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ABSTRACT: A comprehensive in vitro and ex vivo study was conducted
for a newly developed biomimetic silicone hydrogel contact lens material,
lehfilcon A, with poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC) surface modification. In vitro studies, including Sudan Black
staining and fluorescence imaging, were executed to assess the surface
wettability and lipid deposition of contact lenses after simulated
prolonged exposure. Additionally, the lens surface softness and lubricity
were characterized by ex vivo studies, including atomic force microscopy
and tribological testing. The PMPC-modified surface stayed hydrophilic
and resisted lipid accumulation during the simulated wearing cycles. The
coefficient of friction and surface modulus were maintained, even after 30
days of patient use. These findings demonstrate that the PMPC-modified
material offers exceptional surface properties and antifouling performance,
presenting an advancement in biomimetic contact lens technology.

■ INTRODUCTION
As a widely used medical device, silicone hydrogel (SiHy)
contact lens (CL) material has gone through more than two
decades of development and optimization.1 Compared to
conventional hydrogel CLs, the SiHy CLs offer improved
comfort and clinical performance, largely due to their high
oxygen permeability, which is essential for maintaining ocular
health. The incorporation of silicone-based monomers, such as
3-[tris(trimethylsiloxy)silyl]propyl methacrylate (TRIS), bis-
(trimethylsiloxy) methylsilylpropyl glycerol methacrylate
(SiMA), and polydimethylsiloxane (PDMS), enhances oxygen
permeability, while hydrophilic components like 2-hydrox-
yethyl methacrylate (HEMA) and N-vinylpyrrolidone (NVP)
improve hydration.2 SiHy CLs also exhibit improved
biocompatibility, which reduces irritation and inflammatory
responses.3−6 Even though the silicon−oxygen bond provides
efficient oxygen permeation, its hydrophobic nature can lead to
the formation of hydrophobic domains on the lens surface,
potentially increasing biomolecule surface deposition.7−9

These deposits may lead to reduced lens wettability, impaired
visual acuity, and even discomfort or lens-related complications
such as microbial keratitis.6,10,11

Poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC)
has been extensively studied and applied to many medical
implantables due to its exceptional hydrophilicity, chemical
stability, and biomimetic properties across a wide range of
environmental and physiological conditions.2,12−14 PMPC’s

chemical structure is adopted from the phospholipid layer of
cell membranes, making it a promising biomimetic material.2,15

The hydrophilic nature of the PMPC polymer ensures
compatibility with biological systems and prevents unfavorable
biological responses and reactions, such as inflammation,
biomolecule fouling, and bacterial adhesion. By integrating
PMPC onto the surface of the lehfilcon A contact lens, the
PMPC’s biomimetic advantages are combined with the oxygen
permeability of a silicone hydrogel (SiHy) core, benefiting
corneal health and wearing comfort.2

Previous work demonstrated comparability between lehfil-
con A and the corneal surface. Using atomic force microscopy
(AFM) and scanning transmission electron microscopy
(STEM), it was shown that the morphological features of
the lehfilcon A PMPC-modified surface have a branched
nanoscopic structure, which is similar to the natural corneal
tissue and is drastically different from the SiHy base
substrate.16,17 These studies also indicated the presence of a
uniform 200−500 nm PMPC layer fully covering the surface.17
In addition, biomimetic branched PMPC structures enhance
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the lens surface wettability, softness, and lubricity through a
fluid confinement mechanism.16,18 Furthermore, its antifouling
properties may be due to the hydrophilic nature of the
biomimetic PMPC surface. A reduction of biomolecules and
microorganisms on the PMPC-modified lens surface was
confirmed by analyzing the adsorption of lipids and proteins
and the adhesion of cells and bacteria.19 Clinical evaluations of
this new biomimetic lens material demonstrate its ability to
maintain tear film stability, surface cleanliness, high wettability,
and comfort over 30-day wear.20−24

