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Abstract

Abstract

Contact lens related infection and inflammation are a major problem for contact lens
wear for wearers and practitioners alike. Colonisation by a variety of microorganisms
such as bacteria, fungi and Acanthamoeba on contact lenses is implicated in the
development of these adverse events. A contact lens with high antimicrobial activity
may inhibit the ability of microorganisms to grow on the surface and consequently

reduce these contact lens related adverse events.

Antimicrobial peptides (AMPs) are small proteins which have been shown to have
activity against a wide spectrum of microorganisms. This study investigated the
spectrum of antimicrobial activity of an AMP covalently attached to contact lenses and

its subsequent safety and biocompatibility in animal and human studies.

The AMPs melimine and LL-37 were covalently attached onto contact lenses via EDC
coupling. This attachment method was able to bind high concentrations of melimine but
not LL-37. Therefore, melimine-coated lenses were further investigated and
demonstrated high bactericidal activity including activity against multidrug-resistant
strains. The coated antimicrobial lenses also reduced viability of adherent fungal and
Acanthamoeba strains. However, the lenses were associated with apparently high levels
of dead bacterial cells (as evidenced by no differences in radio-labelled RNA or
bacterial endotoxin from Gram negative bacteria on melimine-coated and uncoated
contact lenses). Despite this, previous studies had shown that the presence of these
bacterial components on lenses did not induce a keratitis response in animal models.
The melimine coating was readily heat sterilisable, non-toxic to mammalian cells in
vitro, did not change contact lens parameters, and formed a wettable lens surface.

Antimicrobial activity was stable following 30 days incubation of melimine-coated
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Abstract

lenses in saline. The melimine coating was compatible with the lens care disinfectants
Biotrue™ and RevitaLens OcuTec®. Further in vivo investigation of the safety of the
melimine coating in a rabbit model of contact lens wear following 1SO guidelines
revealed that these lenses were not associated with any toxic or hypersensitive
responses. A one day clinical trial showed that melimine-coated lenses could be safely
worn by humans without any major side effects and any delayed toxic reactions.
However, melimine-coated lenses were less preferred over control lenses and were
associated with higher corneal straining. This corneal staining was similar to solution
induced corneal staining seen when certain lens types are used with certain
multipurpose disinfecting solutions containing (most commonly) polyhexamethyl
biguanide. Ex vivo investigation showed that the lenses retained more than 1.5 log

inhibition against Pseudomonas aeruginosa and Staphylococcus aureus after wear.

Melimine coatings on contact lenses have excellent potential for further development of

biocompatible and effective broad spectrum antimicrobial contact lenses.
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Parts of this chapter have been published as:

e Dutta D, Cole N, Willcox MD. Factors influencing bacterial adhesion to contact
lenses. Molecular Vision 2012;18:14-21.

e Dutta D, Willcox MD. Antimicrobial strategies for contact lenses and lens cases: A

review. Eye and Contact Lens. Accepted for publication (22/05/2014).

Presented as:
e Dutta D, Cole N, Willcox MD (2012). The material characteristics that affect
bacterial adhesion to contact lenses, and affect of lens wear. Cont Lens Anterior

Eye, BCLA. Birmingham, UK. 35, E-Abstract 1 (10-11).
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1.1 Contact Lenses

Contact lenses are small, bowl-shaped glass or plastic lenses that rest on the eye,
in contact with the cornea or the sclera or both, serving as a new anterior surface of the
eye (Mandell, 1971). Generally they are used to correct refractive error. Contact lenses
are one of the most widely used biomedical devices in the world (Weissman et al.,
2006; Brennan et al., 2000) with an estimated 140 million wearers world-wide
(Subbaraman et al., 2013). Soft contact lenses (SCL) for cosmetic purposes to correct
refractive errors were approved for use on a daily wear (DW) basis in 1971 (Napier et
al., 2011). Extended wear (EW; 7 days & nights) SCLs for aphakia were approved in
1979 and for myopia in 1981 (Taddeo et al., 2000). Presently, contact lens materials can
broadly be classified into two types based on modulus and elasticity (a) water-
containing soft and (b) non-water containing rigid gas-permeable (RGP) materials.
Based on the polymer materials, soft contact lenses can be either of hydrogel or silicone

hydrogel type.

