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The anisotropic mechanical properties of bovine eye lenses were measured using cavitation rheology

over a range of length scales. The technique involves inducing a cavity at the tip of a syringe needle in

different regions of the lens. Effective Young’s moduli of the nucleus and cortex of the lens were

determined, as approximately 11.8 and 0.8 kPa, respectively, on macroscopic length scales. We also

measured the mechanical properties of the lens on the length scale of a single cell, suggesting that the

stiffness significantly decreased from that in the bulk measurements for both the nucleus and cortex. In

addition, during the growth of the cavity anisotropic propagation in the cortex was observed, while in

the nucleus, the propagation was isotropic. We further explored the elasticity of the cavity deformation,

showing both elastic and inelastic deformation occurred in the nucleus with equal contributions while

deformation in the cortex was elastic and reversible.
Introduction

Understanding the mechanical properties of the eye lens is

important in understanding eye diseases. For example, presby-

opia, a condition commonly observed in elderly people, is caused

by a loss of elasticity in the eyes, which is reflected by a significant

increase in stiffness of the eye lenses with increasing age.1 The

stiffness of the eye lenses has been characterized by a variety of

techniques, such as tensile test,2 spinning measurements,3

dynamic analysis4–6 and contact mechanics.7 However, disad-

vantages still exist with these techniques. Most of them are

applied to the capsule of the lens, where the composition and

elasticity are different from those of the cells inside the bulk of

the lens, thus making the measured stiffness complicated to

interpret. Furthermore, existing testing methods lack the ability

to measure microscopic heterogeneities, which significantly

contribute to the function of the eye lens.

The eye lens, like other biological tissues, has a complex

structure. It consists of three regions: the lens capsule, the lens

epithelium and the lens fiber cells.8 The fiber cells, which

constitute the majority of the lens, are differentiated from the

epithelium and displaced toward the center, resulting in a layered

structure. By periods of growth, the fiber cells are further divided

into two distinct regions, the nuclear core and the cortex.9 The

nuclear cells are round with an area of approximately 80 mm2,
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while the cortical cell fibers are irregularly hexagonal with an

average cross-sectional area of approximately 24 mm2.10 The lens

fibers are composed mainly of proteins at high concentration,

which give the lens its high refractive index. Short-range liquid-

like order of the proteins inside the eye lens account for its

transparency.11 These proteins, mostly a-, b- and g-crystallins,

are the major protein constituents of the eye lens, and can

represent up to 35% of the mass of the tissue. The crystallin

proteins are distributed in different amounts throughout the lens.

g-Crystallins, predominately synthesized prenatally, are

concentrated in the nucleus, while b-crystallins distribute as the

mirror image of the g-crystallins, mostly concentrated in

the cortex. a-Crystallins are distributed equally throughout the

whole lens.12 Cataract disease, which involves the condensation

of the crystallin proteins within the eye lens resulting in lens

opacity, is due to the formation of high molecular weight

aggregates of crystallin proteins. These changes result in greater

heterogeneity within the lens, particularly with increasing age. It

has been shown that the backscattering of light from these

aggregates increases exponentially with age.13 The lens fibers are

unusual in that for mature lenses, the nucleus, endoplasmic

reticulum and mitochondria are absent, contributing to the

overall transparency of the lens. The lens fibers also have an

extensive cytoskeleton helping to maintain consistent packing of

the cell structure. These differences in protein compositions, as

well as in the geometry and arrangement of the cells, lead to the

anisotropic mechanical properties of the lens on macroscopic

length scales.

To better understand and quantify the anisotropic properties

of the lens, recently, Heys et al.14 investigated the mechanics of

the nuclear and cortical regions in human lenses as a function of

age using a dynamic mechanical analyzer. They found that the

stiffness across the equatorial plane was different with increasing
Soft Matter, 2011, 7, 7827–7831 | 7827
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age, suggesting the increase in the stiffness of the nucleus was

more pronounced than that of the cortex. Those results were

consistent with the age dependent alterations in accommodation

of the lens, which could be a major contributing factor to pres-

byopia. However, the measurements required sectioning of the

lenses in addition to a freezing process, which lead to an inevi-

table overestimation.5

Therefore, a technique that is capable of measuring the

mechanical properties across a range of length scales of tissues in

vivo is a necessity to better understand the anisotropic mechan-

ical properties, as well as the microscopic heterogeneties.15

In this paper, we report and discuss mechanical measurements

on the nucleus and cortex in the bovine lens using cavitation

rheology, a recently developed technique with a distinct advan-

tage for measuring elasticity across a range of length scales, from

sub-micron to millimeter.15,16 In these measurements, a syringe

needle was inserted into the sample, inducing an elastic instability

by slow pressurization with air or liquid as the medium. The

elastic deformation at the point of instability, or the cavity,

grows isotropically in homogeneous materials, such as a poly-

acrylamide gel in Fig. 1. Previous investigations16,17 have shown

that Young’s modulus measured by cavitation rheology is

consistent with that measured by contact mechanics and parallel

plate shear rheometry with the assumption that the stress is

isotropically distributed when the instability occurs.