In this study, further investigation was conducted on the
unique properties of the PMPC-modified lens material −
lehfilcon A, and the focus was on lens performance with
biomolecule interaction under physiological conditions. In
vitro Sudan Black staining and fluorescence imaging studies
were conducted to assess the surface wettability and lipid
deposition of contact lenses after simulated prolonged
exposure. Additionally, ex vivoAFM and tribological testing
were performed to evaluate the lens surface softness and
lubricity. The PMPC-modified surface stayed hydrophilic and
resisted lipid accumulation during simulated wearing cycles.
The coefficient of friction (CoF) and surface modulus were
maintained even after 30 days of patient use. These findings
demonstrate that the PMPC-modified material offers excep-
tional surface properties and antifouling performance, present-
ing an advancement in biomimetic contact lens technology.

■ EXPERIMENTAL SECTION
Contact Lenses. Five reusable SiHy CLs (lehfilcon A,

comfilcon A, senofilcon C, senofilcon A, and samfilcon A) were
evaluated. All lenses were obtained from the manufacturer in
their original packaging. The properties of the CLs are shown
in Table 1, and detailed information about the lens materials
has been published previously.19

Subject-worn CLs from Alcon initiated clinical studies were
obtained after one month (except 2 weeks for senofilcon A
lenses) of daily wearing and cleaning for nanoindentation and
tribological testing. The clinical studies were carried out in
compliance with the Declaration of Helsinki. Informed consent
was given and signed by all participants prior to enrollment in
the studies.
In Vitro Sudan Black Staining. Sudan Black dye staining

was used to screen the surface homogeneity and evaluate the
surface coating coverage of the SiHy CLs qualitatively.7 The
staining solution was prepared by mixing Sudan Black B dye
(CAS No. 4197−25−5, Sigma-Aldrich, MO, USA), mineral oil
(CAS No. 8042−47−5, Sigma-Aldrich, MO, USA), and
vitamin E acetate oil (tocopherol acetate, CAS No. 7695−
91−2, Sigma-Aldrich, MO, USA). The chemical structure of
Sudan Black dye is shown in Figure 1. To prepare the solution,
70 g of mineral oil and 19.2 g of vitamin E acetate oil were
combined in an amber glass bottle and heated to

approximately 70 °C for 30 min. After heating, 0.175 g of
Sudan Black B dye was added, and the mixture was heated and
stirred at 70 °C for an additional 30 min. The prepared
solution was stored in a dark environment to maintain its
stability.
Before staining, the solution was agitated for at least 30 min

to ensure uniformity. CLs were removed from their packages
and gently blotted to remove surface water. Each lens was
submerged in 10 mL of the staining solution for 10 min with
agitation.
After staining, the lenses were thoroughly rinsed with

ultrapure water or deionized water to remove residual staining
solution and gently blotted with a blotting cloth to remove
excess liquid. The stained CLs were assessed for surface
coating coverage using a bright-field microscope under black
light conditions.
In Vitro Lipid Deposition. An in vitro lipid deposition

experiment was designed to visualize the lipid deposition on
CLs throughout the simulated wear and cleaning cycles. A lipid
solution, including three nonpolar lipids and two fluorescently
labeled nonpolar lipids, was prepared in chloroform. The three
nonpolar lipids used were behenyl oleate (CAS# 127566−70−
5, Nu-Chek Prep, MN, USA), cholesteryl oleate (CAS# 303−
142−1, Sigma-Aldrich, MO, USA), and triheptadecenoin
(CAS# 2438−40−6, Nu-Chek Prep, MN, USA). These three
lipids were chosen as the representative lipids for wax ester
(WE), cholesteryl ester (CE), and triglyceride (TAG),
respectively. In addition, two fluorescently labeled nonpolar
lipids − 1,2-dioleoyl-3-[16-N-(lissamine rhodamine B sulfon-
yl) amino]palmitoyl-sn-glycerol (Rh-TAG, CAS# 2260669−
54−1, Avanti Polar Lipids, AL, USA) and 23-(dipyrromethe-
neboron difluoride)-24-norcholesteryl palmitate (TopFluor-
CE, CAS# 2260795−57−9, Avanti Polar Lipids, AL, USA),
were added to the solution at a 9:1 nonfluorescently
labeled:fluorescently labeled mole ratio to facilitate confocal
imaging. The overall ratio of CE, TAG, and WE was adopted
from previous research results.25 The concentrations of each
lipid are given in Table 2.
The five types of CL were subjected to 7, 14, or 30 cycles of

