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ABSTRACT
Purpose. The purpose of this studywas to use atomic forcemicroscopy to compare and characterize the cleaning abilities of
a hydrogen peroxideYbased system (HPS) and a polyhexamethylene biguanideYcontaining multipurpose solution (MPS) at
removing in vitro deposited tear film constituents, as well as to determine deposition patterns on various silicone hydrogel
contact lenses.
Methods. Silicone hydrogel materialsVbalafilcon A (BA), lotrafilcon B (LB), and senofilcon A (SA)Vwere incubated for 1
week in an artificial tear solution (ATS) containing representative lipids, proteins, and salts from the tear film. Atomic force
microscopywas used to resolve each lens before and after being cleaned overnight in HPS orMPS. Atomic forcemicroscopy
was used again to resolve HPS/MPS-cleaned lenses, which were reincubated in fresh ATS for 1 week, before and after an
overnight clean in their respective cleaning solution.
Results. Atomic force microscopy imaging was able to characterize lens deposits with high resolution. Lenses incubated in
ATS revealed distinct differences in their deposition pattern across lens materials. The surface of BA contained about 20-nm-high
deposits, whereas deposit heights up to 150 nmcompletely occluded the surface of SA. Lotrafilcon B lenses revealed clusters of
deposits up to 90 nm. The use of either lens solution left trace amounts of tear film constituents, although components from the
MPSwere seen adsorbedonto the surface after cleaning. Surface roughness (Ra)measurements revealed a significant difference
between ATS-incubated andHPS/MPS-cleaned SA and LB lenses (p G 0.05). Ra between first incubated andHPS/MPS-cleaned
reincubated SA and LB was also significant (p G 0.05).
Conclusions. Unique variations in ATS deposition patterns were seen between lenses with atomic force microscopy. The
application of both HPS and MPS removed most visible surface deposits.
(Optom Vis Sci 2014;91:00Y00)
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S ilicone hydrogel (SH) lenses have become increasingly pop-
ular, as eye care practitioners are choosing to prescribe them
over conventional lenses1 owing to their superior oxygen

permeability compared with hydrogel lenses.2Y4 The advent of SH
lenses in the late 1990s addressed this issue of hypoxia, particularly
during overnight wear, by incorporating siloxane components into
conventional hydrogel materials, thus making the lens highly oxygen
transmissible.5Y7

As with any material in contact with a biological system, all contact
lenses have a tendency to sorb components from the surrounding tear

film, specifically proteins and lipids, and the deposition profiles of
hydrogel and SH materials differ.8 The hydrophobic siloxane com-
ponent results in SH lenses sorbing a higher amount of lipids than
hydrogel lenses.9Y11 Protein deposition also occurs on SH lenses, but
the degree of protein deposition is less than that seen on hydrogel
lenses,12Y15 and the protein that does deposit appears to be largely
denatured.15Y17 Furthermore, the presence of these deposits disrupts
the smooth lens surface and may contribute to symptoms of dryness
and discomfort.18,19

To improve wettability and minimize the deposition of proteins
and lipids, some SH lenses require surface modifications.6 One
example is a surface treatment known as plasma oxidation that is
seen in balafilcon A (BA) (PureVision) lenses, where hydrophilic
silicate compounds are formed on the lens surface by transforming
the original siloxane inside a reactive gas chamber.20 On a micro-
scopic scale, discontinuous, glassy silicate islands are present at the
surface and macropores are seen to extend into the material.21,22 In
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comparison, lotrafilcon B (LB) (Air Optix Aqua) lenses are subjected
to a different surface treatment, called plasma polymerization. These
lenses enter a gas reactive plasma chamber containing a mixture
of trimethylsilane oxygen and methane that envelops the lens in a
25-nm continuous film of cross-linked hydrocarbons containing
hydrophilic groups.23 This process results in a very smooth, con-
tinuous coating that entirely covers the underlying lens material.22,24

Unlike BA and LB lenses, the surface of senofilcon A (SA) (Acuvue
OASYS) lenses is not plasma treated. Instead, these lenses have
polyvinylpyrrolidone (PVP) interspersed as an internal wetting
agent to increase the overall wettability of the lens,25 resulting in a
surface that appears very different to that seen with either BA or
LB.22 Understanding these specific contact lens modifications, how
they are created, how they alter the contact lens surface and how tear
film components and disinfecting solutions interact with the altered
surfaces is imperative for researchers and practitioners to identify the
best combination of lens and cleaning solution for lens wearers.

