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ABSTRACT

Silicone hydrogel (SiHy) contact lenses are a common form of correction of
refractive errors prescribed by eye care professionals around the world. SiHy
lenses perform in a complex environment, which is the surface of the eye and
the tear film. Therefore, they are exposed to various factors, such as lipid de-
posits. The aims of this paper are to review available scientific reports on the
study of SiHy lens interactions with lipids and search for further research ob-
jectives. A total of 57 publications were identified and reviewed, from 2003 to
2020. In general, SiHy lenses are more likely to accumulate lipid deposits than
traditional hydrogel lenses, although there are significant differences between
SiHy lens materials that may result from different methods used in the studies.
The review includes studies on various aspects of interactions between lenses
and lipids, such as those concerning the effectiveness of lipids removal from
lenses by care solutions. The conclusion points out future research directions,
such as measurements of lipid diffusion in SiHy lens' matrices.
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INTRODUCTION

Silicone hydrogel (Si-Hy) contact lenses are a popular
method of correcting refractive errors. Together with the
older generation of hydrogel contact lenses they create the
soft lenses group. They are medical devices, so are formally
required to be biocompatible. Si-Hy contact lenses are clas-
sified by the U.S. Food and Drug Administration (FDA) as
V material group (Silicone Hydrogel Polymers) [1]. A global
survey (from 25 countries) showed that Si-Hy lenses were
prescribed in 57% cases out of all contact lens fits (64% of
all soft lenses) in 2019 [2]. The introduction of Si-Hy lens-
es onto the market in 1998 is considered to be the most
significant advancement in contact lens technology since
the development of (hydroxyethyl)methacrylate (HEMA)
lenses [1].

The biggest advantage of Si-Hy lenses compared to older
generation of hydrogel lenses is their high oxygen permea-
bility [1]. However, silicone macromeres integrated into the
lens material, responsible for this property, also make the
material more hydrophobic.

The environment in which a contact lens is used is the eye
surface, where it interacts with a tear film. The tear film is
composed of water with substances like mucins, lipids, pro-
teins, and electrolytes. A recent study found that an older
structural model (3-layer: mucin, aqueous and lipid) of the
tear film does not reflect reality, and that the tear film must
be considered as a single dynamic functional unit with dif-
ferent compartments [3]. Particularly, the outer lipid lay-
er was described as a bilayer consisting of an upper non-
-polar layer and a lower polar layer [4]. This description was
then extended to “multilamellar sandwich model” where
the outer, thick tear lipid layer is created by long, saturated
chains of wax esters (WE), cholesterol esters (CE) and oth-
er non-polar components such as triacylglycerols (TAG),
diesters, free sterols, free fatty acids. There is also an upper
no-polar lipid interface between non-polar lipids and the
aqueous layer [5]. Most of the lipids in the tear film come
from Meibomian glands. Their role is to stabilize and pre-
vent the tear film from evaporating [6-8]. Classes and pro-
portions of the lipids from tear film and meibum are similar
(with the exceptions of phospholipids) [9-11]. Main lipid
omponents of tears (mol%) are: cholesterol-ester, wax ester
and cholesterol [10].

A number of studies found that Si-Hy lenses accumulate
more lipid deposits when compared to hydrogel lenses [12,
13]. The Si-Hy lenses are most often contaminated with ip-
ids such as cholesteryl esters, cholesterol and tri-glyceride.
These deposits can cause dewetting of a lens surface and
lead to tear film instability [14—16], which in turn triggers
contact lenses discomfort and may lead to the lenses drop-
ping out [17].

Interaction of silicone hydrogel contact lenses with lipids — a chronological review
T. Sulifiski, J. Pniewski

While many studies have been published over the last
20 years, there is still no clear and unanimous information
about this process. Therefore, it is important for eye care
practitioners to track the research in this field.

PURPOSE

The aim of this paper it to review available scientific reports
on the study of Si-Hy lens interactions with lipids; present
available knowledge, results, conclusions and search for
further research objectives.

METHODS

The publications have been obtained from the PubMed da-
tabase (www.ncbi.nlm.nih.gov/pubmed). The phrase used
in the search was “lipid contact lenses” The search was
restricted in time-frame (from 2003 to 2020). The search
revealed 336 results. The next step was to look through the
publications in order to verify which touched on the sub-
ject. In addition, the literature from the reviewed publica-
tions was browsed to complement the review with studies
that did not appear in the initial search. Altogether 57 pub-
lications were identified. Then, the studies were arranged
in chronological order and described, presenting the most
important conclusions.

RESULTS: A CHRONOLOGICA L REVIEW

1970-2002

The earliest available studies about lipid deposits on con-
tact lenses are from the 70’s [18-21] and 80’s [22—29] of the
20" century. These studies were continued and expanded
in the 90’s [30—41], but they only involved hydrogel lenses.
These lenses were tested both in vitro and ex vivo. The re-
search whose review is the aim of this publication began in
the 21st century along with the appearance of Si-Hy lenses
on the market.

2003

The first scientific paper on lipid deposits on Si-Hy lenses
was published. Jones et al. studied deposits of lysozyme and
lipids on worn Si-Hy lenses (balafilcon and lotrafilcon) and
traditional hydrogel lenses (etafilcon). The results showed
that the amount and type of deposits on the lens are related
to the lens material, with Si-Hy lenses showing significantly
more lipid deposits compared to ionic hydrogel material.
There was also a difference in the size of the deposits be-
tween two Si-Hy lenses (fig. 1). The authors suggested that
all of these differences can be related to the bulk material or
surface treatment [16].
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Degree of lipid deposition measured on Focus Night & Day
(lotrafilcon), PureVision (balafilcon), and Acuvue (etafilcon)

lenses. The degree of lipid deposition was significantly
influenced by both lens material (p < 0.001) and lipid class
(p <0.001) [16].
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Their next study was concentrated on an optimization of
the procedure of the extracting lipid deposits from Si-Hy
lenses. Jones et al. were looking for the best extraction
solution to remove lipids from PureVision (PV) and Focus
Night&Day (FND) lens materials. After examining both
types of lenses (which were first placed in the Lipid Doping
Solution) in four different extraction solutions, it turned
out that the best solution was 2 : 1 chloroform: methanol
which was capable of removing > 90% of deposited lipids
from both PV and FND contact lens materials. They also
demonstrated that PV lenses collect significantly more li-
pids compared to FND lenses [42].

2006

A study which used high-performance liquid chromatogra-
phy was published by Maziarz et al. The authors examined
the sorption of oleic acid, oleic acid methyl ester, and cho-
lesterol on Si-Hy contact lenses available at the time. They
used two liquid chromatography methods (HPLC-1 devel-
oped by Bausch&Lomb, and HPLC-2 used by Jones et al.,
mentioned in the previous publication [16]) to analyze lens
extracts from continuous-wear and daily-wear modalities
from asymptomatic Si-Hy contact lens wearers. The most
notable parameter difference between these two methods
was the mobile phase composition and sample preparation
technique. The study indicates that cholesterol is the most
prevalently sorbed lipid in the studied contact lenses. They
also suggested that the sorbed cholesterol may not be re-

moved with cleaning solutions. What is more, they report-
ed that the quantities of lipids sorbed to continuous-wear
PureVision lenses were significantly different from those
previously reported, and suggested that any hypothesis of
Si-Hy lenses based on previous lipid data should be recon-
sidered [43].

Jones et al. published an article on surface treatment, wet-
ting and modulus of silicone hydrogels, in which they not-
ed that lipid deposition onto Si-Hy lens materials is highly
patient dependent. They recommended physical rubbing
process to remove tenaciously bound lipids and denatured
proteins that can be deposited on certain Si-Hy lens mate-
rials in some patients [44].

