

Ref.

[49,58]

[60]

[60]

[49, 60]

[60]

[60]

[51]

[60]

[60]

[49, 60]

[60]

[49, 60]

[60]

[49]

[49]

[49,59]

[61]

[60]

[60]

[60]
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Triacylglycerides

Fatty acids

Free steroids

3.7%, 5%

2.0%

1.6%

149, 61]

[60]

[49, 61]
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Table 3. Tear fluid biomarkers.

Complication

Dry Eye Disease (DED)

Ocular allergies

Keratoconus

Ocular GVHD

Biomarkers

Proteins

Lysozyme, S100 A9/calgranulin B, Mammaglobin B, lactoferrin, LPRRZalgranulin

A/S100 A8, S100 A4, lipophilin A, S100 A11, Transferrin, lactotransferrin.

Mucin

(MUC)5AC

Neuromediators

NGF, CGRP, NPY

Serotonin

Cytokines/chemokines

Interleukins, CXCL11ATAC, RANTES/CCL5, EGF, TNFJ, -b NF MMP

Lipids

Lysophospholipids, HEL, HNE, MDA

Metabolites

Cholesterol, creatine, acetylcholine, arginine, glucose, phenylalanine

Cytokines/Chemochines

Interleukins, eotaxirl/CCL11, eotaxif2/CCL24, RANTES/CCL5, TNFJ, -b F

Proteins

Histamine, MMPR1, TIMP-2, Haemopexin, Transferrin, mammaglobin B, IgE.

Neuromediators

GCDFR15/PIP, RANTES/CCL5, MMA3, MMP-9, IL-6, IFN-0 , Prol i d-&s

galectin3

Cytokines/chemokines

Ref.

[50,60, 61]

[62]

[50,63]

[50, 65]

[50, 65]

[50, 65]

[50]

[50]

[50]

50, [64-66]

[50, 65]
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Trachoma Immunoglobulins, EGF, TGB 1, -U NF 150, 65]

Gravesd or b interleukins, INFU, RANTES/ CCL5 1501
Aniridia Zinc-U lycoprotein, lactoferrin, VEGF, Ap4A, Ap5A 1501
Glaucoma Immunoglobulins, lysozyme C, protein S100, lactotransferrin, cystatin S, MUC5AC. 1501
Diabetic retinopathy NGF, LCN-1, lactotransferrin, lysozyme C, lacritin, lipophilin A, TNF [67-71] [72:74]
Systemic sclerosis CFD, EGFMCP-1, MMP-9, VDBP 7577
Cystic fibrosis IL-8,IFN-o , -MUP -IMd P [78,79]
Breast cancer Lacryglobin, cystatin SA, malate dehydrogenase, immunoglobulins, protein/gt0@ratin 8 8083
II, pericentrin.
Multiple sclerosis IgG [84-86]
Al zhei mer 6s Lipocalinl, dermcidin, lysozyme&, lacritin 186, 87]
Par ki nsonds UAntichymotrypsin, TNFU 88:90]

1.1.4. The eye microbiota

The ocular surface is exposed to the external environment, hence to different types of microbes. Bacteria
are naturally present in the ocukanvironment,and they act as a protection againsioo@ation of
pathogens in the eye. Three main types of bacteria populate the ocular environment icaomditiahs,

and they are coagulase negat8taphylococci, Corynebacterium sp. And Propionibacteriumadgo,

known as skidike bacterid®¥! Coagulasenegativetaphylococcarethe most represented bacteria in the
conjunctiva, lids and tears (over 5086)%! Other bacteria isolated from the ocular surface in a lower
percentage includ®ropionibacterium spand Diphteroid bacteria, the most common of which is
Corynebacterium sf The broth used to culture bacteria may induce the growth of preferential
strains®® Thioglycolate broth grows coagulasegative Staphylococgi whereas blood agar plates
increases the growth rate@brynebacterium sf§® Other factors can affect the resulting dominant strain,

such as mwth in aerobic or anaerobic conditigffd culturing the conjunctiva before or after slg€p
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and the use of eye dro§8.By using sequencing methods, other bacteria have been found to compose

the eye microbiot&°!

1.2. Polymers in contact lenses

Contact lenses interact with the ocular surface via the tear film, the corneal epithelium, and the
conjunctival epithelium. A contact lens must allow sufficient oxygen flow to maintain aerobic
metabolism, corneal homeostasis, and tear film stabiipntact lenses can be grouped in three main

categories based on their composition: riguft, and hybrid contact lenses.

1.2.1. Rigid lenses

Rigid lenses were the first to be introduced in the form of glass |EfdRig)id contact lenses are used to
address astigmatism and corneal irregularities with a variety of designs, includingpfronbacktoric,
andbi-toric [19%102 The first rigid lens was made of glass, further replaced by PMdfained byMMA
polymerization (Figure 3a). PMMA in turn exhibited substantial limitations in terms of corneal
respiration, which increased the risk of undergoing ocular complicdtfbnSeveral flexible
thermoplastics were proposed to replace PMMA, including peinéthyt1-pentene)Figure 3b), and
cellulose acetate butyrate (CABigure 30).11%% Both exhibited an oxygen permeability 20 times higher
than that of PMMA, and they could be fabricated by molding techniques. ‘dowthey lacked
dimensional stability:°®l The oxygen permeability of silicone rubber may be up to 1000 times higher than
that of PMMA, due to its silicoroxygen atoms backbor{€igure 3d), but its low hydrophilicity never

made it suitable to be used in contact lefi$éls.

The development of RGP materials started with the introduction of silicone acrylates, which combined
the oxygen permeability of silicone with the accessible manufacture of PMMA. Examples were siloxy
methacrylate monoméfFigure 3e), tris (trimethytsiloxy)i methacryloxypropylsilane (TRISYFigure

3f), and the incorporation of fluoroalkyl methacrylates to enhance oxygen perméddBiligiloxy-

methacrylatebased materials with enhanced wettability laid the foundations to the development of Boston

3C



RPG materials. Among them, the additional use of methacrylic acid, and the incorporation of an itaconate
ester on the traditional TRISrstture (Figure 3g).1X%! Meniconis credited with introducing the first
contact lenses with hyperoxygen transmissibilDk € 175), composed of tris (trimethylsiloxy) silyl
styrene and fluoromethacrylat€igure 3h, i). As of 2019, Menicon Z contact lensssre the only rigid

lenses thiareceived FDA approval for 30 days of continuous wear. Current RGP lenses on the market and
their composition are summarizedliable 4. Table 5 presents a comparison between commercial Boston
RGP material&®! Rigid lenses were initially fabricated as corneal lenses or scleral lenses, with diameters
ranging from 7.0 to 12.0 mm, and above 18.0 maspectively. Over the past decade, therapeutics drove
the market towards manufacturing rigid lenses with intermediate dimensions. Nowadays, rigid lenses are
used in the form of cornescleral lenses, with diameters ranging from 12.0 to 15.0 mm, anesahémal

lenses, having diameters of.@%0 18.0 mm.

1.2.2. Softlenses

Soft lenses are made of hydrogels, i.e. watgtaining polymers, allowing better comfort and flexibility

than rigid lenses. Soft lenses ar@ tnm larger than the cornea, with a diametet4b mm. They are
produced solely in the form of corneal lenses, and they lay on the cornea. Soft lens materials may be
hydrogels (lowDk materials) or silicone hydrogels (hiditk materialsf1°! Hydrogel lenses were firstly

produced by polymerization of HEM{igure 3j), leading to a 40% water contet.
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Table 4. Selected rigid contact lenses on the makketos!

Manufacturer

Bausch & Lomb

Commercial name

Boston II, IV

Boston Equalens, Il

Boston ES, EO, XO, X©

Polymer

Silicone acrylate

Fluorosilicone acrylate

Fluorosilicone acrylate

Dk

12,19

47, 85

18, 58, 100, 141

GT laboratories Fluorex 300, 500, 700 Fluorosilicate acrylic 30, 50, 70
InnoVision Accu-Con, HydrQ Fluorosilicone acrylate 25,50
Lagado Corporation SA 18, 32 Silicone acrylate 18, 32
FLOSI, ONSI56 Fluorosilicone acrylate 26, 56
TYRO-97 Fluorosilicone acrylate 97
The LifeStyle Company SGP, SGP Il Siloxane acrylate 22,435
SGP 3 Fluorosiloxane acrylate 435
Menicon Menicon Z Fluorosiloxanyl stirene 163
Stellar OP-2, OR3, OR6 Fluorosilicone acrylate 15, 30, 60
Table 5. Comparison between Boston RGP matetiafs.
Property Boston Material
ES EO X0 X0,
Refractive index 1.441 1.429 1.415 1.424
Oxygen permeability (DK) 18 58 100 141
Oxygen transmissibility (Dk/t) 15 48 67 94
Silicone content (%) 57 5-6 89 12-13
Wetting angle () 52 49 49 38
Dynamic contact angle 52/50 62/60 59/58 50/40

(advancing/receiving) (°)
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However, hydrogel materials transport oxygen via the water channels, which limits their water content.
This limitation was addressed with the introduction of HEMA copolymers, inclidivigyl pyrrolidone

(NVP) (Figure 3K), the copolymerization of MMA antlVP. Neverthelessthe addition of MAA also
resulted in an ultraensitivity to changes in tonicity, pH, and heat. A material with high wettability was
produced utilizing Glyceryl methacrylate (GMA¥igure 3l) with HEMA. The resulting bienspired
materida mimicked the hydrophilicity of mucins, and it was insensitive to pH variations. Commercial
contact lenses based on this technology are the hioxifilcon A (Clear 1 Day lenses by Clearlab), and
Proclear lens (Coopervision). Disposable soft lenses wer@idaced using poly vinyl alcohol (PVA)
(Figure 3m).1%1 FDA classifies soft lenses in four groups, based on twiilibrium water content
(EWC) and ionic content (IC). Selected commercial hydrogel lenses are listeable 6. Slicone
hydrogels were firstly introduced in 198& First generation silicone hydrogel lenses include balafilcon

A, and lotrafilicon A. Reduction of surface hydrophobicity was reduced using gas surface plasma
treatments. However, limitations in weitkty were reported. Further generations of silicone hydrogel
lenses exhibited increased water content and lower modulus, reportingraincidence of papillary
conjunctivitis associated to contact lens wW&&FThe use of internal wetting agemiminated the need

of surface treatment®? Selectedsilicone hydrogel contact lenses on the market are groupieabie 7.
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Figure 3. Contact lens polymersi B Chemical structures of rigid lens polymers. (a) Methyl methacrylate.-thethy}1-
pentene. (c) Cellulose acetate butyrate (CAB). (d) Siécoumbber. (e) Siloxy methacrylate. (f) Tris(trimettsflloxy)-
methacryloxypropylsilane. (g) Itaconate ester. (h) Tris(trimethylsiloxy) silyl styrene. (i) Fluoro methacrylaeChemical
structures of soft lens polymers. (j) Hydroxyethyl methacryl&eN¢Vinyl pyrrolidone. (I) Glyceryl methacrylate. (m) Vinyl

alcohol.
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Table 6. Selected commercial hydrogel contact lerf$&s-06. 108.10]

Commercial name

FDA Group |

Durawave

Menicon soft

SOfLens 38

FDA Group I

Biotrue one day

Dailies AquaComfort plus

SofLens daily disposable

FDA Group lll

Accusoft

Comfort Flex

Soft Mate Il

FDA Group IV

1-day Acuvue moist

Frequency 55

Permalens

Supplier

UltraVision CLPL

Menicon

Bausch & Lomb

Bausch & Lomb

Alcon

Bausch & Lomb

Ophthalmos

Capital Contact Lens

CIBA Vision

Johnson & Johnson

Coopervision

CIBA Vision

Polymer Type

HEMA, GMA

HEMA, VA, PMA

HEMA

HEMA, VP

PVA

HEMA, VP

HEMA, PVP, MAA

HEMA, BMA, MAA

HEMA, DAA, MAA

HEMA, MAA

HEMA, MAA

HEMA, VP, MAA

EwWC

(%)

49

30

38

78

69

59

47

43

45

58

55

71

USAN name

Hioxifilcon B

Mafilcon A

Polymacon

Nesofilcon A

Nefilcon A

Hilafilcon B

Droxifilcon A

Deltafilcon A

Bufilcon A

Etafilcon A

MethafilconA

Perfilcon A
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Table 7. Some commercial silicone hydrogel soft contact leH8e40: 108 111]

Name

(USAN name)

Pure Vision

(Balafilcon A)

Dailies Total 1

(Delefilcon A)

Biofinity

(Comfilcon A)

Acuvue Oasys

(Senofilcon A)

Premi O

(Asmofilcon A)

Clarity 1 day

(Somofilcon A)

Supplier

Bausch & Lomb

Alcon

Coopervision

Johnson

Johnson

Menicon

Sauflon

EWC

(%)

36

33 core

>80 surface

48

38

40

56

Oxygen

permeability

(Barrers)

91

140

128

103

172

60

Surface

treatment

Oxygen plasma

Water surface

gradient

N/A

N/A

Plasma

treatment

N/A

Polymers

NVP, TPVC, NCVE, PBVC

DMA, TRIS-Am, siloxane,
polyamidoamine and
poly(acrylamideacrylic acid)

copolymers

NVP, VMA, IBM, TAIC, M3U,

FM0411M, HOB

MPDMS, DMA, HEMA, siloxane

macromer, TEGDMA, PVP

SIMA, SIA, DMA, pyrolidone
derivative
Alkyl methacrylates, siloxane

monomers, NVP

1.2.3.

Hybrid lenses

Hybrid contactenses have a central optical zone made of RGP material, surrounded by a peripheral fitting

zone of a silicone hydrogel. They have a diameter of 14.5 mm and they combine the wearing comfort of

soft lenses with the clearer optics of RGP lef$ésAs of 2019, only a few companies provideybrid

lenses and they did not gain high p@pity. Advantages and disadvantages of hybrid lenses over other

designs are highlighted irable 8.
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Table 8. Advantages and disadvantages of hybrid contact lenses compared to other designs.

Hybrid/GP Hybrid/Soft Hybrid/Scleral
Advantages More comfortable. Higher visual quality. Soft skirt conforms to sclera
shape.
Quicker adaptation. Astigmatism correction without
stabilization. Less chance of seaff.

Easier to center.

Better for high order aberrations. Lowerclearance.
More stable vision.

Better for presbyopia correction i Higher oxygen permeability.

Vaulting.
astigmatic patients.
Reduced fogging.
Firm positioning.
Lower negative power
Unilateral wear.
Disadvantages More difficult to apply and remove. Higher costs. Longer time to settle.
Longer time to settle. Difficult to fit. More difficult to fit in irregular
corneas.
More frequent replacement. More difficult to apply and
remove. More frequent replacement

1.3. Properties of contact lens materials

Ideal properties for a contact lens material are durability, stability, clarity of vision, and the ability to
preserve corneahetabolism by allowing a sufficient oxygen flow to the cori¥a''® Properties of
contact lenses may be grouped in mechanical, optical, and chemical. Contact lenses are also defined ant

designed consiting a range of geometrical properties, extensively described elseiferé!!’]

1.3.1. Chemical properties

Chemial properties wittlthe highest significance with regards to contact lens polymers are wettability,
water content, oxygen permeability, and swell facttwe surface properties of a polymer determine the
way it interacs with the tear fluid*'8 In vivo wettability is evaluated by tear film brealp time and

interferometry tests, and it reflects the ability of the contact lens to keep a stable tear film within the ocular

37



surface.In vitro wettability is assessedaly evaluating the contact angle at tlodidsliquid-air interface,
and measuring the hysteresis, i.e. the difference between advanced and receding contaicfiaagla.
displays a contact angle measurement on a hydrophobic contact lens surface.

The equilibrium water content (EWC) of a hydrblgms is described by°®!

Owo Zp T (Eq. 1)

The EWC of a hydrogel is influenced by envineental conditions, pH, toniti, and temperature. The
International Organization for Standardization (ISO) defines the regulatory standards for EWC
measurements in contact lens hydrogels. Both thermogravimetry anddleglation by refractive index

measurements are considered vaichniques for EWC assessmeht.

The oxygen permeability is indicated B&, whereD is the diffusivity andk is the solubility of the
materialll® 1%Hydrogels transport oxygeria water channels and their oxygen permeability is closely

related to temperature and to the EWC, according to the following eqgifition

0 p®p R° (Eq. 2)

The amount of oxygen transported from the anterior to the posterior surface {f a lens can be

calculated dividing the oxygen permeabildk by the lens thicknegg%!

0 R o — (Eq 3)

Oxygen permeability and EWC are closely dependent on each Bitpare 4b presents the variation of
Dk as a function of EWC in silicone hydrogels and hydrogels.

Another important parameter of a contact lens isstixell factor, which is a measure of the dimensional
stability of a hydrogel len$®! The swell factor is influered by temperature, pH and tonicity, and it is

described by the following relationsHis®!

YO ——— (Eqg. 4)
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Hydrogels swell anisotropally. Their radial swll factor can be obtained !

YO ¢z

(Eg. 5)

where YO is the radial swell factoi’Y O is the diametral swell factoand"Y Ois the axial swell factor.

1.3.2. Mechanical properties

The mechanical properties of contact lenses determine their comfort, visual performance, fitting methods,
and durability. Soft lenses are obtained with wettable polymers which properties change with water
content!%® 1951 Mechanical testing involves applying a stress (compression, tensile or shear) and
observing the resulting strain. Contact lens polymers are mechanically characterized by thestrairess
cuve and their Young6s mo®ul u-s ,where,dstte iappledistrdsy, t h
and- is the corresponding strafi”! The modulus of rigid lens materials amounts t&E@*°d whereas
hydrated soft lenses have modulus of 0.2 to 1.5 MBd he increased content siloxy-methacrylate

in RGP materials confers thenhigher oxygen permeability, but it reduces their dimensional stabfty.
Another parameter to bevaluated in contact lenses is the friction exerted between eyelid and contact
lens. The coefficient of friction (CoF) of a contact lens is defined as the ratio of the sliding force to the
normal force that keeps the two surfaces together. There is miastareference value due to the
difficulties in replicating an eye environment, and the optimization of this parameter is currently under

investigation/203: 105!

