1040-5488/15/9207-0750/0 VOL. 92, NO. 7, PP. 750-757
OPTOMETRY AND VISION SCIENCE

Copyright © 2015 American Academy of Optometry
" - ’

Biological and Clinical Implications of Lysozyme
Deposition on Soft Contact Lenses
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ABSTRACT

Within a few minutes of wear, contact lenses become rapidly coated with a variety of tear film components, including
proteins, lipids, and mucins. Tears have a rich and complex composition, allowing a wide range of interactions and
competitive processes, with the first event observed at the interface between a contact lens and tear fluid being protein
adsorption. Protein adsorption on hydrogel contact lenses is a complex process involving a variety of factors relating to both
the protein in question and the lens material. Among tear proteins, lysozyme is a major protein that has both antibacterial
and anti-inflammatory functions. Contact lens materials that have high ionicity and high water content have an increased
affinity to accumulate lysozyme during wear, when compared with other soft lens materials, notably silicone hydrogel
lenses. This review provides an overview of tear film proteins, with a specific focus on lysozyme, and examines various
factors that influence protein deposition on contact lenses. In addition, the impact of lysozyme deposition on various ocular
physiological responses and bacterial adhesion to lenses and the interaction of lysozyme with other tear proteins are
reviewed. This comprehensive review suggests that deposition of lysozyme on contact lens materials may provide a number
of beneficial effects during contact lens wear.

(Optom Vis Sci 2015;92:750-757)
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ontact lenses remain the most widely prescribed and

successful biomaterial, with about 38 million wearers in

the United States.! All biomaterials rapidly accumulate a
biocompatible layer upon implantation,? with protein deposition
being the most rapidly measurable event.>* Likewise, as soon as
contact lenses are placed onto the ocular surface, contact lenses
accumulate tear components, including proteins,5 lipids,G and
mucins.” Traditionally, such deposition has been viewed nega-
tively,®? as it has been believed that these deposits are deleterious,
being associated with contact lens—related discomfort'® and/or
triggering conjunctival immunological responses.'"'? More than
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50% of lens wearers experience contact lens—related discomfort,
with a significant number of them discontinuing lens wear, 13716
and contact lens deposition may be one of the potential reasons
behind wearers ceasing lens wear.

Tears have a complex composition and several hundred tear
proteins have been identified in the tear film.'” Among these,
lysozyme is a protein found at a high concentration,'® which has a
number of antibacterial and anti-inflammatory functions.'?*
This review specifically highlights the role of lysozyme in the tears
and concentrates on its interaction with soft contact lenses, be-
cause this is the major protein depositing on contact lenses. In
addition, this review describes the interaction of lysozyme with
other major tear proteins, examines its relationship to contact lens
comfort, and investigates the potential beneficial role of having
high levels of lysozyme sorbed by contact lens materials.

Tear Film Composition and Structure

The tear film comprises lipids, proteins, glycoproteins, en-
zymes, ions, small molecules, and metabolites and serves as the
first barrier of defense in the ocular system. Proteins are a major
component of the tear film, providing a wide variety of ant-
bacterial, anti-inflammatory, and nutritional roles. Zhou et al.'”
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used high-performance liquid chromatography-mass spectrometry to
detect more than 1500 proteins in tears. Among these proteins, ly-
sozyme, lactoferrin, lipocalin, secretory immunoglobulin A, and se-
rum albumin are the most highly abundant proteins. Of these,
lysozyme has been the most extensively studied, because this protein is
present in high quantities (ranging from 1.2 to 4.6 mg/mL),lS’21 has
important antibacterial properties, and deposits significantly onto soft
contact lens materials.

Lysozyme Activity and Structure

Lysozyme was first discovered by Alexander Fleming in 1922.
Fleming found that lysozyme is present in many biological tissues,
including nasal secretions, tears, and sputum.'? Lysozyme is a po-
tent antimicrobial enzyme, which has been extensively studied in
birds, mammals, plants, insects, and bacteria. Lysozyme was shown
to have bactericidal activity against Micrococcus lysodeikticus," a
fact that remains used today when examining lysozyme activity.
Fleming observed the microscopic changes of M. lysodeikticus
when exposed to tears and found that these bacteria rapidly lost their
sharp outlines, became swollen, and gradually disappeared.’
Lysozyme kills bacteria by catalytic hydrolysis of their cell wall
peptidoglycan, which contains sugars and amino acids. The sugar
component consists of 3-(1,4)-linked N-acetylglucosamine and
N-acetylmuramic acid and this bond is broken by lysozyme.??
This compromises the bacterial cell wall and causes the bacterium
to burst under the high internal osmotic pressure. Lysozyme has
two major domains, in addition to one active site. The alpha domain
of the molecule is made up primarily of alpha helices, whereas the
beta domain contains the beta sheets and a few helices. In lysozyme’s
amino acid chain, glutamine and aspartic acid are two amino
acids that are critical to the activity of this enzyme. Lysozyme is a
small protein with 14.5 kDa molecular weight and a p/ (isoelectric
point) of 11.4 (making it highly positively charged at neutral pH),
is relatively small compared with other major tear proteins (45 x
30 x 30 A), and contains 129 amino acids.??

Lysozyme Interaction with Other
Tear Proteins

Lysozyme in the tear film interacts with several other major
proteins found in tears, notably lipocalin and lactoferrin.?*
Lipocalin can excavate lipids from the ocular surface and also
transport various lipids in the tear film, including cholesterol,
phospholipids, and fatty acids.?® Lactoferrin interacts with lipo-
polysaccharide in cell membranes of Gram-negative bacteria, in-
creasing their membrane permeability and leading to eventual
death.?® Leitch and Willcox?® indicated that lysozyme and lactoferrin
in combination demonstrates a synergic effect against Staphylococcus
epidermidis. Subbaraman et al.?”” demonstrated that the adhesion of
Pseudomonas aeruginosa or Staphylococcus aureus to lactoferrin-coated
silicone hydrogel or etafilcon A lenses increased, with lactoferrin
showing an antimicrobial effect against the attached P. aeruginosa
strains. Lactoferrin’s antimicrobial effect against P. aeruginosa is
clinically relevant, because this type of bacteria is the predominant
causative agent that can induce microbial keratitis (MK), accounting
for 40 to 70% of MK cases worldwide.?® Previous studies have shown

that lactoferrin changes the outer membrane of Gram-negative
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bacteria,?® suggesting that the synergic effect of lactoferrin and lyso-
zyme on contact lenses would be beneficial from an antimicrobial
standpoint. More research is warranted to understand the interaction
between lactoferrin and lysozyme and their subsequent activity
against Gram-positive and Gram-negative bacteria.