2007

Cheung et al. published a clinical comparison of Si-Hy
(Acuvue Advance) and hydrogel (Acuvue) lenses. One
of the evaluated parameters was the amount of deposits,
which was assessed using a grading scale. There were no
significant differences in the amount of deposits between
the lenses, but Acuvue Advance was more often character-
ized by severe lipid deposits (third and fourth grade on the
grading scale) (13.8% during the first aftercare and 23.4%
during the second aftercare visit). The authors noted that
these deposits can be easily removed by rubbing the lens in
the cleaning process [12].

The same year Lorentz et al. published a paper that describe
the influence of lipids on the lens wetting angle. The study
tested both Si-Hy lenses (five Si-Hy materials) and hydro-
gel lenses (four hydrogel materials). Lenses were incubat-
ed with two different lipid tear solutions (LTS) containing
cholesterol, cholesteryl oleate, oleic acid, oleic acid methyl
ester, and triolein, with “low” and “high” concentration of
lipids, and compared with lenses soaked in phosphate buff-
ered saline. The contact angle measurement (sessile drop
method) showed that exposure to lipids may improve the
wettability of certain Si-Hy and hydrogel materials, particu-
larly of surface treated Si-Hy materials. Authors suggested
that this may be the reason why in some individuals, the
comfort of wearing lenses improves after a few hours or
days after they have put on the lenses [45].

2008

A study using atomic force microscopy (AFM) was pub-
lished by Lira et al. They compared the surfaces of bala-
filcon A, lotrafilcon B (both surface-treated), and galyfil-
con A (non-surface-treated) Si-Hy contact lenses, before
and after having been worn by patients. They examined
how and where proteins, lipids, and other contaminants
change the contact lens surface. Balafilcon A and galyfil-
con A showed a significant increase in surface roughness
after being worn. The authors did not observed any signifi-
cant changes in lotrafilcon B material. These results suggest
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that lens surface modifications can play a significant role in
protecting from changes in roughness and allow for better
clinical tolerance of the lenses [46].

Iwata et al. published a study on a new method of deter-
mining lipids adsorbed on Si-Hy lenses. This new meth-
od — gas chromatography/mass spectrometry (GC/MS) —
established in this study turned out to be effective in terms
of repeatability, specificity, linearity, detection and quan-
titation limits, and percentage recovery. The authors sug-
gested that GC/MS could be a useful method of analysis for
evaluating lipids adsorbed on Si-Hy lenses. They evaluated
invitro lipids adsorbed on five Si-Hy and one hydrogel lenses.
The amount of lipids adsorbed on contact lenses were: lotra-
filcon A = (near equal) lotrafilcon B = (near equal) etafilcon
A < asmofilcon A < galyfilcon A = (near equal) balafilcon A
with the value of 0.4 to 7.6 pg/lens. The authors suggested
that these differences in the amount of lipids adsorbed could
depend on lipid composition and lens surface properties.
This was also the first study to use other lipids than those
found in the tear film, namely squalene that is a lipid secret-
ed from the sebaceous gland of fingers/hands, which can
be deposited on the lens after contact with the hands. The
study has shown that squalene is easily deposited on lenses.
On the other hand, cholesterol was shown to be easily ab-
sorbed into the lens [47].

The same year Carney et al. published an in vitro study on
the adsorption of major tear film lipids to various Si-Hy over
time. Five Si-Hy and one hydrogel lenses were tested, with
fluorescently tagged cholesterol (CH, non-polar lipid) and
fluorescently tagged phosphatidylethanolamine (PE, polar
lipid). After soaking the lenses in a lipid solution, research-
ers measured fluorescence and the corresponding lipid
concentration was calculated from an appropriate standard
curve. Study showed that the in vitro adsorption of CH was
greater than that of PE for all lens types, including hydro-
gel. After 20 days of soaking in PE, the lotrafilcon polymers
showed the lowest adsorption of all the Si-Hy lenses tested
at 0.4 and 1.5 pg/lens, for lotrafilcon A and lotrafilcon B.
Galyfilcon A and senofilcon A showed significantly higher
PE adsorption at 5.1 and 4.9 pg/lens, in comparison to all
other Si-Hy lenses investigated. Senofilcon A and balafil-
con A had the highest affinity for CH of all the lens types
after 20 days, with adsorptions of 23.2 and 24.1 pg/lens, re-
spectively. Lotrafilcon B showed the lowest in vitro adsorp-
tion of CH of all lens types, at 3 pg/lens [48]. Interestingly,
the results of this study showed 10 times smaller amount
of deposits on the same lenses than in the aforementioned
study by Jones et al. [49]. The authors suggested that the
differences between these in vitro and ex vivo studies may
come from the protein-lipid interactions and drying and
wetting cycles of a lens during wear. Another interesting
conclusion was that the deposit characteristics of Si-Hy
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did not always behave according to the FDA lens material
grouping of that time [48].

2009

Two studies were published, discussing lens deposits and
lens care products. Ngo et al. investigated the effect of
proteins, lipids, and lens materials on the neutralization
kinetics of one-step hydrogen peroxide disinfection. After
adding protein (bovine serum albumin and lysozyme) and
various lipids to the lens cases during the neutralization
phase systems, they checked how this influenced the rate of
neutralization. It turned out that neither protein nor lipid
deposition nor lens material play a role in the speed of neu-
tralization of peroxide-based systems [50].
Another study by Zhao et al. was focused on quantitative-
ly detecting proteins and cholesterol extracted from worn
Si-Hy contact lenses. Researchers also wanted to deter-
mine the impact of various lens care solutions on deposit
accumulation by using four lens types (lotrafilcon B, bala-
filcon A, galyfilcon A and senofilcon A) and four lens care
solutions (ClearCare, Opti-Free Express, Opti-Free Replen-
iSH, AQuify), and thin layer chromatography for counting
lipids and standard techniques for protein counting. The
authors found that:

+ Balafilcon A lenses exhibited the highest amount of
cholesterol and total protein.

+ AQuify was the most effective solution in reducing
extracted deposits, especially proteins extracted from
balafilcon A lenses.

+ AQuify and Opti-Free RepleniSH solutions were most
effective in reducing extracted cholesterol from senofil-
con A and galyfilcon A lenses, respectively.

+ The use of Opti-Free Express solution resulted in more
extracted proteins from lotrafilcon B lenses than the use
of other solutions.

+ Lotrafilcon B, senofilcon A, and galyfilcon A lenses
accumulated relatively low amount of proteins.

+ Lotrafilcon B lenses accumulated the smallest amount
of cholesterol deposits among all lenses tested regard-
less of the solution used.

The authors suggested that lens polymer (material) and
surface characteristics may have a significant impact on
the amount of deposits on the lenses and that lens polymer
type, lens care solutions exhibit varying effectiveness in re-
ducing protein and lipid accumulation [51].

2010

Svitova et al. studied the influence of lysozyme and sur-
factant-containing multi-purpose lens care solutions
(MPS) on interfacial rheology of lipids and mixed lipid-
-protein films. Although this study was not directly related
to lens deposits, the results showed that thick multilayers
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of the ex vivo tear lipids (extracted from worn lotrafil-
con A lenses) had exhibited lower surface tension than
reported previously in the literature for meibomian lipids,
and that lipid-lysozyme interaction altered the interfacial
rheology of the ex vivo lipids. What is more, care solutions
like, Opti-Free Express and Opti-Free RepleniSH changed
the rheological properties of the mixed films to different
extents [52].

In the same year, Pucker et al. published the results of
a study aimed at developing an enzymatic method of quan-
tifying cholesterol and cholesterol esters derived from con-
tact lenses, both in vitro and ex vivo. They examined two
types of materials, lotrafilcon B and galyfilcon A. The lenses
underwent two separate 2 : 1 chloroform-methanol extrac-
tions, then the amount of lipid deposits were measured us-
ing a cholesterol esterase enzymatic reaction. Both in vitro
and ex vivo results showed that galyfilcon A material accu-
mulated more lipids than lotrafilcon B. In the conclusion,
the authors suggested that this new method is an efficient
and simple tool for measuring the total amount of choles-
terol extracted from Si-Hy contact lenses and, potentially,
the meibum and/or tear film. They also pointed out that
some Si-Hy materials demonstrate more affinity for choles-
terol and its esters than others [53].