1.3.3. Optical properties

Optical properties of contact lenses are crucial characteristics to provide a good visual performance. The
most important optical parameters of a contact lens areabptansparency and refractive index of the
polymer. Hydrogels have a light transmission >98%.Sometimes micrphase separation of water
occurs, negatively affecting hydrogels transparency by creating zones with different refractive indexes.
Ideally, the refractive index of a contact lens matches the one of the corned 3. B refractive index

is measured using an Abbé refractométél Fluorosilicone acrylate lenses have a refractive index of
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1.42-1.46, and siione acrylates have a refractive index above 1880 he refractive index of PMMA
is 1.4911%1 Commercial contact lenses with higy refractive indexes (1.51L54) include Optimum HR

(Contamac) and Paragon HDS HI (Paragon Vision Science), being advantageous in aspheric multifocal

designgd*®

(@) Dosing =~ > (b) ® Silicone hydrogel O , Hydrogel
needle 150
SuLwater____, Contact lens LA
droplet surface
/ 125 - ®
a®
100 - O
)
= ®
@ 75 —
a
50—
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_ ae®
0 — :
| | | | | |
0 20 40 60 80 100
EWC [%]

Figure 4. Properties of contact lens materials. (a) Wettability evaluated by contact angle measurement. Reproduced with

permissiont*'® Copyright 2014, ElsevierScale bars: 2.0 mm. (b) Equilibrium Water content and oxygen permeability.

Reprodeed with permissiof??! Copyrights 2017, Elsevier.

1.4. Contact lensmanufacture
Contact lenses are manufactured by shaping a plastic material into specific curvatures, nametsaihe
anterior curvéCAC) and thecentral posterior curyé€PC). Contact lenses may be manufactured by either
molding or lathe cutting. Moldg is an additive process that considtsuring a solution inside a lens
shaped mold, and it is used for mg@ssduction in general prescriptions. Lathe cutting is a subtractive

process where a blank of material is modelled to the desired shape fauatiprescription§-¢: 1211
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1.4.1. Molding

The molding pocess is primarily dedicated to soft lenses fabrication. It can be done bgaspimg,
compression, or injectidf®! The first soft lenses were obtained by spastirg. Compression molding

was used in the past for PMMA lenses fabrication, but it has now fallen out of fAgHidlmwadays,
individually packaged, disgable soft contact lenses are mpssduced by spin casting and injection
molding. The spin casting process is illustratedrigure 5a The contact lens solution is spun at a
controlled speed inside a mold, resulting in the liquid being uniformly spheazkathe moldfollowed

by UV curing. The resulting lens is peeled ddfjged,and hydrated. Lenses are then autoclaved and
packaged. The injection molding proc€sgyure 5b) is equivalent to spin casting, but the lens is shaped

by using a twepieces mold. In injection molding, the molten plastic is injected into the mold under
pressure and cured under UV irradiation. The lens is peeled off, cooled, and finished on a lathe. Contact

lenses are finally softened by hydration prior to undergoing qualityasse tests.

1.4.2. Lathe cutting

Lathe cutting is primarily adopted in customized rigid lenses production, but soft lenses can be also
fabricated by lathe cutting in a similar manner. The fabrication of rigid lenses by lathe cutting is illustrated
in Figure 5c In a first step, back and front surfaces are etched and polished. The blank is centrally
mounted on a micrathe where the diameter is reduced to @b mm above the final diameter of the

lens. The baclkoptic zone radius (BOZR) is cut using a diamtwal and further polished using a double
rotation technique. Subsequently, fine diamaopdted tools are used to generate secondary and peripheral
curves. BOZD and peripheral diameters are measured using a band measuring magnifier. Peripheral
curves aredft unpolished until the very last stage of production, to avoid damaging the blank. The blank
is removed from the button, it is cleaned and mounted by its back surface on a chuck, where the front
optic radius is cut with a diamond tool. At this stage,|l&mticulation of positive powered lenses takes
place. In positive lenses, the lenticulation is polished before the front optic, whereas in negative lenses

the optics is polished before the lenticulation to control power adjustments more accuratelyd Téxesha
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is ready for the next steps, whereas the soft lens needs to be hydrated and cleaned. Subsequently, edc
and peripheral curves are shaped and polished. The dry lens is mounted on a hot chuck with the concave
surface facingip andcenered on a rotang vertical spindle. A razor blade is used to reduce the diameter
and to shape the lens, from the back surface to the lower front surface. Peripheral curves are polished anc
blended, and the edges of the lens are then polished. The lens is removea fobonct rinsed, dried,

and inspected. The lens is now fully fabricated. When dealing with soft lenses, any error will be increased
by a multiple of the linear expansion ratio when the lens will be hydrated, thus special measures to avoid
hydrate before aqapletion need to be taken. The polish material usestbe wateffree. The dehydrated
lensmustbe cleaned in an ultrasonic bath of solvent prior to hydration, and the lens needs to be sterilized
in an autoclaving process. After the front and back susfaoe shaped with automated cutting tools, the

lens is hydrated. Hybrid lenses in a very similar fashion to lathe cutting of soft contact lenses, but the
blanks feature a GP center bonded to the surroundindpyanated soft material. Peculiar shapes, such

as toric and bifocals, are addressed with similar machinery after preparation of a suitable blank.
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Figure 5. Contact lens manufacture. (a) Mass production of soft contact lenses klyasping. The mold is mounted on a
spinning cylinder, where the contact lens solution is poured. The solution is further polymerized via UV light exposure,
resulting in a lenshged piece. The lens is peeled off and refined, and the edges are polished. The contact lens is hydrated in
a saline solution, inspected, packaged in a blister, sealed, and autoclaved. Contact lenses are ready to be (B)spatched.
Production of individuall packaged contact lenses via injection molding process. The contact lens solution is poured on the
concave piece of the mold, and the complementary convex mold is pressed over the concave mold until reaching full contact.
The excess polymer is squeezed, dallowed by polymerization under UV light. The resulting contact lens is peeled off, the
edges are polished, and the lens is hydrated in a saline solution. The lens is placed in a sealed blister, and auttataved. Co

lenses are ready to be dispatch@) Contact lens manufacture by lathe cutting. A busioaped dry polymer is inserted in a
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spinning, where back and front surface are cut using a diamond tool. The lens is removed from the lathe, inspected, edge
polished, and hydrated in a saline sautiThe lens is transferred into a glass vial containing a saline water solution, sealed,

and autoclaved. Contact lenses are ready to be individually dispatched inside the same glass vials, right after autoclaving.

1.4.3. Quality control and packaging

Finished &nses undergo quality assurance tests prior to be introduced in the fA4k&€Diameter and
curvature are measured with automated todtter inspection and measurement, the lens is sterilized.
Figure 6adisplays the measurement of the contact lens diameter aisigguge. Commercial contact
lensesare packaged in glass or plastic vials containing a saline solution. When defects are found in the
lens during quality control, the lens cannot be commercialized. Examples of defects include the presence
of excess material, notches, tears (intended asaime of a particular type of defects), edge roughness,
splits, blemishes, and the more evident lens breakage into multiple (fiégee 6b-€). Defects may

also be intentionally produced within a contact lens, for customized applications. An exanm@e is t
notching of scleral lenses, which consistetthing an additional part of the lens in a specific area, to
avoid physical contact between the | emaslecamadt t he
lenses for diverse research purpokase been fabricated with multiple customized methods, mostly
inspired to spin casting and injection molding techniques. Hydrogel contact lenses were recently
fabricated using eyeball molds immersed in a petri dish containing a hydrogel, follopelgtmerization

and cutting?? In the majority of cases, injection molding is used to fabricate contact lenses based on

novel solutions incorporating sensing properties'2°!
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Figure 6. Contact lens design, inspection, and measurement. (a) Measuring the diameter of a contact lensgasigg.a v
Reproduced with permissidi!! Copyright 2018, Elsevier. Scale bar: 4 cmefiContact lens fabrication defects. (b) Excess
material. Scale bar: 5 mm. Reproduced with permid&#®InCopyright 2018, Elsevier. (c) Notches. Scale bar: 5 mm.
Reproduced with permissidi?! Copyright 2018, Elsevier. (d) Tear. Scale bar: 3 mm. Reproduced with perntt&3ion.

Copyright 2018, Elsevier. (e) lllustration of the most common defects founchiaatdenses.

1.5. Applications

The intended use of contact lenses drives their design and materials. Contact lenses are classified ir
corneal, miniscleral, and scleral, according to their diametegyre 7). Contact lenses are also classified

in corneal, miniscleral, and scleral based on the ocular structure they lay on. Hence, rigid lenses may be
corneal, miniscleral, and scleral. Note that mstleral rigid lenses are sometimes called scleral lenses.
Soft and hybrid lenses only exist with amheter of 130 to 14.5 mm, and they are referred to as corneal
lenses because they are mechanically hold by the cornea. Primary applications of contact lenses are the
correction of refractive errors, prosthetics, and therapeutics. Novel contact lendesngreised as
sensing platforms and as vehicles émulardrug delivery, exploring tir potentialto be adoped as
theranostic device3he versatility and the popularity of contact lenses make them suitable to be used as
smart platforms in personalizededicine’® '° The functionalization of contact lenses for ocular drug

delivery allows to achieve slow releasing tirt#é$ 2"l Integrating sensors within contact lenses has a
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broad range of applications, including continuous health monit6riid wearable display82®! and
minimally-invasive screening metha8& % Contact lenses produced with new technologies may also
improve the performancesf existing applications. Switchable liquid crystal contact lenses were
developed as an alternative to bifocal contact lensgwésbyopiacorrection*?! Photochromic contact

l enses were developed to adapt | Handtobdoadltrevioddkes vi s
(UV) radiationt!3* Contact lenses for color vision deficiency (CVD) were obtained by submettggng

lenses in a color filtering dy&*

(a)| +— Scleral 18-24 mm ——» (b)
<+— Semi-Scleral 12.5-18 mm —»
<— Corneal 8-12.5 mm —»

cornea
|

C)/ ) |
bulbar R \/

conjunctiva N

/ Y sclera | Corneal Orto-k Mini scleral Fullxécleral ﬂ

Figure 7. Classification of contact lenséssed on the geometrical features. (a) Diagram displaying the difference between
scleral, semicleral (also called mirgcleral), and corneal lenses. (b) Photograph of corneatkprtoni-scleral, and full

scleral lenses. Scale bar: 5.0 mm. Reprodudgupermissiorit3 Copyright 2017, Elsevier.

1.5.1. Refractive disorders

Eye disorders of refractive nature considhe inability to focus light on a single focal point on the retina,
leading to poor visual performances. All refractive errors result frorshape of the eyeball, which can

occur becauseof genetic predisposition, environmental factors, and visually intensive occupations.
Refractive errors are one of the most common causétindhessalong withcataracts, macula
degeneration, and vitamA deficiency. An eye free from refractive errors is defined as emmetropic. An
eye that needs accommodation to properly focus light on the retina is called ametropic. In optometry, an

object is defined as distant when it is l@zhbeyond 6.0 meters from the eye. Considering the limitations
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of the human visual system, 6 meters is considered as the threshold beyond which the light impinges on
the eye in the form of parallel rays. On the contrary, an object is defined as neat isHenated at a
maximum distance of 6.0 meters from the eye. The most common forms of ametropias are myopia or
nearsightedness, hyperopia or fsightedness, and astigmati&n & The myopic eye features an
elongated eyeball that focuses light anteriorly to the retina, leading to blurred vision of distance objects.
Myopia is the most@mmmon among refractive disorders, whereas hyperopia primarily affects children
and elder individuals. The eyeball of a hyperopic eye is shortened, and it focuses light beyond the retina,
leading to a blurred vision of near objects. The cornea of the agimaye features an irregular shape

that focuses lightn multiple focal points, resulting in a stretched vision. The astigmatic eye features a
higher optical power across one meridian. The corneal shape is approximated to a cylinder having an axis
definad by the angle between thgh-performancameridian and the horizontal. This results in a vision
guality dependent on the spatial orientation. Another leading refractive disorder is presbyopia, induced
by a functional loss of ciliary muscles in the eldge, which causes the inability to sufficiently shape the

lens to adjust the focal power needed to properly focus the light entering the eye on the retina. This results
in a hyperopidike visual deficiency, with near distance objects appearing bluPredbyopia affects

most people over the age of B85 Refractive errors are corrected with eyeglasses, contact lenses, or
LASER surgery, and they adéagnosed by eye examination comprising an objective refraction test using

a retinoscope, and a test by elimination, known as subjective refraction. The latest cbagiptgimg

glass or plastic lenses with different optical powers to the exterioeaytd, until the one that produces

an optimal vision is identified.

Contact lenses can provide a wifiefd of vision than spectacles, and they are convenient in a series of
circumstances where eyeglasses wear is not recommended. Examples includetigji@s, humid
environments, and situations where a wide field of vision is necessary (e.g. driving). However, spectacles
are an external, neinvasive method to correct eye refractive errors, and they are preferred in some cases.

LASER refractive surggrpermanently changes the shape of the cornea to restore visual capabilities.
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Figure 8 presents the most common eye refractive errors and their correction via convex or concave
lenses. Nearsightedness and farsightedness correction are addressed usuggactwhcanvex lenses
respectively, to diverge/converge light rays prior to reaching the cdtressbyopia can be corrected with

bifocal or progressive lenses. Astigmatism is addressed with cylindrical lenses, to induce refraction of

light in a preferentiameridian.
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Figure 8. The most frequent refractive errors in the human visual system. (a) Normal vision or emmetropia: light focuses on
the retina in a single focal point. (b) Presbyopia: the lens hardens with age losing the ability to modulat ifs)dthgperopia
or far-sightedness: light focuses on a focal point posterior to the retina. (d) Myopia-@igigadness: light focuses on a focal

point anterior to the retina. (e) Astigmatism: light focuses on multiple focal points, resulting edbligion.
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1.5.2. Prosthetics

An important slice of contact lenses market is reserved to tinted contact lenses with prosthetic purposes.
They are used to aid the management of aniridia, ocular albinism, leukoma, diplopia, and iris dtfophies.

41 prosthetidenses are produced in different designs, including pupil and iris occlusion, clear iris, and
clear pupil. Diameters can be varied according to the prescription. Soft tinted lenses may be produced
with pupil and iris occlusion, and iris pigment on the tsithe. Patients who have permanent dilated
pupils may use froApainted, irisoccluded lenses. Patients who have dark iris color may choose a black
iris occlusion lens. Pupibccluded lens feature a black central area to reproduce the shape and color of a
regular pupil, and they do not provide any visish.13% They may be used to hide a white pupil, for
vision oclusion, or for the correction of aesthetic defects in a blind eye. Prosthetic contact lenses may be
soft or rigid. The most diffused types of prosthetic lenses are translucent tinted lenses, egemnautged

printed lenses, and hand painted lenses.sluaant tinted lenses feature a homogeneously colosed

and they offer a low degree of customization. Pigments are not dense enough to provide a good contrast
in patients with light colored iris. Computgenerated lenses can be designed in specifarsand
diameters. Pupil and iris occlusion can be achieved, as well as dark or light back iris occlusion. Limitations
are the predefined colors and geometrical parameters. Hand painted lenses have the highest degree c
customization, and they can be pnodd in any diameter. Prosthetic contact lenses may be grouped based

on their applications, with regards to the -sjte, as presented irable 9.
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Table 9. Applications of prosthetic contact lenses based on defective ey&Site

Cornea Iris Lens Globe Other

Leukoma Heterochromia Leukoria Phthisis bulbi Photophobia

Band keratopathy Aniridia Buphthalmos Rod cone dystrophy
Advanced Arcus Polycoria Colordeficiency
Scarring Coloboma Strabismus
Keratopathy Albinism Migraines
Microcornea

1.5.3. Therapeutics

Therapeutic contact lenses are primarily used to proeidef of discomfort, for vision aid in eyes with
irregular corneas, and to heal injured ocular tissues. Therapeutic contact lenseslavimygvehicles

will be individually addressed in the next subsections. Soft contact lenses are used to aid the managemen
of postrefractive surgery eyes that under epithelial removal, and in corneal degenerations. The high
oxygen permeability of siliawe hydrogels allows to minimize the induced hypoxic stress. Silicone
hydrogel lenses are largely used in poghotordractive keratectomy (PRK) and lasassisted
subepithelial keatomileusis (LASEK), and they reported better results when compareditogieys.

Rigid lenses are used as therapeutic devices to correct corneal abnormalities and eye disorders related t
deficiencies of the tear film. The most common corneal abnormalities are keratoconus, keratoglobus, and
cornea planaFigure 9a presents thalifferent shapes of a normal cornea, a keratoconic cornea, a
keratoglobic cornea, and a planar cornea. In the last decade, successful results in correcting corneal
ecstasia with soft contact lenses has been achieved, but scleral lenses remain thmelgodt St ontact

lens wear is reported to be the best existing solution to corneal aberrations, as an alternative to both

surgical treatments and implantation of intrastromal corneal rings. Aqueous leakagergesf or
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trauma can be sealed with a hydrogel acaile hydrogel contact lerfBigure 9b).1*3" Sderal lenses are

al so used for the corr ect(Figure 9d) assoeiated & a dysfuhcti@jofo g r ¢
the Meibomian glands in tear film secretion, or to a high evaporation rate of the tear film. The lens ensures
the formation of a fluideservoir over the eye, by covering the surface and limiting tear evaporation. Rigid
lenses can be used to protect the cornea undergeamithelializatiorfollowing a chemical burfFigure

9d) and to address Steven Johnson syndr@figure 9€). Rigid caneal lenses are used to protect the
cornea from abnormal lashes and keratinized lidgmar Rigid scleral lenses can fit any eye shape, they

provide complete protection of cornea and bulbar conjunctiva, and overnight wear can be targeted using

RGP matdnls[t37]

Figure 9. Eye disorders and therapeutic contact lenses. (a) Corneal shapes. (i) Normal cornea, (ii) keratoconus, (iii)
keratoglobus, (iv) cornea plana. Scale bars: 3.0 mm. Reproduced with perfif€s@opyright 2018, Elsevier. (b) Pest

surgery aqueous leakage sealed with a soft contact lens. Scale bar: 1 cm. Reproduced with p&ifr@esggright 2018,
Elsevier . (c) A rigid contact l ens fitted on an eye affe
permissiont**® Copyright 2018, Elsevier. (d) Mini sclerals fitted on an eye with chemical burn. Reproduced with
permissiont**® Copyright 2012, Elsevier. () Mini sclerals fitted on an eye with Steven Johnson syndrome. Reproduced with

permissiontt3® Copyright 2012, Elsevier.
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1.5.4. Contact lens sensors

Contact lens sensors have been primarily targeted as sensing platforms faf-joanet settings in
glaucomd® and continuous monitoring of glucose in te&t$.244The Triggerfish silicone lens was
developed by Sensimed to monitdretintraocular pressure in glaucoma pati€fts.Triggerfish
underwent animal test and clinical trials, and received the FDA and CE approval to be worn for 24
consecutive hours. It integrates two strain gauge sensaoist@rocessornd a thredoop antenna. The

sensor measures minute changes in the ocular dimensions through the strain gauge, recording for 3C
seconds at 5 minutes intervals over 24 hours.ifitoemation is transmitted wirelessly from the sensor

to the antenna, and then transferred via a wire to the recorder. The recorder is worn by the patient. The
information can be retrieved from the recorder via a USB Bluetooth adapter. A-gixegjlésaNLED

display was integrated within a contact lens and tested in rabbit eyes, powered by a remote radiofrequency
transmittert1*®! Fluorescein tests showed no corneal epithelial dam&ggrse 10apresents a prototype

of a wearable contact lens sensors for continuous glucose monitrijcrostructureswith a
periodicity of 1.6 were patterned on a glucgséective hydrogel film functiotized with phenylboronic

acid. Glucose binding induced a local volumetric increase, leading to a change in the Bragg diffraction.

