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Abstract

The purpose of this project is to measure the elasticity of the human and non-human primate lens
capsule at the microscopic scale using Atomic Force Microscopy (AFM). Elasticity measurements
were performed using AFM on the excised anterior lens capsule from 9 cynomolgus monkey (5.9-
8.0 years), 8 hamadryas baboon (2.8-10.1 years), and 18 human lenses (33-79 years). Anterior
capsule specimens were obtained by performing a 5mm continuous curvilinear capsulorhexis and
collecting the resulting disk of capsular tissue. To remove the lens epithelial cells the specimen
was soaked in 0.1% trypsin and 0.02% EDTA for five minutes, washed, and placed on a Petri dish
and immersed in DMEM. Elasticity measurements of the capsule were performed with a
laboratory-built AFM system custom designed for force measurements of ophthalmic tissues. The
capsular specimens were probed with an AFM cantilever tip to produce force-indentation curves
for each specimen. Young’s modulus was calculated from the force-indentation curves using the
model of Sneddon for a conical indenter. Young’s modulus of elasticity was 20.1-131kPa for the
human lens capsule, 9.19-117kPa for the cynomolgus lens capsule, and 13.1-62.4kPa for the
baboon lens capsule. Young’s modulus increased significantly with age in humans (p=0.03). The
age range of the monkey and baboon samples was not sufficient to justify an analysis of age
dependence. The capsule elasticity of young humans (<45 years) was not statistically different
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from that of the monkey and baboon. In humans, there is an increase in lens capsule stiffness at the
microscale that could be responsible for an increase in lens capsule bulk stiffness.
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1. Introduction

The crystalline lens is completely enclosed by the lens capsule, a viscoelastic membrane
composed primarily of collagen arranged in a beehive structure (Courtois, 1987; Marshall et
al, 1992) as well as fibrillin, laminin, and heparin sulfate proteoglycan. Since the capsule
maintains the shape of the lens, it plays an important role in accommodation. It is the
molding action of the capsule that elicits the change in shape of the lens during
accommodation (Fincham, 1937; Kessler 1964, 1966; Glasser and Kaufman, 2003). Lens
and capsule-based theories of presbyopia suggest that a main factor in the loss of
accommodation is the decreased elasticity of both the lens and capsule with age (Werner et
al, 2002). The loss of elasticity results in the inability of the capsule to mold the lens
material, which is necessary for the lens shape changes during accommodation. The
mechanical properties of the capsule, and their changes with age, are vital to a more
complete understanding of accommodation and the capsule’s role in the onset of presbyopia
(Krag et al, 1997).

The strength and elasticity of the lens capsule have been previously investigated using
pressure loading (Fisher, 1969; Danielsen, 2004; Pedrigi et al, 2007), uniaxial stress-strain
analysis (Yang et al, 1998), and by stretching capsular rings (Krag and Andreasse, 1998) or
openings (Morgan et al, 1996; Wood and Schelonka, 1999; Andreo et al, 1999; Assia et al,
1991; Parel et al, 2006). Absolute values of the modulus of elasticity have been determined
by Danielsen et al (2004) and Pedrigi et al (2007) using pressure loading and Krag et al
(1997) using uniaxial stretching of capsular rings. These studies concur that Young’s
modulus of elasticity of the lens capsule, on the macroscopic scale, increases with age by a
factor of approximately 10, from 0.3 to 2.5MPa. The cause for this increase in bulk stiffness
of the lens capsule is still unknown. Previous studies have shown that the anterior lens
capsule becomes thicker with age (Krag et al, 1997), which could be responsible for the
increase in bulk stiffness. However, changes in the microscale mechanical properties of the
lens capsule could also be a factor in the increase in bulk stiffness. The bulk mechanical
properties of tissues are affected by both the mechanical properties of the individual
components on the microscale and the organization of the components on the macroscale
(Rho et al, 1998; Intrigila et al, 2007; Bull, 1971). Therefore, the purpose of the current
study was to use Atomic Force Microscopy (AFM) to measure the elasticity of the excised
human and non-human primate lens capsule at the microscale to determine if there are
changes with age.