1.1.1 Conventional Hydrogels

Hydrogels are cross-linked hydrophilic polymer structures that can imbibe large
amounts of water or biological fluids. The first material of this type (poly-2-
hydroxyethyl methacrylates [polyHEMA]) was developed by Wichterle et al. (1960) as
a general purpose surgical material. At present biomedical and pharmaceutical
applications of this material include a very wide range of systems and processes that
include various molecular designs (Peppas et al., 2000). In addition to HEMA, other
hydrophilic monomers used to attract water include N-vinyl pyrrolidone and
methacrylic acid. Methacrylic acid is an important monomer that is the base material for

commercial hydrogel lenses such at Acuvue® 2® (etafilcon A).
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One of the important properties of contact lenses is oxygen transmissibility
(DK/t) which depends on oxygen permeability (DK) of the material and the thickness of
the lens (t) (Peppas et al., 2000). Diffusion coefficient (D) defines the speed of
movement of the gas molecules within the material and solubility coefficient (K)
governs the amount oxygen that the material can dissolve (Fatt, 1991). Incorporating
water into the polymer provides a medium in which the oxygen can dissolve but water
has a limited ability to dissolve and transport oxygen, with approximate oxygen
permeability (Dk) of around 80 Dk units (Gurland, 1979). Therefore, in the case of
conventional hydrogels the more water a polymer contains, the more oxygen that will
be dissolved and higher the resultant oxygen permeability (Holden et al., 1984). The
United States Food and Drug Administration (FDA) currently classifies contact lens

materials into four groups, depending upon their charge and water content (Table 1.1).

Table 1.1: FDA classification of hydrogel contact lenses.

FDA

classification Sreu L Group I Group I Group IV

Water content < 50% water > 50% water < 50% water > 50% water
(Low) (High) (Low) (High)

Charge Non-lonic Non-lonic lonic lonic

1.1.2 Silicone Hydrogels

Years of research into the effect of contact lens wear on the ocular surface has
clearly demonstrated that corneal hypoxia is implicated in the aetiology of many
complications observed during contact lens wear (Bruce et al., 1990). Oxygen is more
soluble in silicone than in water. The major challenge in designing HEMA and silicone
polymers such as TRIS copolymers (Tighe, 2004) was to combine the hydrophobic
silicone macromers with the hydrophilic monomers. To address this issue, the most

widely used approach was introduction of hydrophilic groups into the section of the

Activity and Biocompatibility of Antimicrobial Contact Lenses 3



Chapter 1: Introduction and Literature Review

TRIS molecule (indicated by the arrow in Figure 1-1) to increase its compatibility with

hydrophilic monomers (Tighe, 2004).

Figure 1-1:  Modification site of TRIS by the introduction of hydrophilic groups.

To increase oxygen transmissibility, silicone hydrogel contact lens materials are
made of various cross-linked polymers, combined with hydrophobic siloxanes. First
generation silicone hydrogels required a surface treatment, such as plasma coating to
mask their hydrophobic surface. Second generation silicone hydrogels used HEMA and
siloxane macromer as the back-bone and incorporated internal wetting agents (Tighe,
2004). Recently, third generation silicone hydrogel polymers (such as comfilcon A or
enfilcon A) have not used TRIS-based derivatives and do not require either plasma
coating or an internal wetting agent (Szczotka-Flynn, 2008). Third generation materials
use variably sized of siloxy macromers, which are naturally wettable. Table 1.2

summarises the silicone hydrogel contact lenses available in Australia, 2010 - 2013.
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Table 1.2:  Characteristics of presently available silicone hydrogel contact lenses in Australia in 2010-2013.

Generations Second
AIR
. OPTIX® AIR . . 1-DAY
Propriefary  NjguTe,  oprixm PUreVision  ACVUE® T ACUVUED - giohnyyg  MENCON® i Aclvue®  Clarity™ 1 day
DAY® AQUA TruEye™
AQUA
USAN~* lotrafilcon A Iotraglcon balazlcon galyfilcon A seno;:lcon comfilconA asmo: Icon enfilcon A narafilcon A filcon 11 3
Manufacturer Ciba Vision C_:lpa Bausch & Johnson &  Johnson & qu_per Menicon qu_per Johnson & Sauflon
Vision Lomb Johnson Johnson Vision Vision Johnson
oy 24 33 36 47 38 48 40 46 46 56
Oxygen
permeability 140 110 91 60 103 128 129 100 100 60
(DKt
Centre thickness
(mm) @ -3.00D 0.08 0.08 0.09 0.07 0.07 0.08 0.08 0.08 0.08 0.07
Oxygen
transmissibility
86
(DK/t) 1+ at 175 138 101 86 147 160 161 125 118
35°C
FDA group 1 1 3 1 1 1 1 1 1 2
Modulus (Mpa) 1.5 1 1.1 0.4 0.72 0.75 0.9 0.5 0.66 0.5
Contact . . .
o 42 35 84 102 93 31 96 unpublished  unpublished unpublished
angle(°)TTT p p p