Graphene films were also used in contact lenses for various applic&tioits!

An example of device for fultornealelectroretinogranfERG) recording is shown iRigure 10b[144

The device consisted on a contact ishaped parylene covered with a graphene layer on the concave
side. Graphene was CVgrown on a lenshaped quartz mold to avoid the formation of wrinkles. ERGs
were recorded on cynomolgus monkeys with a Ganzfeld flash stimulation, resulting in negligible corneal
irritation. A contact lens glucose sensor featuriig=® display was recently report¢Bigure 10c)*28l

The lens featured a reinforced region to host LEDtfreg and glucose sensor. A transparent AgNF
based antenna and interconnects were located on an elastic region. In vivo test on a rabbit eye showed th
turn-on and off states of the LED based on glucose concentration in an injected tear fluid. Satetl co

lenscompatible technologies have also been investigatpdtential power source for contact ler&&s
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consisted on a lactate/@nzymaticbiofuel cell (EBFC), based on flexible naporous gold (NPG)
electrodes. The EBFCs was tested in artificial tears, exhibiting a decrease in performance in tears with
respect to the buffer agion due to ascorbate interference, suggesting that a coating film on the
biocathode might improve the performances in future developments. The response of the EBFC was
limited by current density of the biocathode, which further improvements may enablevitiopment of

a seltpowered lactate biosensor where the power density is correlated to lactate concentration.

Stretchable photodetectors based on a crumpled gramgj@denanoparticle (AuNP) hybrid structure

were successfully integrated withicontact lensgg8*”! exhibiting a plasmonically enhanced
photoresponsivity of 1200% compared to a conventional flat graphene photodetector, and mechanical
stretchability up to a 200% tensile strain. A new biomaterial foffiodly ard green optoelectronics
applications was recently demonstrated with applications in soft contact féfisEse lens is made of

silk fibroid protein in hydrogel form for applications in light emitting diodes (LEDs). The optical
properties of the resulting lens are influenced by the concentration of the protein as well as the cross
linking agen. The lens showed a light extraction efficiency over 0.95 on a white LED. Recently, a
stretchable electronic platform for contact lens smart applications was devétbjpld.electronics was

based on thermoplastic polyurethane (TPU) with an outer diameter of 10mm and curvature radius of 9.0
mm featuring a silicon chip, an RF antenna and thin film intamections placed in polymeric semirigid
islands. The antenna is thought to be implemented at 13.56 MHz withigldaommunication protocols

for smart lenses applications. In the last decades, many efforts were put in the development of materials
with high transparency, oxygen permeability, and outstanding mechanical stretchability, to be utilized in

contact lens sensing systeff§152
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Figure 10. Selected contact lens sensors. (a) A contact lens for glucose continuous monitoring. Reproduced under the terms
of the CC BY 4.0 licensB® Copyright 2018, American Chemical Society. (b) Graphene contact lens elefdro8BG
measurements. (i) Schematic drawing with ERG recording.R@presentation of a ffERG recording on cynomolgus
monkeys with ganzfeld stimulation. (iiBhotograph of a Jet electrode applied to an eye of a cynomolgus monkey. Scale
bar , 5 mroed urRler the tedng of the CC BY 4.0 liceR48.Copyright 2018, RG. (c) A smart contact lens
integrating wireless circuits with stretchable interconnects, a glucose sensor, and a display. Reproduced under tine terms of

CC BY NC licensé*?® Copyright 2018, American Association for the Advancement of Science.

1.5.5. Contact lenses as drug delivery systems

Despite being an easily accessible organ, the physiology of th@osgs hard challenges in drug
delivery*5¥155 The ocular environment acts as a barrier to external organisms. Hence, ocular drug
delivery must be designed to target specific tissues. Current drug delivery methods are primarily based
on eye drops, emulsions, andgyéhnovative methods include implants, iontophoresis, and microneedles.
Contact lenses provide a fascinating mean to achieve extended drug exposure time. Drugs can be loade:

on contact lenses in different ways: s@aidrelease, molecular imprinting (MP*") modification of lens
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matrix composition, ad using colloidal and nancarriersi!?”! The soakandrelease method consists on
soaking the lens in an aqueous drug solution resulting in the drug being trapped in the hydrophilic matrix
of the lens. This method is commonly used for delivery of-glaticoma drugsantihistaminesand
antibiotics'?®! The drug encounters a boost first release, followed by a gradual releasen8oelease
method is being currently investigated for delivery of hyaluronic acid to treat dry eye dis8ase.

retard the release of hydrophilic drugs from contact lenses, Vitamin E (VE) has been incorporated into
the lens matrix to act as a hydrophobic ba##rMolecular imprinting consists on etching nacewities

to incorporate functional monomers within the lens. This enhances the active area and maximize drug
absorption within the lens. Using NSAIDs as a monomer, ibuprofen and antibiotics were delivered to
ophthalmic tissues via contact len§é9.Selfresponsive, moleculamprinted contact lenses were used

for the controlled release of timoléf! A visible color change is observable in the lens based on the

amount of released drufi¢ure 113).

Modifying the lens matrix composition consistk abtaining specific binding sites on the surface of
hydrogel lenses. Examples include hydrogel lenses with cationic functional groups to store anionic drugs
and release them in physiological conditions. MAA was adde@H&MA) lenses for extended release

of naphazolinét?®! Drugs can also bécorporatedinto nanocarriers. Liposomes were used to carry
hydrophilic and lipophilic drugsidoxuridine penicillin G, lidocaine, levofloxacin). Polymeric micelles

were also used as nanocarriers to deliver dexamethasone Bedt@ielodextrins were functionalized

to carry hydrophobic drud®”! Drug nanosuspensions were loaded in a contact lens for delivery of
triamcinolone acetonide, showing significantly increased doagl Icapacity and releasing tint&$!

Silicone hydrogel contact lenses functionalized with epalrestat were successful in addressing diabetic eye
complications and cataract, mhibiting aldose reductase (AR) and preventing protein glycéfigure

11b).%% Nanogels were used as timolol maleate carriers and loatie@naymeresponsive contact
lenses, for tear lysozyretivated release of timolol maleate for the treatment of glaudéngare

110).1%%1 Nanoparticles were reported to allow extended delivery of lidocaine, timolol, melexicam
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nanoaggregates, antibacterial silver naadicles, antifungal agent voriconazole and indometH&€in.
An example is presented iRigure 11d, where an hybrid hydrogélased contact lens comprising
guaternized chitosan (HTCC), silver nanopatrticles and graphene oxide (GO) was used for the treatment

of fungal keratitis in mic&?2°!
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Figure 11. Selected contact lenses as drug delivery systems. (ajeSptinsive soft contact lens for timolol ophthalmic
delivery, exhibiting a visible color change to monitor releasing times and quantities. Reproduced with peffslssion.
Copyright 2018, American Chemical Society. (b) Bioinspired composition ofelutgng silicone hydrogel loaded into soft

contact lenses for treating diabetic eye complications. Bovine tests showed drug accumulation within the cornea. Reproduced
with pernission!*>? Copyright, Elsevier. (c) Lysozymactivated drug eluting contact lens. Drugs are loaded imiidgels

by crosslinking PEFacoated NDs and partially-Bcetylated chitosan in presence of timolol maleate. Nanogels are further
embedded within enzymmsponsive contact lenses. Tear lysozyme degrades the nanogel, resulting in timolol maleate release
whilst leaving the lens intact. Reproduced with permis&f8$hCopyright 2014, American Chemical Society. (d) Hybrid
hydrogetbased contact lens comprising HTCC, silver nanoparticles and GO to treat fungal keratitis withl tapbétalmic

drug delivery. Reproduced with permissiéii! Copyright 2016, American Chemical Society.
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1.6. Contamination in contact lenses

Bacteria are highly present mature in the form of aggregates named biofilms, i.e. dense polymeric
matrices where bacterial communities are entrapped. Biofilms act as a cohesion media for microbes, and
as a vehicle to exchange nutrients, enriching and strengthening the biofilliSts€lélls in biofilms

have been found to be 100 to 1000 times more resistant to antibiotics with respect to planktdtiid cells.
The formation of a biofilm articulates in two steps: a first temporary adhesion mediated by Van der Waal
forces, followed by an irreversible adhesion with the formation of a m&tiBiofilm formation by
pathogenic bacterial strain is a major cause of infections in me#itieentistry*®* 165 food
processing'®® and water treatmeff’ Surface modification is an emerging strategy either to prevent
biofilm formation, or to induce bacterial detachm@®.Microbial contamination of contact lenses is the
cause of several eye disea&&s> 1%9Both bacterial and contact lens material characteristics play an
important role in the adhesion process. The most commonly isolated organisms from contact lenses are
Pseudomonas species, Serratia marcescens, coagudgsdéive Staphylococci and Staphylocas
Aureus® Treatment oPseudomonas Aeruginosge infections often becomes a ké¥age due to the

ability of this bacterium to be naturally resistant to some antibiotics, and its capacity to acquire mobile
genetic elements (MGESs) that induce a rapid spread of drug resisfahbespiteP. Aeruginosé s p i | i
and flagella hee shown to be involved in the adhesion process, both piliated angilided P.
Aeruginosaadhere to contact lensesiggesting that other factors are involé8."'The main factors
influencing bacteria adhesi are cell surface hydrophobicity, strain and suspension media,Pwith
Aeruginosabeing the quickest to adhere and the one isolated in the highest percentage. Bacteria with a
high surface hydrophobicity adhere more than hydrophilic organisms, iRdéecuginosaadheres more
thanStaphylococcu§l32° VS 2@35° contact angles) and other straifi8.P. aeruginosasolated from

cornea during keratitis adhere more than when isolated from other bodyPpakexuginosaadhesion

under different medi has been studied, including using PBS, nutritionally rich media and artificial tears

to better simulate the ocular environment. Several bacterial strains can form a biofilm on the same surface

and influence each oth€f! It has been shown that the presenc®.@pidermisn hydrogel lenses affects
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the growth ofP. Aeruginosabut not viceversa. The sam. Aeruginosaxposed to a contact lens for a
second time have shown to adhere less than at the first expogygesting that a selection of cells
promote adhesiof’!! Characteristics of the targeted surface are also relevant to bacterial adhesion, the
main being ionicity, water content, hydrophobicity, topography, andoredein absorptiorit has been
demonstrated that botR. Aeruginosaand S. Aureusadhere more to ionic hydrogel lens€8. An

inversely proportional dependence has been observed between bacterial adhesion and water content of th
surfacd!’® 172l Surfactardaden contact lenses have a higher equilibrium water content (EWC) and a
lower hydrophobicity which results in less bacterial attachM&ha higher surface roughness has shown

to favor adhesion, and contact lens wear has shown to induce surface roughness due to attachment of tec
compounds. In particular, mucin, IgA, BSA, lggme and lactoferrin absorption enhafcé\eruginosa
adhesiont”? Studies reported the ability of multiple bacteria genera to form biofilms on silicone hydrogel
contact lenses in presence of dying neutroptitswhich can be blocked using specific contact lens
solutions!” A portable lendree nicroscope for computational sensingQfAureusn contact lenses

was recently developed, with a resolution of 16 CFUJi{®!

Several studies demonstrated changes in the ocular microbiota of contact lens R¥edrets.17!
Bacterial communities of the conjunctiva and skin under the eye of 28cssi§ contact lens wearers

and 11 controls, were comparét! It resulted thatry conjunctival swabs from lens wearers featured
more skinlike bacterial types, the most highly represented of which wdethylobacterium,
Lactobacillus, Acinetobacter and Pseudomof&$ Haemophilus, Streptocossus, Staphylococcus and
Corynebacteum have also been found, but they appear in lower concentrations than -ienson
wearerd!’® The conjunctival microbiota of both lens and Hens wearers had higher concentrations of
handlike bacteria than of faekke bacteria. Overall, the eyricrobiota of contact lens wearers resembles

the one of the skin, suggesting that there might be a transfer of bacteria from the skin to the ocular surface
via contact lenség! 1761Bacteria isolated from the eyes of roontact lens wearers and bacteria isolated

from contact lenses of asymptomatic patients are summariZebla 10.
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Table 10. The microbiota in conjunctivdids, and tears of a healthy eye, and émtact lenses of asymptomatic patiefit8?

176]

Microbe Healthy eye Contact lenses

Conjunctiva Lids and tears

Gram-positive bacteria

Coagulasenegative staphylococci Yes Yes Yes
Propionibacterium sp. Yes Yes Yes
Corynebacterium sp. Yes Yes Yes
Clostridium sp. No Yes No
Bacillus sp. Yes Yes Yes
Micrococcus sp. Yes Yes Yes
S. Aureus Yes Yes Yes
Stromatococcus sp. No No Yes
Streptococcus sp. No Yes No
Micrococcus sp. No No No
Enterococcus sp. Yes No No
Lactobacillus sp. Yes No No
Peptococcus niger Yes No No
Peptostreptococcus sp. Yes No No
Gram-negative bacteria No
Pseudomonas sp. Yes Yes Yes
Enterobacter sp. Yes No No
E. coli Yes No No
Neisseria sp. No Yes No
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Proteus sp. Yes Yes No

Acinetobacter sp. Yes No No
Citrobacter sp. Yes No No
Moraxella sp. No Yes Yes
Fungi

Fungus Yes Yes Yes

1.6.1. Contamination of contact lens cases

Contamination of contact lens cases is reported to be a major cause of infection for contact leng3wvearers.
177, 1781t has been found that over 90% of the subjects with contaminated case also had contaminated lens
or solutions, suggesting that bacteria might be transferred from the case to the lens. Differently from
contamination of contact lenses, which is primaritgrppt by bacteria, contamination of contact lens
cases includes bacteria, fungi, protozoa, viruses in over 70% of thd'¢as&%Lens cases can develop
moderate or heavy contamination after two weeks of use. Biofilms in contact lensueagesker than

the ones formed on contact len8é8.Bacterial diversity in contact lemmsses has shown to be related to

the severity of the disease. So far, a threshold defining an acceptable contamination level has not been
identified. Novel case designs to reduce microbial contamination are being $t(#i@dntact lenses
handled inappropriately can adversely affect most anterior ocular struturés!8%The most frequent
complications are summarized ifable 11. In Figure 12, clinical cases of corneal staining, conjunctival

redness, and papillary conjunctivitis, at different grading scales, are presented.
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Table 11. Contact lens complications based on eyel®ite'81

Complication

Microcysts

Epithelial staining

Oedema

Neovascularization

Keratitis?> 261

Bedewing

Blebs

Polymegethism

Meibomian gland dysfunctions

Lid wiper epitheliopathy

Blinking rate variations

Mucin balls

Dry eye

Conjunctival staining

Conjunctival redness

Papillary conjunctivitis

Limbal redness

Vascularized limbal keratitis

Limbal stem cells deficiency

Eye site

Corneal epithelium

Corneal stroma

Corneal endothelium

Eyelid

Tear film

Conjunctiva

Limbus

61



Figure 12. Contact lens complications. (a) Corneal staining; (b) Conjunctival redness; (c) Papillary conjunctivitis. Grading
scale, from left to right: normal, trace, mild, moderate, severe. Reproduced with perfids@opyright 2002, John Wiley

and Sons.

1.6.2. Contactlens care

Antimicrobial methods can be generally classified into two main groups: active chemical strategies and
passive chemical strategies, the first aimed in killing bacterial already attached to a surface by using
microbicidal chemicals, the second éd®n preventing biofilm formation. Contact lenses and lens cases
are mostly disinfected with Hydrogen Peroxide and multipurpose solutidalyhéxamethylene
biguanide(PHMB) and Polyquad§®® 84 The literature concerning the effectivity of hydrogen peroxide

as a disinfection system is controversial. It has been demonstrat€d fkertuginosaiofilms grown in

vitro are better attacked by Hydrogen Perofitfe®lbut oher studies report th&taphylococcis able

to unboundHydrogen Peroxide molecules, neutralizing its efféét'®Serratia marcensesan only be
treated with Hydrogen Peroxi#é* Polyquad has been found to reducetthasfer of bacteria from the

case to the ler&" 188l|t has also shown higher disinfection results with several bacterial species when
compared to PBHS. A reduction in bacterial flor@4%) on the surface of the periocular skin without

altering the bacterial species has also been recently demonstrated by lugnogldorousacid hygiene
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solution™® The disinfection efficacy of CLEAR CARE, RevitaLens OcuTec, GPREE PureMoist

and Biotrue solubns was compared. It resulted that CLEAR CARE cleaned lens cases exhibited much
higher bacterial concentration than the ones cleaned with RevitaLens O¢dTHre same result was
observed comparing Relvloist with Biotrue.A recent study successfully demonstrated the use of a
povidoneiodine as a disinfection system for contact let$&sThe case design might be also relevant to
bacterial adhesion. Silver impregnated lens cases and selenium lens cases have been designed with ant
microbial purposeB’8 Other methods have been investigated for prevention and disimfgutiposes,
including the use of freeadical producing agents, quortsansing blockers, antimicrobial peptides, and
nonsteroidal antinflammatory drug$t’? To minimize microbial contamination, hygiene measures have

to be taken. These include disinfecting lens and cases frequently, case replacement every two weeks
facing down the case during air drying, avoiding using tap water, do naffftopntact les solution,

wash hands before insertion and remd\3l.