2. Materials and Methods

2.1 Atomic Force Microscope

The AFM system used is a laboratory-made modification of the AFM design used for
imaging (Figure 1; Ziebarth et al, 2007; Wojcikiewicz et al, 2003) that can be used to
measure sample elasticity through the use of nanoindentation. The AFM cantilever tip
(10nm tip radius, 40° full cone angle, CSC series, Mikromasch, San Jo se, CA) is lowered
onto the sample using a piezoelectric mechanism (Physik Instrumente, Germany). In
response, the cantilever undergoes a combination of indentation and deflection (bending)
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dependent on the softness of the sample: the harder the sample, the more the cantilever
deflects and the less it indents the sample. The bending of the cantilever is proportional to
the force that the AFM probe tip exerts on the sample. The recorded cantilever deflection-
indentation curves can be used to derive the force-indentation curves for the sample after
factoring out the deflection of the cantilever on a hard surface. According to the Sneddon
contact mechanical model (Sneddon, 1965), the force-indentation relation is a function of
Young’s modulus of elasticity:

2E 5
F=——_D?
mtan a (1 —v?)

where F [N] is the measured force (N), E [N/m?] is Young’s modulus (Pa), v is Poisson’s
ratio (v=0.47 for the lens capsule; Fisher, 1969), a is the angle between the conical tip and
the sample (70°), and D is the measured indentation. The custom AFM system and analysis
procedure was calibrated with agarose gels of concentrations of 2.5% and 5.0%. The
modulus results obtained were 283kPa and 845kPa compared to the published values of
254kPa and 929kPa for 2.5% and 5.0%, respectively (Normand et al, 2000).

2.2 Experimental protocol

Experiments were conducted on 18 lens capsules from 14 humans (donor age range: 33-79
years), on 9 lens capsules from 9 healthy cynomolgus monkeys (Macaca fascicularis, age
range: 5.9-8 years), and on 8 lens capsules from 7 healthy baboons (Papio hamadryas, age
range: 2.8-10 years). The human and monkey globes arrived in sealed vials placed in
styrofoam containers filled with ice. Upon arrival in the laboratory, the eyes were stored in
the refrigerator at 4°C before they were used. Experiments were performed on human eyes
less than twelve days postmortem (4.6+3.2 days), on monkey eyes less than two days
postmortem (0.7+0.7 days) and on baboon eyes less than two days postmortem (1.1+0.4
days). The animal eyes were obtained after enucleation following approved institutional
animal care guidelines. All animal experiments adhered to the ARVO Statement for the use
of animals in research. All human eyes were obtained and used in compliance with the
guidelines of the Declaration of Helsinki for research involving the use of human tissue.

The anterior lens capsule was prepared by removing a portion approximately 5mm in
diameter from the anterior of the whole lens. This was accomplished by using the
continuous curvilinear capsulorhexis (CCC) technique. Between the anterior lens capsule
and lens cortex, there is a layer of epithelial cells, which adhere to the lens capsule after it is
removed. The presence of these soft cells between the lens capsule and the hard Petri dish
substrate may impact the measurements obtained using AFM. Therefore, a protocol for
removal of these cells was developed. After performing the anterior capsulorhexis, the
capsule was placed in a Petri dish containing 0.1% trypsin and 0.02%
ethylenediaminetetraacetic acid (EDTA) solution (Humphry et al, 1988). The anterior lens
capsule was allowed to soak in this combined solution at room temperature for 5 minutes.
After this procedure, the lens capsule was washed with cold DMEM/F-12 solution (D8437,
Sigma, St. Louis, MO), and then placed on a dry Petri dish, with the interior side of the
capsule placed towards the dish, and allowed to adhere for five minutes. DMEM/F-12
solution was placed on top of the lens capsule to maintain hydration during the experiments.
Figure 2 shows a light micrograph of the lens capsule with this treatment to remove the lens
epithelial cells.

