Analysis of intraocular lens surface adhesiveness

by atomic force microscopy
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PURPOSE: To analyze intraocular lens (10L) optic surface adhesiveness using atomic force micros-
copy (AFM).

SETTING: LiCryL Laboratory, University of Calabria, Rende, Italy.

METHODS: The surface adhesive properties of poly(methyl methacrylate) (PMMA), silicone, hy-
drophilic acrylic, and hydrophobic acrylic I0Ls were evaluated by AFM. Analysis was performed
at room temperature (21°C) in a liquid environment using the force-versus-distance mode of
a commercial instrument (NanoScope Il1). Measurements were acquired with rectangular silicon
cantilevers of a nominal elastic constant of 10 Newton/m. The nominal value of the tip’s radius
of curvature was 1 pum, and the scanning speed during the acquisitions ranged from 10 to
400 nm/s.

RESULTS: The adhesion force measurements showed different characteristics for the various types
of IOLs (P<.001, analysis of variance). The hydrophobic acrylic IOL had the largest mean adhesive
force (283.75 nanoNewton [nN] + 0.14 [SD]) followed by the hydrophilic acrylic (84.76 + 0.94
nN), PMMA (45.77 + 0.47 nN), and silicone (2.10 + 0.01 nN) I0Ls.

CONCLUSIONS: The surface properties of the biomaterials used to manufacture I0Ls are important
because they can influence the incidence and severity of posterior capsule opacification (PCO). Al-
though further studies are necessary to elucidate the mechanism of PCO development and the in-
terface interactions between the 10L and capsule, the results in this study may bolster the theory of

manufacturing more-adhesive materials to prevent PCO.
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During the past decade, cataract patients have
benefited from substantial improvements in phaco-
emulsification systems and fluidics and new intraocu-
lar lens (IOL) design and materials. Nevertheless,
posterior capsule opacification (PCO) remains a signif-
icant cause of visual impairment after surgery, with
a mean incidence of approximately 5% a mean of 3
years after surgery.'™ Various surgical strategies to
minimize the risk for PCO have been proposed.””
Nevertheless, prevention of PCO is mainly attributed
to the development of new IOL materials and IOL op-
tic designs.”

Posterior capsule opacification is thought to have
a multifactorial pathogenesis, and lens epithelial cells
(LECs) are considered to be the main cellular precur-
sors of this process.” The LECs lie immediately adja-
cent to the inner surface of the lens capsule and
remain attached to the capsular bag after cataract ex-
traction. These cells can proliferate and migrate into
the space between the IOL and the lens capsule,
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leading to capsule opacification.'’ Inflammatory cells
can contribute to the development of PCO by activat-
ing LEC migration and promoting their proliferation
and migration.'*?

Because the type or design of the IOL biomaterial
has great influence on the inflammatory reaction
and LEC behavior after IOL implantation,™® much re-
search has been performed to analyze which IOL
property primarily influences the adhesion and mi-
gration of LECs onto the IOL optic and in the space
between the IOL and capsule. A sharp posterior optic
edge design of an IOL is reported to be a major factor
in the prevention of PCO.>'*"'® By pressing against
the posterior capsule, the square-edge component
creates a discontinuous capsular bend as the anterior
and posterior capsules adhere together. This is
thought to serve as a physical barrier to the migration
of LECs. However, many authors have pointed out
the importance of the IOL biomaterial in preventing
PCO after they found that acrylic IOLs and silicone
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IOLs caused less PCO than conventional poly(methyl
methacrylate) (PMMA) IOLs."”"° Despite these
extensive studies, the mechanism by which the IOL
material influences LEC behavior remains controver-
sial.*! Undoubtedly, a sharp optic edge alone cannot
provide a substantial barrier when a capsular bend is
not formed.?**® Hence, fast and firm capsule adhe-
sion could be a prerequisite to capsular bend
formation.

Because the chemicophysical properties of the IOL
optic surface are the main factors that influence inter-
facial interactions between the IOL and the lens cap-
sule environment, LEC behavior may be greatly
influenced by the surface properties of the IOL, such
as the morphology or adhesiveness.

In a previous study,* we evaluated the surface to-
pography of various types of IOLs using atomic force
microscopy (AFM). We found different features with
respect to the IOL biomaterial and measured
a smoother optic surface on acrylic and silicone IOLs
than on PMMA IOLs. The amount of surface irregular-
ities is related to the number of inflammatory cells and
LECs adhering to the optic surface of the IOL,* with
a polished surface playing an important role in reduc-
ing the rate of cell migration.