Patients who remove and then reinsert their lenses need an
appropriate care regimen to clean and disinfect their lenses. The
two most common types of cleaning and disinfecting solutions
available today are nonpreserved hydrogen peroxideYbased sys-
tems (HPSs) and preserved multipurpose solutions (MPSs).1,26

Modern-day cleaning solutions incorporate a variety of surfactants
and wetting agents to help remove surface deposits and increase
the overall wettability of the lens by lowering the surface ten-
sion.27,28 A major difference between these two solution systems is
that most MPSs include a manual rubbing and/or rinsing step
before overnight soaking,29,30 whereas HPSs typically eliminate
this step to maximize convenience for patients. Although literature
on the efficacy of rub/no-rub cleaning products is scarce, the few
papers that do address this issue consistently report that including
a rub step provides enhanced removal of deposits, bacteria and
debris from the lens.31Y36

Atomic force microscopy (AFM) is a powerful tool to characterize
the topography of sample surfaces with high nanometer and sub-
nanometer resolution, and its application in vision science has been
steadily increasing over the past 15 years.37 In AFM, a microscale
cantilever with a 10- to 15-Km-sized tip at its end is used to scan
the surface and resolve the surface morphology. As the tip scans the
surface, forces between the tip and sample change and cause the
cantilever to deflect. These deflections are registered and are used to
produce a three-dimensional image of surface morphology.37 Sev-
eral studies have used AFM to characterize surface features of both
conventional and SH lenses,22,24,38Y45 although none have used it
to investigate the cleaning abilities of care regimens.

The primary purpose of this in vitro study was to use AFM to
evaluate different combinations of cleaning solutions (HPS and
MPS) onto three different SH contact lenses. The cleaning efficacy

and potential process of removing deposits from an artificial tear
solution (ATS) will be examined. In addition, the deposits onto
the lens surface will also be characterized using AFM.

METHODS

An HPS (ClearCare; Alcon Vision Care, Fort Worth, TX) and a
polyhexamethylene biguanideYcontaining MPS (SoloCare Aqua;
Menicon, Nagoya, Japan) were investigated (Table 1). Their
cleaning abilities and long-term effects on different SH materials
were studied after being incubated in an ATS, using AFM. Ex-
periments involving HPS and MPS were conducted in vitro and
independently from each other, although they were performed in
parallel to identify any differences in cleaning ability (Fig. 1).

Three SH materials were examined: BA (PureVision; Bausch &
Lomb, Rochester, NY), LB (Air Optix Aqua; Alcon Vision Care,
Fortworth, TX), and SA (Acuvue OASYS; Johnson & Johnson,
Jacksonville, FL). The physical and chemical properties of these
materials are found in Table 2. All lenses were unworn, with a
spherical power of j3.00 diopters (D) and a base curvature of
about 8.6 T 0.2 mm.

Artificial Tear Solution

The protocol for the ATS preparation has been previously pub-
lished and can be referred to for more detail.46,47 Table 3 shows the
protein and lipid composition of the ATS along with the ingredients
of the complex salt solution (CSS), which was used as a base for the
ATS. However, this current study differed somewhat in that it did not
involve radioactively labeled components and two proteins (bovine

TABLE 1.

Contact lens care solution characteristics

Brand Manufacturer Disinfecting agent Other agents Buffer

ClearCare Alcon Vision Care
(Fort Worth, TX)

3% H2O2 Pluronic 17R4 Phosphate

SoloCare Aqua Menicon (Nagoya, Japan) Polyhexamethylene
biguanide 0.0001%

Dexpanthenol, sorbitol, sodium phosphate,
Pluronic F127 (poloxamer 407), 0.025%
ethylenediamine tetraacetic acid (EDTA)

Tris

FIGURE 1.
Experimental outlinedepicting layoutof cleaning study involvingHPSandMPS.
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immunoglobulin G and bovine colostrum lactoferrin) were excluded
because of cost considerations.

Pretreatment of Vials

Previous work undertaken at the Centre for Contact Lens
Research (unpublished) has revealed that up to 80% of lipids in
the ATS adsorbs onto the interior surface of the glass vials used
during the deposition incubation process. Therefore, it is im-
perative to pretreat the vials with ATS so that the concentrations of
proteins and lipids in the final ATS remain constant. For this

study, 20-mL glass scintillation vials were pretreated with 6 mL of
ATS for at least 4 days at 37-C on a rotary shaker. Afterward, the
used ATS was removed, the vials were rinsed with saline, and 6 mL
of fresh ATS was added.

ATS Incubation of Contact Lenses

Each lens was removed from its blister package with sterile
silicone-tipped forceps and rinsed with CSS. Lenses were placed in
a 12-well plate, where each lens was immersed in 5 mL of CSS
for 24 to 48 hours on a rotary shaker at room temperature. This

TABLE 2.