The same authors published a second paper in the same
year, whose aim was to understand various soft contact lens
materials’” ability to adsorb common tear lipids. They test-
ed nine unworn polymers soaked in cholesterol oleate or
phosphatidylcholine solutions for 1 or 14 days. The results
obtained in this study are significantly different from those
obtained by Iwata [47] and Carney [48]. Authors suggested
that this may be a result of using: different methods, differ-
ent non-polar lipids (cholesterol vs. cholesterol oleate), dif-
ferent polar lipids and different methods of analysis. In the
conclusion, the authors informed that hydrogel and most of
the Si-Hy lenses adsorb lipids relatively quickly (i.e. during
the first day). Although there were some differences in the
amount of lipids recovered from individual materials, it was
not clear whether these differences could have any clinical
significance [54].

Another study published in 2010 by Walter et al. investigated
protein and lipid deposition characteristics of various Si-Hy
lenses. In terms of lipid depositions this study showed sig-
nificantly less sorbed lipids in lotrafilcon A and B com-
pared to other Si-Hy lenses. Authors suggested that not
all Si-Hy lenses have similar affinities for either protein or
non-polar lipid (total cholesterol) sorption. Surface char-
acteristics, such as ionicity, may play a significant role in
the ability of these lens materials to resist deposition over
a wear cycle [55].

Next paper from 2010, published by Saville et al., described
examining the deposition of tear phospholipids and choles-
terol onto worn contact lenses and the effect of lens mate-

rial and lens care solution. Two Si-Hy lens materials (seno-
filcon A and balafilcon A) and three types of solutions were
used in the study. After extracting lipids with 2 : 1 (chloro-
form to methanol) solution and that extract having been
washed with aqueous ammonium acetate, a lipid analysis
was carried out using electrospray ionization tandem mass
spectrometry. This study found that phospholipid depos-
its extracted from worn contact lenses show a molecular
profile similar to that in tears. What is more, the lens com-
position significantly affected concentration of the repre-
sentative polar and non-polar lipids deposited onto contact
lenses. Differences were also shown in the efficacy of the re-
moving phosphatidylcholine and sphingomyelin with lens
care solutions [56].

The last reviewed study on the subject in this year, pub-
lished by Zhao et al., described correlations between clin-
ical responses during contact lens wear and the amount of
protein or cholesterol extracted from lenses after wear. This
study is a continuation of the same authors' 2009 publica-
tion [51], and it uses the same method to analyze deposits
of protein and cholesterol on worn lenses. The researchers
examined the correlation between the amount of protein
and lipid deposits and such parameters as: corneal/con-
junctival staining, lens front surface wetting and lens fit-
ting tightness. They examined ex vivo four types of Si-Hy
lenses (senofilcon A, balafilcon A, galyfilcon A, lotrafil-
con B), worn by patients daily on a biweekly or monthly
basis, who used four types of lens solutions (ClearCare,
Aquify, Opti-Free Express, Opti-Free RepleniSH). The
obtained results showed that there are probably no phys-
iologically relevant consequences of cholesterol depos-
iting on Si-Hy lenses. However, the amount of proteins
that deposit onto Si-Hy lenses during wear may have
more impact on lens performance on-eye. The correla-
tions were generally weak and may still not indicate any
relevant causative physiological response [57].

2011

Walther et al. published a poster at British Contact Lens
Association (BCLA) conference presenting the results of
a study on the effect of in vitro lipid concentration on li-
pid deposition on Si-Hy and conventional hydrogel contact
lens materials. After incubating four types of Si-Hy and two
hydrogel lenses in artificial tear solution that contained ma-
jor tear proteins, salts and either 0.5 x, 1 x or 2 x typical
human concentrations of selected lipids, they found that
increasing concentrations of lipids resulted in an increase
of the amount of cholesterol and phosphatidylcholine de-
posits. However, this rule did not apply to triolein. With
these results the authors suggested that patients with ele-
vated levels of certain lipids in their tear film, such as those
which may occur in cases of meibomian gland dysfunction,
could exhibit increased lipid deposition on their contact
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lenses, which may lead to compromised vision or end-of-
-day comfort [58].

Another study published at that time by Lorentz et al. fo-
cused on finding the physiologically-relevant artificial tear
solution (ATS) containing a range of tear film components
within a complex salt solution which would be relevant to
measuring contact lens parameters and lipid deposition of
a variety of contact lens materials after incubating in the
ATS. The final step of this ATS development was tested
for its ability to deposit lipids onto both a hydrogel and
Si-Hy contact lens materials. Cholesterol and phosphati-
dylcholine deposits on lenses of the omafilcon A (hydrogel)
and balafilcon A (Si-Hy) material were tested. The results
showed that with ATS incubation balafilcon A lenses de-
posit significantly more cholesterol and phosphatidylcho-
line than omafilcon A lenses (p < 0.05) and that removing
lactoferrin and immunoglobulin G from the ATS can signif-
icantly decrease the amount of lipids deposited. In the con-
clusion, the authors stated that this solution (novel com-
plex artificial tear solution especially designed for in-vial
incubation of contact lens materials) was stable and did not
adversely affect the physical parameters of the soft contact
lenses incubated within it and showed that lipid deposition
was responsive to changes in ATS composition [59].

In a study published by Heynen et al., the researchers
quantified non-polar lipids deposited on senofilcon A
Si-Hy contact lenses when disinfected with a no-rub one-
step hydrogen peroxide system (ClearCare) and a care
system preserved with Polyquad & Aldox (OPTI-FREE
RepleniSH). This ex vivo study found that among the symp-
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tomatic dry-eye soft lens wearers, a care system preserved
with Polyquad and Aldox removed higher amounts of cho-
lesterol oleate from senofilcon A contact lenses used for
2 weeks than a peroxide-based system [60].

Another study from 2011, published by Campbell, analyz-
ed the impact of hand washing regimes on lipid transfer-
ence to contact lenses. The authors compared a social hand
wash, the Royal College of Nursing (RCN) hand wash and
“no-wash regime” as the control group (only in transfer-
ring lipids from hands 'no CL used), in ring lipid transfer
from hands (thin-layer chromatography) and in trans-
ferring lipids to the CL (fluorescence spectroscopy). The
study showed that RCN methods results in the lowest lipid
transmission in both cases (fig. 2). Therefore, the authors
suggested that a regime of hand washing for contact lens
users should be standardized to help reduce potentially li-
pid transfer from hands [61].

Omali et al. studied the effect of cholesterol deposits on
the adhesion of bacteria to Si-Hy contact lenses. First, the
researchers examined the lipid uptake from worn con-
tact lenses (Pure Vision and Acuvue Oasys) ex vivo using
thin-layer chromatography, and showed that these lenses
absorbed cholesterol. Then they soaked unworn lenses in
cholesterol and the number of Pseudomonas aeruginosa
strains or Staphylococcus aureus strains that adhered to the
lenses were measured. Cholesterol was tested for effects
on bacterial growth by incubating bacteria in a solution
containing cholesterol. The results suggested that this lipid
does not appear to modulate bacterial adhesion to a lens
surface [62].

Fluorescence intensity (Fl) of dermal-lipids on contact lenses after no wash, social wash and RCN (Royal College of Nursing) wash [61].
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The aim of a study published by Pitt et al. was to check the
possibility of loading a phospholipid onto contact lenses for
a controlled release onto the eye. The lens was loaded with
33 pg of DMPC (1,2-dimyristoyl-sn-glycero-3-phospho-
choline). An average of nearly 1 pg of DMPC was eluted
into ATF (artificial tear solution) within the first 10 h. What
is more, the elution was about five times faster in ATF than
in water. Authors suggested that this type of lens technolo-
gy may have the potential to deliver phospholipids to help
address contact lens-related dryness through lipid layer sta-
bilization [63].