Lysozyme’s Interaction with Contact
Lens Materials

Once a contact lens is inserted onto the ocular surface, it im-
mediately interacts with the tear film. The interaction of the various
tear film components with the lens depends on both the compo-
nent in question and the characteristics of the lens material. The
United States Food and Drug Administration has classified hydrogel
contact lenses as ionic (groups III and IV) and nonionic (groups I
and II), with groups II and IV exhibiting a higher water content
(>50% water) and groups I and III containing materials with lower
water contents. The newer siloxane-based materials (silicone hydro-
gels) have, as a general rule, lower water contents but higher oxygen
permeabilities.

Many studies have investigated the interaction of lysozyme
with contact lens materials. Tables 1 and 2 summarize the amounts
of lysozyme deposition on silicone hydrogel and hydrogel contact
lenses, respectively. Examination of these tables indicates that there
is several orders of magnitude difference in the amount of lysozyme
deposited and the reason for this warrants further examination.

Protein deposition on contact lenses is a complex process that
is influenced by a wide variety of factors, including lens water
content,?* 4 protein and material charge,®®4! polymer type,>*42
protein and pore size,>*% surface modification,>*3*3> and the type

of care regimen used. 4244

Water Content, Surface Charge, and Contact Lens
Pore Size

Protein uptake is affected by the water content of the lens
material and the interaction between the surface charge of the
contact lens material and the charge of the tear film proteins under
investigation. Negatively charged lens materials exhibit a specific
affinity for positively charged proteins.?®4>4¢ Several researchers
have shown that total protein deposition on group IV hydrogel
lenses (high water content, ionic) is higher than other materials
(typically >1500 pg/lens), with group I hydrogels (low water
content, nonionic) depositing the least (10 to 20 pg/lens).>4¢~48
Jones etal.® studied the degree of protein deposition on N-vinyl-2-
pyrrolidone—containing group II and group IV hydrogel contact
lens materials and reported that protein sorption onto group IV
lenses was higher compared with that adsorbed onto group 1II
lenses. Sack et al.*> reported that ionic lens materials could adsorb
a thicker layer of protein compared with nonionic lenses, with the
former sorbing primarily lysozyme. Baines et al.*’ showed that
hydrogel lenses with a higher water content had higher levels of
protein sorbed to them.

Contact lens materials have pore sizes that vary between 4 and
1700 A, 34350 with higher water content materials having larger
pore sizes.*”>! Low—water content, conventional hydrogel materials
based on poly(2-hydroxyethyl methacrylate) (pHEMA; Food
and Drug Administration group I) have a relatively small pore size,
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TABLE 1.

Amount of lysozyme deposition on silicone hydrogel contact lens materials

Days worn or

Lens type Lysozyme pg/lens Ex vivo/In vitro Care solution in vitro incubation time Reference
Balafilcon A 109 £2.9 Ex vivo Not reported 14 2
Balafilcon A 10+3 Ex vivo — 30 0
Balafilcon A 105 Ex vivo Opti-Free Express 30 o
Balafilcon A 10 + 3.5 Ex vivo ReNu 30 3
Balafilcon A 13.3+9 Ex vivo ClearCare 14 £2
Balafilcon A 17+ 1.4 In vitro — 4 h 32
Balafilcon A 106 1.6 In vitro — 14 =
Balafilcon A 19.4+29 In vitro — 28 .
Balafilcon A 44 + 10 In vitro — 17 =
Balafilcon A 50 + 0.1 In vitro — 14 =
Lotrafilcon A 0.7 £0.5 Ex vivo Not reported 14 29
Lotrafilcon A 3+1 Ex vivo — 30 30
Lotrafilcon A 27+0.7 In vivo — 14 34
Lotrafilcon A 42+09 In vitro — 28 34
Lotrafilcon A 2+1 In vitro — 17 35
Lotrafilcon B 3.7+0.6 In vitro — 14 e
Lotrafilcon B 6.1+1.3 In vitro — 28 *
Lotrafilcon B 6+3 In vitro — 17 3
Lotrafilcon B 9.7+1.5 In vitro — 14 *
Sifilcon A 24+1.2 Ex vivo ClearCare 90 37
Galyfilcon A 1.6+0.8 Ex vivo Not reported 14 2
Galyfilcon A 8+3.4 In vitro — 14 =
Galyfilcon A 16.8+4 In vitro — 28 S
Galyfilcon A 9+2 In vitro — 17 B
Senofilcon A 1.4+1.4 Ex vivo ClearCare 14 29
Senofilcon A 2.3+25 Ex vivo Opti-Free Express 14 29
Senofilcon A 1.5+1.0 Ex vivo ReNu 14 29
Senofilcon A 6.1+£3.2 In vitro — 14 34
Senofilcon A 13.4 + 4.1 In vitro — 14 34
Senofilcon A 6+5 In vitro — 28 35

1"

—" denotes where no solution was used.