1.7. Regulations of contact lenses

Contact lenses are prosthetic devices categorized as direct contact deviees, i idevi ces ¢
components that come into phys-di)é% Tointraduce acorttactwi t F
lens device to the market, standards and regulations must be fulfilled to assess its safety, functionality,
and reliability. The International Organization for Standardization-@evmymic abbreviation: ISO) is

the world's largest developer of voluntary international standards to facilitate world trade by providing
common standards between natiBf8 However,it has no role irenforcing its standards and it is not
compulsory for marketed products to legally meet the ISO requireti€hievertheless, governmental

bodies exist to supervise and control medical devices, and theyrsiddistadopt the 1SO standald®

1971 Therefore, a device that fulfils ISO requirements is eligible to hit the market. In the US, regulations
are established by the Food and Drug Administration (FDA), which from 2019 plans to offis@l80

13485 as the basis for its legislation on roabidevices!®®! Biocompatibility standards for medical

devices are well stated in ISO 10998 Bi ol ogi c al Evaluati on -distheMedi c
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Guidance on Selection of Te$t¥! 1ISO 109932 covers animal welfare requiremeht§! ISO 1099310
assesses possible contact hazards from desieased chemicals that may produce skin and mucosal
irritation, eye irritation and delayed contact sensitizafithlSO 10993(3-19) ae guidelines for specific

test procedureld?®2%l The most important tests in the biocompatibility assessment of a contact lens
device are thén vitro test and thén vivotest.ISO 109935 describes than vitro toxicological testing

procedurg?®® and 1SG9394 describes the biocomiimity test in rabbit eye&%

1.7.1. Invitro toxicological test

Cytotoxicity test can be performed either on an extract or on the entire sample, in direct contact mode
with mammalian cells. The cell sample is prepared in accordance with 1SO-1888Band handled
aseptically throughout the procedure. Stergcoplasméree cell lines are obtained froiming tissues

and stored at T80 AC or below in the c«Mlinure r
gualitative evaluations, the text sample is exposed to a known amount of cell suspension through a vessel.
Vessels can be cleaned and regglead with new culture medium. The culture is incubated at 37 = 1 °C

in air. Changes in morphology, vacuolization, detachment, cell lysis, and membrane integrity are
evaluated by inspection under a microscope, using cytochemical staining. The interpoéthtaresults

is done accordingly to the classification of the device, as given in ISO 10898In vitro evaluation is

primarily run to evaluate a potential vivotoxicity. A reduction of cell viability higher than the 30% is
considered cytotoxic. Direct contact cytotoxicity test is also performedoatact lens/contact lens

solution combination in extended wear contact lenses.

1.7.2. Invivo animal test

Animal testing of contact lens devices is carried out in compliance witFRISC 4 AOpht hal m
0 Contactlenses and contact lens careducts: Deteminationof biocompatibility by oculastudy with
rabbi tP%dgpeerstant properties of materials which come in contact with ocular tissue are

evaluated on ocular tissue of rabbit eyes, complying to the regulations defining animal welfare (ISO
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109332)*%8 and good laboratory practice (ISO/IECOP).2% Animal test is performed after a positive
outcome ofthe irritation and sensitization tests (ISO 10999'°°! and in vitro biocompatibility
assessment (IS009932).11%8! New Zealand white strain rabbits (mafemale, or mixed sexes) or
equivalent albino rabbits are used to test contact lenses. Animal models are young adults, from a single
strain, weighing more than 2.5 kand free from clinically significant ocular irritation or corneal retention

of fluorescein stain. A minimum number of six animals need to be tested, and a 100% positive result need
to be met. Each animal is uniquely identified by either a numberedgear tattoo, or a microchip. The
animals are acclimatized to the laboratory conditions for at least five days prior to testing. Contact lenses
mustproduce an optimal fitf the intended use of contact lenggsdudescontact lens care products, those

mug be tested. The lens is inserted in one eye of the rabbit and the other is used as a control. The lens is
|l eft on the eyebs ani mal for 7 hours, then rer
examined visually and evaluated according tchhibie Draize and the McDonafhadduck scoring
systems. The eyes are excised and preserved in a fixation solugiohQ&6 neutral buffered formalin,
Zenker6s acetic fixative or Davidsonbés sovheyti on

iris and lens and each part is stained for microscope evaluation.

1.8. Contact lens market

Contact lens technology gained increasing popularity and a broader range of applications since it was
commercialized. The contact lens global market excetriedalue of $8.5 billion in 2018 with an over

6% growth, and a continue transition to silicone hydrogel materials. In 2018, the 69% of contact lens sales
were silicone hydrogel contact lenses, followed by hydrogel lenses (19%), RGP (9%) and hybrid lenses
(2%). Monthly and daily contact lenses were reported to be the most popular (41% and 35% respectively),
over contact lenses with weekly (21%) or 3+ months (3%) replacement schadute (L33). From data

in 15 countries worldwide in 2018 resulted thatamtion of contact lens patients are parte wearers,

with the highest percentages reported in Finland (34%), Czech Republic (30%), and Australia (29%)

(Figure 13b). Over the last decade, a decrease in the use of hydrogen peroxide solutions was reported,
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but chemical care systems continued to dominate the marketr¢ 139.2Y Contact lens wearers in

2018 were over the 35% globally, with a higher net practice revenue when compared to the previous years
in relation with the gross revenue. Weekly fits and refits were reptot@itrease comparing to the
previous yearsn 2018, the US marked was led by Clear Eyes, Bausch & Lomb with BioTrue, and Alcon
with Opti-Free Pure MoistRigure 13d). The global contact lens market is estimated to grow from 12.4
billion USD in 2018 to 1%3 billion USD in 2021 and 19.45 billion USD in 20@gure 139. Figure

13f presents the contact lens market value in 2018 in 20 countries. The US market was valued over 4.5
billion USD, with a net gap compared to the other countifeAn analysis of the nesworn market of

smart cordct lenses revealed a value of 59.9 million USD in 2018, estimated to reach over one billion

USD in 2022212
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Figure 13.Latest trends on contact lens usage, as of January 2019. (a) Contact lens fits and refits in 2018 based on (i) material
classes and (ii) replacement schedule. Data figference®®l. (b) Paritime contact lens wearers in 2018twdata for 14
countries worldwide. Data fromeferencd®®l. (c) 2009 to 2019 contact lens care treids(d) Unit sales of the leading

contact lens@mpanies in the US in 2018. The private label portion corresponds to 55 milliof?t¥3@atest analysis of the



contact lens market, as of January 2019. (e) Values and estimations of the global contact lens market from 2017 (f 2024.

Contact lenses market analysis in 20 countries worldwide in 2H1.8.

1.9. Conclusions

Contact lenses are a weltablished, yet a constantly expanding technology. Polymers in contact lenses
have evolved to address the limitations with regardsttar complications induced by contact lens wear.

The choice of the polymer type utilized in contact lens manufacture is driven by the application, with
RGP and soft contact lenses leading the market of ocular therapeutics and vision correction algspectiv
The global contact lens market in 2018 amounted to over 8 billion USD. In the last decade, contact lenses
have been targeted as diagnostic wearable platforms with a variety of applicati@smain
disadvantages of current technologies include thee afslabmade contact lenses over commercial
materials (e.g. PDMS or pellEMA), the high variability introduced by process complexity (e.g. multi

step fabrication of individual devices). In the following chapters, these limitations are addressed by
employing rapid and precise technologies (e.g. shuidg laser writing) to directly functionalize

commercial contact lenses as sensing platforms.
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Chap2er

Design of the sensing

The building blockgor developing contact lens sensaray be defined as follows:

1 Functionalization of contact lenses
1 Finite element modelling (FEM)
1 Synthesis of chemical sensors

1 Development of readout methods

In this framework, contact lenses were functionalized by either il@seription, to produce microfluidic
networks, or nangatterning. The first process was implemented on rigid contact lenses, made of hard
polymers such as fluorosilicone acrylates, making them easier to be locally modified with laser light. The
second pcess was implemented onJatade soft contact lenses, made of hydrogels such as p(HEMA),
or PDMS where nanostructures were replicated from a silicon maStemical sensors consistefl o
colorimetric dyes exhibiting a consistent behavior when exposgiH tgariations, glucose, proteins,
nitrite ions, L-ascorbic acid, and uric acid. Readout methods were based on MATLAB and smartphone
apps. Each of these topics will be individually discussed when encountered in the context of its

application.

2.1 Contact lens patterning

Contact lens patterning was carried out by direct laser inscription, and by polymeric nanopatterning.
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2.1.1. Laserinscription of contact lenses

Contact lens sensing platforms have drawn interests in the last decade for thetgasdsgrbviding a

sterile, fully integrated ocular screenirigchnology However, designing scalable and convenient
processing methods while keeping a high resolution is still an unsolved challenge. In this chapter,
femtosecond laser writing was employasia rapid and precipeocesgo engrave microfluidic networks

into commercial contact lenses. Functional microfluidic components such as flow valves, resistaers, multi
inlet geometries, and splitters were produced using a bespakie 'emtosecond laseystem, yielding

a resolution of 8@um. The ablation process and the tear flow within microfluidic structures was evaluated
both experimentally and computationally using finite element modeling. Flow velocity drops of the 8.3%,
20.8%, and 29% were obsenedsalves with enlargements of the 100%, 200% and 300%, respectively.
Resistors yielded flow rate drops of 20.8% 33% and 50% in the small, medium, and large configurations,
respectively. Two applications were introduced, namely a tear volume sensateandiiac acid sensor
(sensitivity 16 mgt!), which are both painless alternatives to current methods and provide reduced

contamination risks of tear samples.

Introduction

The World Health Organization reports that in 2020 approximately 2.2 billion people worldwide suffered
of ocular impairmentcaused by a number of preventable factors, includingrelgeed macular
degeneration, cataracts, infectious diseases of the ctnraetagma, and systemic diseases like diabétes.
Despite ophthalmology being one of the busiest departments in public and private hospitals worldwide,
the lack of technological innovation in the field results in the inability to address these problems timely
and effectively.

Currently, ocular health seening is carried out or&f only by physicians in clinics, using expensive
machinery which set a global screening standard based on reaction over prevention. Extensive

investigations on the tear fluid composition revealed the potential of this bodynflinel prevention and
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monitoring of both ocular and systemic diseases, accompanied by the possibility to be collected painlessly
and norinvasively!? 3

At present, the gold standards for tear fluid
methods® The Schirmer6s test consists on inserting
for five minutes. A large number of studies agree on the low reliability of suchstestesr sampling
method, due to the compositional variations in the tear fluid induced by local irritation of the eye, as well
as by contaminants introduced by further extraction of the fluid from the papéf-8ttipaddition, tear

fluid extraction and laboratory analysis are expensive anddimen s umi ng procedures
test is also largely used to aid the diagnosis of dry eye disease, by evaluating thecdrreamfiuid
collected® * 9 This methodology has also been considered obsolete and often unreliable, given that the
presence of an external body in the lower eyelid induces tear overflow, leading to false positivé results.
¢l The capillary tube method involves a similangess where the tear fluid is collected in a glass or plastic
tube, and further stored in a sterile container. This partially overcomes the problems of contamination,
but keeps the disadvantages associated to external tear analysis.

The need for innovaihn in ophthalmology drives the development of alternative solutiosanple and
analyse the tear fluid painlessly and precis€gntact lenses can be a suitable platform to embed such
functionalities, being already used by 150 million people worldwideision correction and cosmeticks.
Microfluidic contact lenses have thus attracted particular interest in the last few years, their
potential of allowing oreye, reatime tear fluid processing:? The crucial advantages lie on the reduced
contamination risks compared to current methods, fast analysis times abfpcamé settings, and the
possibility of achieving continuous monitorifg* 2

Recent studies report on the development of enhanced contact lens déi¢&<l However, most of

them rely on processes that are not scalable-nhatbe microfluidic contact lenses in the literature are
primarily based on replica moulding of hydrogels into curved surf&®#ss intuitive that such processes
present several litations: they use materials which are different from the complex polymers patented by

contact lens companies and utilised in contemporary contact lens manufacturing, they require days of
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work to produce a single device, and for this reason they alsodpektability. Laser ablation has been
previously used to produce structures in contact lenses by direct writing. For examplelaseC@as

used to inscribe microfluidic structures into soft contact leH8eslowever, soft contact lenses are
obtained by hydrophilic materials made of pbliEMA as the core polymer, which makes them unsuitable

to be used as microfluidic platforms (e. g. the liquid spreads all over the contact lens instead of following
a predictable flar pattern within the microfluidic network). In this context, rigid contact lenses represent
a more suitable optiofd.? They are made of hydrophobic silicone acrylates, making them easier to handle
and procesB! We previously demonstrated the possibility of incorporating sensors within microcavities
or milli-fluidic channels in contact lenses for ocular temperature and tear analytes moHitbthghese
processes involved the use of papssisted fluid flow, and inscription was performed by.d&3er
ablation, yielding larger and irregular structures, that do not allow to integrate complex networks in a

single device.

Femtosecond laser ablation allows to directly write extremely tiny features (down to 30 um of width) in
a single stepHigure 14A). The inscription takes place by cold ablation rather than melt ejection and does
not require internal water cooling. The lasemits ultrashort pulses (< 400 fs) that leave no thermal
fingerprint on the contact lens, avoiding thermal tension in the material and preserving its
characteristic? Fine features can be cut into thin substrates1@® pm), while still maintaining
mechanical and material integrityigure 14B). They do not produce microcracks, recast layers or debris,
as observed with CQasers Figure 14C). Femtosecond lasers araramtly used for the fine machining

of stentd?% catheters, heart valves, polymer fibres and tii3e®. Recent studies also report on the use

of femtosecond laser ablation to produce periodic stru¢téifésnd to aid the synthesis of nanoparticles

for medical applicatiof?? 27 2¥

Here, femtosecond laser inscription technology was applied to commercial contact lens devices. Multiple
microfluidic elements (valves, resistors, mixers, splitters, reservoirs, sensing cavities and more complex

geometries) were produced into contact len$e® applications of this technology are demonstrated, in
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the form of a tear volume sensor for dry eye disease, and a uric acid sensor to monitor gout disease
progression from tears. This approach has achieved the highest resolution (80 pum) obsefaedothus
produce tiny channels into contact lenses in a single step. This work paves the way towards the
incorporation of complex fluidic networks, and hence complex functionalities, within a single contact lens
and in establishing femtosecond laser inscribentact lenses as the pillar platform for monitoring both

ocular and systemic health.

390 fs
A 1030 nm C

a Beam Continuous wave CO: laser fs laser Ultra-short

A

X _expander laser beam 5 laser pulses
Quarter
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Figure 14. Femtosecond laser ablation. A) Schematic of the laser-enidtiprocessing setup. B) Examples of microstructures
inscribed in contact lenses: micrograptfi® microvalve system (scale bar: 20n), photograph of an engraved contact lens

(scale bar: 3 mm). C) Schematic comparing laser ablation performed with a long pulse laser beam (e.g. nanosecond and CW
CO: lasers) and ultrahort laser pulses (femtosecdasers). The insets show a contact lens engraved with each process, where

the higher resolution obtained by ulshort laser pulses is clearly visible. Scale bars: 3 mm.

Results

Microfluidic elements and networks were engraved into commercial flumasd acrylate commercial
contact lenses, with a thickness of 120, using a faxis femtosecond laser workstation. Details on the

components are presentedAppendix |. This allowed to uniformly engrave each area of the sample,
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regardless of the curvaeirThe settings were optimized to yield features with a depth-208Qm, and
microchannels with a base width of 106. Optimized parameters are primarily scanning speed, pulse

energy, frequency, andakis machining protocol.

Ultrafast laser ablatiof polymethyl methacrylate (PMMA) has been explained by photochemical,
photothermal, and photophysical modésThe photochemical model is based on PMMA direct bond
breaking, which results in products such as COz, @4, CH:OH, and HCOOCH The photothermal
model considers thermal bond breaking induced by-ghmat lagr pulses which induce the formation of
PMMA monomers. The photophysical model includésnd breaking processes happening
simultaneously. The three main processes of photophysicaitaseed breakdown are the excitation of
conduction band electrons tlugh ionization, heating of conduction band electrons through irradiation of

the dielectric, and plasma energy transfer to the |atficd.

This is observable when looking at the roughness profiles of microchannels etchedéhleoses using

a CO or a femtosecond laseFigure A2 (Appendix |) displays the surface topography, where a
difference in both geometrical consistency and damaging of the surrounding material can be noticed
(Figure S2A,B). In particular, the microchanhebtained using a femtosecond laser displayed higher
uniformity in depth, higher geometrical confinement, and sharper edges. The roughness profile yielded
empirical values of $COp) = 10.7um and ¥fs) = 3.4um (Figure S2GF). Roughness-8limensional

(3D) plots also allowed to visualize a consistent depthkdfOum along the microchannels) um larger

than thedepth previouslycalculatedwith FEM. This was attributed to additional physics phenomena
involved in ablation by ultrghort laser pulses, described in the introduction of this chapter. In fact, the
finite-element computational model was purely based on thermal effesttould al® be noted that
microfluidic geometries were designed such to be placed outside of the pupil area, to avoid visual
impairment during weang. However, multinlet geometries were patterned towards the center to allow

a better visualization in the contextthis thesis

81



Figure 15shows a computational evaluation on the impact of scanning speed and pulse energy on ablation
depth andablated mass (intended to be the amount of material (pg) etched away during laser, writing)
performed by the finite element thed (FEM) and considering a pure photothermal pro€égsre 15A

displays the effect of gradually increasing the pulse energy while keeping a constant beam scanning speec
of 10 mm/s and pulse frequency of 50 kHz. We can observe a linear behavior éepetgy values

from 20uJ to 60uJ (Figure 15B). A speed of 10 mm/s and pulse energy of ofi3¥ields an average
ablation depth of 9m. Similarly, as observed Figure 15C, at a constant pulse energy ofjtkDbeam

powers of 2.5 W, an increase in vaty results in a lower ablation depth, going from 180 at a speed

of 6 mm/s to 4Qum at a speed of 16 mm/Bigure 15D). In the experiments, for all devices a speed of

10 mm/s and a pulse energy offiDwere used. In the simulations, the pulse frequess set to 50 kHz,

the pulsaduration to 390 fs, and beam spot diameter qiif@5at a wavelength of 1030 nm. Laser ablation
computational results were obtained with a MATLAB model tailored to PMMA, a-kmeNvn material

that most resembles the mechahaal physical properties of fluorosilicone acrylates.
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Figure 15. Computational evaluation of the laser ablation process byrgésmved FEM modelling. ) Influence of pulse
energy (660 uJ) on ablation depth and ablated mass of PMMA for a speed of 10 mijsinfluence of beam scanning

speed (616 mm/s) on ablatin depth and mass for a laser power of 2.5 W.