2012

Pucker et al. published a study on imaging lipid deposits
on Si-Hy lenses. They examined the ability of Nile Red and
Oil Red O stain to detect tear film lipids deposited on Si-Hy
lenses. The authors examined both in vitro and ex vivo lens-
es, and found that Nile Red and Oil Red O are both able to
detect lipids on soft lenses in both cases. Oil Red O was de-
scribed as a better stain for Si-Hy lenses as it offers a higher
signal to noise ratio [64].
Vishnubhatla et al. published a study on the influence of
wear, squalene and wax on the evaporation rates through
contact lenses (ERTCL). They found that the ERTCL
through worn balafilcon A contact lenses were about
20% faster than for buffer saline alone and that squalene
inhibited the ERTCL by over 60% [65].
As a continuation of previous studies from 2011 [62] Oma-
li et al. published a study about the effect of phospholip-
id deposits on bacteria adhesion to contact lenses. First,
the authors examined worn lenses to check the amount
of phospholipid deposits. As the next step, unworn lenses
were soaked in phospholipids and exposed to Pseudomonas
aeruginosa and Staphylococcus aureus. After an 18 h period
of incubation, the number of P. aeruginosa or S. aureus bac-
teria that adhered to the lenses were measured. The results
showed that phospholipids adsorbed onto/absorbed by
contact lenses during wear, however, major types of phos-
pholipids adsorbed to lenses do not alter bacterial adhesion
or growth [66].
Another study published in 2012 described the impact of
lactoferrin and lipids on the kinetic deposition of lysozyme
on Si-Hy and conventional hydrogel lenses, using a com-
plex artificial tear solution (ATS). Researchers examined
two Si-Hy (lotrafilcon B and senofilcon A) and two hydro-
gel (etafilcon A and omafilcon A) lens materials with four
different solutions:
+ a complex ATS consisting of various salts, lipids, pro-
teins, and mucins
+ an ATS without lactoferrin
+ an ATS without lipids
« an ATS without lactoferrin and lipids.

The results showed that the ATS containing lactoferrin and
lipids affects lysozyme deposition on both Si-Hy and con-
ventional hydrogel contact lenses [67].
The development of in vitro experiments was focused on
achieving conditions as close as possible to in vivo. A step
in achieving the aim was taken by Lorentz et al. by in-
corporating a model blink cell device in examination of
lipid deposits. The published study was aimed to analyze
the impact of intermittent air exposure on in vitro deposi-
tion of two radioactive lipids on various contact lens (CL)
materials. There were two stages of the study, short term
(1 day x 10 h of continuous cycles in and out of ATS) and
long term (6 days x 14 h continuous cycles in and out of ATS
and 10 h submerged in ATS). In the first stage, the authors
examined six different CL materials (balafilcon A, lotrafilcon
B, comfilcon A, senofilcon A, etafilcon A, and omafilcon A)
which were mounted on the model blink cell pistons, which
cycled the lenses in and out of a complex artificial tear solu-
tion (ATS) that contained a trace amount of *C-cholesterol
or "“C-phosphatidylcholine. In these cases, the exposure to
air resulted in increased amounts of cholesterol deposited,
1.6 to 4.3-fold for omafilcon A, balafilcon A, comfilcon A,
and senofilcon A compared with submerged lenses, how-
ever, no differences in deposition were observed for eta-
filcon A and lotrafilcon B. For phosphatidylcholine, the all
air-exposed lenses had increased the amount of deposition.
These deposits were statistically higher by 1.1 to 1.6 times for
omafilcon A, comfilcon A, lotrafilcon B, and senofilcon A,
but not statistically different for etafilcon A or balafilcon
A. Long term incubations for 6 days were tested with two
Si-Hy (lotrafilcon B and balafilcon A) materials incubated in
"“C-cholesterol ATS. The air-exposed CLs were cycled for
14 h, then submerged for 10 h each day. This time results
showed statistically significant increases in cholesterol dep-
osition for both air-exposed lens materials with the increase
in deposition 1.8 x and 2.8 x, respectively. In the conclusion,
the authors suggested that lipid deposition profiles are CL
material dependent and that intermittent air exposure can
influence the amount of lipids deposited [68].
Lorentz et al. published another study in 2012. The pur-
pose of their work was to analyze the influence of various
tear film components on in vitro deposition of two lipids
(cholesterol and phosphatidylcholine) on contact lens ma-
terials. They examined two Si-Hy (balafilcon A and senofil-
con A) and one hydrogel (etafilcon A) lens materials with
four solutions:
+ anartificial tear solution containing lipids and proteins
+ aprotein tear solution containing proteins and the lipid
of interest
+ alipid tear solution containing lipids and no proteins
+ asingle lipid tear solution containing the lipid of inter-
est only.
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Each incubation solution contained one of the two radio-
labeled lipids: "C-cholesterol (C) or *C-phosphatidylcho-
line (PC). Lenses were incubated for 3 and 14 days. The
results showed that that C and PC deposition accumu-
lates over time and that Si-Hy materials deposit more lipid
than group IV conventional hydrogel materials. However,
a more significant conclusion was that the deposition of C
and PC is affected by the composition of the incubation
solution and that in vitro models need to use more phys-
iologically relevant incubation solutions that mimic the
natural tear film if in vitro data is to be extrapolated to the
in vivo situation [69].

As a continuation of study from 2011 [63], Pitt et al. pub-
lished another paper in 2012 on the transport and release
of phospholipids from Si-Hy contact lenses. The results
showed that the amount of DMPC loaded into a lens is a lin-
ear function of time of exposure to the DMPC/propanol
solution (used to load DMPC onto lens). The initial rate of
elution into ATF appeared to be diffusion-controlled for at
least 10 h and is proportional to the amount of DMPC load-
ed. What is more, the elution rate decreases as the DMPC
concentration in the ATF increases. In the conclusion, the
researchers stated that the ease of loading and controllable
release of DMPC from Si-Hy presents the possibility of us-
ing such lenses to counter eye discomfort caused by inher-
ently low levels of phospholipids in tears [70].

The last reviewed study from 2012 aimed to assess the ef-
ficiency of hydrogen peroxide solutions in removing lipids
from various contact lens materials by using an in vitro
model of lipid deposition. Authors examined two Si-Hy
(balafilcon A and senofilcon A) and one hydrogel (etafilcon
A) lens materials which were incubated for 8 h in an ATS
containing a mixture of lipids, proteins, mucin and either
9C-cholesterol or 1YC-phosphatidylcholine. Following the
incubation, the lenses were removed, rinsed, and placed for
16 h in either a surfactant-containing a peroxide solution
(ClearCare®), a peroxide solution devoid of a surfactant
(AOSept®) or stored without solution (control). After
1 week of repeating the process each day the amount of li-
pids deposited were calculated based on standard calibra-
tion curves. The results showed that ClearCare hydrogen
peroxide disinfection solution containing Pluronic 17R4
removed the most lipids from lenses when compared with
the non-surfactant containing AOSept or the control, for
both lipids and all lens materials. However, the authors no-
ticed that the differences found were quite small at times
and whether these differences are clinically significant are
yet to be determined [71].

2013

Brown et al. published a study that described a method of
characterizing lipid deposits directly from worn contact
lenses utilizing a liquid extraction surface analysis coupled
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with mass spectrometry (LESA-MS/MS). The presented
technique effected a facile and reproducible extraction of
lipids from the contact lens surfaces and identified lipid
molecular species representing all major classes present in
human tear film. The authors stated that the LESA-MS/MS
is a rapid and comprehensive technique for characterizing
lipid-related biofouling on polymer surfaces [72].