lipid deposition and cleaning. In each cycle, lenses were soaked
in 5 mL of lipid solution for 1 s and then rinsed twice in 4 mL

Table 1. Silicon Hydrogel (SiHy) CL Materials Used in This Study

USAN* Lehfilcon A Comfilcon A Senofilcon C Senofilcon A Samfilcon A

Manufacturer Alcon CooperVision Johnson & Johnson Johnson & Johnson Bausch + Lomb
Brand name Total30 Biofinity Acuvue Vita Acuvue Oasys Ultra
Water content (%) 55 48 41 38 46
Dk (Barrer) 123 128 103 103 114
Diameter (mm) 14.2 14.0 14.0 14.0 14.2
Base Curve (mm) 8.4 8.6 8.4 8.5 8.5
Recommended replacement frequencies 1-month 1-month 1-month 2-weeks 1-month

Figure 1. Chemical structure of Sudan Black B dye.
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of phosphate-buffered saline (PBS, Corning, NY, USA).
Following rinsing, the lenses were soaked in a fresh aliquot
of PBS for 30 min while shaking at 100 rpm. The lens cleaning
process adhered to the manufacturer’s instruction for use for
Opti-FREE PureMoist Disinfecting Contact Solution (OFPM,
Alcon, TX, USA). Specifically, lenses were rubbed in OFPM
for 10 s on each side, rinsed under a steady stream of OFPM
for 10 s on each side, and soaked in 4 mL of OFPM for at least
6 h. Lenses were collected for imaging after completing 7, 14,
or 30 cycles.
Lipid deposits on the CLs were visualized using a Zeiss

LSM880 Confocal Microscope System (Carl Zeiss Micros-
copy, NY, USA). Three-dimensional (3D) images of the whole
lens were acquired using a Fluar 2.5×/0.12 M27 objective with
z-stack and tile scan modes. Each CL was imaged while being
submerged in PBS to prevent lens dehydration. For high-
magnification images, a Plan-Apochromat 20×/0.8 objective
was used with a z-stack mode. Imaging was performed with a
561 nm diode-pumped solid-state laser, a 488 nm argon laser,
and a 405 nm diode laser to visualize the lipids and the lens
material.
Ex Vivo AFM Analysis. The Dimension FastScan Bio Icon

Atomic Force Microscope (Bruker Nano, CA, USA) was used
to measure the surface modulus of ex vivo CLs in lens
packaging solution with a PFQNM-LC-A-CAL probe. This
silicon tip on a silicon nitride cantilever has specific dimensions
and properties: 345 nm thick, 54 μm long, 4.5 μm wide, a 45
kHz resonant frequency, and a 0.1 N/m spring constant.16,18

Designed for quantitative nanomechanical measurements of
soft biological materials, the AFM probe generated indentation
force curves at 1.0 μm/s velocities with a 300 (±50) pN force
set point using the “PeakForce QNM in Fluid” mode. The
contact point was identified by the probe’s background noise,
and the indentation depth was measured from this point to the
maximum displacement. The elastic modulus was calculated
from the linear portion of the retract curve using the cone-
sphere model. Average and standard deviation values were
derived from five indentation force curves per sample. A
comprehensive description of the indentation method used in
the study, which includes probe dimensions, contact point
determination, the mathematical model, and fitting for
modulus calculation, has been previously published.18