The purpose of the present study was to broaden
our knowledge of the submicron surface properties
of IOLs by analyzing the adhesiveness of 4 IOL optic
materials using AFM.

MATERIALS AND METHODS

The following 4 types of posterior chamber IOLs were exam-
ined: 1-piece PMMA, second-generation 3-piece silicone,
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1-piece hydrophilic acrylic, and 3-piece hydrophobic acrylic.
Table 1 shows the IOL specifications. The range of refractive
power was between 17.0 diopters [D] and 25.0 D for all IOLs
tested. Before the measurement was performed, each IOL
was removed from its sterile pack with an atraumatic forceps
and placed on a purpose-designed Teflon environmental
cell. The sample was held by a steel spring with the anterior
surface optic side facing downward.

The adhesion properties of IOLs were measured using
a commercially available atomic force microscope (Nano-
Scope 1III, Veeco) in the force-versus-distance (f-d)
mode.?* To avoid capillarity and double-layer forces, ad-
hesion measurements were performed at room temperature
(21°C) in deionized water (Figure 1) using rectangular silicon
cantilevers of a nominal elastic constant of 10 Newton/m
(Nanoandmore GmbH).?® The nominal value of the tip’s ra-
dius of curvature was 1 pm, and the scanning speed during
the acquisitions ranged from 10 to 400 nm/s. It was verified
that in this range, the measurements were independent of the
scanning rate. A probe with a micrometer-sized tip was cho-
sen 2 reasons. First, a large radius of curvature allows better
precision in determining the adhesive forces. Second, a large
radius helps prevent damage to the sample.

In the f~d mode of AFM, forces applied on the sample’s sur-
face are measured by the deflection of the cantilever while ap-
proaching and retracting from the sample’s surface. In this
study, the force measurement relied on the IOL sample being
repeatedly approached toward and retracted away from the
tip. In the extension-retraction cycle, a signal proportional
to the deflection of the cantilever (Z) is recorded as a function
of the vertical position (D) of the piezoelectric stage. To trans-
form the arbitrary deflection of the cantilever into an f~d curve,
the position-sensitive detector sensitivity should be known; it
can be determined as the slope of the curve in the contact re-
gion, as shown in Figure 2. Then, Z can be converted into units
of force (nanoNewton [nN]) according to Hooke’s law: F = k.
x Z, wherek.is the cantilever elastic constant. The probe-sam-
ple separation d is then evaluated as the sum of the piezo dis-
placement and the cantilever deflection as follows:d = D + Z.
A routine was implemented using MatLab software (version
7.0, The MathWorks, Inc.) to convert the AFM raw deflection
data (D and Z) into a force profile.

Table 1. Intraocular lens optic specifications.

IOL Material IOL Model (Manufacturer)/Specifications

PMMA 102 C (Soleko)/6.50 mm disk optic;
biconvex; rigid; UV absorbing; posterior
chamber

Silicone 911A CeeOn Edge (Pharmacia)/6.00 mm
optic; biconvex; foldable; UV absorbing;
posterior chamber

Hydrophilic Akreos Fit (Bausch & Lomb)/5.75 mm

acrylic disk optic; biconvex; foldable; posterior
chamber

Hydrophobic Model MAG60AC (Alcon Labs)/6.00 mm

acrylic disk optic; biconvex; foldable; UV
absorbing; posterior chamber

IOL = intraocular lens; PMMA = poly(methyl methacrylate); UV =

ultraviolet
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Figure 1. The AFM can probe nanomechanical properties, such as
stiffness or adhesion, on a sample’s surface by generating force
curves. Force curves measure nN-range vertical forces applied to
the surface and are generated by performing controlled vertical
tip-sample interactions. The position of the sample is adjusted by
the piezoelectric translator. The deflection of the cantilever is usually
measured using the optical lever technique. A beam from a laser di-
ode is focused on the end of the cantilever. The position of the re-
flected beam is monitored by a position-sensitive detector (PSD).
To avoid the meniscus force that would otherwise dominate Van
der Waals and any other weaker interaction, the sample and the
tip have to be immersed in liquid. In this study, deionized water
was used to minimize the effect of double-layer forces. These repul-
sive forces are due to the charging of the sample and the tip surfaces,
which in water is caused by adsorption of ions from the solution onto
the surface and by the dissociation of functional groups on the sur-
face. To highlight details, the figure was not scaled (D = vertical po-
sition of the piezoelectric stage; IOL = intraocular lens; Z =
deflection of the cantilever).