As a continuation of the 2012 study [67], Ng et al. published
in 2013 an article about the impact of tear film components
on the conformational state of lysozyme deposited on con-
tact lenses. They examined two Si-Hy (lotrafilcon B and se-
nofilcon A) and two hydrogel (etafilcon A and omafilcon
A) lens materials, which were incubated in four different
solutions: ATS, ATS without lactoferrin, ATS without li-
pids, ATS without lactoferrin and lipids.

At various time points over a 28-day period, the percentage
of active lysozyme per lens was determined using a fluores-
cence activity assay and an enzyme-linked immunosorbent
assay (ELISA). The results showed that lactoferrin and li-
pids have an impact on the denaturation of lysozyme de-
posited onto Si-Hy contact lenses, while conventional hy-
drogel lenses were unaffected [73].

In another study published by Pitt et al. they searched for
a best method of quantitating phospholipid and cholesterol
sorption on Si-Hy lenses using radiolabeled cholesterol and
phosphatidylcholine that were sorbed on lenses from ATF.
The results showed that a triple extraction technique using
n-propanol gives the most reliable results. What is more,
the comparison of sorption on Si-Hy lenses showed that
balafilcon A and senofilcon A lenses sorb similar amounts,
while lotrafilcon B lenses sorb comparatively less lipids [74].
Svitova et al. published a study investigating racial varia-
tions in interfacial behavior of lipids extracted from worn
soft contact lenses. Asymptomatic Asian and Caucasian
subjects wore Si-Hy lenses (lotrafilcon A) continuously for
1 month. Then, lipids from lenses were extracted and de-
posited on an air bubble immersed in a model tear elec-
trolytes (MTE) solution to form 100 + 20 nm-thick films.
Surface pressure was recorded during slow expansion/
contraction cycles to evaluate compressibility and hystere-
sis of lipid films. The films were also subjected to fast step-
strain dilatations at temperatures 22—-45°C to assess their
viscoelastic properties. The researchers found that higher
elastic modulus of Caucasian lipids and elasticity threshold
at certain deformations indicate stronger intermolecular
interactions and structure in comparison with more vis-
cous Asian lipids. Moreover, they suggested that the differ-
ences in interfacial behavior between Asian and Caucasian
lipids may be associated with the differences in their chem-
ical compositions [75].

In a comprehensive study of the factors that influence
in vitro cholesterol deposition on contact lenses, published
in 2013 by Walther et al. information about the impact of
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incubation time, lipid concentration, and solution replenish-
ment on Si-Hy and conventional hydrogel contact lens cho-
lesterol deposition in vitro can be found. The researchers ex-
amined four Si-Hy (senofilcon A, lotrafilcon B, comfilcon A,
balafilcon A) and two hydrogel (etafilcon A and omafilcon A)
contact lenses incubated ATS, that contained major tear film
proteins, lipids, salts, salts, and a trace amount of radioactive
UC-cholesterol, for various incubation times (1, 3, 7, 14, or
28 days), with three concentrations of lipids (0.5 x, 1 x, 2 x
tear film concentration) and with or without solution replen-
ishment to assess the impact of each variable on cholesterol
deposition. The results showed that all three factors influ-
ence in vitro cholesterol deposition. Si-Hy lenses deposit
significantly more cholesterol than hydrogel lens materials,
and the amount of lipids deposited depends on the contact
lens material, length of incubation, concentration of lipids
in the ATS, and the replenishment of ATS [76].

2014

Wialther et al. published a study to compare ex vivo cholester-
ol deposition on commercially available Si-Hy contact lenses.
They examined seven Si-Hy lens materials (balafilcon A, com-
filcon A, enfilcon A, enhanced-lotrafilcon A, enhanced-lotra-
filcon B, galyfilcon A and senofilcon A). Cholesterol sorp-
tion was assessed in 140 previously worn Si-Hy lenses from
eight clinical trials conducted in the United States and Aus-
tralia between 2006 and 2008. Patients wore the lenses for
2-4 weeks. The results demonstrated that enhanced-lotra-
filcon A and enhanced-lotrafilcon B contact lenses showed
significantly lower median total cholesterol sorption than all
other types of tested lenses. The authors suggested that cho-
lesterol deposition in Si-Hy contact lenses depends on the
lens material [77].
Panaser et al. published a study on the evidence of lipid
degradation during overnight contact lens wear. Using gas
chromatography and mass spectrometry they examined
(ex vivo) two lens materials (balafilcon A or lotrafilcon A)
which were worn on a daily or continuous wear schedule
for 30 and 7 days. Obtained results showed that:
+ Unsaturated fatty acids are degraded during sleep in
contact lenses.
+ Degradation occurred independently of lens material or
subject-to-subject variability in lipid deposition.
+ The consequence of lipid degradation is the production
of oxidative products, which may be linked with contact
lens discomfort.

What’s more, they found differences between balafil-
con A and lotrafilcon A lenses, primarily relating to higher
levels of gross lipids on balafilcon A lenses [78].

The same year Maissa et al. published a study comparing
lipid spoliation on Si-Hy (balafilcon A) and hydrogel (eta-
filcon A) lenses. They examined lenses collected from

patients who wore them for 10 h of single use (DD) and
7 days of extended wear (EW). The authors asked two
laboratories to analyze lipids: Alcon Laboratories (right
lens total uptake) and OTG Research & Consultancy (left
lens total uptake and individual lipid classes). The results
showed that total lipid uptake was highly material de-
pendent. Measurements showed a greater uptake of lipids
by the Si-Hy than the hydrogel material. Total lipid up-
take was greater after 7 days of EW compared with 10 h of
DD. The kind of lipids recovered from the contact lenses
was also significantly different between the two materials:
more nonpolar lipids were recovered from balafilcon A,
whereas the distribution of lipid families was more bal-
anced between non-polar and polar lipids for etafilcon A.
Greater differentiation between materials was possible af-
ter 7 days of EW for each material. The lipid uptake profile
was similar for DD and EW, indicating the material being
a more important factor than wear modality [79].
Another study published in 2014 compared lens solutions
ability to remove tear components. Cheung et al. exam-
ined three Si-Hy lens materials (balafilcon A [BA], lotrafil-
con B [LB], and senofilcon A[SA]), which were incubated
for 1 week in ATS containing representative lipids, proteins,
and salts from the tear film. AFM was used to resolve each
lens before and after being cleaned overnight in hydrogen
peroxide based system (HPS) or polyhexamethylene bigua-
nide containing MPS. In the conclusion, the authors stat-
ed that unique variations in ATS deposition patterns were
seen between lenses with AFM, and that the application
of both HPS and MPS removed most of visible surface de-
posits. However, in terms of lipid deposition, the research-
ers found that the results for balafilcon A and senofilcon
A were not consistent with the studies on lipid adsorption,
because BA and SA have been shown to deposit relatively
high levels of lipids [48, 69, 74]. One possible explanation
for this discrepancy is that lipids, and proteins to a lesser
extent, are being absorbed into the matrix of BA, whereas
they are adsorbed and visible on the surface of SA [80].
Tam et al. published two studies in 2014 on lipid deposition
and lens care solutions. In the first one, they examined the
sorption and desorption of radio-labeled dipalmitoylphos-
phatidylcholine (DPPC) and cholesterol (CH) on five types
of commercial contact lenses. First, the lenses were soaked
in vitro in an ATS for 16 h. Then the effects of borate
buffered saline and two commercial MPSs on reducing
the lipid (DPPC and CH) sorption and increasing the lipid
removal were examined. The results showed that Si-Hy
lenses accumulate more lipids than polymacon (hydrogel)
material. Pre-soaking the Si-Hy lenses for 16 h in MPSs re-
duced the DPPC sorption by up to 13% and the CH sorp-
tion by up to 11%, but these reductions were not statisti-
cally significant. The results for lipid removal showed that
the composition of the eluting solution, whether BBS or an
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MPS, appears to have only a small influence on removing
lipids from Si-Hy lenses [81].