Physical and chemical properties of SH lens material

USAN Balafilcon A Lotrafilcon B Senofilcon A

Proprietary name PureVision Air Optix Acuvue OASYS
Manufacturer Bausch & Lomb Alcon Vision Care Johnson & Johnson
Power, D j3.00 j3.00 j3.00
Base curvature, mm 8.6 8.6 8.4
Diameter, mm 14.0 14.2 14.0
Water content, % 36 33 38
Surface treatment Plasma oxidation Plasma polymerization (25 nm

plasma coating)
Internal wetting agent (PVP)

FDA group V V V
Ionicity Ionic Nonionic Nonionic
Principal monomers NVP + TPVC + NVA + PBVC DMA + TRIS + siloxane monomer mPDMS + DMA + HEMA + siloxane

macromer + TEGDMA + PVP

DMA, N,N-dimethylacrylamide; HEMA, poly-2-hydroxyethyl methacrylate; mPDMS, monofunctional polydimethylsiloxane; NVA,
N-vinyl aminobutyric acid; NVP, N-vinyl-pyrrolidone; PBVC, poly(dimethysiloxy)di(silybutanol)bis(vinyl carbamate); TEGDMA, tetra-
ethyleneglycol dimethacrylate; TPVC, tris-(trimethylsiloxysilyl)propylvinyl carbamate; TRIS, trimethylsiloxy silane; USAN, United States
adopted name.

TABLE 3.

Artificial tear solution components

Complex salt solution component Molecular formula Concentration, mM

Sodium chloride NaCl 90.0
Potassium chloride KCl 16.0
Sodium citrate Na3C6H5O7 1.5
Glucose C6H12O6 0.2
Urea (NH2)2CO 1.2
Calcium chloride CaCl2 0.5
Sodium carbonate Na2CO3 12.0
Potassium hydrogen carbonate KHCO3 3.0
Sodium phosphate dibasic Na2HPO4 24.0
Hydrochloric acid (10 M) HCl 26.0
ProClin 300 (Supelco 48912-U) V 0.2 mL/L

MilliQ Water H2O V

Protein component Molecular weight, kDa Concentration, mg/mL
Bovine albumin 66.4 0.20
Hen egg lysozyme 14.3 1.90

Bovine submaxillary mucin 3 � 105 to 4 � 107 0.15

Lipid component Molecular formula Concentration, mg/mL
Triolein C57H104O6 0.016
Cholesterol C27H46O 0.0018
Oleic acid C18H34O2 0.0018
Oleic acid methyl ester C19H36O2 0.012
Cholesteryl oleate C45H78O2 0.024
Phosphatidylcholine C42H82NO8P 0.0005
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procedure is designed to remove any blister solution residues
present on the lens so that it does not interfere with lens incu-
bation in the ATS.

Once the lenses had been presoaked in CSS, they were indi-
vidually added to pretreated scintillation vials containing 6 mL of
fresh ATS, sealed with Parafilm, and incubated at 37-C on a
rotary shaker for 1 week. A total of 60 lenses were investigated in
this study. Twenty lenses of each lens material (BA, LB, or SA)
were incubated and divided into two groups to study the effects of
MPS and HPS on each lens type (Fig. 1).

Atomic Force Microscopy

Contact lens samples were imaged in air using a JPK Nanowizard II
AFM (JPK Instruments, Berlin, Germany). Nanoworld pyramidal
NCH (Neuchâtel, Switzerland) cantilevers with 42 N/m spring
constant and resonance frequency of about 320 kHz were used to
image the samples in intermittent contact mode. To scan the curved
contact lenses, a spherical glass stand was created to maintain cur-
vature of the sample while scanning.

Three representative 10- by 10-Km AFM scans were taken and
analyzed from each lens phase duplicate (n = 2) at the center to
characterize surface morphology. Each lens was removed from its
vial or lens case with sterile, blunt metal tweezers and was placed in
the center of the spherical glass stand and air dried for 5 minutes.

This served to secure the lens onto the spherical glass to minimize
artifacts that may be produced during the imaging process.

Phase 1: Blister Control

A control lens for each material was scanned with AFM directly
upon removal from their blister package. These served as a baseline
comparison when examining against treated lenses.

Phase 2: ATS Incubation

Lenses that had been incubating in ATS for 1 week were
scanned with AFM.

Phase 3: First Clean

Lenses that were incubated in ATS were cleaned overnight with
HPS/MPS by following the instructions found on the product.
After overnight exposure to the HPS or MPS, each lens material
was scanned with AFM the next morning.

