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Abstract

Objectives—To determine the effect of hydration media on ex vivo corneal elasticity.

Methods—Experiments were conducted on forty porcine eyes retrieved from an abattoir (10 eyes 

each for PBS, BSS, Optisol, 15% Dextran). The epithelium was removed and the cornea was 

excised with an intact scleral rim and placed in 20% Dextran overnight to restore its physiological 

thickness. For each hydration media, corneas were evenly divided into two groups: one with an 

intact scleral rim and the other without. Corneas were mounted onto a custom chamber and 

immersed in a hydration medium for elasticity testing. While in each medium, corneal elasticity 

measurements were performed for 2 hours: at 5-minute intervals for the first 30 minutes and then 

15-minute intervals for the remaining 90 minutes. Elasticity testing was performed using 

nanoindentation with spherical indenters and Young’s modulus was calculated using the Hertz 

model. Thickness measurements were taken before and after elasticity testing.

Results—The percentage change in corneal thickness and elasticity was calculated for each 

hydration media group. BSS, PBS, and Optisol showed an increase in thickness and Young’s 

moduli for corneas with and without an intact scleral rim. 15% Dextran exhibited a dehydrating 

effect on corneal thickness and provided stable maintenance of corneal elasticity for both groups.

Conclusions—Hydration media affects the stability of corneal thickness and elasticity 

measurements over time. 15% Dextran was most effective in maintaining corneal hydration and 

elasticity, followed by Optisol.
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1. Introduction

Corneal biomechanics is an important parameter in the development and improvement of 

ophthalmic technologies related to the cornea. Establishing a correlation between corneal 

structure and function, corneal biomechanics not only functions as a quantitative measure of 

the progression of various corneal pathologies but also serves as an objective measure of the 

effectiveness of diagnostic and therapeutic methods designed to combat corneal diseases. 

Measurement of corneal biomechanical response is of much importance because of its 

influence on present and future corneal-related diagnostic and therapeutic technologies.

Several characterization techniques have been designed to increase understanding of corneal 

biomechanical response. New techniques such as the Ocular Response Analyzer (ORA) 1–3 

and shear wave imaging 4–6 have been developed to measure corneal mechanical properties 

in vivo. However, direct measurement of standard mechanical property parameters of the 

corneal tissue, such as Young’s modulus of elasticity, has only been conducted in the ex 

vivo experimental setting. Ex-vivo biomechanical testing methods currently applied to 

measure corneas include tensile stretching (or strip extensiometry) 7–20, bulge/inflation 

testing 18, 21–27, nanoindentation testing (atomic force microscopy, AFM) 28–35, indentation 

testing 36, shear testing 4, 37, and acoustic radiation force elastic microscopy 38. Despite the 

existence of a variety of characterization methods available, the published values derived 

from such techniques lack reproducibility, evidenced by the large range of reported corneal 

Young’s modulus of elasticity values in literature (0.57kPa – 41MPa) 7–18, 21–36, 39. 

Although the varied nature of the characterization methods may contribute to the sizable 

range of published elasticity values, one should not assume that this is the sole reason. Other 

factors that should be taken into consideration include differences in sample preparation, 

corneal hydration, age, and postmortem time. The focus of this paper is the importance of 

corneal hydration.

For ex-vivo corneal characterization studies, a true reflection of the in-situ biomechanical 

response is heavily influenced by the hydration of the post-mortem cornea 40. For this 

reason, researchers use various media to maintain corneal hydration during mechanical 

testing; such media include saline solutions like PBS or HBSS 9, 23, 28, 29, 33, Dextran 

solutions 30–32, 40–42, oils 14, 36, as well as commercial ophthalmic solutions 22, 24. Although 

numerous studies have been conducted to investigate the effect of different media on corneal 

thickness and swelling changes over time 40–46, only a few studies looking into the impact 

of corneal hydration solutions on corneal biomechanical response have been published 27, 47. 

The purpose of this study is to expand upon these previous studies by using different 

hydration media and investigating how the corneal limbus affects biomechanical 

measurements by using corneal samples with and without the intact scleral rim present at 

sub-micron scale of observation. The elasticity of the cornea over time was measured using 

atomic force microscopy (AFM).