Ex Vivo Tribological Testing. Surface lubricity of a
material can be characterized using the CoF. In this study, CoF
testing provided a reliable quantitative measure of the contact
lens surface lubricity. A lower CoF means a more lubricious
surface. Tribological testing of the ex vivo CLs was performed
using an NTR2 Nano Tribometer (Anton Paar, Graz, Austria)
with a high-resolution, piezo-controlled, linear-reciprocating
stage. The counter surface was made by attaching a
supercushioning, abrasion-resistant polyurethane rubber
(0.040 in. thick; durometer 4000; McMaster-Carr, CA, USA)
probe to the force sensor. A custom dome-shaped lens holder
held the sample in place with small magnets and provided a
packaging solution reservoir for hydration.15,16 The stage
reciprocated at 0.1 Hz with a stroke length of 0.5 mm. Normal
load varied from 0.25 to 1 mN in 5 steps over 30 cycles per
sample. The CoF data obtained from five samples of each lens
type were utilized to compute the mean and standard
deviation. The results from this testing will provide insights
into how the extended interaction of the contact lens surface
with biomolecules can impact its lubricity and may also
highlight the role of antifouling properties of MPC in
maintaining the surface lubricity of lehfilcon A lenses even
after extended wear.

■ RESULTS AND DISCUSSION
The main purpose of this study is to conduct a comprehensive
in vitro and ex vivo evaluation of this biomimetic lens material,
lehfilcon A. Sudan Black dye staining was utilized to evaluate
the MPC polymer coverage and integrity. Fluorescence
imaging was used to analyze lipid deposition on the lens
surfaces after simulated wearing cycles. Additionally, AFM and
tribological testing were conducted on ex vivo lenses to assess
the surface softness and lubricity after the recommended
replacement frequency, providing insights into the mechanical
and tribological properties of the lens surface under
physiological conditions.
Sudan Black Staining. Five out-of-pack reusable CLs�

lehfilcon A, comfilcon A, senofilcon C, senofilcon A, and
samfilcon A�were imaged after Sudan Black dye staining
using optical microscopy. Figure 2 presents the top-view
images of the CLs after staining. The lehfilcon A lens showed
no blue dye staining compared to the other reusable lenses,
indicating complete hydrophilic surface coverage on the
lehfilcon A lens.
Sudan Black B is a synthetic dye containing both diazo

groups and aromatic rings, making it an effective lipophilic dye
for detecting hydrophobic regions.26 When applied to CLs, the
Sudan Black staining method serves as a specific screening tool
to visualize the hydrophobic domains on the surface of the
SiHy CLs.7 SiHy material consists of both hydrophilic and

Table 2. Nonpolar Lipid Concentration

lipid concentration (mol/L)

Behenyl Oleate 3.52 × 10−4

Cholesteryl Oleate 4.04 × 10−4

Triheptadecenoin 2.95 × 10−5

TopFluor-CE 4.49 × 10−5

Rh-TAG 3.28 × 10−6

Figure 2. Top-view images of CLs stained by Sudan Black B dye for 10 min. The images were acquired by an optical microscope. Field of view
(FOV): 17.2 × 17.2 mm.
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hydrophobic silicone components. Silicone tends to migrate to
the lens surface due to its low free energy, resulting in a
hydrophobic lens surface.27 This hydrophobicity may lead to
biofouling, poor surface wettability, and reduced tear film
stability.7,9−11