Phase 4: ATS Reincubation

HPS/MPS-cleaned lenses were reincubated in fresh ATS for
1 week at 37-C on a rotary shaker in their same pretreated vial.
After the incubation period, lenses were scanned with AFM.

FIGURE 2.
Surface topography of BA before cleaning. Images were obtained using AFM. Beneath each image is its associated cross section displaying relative heights.
(A) Control lens surface out of its blister package. (B) Lens surface after incubating in ATS for 1 week.
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FIGURE 3.
Surface topography and cross section of BA with HPS cleaning. Images were obtained using AFM. Beneath each image is its associated cross section
displaying relative heights. (A) Lens surface after first overnight clean with HPS. (B) HPS-cleaned lens surface after reincubating in ATS for 1 week. (C) Lens
surface after second overnight clean with HPS. (D) Control lens surface cleaned with HPS.
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FIGURE 4.
Surface topography and cross section of BA with MPS cleaning. Images were obtained using AFM. Beneath each image is its associated cross section
displaying relative heights. (A) Lens surface after first overnight clean with MPS. (B) MPS-cleaned lens surface after reincubating in ATS for 1 week. (C) Lens
surface after second overnight clean with MPS. (D) Control lens surface cleaned with MPS.
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Phase 5: Second Clean

Lenses that were reincubated in ATS were cleaned overnight for
the second time with their respective cleaning solution and then
scanned the next morning.

Phase 6: Control Clean

A control clean for each lens was scanned with AFM to de-
termine the effect HPS and MPS have on the material without the
presence of the ATS constituents. Lenses were rinsed with CSS, as
described above, and cleaned overnight with HPS and MPS.
Atomic force microscopy scans were taken the following morning.

AFM Image Processing and Surface Roughness

Atomic force microscopy topography images were processed
and flattened with the JPK data processing software. A cross
section was made through the highest feature on each image to
determine its relative height. The average surface roughness (Ra)
for each phase duplicate was obtained by taking 10 random cross
sections from six AFM scans and calculating the average Ra.

Statistical Analysis

Statistical analysis was conducted using Statistica 10 (StatSoft
Inc, Tulsa, OK). A repeated-measures analysis of variance was

used to compare the Ra of phase 2 with phase 3 and phase 4 lenses.
Factors included in the analysis of variance were contact lens
material, cleaning solution, and time point. The Tukey Honestly
Significant Difference test was used for post hoc comparisons,
where p G 0.05 was considered significant.

RESULTS

Balafilcon A, LB, and SA lens materials were investigated for
their interaction with an ATS by examining their surface topog-
raphy using AFM. After 1 week of incubation in ATS, each of
the three lens surfaces yielded a distinct appearance in terms of
deposition height, location, and density.

The results will be described in terms of phases of the study,
as previously mentioned. Phase 1, blister control; phase 2, ATS
incubation; phase 3, first clean; phase 4, ATS reincubation; phase 5,
second clean; phase 6, control clean.

Balafilcon A
A 10- by 10-Km AFM scan of BA in phase 1 (A) and 2 (B) is

shown in Fig. 2. In phase 1, a relatively flat surface is seen with its
discontinuous silicate islands and about 20-nm-deep macropores,
which is evident in the cross-sectional view below the scan. In
comparison, phase 2 contained deposits adsorbed uniformly
across the surface with an average height of 20 nm. Additionally,

FIGURE 5.
Surface topography and cross section of SA before cleaning. Imageswere obtained using AFM. Beneath each image is its associated cross section displaying
relative heights. (A) Control lens surface out of its blister package. (B) Lens surface after incubating in ATS for 1 week.
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FIGURE 6.
Surface topography and cross section of SA with HPS cleaning. Images were obtained using AFM. Beneath each image is its associated cross section
displaying relative heights. (A) Lens surface after first overnight clean with HPS. (B) HPS-cleaned lens surface after reincubating in ATS for 1 week. (C) Lens
surface after second overnight clean with HPS. (D) Control lens surface cleaned with HPS.
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FIGURE 7.
Surface topography and cross section of SA with MPS cleaning. Images were obtained using AFM. Beneath each image is its associated cross section
displaying relative heights. (A) Lens surface after first overnight clean with MPS. (B) MPS-cleaned lens surface after reincubating in ATS for 1 week. (C) Lens
surface after second overnight clean with MPS. (D) Control lens surface cleaned with MPS.
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the macropores and silicate lines were no longer visible after in-
cubating in ATS.