2. Materials and Methods

Experiments were conducted on 40 porcine eyes (10 eyes for each hydration medium; <3 

days postmortem). The eyes were retrieved from an abattoir, placed in a bag filled with 
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saline, and shipped to the laboratory overnight. Upon arrival in the laboratory, the corneal 

epithelium was removed using a cotton-tipped applicator. The porcine cornea was then 

excised with a generous scleral rim and placed in 20% Dextran, anterior stroma down, to 

restore corneal thickness to physiological levels40, 43, 44. The intact corneas remained in 

20% Dextran for 24 hours at room temperature. Pachymetry measurements were taken after 

24 hours to ensure the equilibrium and restoration of the corneal thickness to physiological 

levels 48.

With the physiological thickness restored, one group of porcine corneas (5 corneas each for 

each hydration medium) was further excised within the limbus (all sclera removed), and the 

other group (5 corneas each for hydration medium) was left with the intact scleral rim 

around the cornea. The porcine cornea was then mounted onto a custom corneal holder33 

and positioned so that the central region of the corneal sample was oriented directly under 

the AFM cantilever. The corneal holder was then filled with a hydration medium, either PBS 

(D1283, Sigma Aldrich, St. Louis, MO), HBSS (04-315Q, Lonza, Walkersville, MD), 15% 

Dextran (15 grams of dextran in 100mL of PBS; D8821, avg. molecular weight: 64,000–

76,000 g/mol, Sigma Aldrich, St. Louis, MO), or Optisol (Optisol-GS, 50006-OPT, Bausch 

and Lomb, Rochester, NY), prior to corneal elasticity testing. While maintained in each 

medium, corneal elasticity measurements were performed for 2 hours; measurements were 

conducted at 5-minute intervals for the first 30 minutes and then at 15-minute intervals for 

the remaining 90 minutes.

Elasticity characterization testing was conducted using a custom-built atomic force 

microscopy (AFM) system. The details of the AFM system and testing protocol have been 

previously described 31, 32, 49. Tipless AFM cantilevers (nominal spring constant: 4.5 N/m, 

NSC12 series, Mikromasch, San Jose, CA) were modified with glass microspheres (59–

74μm diameter, 15926-100, Polysciences Inc) and calibrated with a reference force 

calibration cantilever (nominal spring constant: 10–30 N/m, CLFC-NOBO, Bruker, 

Camarillo, CA) to measure its spring constant. Regulated by a piezoelectric mechanism 

(60μm maximal expansion, P-841.40, Physik Instrumente, Germany), the spherical-tipped 

cantilevers were lowered onto the corneal samples at an approach speed of 15μm/s and then 

retracted at that same speed, once the maximal indentation force of 1000V (<20nN) was 

applied. Recordings of the cantilever’s deflection from the photodiode’s voltage output and 

the cantilever’s indentation from the piezoelectric displacement were then used to derive the 

sample’s force-indentation curves (after the cantilever deflection on a hard surface is 

factored out and the measured spring constant of the cantilever is integrated). A custom 

curve-fitting MATLAB program is used to analyze to the force-indentation curves with the 

Hertz model for spherical indenters 50:

where F is the measured force (in Newtons), E is Young’s modulus (in Pascals), ν is 

Poisson’s ratio (ν=0.49 for the cornea 51–53), R is the radius of the spherical indenter (in 

meters), and D is the measured indentation (in meters). Experiments were performed at 

Dias and Ziebarth Page 3

Eye Contact Lens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



room temperature. Corneal thickness measurements were taken with an ultrasonic 

pachymeter (DGH 55 Pachmate, DGH Technology Inc., Exton, PA) before and after 

elasticity testing.

3. Results

Thickness

The average central corneal thickness for all the eyes at the start of the experiments was 562 

± 72μm (range: 436–684μm; Table 1). The percentage change of the corneal thickness 

(change in thickness relative to initial thickness) was calculated for each sample. For the 

intact scleral rim, the percent change in thickness was: −14.0 ± 4.5% for 15% Dextran, 75.7 

± 23.3% for BSS, 81.6 ± 15.8% for PBS, and 50.4 ± 6.5% for Optisol (Figure 1). For the 

group where corneas were excised within the scleral rim, the percentage change in thickness 

was: −19.8 ± 21.3% for 15% Dextran, 55.8 ± 22.6% for BSS, 46.3 ± 16.3% for PBS, and 

39.9 ± 14.6% for Optisol (Figure 1). A paired Student’s t-test was performed to compare the 

initial and final corneal thickness measurements for each hydration media group. Such tests 

resulted in significance for all hydration media with the corneal scleral rim left intact 

(p<0.01); however only BSS, PBS, and Optisol were statistically significant when the scleral 

rim was removed (15% Dextran: p=0.095; BSS, PBS, and Optisol: p<0.01).