The second study from Tam et al. 2014, analyzed the effi-
ciency of lens care solutions in preventing and removing
lipid deposits from contact lenses. This time the authors
took also the rubbing process into consideration. Once
again, MPS did not show efficiency in preventing and re-
moving lipids from contact lenses. In the conclusion, the
authors stated that obtained data suggest that MPSs do
not appreciably alter lipid sorption. Rubbing the lenses re-
moves a small amount of sorbed lipids. Yet, authors recom-
mend that MPSs should be used as they may disinfect Si-Hy
lenses and clean their surfaces from large particles [82].

2015

In a study published by Bhamla et al. they found that mod-
ifying the Si-Hy surface with simple lipids, such as DPPC
and cholesterol, increases the hydrophilicity, which conse-
quently inhibits dewetting, whereas meibum behaves con-
versely. Additionally, they observed that DPPC and mei-
bum remain closer to the Si-Hy surface than cholesterol,
which diffuses further into the porous Si-Hy matrix [83].
Hagedorn et al. published a study on assessing contact
lens deposits and human meibum extracts using AFM and
the Langmuir-Blodgett monolayer. In the part dedicated
to contact lens deposits they examined ex vivo two Si-Hy
(etafilcon A and balafilcon A) materials worn in two phases
by the same subjects. The results for CL with AFM suggest
that the non-MGD participants wore lenses containing
a more uniform spread of smaller lipid deposits with higher
roughness values than the MGD lenses. Researchers spec-
ulated that this may occur because the tear film structure
of a person without MGD is relatively stable and ordered,
enabling fewer lipid and protein interactions with the CL
once inserted. They also found that depth analysis of bala-
filcon A pore suggests that lipids may accumulate within
the pores of the material when worn. What is more, this
phenomenon was more significant in the lenses worn by
MGD patients, as these lenses had shallower pores when
compared to non-MGD patient lenses which had deep
pores. In the conclusion, the authors stated that lipid dep-
osition on CL differs in terms of amount and pattern be-
tween non-MGD and MGD groups and in terms of types of
lipids between etafilcon A and balafilcon A lens materials.
Lipids from patients with MGD are more disordered and
deposit irregularly on CL, whereas lipids from non-MGD
patients are relatively ordered and deposit relatively uni-
formly on CL [84].

As a continuation of the studies from 2011 and 2012 [63, 70]
Pitt et al. published another study on extending the elution
of phospholipid from Si-Hy contact lenses. The researchers
examined an experimental lens simulating 30 days of diur-
nal use with overnight cleaning. The amount of released
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radio-labeled DMPC was measured. The results showed
that the elution of DMPC into ATS was greater on the first
day, followed by a fairly constant amount of elution each
day thereafter. The study also found that the type of clean-
ing system had a statistically significant effect on the elu-
tion rate during daily exposure to ATS. The rate of elution
into cleaning solutions did not show any enhanced elution
on the first day; there was a fairly constant elution rate [85].
In the aforementioned studies on lipid deposits on Si-Hy
lenses, the focus was on reusable lenses, however another
study from 2015, published by Walther et al. examined in
vitro cholesterol deposition on daily disposable contact lens
materials. The authors analyzed three Si-Hy (somofilcon A,
delefilcon A, and narafilcon A) and four hydrogel (etafilcon
A, nesofilcon A, ocufilcon A, and nelfilcon A) lens mate-
rials. After incubating in ATS with radioactive *C-choles-
terol, and extracting, the extracts were analyzed in a beta
radiation counter. The first finding was that cholesterol
deposited statistically significantly more on Si-Hy lenses
than hydrogel (with some exceptions). There were also dif-
ferences between Si-Hy lenses. The authors found also that
the accumulation of cholesterol was shown to be continu-
ous throughout the 16 h of incubation, without reaching
a plateau (as shown in figure 3). The authors suggested that
those facts could have implications for wearers who have
higher levels of lipids in their tears and are fitted with Si-Hy
DD materials [86].

Further work was carried out to get the in vitro test envi-
ronment as close to in vivo as possible. Peng et al. published
a study on an in vitro model-blink cell that reproduces the
mechanism of in vivo fouling of soft contact lenses. With
this novel method of incubating lenses in ATS the authors
examined 1 hydrogel (etafilcon A) and five Si-Hy (galyfilcon
A, lotrafilcon A, lotrafilcon B, balafilcon A, comfilcon A)
materials. Deposits were analyzed using optical microsco-
py, laser ablation electrospray ionization mass spectrome-
try, and two-photon fluorescence confocal scanning laser
microscopy. As a result, they found that targeted lipids
(cholesterol) and proteins (albumin from bovine serum)
were identified in the discrete surface deposits. Both lipids
and proteins occur simultaneously in the surface deposits
and overlap with the white spots observed using optical
microscopy. An examination using fluorescence confocal
scanning laser microscopy showed that lipids and proteins
penetrate into the bulk of tested Si-Hy lenses, likely attrib-
uted to the bi-continuous microstructure of oleophilic sili-
cone and hydrophilic polymer phases of the lens [87].

The last reviewed study from 2015, published by Silva et al.,
aimed to evaluate the effect of albumin and cholesterol on
the biotribological behavior of hydrogels for contact lenses.
Researchers examined two materials: hydroxyethylmeth-
acrylate based hydrogel, HEMA/PVDP, and a silicone-based
one, TRIS/NVP/HEMA. Tribology examinations showed
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Mean (+ SD) total cholesterol uptake on various daily disposable contact lens
materials for 16 h. Lipid quantities were measured using a radiolabel method in

which cholesterol was labeled within an artificial tear solution containing a variety of

D

proteins, lipids, and mucins [86].
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a significant increase in the friction coefficient (p) for
HEMA/PVP when the lubricant contains cholesterol and
for TRIS/NVP/HEMA when it contains albumin. The au-
thors stated that the results contribute to understanding
the influence of lacrimal fluid composition on the tribologi-
cal behavior of CLs materials, and can lead to improvement
of the selection and optimization of these devices [88].

2016

Bassyouni et al. published a study on the possibility of using
cinnamon oil to disinfect contact lenses. With a good result
of minimum inhibitory concentrations (MIC) of tobramy-
cin and cinnamon oil against 19 bacterial strains authors
stated that cinnamon oil has a promising antimicrobial ef-
fect and it could be a probable candidate for contact lens
disinfection. There is no information in the study about
possible oil deposits on contact lenses and the potential for
reducing the wettability of lens surfaces [89].

Another study from 2016 aimed to examine the effects of
two weeks of regular phospholipid liposomal spray applica-
tion on lipid layer grade, tear film stability, subjective com-
fort, visual acuity, and lipid deposition in Si-Hy contact lens
wearers. Phospholipid supplementation for contact lenses
is considered controversial due to possible lipid deposits in
the lens materials (especially Si-Hy). However, the results
obtained in this study showed that using a phospholipid li-
posomal spray increased tear film stability, lipid layer thick-
ness and subjective comfort in Si-Hy contact lens wearers,
without adversely affecting visual acuity or contact lens
surface lipid deposition [90].
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Schuett et al. published a work on an experimental model
to study the impact of lipid oxidation on contact lens dep-
osition in vitro. The authors examined two Si-Hy materi-
als (balafilcon A and senofilcon A) which were incubated
with fatty acids laced with radioactive tracer oxidized to
varying degrees, and the amount of lipid deposition was
measured using unoxidized lipid samples as controls. The
results showed that saturated fatty acids are not oxidized,
the monounsaturated oleic acid produced peroxides while
poly-unsaturated lipids initially produced peroxides and
then fragmented into reactive aldehydes. The authors
stated that they provided a method for inducing and con-
trolling lipid oxidation so that the effect of lipid oxidation
on contact lens binding could be compared [91].