piezoelectric scanner

Figure 2 is a schematic of an f-d curve during a full cycle. It
consists of 2 parts: the approach and the withdrawal curve,
which is acquired while the sample is moved vertically to-
ward the tip and back. The extension (gray) curve in Figure 2
corresponds to the force measured while the probe ap-
proaches the sample (run-in); the retraction (black) curve
represents the force measured while it is retracted (run-
out). Each curve can be further divided into a no-contact re-
gion, where the probe-sample interaction is negligible and
the cantilever deflection is zero; a contact region, where the
probe is in contact with the sample surface; and an interme-
diate region (Figure 2, dashed gray line), where the probe and
the sample are close to each other and the cantilever is de-
flected by van der Waals and electrostatic forces. Any differ-
ence between the approach and retraction is called f~d curve
hysteresis. The hysteresis of the curve in Figure 2 shows 3
main features. The first is vertical offset in the no-contact re-
gion. It is only present when working in liquid and is mainly
due to hydrodynamic drag on the cantilever, which produces
a force in the direction opposite to the movement of the can-
tilever.?” The second feature is horizontal offset in the contact
region, which is caused boy the hysteresis in the piezoelectric
extension of the scanner®” as well as by Plastic and viscoelas-
tic deformation of the sample surface.”’ The third feature is
hysteresis in the intermediate region. This hysteresis is
mainly due to the adhesive forces, which tend to keep the
surfaces in contact. In the run-out, the elastic force of the

= Extension curve
= Retraction curve

contact

no contact

T viscous

=| drag

adhesion force

F “jump off"

adhesion energy

D

Figure 2. Graphical representation of an f-d curve. A: At large sepa-
ration, the interaction between the sample and probe is zero (no con-
tact region). B: As the sample’s surface approaches the probe, the
cantilever may bend upward due to the repulsive forces (double-
layer forces). C: The probe jumps into contact when the gradient of
forces (attractive) exceeds the spring constant of the cantilever, k.
(“jump-in”). D: When the force is increased in the contact region,
the shape of the approach curve may provide direct information
on the material properties of the sample (eg, stiffness). E: On retrac-
tion of the sample’s surface from the probe, the approach and retrac-
tion curves may not overlap due to the difference in the piezo
displacement versus the applied voltage (piezo hysteresis). F: The
tip and sample separate when the gradient of the adhesion forces be-
comes smaller than k. (“jump-off”) and the tip returns to its resting
position (G). Contact and noncontact parts of the f-d curve are easily
distinguishable. In an f-d plot, Z and D are the cantilever deflection
and the piezo displacement, respectively.

cantilever has to work against adhesion to separate the probe
from the surface (ie, the jump off).

The experimental conditions and parameters of the force
measurement were chosen to eliminate the effect of hydro-
dynamic drag. Hysteresis in the piezoelectric extension of
the scanner was still present but did not affect the interpreta-
tion of the data.

The adhesion between the probe and the IOL surface was
measured from the minimum of the run-out. The difference
between the minimum of this curve and the tip’s resting po-
sition is proportional to the maximum adhesion force (F,q).
The adhesion energy (W,q), equal to the gray area in Figure 2,
was further measured.

For statistical analysis, the F,q and W,q4 values were calcu-
lated on 50 curves taken in the central region of the posterior
optic of each analyzed IOL. All data used for statistical anal-
ysis were acquired using the same cantilever. This procedure
was used to avoid bias that may have been introduced by the
cantilever elastic constant calibration and the different probe
radius. The 1-way analysis of variance (ANOVA) test was
used to statistically compare the differences between IOL
types in F,q and W,q values. When statistical significance
was found, the differences between IOLs were further com-
pared using the Tukey test for pairwise comparisons.
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Figure 3. Force calibration plots of a typical extension-retraction cycle for each type of IOL material tested. A: Curves of PMMA IOL. B:
Curves of silicone IOL. C: Curves of hydrophilic acrylic IOL. D: Curves of hydrophobic acrylic IOL. The sample displacement position
(D) and the cantilever deflection (Z) are in the x-axis and y-axis, respectively. Knowing the position-sensitive detector sensitivity and k,
F.a can be calculated according to Hooke’s law, as summarized in the text. No plastic or viscoelastic deformation of the sample surface
has occurred. This was confirmed by the reproducibility of the data as well as the finding that both trace and retrace show the same slope
in the contact region. The adhesiveness properties of the sample surface can be extracted from f-d curves by examining the response of the
material to unloading. On retraction, the maximum cantilever deflection was observed for the hydrophobic acrylic IOL and the minimum for

the silicone IOL.