Corneal Elasticity

The percentage change of the effective Young’s modulus (change in Young’s modulus 

relative to initial Young’s modulus) was calculated for each corneal sample. For the corneas 

excised with the scleral rim left intact, the average corneal elasticity percentage change was: 

40.1 ± 32.2% for 15% Dextran, 115.1 ± 109.3% for BSS, 212.4 ± 159.3% for PBS, and 62.4 

± 44.1% for Optisol (Figure 2; Table 2). While for the corneas excised within the scleral rim 

perimeter, the average corneal elasticity percentage change was: 27.1 ± 16.5% for 15% 

Dextran, 103.4 ± 39.0% for BSS, 83.1 ± 78.1% for PBS, and 55.6 ± 18.9 % for Optisol 

(Figure 2; Table 2). 15% Dextran and Optisol exhibited elasticity profiles that fluctuated 

around a median line, while BSS and PBS exhibited linearly increasing Young’s modulus 

profiles over time for both corneal samples with and without intact scleral rim (Figure 3). A 

paired Student’s t-test was performed to compare the initial and final corneal elasticity 

measurements for each hydration media group. No statistical significance existed for all 

hydration media with and without the intact scleral rim (p>0.01 for all hydration media). 

The average AFM indentation depth applied onto all corneas during elasticity testing was 

4.1 ± 1.4 μm.

4. Discussion

Published values of ex-vivo corneal mechanical properties vary greatly. Factors contributing 

to such variation include differences in characterization techniques (which reveal the 

anisotropic nature of the cornea), post-mortem time, age23, 53, 55–59, and sample preparation. 

However, in this study, the factor of sample preparation was investigated. Corneal sample 

preparation, which encompasses manipulation required to prepare the sample for 

biomechanical testing, varies depending on the biomechanical characterization method used. 

For example, tensile stretching requires the cornea to be excised into thin strips, while bulge 
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testing and AFM allow measurements to be performed on an intact cornea. With the 

existence of many variables attributing to the high variation of published ex-vivo corneal 

mechanical property values, the need for experimental standardization arises. For this 

reason, this study was undertaken to further our understanding of the influence of cornea 

hydration on mechanical property measurements ex vivo. The cases of keeping the scleral 

rim intact with cornea (which is used for AFM, inflation testing, shear testing, and acoustic 

radiation force elastic microscopy), by excising the cornea with a scleral rim, and having the 

scleral rim removed from the cornea (which is common for tensile stretching) were also 

investigated to determine how the presence of the corneal scleral rim affected these 

biomechanical measurements.

Post-mortem corneas, whether human corneas from the eye bank or animal globes like 

porcine eyes from an abattoir, arrive in an edematous state with thicknesses above their 

respective physiological range. Performing mechanical characterization testing on such 

edematous corneas would yield biomechanical results influenced by high water content, thus 

not reflecting an accurate measure of in-situ corneal responses. Therefore, the restoration of 

the corneal thickness to the normal physiological thickness range before characterization 

testing is imperative. Some researchers explicitly make mention of measuring the corneal 

thickness before characterization testing 20, 22–24, 30–32, 37, 38 but only a few take measures 

to address corneal thickness restoration before characterization testing 30–32, 38. Based on the 

results of this present study, measures should also be taken to address the corneal hydration 

(and thickness), through the use of hydration media, during measurements as they affect 

corneal biomechanical properties.

In this study, corneal elasticity profiles, obtained through AFM indentation testing, were 

mapped over the span of 2 hours in the hydration solutions of 15% dextran, PBS, BSS, and 

Optisol (Figure 3). In addition, corneal thickness was performed before and after mechanical 

testing. Mechanical testing and thickness measurements were conducted on two corneal 

samples groups: corneas with the scleral rim left intact and corneas excised within the 

scleral rim perimeter. The elasticity profiles of BSS and PBS respectively showed a steady 

increase in Young’s modulus (Figure 3B an 3C), while the profiles of 15% Dextran and 

Optisol fluctuated around a median (Figure 3A and 3D). For both corneal samples where the 

scleral rim was left intact and removed, 15% Dextran was most effective in maintaining 

corneal thickness and yielded the least change in corneal elasticity over the two hour 

experimental span. Although producing the minimum change in corneal thickness out of the 

hydration media, it is important to note that the 15% Dextran caused corneal dehydration. 