The second study from 2017 determined the effect of lens
care system combinations on levels of total lipid, choles-
terol, and cholesteryl esters, extracted from contact lenses
(CLs), and was published by Omali et al. The authors ex-
amined ex vivo 791 lenses (three different materials: two
Si-Hy (galyfilcon A, senofilcon A) and one hydrogel (eta-
filcon A), which were worn for 10-14 days by subjects and
cleaned using one of four solutions (Biotrue, ClearCare,
OPTI-FREE PureMoist, and RevitaLens Ocutec). Then,
lens were analyzed to determine the amount of cholesterol,
cholesteryl esters, and total lipids. However, the results did
not demonstrate conclusively that any of the solution/CL
combinations were superior to any of the other combina-
tions when the amounts of lipid deposition were compared
among the tested lenses [92].
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2018

Walther et al. examined fluorescently tagged cholesterol
uptake and penetration in daily disposable contact lenses.
The authors studied three Si-Hy (delefilcon A, somofilcon
A, narafilcon A) and four hydrogel (etafilcon A, ocufilcon B,
nesofilcon A, nelfilcon A) materials. The incubation in ATS
of mentioned lens was performed on in vitro eye-blink plat-
form designed to simulate physiologic tear flow (2 ml/24 h),
tear volume and “simulated” blinking. Then, the lenses were
analyzed using laser scanning confocal microscopy. The re-
sults showed that compared with traditional incubation in
ATS (where NBD-cholesterol uptake occurred equally on
both sides of all lens materials), in the eye-blink model
cholesterol penetration was observed primarily on the an-
terior surface of the lenses (fig. 4). In the conclusion, the
authors suggested that comparing to the eye-blink plat-
form method the traditional “in-vial” incubation method
exposes CLs to an excessively high amount of ATS, which
results in an overestimation of cholesterol deposition.
They also stated that this new model, which incorporates
important ocular factors, such as intermittent air expo-
sure, small tear volume, and physiological tear flow be-
tween blinks, provides a more natural environment for the
in vitro lens incubation [93].

Interaction of silicone hydrogel contact lenses with lipids — a chronological review
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2019

Walther et al. published a study on the efficacy of con-

tact lens care solutions in removing cholesterol deposits

from Si-Hy contact lenses. By examining five Si-Hy lens

materials: (senofilcon A, comfilcon A, balafilcon A, lotra-

filcon A, and lotrafilcon B) previously incubated in ATS

containing radiolabeled cholesterol, with a saline solution

and five MPSs (Biotrue MPS, renu fresh, Blink RevitaLens

MPS, OPTI-FREE PUREMOIST MPDS, SoloCare Aqua),

they found that:

+ Balafilcon A and senofilcon A lens materials showed the
highest amounts of accumulated cholesterol.

+ Lotrafilcon A and lotrafilcon B deposited the lowest
amounts.

« Foralllens materials, MPS preserved with POLYQUAD/
ALDOX (OPTI-FREE PUREMOIST MPDS) removed
more deposited cholesterol than any other test solution.

The results of total cholesterol uptake five lens materials
combined with saline solution and five MPSs are shown in
figure 5. In the conclusion, the authors stated that choles-
terol-removal efficacy varies depending on the combina-
tion of lens material and solution, and that only one MPS
showed a statistically significant reduction of cholesterol
deposits for only two of the five tested lens materials [94].

Confocal images showing cross-sections of etafilcon A, nelfilcon A, nesofilcon A,

ocufilcon, delefilcon A, somofilcon A, narafilcon A after incubation with NBD-
-cholesterol in the vial and OcuFlow model after 4 h (A) and 12 h (B) [93].
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The mean (% SD) total cholesterol uptake on various lens material when soaked and cleaned in saline and five different MPSs after
7 days of incubation in a complex tear solution containing radiolabeled C-cholesterol (p = 0.05 for cleaned vs. uncleaned lenses).

MPSs, multipurpose solutions [94].
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2020

Luensmann et al. published a study investigating kinetic li-
pid uptake in Si-Hy lenses. The authors, simulating month-
ly use, examined four Si-Hy (lotrafilcon B, senofilcon C,
comfilcon A, samfilcon A) lens materials with incubation in
three different solutions: ATS containing *C-labeled phos-
phatidylcholine, ATS containing "*C-cholesteryl oleate, and
ATS containing four **C-radiolabeled lipids (phosphatidyl-
choline, phosphatidylethanolamine, cholesteryl oleate and
cholesterol). Results showed that for all studied lens types
the total lipid amounts increased over time. The high-
est amount of total lipids was found on senofilcon C lens,
cholesteryl oleate on lotrafilcon B and phosphatidylethan-
olamine on senofilcon C. The researchers stated that the
amount of both polar and non-polar lipid depositions on
monthly replacement Si-Hy lenses increased over 4 weeks,
with significant differences being seen between lens mate-
rials [95].

Another study from 2020, published by Qiao et al., evalu-
ated the location of cholesteryl ester deposits in monthly
Si-Hy lenses under conditions that mimic a daily wear reg-
imen over 1, 14 and 30 days. The authors examined four
Si-Hy lenses (senofilcon C, lotrafilcon B, comfilcon A and
samfilcon A) incubated in ATS including fluorescently
tagged cholesteryl ester (CE-NBD) for 16 h every day and
8 h in a MPDS solution (OPTI-FREE® PureMoist®), with
confocal laser scanning microscopy. The results showed
that the distribution of the non-polar lipid CE-NBD varied
depending on the lens material. Some lens materials (lotra-
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filcon B and samfilcon A) deposited the lipid primarily on
the surface after 16 h of exposure at day 1 and day 14. How-
ever, all materials exhibited a homogenous distribution af-
ter one month (fig. 6) [96].

Example images of CE-NBD fluorescence profiles through

senofilcon C (A), lotrafilcon B (B), comfilcon A (C),
and samfilcon A (D) over 30 days [96].
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C comfilcon A

The purpose of the study published by Shows et al. was to
compare the extracted cholesterol of lotrafilcon B lenses
packaged in and cared for with ethylene oxide-butylene
oxide (EOBO)-containing lens care solutions with the ex-
tracted cholesterol of habitual Si-Hy lenses cared for with
MPS not containing EOBO. In this study the author first
examined cholesterol extracted from habitual worn lenses
(senofilcon C, senofilcon A, comfilcon A, and samfilcon A)
which were used with a non-EOBO (polyoxyethylene-poly-
oxybutylene) MPS, and next they examined cholesterol ex-
tracted from lotrafilcon B lens used with EOBO-containing
lens care solutions, OPTI-FREE PUREMOIST or CLEAR
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CARE PLUS with HydraGlyde (in Europe AOSEPT plus
with HydraGlyde) used by the same subjects. The results
showed that cholesterol sorption was significantly lower in
wearers of lotrafilcon B lenses cared for with EOBO-con-
taining lens care solutions than in users of habitual Si-Hy
lenses cared for with non-EOBO MPS [97].

A study by Omali et al. quantified lipid deposition on CLs
in a group adapted of symptomatic and asymptomatic CL
wearers. Confirmed symptomatic and asymptomatic par-
ticipants (50 in total; 25 per group) have been tested in these
phases. All participants were refitted with a 2-weekly re-
placement Si-Hy lens (senofilcon A) and issued a polyqua-
ternium-based care solution (OPTI-FREE® RepleniSH®).
Participants wore a new pair of lenses for the following
2 weeks. The results showed that the asymptomatic group
deposited a significantly greater amount of lipids on their
CLs. Although measured lipid levels are considered low to
trigger any observable clinical deposition, they may influ-
ence other clinical outcomes, particularly on comfort [98].