Differences with a P value of 0.05 or less were considered sta-
tistically significant.

RESULTS

In the most general case, the adhesion force F,q4 is
a combination of the electrostatic force F,, the van
der Waals force F, 4w, the meniscus or capillary force
Feap, and forces due to chemical bonds or acid-base in-
teractions, Fepem, Where Foy = Fei + Fyaw + Feap +
Fchem: In aqueous solutions, the F,,, is eliminated, as
explained in the legend to Figure 1, and electrostatic
forces become relatively more important because
most surfaces are charged due to dissociation of sur-
faces groups. On the other hand, their magnitude de-
pends on electrolyte concentration. Thus, using
deionized water, one can greatly minimize their con-
tribution, in addition to the contribution of Fg,cm. In
this study, F,qw made the largest contribution to F,g4.

Figure 3 shows the typical curves acquired for each
IOL material. Table 2 shows the surface adhesion
property results for each IOL. Values were signifi-
cantly different between the IOLs of various materials
(P<.001, ANOVA). The measured F,4 value was high-
est on the hydrophobic acrylic IOL, whereas the force
curves on the silicone IOL had the smallest attraction

between the tip and the sample’s surface. A direct
comparison of each pair of IOLs found statistically sig-
nificant differences (P<.001, Tukey). The measured
Waq value was highest on the hydrophobic acrylic
IOL and lowest on the silicone IOL.

Multiple f-d curves were recorded on different areas
of the central posterior optic surface and always
showed the same features, indicating that the IOL sur-
face was homogeneous in terms of chemicophysical
properties. Moreover, for each position, no

Table 2. Adhesion force and adhesion energy measurements
calculated in the central region of the posterior optic surface of
each type of IOL.

Mean + SD
Adhesion Adhesion
IOL Sample Force* (nN) Energy* (f])
PMMA 4577 + 047 1.64 + 0.01
Silicone 2.10 + 0.01 0.60 + 0.01
Hydrophilic acrylic 84.76 £+ 0.94 3.49 + 0.04
Hydrophobic acrylic 283.75 + 0.14 9.70 + 0.06

IOL = intraocular lens; PMMA = poly(methyl methacrylate)
*Statistical significance between groups (P<.001, ANOVA)
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modification in the adhesion was seen with repeated
contacts. The AFM imaging confirmed that the IOL
surface morphology was not modified or damaged
during the force measurements. This test was per-
formed to further verify that adhesion determination
was not altered by irreversible changes in the sample.

DISCUSSION

There has been a long debate on theories and tech-
niques to prevent PCO in clinical ophthalmology
research. In general, the literature agrees that new
surgical techniques and IOL optic designs have con-
tributed to a decrease in the PCO rate in recent
years.>® At present, a sharp posterior optic edge is
considered to be the major factor in preventing PCO,
regardless of the IOL material, because the edge pro-
vides a barrier to LECs.>'*"'*% This has been verified
with different IOL materials, including PMMA, acry-
late, and silicone.?’**3* On the other hand, the exact
influence of the IOL material on PCO prevention
is not entirely understood, mainly due to the
complexity of managing long-term prospective clini-
cal studies directly comparing the PCO rate after
implantation of IOLs of various materials and optic
designs, 161718203537

The adhesiveness of the IOL optic material to the
lens capsule has been theorized to be one of the
most desirable IOL properties for minimizing PCO.
Because the capsular bend requires weeks to form
completely,”**?® quick and firm contact between
the IOL material and the capsule likely represents
the first factor that inhibits the migration of LECs
into the space between the IOL and capsule, hasten-
ing the capsular bend formation and thus enhancing
PCO prevention.

In the past few years, researchers have highlighted
the role of the IOL surface adhesion characteristics in
influencing the incidence and severity of PCO forma-
tion, regardless of the IOL design. Several clinical and
experimental studies” >’ determined qualitatively
the adhesion of various IOL materials to the lens cap-
sule, showing stronger adhesion for acrylic IOLs than
for PMMA or silicone IOLs. A varying degree of adhe-
sion and migration of LECs onto the IOL surface that
was dependent on the IOL material was also
found.?****2 To our knowledge, this present study is
the first to provide quantitative information on the sub-
micrometer adhesive properties of IOL optics.