This same dehydrating effect has been observed previously by Hamaoui et al (2003)43, 

Duffey et al (1989)45 and Terry et al (1994)42, where they noted initial corneal thinning 

followed by thickness stability. Perhaps a lower concentration of Dextran would be 

necessary to minimize the observed corneal shrinkage. In fact, 8% Dextran was included in 

the Kling and Marcos (2013)28 study and showed a lesser dehydrating effect on the corneal 

thickness than that seen for the 15% Dextran concentration used in this study. Further 

investigation using the 8% Dextran concentration should be conducted. After 15% Dextran, 

Optisol followed in its effectiveness to maintain corneal hydration. Similar to this study, 

corneal thickening in Optisol was also observed in the study of Bourne et al (2001)46, while 

the study of Jablonski-Stiemke and Edelhauser (1998)47 revealed that the mean percent 

Dias and Ziebarth Page 5

Eye Contact Lens. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



water content within the cornea increased significantly in Optisol, without the corneal 

epithelium present. BSS and PBS were not effective at all and resulted in extreme corneal 

swelling. A previous study by Hatami-Marbini and Rahimi (2014)48 also noted an increase 

in corneal thickness for PBS and BSS (4.9% increase for PBS and 4.2% increase for BSS). 

However, since their thickness measurements were performed after only 10 minutes in the 

hydration media, the percent increases were much smaller than those seen in the current 

study. The studies of Terry et al (1994) and Duffey et al (1989) also showed the rehydrating 

effect of BSS on corneal thickness as up to a 22% and 14.7% increase in corneal thickness 

was respectively observed when cornea samples were subjected to BSS drops on the anterior 

corneal surface for one hour.

Young’s modulus of elasticity increased for all samples, indicating an increase in stiffness. 

The greater the level of corneal swelling, the larger the percentage change in corneal 

Young’s modulus. This was most apparent for the samples placed in BSS and PBS, which 

had the highest percentage changes in both corneal thickness and elasticity compared 15% 

Dextran and Optisol. Previous studies of Kling & Marcos (2013)28 and Hatami-Marbini & 

Rahimi (2014)48 also investigated the effect of different corneal media solutions on corneal 

biomechanical responses using inflating testing and uniaxial tensile testing, respectively. 

The Kling and Marcos (2013)28 study investigated the change in hysteresis of corneas (with 

the scleral rim intact) during different intraocular pressure levels with the corneal samples in 

20% dextran, 8% dextran, 0.125% riboflavin-20% dextran, or Optisol-GS. The slope of the 

curves as IOP increases can be related to the corneal stiffness. Kling and Marcos found that 

corneas in Dextran solutions were less stiff than those in Optisol, which mirrors the results 

of the current study (more swollen samples were stiffer)28. The Hatami-Marbini and Rahimi 

(2014)48 study performed tensile stretching experiments on corneal strips in 12% NaCl, 

0.9% NaCl, PBS, ophthalmic balanced saline solution (OBSS), and mineral oil. The trend 

found in the Hatami-Marbini and Rahimi (2014)48 study showed that increasing corneal 

thickness yielded a decrease in corneal tangent modulus, which contradicts the trends found 

within this study. Such discrepancy in the qualitative results of this current study and that of 

Hatami-Marbini and Rahimi may stem from the difference in characterization technique. 

When the cornea swells due to the hydration media, the hydration solution occupies the 

interfibrillar space. At the high levels of corneal swelling observed in this current study, it 

may be possible that there is so much fluid in the corneal tissue that it causes the collagen 

fiber interconnectivity to be overextended. Since AFM indentation is a compressive 

technique and the indentations upon the cornea were performed instantaneously, a stiffening 

effect was observed because the tautness of the collagen fibers did not allow the hydration 

solution to displace easily within the collagenous network. The results of this study may 

imply that the elastic property of the cornea may not structurally correspond to the collagen 

fibers within the corneal ultrastructure only, but may also be influenced by the amount of 

extracellular matrix between the collagenous networks as well. Therefore, it is imperative to 

make sure that the corneal samples subjected to biomechanical characterization are within 

the physiological thickness range before testing and such thickness can be maintained during 

testing, to yield biomechanical responses close to physiological form.