Figs. 3 and 4 illustrate the two independent cleaning pathways
involving HPS and MPS, respectively. Fig. 3A (phase 3) reveals a
relatively flat surface, exposing its macropores and silicate islands.
The same phenomenon is seen in Fig. 4A (phase 3), although
components of the MPS were adsorbed onto the surface as about
20-nm-high domains, specifically along the silicate lines. Fig. 4D
(phase 6) is resolved and its surface exhibits a similar characteristic
to that of Fig. 4A (phase 3), with features ranging between 15 and
20 nm in height. Likewise, Fig. 3D (phase 6) appears similar to
Fig. 3A (phase 3).

Fig. 3B (phase 4) shows deposits ranging between 15 and 35 nm.
However, Fig. 4B (phase 4) shows about 20-nm-high deposits
scarcely across the surface. In addition, the macropores and silicate
lines were clearly seen. Lastly, BA lenses in phase 5 with their re-
spectful cleaning solution exhibited a similar surface to phase 3.

Senofilcon A

A 10- by 10-Km AFM scan of SA in phase 1 (A) and 2 (B) is
shown in Fig. 5. The surface in phase 1 demonstrated a highly
porous, ‘‘spongelike’’ appearance. These small pores were about
4 nm deep and uniformly present throughout the surface. Phase 2
contained extensive deposition that completely occluded the
surface, with deposit heights up to 100 nm.

Figs. 6 and 7 illustrate the two independent cleaning pathways
involving HPS and MPS, respectively. Fig. 6A (phase 3) reveals
the porous nature of SA with small deposits. These deposits are
also seen in Fig. 6D (phase 6), with heights ranging between 5 and
10 nm. Fig. 7A (phase 3) shows MPS components adsorbed,
which completely covered the surface. These features appeared as
about 5- to 10-nm-high domains with 15- to 30-nm-high deposits
on top. Fig. 7D (phase 6) is resolved, and its surface also exhibits these
features and heights, suggesting that it was derived from the MPS.

Fig. 6B (phase 4) presents a few deposits of heights up to 100 nm
on the surface. In addition, the spongelike pores were also visible.
Similarly, Fig. 7B (phase 4) had deposits ranging between 60 and
70 nm high across the surface with the spongelike pores visible, as
well. However, most of the surface was covered by 10- to 20-nm-
high domains. Lastly, SA lenses undergoing phase 5 with their
respectful cleaning solution were similar to those undergoing
phase 3.

Lotrafilcon B

A 10- by 10-Km AFM scan of LB in phase 1 (A) and 2 (B) is
shown in Fig. 8. The surface of phase 1 was relatively flat, with
lathe lines from the molds running in all directions on the surface.
The surface topography of phase 2 yielded cluster of deposits as
high as 90 nm, while leaving large regions free of deposition.

Figs. 9 and 10 illustrate the two independent cleaning pathways
involving HPS and MPS, respectively. Fig. 9A (phase 3) reveals

FIGURE 8.
Surface topography and cross section of LB before cleaning. Images were obtained using AFM. Beneath each image is its associated cross section displaying
relative heights. (A) Control lens surface out of its blister package. (B) Lens surface after incubating in ATS for 1 week.
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FIGURE 9.
Surface topography and cross section of LB with HPS cleaning. Images were obtained using AFM. Beneath each image is its associated cross section
displaying relative heights. (A) Lens surface after first overnight clean with HPS. (B) HPS-cleaned lens surface after reincubating in ATS for 1 week. (C) Lens
surface after second overnight clean with HPS. (D) Control lens surface cleaned with HPS.
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FIGURE 10.
Surface topography and cross section of LB with MPS cleaning. Images were obtained using AFM. Beneath each image is its associated cross section
displaying relative heights. (A) Lens surface after first overnight clean with MPS. (B) MPS-cleaned lens surface after reincubating in ATS for 1 week. (C) Lens
surface after second overnight clean with MPS. (D) Control lens surface cleaned with MPS.
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the randomly oriented lathe lines, as well as 15- to 20-nm deposits
derived from the cleaning solution; these deposits are also seen in
Fig. 9D (phase 6) with heights also ranging between 15 and
20 nm. Fig. 10A (phase 3) also reveals the lathe lines, but its
surface showed MPS components adsorbed with heights up to
10 nm. Additionally, several 30- to 40-nm deposits were seen
associated with the MPS residues, although they were absent in
Fig. 10D (phase 6).

Fig. 9B (phase 4) reveals a few spaced-out deposits with heights
of up to 140 nm. When examined closer, the lathe lines were
faintly seen in the background. Similarly, Fig. 10B (phase 4) also
contained deposits on the surface, though they were smaller with
heights up to 80 nm. In addition, the lathe lines were more ap-
parent and visible on the surface. Lastly, LB lenses undergoing
phase 5 with their respectful cleaning solution were similar to
those undergoing phase 3.