After the lens capsule was prepared as described above, the Petri dish containing the sample
was placed under the polymethylmethacrylate (PMMA) block containing the AFM
cantilever. The sample was positioned so that the cantilever tip was over the central portion
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of the sample. The tip was lowered until it was just touching the surface of the anterior side
of the capsule. This position was determined by the point when the reflected laser beam
moves off the photodiode. The location of the cantilever on the sample was observed using
the 10x microscope objective connected to the camera beneath the sample. This enabled the
positioning of the cantilever above an area with no surface irregularities or adherent cells.
The tip was then lowered using the piezoelectric control so that it was probing the tissue.
The measurements were conducted using a cantilever approach and retraction speed of
1.5um/s and a maximal indentation force of 20nN. This force corresponded to
approximately 0.5-2um indentation, depending on the stiffness of the sample. The voltage
detected at the photodiode due to deflection of the cantilever was recorded as a function of
piezoelectric displacement. These recordings were repeated at least 15 times per sample. All
experiments were performed at room temperature.

2.3 Data analysis

3. Results

The data analysis procedure for the AFM measurements has been described previously
(Ziebarth et al, 2007). The photodiode voltage versus piezoelectric displacement recorded
during the measurement scans was converted to force versus indentation after accounting for
the cantilever spring constant and its behavior when probing a rigid substrate. The force
versus indentation relationship was analyzed using the Sneddon model for a conical indenter
(see Section 2.1). The determination of Young’s modulus was carried out using custom
developed Matlab software. Each curve fit was verified visually. Since at least 15
measurements were performed for each sample, the average of these values was then used as
the modulus for that sample. In the case of paired eyes, the moduli from left and right eyes
of each donor were averaged to avoid skewing the statistics for age dependence.

The coefficient of variation of repeated measurements of the same lens capsule (standard
deviation divided by average) was 12% (range: 3-31%) for humans, 9% (range: 2-18%) for
cynomolgus monkeys, and 11% (range: 2—-18%) for baboons. There was no relationship
between measured Young’s modulus and postmortem time.

Young’s modulus of elasticity was 20.1-131kPa for the human lens capsule, 9.19-117kPa
for the cynomolgus lens capsule, and 13.1-62.4kPa for the baboon lens capsule (Table 1).
Although there were no evident experimental problems, the high data point for the
cynomologus lens capsule (177kPa) was not included in the analysis because it was more
than 10 standard deviations greater than the average. Young’s modulus increased
significantly with age in humans (p=0.03; R2=0.4). The age range of the monkey and
baboon samples was not sufficient to justify an analysis of age dependence. The human data
was separated into three distinct age groups: young (<45 years), mid-age (45-70) and old
(>70). The three human age groups were compared to the monkey and baboon data using a
one-way analysis of variance followed by a post-hoc least significant difference analysis.
This analysis confirmed that there were no differences between the two monkey species and
the young humans. Therefore, the human and non-human primate data was grouped together
using a scaling factor of 1 monkey year to 3 human years (Qiao-Grider et al, 2007; Bito et
al, 1982; Figure 3). This analysis showed that young human capsule elasticity is comparable
to non-human primate capsule elasticity.

4. Discussion

In this study, a custom-built AFM for nanoindentation measurements was used to determine
Young’s modulus of elasticity of individual collagen fibers of the human and non-human
primate anterior lens capsule. Experiments were performed on fully hydrated samples by
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indenting the sample approximately 1pum with a cantilever tip 10nm in diameter while
applying less than 20nN of force. The posterior lens capsule was not included in the current
study because an appropriate preparation protocol would need to be developed. The
posterior capsule is much thinner than the anterior, so it would be more difficult to remove
using a capsulorhexis technique. In addition, adherent vitreous would need to be removed.