As shown by the Sudan Black staining, the lens surface was
fully covered by the hydrophilic PMPC which acts as a good
surface barrier, avoiding biomolecule deposition.
Lipid Adsorption. The lipid deposition patterns on five

types of reusable CLs�lehfilcon A, comfilcon A, senofilcon C,
senofilcon A, and samfilcon A�were visualized by using 3D
confocal imaging. Figure 3 presents top-view images of CLs
after 7, 14, and 30 simulated wearing and cleaning cycles. The
red color corresponds to the fluorescently labeled nonpolar
lipid, Rh-TAG, excited by a 561 nm laser. The green color,
corresponding to TopFluor-CE lipids, was excited by a 488 nm
laser.
The fluorescence intensities of Rh-TAG and TopFluor-CE

were quantified for each lens type (n = 4) after 7, 14, and 30
cycles and are shown in Figure 4. One-way analysis of variance
(ANOVA) with Tukey test was used to compare the amounts

of lipids deposited on the contact lenses. A p-value of <0.05
was considered significant and is highlighted with asterisks in
Figure 4.
Lehfilcon A showed no visible Rh-TAG or TopFluor-CE

lipid deposits at any time point. In contrast, comfilcon A,
senofilcon C, senofilcon A, and samfilcon A exhibited Rh-TAG
and TopFluor-CE lipid deposits as early as 7 cycles, with
deposits increasing significantly after 14 and 30 cycles. Among
these CLs, the highest levels of Rh-TAG and TopFluor-CE
accumulation were observed after 30 cycles for all lens types.
For both lipids, Lehfilcon A consistently showed the least lipid
deposition among all CLs, with significantly lower levels than
senofilcon A and samfilcon A at all time points, indicating its
resistance to lipid accumulation and superior antifouling
performance.
High-magnification 3D images of the five CLs after 14 or 30

cycles were captured. Figure 5 shows the cross-sectional view
of the CL material (gray, excited by a 405 nm laser), Rh-TAG
lipids (red), and TopFluor-CE lipids (green). The lehfilcon A
lens had no visible Rh-TAG or TopFluor-CE deposition after
14 or 30 cycles, while comfilcon A, senofilcon C, senofilcon A,
and samfilcon A CLs demonstrated visible lipid accumulation.
The two nonpolar lipids showed distinct deposition patterns
on the four reusable CLs: TopFluor-CE displayed a
homogeneous distribution throughout the lens material,
while Rh-TAG was predominantly near the lens surface.
The 3D confocal images of the lehfilcon A CL demonstrated

minimal lipid accumulation even after 30 cycles of simulated
wearing and cleaning. This antifouling performance is due to
the PMPC zwitterionic surface coating, which draws in a water
layer on the lens surface that creates a protective barrier.2 This
water-confined layer cannot be easily penetrated by hydro-
phobic tear lipids, thus preventing the adsorption of hydro-
phobic nonpolar lipids.16 Additionally, Sudan Black staining
confirmed that the PMPC-modified surface has a complete
surface coverage. Unlike conventional silicone hydrogel
materials, which tend to develop hydrophobic domains due
to their silicone content, the PMPC-coated surface maintains
uniform surface hydration, which minimizes the exposure of
hydrophobic silicone domains. Furthermore, the lehfilcon A
showed minimal lipid deposition throughout 30 simulated

Figure 3. Top-view images of whole CLs after in vitro exposure to fluorescently labeled nonpolar lipids, TopFluor-CE (green) and Rh-TAG (red),
after 7, 14, and 30 cycles of simulated wearing and cleaning. The lipid deposits were visualized by a confocal microscope. FOV: 15.6 × 15.6 mm.
[The images of lehfilcon A, comfilcon A, senofilcon C, samfilcon A after 30 cycles, and senofilcon A after 14 cycles were reported in ref 2. Figure
taken/reproduced with permission from American Chemical Society, copyright 2023.]