Figure 16 shows a set of valves engraved onto contact lenses. Microfluidic valves are used to adjust the
flow velocity in certain areas of the channel. Photographs of the devices are shdvigdrén16A,

namely a regular microchannel with a uniform width of @@ and the same channel with the addition

of three different valve geometries, having width enlargements of the 100%, 200% and 30Q&&,(200
300um and 40Qum, respectively), compared to the base channel. Micrographs of the valves are shown
in Figure 16B. Geometrical details are presented\ppendix Il . Prior to experimental flow evaluations,
contact lenses were hydrophilized via oxygen plasma treatmgpte(dix 11). A blue dye and a

smartphone camera were used to evaluate the filling time of each geometry, resulting in an average

83



decrease of 0.25 s per 100% of channel enlargerfaniré 16C). The flow velocity profile within the

same geometries was computed wiBM-(Figure 16D). At time t = 0 ms, all profiles appear dark blue
(null velocity). At t = 0.5 ms, the velocity profile reaches a value of 6.5 mm/s in the base channel, 4.0
mm/s in V1 (100%), 3.0 mm/s V2 (200%), and 2 mm/s in V3 (300%). Similarly, at t s, the base
channel draws a velocity profile with an average of 7 mm/s, compared to 5 mm/s in V1, 3.5 mm/s in V2,
and 3 mm/s in V3. The plots next to each set of figures display the-sgossnal velocity profile
comparison between channel and valvehm four geometries at the three times of consideration (0 ms,

0.5 ms, 1 ms).
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Figure 16. Flow valves engraved in contact lenses. A) Photographs of base channel VO (constant thicknegmyaf\120
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inlet, 100%, 200%, 300%. Scale bars: 100. C) Fluid flow within microfluidic contact lens valves. Scale bars: 5 mm. D)

Computational fluid flow within valves.

Figure 17 shows a set of resis@engraved in contact lenses. Microfluidic resistors are used to either
reduce the fluid flow velocity in certain sections, or to decrease the overall velocity by increasing the total
volume of the network, while keeping it confined to the same arehidlitdse, three types of resistors
were compared. Photographs of the devices are shoftgumne 17A, named R1 to R3. RO is the base
channel, also shown for comparison. Micrographs of the resistors are sheiguran17B. Blue or green

dyes were injecteth the contact lenses via the inlet (concave side) using a PCV tube (diameter 0.5 mm)
and a syringe, and a smartphone camera was used to capture the fillirfgigume {7C). It is observed

that the fluid filled geometry R1in 2.9 s, R2 in 3.2 s, R3 ths3.compared to the base channel which
was filled in 2.4 s. This is explained by the gravity contribution. Overall, all geometries exhibited visible
increased filling time compared to the base channel. This was also observed in computational studies
(Figure 17D), where at t = 1 ms all geometries reach velocities above 6.5 mm/s in correspondence of the
resistors. However, at 0.5 ms the velocity profile is higher in R1, the resistor with the largest width. R2
and R3 register comparable profiles, with slighdwer velocities in R3. The plots next to each set of
figures display the crossectional velocity profiles taken by drawing a horizontal line along the resistors,

hence 4 peaks. Geometrical details are presenippandix II .
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Figure 17. Flow resistors engraved in contact lenses. A) Photographs of base channel RO, R1 (wide resistor), R2 (standard
resistor), and R3 (narrow resistor). Scale bars: 3 mm. B) Micrographs of flow resistors: inlet, wide, standard, narrow. Scale

bars: 10Qum. C) Huid flow within microfluidic contact lens resistors. Scale bars: 5 mm. D) Computational fluid flow within

resistors.
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Mixers are highly used imicrofluidics, and they are a useful tool in sensing applications, where two
solutions may need to be mixed twef encountering tear fluid, or before interacting with a chemical
sensor. In this framework, two mixing geometries were fabricated on contact IEigges (8). Figure

18A displays photographs of the mixers, namely the-lmanched M1 and fotliranched N2. Their
micrographs are shown Figure 18B. Blue and green dyes were injected in the contact lenses at the same
time via the inlets, and a smartphone camera was used to capture the fillingigune {8C). It resulted

that M1 had a total filling timefd..7 s, lower than the one registered for the base channel (2.4 s), attributed
to the gravity contribution and the presence of two inlet sources. M2 was filled in 2.3 s from four inlets.
Computational studies were performed to evaluate the velocitygedafilsuch geometrieBigure 18D),
yielding a higher velocity in the branches of M1 (12 mm/s at t = 1 ms) than M2 (10 mm/s att = 1 ms).
The plots next to each set of figures represent the velocity profile in thesessn, traced by drawing

a horizonal line along the inlet branches. Geometrical details are preserAggpemdix Il .

Similarly, splitters are used in microfluidics to guide the flow towards different areas of the network. In
contact lenses this is particularly interesting when multipgxihemical sensors to detect multiple tear
analytes in the same device. In fact, in the case of optical sensor (e.g. colorimetric, fluorescent) the fluid
coming from the sensing area may be contaminated with sensing material. This can be prevented by
devding different microfluidic areas to different sensors. Here, two splitter geometries were fabricated
on contact lenses:igure 18E displays photographs of the splitters, namely the-livamched S1 and
four-branched S2. Their micrographs are showRigure 18F. Blue and green dyes were injected in the
contact lenses, and a smartphone camera was used to capture the fillifgomee8G). S1 had a total

filling time of 2.1 s, again lower than the one registered for the base channel (2.4 s), attritbéed to
gravity contribution. In S2, the four outlets were reached in 2.8 s. Computational studies were performed
to evaluate the velocity profiles in splitter geometrigigiire 18H), yielding an average velocity profile

of 3.8 mm/s att = 1 ms in the bramshof S1. In S2, we observed higher velocity profiles in the inner

branches (1.3 mm/s att = 1 ms), compared to the outer branches (1.1 mm/s att = 1 ms). In both cases, th
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highest velocity profiles were found to be near the inlet, right before splfitibgnm/s at t = 0.5 ms).
The plots next to each set of figures represent the velocity profile in thesessn, traced by drawing

a horizontal line along the outlet branches. Geometrical details are presefpgdndix I .
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Figure 18. Flow mixers and splitters engraved in contact lenses. A) Photographs of microfluidic mixers M1 (two inlets, one

w
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-
Flow
o

outlet), and M2 (four inlets, one outlet). Scale bars: 3 mm. B) Micrographs of fluid mixerbramohed, foubranched, inlet
outlet. Scalebars: 50um. C) Fluid flow within microfluidic mixers. Scale bars: 5 mm. D) Computational fluid flow within
mixers. E) Photographs of microfluidic splitters S1 (one inlet, two outlets), and S2 (one inlet, four outlets). Scalaiars: 3
F) Micrographs ofluid splitters: twebranched, foubranched, outlets (right side), outlets (left side). Scale barguhb@@)

Fluid flow within microfluidic mixers. Scale bars: 4 mm. D) Computational fluid flow within mixers.

Precisely inscribing microfluidic elemenia contact lenses opens the way to a broad range of

applications. These can be achieved by combining multiple elements to create a microfluidic network that
performs a specific function. Microchannels on their own can already provide a smart alternative to
current methods. On the other end, they may constitute the pillar platform to capitalize on for theranostic

applications, by integrating sensors, drug delivery mechanisms, or both.
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Here, two possible applications in the context of tear fluid monitoriegliscussed. Both are addressed

in the closed configuration, where the inlet is patterned as a hole in the concave side of the bottom lens,
in direct contact with the ocular surface, and the outlet is a hole etched from the convex side in the top
lens. Clsed configurations were only presented for the applications, where a full device is a must. On the
contrary, microfluidic elements were assessed earlier in this article in an open configuration (both inlets
and outlets engraved as holes in a single ldnshact, in those cases the scope was to evaluate the
fabsoluteo i mpact of valves and resistors on tF

their own.

A tear fluid volume wearable sensor based purely on microfluidics may be antaliern&@ t o t he S«
test Figure 19). A spiral microfluidic channel was engraved on a contact legsie 19A). Micrographs

of the channel are shown igure 19B. The spiral features an inlet in the center, around the pupil area.
The outlet is placedn the outer turn of the spiral. In this case, the outlet acts as a pressure regulator more
than just strictly as an outlet. In fact, the spiral can host a tear volumeubf 3ilst the total average

tear volume on the anterior eye amounts to 5ith. Tomputational evaluations suggest that the velocity
profile is uniform along the spiraF{gure 19C). To close the microfluidic channel, a lailade PDMS

contact lens was fabricated by replica molding from a curved contact lens FRigloe( 19D), and
chemtally bonded to the engraved lens, based on oxygen plasma treatment, silanization with APTES and
GPTES, and direct contact, as shownFRigure 19E.1*3 In an industrial setting, this process could be
automated by usingthinner rigid contact lens as a top layer. The method currently used to assess the tear
volume in dry eye palflThis conssts ondnsettingea paper Btiiprinnthes lodves  t
eyelid of the patient for 5 minutes, followed by visual readout of the wetted area tosmitatively

assess the tear fluid productidfigure 19F). This process is painful, adds up conitzation risks, and
induces local irritation which results in tear overflow and false negative results. The spiral lens may be a
promising alternativel-igure 19G displays the proposed use of such device. Upon inserting the lens, the

tear flows from the chmnel inlet, placed on the concave side of the lens, though the spiral. The contact
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lens was exposed tol8. and 8L of artificial tears, respectively. The volume of the tear film may be

assessed by visual method, based on the wetted spiral area after 10 s
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Figure 19. Microfluidic tear volume sensor. A) Photographs of the volume sensor (spiral channel engraved on a contact lens).

Scale bar: 5 mm. B) Micrographs of the spiral channel. Scale bargni50) Computational velocity profile within the spiral

lens. D) Contact lens sensor: PDMS lens fabricated in a plastic mold, and bonded to the spiral acrylic lens. Scale bars: 1 cm

(top), 3 mm (bottom). E) PDM®-acr y | i c

chemical

bonding

process.

F)

Wor k

tear flud volume. G) Visual readout of fluid volume from a microfluidic contact lens, based on the wetted spiral area. Scale

bar: 5 mm.

The tear volume sensor may beused. After sampling the tear fluid from a patient, the liquid may be

collected using a cajlry tube and stored in a sterile container or thrown away if the lens was to be used
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to evaluate the tear fluid production. Following that, the lens may be disinfected, dried ues®sd ré
cleaning protocol would need to be tailored for this specificln€ee tear uric acid sensor is disposable

and meant for oneff measurements.

Another application is presented kigure 20. Here, a microfluidic channel featuring an inlet, sensing
area, fluidic valve and a reservoir is demonstrated for the detectioit@fcid oreye Figure 20A, B).

Uric acid is an extensively known biomarker for gout disease progression, as well as to monitor the
antioxidant status in the e{@&32 The tear flows from the inlet to the sensing area, where the colorimetric
uric acid sensor is embedded. From the sensing area, the fluid encounters a valve with an enlargement o
the 300% cmpared to the base channel, which decreases the flow velocity of the 60%, until reaching a
reservoir, where the fluid velocity stodsigure 20C). Computational evaluations show that there is no

backflow from the reservoir to the valve, nor from the vatvthe sensing are&igure 20D).

The uric acid sensor was based on uricase and horseradish peroxidase (HRP). In the presence of oxyger
water and uricase, uric acid is converted intéhyBroxyisourate and hydrogen peroxide: 5
hydroxyisourate further reactwith water to produce allantoin and £®ydrogen peroxide, in the
presence of HRP, reacts withaminoantipyrine and with fEthyl-N-(2-hydroxy-3-sulfopropyl}3,5
dimethoxyaniline (MAQOS) to produce a blue dye. The amount of blue dye produced is prigdotie

amount of hydrogen peroxide obtained by reaction of uric acid, yielding a color scale proportional to uric
acid concentrationHigure 20E). The reflection spectra of the uric acid sensor at concentrations of 0, 50,
100, 150, 200 and 250 mg/L aleown inFigure 20F. The calibration curve is displayedkigure 20G,

from which a sensitivity of 16 mg/L was calculated. The sensor is embedded in the sensing cavity etched
in the contact lens, and the color of the sensor could be readout using @en&epp (Color Grab) to
assess the redreenand blue (RGB) composition, and correlated to a discrete concentration value in the
range 0250 mg/L of uric acid Kigure 20H, |). Geometrical details of the contact lens sensors are

presented ippendix Il .
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Figure 20. Microfluidic contact lens as a tear uric acid sensor. A) Photograph of the engraved contact lens, featuring inlet,
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reaction. Uric aid is converted into hydrogen peroxide, which further reacts wiiviP to produce a blue dye. Insets show

the color change of the sensor in the concentration rat#$ Ong/L. F) Reflection spectra of the uric acid sensor in the
concentration range-250mg/L. G) Calibration curve of the sensor. H) Uric acid sensor embedded in a contact lens and placed
on an eye model where artificial tear flows. The color is captured with a smartphone camera. Scale bars (left, righ8 bottom)

mm, 7 mm, 1.5 cm. I) RGB ¢ar characterization of the uric acid sensor.

Materials and Methods

Materials. Rigid contact lenses (Boston XO) were obtained from Bausch & Lomb, Canada. Sylgard 184
silicone elastomer kit (1:10) was purchased from Dow Corning, USAn{(Bopropyl)triettoxysilane
(APTES), (3Glycidyloxypropyl)triethoxysilane(GPTES), uric acidb-(+)-glucose (99.5%), protein
standard (200 mg/ml_boric acid, ethylenediaminetetraacetic acid (EDTA), 10% tritekD8, sodium
borate, isopropanol (IPA) and phosphate buffered saline (PBS) were purchased frorlgiichaUK

and used without further purificatioblric acid colorimetric assays were purchased online from Health
Mate, UK. Green and blue food coloring dyes (Waitrose Essentials) were purchased from Waitrose &
Partners, UK. Systane artificial tears were purchased from Boots Ltd., UK and modifiedexs need
Equipment. The laser system consisteflaoLS4 LASEA workstation integrating a femtosecond laser
sourceY UJA from Amplitude Systemes) with 10W aver e
fs pulse duration, 2 MHz maximum repetition rate, 1030 nntecevavelength and beam quality M2 >

1.2 The beam delivery system is equipped with-& ¥eam deflector, synchronized with a stack of
mechanical stages (3 linear stage¥ XX and 2 rotary stages B, Gther equipment includeokygen

plasma system Atto btel 4 with a 40 kHz 200 W generator (Diener electronic GmbH + Co. KG,
Germany),Smartphone camera (phott2 MP, /2.2, 1/2.8", 1.25um, PDAF; video 1080p@30fps)
FLAME-S-VIS-NIR-ES Spectrometer Assembly 32000nm (Ocean Insight, USA)H meter FiveEasy

F20 (Mettler Toledo, USA),Pioneer PX 323/E Precision Balanc®h@us, USA), Vortex Mixer
(FisherbrandUK), Visible Light Source HE2000-HP-FHSA 20W (OceanOptics,USA), Leica DM2700

P Upright Microscope (Leica Microsystems GmbH, Germany), Contact angle measuremerts00H X
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digital microscope (Keyence Corporation, Japan) with a custom 3D printed fixture for dispensing
deionized water droplets with a 10 pl pipette (Eppehdsermany).

Software. MATLAB R2020B (MathWorks, USA), COMSOL Multiphysics v5.3a (Comol Inc., Sweden),
Color Grab application (Loomatix Ltd) installed on a Huawei P10 Lite (Huawei Technologies Co., Ltd,
China) running Android 10.0 mobile operating systgoogle LLC, USA), contact angle measurements

using the contact angle measurement tuigy ImageJ.

Laser ablation simulations. Femtosecond laser ablation of PMMA was simulated using-diomeain

FEM modeling, assuming a purely photothermal processrideddy the heat equation:

1 — $17Y(Eq. 1)

whereQ is the heat transferred from the laser and to PMMARtite thermal diffusivity of PMMA.

Beam spot diameter, step over, frequency, wavelength, and pulse duration were set to 35 um, 20 um, 50
kHz, 1030 nm and 390 fs, respectively. Beam scanning speed and pulse energy were set in the range 6
16 mm/s and-®0 uJ, respectively, to estimate their impact on ablation depth and ablated mass of PMMA.
The properties of PMMA were obtained from the litara!*® thermal capacity (1418kd K’ 3, density

(1180 kg n¥), and thermal diffusivity (0.1156 n? s?).

Femtosecond laser nicro-processing of contact lense# fractional factorial design was conducted
for the optimization of laser parameters, yielding optimized values of 50 kHz (pulse frequency), 50 uJ
(pulse energy), 10 mm/s (scanning speed) and 20 um (step over). Tceachieiform geometry of the
micro-features regardless of the contact lens curvature, the laser beam focused was continuously
monitored and kept normal to the surface. For a freeform surface like a contact lens this was achieved by

implementing two rotarytages and Xy-Z linear stages, synchronized with avxoeam deflector.

Microfluidic simulations. Microfluidic 2D geometries were designed on COMSOL and tear flow was

evaluated under laminar regime. The solid material was defined as PMMA and assigned to the

9%



microchannel area. The liquid material was customized to reproduce the aqueous tear filmirny aiefi
incompressible Newtonian fluid with viscosity= 1.3x 10°Pa s, surface telnsior
thermal conductivity k =0.68 WiMK' ! densi t y' 3andzharhdelstickspeedt5 x 10 3

m s.37 An incompressible, singlphase fluid assumes that temperature variations in the flow are small,

which means that the density is constant, described by the continuity and the umrequations:
m it m(Eq. 2)
m— mEn T ot RE ¢ (Eq. 3)

Initial values for pressure and velocity were set to zero. At the microchannel walls, the equation was
solvedwithaninitab= 0, with Ano slip0 as the boundary coc
for”l "Y1 as the boundary conditionjtv Uo= 0.1um s*. The timedependent flows were computed

for the interval (0:0.1:1) ms. The same constraints at the inlet and outlet were applied in all geometries.

Flow characterization. Flow experiments were conducted by injectingu.0of dye via the inlet of the
microchannels using a PVC tube with a diameter of 0.5 mm and connected to a liquid dispenser. The flow

was recorded with a smartphone camera.

Hydrophilization of contact lenses. Contact lenses werex@lasma treated for 1 min at full power (200
W). During the pumping down period the pressure was set to 0.07 mbar, ghas Supply was setto 5

min at a gas flow of 100% and a process pressure of 0.2 mbar.

Preparation of PDMS cortact lensesPDMS was obtained by mixing the elastomer-poé/mer and

curing agentin a 10:1 weight ratio, followed by 2 h degassing at ambient temperature and manual removal
of bubbles by exerting air flow using a pipette. 10of the uncured mixture &s then poured into the
contact lens mold and cured on a hot plate at 8fifr @5 minutes. The lenses were then removed from

the mold, rinsed in isopropanol, and blow dried.
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Preparation of uric acid buffer solutions. Uric acid has a low solubility in wat, but it can be dissolved

in borate buffer, NaOH and DI water. First, the borate buffer solution was prepared by dissolving boric
acid (6.2 g), sodium borate (9.5 g) and EDTA (1.2 g) in 10% Tritd®®X (400uL) and deionized water

(200 mL), adjusting t@ pH of 8.5 with NaOHThe uric acid diluent solution was further obtained by
mixing deionized water (150 mL) with borate buffer storage solution (8 mL), adjusting to a pH of 8.5
with NaOH. Uric acid was then diluted in the diluent solution to yield aunatons of 0, 50, 100, 150,

200, 250 mg/LUric acid buffer solutions were then mixed with Systane artifteiats,and the pH was

adjusted to 7.0 using tris buffers.