which should not be as favorable for proteins to penetrate into
their matrix. Small proteins such as lysozyme (14.5 kDa) would be
predicted to penetrate to a greater degree than larger proteins such
as lactoferrin (82 kDa) and albumin (66 kDa). Relatively few
studies investigating protein penetration into soft lens materials have
been published. Refojo and Leong®? used light microscopy to vi-
sualize the penetration of lysozyme into hydrogels and reported that
lysozyme could penetrate slightly deeper into the more hydrated
solution-polymerized pHEMA hydrogels than into the more com-
pact bulk-polymerized gel. Garrett et al.?® used confocal scanning
microscopy to demonstrate the degree to which the small, positively
charged protein lysozyme and the larger, more neutral charge protein
albumin could penetrate into the matrix of a range of model soft lens
materials comprising varying ionicities. Their results showed that for
lysozyme, increased uptake was observed at higher degrees of ion-
icity, owing to a combination of electrostatic attraction between the
negative material and positive protein, and increasing ease of pen-
etration of the protein into the more porous hydrogel matrix. In
contrast, albumin uptake was primarily by surface adsorption, with
little diffusive penetration into the matrix. This was attributed to the
larger molecular weightand lack of electrostatic attraction. They also
demonstrated that the introduction of carboxymethyl charged

groups into pHEMA-based materials increased the water content
of the material, resulting in a larger pore size.*® Further work by
Garrett et al.*® compared lysozyme penetration into two commer-
cially available group IV materials, etafilcon A (pHEMA and
methacrylic acid) and vifilcon A (pHEMA, methacrylic acid, and
polyvinyl pyrrolidone). They showed that lysozyme penetration was
a direct function of charge density of the lenses, with a higher degree
of penetration of lysozyme into etafilcon A than in vifilcon A lenses.
They concluded that the properties of the lens materials, particu-
larly charge density (ionicity) and porosity (water content), deter-
mine the type and rate of protein penetration. Using a protein dye
(Coomassie Brilliant Blue) and lens sectioning, Okada et al.>? ex-
amined the penetration of lysozyme into etafilcon A lenses. Their results
demonstrated that group IV lenses accumulated a considerably greater
amount of lysozyme than did lenses of other groups and that lysozyme
accumulated not only on the surface but also throughout the
matrix of group IV lenses. Most recently, Luensmann etal.>® used
confocal microscopy to examine lysozyme penetration into the
matrix of group IV hydrogels (etafilcon A) and a variety of silicone
hydrogel materials. They showed that all pHEMA-based materials,
notably etafilcon A, and the negatively charged silicone hydrogel
material balafilcon A, accumulated lysozyme throughout the entire
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TABLE 2.
Amount of lysozyme deposition on conventional hydrogel contact lens materials

Days worn or

Group Lens type Lysozyme pg/lens Ex vivo/In vitro Care solution in vitro incubation time Reference
I Polymacon 16+8 In vitro — 14 £
I Polymacon 23.2+9 In vitro — 28 &
Il Alphafilcon A 445+ 13 In vitro — 14 34
Il Alphafilcon A 53.3+ 11 In vitro — 28 34
Il Omafilcon A 353+8 In vitro — 14 34
Il Omafilcon A 43.8+13 In vitro — 28 34
Il Omafilcon A 68 + 28 In vitro — 17 35
\Y Etafilcon A 985 + 241 Ex vivo Opti-Free Express 14 =0
\Y, Etafilcon A 935 + 271 Ex vivo Opti-Free Express 30 S
\Y, Etafilcon A 1551 + 371 Ex vivo ReNu 30 31
\Y, Etafilcon A 1433.5 £ 76 In vitro — 14 e
\% Etafilcon A 1434.5 £ 56 In vitro — 28 S
\Y Etafilcon A 427.5+6.4 In vitro — 1 E
\Y Etafilcon A 1800 + 600 In vitro — 17 e
\% Etafilcon A 2200.3 £ 15.6 In vitro — 14 SO
\% Etafilcon A 1852.1 £19.16 In vitro Complete-No rub 14 £
\Y Etafilcon A 1841.5 +£10.38 In vitro Complete-Rub 14 %
\% Etafilcon A 1666.1 + 15.83 In vitro ClearCare 14 BC
\Y, Vifilcon A 356 + 48 In vitro — 14 &
\Y, Vifilcon A 512.3 £ 51 In vitro — 28 e

"

—" denotes where no solution was used.

lens material. In contrast, the plasma-coated silicone hydrogel
materials lotrafilcon A and lotrafilcon B only deposited lysozyme on
the lens surface.>?

In summary, these studies demonstrate that high—water content,
negatively charged materials such as etafilcon A rapidly adsorb and
absorb high quantities of small, positively charged proteins such as
lysozyme, with the protein penetration occurring throughout the
lens material, even after only short periods of exposure. Further-
more, it has been shown that lysozyme that is adsorbed by the
etafilcon A material could easily transport through the lens matrix
and will be released onto the surface reversibly,%® and it is speculated
that this mobile lysozyme would be free to interact with bacteria or
other tear components that are adhered to the lens surface.

Silicone Hydrogel Surface Modification and
Protein Deposition

Previous studies have shown that most silicone hydrogel lens
materials deposit 5 to 20 pg per lens of total lysozyme (Table 1).
Certain silicone hydrogel materials undergo surface modification to
improve their wettability and this surface modification influences
the amount of lysozyme that deposits on them.>*3%+3> Balafilcon A
has a surface that undergoes plasma oxidation and lotrafilcon A and
lotrafilcon B materials have a 25-nm-thick plasma coating, whereas
senofilcon A and galyfilcon A have no surface modification but
contain internal wetting agents to assist with wettability.’*>>
Analysis of the total protein and total lysozyme extracted from sili-
cone hydrogel lenses indicates that the amount of protein deposited
on the lenses was affected by the presence or absence of a surface charge
and the absence or type of surface treatment.?” Deposition amounts
on plasma-coated lotrafilcon A or lotrafilcon B are similar to those
seen with poly(methyl methacrylate) (PMMA) lenses,3* demonstrating

the low values of lysozyme deposited at such interfaces. Balafilcon A
silicone hydrogel lenses deposited the highestamount of lysozyme, with
galyfilcon A and senofilcon A materials depositing lysozyme at an
intermediate level.>* Jones et al.,*® using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Western blotting, indicated
that lysozyme was sorbed to etafilcon A at higher levels than a first-
generation silicone hydrogel material (balafilcon A). Other inves-
tigators reported similar results.3!3334

In summary, published studies to date indicate that compared
with conventional hydrogels, silicone hydrogel contact lenses de-
posit significantly lower levels of lysozyme. Among conventional
hydrogel lenses, lysozyme deposition is lowest on group I lenses (low
water content, nonionic), followed by group II (high water content,
nonionic polymers), with the highest amounts of lysozyme being
deposited on group IV (high water content, ionic) materials.