The critical pressure (Pc) to induce the instability is related to

the mechanical properties (e.g. Young’s modulus, E) of the

sample, as well as the surface tension (g) between the sample and

the medium, as shown here:16,17

Pc ¼ 5E/6 + 2g/r (1)

where r is the inner radius of the needle. This equation is based on

the assumption that the stress is isotropically distributed in the

materials. According to the equation, the critical pressure plotted

for various needle radii provides information on the mechanical

properties and the surface tension, which are independent of the

orientation of the surroundings. The cavitation process is elastic

and reversible, reflected in the assumptions leading to eqn (1), but

it is also known that irreversible deformation or fracture may

occur prior to cavitation, depending upon the material and

needle radius.17 In the case of fracture, Pc scales with r1/2.17 To

induce cavitation, either air or liquid can be used. In previous

investigations, air shows success in measuring the elastic and

surface properties on both synthetic hydrogels16,17 and biological

tissues.18 Liquid, such as water, can also be used to induce the
Fig. 1 Micrographs of initiation and propagation of a cavity in 2.7%

polyacrylamide gel. The inner radius of the syringe needle is 80 mm.

7828 | Soft Matter, 2011, 7, 7827–7831
elastic instability with negligible interfacial tension with the

surrounding material, thus providing a useful tool to study

complex materials, especially at small length scales where the

surface tension may dominate the magnitude of Pc and diminish

the sensitivity to mechanical property contributions.19 Here, we

conduct cavitation rheology on bovine eye lenses with both air

and water over a range of length scales to quantify the elastic

behaviors of different spatial regions in the lens, particularly in

the nuclear and cortical regions. These measurements demon-

strate the capability of cavitation rheology in measuring the

complex heterogeneous properties in biological tissues, and, at

the same time, they provide understanding of the impact of well-

known anisotropic structures on cavitation rheology

measurements.

Experimental

Materials

Bovine eyes were provided by Research 87 (Boylston, Massa-

chusetts) and used within 48 h post-mortem. The calves were

either Jersey or Holstein males between 2 and 10 days old and

were certified disease free. The eyes were stored at 8 �C and

allowed to warm to room temperature before experiments. The

lens was extracted from the eye by incising between the cornea

and the sclera.

Instruments

The cavitation rheology instrument used to perform the

measurements is shown in Fig. 2a and has been discussed

previously.16 In short, the instrument consists of a syringe pump

(New Era Syringe Pump), pressure sensor (Omega Engineering),

syringe needle (Fisher Scientific), translation stage (Newport),

microscope (Edmund Optics), camera (Edmund Optics) and

personal computer to record the pressure and images during the

measurements. The lens was placed on the translation stage,

which was used to adjust the position of the needle to different

regions within the lens. The center of the lens was determined by
Fig. 2 (a) Schematic illustration of the cavitation rheology experiment

on the eye lens. (b) Micrograph of a bovine lens during measurements.

Needle is shown entering the lens at the top. (c) A representative plot of

pressure as a function of time during measurements for both nucleus and

cortex with air using a same syringe needle with inner radius of 55 mm.

The data for the cortex have been shifted arbitrarily along the time axis

for clarity purposes.

This journal is ª The Royal Society of Chemistry 2011
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the apex of the lens curvature from multiple perspectives to

establish the position of r ¼ 0, z ¼ h. Measurements on the

nuclear region begin by positioning the needle at r ¼ 0, z ¼ h and

then inserting the needle to a depth of h-5 mm < z < h-3 mm. For

the measurements of the cortex, the position of the needle was

adjusted to r > 3 mm (although this varied depending on the size

of the lens to ensure needle placement was clearly in the cortex)

and a depth of h-5 mm < z < h-3 mm. After establishing the

position, the compression of the media within the syringe and

needle was initiated via the syringe pump. For all measurements,

the rate of compression was 400 mLmin�1 for air and 50 mLmin�1

for water. The pressure was recorded at a frequency of 10 Hz.