Figure 4. Fluorescence intensity of whole lens (n = 4) after 7, 14, and
30 cycles of lipid deposition. *p < 0.05; ** p < 0.01; *** p < 0.001.
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wearing cycles, including repeated lens rubbing during the
cleaning process, indicating that the PMPC preserved its
integrity and may contribute to maintain lens wettability and
long-term comfort.20−24

The lipids used in this method, CE, WE, and TAG, were
selected to mimic the natural lipid composition of the tear film.
The tear film lipid layer plays a critical role in preventing tear
evaporation and maintaining ocular surface stability, and its
dysfunction is closely related to dry eye symptoms.28−34 With
advances in high-performance liquid chromatography (HPLC)
and mass spectrometry (MS), researchers were able to identify
and quantify the lipid composition of the tear film. Unlike cell
membrane lipids, which are predominantly phospholipids and
cholesterol, the tear lipid film consists mostly of nonpolar
lipids (approximately 95% in meibum), including WE (30−50
mol %), CE (30−45 mol %), and a small percentage of TAG
(∼2 mol %).35,36
Previous research on lipid deposition on CL can be

categorized into in vitro and ex vivo approaches.37−39 While
ex vivo analyses enable comprehensive lipidomic profiling of
lenses worn by patients, they do not provide spatial
information about the lipids. Surface lipids are particularly
significant as they can form hydrophobic microdomains,
leading to additional biomolecules or microorganisms’
accumulation, which can result in decreased lens wettability
and wearer comfort. In vitro studies, on the other hand, allow
for the use of fluorescently labeled lipids to visualize the
deposition patterns and distributions on the CL surface. An
important consideration is whether the fluorescent dye changes
the size and polarity of the lipid molecules. Previous research
demonstrated the same deposition patterns of labeled and
unlabeled cholesteryl ester on different CLs.40 Another critical
factor is the choice of the lipids. Most prior studies utilized
fluorescently labeled cholesterol, phospholipids, or cholesteryl
ester for evaluating lipid deposition.40−42 Cholesteryl and
phospholipids are minor components of tear lipids and do not
accurately represent the tear film’s composition. In this study,
we employed two fluorescently labeled nonpolar lipids�
TopFluor-CE (cholesteryl ester) and Rh-TAG (triglyceride)�
to replicate the key components of tear film lipids. The

confocal images shown in Figure 3 demonstrated TopFluor-CE
and Rh-TAG deposited on comfilcon A, senofilcon C,
senofilcon A, and samfilcon A as early as 7 cycles, and
increased to the highest levels of accumulation after 30 cycles,
and similar findings were reported in previous publications.42,43

As shown in Figure 5, distinct deposition patterns were
observed: TopFluor-CE displayed a homogeneous distribution
throughout the lens material, consistent with prior find-
ings,40,42 while Rh-TAG, for the first time, spatial visualization
was found predominantly near the lens surface on reusable CLs
without surface treatment.
AFM Indentation and CoF Testing. To confirm that

these biomolecule-repellent capabilities are maintained even
after 30 days of on-eye wearing during patient use, AFM
nanoindentation and tribological testing were performed on ex
vivo lenses.
Figure 6 shows the average surface modulus values for the

five reusable ex vivo CLs that were subjected to AFM surface

Figure 5. Cross-section view images of the CLs after in vitro exposure to fluorescently labeled nonpolar lipids, TopFluor-CE (green) and Rh-TAG
(red), after 14 or 30 cycles of simulated wearing and cleaning. The lipid deposits on the lens surface and core were visualized with a confocal
microscope. FOV: width: 236.2 μm; height resolution: 0.34 μm/pixel. [The lehfilcon A (30 cycles), comfilcon A (30 cycles), senofilcon C (30
cycles), senofilcon A (14 cycles), and samfilcon A (30 cycles) images were reported in ref 2. Figure taken/reproduced with permission from
American Chemical Society, copyright 2023.].