Lysozyme Denaturation on
Contact Lenses

Proteins have a three-dimensional structure, which is con-
trolled by a number of highly specific interactions, including
hydrophobic forces, hydrogen bonds, and van der Waals forces.
Once a biomaterial comes in contact with a biological fluid, such
as blood or tears, proteins begin to adsorb to the surface.”®
Higher-affinity proteins adsorb to the surface in greater quantities
than lower-affinity proteins, which could facilitate further pro-
tein adsorption.”” Smaller proteins can move faster than larger
proteins, and thus they adsorb to the surface of the biomaterial
before the larger proteins.”” This results in the surface being
covered by a monolayer of protein before the arrival of host
inflammatory cells. By the time cells arrive, they confront a
monolayer of protein rather than the biomaterial surface itself.>”
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Once proteins are adsorbed, they undergo conformational changes
that depend on the hydrophobicity of the surface and occur to mini-
mize Gibbs free energy.”® Any change in the structure of a protein
is termed protein denaturation, in which the protein is changed in
some way that influences its function.”” Protein denaturation is affected
by a host of factors, including contact time of the protein with the
substrate, chemical composition of the substrate, environmental pH,
and temperature.’®> Tt is well established that when proteins are
exposed to a hydrophobic surface, they are more likely to denature than
when exposed to more hydrophilic surfaces.**#%°-62 Once lysozyme
becomes bound to the contact lens surface, it undergoes conformational
changes that result in the protein becoming denatured.?-31-35-37:63
Previous studies have suggested that denatured protein on contact lenses
can be associated with palpebral lid changes.!!¢46

To date, relatively few studies have examined protein denaturation,
particularly on clinically sourced samples. Sack et al.*> reported that
most of the lysozyme that primarily adsorbed to ionic materials
retained its enzymatic activity. Jones et al.?® determined the activity
of lysozyme deposited on group IV ionic hydrogel lens materials
(etafilcon A) and silicone hydrogel contact lenses. They reported that
etafilcon A lenses adsorbed the greatestamount of lysozyme compared
with a variety of other lenses and that most of the deposited lysozyme
retained its activity, with only 5 to 10% being denatured. In the same
study, they suggested that although silicone hydrogels sorb a lower
amount of lysozyme compared with conventional hydrogels, the level
of lysozyme denaturation was higher in silicone hydrogels. Subse-
quent studies by other investigators, examining both ex vivo lenses
and in vitrospoiled samples, reported similar results,?!*>% with ionic
materials consistently exhibiting higher levels of active lysozyme than
nonionic materials. In a more recent study, researchers investigated
the effect of lysozyme activity in the presence of a variety of tear film
components using an iz vitro model.°® They found that in the
presence of a major tear protein such as lactoferrin, or lipids, the
activity of lysozyme deposited on conventional hydrogels such as
etafilcon A was not affected.®® These results suggest that there could
be a synergistic effect between various tear film components,
which could enhance the activity of tear proteins such as lysozyme
and limit its denaturation. Clinically, these analytical results
appear to make sense, because if these high levels of lysozyme
denaturation were relevant, then it is expected that many subjects
would exhibit inflammatory lid changes such as giant papillary
conjunctivitis. However, etafilcon A has a significant market
share among hydrogel lenses and previous studies have shown that
patients can use etafilcon A for many years without such clinical
problems being manifest.®” Thus, it can be assumed that lyso-
zyme, despite being present in large quantities, is active and does
not induce inflammatory changes in the palpebral conjunctiva of
patients using etafilcon A—based lenses.

Ultimately, of greatest interest is the role of these protein de-
posits on comfort and overall clinical performance. A recent study
has demonstrated that there is a strong association between the
activity of lysozyme and subjective comfort, during 1 day of wear
of etafilcon A lens material.>* This study showed that there was no
association between total lysozyme and total protein deposited on
the etafilcon material and any other clinical signs and symptoms.
These results suggest that the conformational state of the depos-
ited protein has a greater influence on comfort than the amount of
protein deposited, among the lens types tested.

Competitive Adsorption of Proteins
onto Contact Lenses

The size and charge of proteins, along with the characteristics of
the lens material, control the degree to which certain tear proteins
deposit onto lenses. In addition, the initial deposition pattern that
occurs may impact subsequent deposition of other tear components.
This competitive adsorption profile is of significant relevance and
importance to understanding contact lens deposition. In one of the
earliest studies examining this, Bontempo and Rapp conducted a
study that examined whether the presence of lipid or protein im-
pacted the subsequent deposition of either component on a variety
of soft lens materials.’® They showed that the presence of lipid
deposits on group IV lenses decreased the adsorption of lysozyme,
whereas the presence of protein deposits reduced the amount of total
lipid adhering to a group II lens. The sequential and competitive
adsorption of some proteins onto hydrogel contact lenses was also
examined by Sariri and Sabbaghzadeh.®” They reported that the
chemical composition of the lens and the charge of the previously
adsorbed protein affected the sequential and competitive adsorption
of proteins on a contact lens surface. They further suggested that if
the electrostatic interaction is more favorable for the second protein,
sequential adsorption can result in total replacement of the
preadsorbed protein.69 Based on these results, it could be speculated
that the etafilcon A lens material, which deposits significantly high
amounts of lysozyme compared with other lens materials, could
potentially repel the deposition of other “unwanted” components
from the tear film. However, work by Carney et al.”® would refute
this and further evidence is needed to understand this concept.