As cells move toward a solid surface, the initial in-
teraction between the cell and the biomaterial is gov-
erned by long- and medium-range forces, primarily
van der Waals and electrostatic, that are strongly
dependent on the chemicophysical properties of the
respective surfaces. Atomic force microscopy can

reliably analyze these surface interactions nondestruc-
tively in liquids (ie, in conditions similar to those of the
ocular environment) and provide quantitative infor-
mation on the surface properties of biomaterials with
a nanometer-resolved spatial resolution relevant to
the size of the interactions between the cells and sur-
face material. Roughness and irregularity are proper-
ties that increase the contact surface, making it easier
for LECs to migrate on the material. In an earlier
AFM study,* we found that PMMA IOLs had a higher
surface roughness than acrylic or second-generation
silicone IOLs. We also found that the optics of the dif-
ferent IOLs had different surface features based on the
biomaterial, which is probably dependent on the IOL
fabrication processes, and that these features may
influence PCO formation.

After determining the surface topography and
roughness of IOLs, we focused our research on the ad-
hesive properties of the IOL materials. Atomic force
microscopy can further provide valuable information
on the nanomechanical properties of solid interfaces
such as stiffness and adhesion. The growth of direct
force measurements via f-d curves obtained by AFM
offers new ways to evaluate the biomaterial-aqueous
interface.”*™®

The study of f-d curves provided a deeper knowl-
edge of the bioadhesive properties of IOL materials.
The measured adhesiveness of the surface optic of
acrylic IOLs was stronger than that of the PMMA
IOL and silicone IOL, as previously qualitatively
argued.”® In theory, the tacky nature of the acrylic
IOL can lead to increased adhesion to the capsule. By
binding quickly and tightly to the capsular bag,
a more adhesive disk optic may limit LEC migration
onto the posterior capsule in the days after surgery,
playing a key role in decreasing the rate of PCO.*>*
In this context, several clinical studies have found
a lower incidence of PCO after implantation of acrylic
IOLs than of other materials''”*° regardless of IOL
optic design.

We also found statistically significant differences be-
tween hydrophobic and hydrophilic acrylic materials.
This could be explained in terms of the hydrophobic
effect. In an aqueous environment, hydrophobic inter-
actions usually give the highest adhesion force.** The
measured difference in surface disk optic adhesiveness
between acrylic materials may also play a role in pre-
venting PCO, as clinically reported.**

In addition to the type of IOL biomaterial or optic
edge design, other factors may influence the cellular
behavior at the capsule-lens interface. These include
haptic angulation and stiffness, which can actively
press the IOL against the capsule; the elasticity and de-
formation of the capsule itself*>*°; and the adsorption
of extracellular molecules secreted by inflammatory
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cells or LECs onto the IOL optic. Indeed, protein mol-
ecules have not been shown to play a secondary role in
the adhesion mechanism. Linnola et al.*’ hypothesize
that if an IOL has more fibronectin bound to it, the
IOL can attach to the capsule better because it consists
mainly of collagen. Fibronectin was also found to ad-
here more to hydrophobic acrylic IOLs than to
PMMA, silicone, or hydrophilic acrylic [OLs. 84

Another consideration is that IOLs of the same ma-
terial from different manufacturers can have different
surface properties. Using 3 hydrophobic acrylic IOLs,
Katayama et al.*’ showed how the adhesiveness of
disk optics of the same material and design from a sin-
gle manufacturer can change significantly because of
differences in the surface energy caused by modifica-
tion of the constituents of the copolymer. It is well
known that modifying the surface energy of the IOL
optic can influence the adhesiveness of the mate-
rial.*****! Further AFM studies that directly compare
hydrophobic acrylic IOLs from different manufac-
turers are needed to confirm this.

In conclusion, the results in this study show the effi-
cacy and accuracy of AFM as a research tool for the
analysis of biomaterials that are used in ophthalmol-
ogy surgical practice. These types of measurements
of IOLs can be useful for improving the manufacturing
processes and testing experimental approaches to im-
prove biocompatibility and minimize the risk for
PCO.* Further studies are necessary to elucidate the
mechanism of PCO development and the interface in-
teractions between the IOL and capsule.
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