DISCUSSION

Over the last 2 decades a lot of efforts has been put into
understanding the interactions between lipids and Si-Hy
lenses. Most studies were focused on the evaluation of lipid
deposits on the surface and in the lens matrix. Even though
contact lenses have been extensively tested in this direction
since the 1970s, the introduction of new Si-Hy materials,
with changed chemical characteristics, made new tests
necessary.

Reviewing the studies, three types of studies can be found:

1. In vivo, least common, with the use of a biomicroscope
and a grading scale. Only one such study was found in
this literature review.

2. Exvivo, in which worn lenses obtained from users were
tested outside of the eye environment. This type of re-
search gives some limitations to the comparison of lens
properties and their interaction with lipids because of
differences in tears lipid chemical compositions by race
[75] and individuals [44, 99].

3. Invitro, in which unworn lenses were treated and then
tested. With the development of these studies, efforts
were made to reflect as much as possible the conditions
in situ, for example by creating a multi-component AT
(59, 67, 69, 76], or mechanisms that imitate blinking and
tear flow [68, 87, 93].

Different methods used in studies are presented in table 1.
Some of the studies quantified lipids deposited onto lenses;
other aimed to visualize deposits both on the surface and in
the lens matrix.
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1
Methods used to evaluate lipids on lenses found in reviewed
studies.
Methods Refs.
high-performance liquid [16,43,79]
chromatography
thin layer chromatography [42,51,61,62,91]
gas chromatography/mass [47]
spectrometry GC/MS
fluorescence spectroscopy [48,61]
g cholesterol esterase enzymatic [53]
o reaction
o)
;g fluorometric enzymatic assay [55,73,77,97]
é electrospray ionization tandem [56, 66, 87]
s mass spectrometry (ESI-MS/MS)
=
k= AT [58, 63, 67,68, 69,
f=
§ beta counter, §cmt|IIatlon 71,74, 76,82, 85,
o counting 86,94, 95]
normal phase high-performance [60]
liquid chromatography
liquid extraction surface analysis [72]
& tandem mass spectrometry
(LESA-MS/MS)
liquid chromatography-mass [98]
spectrometry technique
) . [46, 80]
atomic force microscopy
kS
,é g fluorescence microscopy [64, 84]
T O
% @ | fluorescence confocal scanning [87, 93, 96]
Z° laser microscopy
= . [87]
optical microscopy

Most studies (both ex vivo and in vitro) which aimed to
measure the amount of lipid deposits on Si-Hy lenses re-
quired lipid extraction from the lenses. Best solution for
that purpose is 2 : 1 chloroform : methanol [42].
Numerous studies have confirmed that the modified mate-
rial chemistry of Si-Hy vs. hydrogel lenses has influenced
the type and amount of deposits, manifesting itself pri-
marily in a higher amount of lipid deposits. Moreover, the
amount of deposits depends on Si-Hy lens materials and
surface treatment [12, 16, 43, 51, 55, 77, 95]. Differences in
deposits on Si-Hy lenses were also observed between polar
and non-polar lipids [56]. In general, there are significantly
different results in the literature as to the amount of lipid
deposits on lenses. These differences may be mainly related
to significant differences in the materials and the measure-
ment methods used.
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With regard to the mechanisms of deposit formation, stud-
ies show that they can be observed even after 2 h [86] of in-
cubation in a lipid solution or the first days of wearing [54].
A visualization-oriented study showed that Nile Red O is
an efficient stain for the visualization of lipid deposits [64].
Additionally, the research using fluorescence confocal
scanning laser microscopy showed that after some time
lipid deposits in the lens matrix reach a homogeneous dis-
tribution [96].

A majority of the research analyzed lipids from the tear film.
However, there have also been studies with lipids originat-
ing from hands that have shown transfer of lipids to lenses
while manipulating them and highlighting the importance
of proper hand washing [47, 61].

Interestingly, one study showed that lipid deposits in Si-Hy
lenses are degrading during sleep. The consequence of lipid
degradation is the production of oxidative products, which
may be linked to contact lens discomfort [78].

Despite the commonly acknowledged influence of lipid
deposits on discomfort in contact lenses, it is difficult to
find direct evidence for this in the literature. Moreover,
some studies indicate the opposite, e.g., that lipid deposits
on Si-Hy lenses can improve lens wettability and comfort
[45]. Another study showed a weak correlation between
clinical response and the amount of lipid deposits [57].
One recent study showed that asymptomatic contact lens
wearers have more deposits on their lenses than sympto-
matic wearers [98].

The positive effect of one of the lipids, namely phosphati-
dylcholine, on the stability of the tear film is well-known.
The researchers decided to take this fact into consideration
and investigate if this lipid can be loaded onto a Si-Hy lens
and the process of releasing it into the tear film in time. The
results showed the ease of loading and controllable release
of DMPC from Si-Hy, presenting the possibility of using
such lenses to counter eye discomfort caused by inherently
low levels of phospholipids in tears [63, 70].

Another direction of research was to check whether lipid
deposits can affect the adhesion of bacteria to lenses. Stud-
ies have shown that neither cholesterol nor phospholipid
deposits affect the adhesion of bacteria [62, 66].

Many studies have also covered the interaction of lipid de-
posits, Si-Hy lenses and care solutions. It was proved that
the amount of lipid deposits does not affect the rate of
neutralizing peroxide solutions. The next studies checked
whether the solutions clean the lenses from lipid deposits,
because the early results did not demonstrate such proper-
ties of care solutions [68, 81]. Only the latest study showed
that cholesterol sorption was significantly lower when sub-
jects used care solutions with EOBO [97].

CONCLUSION

The review of the perused literature shows the complexity

of the interactions between lipids and Si-Hy contact lenses.

Over the last 2 decades, mainly lipid deposits on such lens-

es have been studied, and although there have been signif-

icant deviations in the results, some regularities have been

observed, such as:

+ Si-Hy lenses have a higher tendency to attract and accu-
mulate lipids than traditional hydrogel lenses.

+ Different Si-Hy lens materials exhibited different prop-
erties for lipid deposits, which could result from the
properties of the polymers or the surface treatment.

Moreover, no standard method to assess the amount of li-
pid deposits in Si-Hy lenses was proposed up to now what
could lead to discrepancies between the results. As a result,
the effects of lipid deposits on Si-Hy lenses on patients'
clinical response, in particular, their impact on discomfort
are not fully understand. Nevertheless, understanding the
role of polar lipids in tear film has led to the development
of a technology to release phosphatidylcholine from con-
tact lenses in order to improve the stability of the tear film
during lens wear.

The ratio of lipid deposits on Si-Hy lens surfaces to the li-

pids deposited in the lens matrix could not be accurately

determined and, thus, contrasted with the clinical response
of the patients. They can only be visualized.

On the basis of the state-of-the-art knowledge on the topic

one can propose further directions of research:

+ Determination of physicochemical phenomena respon-
sible for the bonding of lipids to the surface and matrix
of lenses.

+ Evaluation of the rate of lipid deposition on lenses in
the first seconds and minutes after contact with lipid-
-containing solution. The movement of lipids inside
the lenses is unknown. This could be examined using
FRAP (fluorescence recovery after photobleaching)
method, previously used by Suliniski and Gapinski to
study diffusion in Si-Hy lens matrix (example of FRAP
recording in figure 7) [100].

o Determination of the processes that are involved in
care solutions acting on lipids on the surface and in the
Si-Hy lens matrix.

+ Verification if the interactions of Si-Hy lenses with li-
pids are influenced by the composition of the solution
in the lens blister, which may be particularly important
for daily disposable lenses.

«+ Investigation of the interactions of lipids from wetting
drops with Si-Hy lenses. Despite the common knowl-
edge that wetting drops should not be used with lipids
when using lenses, there is no literature on the subject
apart from indications from manufacturers.
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Sample recording of fluorescence rate changes in a Si-Hy lens
while using FRAP method [100].

Figures: from the author's own materials.
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