Impact of Lysozyme on Contact Lens Wettability

Contact lens wettability could be impacted by deposition. In an
in vivo study, Tonge et al. showed that the wettability of etafilcon
A lenses, as determined by contact angle assessment postwear, was
not modified by up to 8 hours of eye wear.”! In an 77 vitro study,

Cheng et al.”?

used a captive-bubble technique to measure the
advancing and receding contact angles of soft contact lenses and
indicated that tear proteins did not impact the wettability of
etafilcon A lens materials. Ketelson et al.”? used a sessile drop
method in another study investigating the impact of lysozyme on
in vitro wettability. They also showed that adsorbed lysozyme on
etafilcon A hydrogels had no influence on their wetting properties.
Thus, to date, it appears that lysozyme deposition on etafilcon A
has no impact on the wettability of these lens materials.

The Impact of Lysozyme on Bacterial Adhesion to
Contact Lenses

The first step in the development of contact lens—related mi-
crobial keratitis is the exposure of the contact lens to pathogens.”*
Once exposed, bacterial colonization of any biomaterial occurs
because of the engagement of bacterial adhesins on their surface with
the biomaterial surface.””> Once adhered, the bacteria can replicate on
the lens to form microcolonies or biofilms.”® Bacterial accumulation
on contact lens surfaces has been associated with MK, contact lens
acute red eye,”” contact lens peripheral ulcers, and certain inflam-
matory keratitis events.”® This is believed to occur because of the
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adhered bacteria eventually binding to the corneal epithelium,
followed by bacterial invasion into the corneal stroma, releasing in-
flammatory agents and initiating infection and inflammation.”*

The introduction of silicone hydrogel lens materials has sig-
nificantly reduced hypoxia and hypoxia-related complications,
owing to the dramatic increase in their ability to transmit oxy-
gen.”? However, the incidence of MK is unchanged compared
with hydrogels,*® and infiltrative events with silicone hydrogels
appear to be higher than those seen with hydrogel materials.®!% It
is perplexing that the benefits of oxygen have not reduced the
incidence of MK and may have actually increased inflammatory
events. Apart from oxygen transport, another fundamental dif-
ference between hydrogels and silicone hydrogels relates to their
deposition profile. As described previously, silicone hydrogel
materials deposit substantially less protein, particularly lysozyme,
than group IV materials such as etafilcon A.3%3% Dart et al.3
investigated the risks of MK associated with daily disposable (DD)
soft contact lenses and showed that patients who used the etafilcon
A material had the lowest risk for MK when compared with other
DD lenses. In addition, etafilcon A has been shown to significantly
decrease the rate of sterile keratitis compared with other DD
contact lenses.®® Diec et al.®> also reported the lowest rate of
adverse events with an etafilcon A—based DD lens, when com-
pared with other DD soft lenses.

It is interesting to consider whether a possible reason for the
reduced rate of infiltrative events with conventional hydrogel lens
materials, particularly ionic group IV lenses, is that these materials
accumulate high levels of the antibacterial proteins lysozyme and
lactoferrin. If these proteins remain active, then they may have the
ability to reduce the viability of adherent Gram-positive and
Gram-negative bacteria, resulting in reduced rates of infiltrative
1.8 indicated
that when PMMA intraocular lenses were coated with a hyaluronic

events and possibly MK. A recent study by Wangeta

acid-lysozyme (HA-lysozyme) composite, adherence of S. aureus
and human lens epithelial cells on PMMA with HA- or HA-
lysozyme-coated lenses was significantly reduced because of the
hydrophilic property of HA. They also used a LIVE/DEAD bac-
terial viability kit and showed that the HA-lysozyme coating had
bactericidal activity against S. aureus, which they attributed to the
lysozyme coating. These results warrant further investigation with
regard to the potential role of active proteins on soft lens materials
and their protective effects on inflammatory responses.

CONCLUSIONS

Lysozyme is an antibacterial protein that is found in a relatively
high concentration in the human tear film. The positive charge
and small size of lysozyme result in it having a great affinity for
negatively charged, group IV hydrogel lenses, in particular those
with relatively high amounts of acidic groups, such as etafilcon A.
Tonic hydrogel materials accumulate significantly more lysozyme
than silicone hydrogel materials, with some ionic hydrogel ma-
terials accumulating upward of 100 times more lysozyme than
certain plasma-coated silicone hydrogels. When deposited on
etafilcon A, lysozyme retains most of its activity and is primarily
located within the bulk of the lens rather than on the surface. This
lysozyme can also freely move through the lens matrix, diffuse to
the lens surface, and then interact with any adhered bacteria or

Lysozyme Deposition on Soft Contact Lenses—Omali et al. 755

other tear contaminants on the surface of the lens material. Ly-
sozyme deposition does not increase bacterial adhesion to lenses
and does not reduce contact lens wettability, and it appears that
lysozyme deposition only negatively impacts contact lens comfort
after its denaturation. Moreover, other proteins such as lactoferrin
are synergistic with lysozyme and have the potential to reduce the
viability of Gram-negative and Gram-positive bacteria, which are
involved in the pathogenesis of contact lens—related MK and
inflammation.

Although deposition on contact lenses has traditionally been
believed to be deleterious, a comprehensive review of the literature
seems to suggest that for modern materials that are replaced in
4 weeks or less, the deposition of certain tear components such
as lysozyme and lactoferrin on contact lenses may actually be
beneficial to lens wear. This concept warrants further investiga-
tion, to determine what other components from the tear film are
either beneficial or problematic for soft lens wearers.

ACKNOWLEDGMENTS

The authors thank Johnson and Johnson Vision Care, Inc, for their support in
developing this article through an unrestricted grant.
Received August 25, 2014; accepted February 17, 2015.

REFERENCES

1. Nichols JJ. Deposition on silicone hydrogel lenses. Eye Contact Lens
2013;39:20-3.

2. Wilson RS, Marmur A, Cooper SL. A model of deposition and
embolization of proteins and platelets on biomaterial surfaces. Ann
Biomed Eng 1986;14:383—400.

3. Pitt WG, Park K, Cooper SL. Sequential protein adsorption and
thrombus deposition on polymeric biomaterials. ] Coll Interface Sci
1986;111:343-62.

4. Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to
biomaterials. Semin Immunol 2008;20:86—-100.