Results and discussion

Fig. 2c demonstrates the pressure change as a function of time for

both the nucleus and cortex of the lens in the cavitation rheology

measurements. A cavity formed and propagated spontaneously

when critical pressure (Pc) was reached, reflected by a significant

decrease of pressure after the critical point, and is consistent with

previous cavitation rheology measurements on both synthetic

and biological materials. The deformation occurred in seconds,

which is significantly shorter than the relaxation time of the lens,

approximately 3 minutes, as measured by Kikkawa and Sato20

using a mechano-electric transducer. In addition, previous visco-

elastic measurements also suggested that the storage modulus

was independent of frequency, ranging from 0.01 to 25 Hz, and

the value for the loss tangent was 0.3–0.4 in the same frequency

range.4 Furthermore, the extension ratio at the onset of the cavity

was estimated by taking the ratio of the cavity surface area to the

cross-sectional area of the inner syringe radius, l ¼ (A0/A0c)
1/2.

For both the nucleus and cortex, l varied from 1.1 to 1.3.

The critical pressure was measured as a function of different

syringe needle sizes, ranging from 55 mm to 300 mm. Assuming

the stress is isotropically distributed in the materials, the effective

Young’s moduli are obtained by plotting Pc as a function of

inner radius of the needles according to eqn (1) (Fig. 3).
Fig. 3 Changes in critical pressure as a function of needle radius for the

bovine lens nucleus, cortex and chopped lens with air.

This journal is ª The Royal Society of Chemistry 2011
Measured values are approximately 0.8 and 11.8 kPa for cortex

and nucleus, respectively, consistent with the average Young’s

modulus characterized by spinning methods for human eyes,

ranging from 0.4 to 3.6 kPa.3The increase in stiffness from cortex

to nucleus has also been observed by dynamic mechanical anal-

ysis, which suggested that Young’s modulus was 0.8 kPa in the

cortex and 1.4 kPa in the nucleus for human lenses from 40 year

old people.14 Although mechanical characterization of bovine

lenses has not been reported in the literature, bovine eyes

resemble human tissues in their composition and function.12 The

similarity further confirmed that the stiffness values measured in

bovine eyes are consistent with those reported for human eyes.

Although the values measured by the cavitation rheology tech-

nique are consistent with those by the macroscopic techniques as

we compare the effective E, a more detailed analysis will be

required to quantify the elastic constants associated with the lens

anisotropy on different length scales, which will be investigated

in the future.

Surface tension values were also measured according to eqn

(1). The measured values are 0.21 and 0.23 N m�1 for the cortex

and nucleus, respectively. The values are similar in the two

regions, suggesting similar chemical environments in bovine eyes.

Since surface tension is strongly dependent upon composition

and weakly on size of molecular units,21 we confirmed the surface

tension values by performing measurements on a bovine lens

sample that was chopped and mixed in order to disrupt the

elasticity-producing structures. In the absence of elasticity, the

critical pressure Pc z 2g/r, where g is the surface tension

between the cavitation medium and the specimen. As shown in

Fig. 3, the surface tension value acquired from the fitting is

consistent with the cortex and nucleus measurements, approxi-

mately 0.2 N m�1 for the chopped lens.

Measurements were also performed by inducing cavitation

with water (Fig. 4), which enables investigation on microscopic

scales by decreasing the contribution of surface tension. Across

the length scales of 55 mm to 300 mm, the elastic behavior of the

nucleus and the cortex are consistent with those measured with

air, in that the cortex possesses an effective Young’s modulus of

0.7 kPa, softer than the nucleus with a modulus of 9.1 kPa. In

comparison to the surface tension measured with air, the surface

tension between the lens and water is significantly decreased. For

the nucleus and cortex, gz 0.1 and 0.09 Nm�2, respectively. For

measurements with r ¼ 5 mm, comparable with the sizes of lens

cells,10 the critical pressure was measured to be significantly less

than Pc estimated according to eqn (1). Using eqn (1) and surface

tension values determined for larger needle radii, Pc should be

equal to 48 kPa for the nucleus and 35 kPa for the cortex at r¼ 5

mm. This deviation suggests that the elasticity in the scale of

single cells is different from that in macroscopic measurements.

Furthermore, a large statistical deviation in the Pc value is

observed, which may reflect heterogeneities of lenses from

various specimens at microscopic length scales.