One difficulty in Atomic Force Microscopy measurements is to extract elasticity properties
of the outer layer of the sample without probing the properties of the substrate. To avoid
effects of the substrate, the indentation depth should be limited to less than 10% of the layer
thickness. However, there will always be an elastic displacement of the substrate (Fischer-
Cripps, 2002). The thickness of the anterior lens capsule is known to be between 10um and
20um (Krag et al, 1997). We had previously used AFM to measure the elasticity of whole,
intact lenses (Ziebarth et al, 2007). In these previous experiments, the AFM cantilever tip
was indenting the outer surface of the lens capsule less than 10%. However, the values
obtained on whole lenses were much lower than the lens capsule alone presented in the
current study (0.4-3.2kPa compared to 9.2-117kPa for cynomologus monkeys),
demonstrating the effect of the soft substrate (lens epithelial cells and lens cortex). In the
whole lens measurements, we hypothesize that the capsule is deformed in bending mode
under the pressure of the AFM tip (Ziebarth et al, 2007), meaning that the force exerted by
the AFM tip indents only the softest part of the lens — the epithelium and cortex. The
elasticity values obtained in our previous study on cynomolgus monkey whole lenses were
comparable to those found previously for the cortex of young human lenses (Ziebarth et al,
2007; Heys et al, 2004; Weeber et al, 2005). This suggests that AFM measurements of
whole lenses provide information on the elasticity of the lens cortex. To measure the
elasticity of the lens capsule alone, it must be removed from the lens to avoid substrate
effects from the lens epithelial cells and lens cortex when performing AFM indentation
testing.

Although only the approach scans were analyzed to determine the elastic modulus of the
capsule, retract scans were recorded as well. The curves were nearly identical exhibiting
very little hysteresis, suggesting a predominantly elastic response. Therefore, the speed of
indentation should have little effect on the measurements obtained. The slow speed of
1.5um/s was selected to limit possible sample damage during repeated scans.

Our results demonstrate a similarity between lens capsule elasticity of non-human primates
and humans in the younger age range (see Figure 3 and Table 1). Previous research has
illustrated that the non-human primate has an accommodative structure and mechanism
similar to that of the human (Qiao-Grider et al, 2007; Bito et al, 1982; Glasser et al, 2006).
Non-human primate lenses demonstrate an age-dependent flattening, decrease in refractive
power (Borja et al, 2010), and decrease in accommodative amplitude similar to what has
been observed in humans (Bito et al, 1982). Based on previous measurements, it has been
determined that a scaling factor of 1 monkey year to 3 human years is appropriate to directly
compare between species (Qiao-Grider et al, 2007; Bito et al, 1982). There are no studies
that have compared the composition and structure of the human and non-human primate lens
capsule, although the anterior and posterior thicknesses are similar (Ziebarth et al, 2005).
Our current results suggest that the capsule mechanical properties are also comparable.
Measurement of the monkey lens capsule elasticity and its changes with age may help
elucidate changes that occur in the human.

The numerical elasticity values obtained using AFM for the collagen fibers were
approximately 100 times smaller than those found by previous researchers for the whole lens
capsule. This present study found elastic moduli between 9.19 and 131kPa, compared to 0.3
to 2.5MPa found previously (Krag et al, 1997; Fisher, 1969; Danielsen, 2004; Pedrigi et al,
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2007). It was also found that Young’s modulus of elasticity of the human and non-human
primate lens capsule increases significantly with age (becomes stiffer). Over a 100-year
lifespan, the elastic modulus increases by a factor of 10. Previous studies have also found
that the lens capsule on a macroscopic scale becomes stiffer with age (Krag et al, 1997;
Danielsen, 2004; Pedrigi et al, 2007; Krag and Andreassen, 2003), but the increase is an
order of magnitude greater than that of the current study. These differences could be partly
due to differences in methodology. In previous measurements to produce the tensile
modulus of elasticity, annular capsular specimens 100um thick (outer diameter=3.2mm)
were prepared from the anterior lens capsule and placed around two pins and stretched
linearly (Krag et al, 1997). In additional measurements, the whole anterior lens capsule
underwent circumferential pressure loading (Danielsen, 2004; Pedrigi et al, 2007). AFM
measurements are performed in compression, and therefore provide the compressive
modulus of elasticity. Due to anisotropy of the lens capsule, the difference in the direction of
the measurement could have an impact on the values obtained for Young’s modulus.