5. Lin ST, Mandell RB, Leahy CD, Newell JO. Protein accumulation
on disposable extended wear lenses. CLAO J 1991;17:44-50.

6. Jones L, Evans K, Sariri R, Franklin V, Tighe B. Lipid and protein
deposition of N-vinyl pyrrolidone-containing group II and group IV
frequent replacement contact lenses. CLAO ] 1997;23:122—6.

7. Berry M, Pult H, Purslow C, Murphy PJ. Mucins and ocular signs in
symptomatic and asymptomatic contact lens wear. Optom Vis Sci
2008;85:930-8.

8. Ratner B, Horbett T, Mateo N. Contact lens spoilation, part 1: bio-
chemical aspect of lens spoilation. In: Ruben M, Guillon M, eds. Contact
Lens Practice. London, UK: Chapman & Hall; 1994;1083-98.

9. Brennan NA, Coles MLC. Deposits and symptomatology with soft
contact lens wear. Int Contact Lens Clin 2000;27:75-100.

10. Nilsson SE, Andersson L. Contact lens wear in dry environments.
Acta Ophthalmol (Copenh) 1986;64:221-5.

11. Allansmith MR, Korb DR, Greiner JV, Henriquez AS, Simon MA,
Finnemore VM. Giant papillary conjunctivitis in contact lens
wearers. Am ] Ophthalmol 1977;83:697-708.

12. Skotnitsky C, Sankaridurg PR, Sweeney DF, Holden BA. General
and local contact lens induced papillary conjunctivitis (CLPC). Clin
Exp Optom 2002;85:193—7.

Optometry and Vision Science, Vol. 92, No. 7, July 2015



756 Lysozyme Deposition on Soft Contact Lenses—Omali et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Dumbleton K, Woods CA, Jones LW, Fonn D. The impact of
contemporary contact lenses on contact lens discontinuation. Eye
Contact Lens 2013;39:92-8.

Richdale K, Sinnott LT, Skadahl E, Nichols JJ. Frequency of and
factors associated with contact lens dissatisfaction and discontinua-
tion. Cornea 2007;26:168-74.

Pritchard N, Fonn D, Brazeau D. Discontinuation of contact lens
wear: a survey. Inter Contact Lens Clin1999;26:157-62.

Begley CG, Caffery B, Nichols KK, Chalmers R. Responses of contact
lens wearers to a dry eye survey. Optom Vis Sci 2000;77:40—6.
Zhou L, Zhao SZ, Koh SK, Chen L, Vaz C, Tanavde V, Li XR,
Beuerman RW. In-depth analysis of the human tear proteome.
J Proteomics 2012;75:3877-85.

Sack RA, Tan KO, Tan A. Diurnal tear cycle: evidence for a noc-
turnal inflammatory constitutive tear fluid. Invest Ophthalmol Vis
Sci 1992;33:626—-40.

Fleming A. On a remarkable bacteriolytic element found in tissues
and secretions. Proc Roy Soc 1922;43:306-17.

Leitch EC, Willcox MD. Lactoferrin increases the susceptibility of
S. epidermidis biofilms to lysozyme and vancomycin. Curr Eye Res
1999;19:12-9.

Carney FP, Morris CA, Willcox MD. Effect of hydrogel lens wear on
the major tear proteins during extended wear. Aust N Z J Ophthalmol
1997;25:536-8.

Madigan MT, Martinko JM, Dunlap PV, Clark DP. Brock Biology
of Microorganisms, 12th ed. San Francisco, CA: Pearson, Benjamin-
Cummings; 2009.

Osserman EF, Canfield RE, Beychok S, eds. Lysozyme. New York,
NY: Academic Press; 1974.

Gasymov OK, Abduragimov AR, Yusifov TN, Glasgow BJ. Inter-
action of tear lipocalin with lysozyme and lactoferrin. Biochem
Biophys Res Commun 1999;265:322-5.

Glasgow BJ, Abduragimov AR, Farahbakhsh ZT, Faull KF, Hubbell WL.
Tear lipocalins bind a broad array of lipid ligands. Curr Eye Res
1995;14:363-72.

Leitch EC, Willcox MD. Synergic antistaphylococcal properties of
lactoferrin and lysozyme. ] Med Microbiol 1998;47:837—42.
Subbaraman LN, Borazjani R, Zhu H, Zhao Z, Jones L, Willcox
MD. Influence of protein deposition on bacterial adhesion to contact
lenses. Optom Vis Sci 2011;88:959—-66.

Willcox M, Sankaridurg P, Zhu H, Hume EB, Cole N, Conibear T,
Glasson M, Harmis N, Stapleton F. Inflammation and infection and
the effects of the closed eye. In: Sweeney D, ed. Silicone Hydrogels:
Continuous Wear Contact Lenses, 2nd ed. Oxford, UK: Butterworth-
Heinemann; 2004;90-125.

Boone A, Heynen M, Joyce E, Varikooty J, Jones L. Ex vivo protein
deposition on bi-weekly silicone hydrogel contact lenses. Optom Vis
Sci 2009;86:1241-9.

Jones L, Senchyna M, Glasier MA, Schickler J, Forbes I, Louie D,
May C. Lysozyme and lipid deposition on silicone hydrogel contact
lens materials. Eye Contact Lens 2003;29:575-9.

Senchyna M, Jones L, Louie D, May C, Forbes I, Glasier MA.
Quantitative and conformational characterization of lysozyme de-
posited on balafilcon and etafilcon contact lens materials. Curr Eye
Res 2004;28:25-36.

Subbaraman LN, Glasier MA, Varikooty J, Srinivasan S, Jones L.
Protein deposition and clinical symptoms in daily wear of etafilcon
lenses. Optom Vis Sci 2012;89:1450-9.

Zhang S, Borazjani RN, Salamone JC, Ahearn DG, Crow SA, Jr.,
Pierce GE. In vitro deposition of lysozyme on etafilcon A and
balafilcon A hydrogel contact lenses: effects on adhesion and survival

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

of Pseudomonas aeruginosa and Staphylococcus aureus. Cont Lens
Anterior Eye 2005;28:113-9.