Average Surface Roughness

For each phase of the study, the average surface roughness
(Ra) was generated using the JPK data processing software. This
value represents the mean surface height of features above and
below a central plane. The Ra values during each phase are shown
in Table 4. For phase 1 lenses, BA exhibited the highest Ra value
(4.26 T 1.58 nm) and roughest surface compared with SA (1.65 T
0.12 nm), whereas LB had the lowest Ra value (0.74 T 0.13 nm).
When cleaned with either HPS or MPS during phase 3, Ra values
were smaller compared with phase 2 for SA and LB (p G 0.05).
Similarly, both HPS- and MPS-phase 4 SA and LB lenses displayed
a lower Ra compared with phase 2 lenses (p G 0.05).

There was no statistical significance in Ra between phase 2 BA
lenses to HPS-phase 3 (p = 0.96) and MPS-phase 3 (p = 0.08) BA
lenses. However, the HPS-phase 4 BA lens had a higher Ra

compared with the phase 2 lens (p G 0.05), although no statistical
significance was observed with MPS-phase 4 BA lens (p = 0.83).
Additionally, there were no significant differences in Ra between
HPS- and MPS-cleaned lenses for BA (p 9 0.98), SA (p 9 0.48),
and LB (p 9 0.58).

DISCUSSION

In this study, three different SH materials were investigated for
their interaction with a well-characterized ATS and two different
lens solutions: HPS and MPS. The three lens materials (BA, SA,
and LB) were selected because each material has a different form of
surface and/or wettability enhancement. There have been several

studies that reported the use of AFM to image surface features and
deposition morphologies of various contact lenses,22,24,38Y45 but
none have used it to evaluate the efficacy of cleaning solutions.
Atomic force microscopy is a powerful tool that can be used to
assess the effectiveness of a cleaning solution on surfaces at the
nanometer scale with high resolution.

Control lens images (Figs. 2A, 5A, and 8A for BA, SA, and LB,
respectively) were obtained upon removing the lens from their
packages. Significant differences in surface features were seen,
which have been accredited to their specific modification process.
Atomic force microscopy images of BA revealed their silicate
islands and macropores and were consistent with other AFM
studies.22,24,42 Based on the cross section through a macropore,
its depth measured about 20 nm. However, there has been
speculation that these macropores are channels that penetrate the
entire thickness of the lens,21,24,42 although evidence from the
cross section suggests otherwise. It is possible that the cantilever is
limited to scanning pores deeper than 20 nm; therefore, further
work should investigate the true depths of these macropores.
Senofilcon A phase 1 images yielded a spongelike surface that is
also consistent with previous AFM studies and is likely attributed
to the unique incorporation of PVP to enhance wettability.22 The
numerous pores on the surface had a depth between 2 and 4 nm,
which is significantly smaller than the macropores in BA. Images
of LB phase 1 lenses also concurred with other AFM studies, with
the presence of ‘‘lathe lines’’ on the surface.48 Although these lines
suggest that LB is manufactured through lathe-cut technology,
this is not the case. Instead, these lenses are polymerized in cast
molds containing lathe or polishing impressions that are trans-
ferred onto the lens surface.

Differences in ATS deposition in phase 2 were observed for all
lens types, which were likely attributed to the specific surface
treatment and material characteristics of each lens. The surface of SA
exhibited relatively heavy ATS deposition (Fig. 5B), occluding the
surface with heights greater than 100 nm. Conversely, the surface of
BA contained uniformly smaller deposits that did not obstruct the
surface (Fig. 2B). The AFM findings for these two lenses are not
consistent with studies on lipid adsorption, because BA and SA have
been shown to deposit relatively high levels of lipids.10,49,50 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. This claim is
supported by the fact that BA is a negatively charged material and has
significant absorptive capabilities, whereas SA is nonionic and not as
absorptive.51 Additionally, the macropores may serve as a desirable site
for molecules to deposit into, as seen by the incubated lenses exhibiting

TABLE 4.