Characterization of uric acid sensorsUric acid paper sensors were exposed to adifiears containing

uric acid in the concentration range280 mg/L, at steps of 50 mg/L. Their colorimetric response was
imaged with a smartphone camera placed at normal incidence at an ambient lighting of 250 lux (Ix),
monitored with Photometer PRO ammd the color was readout using Color Grab app. The reflection
spectra and related calibration curve were acquired using a reflection setup consiatinifuccated

optical fiber connected to a spectrometer and a light source, taking as a backgrenemteghe spectra

obtained by irradiating a blagtolored paper sensor made of the same material.

Conclusions

Femtosecond laser ablation is a simple and effective method to produce fine microfluidic structures onto
rigid contact lenses. It overcomes timaitations encountered with longer pulse lasers, i.e. nanosecond
and CW CQ lasersWhen designing microfluidic contact lenses, a crucial parameter to consider is the
analysis time, hence the wearing time, to avoid tear overflow and, where present, tddkageensing
materials. In this context, multiple microfluidic elements were demonstrated to provide a tool of playing
with filling time (e.g. fluidic valves and resistors) and waste tears collection systems (e.g. reservoirs). The
integration of colorimetric sensor was demonstrated in the mm range to allow an easier visualization with

a smartphone camera. However, the sensing area may be scaled dowmuntoréimge when designing
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sensors based on a different optical mechanism (e.g. fluorescence), ¢coupkEdartphonreompatible
readout deviceMicrofluidic contact lenses are a promising alternative to current sampling and screening
methods in ophthalmology, offering the possibility to sample the tear fluid with a sterile method, as well
as integratingcomplex fluidic networks to continuously monitor the tear fluid directly on eye. Such
devices may find application in ophthalmic theranostics, by incorporating sensing technologies, drug

delivery mechanisms, or both.

2.1.2. Replica molding

The replica molding process consisteflaiching a pattern on a silicon master, further used as a
mold to reproduce the reciprocal pattern on a soft polymer. The silicon masters were fabricated by
electron beam lithographyrhis process will be discussed iretiramework of ocular pressure

sensingChapter 4. The design of nanostructures is summarizetigpendix IIl.

2.2. Multiphysics simulations

Multiphysics simulations were run using COMSOL 5.3 and MATLAB, to estimate and visualize:

1 Laser ablation simulatiean(Chapter 2.1)
9 Tear flow within microfluidic contact lense€ljapter 2.1)

1 Stress/strain of PDM8anobuttongChapter 4)

Each method is described in the framework of its application.

2.3. Chemical sensing

The materials and sensing mechanisms will im@ividually addressed in each dedicated section

throughout this thesign particular:

1 Cholesteric liquid crystals were employed as the active element in contact lenses for ocular surface

temperature (OST) continuous monitorifghapter 3).
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1 Uric acid papesensors were utilized to demonstrate the possibility of integrating a tear sensor
within a microfluidic system obtained by femtosecond laser ablafibagter 2.1).
1 Colorimetric dyeto monitor glucose, proteins, nitrite ions, pH, anddcorbic acid & described

in Chapter 5.

2.4. Readout methods

Readout methods used in this work mainly involved the use of MATLAB e the development of a
smartphone app prototype. Both were based on the nearest neighbor mode, an efficient algorithm for

detecting discreteoncentration values. The algorithm is described in the next sections.

The color gamut is a scalar field that defines all the displayable and visible colors to the human eye of a
certain output devicB® According to the CIE colorimetric standards from 1931, it is comga$ x and

y values, depending on the particular tuple location it constitutes the associatétf cdoa. first step, a
calibration curve was generated. For this, pictures of the colorimetric results of the calibration points need
to be taken and located inside of the color gamut. To gain the 2D (x, y) CIE 1931 chromaticity space,
RGB values of everpixel from the pictures needs to be read out and saved. It is important to note that
the usual color space for images whose pixels are storetlifirBegers per color channel is the sRGB,
standard RGB, color space and are not in RGB véalleEhe choice of this color space is the human
perception of color. Its sensitivity to light and therefore the discrimination between lighter and darker
shades is finer at low than at high intensitiéldf a linear RGB scale is saved, more lighter colors appear

but since they are barely specifiable for the human eye the storage is chosen unfavorably. Therefore, to
make most out of the storage, a dimear RGB curve with a shallower bottom is generateaitoring

more darker shades and hence a seemingly wider variety of color. This procedure is known under the

name of gamma correction and is mathematically definédlas

06 O0N0GWw Ot Naod
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Firstly, the average of the ndimear RGB values of every pixel is calculated and saved. After the

determination of the SRGB values, the values are linearized using following eqiftions

with (Rc, G, Bc) being norlinear and (R G, By being the linearized values and a gamma correction of
2.4.As a next step the new tristimulus values X, Yndstbe calculated. Since negative vedlare present

in colormatching functions while working with RGB values, the CIE recommended to execute a base
transformation, so that the possibility of error and misgivings is dimini€tdde new tristimulus values

X, Y, Z are obtained by following equati®i!

~

Tt p G ruqmuxuxrmlptpnrc)(u
T, p ¢ @ X Thwp L P LTITX ¢ p X OT
T p WO OTlp P WP WHRIL TTO T 6t p

€:E: &

With this base transformation, another advantage ooeittsthe Y value the brightness of the color can
be adjusted, on the other hand X and Z set the hue. As a last step, the X, Y, Z values are converted intc

the 2D (x, y) CIE 1931 chromaticity using following equattth

w o)

Where the subscript j defindse amount of calibration point§hree calibration images for eadiscrete
concentration value are loaded in the algorithm. Upon taking a new phosdgdinghmplots the color
in the chromaticity diagram, @ompars it to the calibration points, and outputs the nearest calibration

value® The shortest distance from theknown concentratioto calibration poirgis computedy:

Q W W w W

Where k is the number of the (1, 2€3] ) ¢ al i b rThetclosest valpedsi givean 8s an output.

The code is included iAppendix IV .
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Chapder

Ocul ar Temperature Moni

Temperature variation is a ubiquitous medical sign to monitor ocular conditions including dry eye disease
(DED), glaucoma, carotid artery stenosis, diabetic retinopathy, and vascular neuritis. The ability to
measure OST in real time is desirable in pofrtare diagnostics. Here, we developed minimally invasive
contact lens temperature sensors for continuous monitoring of the corneal temperature. The contact lens
sensor consisted of a laser patterned commercial contact lens embedding terpemattive
Cholesteric Liquid Crystals (CLCs), which exhibited a fully reversible temperdependent color

change in the visible spectrum. The contact lens allowed the corneal temperature to be mapped in four
key areas, at distances of 0.0, 1.0, 3.0, andnnOfrom the pupil's edge. Liquid crystals exhibited a
wavelength shift from 738 £ 4 nm to 474 = 4 nm upon increasing the temperature from 29.0 °C to 40.0
°C, with a time responsivity of 490 ms and a negligible hysteresis. Readouts were performed using a
smartptone, which output RGB triplets associated to temperature values. Contact lens sensors based on
CLCs were fitted and tested on @xvivoporcine eye and readouts were compared with infrared thermal

measurements, resulting in an average difference of 0.3 °C

3.1.Introduction

The interest in monitoring the Ocular Surface Temperature dates ba8K3pwith the first successful
measurement using a glass mercury thermometer placed on the conjunctival sac to evaluate OST
variations in healthy and acutitis conditions!*! Currently, infrared thermography is the gold standard

to measure OST with a sensitivity of 0.1. #€? An infrared camera is used to record a thermal pattern

in a noninvasive procedure prmed by a specialist in clinic3hermal ocular patterns were recently
studied by image analysis technigifed Among the most immediate responses to an inflammatatg

lies an increase in body temperature, and positive correlations between body temperature and ocular
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temperature were report8éMany efforts have been put in ping the ocular temperature across the
anterior eye, giving particular attention to the visible ocular surface. The latest exhibits local temperature
variationsl®> " The literature indicates healthy temperature values in the range 32.9°C to 36.6°C referring
to an aerage across the cornéd! Several factors showed to have an impact on OST, including ambient
temperaturé % and humidityi'!! age of the subject (average decrease of 0.015°C perlykase of
eyedropst*® contact lens wedt*! tear film instability!® OST was found not to vary between right and

left eye, and among gendéf8 OST variation was targeted as a potential stimulus to Biiftcular
temperature was also stad in animal models to develop novel drug delivery syst&nghe Intra

Ocular Pressure (IOPY! corneal elasticity and related refractive properties of thé&%yeere also
demonstrated to be related to the temperature of the ocular anterior chamber. Several ocular conditions
were reported to be linked to OST variations, resulting from a chanigieod flow to the sclera and
conjunctiva®® OST was found to variate in cases of inflammation, among which Dry Eye Biseas
(DED),12%28 glaucomd??! diabetic retinopath{?® 2 and vascular neuriti$! Strong positive correlations

were reported between ocular temperature differeatges (TDVS) and dry eye parameters, including
tear meniscus height (TMH) and Schirmer's test reEglt&vaporative Dry Eye (EDE) patients were
found to have a higher initial OST than those with Aqueous Deficient Dry Eye (ADDE), suggesting that
OST moniteing might be an effective tool to differentiate between different DED aetiol&dien
average increase of 0.€ was observed in the OST of Meibomian Gland Dysfunction (MGD) patients
when compared to matched contrétsAttempts were made in DED screening by OST measuréffent

251 vannetti et al. suggested that OST might be a promising test to evaluate ocular vasoregulation,
reporting an increase in OST as a response to peripheral vasoconstflcianincrease of 1.18C in

OST was found in postorneal transplant patients undergoing an inflammation that would have leaded to
a rejection of the implant*! Differences in ocular temperature were found among phakic and
pseudophakipatients when compared to matched contf@l©ST variations were also reported in dogs
with keratoconjunctivitis siccB® Eye surfacéemperature showed to be correlated to stress responses in

budgerigars” and mice®!
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Corneal temperature variations may be also associated to psychiatric disorders, including schizophrenia
(SCZ2) and Major Depressive Disorder (MDD), due to inducedaditers in thermoregulatory processes
related to humamomeostasi8® 3% that result in variations in core body temperaftifeas well as in
superficial tissues such as the corii8aCorneal temperature was reported to be correlated with clinical
severity of MDD and SC#°! Ocular infections with the parasitic apicomplexrgondii, associatedo
substantial increasesin OST, might explain some of the perceptual distortions experienced in
schizophreni&? Drug-free SCZ patients showed 1.55 °C higher corneal temperatures when compared to
matched controlé® Another study reported that the corneal temperature of neuretegried patients

was significantly lower than that of the drfrge patient$*! OST has a high potential to be targeted as a
parameter for reaime monitoring the ocular physiajg.% 31 “*IContact lenses have recently attracted
particar interest to be used as wearable sensing systems foropaiate medicing® 4’1In particular,

scleral contact lenses aoeular prosthetic devicesbtained from rigid polymers with high oxygen
permeability for preserving corneal metabolié#hThey rest on the sclera creating a tear fluid reservoir
over the cornel® They are already used to treat a number of eye diseases and [ffjuifkacluding

Dry Eye syndrom@Y keratoconu&® 52 StevenJohnson syndronmié! post Laser Assisted In Situ
Keratomilewsis (LASIK) complication$®® 53laswell as post corneal trangpit complication&*®! Hence,

the measurement of ocular surface temperature on a continuous basis isliésgfallgle in a wide range

of physiological conditions to monitor disease progression in personalized diagnostics. Here, we
developed scleral contact lenses for continuous OST monitoring. Tempesahgitve cholesteric liquid
crystals based on cholesterleyl carbonate (COC), cholesteryl nonanoate (CN), and cholesteryl
benzoate (CB) were embedded within fluorosilicone acrylate scleral lenses (Boston XO) inside
micropatterns etched in the contact lens by laser ablation. Colorimetric readouts weragekerfeng

Color Comparator and Color Name smartphone applicgfiimsed on the Red, Green and Blue (RGB)

color modef®!
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3.2.Materials and Methods

Materials. Boston XO commercial scleral lenses (diameter = 17mm) were supplied by Horus INC.
(Verona, Italy). Cholesteryl oleyl carbonate (COC), cholesteryl nonanoate (CN) and cholesteryl benzoate
(CB) were purchased from Sigma Aldrich. Norland Adhesive NOA68 U¥lidarglue was purchased

from Thorlabs.

Fabrication of contact lens sensoiGontact lens sensors were fabricated by etching microstructures
within the lens and embedding CLCs mixtures. The layout of the micropatterns were previously designed
on CoréDraw Dftware. Microstructures were obtained by laser ablation, using aRa@et laser
engraver at a wavelength of 1EB. Settings were optimized resulting in best results when using laser
powers of 4660%, engraving speed 50%, and standard material withad k n e s s Thefdev2ed 0 ¢
were then assembled. Cholesteric liquid crystals mixtures were produced by melting COC, CN and CB in
weight ratios of 0.40:0.58:0.10 and 0.36:0.58:0.10. The micropatterns were filled with liquid crystal. To
avoid any leakagdiquid crystals were embedded by epoxy bonding a 50 um thin glass circular sheet to
the contact lens, using a Wdrable glue. A tiny amount of glue was spread around the microstructures
using a cotton bud. The glass top layer was then laid over tlotusesi and cured in a UV oven for 30

minutes to achieve bonding. The contact lens was rinsed in DI water and dried at ambient temperature.

EquipmentA CO: Rayijet laser engraver was used to fabricate the structures. A customized setup was
used for reflegon efficiency measurements, comprising a hot plate, a bifurcated optical fiber purchased
from Thorlabs, USB2000+ miniature spectrometer for-MI&® measurements and a tungshattogen

light source, both purchased from Ocean Optics, an infthezthometerand a computer with a dedicated
software for spectral acquisition. Imaging was performed using a Zeiss optical microscope. The optical
fiber was kept firm by a probe holder, to provide irradiation and detection at normal incidenc©(®0

probe was conected to a tungsten halogen light source to irradiate the lens, whilst the reflectance probe
was connected to a miniaturized optical detector. The detector was connected to a computer with a

dedicated software for spectral acquisition.
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Optical characterzation of contact lens sensofdontact lens sensors were characterized on a hot plate
using an infrared thermometer to precisely control temperature variations in a point. The thermometer
was operated at normal incidence to the sensdrgscm of distance The sensors were exposed to
temperatures in the range 2210.0 °C with steps of 0.5°C. Spectra were acquired in reflection mode and
the reflection peak shift over temperature was calculated. Hysteresis was evaluated by swinging the
temperatee from 33.0 °C to 38.0C and from 32.0 °C to 33.0 °C. The latest measurement was meant to
reproduce a dry eye symptdht ® “9IA stabilization time of 10 minutes was given to the hot plate before
spectral acquisition. The time response of contars $&nsors was evaluated by placing the sensor on a
pre-heated hot plate at 40.0 °C while continuously screen recording Color Comparator live app with a
smartphone working at 60 fps. Time intervals were estimated by evaluating the time needed by the sensor

to switch to specific RGB triplets, associated to temperature values in the rafg®20.

Smartphone readout€olors were recorded using Color Comparétoand Color Name®! applications,
installed on an iPhone 6s. The phone camera was placed normal to thea@&nophef distance under
ambient light conditions of 200 lux. Light levels were measured using Lightmeté¥ apgialled on an
iPhone 6s. Color recognition applications identify each color with its RGB triplet. When controlling the
applied temperature, each RGB triplets (or group of triplets) can be associated to a specific value
Smartphone readouts were tested oexavivo porcine eye. Eyes were heated on a hot plate at 40.0 °C.
After visual color stabilization, the readout of the sensors was performed by taking a photo and performing
colorimetric analysis using Color Name apphermal images were acquired with sanartphone

compatibleFLIR Pro camera for iOS, and image analysis was performed using MATLAB.

3.3.Results

Thermochromidiquid crystals (TLC) were obtained by melting cholesteryl oleyl carbonate, cholesteryl
nonanoate and cholesteryl benzoate (COC/CN/CB wt%, 0.40:0.58:0.10). The three esters share the same

molecular skeleton, bonded to a different radi€&djre 21a). They can be melted together to obtain a



liquid crystal mixture, in which each compound retains its own chemical properties, whilst forming weak
inter- and intra molecular interactions. The physical properties of the mixture, such as the temperature
sensitivty range, can be modulated by varying the concentration of each compound within the mixture.
Thermochromic liquid crystalline (TLC) materials have been widely rep6ftedl Their reversibility,

fast response times, multiple color transiticarsg high temperature accuracy (01) makes them a
promising alternative to electronic sensfosprecision thermal mapping imearable medicine. Chiral,

rigid, and rodshaped molecules can form the cholesteric phase across a defined temperature range,
exhibiting a layered structure with a gradual twistimghe molecular orientatié¥ °¢! (Figure 21b, o).

This helical arrangement results in a Bragg refleeliken mechanism where incident light normal to the
molecular orientation and circularly polarized with the same sense as the helix is reflected according to
the formula_ ¢ (%5 lwher e o i s t he wmiethelrafractive iddexoatheariaterialg t h ,
and P is the pitch, defined as the distance between two egquighted layers, which variates over
temperature following a nelmear dependence. This results in a moredrapift in color at the red end

of the visible spectrum compared to the b€’ Upon a temperature increase during the cholesteric
phase, a shortening of the helical stack is observable. The pitch decreases tivdf, Resulting in a

refl ecti on pteog twt s tuing inducésra cofor ckange visible at the macro sogilee

21d presents a schematic of the fabrication of contact lens temperature sensors. Micropatterns are etchec
on scleral lenses by CQ&ser ablation. Liquid crystal mixtures with different temperature sensitivities

are prepared and embedded in the mgeclor uct ures by UV epoxy bondin
piece to the lens, to cover the pattern. Contact lens sensors can bénrcm®ehercial saline solutions

or in DI water.
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Figure 21. Contact lens temperature sensor. (a) Chemical composition of thermochromic liquid crystals. (i) Common
cholesteryl esteric skeleton, (ii) cholesteryl oleyl carbonate, (iii) cholesteryl ben@@gatbplesteryl nonanoate. (b, c) Sensing
mechanism of thermochromic liquid crystals: (b) temperatniggered state change, (c) reflection peak shift over temperature

in the cholesteric phase, resulting from the preferentially reflected wavelengghpmnding to the distance over which a360
rotation of the field director occurs, namely the pitchaRd B. (d) Fabrication of the contact lens sensor. (e, f) Photos of a

contact lens sensor with four active areas for continuous corneal tempergbpiegn&cale bars: 5 cm and 1.5 cm.