Subbaraman LN, Glasier MA, Senchyna M, Sheardown H, Jones L.
Kinetics of in vitro lysozyme deposition on silicone hydrogel, PMMA,
and FDA groups I, II, and IV contact lens materials. Curr Eye Res
20006;31:787-96.

Suwala M, Glasier MA, Subbaraman LN, Jones L. Quantity and
conformation of lysozyme deposited on conventional and silicone
hydrogel contact lens materials using an in vitro model. Eye Contact
Lens 2007;33:138—43.

Luensmann D, Heynen M, Liu L, Sheardown H, Jones L. The ef-
ficiency of contact lens care regimens on protein removal from hy-
drogel and silicone hydrogel lenses. Mol Vis 2010;16:79-92.
Subbaraman LN, Woods J, Teichroeb JH, Jones L. Protein depo-
sition on a lathe-cut silicone hydrogel contact lens material. Optom
Vis Sci 2009;86:244—50.

Garrett Q, Chatelier RC, Griesser HJ, Milthorpe BK. Effect of
charged groups on the adsorption and penetration of proteins onto
and into carboxymethylated poly(HEMA) hydrogels. Biomaterials
1998;19:2175-86.

Garrett Q, Laycock B, Garrett RW. Hydrogel lens monomer con-
stituents modulate protein sorption. Invest Ophthalmol Vis Sci
2000;41:1687-95.

Garrett Q, Milthorpe BK. Human serum albumin adsorption on
hydrogel contact lenses in vitro. Invest Ophthalmol Vis Sci 1996;
37:2594-602.

Soltys-Robitaille CE, Ammon DM, Jr., Valint PL, Jr., Grobe GL,
3rd. The relationship between contact lens surface charge and in-
vitro protein deposition levels. Biomaterials 2001;22:3257—-60.
Zhao Z, Carnt NA, Aliwarga Y, Wei X, Naduvilath T, Garrett Q, Korth
J, Willcox MD. Care regimen and lens material influence on silicone
hydrogel contact lens deposition. Optom Vis Sci 2009;86:251-9.
Refojo MF, Leong FL. Microscopic determination of the penetration
of proteins and polysaccharides into poly (hydroxyethylmethacrylate)
and similar hydrogels. J Polym Sci: Polymer Symp 1979;66:227-37.
Lebow K, Christensen B. Cleaning efficacy and patient comfort: a
clinical comparison of two contact lens care systems. Int Contact
Lens Clin 1996;23:87-93.

Sack RA, Jones B, Antignani A, Libow R, Harvey H. Specificity and
biological activity of the protein deposited on the hydrogel surface.
Relationship of polymer structure to biofilm formation. Invest
Ophthalmol Vis Sci 1987;28:842-9.

Garrett Q, Garrett RW, Milthorpe BK. Lysozyme sorption in hy-
drogel contact lenses. Invest Ophthalmol Vis Sci 1999;40:897-903.
Minarik L, Rapp J. Protein deposits on individual hydrophilic
contact lenses: effects of water and ionicity. CLAO J 1989;15:185-8.
Minno GE, Eckel L, Groemminger S, Minno B, Wrzosek T. Quan-
titative analysis of protein deposits on hydrophilic soft contact lenses: I.
Comparison to visual methods of analysis. II. Deposit variation among
FDA lens material groups. Optom Vis Sci 1991;68:865-72.

Baines MG, Cai F, Backman HA. Adsorption and removal of protein
bound to hydrogel contact lenses. Optom Vis Sci 1990;67:807-10.
Green JA, Phillips KS, Hitchins VM, Lucas AD, Shoff ME, Hutter
JC, Rorer EM, Eydelman MB. Material properties that predict
preservative uptake for silicone hydrogel contact lenses. Eye Contact
Lens 2012;38:350—7.

Chirila TV, Constable IJ, Crawford GJ, Vijayasekaran S, Thompson
DE, Chen YC, Fletcher WA, Griffin BJ. Poly(2-hydroxyethyl methacrylate)
sponges as implant materials: in vivo and in vitro evaluation of cellular

invasion. Biomaterials 1993;14:26-38.

Optometry and Vision Science, Vol. 92, No. 7, July 2015



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Okada E, Matsuda T, Yokoyama T, Okuda K. Lysozyme penetration
in group IV soft contact lenses. Eye Contact Lens 2006;32:174-7.
Luensmann D, Zhang F, Subbaraman L, Sheardown H, Jones L.
Localization of lysozyme sorption to conventional and silicone hy-
drogel contact lenses using confocal microscopy. Curr Eye Res
2009;34:683-97.

Tighe B. Silicone hydrogel materials—how do they work? In: Sweeney
D, ed. Silicone Hydrogels: The Rebirth of Continuous Wear Contact
Lenses. Oxford, UK: Butterworth-Heinemann; 2000;1-21.

Jones L, Subbaraman LN, Rogers R, Dumbleton K. Surface treat-
ment, wetting and modulus of silicone hydrogels. Optician 2006;
232:28-34.

Norde W. Adsorption of proteins from solution at the solid-liquid
interface. Adv Colloid Interface Sci 1986;25:267—-340.

Schmide RD, Waldeck H, Kao WJ. Protein adsorption to bio-
materials. In: Bizios R, Puleo D, eds. Biological Interactions on
Materials Surfaces: Understanding and Controlling Protein, Cell and
Tissue Responses. New York, NY: Springer; 2009;1-18.

Norde W, Anusiem ACI. Adsorption, desorption and re-adsorption
of proteins on solid surfaces. Colloids Surf 1992;66:73-80.

Norde W, Lyklema J. Why proteins prefer interfaces. ] Biomater Sci
Polym Ed 1991;2:183-202.