Corneal samples excised within the scleral rim consistently yielded lower percentage 

changes in thickness and elasticity, independent of the hydration media used. The 
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observation of such phenomenon may stem from an increase in peripheral diffusion. Since 

the corneal sample no longer has a circumferential impermeable boundary that restricts fluid 

flow, hydration media is able to flow in both the axial and the transverse directions. 

Therefore, corneal samples without the intact scleral rim are more susceptible to both the 

inflow and outflow of hydration media, and the thickness changes were observed as less 

dramatic than those observed with the intact scleral rim present. Since samples without the 

intact scleral rim are consistently thinner than samples with the limbus in the same hydration 

media, there is a corresponding increase in Young’s modulus, as described in the previous 

paragraph. For hydration media BSS and PBS, this degree of increase in Young’s modulus 

is shown to be greater than of 15% Dextran and Optisol. Tissue swelling causes an 

overextension of the collagen fibers. When the corneal sample with the intact scleral rim 

was indented upon, the corneal fluid content was unable to be displaced circumferentially, 

resulting in a stiffening effect.

In summary, this study confirms that corneal hydration media does have an effect on 

measured ex-vivo corneal elasticity and thickness over time. Measures should be performed 

to carefully select a corneal hydration medium that effectively maintains corneal hydration 

during corneal biomechanical testing. For the both cases of corneal samples having the 

intact scleral rim and corneal samples excised within the scleral rim, 15% Dextran exhibited 

the most effectiveness in stabilizing corneal thickness and maintaining corneal elasticity 

over the span of 2 hours.
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Figure 1. 
Bar Graph of the Average Corneal Thickness Percentage Change. A bar graph comparing 

the thickness percentage changes after 120 minutes in different hydration media. Samples 

with the intact sclera had a greater change in thickness than samples without the intact 

sclera.
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Figure 2. 
Bar Graph of the Average Corneal Elasticity Percentage Change. A bar graph comparing the 

corneal Young’s modulus percentage changes after 120 minutes in different hydration 

media. Samples with the intact sclera had a greater change in Young’s modulus than 

samples without the intact sclera.
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Figure 3. 
Scatter Plots of the Corneal Elasticity Profile during AFM Testing for each Hydration 

Medium. For one representative sample per hydration media, Young’s modulus is plotted as 

a function of time. Corneal samples with and without intact scleral rim are included in each 

graph: A.) 15% Dextran, B.) BSS, C.) PBS, and D.) Optisol.
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Table 1

Corneal Thickness Measurements performed before (at the initial time) and after (at 2 hours) the AFM 

mechanical testing in the different hydration media.

Corneal Thickness (μm) [Average ± Standard Deviation]

With Intact Sclera Without Intact Sclera

Hydration Media At Initial Time At 2 Hours At Initial Time At 2 Hours

15% Dextran 492.4 ± 21.4 423.2 ± 23.7 611.6 ± 85.4 476.0 ± 55.0

PBS 500.3 ± 41.2 886.2 ± 35.5 596.2 ± 48.1 870.2 ± 94.7

BSS 502.4 ± 41.8 881.9 ± 126.3 611.6 ± 64.4 943.2 ± 85.6

Optisol 610.4 ± 17.4 918.6 ± 58.4 687.0 ± 16.0 850.6 ± 109.5
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Table 2

The measured corneal Young’s modulus of elasticity performed at the initial time and final time point of 2 

hours for each hydration media.

Young’s Modulus of Elasticity (kPa) [Average ± Standard Deviation]

With Intact Sclera Without Intact Sclera

Hydration Media At Initial Time At 2 Hours At Initial Time At 2 Hours

15% Dextran 117.1 ± 85.4 131.7 ± 99.3 228.6 ± 340.7 153.4 ± 195.3

PBS 130.8 ± 74.4 299.1 ± 260.4 438.4 ± 277.5 619.1 ± 427.5

BSS 86.4 ± 59.1 102.6 ± 91.6 541.1 ± 280.4 769.2 ± 577.3

Optisol 151.3 ± 116.9 145.6 ± 75.8 292.9 ± 149.3 199.7 ± 215.9
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