Characterization of the liquid crystaDptical characterization of liquid crystals was performed using
the reflection spectroscopy setup depicteBigure 22a. A bifurcated optical fiber for both illumination
and detection at an angle of 90° was used. Standard errors were calculated frone#istgements per

point. Figure 22b shows the wavelength shift of liquid cryst@@C/CN/CB wt%, 0.40:0.58:0.)vithin
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the visible spectrum from 738+4 nm to 474+4 nm upon increasing the temperature from 29.0 °C to 40.0
°C with steps of 0.5 °C. The refléat peak shift over temperature can be nicely approximated by a second
order polynomial fitting (R=0.98) that individuates a hyperbolic behavior, typical of liquid crystals
(Figure 22c). The reflection efficiency trend was measured within the same tetaperange Kigure

22d). It was found to gradually increase from 14+4% at 29.0 °C until reaching its highest value at 31.5
°C, which amounted to 46+2%, followed by a decrease from 31.5 °C to 40.0 °C. The lowest efficiency
was measured at 40.0 °C (4+£3%),emd the liquid crystal exhibited a color that resembled a dark blue
under naked eye. A color can be uniquely identified by a point on the CIE 1931 chromaticity diagram,
and it can be defined by a couple or a triplet of coordinates, according to diffesdetsmin this
framework, the (x, y) system was adopted. The chromaticity diagram of liquid cy&alCN/CB wt%,
0.40:0.58:0.1Din the temperature range 2910.0 °C with steps of 0.5 °C is presentedrigure 22e.

The first value (1) corresponds t0.29C, and the last value (23) corresponds to 40.0 °C. Figure 2d shows
the gradual variation from the red spectrum to the blue, passing by green, resulting from an increase in
temperature range (please insert the range here). Thedaordinates in th€IE 1931 space follow a
reciprocal trendRigure 22f). An increase in the x coordinate was observed from 29.0 to@9f&llowed

by an interval with small variations in the range 38105 C. A substantial decrease was measured over
temperature variatits in the range 32-84.5 °C, and a minimal decrease from 35.0 °C to 38.5°C. Small
variations were observed from 39.0 °C to 40.0 °C, with a peak at 39.5 °C. The y coordinate followed a
mirrored trend to X, with a decrease from 29.0 °C to 31.0 °C, an secfieam 31.0 °C to 34.5 °C, minimal
variations from 34.5 °C to 36.5 °C, and a gradual decrease when increasing the temperature from 36.5 °C

to 40.0 °C, with exception for 39.5 °C, in correspondence of which a slightly larger value was measured.
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Figure 22. Characterization of liquid crystaCOC/CN/CB wt%, 0.40:0.58:0.)0n the temperature range 2910.0 °C. (a)
Reflection spectroscopy setup. (b) Wavel@rshift over temperature. (c) Reflection peak shift over temperature trend. (d)
Reflectionefficiency over temperature trend. (e CIE 1931 chromaticity diagram over temperature. Values from (1) to (23)
correspond to reflection spectra of the liquid crystal from 29.0 °C to 40.0 °C. (f) CIE 1931 (x,y) coordinates over temperatu

trend.

Smartphoe readoutsColorimetric smartphone readouts were performed to individuate the RGB triplets
identifying the colors of the liquid crystals as a response to temperature variations in the rad@e029.0

°C. Color Comparator and Color Name smartphone apgitainstalled on an iPhone 6s were used. It

is well known that RGB output triplets are dependent on the brightness and luminosity of the environment,
and consequently of the material. For this reason, readouts were performed at ambient light levels of 20,
200, and 300 lux, to provide a broader spectrum of the color to be expected in different conditions. The
phone camera was kept at normal incidence to the sensor, atfxd@tance An illustrative example of

the readout configuration is reportedHigure 23a, where the contact lens sensors is fitted on an orbital
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prosthesis at ambient temperature, and the sensor displays a black color, which is detected by the
smartphone apd{gure 23b). Color Comparator used the smartphone camera to record live imiages

the sensor heated up at 29.0 °C to 40.0 °C with steps of @bd @entified théRGB triplets associated

to each temperature. Color Comparator expreB€&# triplets in bit, as a value comprised between 0 and

255 for R, G and B, respectively. Thesdues were converted in percentdggure 23c shows the RGB
percentage in the range 2910.0 °C underambient light levels of 200 lux. Note that the plot reflects a
gradual shift from red to blue, where the red contribution lies between the 50% and the 80% for lower
temperatures, with a further decrease. Blue contribution follows the opposite behdhiar2®86 at 29.0

°C and approaching the 60% around 39.0 °C. Green is more present for medium temperature values, lying
between the 55% and the 70% for temperatures in the rang8&R.@C. Figure 23d-f show the scatter

of individual red, green and bluerdributions at ambient light levels of 20, 200, and 300 lux, graphically
indicated with an increasing color intensity of the dots. The three scatters for each color (R, G, B) reported
similar trends in the range 2940.0 °C, and slightly different intemi®s. Considering the color
contributions as percentages, it is intuitive that, regardless of the intensity, a red color will exhibit a higher
percentage of red, and the same applies to all colors. The ambient light intensity variation is easier to
apprecate when considering RGB triplets expressed in bits, where absolute red is (255, 0, 0), absolute
green is described by (0, 255, 0) and absolute blue by (0, 0, 255). What we can observe here is that colot
contributions are consistent at different ligavels, and they can be detected in environmental light
conditions as low as 20 lux. Red peaks were reported to be at 29.0 °C and 31.0°C, where they reached the
60% and the 80% in 2B00 and 300 lux, respectively. Green peaks were observed at 33.5 °C aaj 35.5

with contributions of the 55%, 50%, and 70% at 20, 200, and 300 lux, respectively. Blue peaks were found
at 39.0 °C, 39.5 °C and 40.0 °C, with contributions around th&0%0. Figure 23g shows the color of

the sensor associated to different temperatuss seen with naked eye, captured using an iPhone 6s
camera under ambient light of 200 lux.

Hysteresis.The hysteresis of the contact lens sensor was experimentally evaluated by increasing the

temperature from 33.0 °C to 38.0 fath steps of 0.5 °C, anfirther bringing it back to 33.0 °C, with a
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stabilization time of 10 minutes at each stejgre 23h). This range is particularly interesting to simulate
temperature variations in clinical case$! Reflection peak shifts increased in all cases dutireg
receiving mode, i.e. from 38 to 33.0°C. At 33.0°C, the reflection peak shift varied from @&bnm

to 660+3 nm. At 34.0 °C, the reflection peak shifted from 610+8 to 616+7. Shifts of 573+8&bAGk1d

nm, 553+9 nm to 560+5 nm, and from 537+Ih to 546+7 nm wsmeasured at 35.0 °C, 36.0 °C, and

37.0 °C, respectively. At 38.0 °C, the reflection peak was observed at 5266 nm. Hysteresis was also
evaluated by swinging the temperature from 32.0 °C to 33.0 °C to simulate a possible symptom of dry
eyeinfectior: * 4%1(Figure 23i). In this case, the reflection peak shifts were found to slightly decrease in
the third and fourth round when compared to the first and the seRefidction peak shifts of 6948 nm

and 694+7 nm were observed at 32.0 1@fts of 580+5 nm and 573+4 nm were measured at 33.0 °C.
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Figure 23. Readoutshysteresisand time response of contact lens temperature sensdwsS¢aartphone readout method. (a)

The smartphone is placed with the camera pointing at normal incidence to the sensomftiStamce A contact lens sensor

is fitted on an orbital prosthesis ambient temperature. Scale bar: 2.5 cm. (b) Screenshot of colorimetric readout. The black

color is detected and its RGB triplet is given as an output. Scale bar: 2.5 cm. (c) RGB percentages in the #h§e’ 20

ambient light 200 lux. (d) Individual red (d), green (e) and blue (f) contributions at ambient light levels of 20, 200 and 300

lux. (g) Color palette associated to the sensor under 200 lux in the rang#02® T, captured with a smartphone camera.

Scale bar: 2 mm. (h) Hysteresis ealan by swinging the temperature from 33.0 °C to 38.0 °C at steps of 1.0, and back. (i)
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Hysteresis evaluation by swinging the temperature between 32.0 °C and 33.0 °C. (j) Time response over temperature in the

range 29.840.0 C.

Time responseThe timeresponse of liquid crystals was baskaluated based on the smartphone
detection of the RGB color code associated to temperature values in the rang@.@90 under light

levels of 200 lux. The liquid crystal switched from %RGB (65, 20, 15), asso¢@medemperature of

29.0 C to (10, 8, 82), associated to a temperature ofClOin 490 ms, with quicker response for
wavelengths below 550 nm. The time response trend approximatedthwidedegreepolynomial curve
(R?=0.96) is shown irFigure 23j. A stabilization time of £ seconds would be enough for ocular
temperature readouts in a realse scenario.

Readout on an exivo porcine eyeContact lens sensors were fitted on a porcine eye and heated up at
40.0 C. Colorimetric readouts were penfoed on contact lenses using smartphones, and on the whole
eye using an infrared (IR) camera. The results were comgagenie 24ashows a photo of the lens fitted

on the eye with heating off, at ambient temperature. Temperature sensors appear blabktd'ie p
Figure 24b displays a contact lens sensor fitted on the heated porcine eye. The sensor is imaged using a
smartphone camera at normal incidence, aridcan of distancgFigure 24c). The photo is uploaded in

Color Name app forHhone 6s, where colmnetric readouts are individually performed in the areas of
interest Figure 24d). The application®utputa set of RGB codes associated to the color identified in
each area, and the resulting normalized color is displayed. Colorimetric results are gedhinatie

RGB plot ofFigure 24e By interpolation with the RGB characteristic of contact lens sensors, previously
displayed in Figure 3c, four temperature readouts could be individuated, namely 34.5+0.4 °C at the central
sensor, 36.0+£0.5 °C at the panaical sensor, 37.0£0.3 °C at the peripheral sensor, and 39.0+0.3 °C at the

limbal sensorKigure 24f).
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Figure 24.Optical characterization of a contact lens temperature sensor with four active areas. (a) Photograph of a contact lens
for corneal temperate mapping, differentially heated at 33.5 °C, 34.0 °C, 34.5 °C, and 35.0 °C. Scale bar: 1.0 cm. (b)
Reflection spectra of the four sensors. (¢) Reflection peak shift and reflection efficiency trends over temperatures within th
contact lens. (d) Color ohe four sensors, as seen when acquired and after average on the smartphone app. Scale bar: 2.0 mm.
(e) Wavelengths of the colors observed within the contact lens plotted on the CIE 1931 chromaticity diagram. (f) Reflection

peak shift and reflection effiaiey trends plotted over distance from pupil's edge to individuate the four sensors.

At the same times, the eye was imaged using a smartigloomgatible IR thermal camergigure 25a

shows a comparison between the frequency of occurrence of different temperature values before and aftel
applying heat to the sample. The corresponding themedes are displayed Figure 25b andFigure

25¢ at room temperature and under heating, respectively. These two images are the thermal images
corresponding to Figure 5a and 5b. At heating off, an average of the corneal temperature was extracted,
with ameasured value of 25.€. At heating on, the four sensing points were spotted in the image, and
their temperature was measured. Reported values were 34.8+0.2 °C 36.4%0.2 °C 36.8+0.3 °C 38.6+0.2

°C. Note that thermal images are specular to phone camegesmathe y axis. The infrared camera is
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plugged in the charging port and the phone is turned d&dng thermal acquisition. Hence, the point of
maximum temperature (limbal sensor) is located at the top righgure 25d, and at the bottom left in

Figure 25e Figure 25f shows the comparison between temperature values measured with the infrared
camera and with contact lens sensors. An average difference of GMas observedThis method
demonstrated a proof of principle. The porcine eye was chosemuitate a more realistic scenario. This
method may be improved by developing a customized smartphone application that outputs temperature

values.
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Figure 25. Readout process tested oneagvivo porcine eye(a) Photograph of a contact lesensor fitted on a porcine eye at

ambient temperature. Scale bar: 1.5 cm. (b) Photograph of a contact lens sensor fitted on a porcine eye under heating. Scale
bar: 1.5 cm. (c) The sensor under heating is imaged using a smartphone at normal incideriteranéidistance Scale bar:

3 cm. (¢) Readouts performed with Color Name app. Eyes with inset colors are shown. Eye insets scale bar: DscaleEyes

bar: 2 cm. Scale bar of colored circles: 2 mm. (e) RGB readout of contact lens sensors fittedcoreaperunder heating.

(f) Estimated temperature values from contact lens sensors. Scale bar: 1 cm. (g) Temperature distribution within thesmal imag
acquired with an IR camera at ambient temperature and under eating. (h) IR photo of a contactlensdfiercine eye at

ambient temperature. Scale bar: 1.5 cm. (i) IR photo of a contact lens fitted on a porcine eye under heating. Scala.bar: 1.5

(j) Comparison of the temperature measurements using contact lens sensors and infrared cameras.
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3.4.Discusson

Liquid crystals were obtained by mixing three cholesteric esters (CLC, CN, and CB), obtaining a
temperature sensitivity range of 2810.0 °C with steps of 0.5 °C. The same materials may be capable to
discriminate among temperature intervals as smallla<!® when controlling the temperature at shorter

steps with instruments operating with higher precision. Liquid crystals showed a decrease in the reflected
wavelength for increasing temperature values. This is due to an increase in the displacement angle
between the long axes of adjacent molecules in the helical stack defined in the cholesteric phase of these
molecules, with a decrease in the pitch. The pitch dictates the preferentially reflected and transmitted
wavebands within the material. No overlaps wabserved between reflection peaks in the liquid crystals

at consecutive temperature values. Overlaps were observed in the time response, suggesting that :
stabilization time of 2 s would be enough for ocular temperature measurements. The reflectemtgffici
showed a peak at 32.0 °C. The colorimetric characterization of liquid crystals was performed using
smartphone apps at different light levels, and they exhibited a consistent trend. Corneal temperature values
of 34 C and above were reported multiglaés in literatureasa target threshold for diagnostic purposes

(17,27, 341 Other studid§ “! reported that temperatures in the range -33.6 C were found across the
corneal area. The hysteresis of the sensor was evaluated by temperature swing in the range 33.0 °C ftc
38.0 °C, and from 32.0 °C to 33:C, with a stabilization time of 10 minutes at each 1.0 °C step, showing
aver age Vv admin hetween advananfy and receding measurements. The sensors took less than
500 ms to undergo a blat&-black shift in the full temperature range. Liquigistals embedded in contact

lenses were optically characterized, showing a consistent behavior. The readout principle was shown on
anexvivo porcine eye, where readouts were compared with infrared thermal measurements, resulting in
an average differencd 8.3 C. Contact lens temperature sensors may be used to monitor dry eye disease
(0.5 C decreas€§® postcorneal transplant infections (T increasef* IOP modifications (0.5C
variations)*’ as well as to monitor ocular temperature variations in individuals for research purposes, to

contribute to trace the confines of healthy/unhealthy ocular temperature values, and external factors
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influencing the same. Scleral lenses are an attractive device foiopaiate medicine applications, being
them used daily by patients suffering fromvaiety of diseases where corneal temperature monitoring

may be desirable.

3.5.Conclusions

A contact lens sensor to monitor the ocular surface temperature was developed, using thermochromic
liquid crystal esters. Cholesteryl oleyl carbonate, cholesteryl nonanoate and cholesteryl butonate were
mixed with proportionsvt%, 0.40:0.58:0.10to obtaina temperature sensitivity range of 23@.0 °C

with steps of 0.5 °C. A reflection peak shift from 738+4 nm at 29.0 °C to 474+4 nm at 40.0 °C was
observed. Temperatusensitive contact lenses using liquid crystals as active elements have the potential
to discriminate between temperature values as small as 0.1 °C. Contact lens temperature sensors can be
low cost,minimally invasiveand portable method to perform continuous corneal temperature monitoring

in a range of ocular conditions. Readouts wereoperéd using smartphones with color recognition
applications, where RGB triplets identified each color, which was associated to a temperature value.
Further work will be focused on improving the resolution of the contact lens sensor by analyzing the color
shades while precisely controlling the applied temperature at smaller steps. A more detailed measurement
of the OST at a pointf-care level can be then performed by developing a customized smartphone app
that displays the temperature value to the userpl8yimg OST measurement techniques to a point of

care setting could help targeting eastage diagnosis and ocular infections monitoring.
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Chapter 4

Ocul ar Pressure Monitoc

The Intraocular pressure (IOP) is a physiological parameter that plays a crucial role in preventing,
diagnosing, and treating ocular diseaseseample, lowering the IOP is the primary focus of glaucoma
management. However, IOP is a widely varying parameter, andfomeeasurements are prompt to
errors. Developing portable solutions for continuous monitoring of the IOP is a critical goal in
ophthalmology. Here, stretchable nanostructures were developed adstraite diffraction gratings and
integrated into a contact lens. They exhibited a limit of detection (LOD) <2 mmHg and a linear response
in the range of interest (1% mmHg). Nanopatternsere characterized under monochromatic laser
sources and further integrated into a soft contact lens. A smartphone readout method based on
preferentially reflected colors was proposed to pave the way towards smast@saaeocular health

monitoring.
4.1. Introduction

The intraoculampressue (IOP) inside the human eye maintains a value o0210nmHg in healthy
conditionst¥ The IOP was not routinely assessed until the late 19th century, with the advent of the
Maklakoff applanation tonometer. Following that, Schid¢xeloped an indentation tonometer that was
widely used throughout the world during the first two thirds of the 20th century. In 1950, Goldmann's
applanation tonometer began the era of accurate IOP measurement, the most widely used until today.
Lately, tanspalpebral tonometers became attractive as they do not require topical anesthesia. However,
they lack accuracy. The role of IOP in the management of glaucoma remains critical, and continuous
monitoring methods are desirable.

Glaucoma is a group of progressive optic neuropathies characterized by a degeneration of retinal

ganglion cells and retinal nerve fiber layers, that result in changes in the optieahaad® 4 A gradual
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deterioration of the optic nerve is attributed to several triggering factors, primarily ocular hypertension,
which causes damage to the optic nerve and a consequentipufdaqueous humoFigure 26A).1%
The World Health organization defines glaucoma as the second cause of avoidable blindness globally
(12%), following cataract (47%) and before agkated macular degeneration (AMD, 9%). Glaucoma
affects 7.7million people worldwide, and this number is expected to rise to 112 million by!204bile
half of glaucoma patients in high income countries is unaware of their disease, this figure surpasses the
90% in low and middle income countrisGl aucoma is classified as ope
secondary. Secondary glaucoma may be associated with underlying systemic inflammatory, vascular or
malignant causes as well as specific oculaditmms!®

Lowering IOP remains the primary focus of glaucoma managef&hthis is mainly achievedsing
| OP | owering eye drops, contai ni ng acebtliovcek-2irmsgr
agonists, carbonic anhydrase inhibitors, and muscarinic receptors afdnistser therapy is also
available, both as a first treatment option and to patients who have failed mealcajementt severe
stages of the disease, surgical intervention is perfolfrgdrly-stage glaucomaggtients were found to
benefit from yoga ocular exercise to lower 1&PIncreasing evidence suggests that oxidative stress may
contribute to the induction and progression of glaucoma. Antioxidant use may hetghtheducing IOP,
preserving vascular health, and preventing ganglion cell'®ss.