Garrett Q, Griesser HJ, Milthorpe BK, Garrett RW. Irreversible ad-
sorption of human serum albumin to hydrogel contact lenses: a study using
electron spin resonance spectroscopy. Biomaterials 1999;20:1345-56.
Lee J, Li T, Park K. Solvation interactions for protein adsorption to
biomaterial surfaces. In: Morra M, ed. Water in Biomaterials Surface
Science. Chichester, UK: J. Wiley & Sons Ltd; 2001;127—46.
Castillo EJ, Koenig JL, Anderson JM, Lo J. Protein adsorption on
hydrogels. II. Reversible and irreversible interactions between lyso-
zyme and soft contact lens surfaces. Biomaterials 1985;6:338—45.
Subbaraman L, Glasier MA, Dumbleton K, Jones L. Quantification
of protein deposition on five commercially available silicone hydrogel
contact lens materials. Optom Vis Sci 2007;84:E-abstract 070031.
Skotnitsky CC, Naduvilath TJ, Sweeney DF, Sankaridurg PR. Two
presentations of contact lens-induced papillary conjunctivitis (CLPC) in
hydrogel lens wear: local and general. Optom Vis Sci 2006;83:27-36.
Donshik PC, Porazinski AD. Giant papillary conjunctivitis in
frequent-replacement contact lens wearers: a retrospective study.
Trans Am Ophthalmol Soc 1999;97:205-16.

Ng A, Heynen M, Luensmann D, Subbaraman LN, Jones L. Impact
of tear film components on the conformational state of lysozyme
deposited on contact lenses. ] Biomed Mater Res B Appl Biomater
2013;101:1172-81.

Solomon OD, Freeman MI, Boshnick EL, Cannon WM, Dubow BW,
Kame RT, Lanier JC, Jr., Lopanik RW, Quinn TG, Rigel LE, Sherrill DD,
Stiegmeier MJ, Teiche RS, Zigler LG, Mertz GW, Nason R]. A 3-year
prospective study of the clinical performance of daily disposable contact
lenses compared with frequent replacement and conventional daily
wear contact lenses. CLAO J 1996;22:250-7.

Bontempo AR, Rapp J. Protein-lipid interaction on the surface of a
hydrophilic contact lens in vitro. Curr Eye Res1997;16:776-81.
Sariri R, Sabbaghzadeh R. Competitive adsorption of proteins on
hydrogel contact lenses. CLAO ] 2001;27:159-62.

Carney FP, Morris CA, Milthorpe B, Flanagan JL, Willcox MD.
In vitro adsorption of tear proteins to hydroxyethyl methacrylate-
based contact lens materials. Eye Contact Lens 2009;35:320-8.

Lysozyme Deposition on Soft Contact Lenses—Omali et al.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

757

Tonge S, Jones L, Goodall S, Tighe B. The ex vivo wettability of soft
contact lenses. Curr Eye Res 2001;23:51-9.
Cheng L, Muller SJ, Radke CJ. Wettability of silicone-hydrogel
contact lenses in the presence of tear-film components. Curr Eye Res
2004;28:93-108.
Ketelson HA, Meadows DL, Stone RP. Dynamic wettability prop-
erties of a soft contact lens hydrogel. Colloids Surf (B) Biointerfaces
2005;40:1-9.
Willcox MD. New strategies to prevent Pseudomonas keratitis. Eye
Contact Lens 2007;33:401-3.
O’Brien TP. Management of bacterial keratitis: beyond exorcism
towards consideration of organism and host factors. Eye (Lond)
2003;17:957-74.
Hoyle BD, Costerton JW. Bacterial resistance to antibiotics: the role
of biofilms. Prog Drug Res 1991;37:91-105.
Sankaridurg PR, Vuppala N, Sreedharan A, Vadlamudi J, Rao GN.
Gram negative bacteria and contact lens induced acute red eye.
Indian J Ophthalmol 1996;44:29-32.
Sankaridurg P, Holden B, Jalbert I. Adverse events and infections:
which ones and how many? In: Sweeney D, ed. Silicone Hydrogels:
Continuous-Wear Contact Lenses, 2nd ed. Oxford, UK: Butterworth-
Heinemann; 2004;217-74.
Sweeney DF. Clinical signs of hypoxia with high-Dk soft lens extended
wear: is the cornea convinced? Eye Contact Lens 2003;29:522-5.
Stapleton F, Keay L, Edwards K, Naduvilath T, Dart JK, Brian G,
Holden BA. The incidence of contact lens-related microbial keratitis
in Australia. Ophthalmology 2008;115:1655-62.
Szczotka-Flynn L, Chalmers R. Incidence and epidemiologic asso-
ciations of corneal infiltrates with silicone hydrogel contact lenses.
Eye Contact Lens 2013;39:49-52.
Chalmers RL, Wagner H, Mitchell GL, Lam DY, Kinoshita BT,
Jansen ME, Richdale K, Sorbara L, McMahon TT. Age and other
risk factors for corneal infiltrative and inflammatory events in young
soft contact lens wearers from the Contact Lens Assessment in Youth
(CLAY) study. Invest Ophthalmol Vis Sci 2011;52:6690-6.
Dart JK, Radford CF, Minassian D, Verma S, Stapleton F. Risk
factors for microbial keratitis with contemporary contact lenses: a
case-control study. Ophthalmology 2008;115:1647-54.
Radford CF, Minassian D, Dart JK, Stapleton F, Verma S. Risk
factors for nonulcerative contact lens complications in an ophthalmic
accident and emergency department: a case-control study. Oph-
thalmology 2009;116:385-92.
Diec], Papas E, Naduvilath T, Xu P, Holden BA, Lazon de la Jara P.
Combined effect of comfort and adverse events on contact lens
performance. Optom Vis Sci 2013;90:674-81.
Wang B, Lin Q, Jin T, Shen C, Tang J, Han Y, Chen H. Surface
modification of intraocular lenses with hyaluronic acid and lysozyme
for the prevention of endophthalmitis and posterior capsule opacification.
RSC Adv 2015;5:3597—604.
Negar Babaei Omali
Centre for Contact Lens Research
School of Oprometry and Vision Science
University of Waterloo
200 University Ave W
Waterloo, ON N2L 3GI
Canada

e-mail: nbabaeio@uwaterloo.ca

Optometry and Vision Science, Vol. 92, No. 7, July 2015