Average surface roughness (Ra)

Ra balafilcon A, nm Ra senofilcon A, nm Ra lotrafilcon B, nm

HPS MPS HPS MPS HPS MPS

Phase 1 4.26 T 1.58 1.65 T 0.12 0.74 T 0.13
Phase 2 1.82 T 0.40 36.92 T 12.75 15.96 T 7.21
Phase 3 3.99 T 1.14 5.75 T 1.48 0.94 T 0.12* 4.00 T 0.89* 1.21 T 0.15* 4.12 T 0.65*
Phase 4 6.39 T 2.59* 4.35 T 0.96 5.31 T 3.76* 7.23 T 3.58* 8.28 T 9.15* 10.14 T 7.53*
Phase 5 4.54 T 1.69 4.92 T 1.28 1.32 T 0.18 5.01 T 0.92 1.10 T 0.40 3.90 T 0.64

*Significance (p G 0.05) compared to phase 2 for each respective lens material.
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no sign of the macropores. For SA, the apparently large amount of
deposition may be linked to its internal wetting agent, PVP. Despite
being relatively hydrophilic, PVP is a polymer of N-vinyl pyrrolidone,
which is known to be lipophilic and has been linked to increased lipid
deposition.52Y55 What should be borne in mind is that the clinical
relevance of this degree of apparent deposition remains unknown, and
some degree of deposition may actually be beneficial in terms of the
creation of a ‘‘biocompatible’’ surface. Indeed, previous work has
suggested that the deposition of certain lipids may actually be helpful in
lowering surface contact angle.56

The surface of LB exhibited an intermediate degree of deposition
compared with BA and SA. These deposits appeared globular and
clustered around other neighboring deposits, while leaving large areas
vacant. Previous work with LB has shown it depositing the least of all
SH lenses because of its plasma-coat treatment.49,57,58 In addition,
confocal laser scanning microscopy has shown that most constituents
adsorb to the surface of the lens and do not penetrate into the matrix of
the material.58,59 Therefore, most of the deposits are bound onto the
surface, which is confirmed in Fig. 8B. The globular nature of the
deposits can be explained by already bound molecules on the surface
serving as a foundation for more lipids and/or proteins to bind to, thus
explaining the localization of these deposits.

Lenses cleaned with either the HPS or MPS regimen showed
significant reduction in deposits on their surfaces. Specifically,
AFM scans of all lenses that had been cleaned with HPS revealed a
surface that was relatively similar to control lenses, suggesting that
the surface was well cleaned by this solution. One observation with
the HPS-cleaned lenses compared with their blister control is the
presence of 15- to 20-nm-high circular deposits. These were also
seen on the HPS clean control lens (phase 6), and it is possible that
these deposits are derived from the Pluronic 17R4 surfactant in
the HPS. They were seen on the surfaces of HPS-cleaned SA and
LB, but not BA. As mentioned previously, it is possible that the
surfactant was absorbed into the matrix of BA, while adsorbing
onto the surface for the other two lens types.

The surface of all MPS-cleaned and MPS control lenses contained
10- to 15-nm-high domain-like residues, which are likely derived
from components in the highly complex MPS (Table 1). On BA,
these domains associated along the silicate lines, whereas they were
more or less along the lathe lines on LB. The MPS interaction on SA
adopted a different appearance, such that the domains appeared as
islands occluding most of the surface with 20- to 30-nm-high de-
posits on them. Jacob et al.60 measured the hydrophobicity of a
commercial lens surface before and after cleaning with an MPS and
found that surface hydrophobicity decreased after MPS cleaning. It
is believed that the MPS blocked the hydrophobic surface domains,
preventing biofouling of the lens via tear film deposition. This is
evidently seen in BA, where the MPS associated along the silicate
lines, which are relatively hydrophobic silicone portions on the
polymer surface that have not been converted to silicate.61

In Figs. 3B and 4B, the surface after ATS reincubation for HPS-
and MPS-cleaned BA is shown, respectively. When compared
with the initial ATS incubation, the HPS did not appear to offer
any surface protection against deposition, as large deposits were
present. In comparison, the MPS appeared to have prevented the
biofouling of the lens surface after reincubation, which was evi-
dent owing to the decreased density in deposits, as well as visibility
of the silicate lines and macropores. Therefore, it is likely that the

MPS residues on the lens blocked the hydrophobic domains and
prevented further deposition on the surface.

Senofilcon A lenses in phase 4 revealed distinct differences
compared with the heavily occluded surface seen in phase 2.
Fig. 6B has a few large deposits of heights up to 100 nm; however,
most of the surface was bare, as evidenced by the visibility of the
spongelike pores. Fig. 7B also exhibits these pores, although most
of the surface contained island-like domains, which resembled the
MPS island-like domains described earlier. It is possible that the
MPS components adsorbed tightly onto the surface, such that it
manifested into a discontinuous coating.

In Fig. 9B, phase 4 LB lenses revealed a relatively flat surface
containing a few localized deposits of heights up to 140 nm.
Despite these deposits appearing larger compared with phase 2 in
Fig. 8B, fewer were observed. Additionally, the lathe lines that are
characteristic for LB were faintly seen, suggesting that the surface
was not heavily occluded with tear film constituents because of
HPS treatment. The surface in Fig. 10B also yielded a similar
surface topography, although it contained smaller 80-nm-high
deposits throughout the surface, and the lathe lines were more
apparent. As mentioned with the other lens materials, it is likely
that the MPS had a role in keeping the surface relatively resistant
from ATS deposition.