Activity and Biocompatibility of Antimicrobial Contact Lenses 5



Chapter 1: Introduction and Literature Review

Generations Second
AIR
. OPTIX® AIR L . 1-DAY
E;r';]pe”etary NIGHT&  OPTIX™ ' urevision AAd‘:;‘;“ci?M gggygg Biofinity® '1\,";?:1‘;%1% Avaira™  Acuvue®  Clarity™ 1 day
DAY® AQUA TruEye™
AQUA
25-nm plasma 2I5a sm No surface ',:lrgail;:];ﬁe No surface No surface
coating with plasr treatment, . : treatment, treatment,
Surface . coating Plasma . internal No surface  Nanogloss No surface . . .
high SN S internal . internal internal wetting
treatment refractive with high oxidation wettin wetting treatment ™ treatment wettin ¢
. refractive g agent g agen
index index agent (PVP) (PVP) agent (PVP) (AquaGen™)
MEONSTD MEOMS® FMoa11M
DMA + NVP + +HOB +
Principal M oane . TRIS®  TPve+  TERAT B IBM + unpublished  unpublished  unpublished  filcon 11 3
Monomers monomer siloxane NVA + macromer+  macromer M3U +
monomer PBVC P\/P+ +P\/P+ Nl/\F’/IAA'AIC

TEGDMA  TEGDMA
DMA, N,N-dimethylacrylamide; EGDMA, ethylene glycol dimethacrylate; FM0411M, methacryloyloxyethyl iminocarboxyethyloxypropylpoly (dimethylsiloxy)-
butyldimethylsilane; HOB, 2-hydroxybutyl 6ethacrylates; IBM, isobornyl 6ethacrylates; M3U, bis(methacryloyloxyethyl iminocarboxy ethyloxypropyl)-
poly(dimethylsiloxane) poly(trifluoropropylmethylsiloxane)-poly(methoxy-poly(ethyleneglycol)propylmethylsiloxane); MA, methacrylic acid; mPDMS,
monofunctional polydimethylsiloxane; NVA, N-vinyl aminobutyric acid; NVP, N-vinyl pyrrolidone; PBVC, poly(dimethysiloxy) di silylbutanol bis vinyl
carbamate); PC, phosphorylcholine; PVP, polyvinyl pyrrolidone; TAIC, 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione; TEGDMA, tetraethyleneglycol
dimethacrylate; TPVC, tris-(trimethylsiloxysilyl) propylvinyl carbamate; TRIS, trimethylsiloxy silane; VMA, N-Vinyl-N-methylacetamide.
*United States adopted name.
# The oxygen permeability of a material is referred to as the Dk. The units of 10 -11 cm?/s ml O,/ml X mm Hg are often omitted for convenience. Dk value is a
physical property of a contact lens material and describes its intrinsic ability to transport oxygen. “D” is the diffusion coefficient — a measure of how fast
dissolved molecules of oxygen move within the material and “k” is a constant representing the solubility coefficient or the number of oxygen molecules
dissolved in the material.
77 Oxygen transmissibility is referred to as Dk/t, with units of 10 -9 cm/s ml Oz/ml X mm Hg. Here “t” is the thickness of the lens or sample of the material, and
“D” and “k” are as defined above.
7771 Sessile drop technique (Jones et al., 2010).
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1.1.3 Contact lens Wear Schedules

Contact lenses are broadly used in three different wearing modalities. These are
daily disposable wear, daily wear and extended wear. The daily wear modality has been
widely used where daily insertion and removal of the same lenses are required.
Extended wear (sometimes called continuous wear) defines lenses worn overnight.
However, there is a clear link between extended contact lens wear and corneal infection
and inflammation (Stapleton et al., 2008; Keay et al., 2007; Weissman et al., 2003;

Stapleton, 2003).

1.1.4 Lens Care System

Reusable contact lenses used on a daily wear basis, require an efficient lens care
system for sterilisation and removal of deposits from the contact lens surface when they
are not worn. The options for a daily wear lens disinfection system include
multipurpose solutions, one-step hydrogen peroxide, two-step hydrogen peroxide,
chlorine and heat (Morgan et al., 2006). Similarly to the advances in materials,
multipurpose solutions have evolved over the years to more comple