Cavitation rheology not only can be used to quantitatively

measure the stiffness of the nucleus and cortex upon the onset of

the cavity but also can provide information on the anisotropic

properties of the lens. The propagation or growth of the cavity is

related to the surrounding materials. As discussed above, cavi-

tation in an elastic homogeneous material is a spherical void. As

shown in Fig. 5, this spherical growth behavior is observed in the
Soft Matter, 2011, 7, 7827–7831 | 7829
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Fig. 4 (a) Changes in critical pressure as a function of needle radius

across a range of length scales for the bovine nucleus and cortex with

water. The dashed line shows the trend of critical pressure as a function of

needle radius with air and has been shifted arbitrarily along the Pc axis for

clarity purposes. (b) The ratio of the measuredPc andPc calculated by the

fitting curve according to eqn (1) as a function of needle radius. The

dashed line indicates that the measured Pc is equal to the calculated Pc.

Fig. 5 Micrographs of initiation and propagation of cavities in the

regions of nucleus (top) and cortex (bottom). The inner radius of the

syringe needle is 55 mm. The black defect shown in the nucleus images is

a piece of zonule left during extraction.
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nucleus. The isotropic properties were also observed by Itoi et al.

in their dynamic rheology measurements on nucleus cubes,

showing the same mechanical properties, regardless of the

direction of the cut, relative to the regular arrangement of the

lens fibers.4 In contrast, the onset of cavitation in the cortex leads

to anisotropic growth of a void, where the void grows
7830 | Soft Matter, 2011, 7, 7827–7831
preferentially toward the periphery of the lens. During cavity

propagation, the change in pressure, reflected by the slope

change after the critical point is slightly different for nucleus and

cortex (ESI Fig. 1a†). To account for the initial volume

compressed in the system by normalizing the slope by the critical

pressure, the same normalized slope is observed for nucleus and

cortex, as shown in ESI Fig. 1b†, suggesting that the isotropic

and anisotropic deformation in the lens is proceeding at the same

volumetric rate. The observed growth of the cavity in the cortex

toward the periphery of the lens is consistent with the cavity

growth in a material that has a decreasing stiffness gradient in the

radial direction. In cavitation rheology measurements described

here, the volume of the syringe is decreased while the number of

air molecules is fixed. This results in an increase in pressure

exerted on the air-specimen interface at the tip of the syringe

needle until Pc is reached. At Pc, for materials where elasticity

dominates surface energy, or the ratio of g/Er is less than unity,

the cavity will grow in directions that minimize the elastic strain

energy of the system. For anisotropic materials, the maximum

decrease in elastic strain energy will bias growth toward the

softest material directions, which in the lens is in the outward

radial direction.

The previous discussion of observed results assumed that the

instability deformation was due to cavitation, an elastic revers-

ible process, in contrast to fracture. In addition to the linear

scaling observed between Pc and 1/r at large length scales, we

have also quantified the reversibility of the induced deformation.

The measurements were performed by multiple pressurization

and depressurization cycles with air and the pressure was

recorded as a function of time in Fig. 6. In these measurements,

air was compressed at a constant rate, 300 mL min�1, until

cavitation occurred, and the pressure was released by dissipating

the compressed air into a formed cavity. After cavitation, the air

in the cavity was retracted by depressurizing the system at the

same rate until the pressure was constant and approximately

zero. For the cortex, cavitation was observed to occur at similar

critical pressure values for sequential cycles, which suggests the

primary deformation is reversible and no permanent damage

occurs within the tissue. In the nucleus, Pc in the second cycle is

reduced as compared to the first cycle, and Pc for subsequent

events are similar to the second event. This decrease in Pc indi-

cates that irreversible deformation occurs during the first initia-

tion events; however, the nature of the deformation is different
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Pressure changes as a function of time for the cortex (a) and

nucleus (b) by running multiple pressurization and depressurization

cycles as red dots, with volume change in the system as blue dashed line.
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from fracture observed in previous measurements on synthetic

polyacrylamide gels where fracture is related to permanent chain

incision.17 For the nucleus, a decreased but constant critical

pressure exists on the second and subsequent cycles, suggesting

the initial deformation consists of elastic and inelastic contribu-

tions of similar magnitude. After the initial deformation, the

elastic contribution still provides a mechanism for an observed

elastic instability event.
Conclusions

In this paper, we have demonstrated the use of cavitation

rheology in determining the elastic properties of two different

regions in the bovine lens and have used the known anisotropic

structures of the lens to understand the impact of anisotropic

properties on cavitation rheology measurements. Our results

have shown that the effective Young’s modulus of the nucleus is

higher than that of the cortex on the length scales that are greater

than the length scale of a single cell, while a similar stiffness is

observed for the two regions on the length scales of a single cell.

Furthermore, our research also suggests that isotropic propa-

gation of cavity occurs in the nucleus with elastic and inelastic

deformation equally contributed, while elastic anisotropic

deformation in the cortex is observed.
This journal is ª The Royal Society of Chemistry 2011
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