The IOP was found to have seasonal fluctuatiorgddocoma patients, with lower values reported in
summer and highest in winter, particularly in cases of comorbidity with dry eye diseasel{th@m)lar
changes also occur during pregnalfly,mainly as benign physiologic responses to hormonal
modifications, as well as during weight liftifl§. Moreover, IOP fluctuates between diurnal and nocturnal
hours. Ncturnal supine IOP was reported to be higher than diurnal sitting IOP. However, glaucoma
patients register a smaller diuri@inocturnal increase in IOP when compared to heaittoyps'®
Caffeine consumption effect on IOP was aieswestigated, resulting in significant IOP increase in
glaucoma patients, compared to a negligible effect in healthy subfe¢@P was also found to be

influenced by hemodialysis (HDY! exposing patients with a history of HD to a higher risk of developing
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glaucoma. A lower IOP was observed in patients following cataract extraction, making it an effective
treatment for ocular hypersion!*® 24

Monitoring glaucoma progression is of crucial importance femains challenging despite new
diagnostic technologies. Standard automated perimetry (SAP) for visual field (VF) testing is used in
diagnosis and follovup. Imaging devices such as the Heidelberg Retina Tomograph (HRT) can quantify
glaucomatous progressi@f the optic nerve head by comparing baseline with fellpwmages of the
same patient. However, it is difficult to define the impact of IOP on glaucoma progression due to its
fluctuation and lack of standardizati.Furthermore, oneff measurements of the IOP are an error
prone snapshot into a widely varying physiological parani&ter.

Contact lenses have attracted particular interest as potential ophthalmic monitoring platforms, due to
their popularity as ocular wearables fdsion correction, cosmetics and therapeufié¢Several contact
lens sensing platforms were developed in the last decade,imgletises for reaime monitoringthe
ocular temperaturé®? and for screening tear fluid biomarkers, such as?pH? glucosd?” and
proteins®® Recent studies also report on the development of contact lenses for IOP continuous
monitoring. However, they are primarily based on electrical readouts, theyatetegtennas and raeio
frequency (RF) transmitters, components that the Food and Drug Administration (FDA) has often been
reluctant to approve for usage in reake scenarid$>33 A recent work reports on the development of a
contact lens tonometer employing graphene woven fabrics as-eglsiglition sensing element. However,
the process would be difficult to scale Ep.

The technology paradigm with regards to IOP monitoring via contact lenses is shifting te thfe us
microfluidic methods, employing a mechanism where a liquid material, such as an oil or a dye, flows
within a microfluidic system in amounts proportional to the ocular pressure fluctuations, and the device
can be readout by visual methods. Howeversdhmases involve the introduction of additional materials
in the eyeball, and require muttiep processing of individual lengé&s 33

Recent applications of PDMS nanostructures have dramatically increased in the biomedical field due

to their optical, mechanical and electrical propeffizs? PDMS nanbuttonshave been designed to
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develop antimicrobial surfac&$ fluorescence imaging technologiédJive cell analysis platfors*?
and enhanced glucose sendbtdn this chapter we report on the esof PDMS nanostructures as
stretchable, optical pressure sensors for integration into contact Idfigese (26B). Stretchable
nandouttonswere obtained by-beam lithography on silicon, followed by replica molding with PDMS to
produce flexible gratings. Upon stretching the sample, the grating spacing increases, resulting in a
proportional change in the diffraction pattern, according tddimeula

QOE "~ & _

whereQ is the grating spacing (considered as the distance between the center of a pillar and its

consecutive pillarinthegrating,j s t he angl e between the diffract
¢ is the order of diffaction, anc_is the wavelength of the incident monochromatic light. Hence, a larger
‘Qresults in a small§ (Figure 26C).

Three nanopatterns with a pillar diameter of 700 nm, height of 800 nm, and spacing of 500 nm, 1 um
and 2 um between pillars wefabricated and compared by optical characterization using lasers with
wavelengths of 450 nm, 532 nm and 670 nm. The geometrical features allowed to achieve sensitivities in
the range of interest (8% mmHg). The finite element method was used to visutlizetress/strain in
three model structures. Stretchable pressure sensors were integrated into a soft contact lens anc
colorimetric readouts were performed using a smartphone to achieve a portable, rdfeestidmethod
to capture the sensor responsectly oneye. The proposed pressigensitive contact lens represents a
low-cost paradigm shift and a critical innovation for the monitoring of glaucoma and, more broadly, ocular
hypertension, particularly due to the use of a smartphone camera andisiage#eanalysis software for

sensor readout, that are widely available and that can streamline the adoption of the proposed technology
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Figure 26. Tunable diffraction gratings as ocular pressure sensors. A) Schematic of the eye in healthy subjects and glaucoma
patients. B) Photograph of a contact lens integrating an optical strain sensor based on Pd$onar®&cale bar: 5 mm. C)

Working principke of the strain sensor. Left: sensor at rest; right: sensor under strain. The application of a strain causes the
sensor to stretch, inducing a change in the grating spacing. This, in turn, results in a change in the diffractiorEbattern. S
micrographs gcale bars2 um) and diffraction patterns¢ale barsli cm) are displayed to show the concept. Further down,

the schematics illustrate the angular diffraction shift, resulting in a change in position®f aaters according to the equation

Q0F "~ & .

4 2. Materials and Methods

Materials. Sylgard 184 silicone elastomer kit was purchased from Dow Corning.
Equipment.Collimated laser diode modules (450nm, 4.5 nf@PS450); 532nm, 4.5mW (CPS532);
670nm, 4.5mW (CPS670F), Thorlabs), Visible Nbdrared Light Source, HR2000HP-FHSA (20W)
(Ocean Optics), FLAMES-VIS-NIR-ES Spectrometer Assembly (3%000nm) (Ocean Insight), @1"
Motorized Precision Rotation Stage (tvle) Bundled with DC Servo Motor Driver and Power Supply

(KPRM1E/M, Thorlabs), 400 um Premium Bifurcated Fiber, VIS/NIR, 2 m (QBIF4EINIR, Ocean
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Insight), Leica DM2700 P Upright Microscope (Leica), SEM-3I0 FEG at 10 kV (Ph
coater Emsgpe SC500 (Emscope Laboratories).

Software CleWin 5 ImageJ, SolidWorks, COMSOL Multiphysics 5.4, Color Grab and Photometer PRO
smartphone applications running on a Huawei P10 Lite smartphone with an Android (Google, USA)
operating system.

Fabrication ofsilicon naneholes.Nanopatterns were designed on CleWin 5 and reproduced on single
side polishedSSP) 4 inches silicon wafers obtained through from the Southampton Nanofabrication
Centre, UK. The process involved free nitrous acid (FNA) cleaning oflib@nswafer followed by spin

coating of PMMA photoresist,-eeam writing, and development. The pattern was finally coated with a
Teflon layer to facilitate PDMS peel off.

Fabrication of PDMS narfmuttons Nanostructured PDMS surfaces were obtained byicaepholding

from the silicon mastePDMS was obtained by mixing elastomer and curing agent with 10:1 ratio,
followed by 2 h degassing at ambient temperatunel. bf PDMS was then poured onto the silicon wafer

and cured at 60°C in an oven for 6 hours. Theed PDMS was then removed from the mold, yielding

0.2 mm thick PDMS nanostructured layers.

Imaging of PDMS nartauttons The 3D topography of the surface was observed by Scanning Electron
Mi croscopy (SEM) at 10 kV and lagsdedradhesivescarbon tages w
and sputter coated with 100 nm of gold. At 25 mA for 3 minutes prior to the imaging.

Calculation of the limit of detection (LOORndividual LODs for each diffraction order (n) and wavelength

of incident light ) were calculated using tiiemethod2
00 Q o —,
wherei 0 QiQthe standard deviation addis the slope of the calibration curve (linear trendlibe,
a w n) of the sensor for the diffrion order¢ and wavelength (obtained from the individual curves

showed inAppendix VIl ). To estimate the LOD of the sensor, the average of the fivorders LODs

for pattern 1) or four (? and 3¢ orders LODs for pattern 2 and 3) was taken.
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Preparaion of pressuresensitive contact lenseBDMS was obtained by mixing elastomer and curing
agent (10:1), followed by B degassing at ambient temperature and manual removal of bubbles by
exerting air flow using a pipette. 1 of uncured PDMS was theropred into the contact lens mold

and cured at 80°C on a hot plate for 15 minutes. The lenses were then removed from the mold, rinsed in
isopropanol, and blow dried. PDMS nanopatterns with an area @irfbO@ere then bonded by activating

both surfaces witin oxygen plasma pen and bringing them into contact for 15 minutes.

Straindependent optical characterization of PDMS nautons The stress/strain optical setup consisted

of a laser source held by a mechanical support which included a motor to adjust the rotation angle.
Monochromatic light was placed by default at normal incidence to the grating, held by two 3D printed
clamps thatvere customized to apply strains with a resolution of 0.1°Nfhe applied strain could be
visualized on a monitor connected to the strain stage. This was achieved by using a 500 N force sensor
(FH500, Sauter, DE) fitted on a fixed mechanical breadbasirdywa 3Dprinted fixture. One of the 3D

printed clamps was fitted on the force sensor. The second clamp was fitted on a manual linear translation
stage with an enthounted micrometer (PT1/M, ThorLabs, USA) allowing controlled elongations along

the deviceaxis. The 3D printed parts were fabricated using a Fortus 400mc 3D Printing System (Stratasys,
USA). Upon applying strains in the range-3% mmHg, the diffraction pattern changes projected on the

wall was imaged with a camera. Laser sources emittingtahAb 532 nm and 670 nm were placed at 1

cm from the grating. The spacing between the grating and the screen was 1 m. Diffraction peaks were
recorded with a spectrometer connected to an optical fiber placed at normal incidence to the screen on
one side (In distance) and connected to a laptop on the other side.

Strain simulations of PDMS nabhottons Stress/strain simulations were performed using COMSOL
Multiphysics 5.3A. Three geometries were designed, with constant parameters (nanopillar height: 800
nm; ranopillar diameter: 700 nm; thickness of the base substratet; 3vidth and height of the base
substrate: 1um), whilst varying the grating spacing. Patterns 1, 2 and 3 were designed with a spacing of
500 nm, 1 um, and 2 pm, respectively. The computationodel was implemented using the solid

mechanics module. PDMS was assigned as a library material to the whole geometry and defined as a
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linear elastic materia®(J 3 m). Initial values for the displacement and structural velocity fields
were both seto zero ¢ Ttr]—O m. The bottom face of the base substrate was set as the fixed

constraint¢ 1), and the rest of the geometry was free to move. Strains were added to the mechanics
as boundary loads to the face of the geometry placed in thialref interest Y>> 3 ). Strains of

15, 20, 25, 30 and 35 mmHg were applied in the X, y and xy axes to induce expansion and/or compression.
Results were obtained from stationary studies for each strain.

Colorimetric optical characterization of PDMBanduttons The measurement setup consisted of a
bifurcated optical fiber connected to a spectrometer on a side, and to a white light source on the other
side. The single end of the fiber was placed at 45° to the grating. Upon direct irradiation a&e45°, t
nanopatterns exhibited a preferentially reflected color, visible with the naked eye, which was recorded in
reflection mode by the spectrometer.

Colorimetric smartphone characterization of PDMS obnttons The same concept was replicated using

a smartpbne, exploiting its light sensor, torch, and camera. Ambient light levels were monitored using
the Photometer PRO application and kept in the range2349ux (Ix). The smartphone torch acted as

the light source, which was tilted such that the incidemdigitt to the grating was 45°. The smartphone
camera, placed right below, was used to identify the color with its RGB coordinates. This concept may

be expanded into a smartphone app that outputs the corresponding pressure value.

4.3. Results

Nanoholes were obtained on silicon bybeam lithography and reactive ion etching (RIE), using
polymethyl methacrylate (PMMA) as the resist. The silicon chip was then used as a mold to produce
PDMS replicas with a thickness of 2th (Figure 27A). Nanohols had constant diameter (700 nm) and
heights (800 ninandvarying spacing of 500 nm (pattern 1), 1 um (pattern 2), and 2 um (patt&EIgd).
micrographs of the three PDMS nanopatterns are showigume 27B. Surface profiles are displayed in

Figure 27C.
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Figure 27. Fabrication of PDMSanduttons A) Electron beam lithography on silicon and replica molding on PDMS. B)

SEM micrographs of the three gratings made of pillars with diameter d = 700 nm and incsgasings of 500 nm, 1 um

and 2 umScale barsl.5um. C) Surface profile of the gratiag

Straindependent optical characterization of PDMS tantonswas performed using a customized setup

(Figure 28A), consisting of a red, blyer green laser at normal incidence to the grating. The laser motor

allowed to tune the angular rotation of taser beam. The grating was held by two clamps, one connected

t

o a fixed position force sensor (applied
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connected to a manual linear stage that controlled through a micrometer to define tive tistareen

the two clamps and thus the applied strain. Upon irradiating the nanostructures, their diffraction pattern
was visualized on a screen (placed at df mistancdrom the grating) and imaged with a camétigure

28B shows the normalized emissiohthe monochromatic laser sources used in this work (450 nm, 532
nm and 670 nm)Figure 28C-H displays the optical characterization of the first pattern, featuring a
spacing o500 nm. Figure 28C shows the diffraction pattern at different wavelengthsliding white

light, 4001100 nm, where three diffraction orders are visible). The grating at rest exhibited the diffraction
peaks presented Figure 28D, with the ¢ diffraction order set at 0° as a reference for all wavelengths.
The Fldiffraction orcer at rest was observed at angular rotation§3ff and 52° at 450 nn60° and 61°

at 532 nm;65° and 65° at 670 nm, suggesting that higher wavelengths correspond to larger diffraction
angles of nos0™" order Ut ). The strairdependent optical response was recorded in the physiological
range of interest (35 mmHg). Figure 28E displays the % order diffraction shift at 450 nm, 532 nm

and 670 nm at applied pressures of 15, 20, 25, 30 and 35 mmHg, taking ttae pasgition of the first

order diffraction peak at rest as a reference (e.g. if the first order peak with null strain has a rotation of
30° and the first order peak at strain 20 mmHg has a rotation of 50° with respect to the bdsetither (0

0°), theresult is displayed as 50°30° = 20°). The slope of the curves and the standard deviation were
used to calculate a limit of detection (LOD) of 1.36 mmHg and a sensitivity of 0.43°/mmHg in the linear
range (1535 mmHg Appendix VIl ). Individual angular ration peaks at 450 nm are presenteeigure

28F. The angular rotation is inversely proportional to the applied pressure. Hereattsedisplays the

total rotation compared with the baseline. The negative first diffraction peaks were observedriy rotat
the laser t649° (15 mmHQ);46° (20 mmHQ);43° (25 mmHQg);41° (30 mmHg) and38° (35 mmHg).
Similarly, the positive first diffraction peaks were recorded at angular rotations of 49° (15 mmHg), 46°
(20 mmHg), 44° (25 mmHg), 42° (30 mmHg) and 40°1f@BHg). The todeft image shows the gradual
decrease in the diffraction pattern spacing, corresponding to an increase in the grating Sjgacig.

28G shows the angular rotation of diffraction peaks observed when irradiating with a green laser source

emtting at 532 nm. The tofeft image displays the gradual decrease of the diffraction spacing. First order
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diffraction peaks were observed #0° (15 mmHg),£59° (20 mmHg),+58° (25 mmHQg),£57° (30
mmHg),-55° and 56° (35 mmHg). The angular diffractiomkeat 670 nm are presentedrigure 28H,
together with the gradual decrease of the red diffraction spacing. First order diffraction peaks were
observed at62° and 58{15 mmHg),-60° and 56° (20 mmHg}56° and 50° (25 mmHg}53° and 48°

(30 mmHg) andtt42° (35 mmHg).

The optical characterization of pattern 2 is presentdedgare 29. Pattern 2 has a grating spacinglof

pum, resulting in smaller diffraction angles with a higher number of diffraction orders visible in the same
area when compared to patterdrigure 29A displays the diffraction pattern when irradiating with white

light (4001100 nm), blue (450 nm), green §BBm), and red (670 nm). As expected, we can see larger
diffraction angles for larger wavelength of the incident light. The diffraction profile at rest is displayed in
Figure 29B, where the $and 29order diffraction peaks are visible. The pressigpendent behavior is
summarized in the graph Figure 29C. Diffraction shifts around 25° (compared to tifeahd 29 order
angular rotation at rest) were observed at 670 nm. At 532 nm and 450 nm, the shift amounted to 10° and
5° on average, respectively.LOD of 1.42 mmHg and a sensitivity #0.48°/mmHg were calculated in

the linear range 35 mmHg Appendix VIl ). Figure 29D presents the angular rotation of tifeotder
diffraction peaks when tuning the applied pressure in the physiological iapigéded rotations 0f48°

and 47° (15 mmHg)47° and 45° (20 mmHg)45° and 43° (25 mmH@g)43° and 42° (30 mmHg}40°

and 41° (35 mmHg) compared to the baseliffeof@er, 0°).

134



Screen
Grating

_ Laser beam

Monitor

Optical table cAmers

400-1100 nmM
- \j

532 nm

1
1
1
1
1
1
1
1
1
1
)
¥

Figure 28. Optical characterization setup and characterization of pattéspating 500 nm). A) Straidependent diffraction

setup. A laser beam is kept at a normal incidence to the fabricated molded PDMS gratings, held by two clamps with tunable
distance. The diffraction is observed on a screen and recorded with a camerasd$rcgpectra of the monochromatic laser
sources used for characterization. C) Diffraction patterns obtained from the white liglitl@@®m), 450 nm, 532 nm and

670 nm light sources. Scale bars: 2 cm. D) Diffraction peaks at rest. E) Présparalendliffraction shift in the range 185

mmHg. F) Diffraction peaks at 450nm, G) 532 nm and H) 670 nm, in the pressure ranggbahiiHg. Scale bars for F), G)

and H) are 1.5 cm.
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