Each lens material had a relatively low Ra value in their blister
control, with BA greater than SA, and SA greater than LB, which
concurs with several previous AFM studies.22,24,42 Because Ra is
calculated by drawing multiple cross sections on the surface, it is
expected that BA would have the roughest surface owing to the
macropores and discontinuous silicate islands. Similarly, SA contains
pores on its surface that contributes to its roughness. Lotrafilcon
B lenses exhibited the smoothest surface corresponding to a low
Ra, which is likely attributed to its continuous surface coating.

Ra was also used to assess the efficacy of both cleaning solutions
quantitatively. It was shown that the Ra did not differ significantly
between lenses that were cleaned with HPS to those cleaned with
MPS. For both SA and LB, a significant reduction in Ra was seen
after cleaning with HPS and MPS. This was also evident in the
AFM images, as cleaning removed most tear film deposits, thus
producing control-like surfaces. Furthermore, the Ra of phase 4
lenses was significantly less than the Ra in phase 2. It has been pro-
posed, and evidently seen in the results, that a lens regimen can affect
the way tear constituents deposit onto the surface.62Y64 Therefore, this
is further evidence supporting the supposition that both lens solutions
provide some form of resistance to surface deposition.

Despite AFM images revealing the impact that both HPS and
MPS have on cleaning the surface of BA, there was no statistical
significance in Ra between phase 2 and 3 lenses. In addition, phase
4 lenses cleaned with HPS showed a significant increase in Ra

compared with phase 2, whereas phase 4 lenses that were cleaned
with MPS showed no difference in Ra. These results suggest that
both cleaning regimens fail to completely clean the surface and
provide some form of deposition resistance. However, given that
Ra measurements are calculated by averaging multiple cross sec-
tions on the surface, these values can vary immensely for BA owing
to the presence of the macropores. If a random cross section was
drawn through a macropore, it would cause the Ra to be much
greater than a cross section that was not. Therefore, Ra mea-
surements on BA are not an accurate indication of cleaning
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solution efficiency because both a clean and soiled surface can
result in a large Ra.

Although imaging with AFM provides tremendous advantages
and helps to resolve the morphology of lens deposits with high
resolution, the results obtained from this study should be carefully
interpreted. The reason for this is that the lens is at risk of
dehydrating from imaging in air, which is not representative of a
lens on the ocular surface, because tears constantly hydrate the lens
to maintain a moist environment. Furthermore, the state of the
deposits on the lens surface may alter when exposed to air, such as
leeching back into the lens matrix. However, this was an ex-
ploratory study to see whether AFM was capable of imaging lenses
treated with cleaning solution, which was shown to be successful.
Imaging in a liquid environment was difficult to achieve because
of the curved surface of the lens and difficulties in lens attachment
on the substrate, which was why lenses were imaged in air. Re-
gardless of the medium, a potential confounding factor to consider
is the area being scanned, because it is difficult at the micrometer
scale to scan the exact central location between different treated
lenses. To circumvent this issue, the AFM stage was fixed so that
the area being scanned was relatively consistent to minimize any
potential bias during analysis. Another limitation is that AFM
imaging is restricted to surface topography and gives no insight
regarding the inside of the material. Furthermore, any proposed
clinical relationship between these visible domains and in-eye
comfort should be cautiously interpreted. Future work may in-
clude using AFM in a force measurements regimen, to measure the
adhesion forces or investigate the effects these cleaning regimens
have on the matrix of the lens using confocal laser scanning mi-
croscopy. Nonetheless, these findings do provide a foundation for
examining contact lenses at the nanometer scale.

CONCLUSIONS

Specific surface features of each of the SH lenses were observed
using AFM and how they interacted with an ATS. In addition, the
efficacy of an HPS and MPS cleaning regimen was assessed, where
both displayed significant removal of surface deposits, although there
were no significant differences in surface roughness after cleaning
between the two solutions. Although surface roughness is one measure
of cleaning efficacy, it does not fully describe the overall process that
takes place on the lens surface. To supplement, the qualitative data
from the AFM images provide some insight regarding the potential
cleaning process occurring. For instance, the use of an MPS and
HPS leaves behind residues onto the lens surface, which may initially
appear as having a positive effect by the reduction in surface deposits.
Future work should examine these cleaning solution components
and their interaction with the lens and ocular surface.
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