Figure 6. Average surface modulus (n = 5 force curves from 1 sample)
by AFM indentation of PMPC-modified CL before and after 30 days
of wearing and four reusable CLs after 30 days (except senofilcon A:
14 days).
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indentation testing at 300 (±50) pN force. The unworn
lehfilcon A (46 kPa) and worn lehfilcon A (42 kPa) showed
comparable average surface modulus values, both lower than
the average surface modulus values for worn comfilcon A,
senofilcon C, senofilcon A, and samfilcon A, which were 300,
427, 305, and 443 kPa, respectively. This difference shows the
exceptional softness of the PMPC-modified lehfilcon A lens,
and it remains consistent even after 30-day wearing.
The average CoF values for the five reusable ex vivo CLs are

shown in Figure 7. The CLs were tested in fully hydrated

conditions under low contact pressure, simulating the ocular
environment.16 Consistent with the surface modulus results,
the average CoF for unworn and worn lehfilcon A remained
the same, i.e., 0.05. The average CoF values for worn comfilcon
A, senofilcon C, senofilcon A, and samfilcon A were 0.15, 0.44,
0.57, and 0.30, respectively, all higher than those of lehfilcon A
before and after wearing. The difference indicates the superior
lubricity of the PMPC-modified surface. The CoF data for
other unworn lenses has been previously published.44

AFM indentation and lubricity testing methods, specially
developed for very soft surfaces, were used to compare the
properties of the unworn and worn lehfilcon A CL.16,18 As
predicted, the biomimetic and antifouling nature of PMPC
preserved the lens surface characteristics even after prolonged
interaction with ocular biomolecules. The surface modulus and
CoF values for unworn and worn Lehfilcon A CLs are
comparable. Surface modulus and CoF are both very sensitive
to the water-holding capacity of any material. Higher water
content at the surface reduces the modulus and creates a softer
exterior. Similarly, the abundance of water at the surface acts as
an excellent lubricant to reduce the CoF during interaction
with counter surfaces.14 The superhydrophilic nature of PMPC
is to be credited for providing such desirable surface properties.
Even after 30 days of wearing, which includes lens handling,
soaking in lens care solution, and finger rubbing for cleaning,
the durability and robustness of the branched PMPC structures
on the lehfilcon A CL surface maintained its antifouling
properties, surface softness, and lubricity.
In addition, the exceptional lubrication properties observed

for PMPC-modified surfaces can be attributed to the strong
hydration capability of polyzwitterionic brushes, as previously
demonstrated by Chen et al., where surfaces coated with

polyzwitterionic brushes exhibited extremely low friction
coefficients even at physiological pressures due to robust
hydration layers.14 This is consistent with recent findings by
Ishihara et al., who highlighted that the phosphorylcholine
groups in PMPC strongly bind water molecules, creating a
hydration shell that significantly enhances surface lubricity and
reduces biomolecule adhesion.2 Thus, the superior lubrication
performance of the PMPC-modified lehfilcon A lenses
observed in this study aligns well with the mechanisms
described in the literature.

■ CONCLUSIONS
This study provides both in vitro and ex vivo evidence
demonstrating the superior antifouling properties of lehfilcon
A with the PMPC-modified surface. Using Sudan Black
staining, fluorescence lipid deposition imaging, AFM nano-
indentation, and tribological testing, the results showed that
this biomimetic contact lens was fully covered by PMPC with
minimal lipid deposition after 30 simulated wearing cycles.
Additionally, the lens maintained ultrasoft and lubricious
surface properties even after 30 days of patient use. These
findings indicate that PMPC surface modification effectively
preserves its initial properties, including antifouling capabilities
and mechanical performance, ensuring a consistent wearing
experience from day 1 to day 30. In addition, the results
suggest that the PMPC modification may contribute to
improved tear film stability, ocular health, and wearer comfort.
The biomimetic design of PMPC is inspired by the structure

of corneal epithelial cells and can be an example for future
material design. Beyond contact lenses, this advanced surface
modification technology could be applied to other medical
devices as a surface treatment to reduce biofouling and
enhance biocompatibility. Also, the methodologies used in this
study, such as AFM and lubricity testing, can serve as a
framework for assessing different materials, connecting
laboratory testing, and real-world performance.
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