The scale of the measurement technique could also explain the numerical differences
between the current and previous studies. Previous experiments measured the bulk,
macroscopic mechanical response of the capsule. Due to the scale of the AFM cantilever tip,
the present measurements correspond to a localized value of the micro-elasticity of the lens
capsule. It is known that tissue elasticity is affected by both mechanical properties of the
individual components on the microscale and the organization of the components on the
macroscale (Rho et al, 1998; Intrigila et al, 2007; Bull, 1971). The arrangement of the
capsule collagen could be responsible for the unique elastic response of the whole lens
capsule compared to its individual components. The interwoven beehive structure of the lens
capsule collagen (Courtois, 1987; Marshall, 1992; Barnard et al, 1992) may endow the
capsule with increased strength, making it more resistant to stretching forces.

Although collagen accounts for approximately 70% of the capsule’s content (Marshall,
1992), it also contains laminin, fibrillin, and heparan sulfate proteoglycan. Because of the
scale of the AFM cantilever tip, measurements could have corresponded to one of these
other molecules. Previous AFM measurements of fully hydrated, isolated collagen I fibrils
found that elasticity is depended on fibril size: 6.1+0.8kPa for small fibrils (<50nm), 7—
97MPa for medium fibrils (100-200nm), and 70-170MPa for large (280-426nm) fibrils
(Chung et al, 2010; Yang et al, 2008). Young’s modulus of isolated fibrillin microfibrils is
approximately 78-96MPa (Sherratt et al, 2003). The measurements in the current study
correspond best to small collagen fibrils, which is reasonable since the collagen filaments in
the lens capsule are approximately 30nm in diameter (Barnard et al, 1992).

The AFM measurements in the current study show relatively large between-sample
variability for samples of similar ages. This variability is most likely due to anisotropy of the
lens capsule, rather than errors with the measurements technique, since measurements on the
same sample in the same location have a variation of approximately 10%. The capsule
contains non-collagen components, so measurement in an area with fibrillin or laminin
rather than just collagen would produce different elasticity values. In addition, as stated
previously, collagen elasticity is inversely proportional to collagen fiber diameter.
Therefore, measurement of capsule collagen fibers with varying diameters would also affect
the between-sample variability.

In summary, Atomic Force Microscopy was used to measure the elasticity of the lens
capsule on the microscale. In humans, there is an increase in lens capsule stiffness at the
microscale that could be responsible for an increase in lens capsule bulk stiffness.
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Figure 1.

The AFM system for lens capsule elasticity measurements is a custom-built modification of
the AFM design used for imaging. The cantilever is moved vertically using a piezoelectric
translator. The Petri dish containing the lens capsule is placed below the cantilever. When in
contact with the sample, the cantilever is bent causing the beam of the laser diode to be
deflected. A photodiode monitors these deflections.
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Figure 2.

Image of a lens capsule with the treatment described in Section 5.3.1. No epithelial cells are
visible.
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Figure 3.

Young’s modulus as a function of age for human and non-human primate samples. The age
scale for the non-human primates was 1 NHP year=3 human years26-27. Young’s modulus
of elasticity of the combined data was analyzed as a function of age using linear regression
analysis. The p-value of this regression analysis was used to evaluate statistical significance.
Young human capsule elasticity is comparable to non-human primate capsule elasticity.
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Table 1

Summary of experimental results. The humans were subdivided into three age groups based on clusters in the
data. The separation enables easy comparison of young human data to the non-human primate data.
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Species n | Postmortem | Age (years) | Young’s modulus

Time (days) of elasticity (kPa)
Cynomolgus 9 0.7+0.7 7.2+0.7 33.7+33.1
Monkey (0.25-2.1) (5.9-8) (9.19-117)
Hamadryas 8 1.0£0.5 6.5+3.2 33.3+16.7
Baboon (0.25-2) (2.8-10.1) (13.1-62.4)

Young Human 4 4.4+2.0 36+3.6 28.7+6.7

(<45 years) (2-6) (33-41) (21.5-36.3)
Mid-Age Human | 9 5.0+3.8 61+6.4 47.7+10.4
(45-70 years) (1-12) (53-67) (31.1-62.0)
Old Human 3.8+1.5 76+3.6 86.5+37.6
(>70 years) (2-5) (711-79) (39.6-131)
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