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We characterized the structural and mechanical changes after experimental

digestion of sulfated glycosaminoglycans (s-GAGs) in the human posterior

sclera, using ultrasound thickness measurements and an inflation test with

three-dimensional digital image correlation (3D-DIC). Each scleral specimen

was first incubated in a buffer solution to return to full hydration, inflation

tested, treated in a buffer solution with chondroitinase ABC (ChABC), then

inflation tested again. After each test series, the thickness of eight locations

was measured. After enzymatic treatment, the average scleral thickness

decreased by 13.3% ( p , 0.001) and there was a stiffer overall stress–strain

response ( p , 0.05). The stress–strain response showed a statistically signi-

ficant increase in the low-pressure stiffness, high-pressure stiffness and

hysteresis. Thus, s-GAGs play a measurable role in the mechanical

behaviour of the posterior human sclera.
1. Introduction
The mechanical properties of the sclera have been shown to play an important

role in the initiation and development of ocular diseases such as glaucoma and

myopia in both experimental and modelling analyses. Glaucoma is the second

leading cause of blindness worldwide [1] and is characterized by an ‘exca-

vation’ of the tissues of the optic nerve head (ONH) [2], as well as the

dysfunction [3,4] and loss [5,6] of the axons of the retinal ganglion cells

(RGCs) at the ONH [7]. The intraocular pressure (IOP) can produce a high

level of stresses and strains in the tissues of the ONH, depending on the mech-

anical properties of the sclera. This mechanical insult is potentially responsible

for the mechanical failure of the ONH tissues and for damaging the RGC axons

directly or through poor vascular nutrition and mechanical activation of astro-

cytes [8]. These events can occur at any level of IOP, whether higher or lower

than that found in non-glaucoma eyes [8–11]. Myopia is a common refractive

error often characterized by the axial elongation of the eye wall [12]. Patients

with high myopia are at increased risk for several blinding diseases, such as

macular degeneration [13] and glaucoma [14]. Elongation of the sclera occurs

by remodelling of the extracellular matrix structure and is accompanied by

significant changes in the mechanical properties of the sclera.

The tensile and viscoelastic behaviour of the posterior sclera is altered in glau-

coma and myopia. The peripapillary sclera of human glaucomatous eyes has a

lower creep rate and higher stiffness compared with that of normal eyes in

inflation tests [15]. In a monkey model of glaucoma, the posterior sclera also exhi-

bits a higher stiffness under inflation [16] and the peripapillary sclera shows a

higher equilibrium modulus after stress relaxation following a rapid deformation,

but no change in the time-dependent parameters compared with that of normal

eyes in uniaxial strip tests [17]. The posterior sclera of human myopic eyes

reaches a higher strain at maximum pressure than that of normal eyes under

uniaxial testing [18]. In a tree shrew model of myopia, the posterior sclera also
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Table 1. Number of specimens used for s-GAG quantification, hydration
measurement, mechanical testing and thickness measurements. 1/1 indicates
that one eye was used from one donor, 9/5 indicates that nine eyes were
used from five donors, asterisk denotes that both eyes were from the same
pair and hash denotes that the same eyes were used for both experiments.

no. of specimens

s-GAG quantification n ¼ 1*/1

hydration measurement n ¼ 1*/1

mechanical testing n ¼ 9#/5

thickness measurement n ¼ 9#/5
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shows a greater strain at maximum pressure [19–21], as well

as a higher creep rate [20,22], but a similar stiffness [19,22]

than those of normal eyes, in uniaxial strip tests.

Collagen represents 80% of the dry weight of the sclera

[23], whereas elastin fibres and proteoglycan (PG) core pro-

teins represent 2% of its dry weight [24,25]. In comparison,

GAGs represent only 0.5–1% of the scleral dry weight [26].

GAGs are assemblies of disaccharide units into chains of var-

ious lengths, most of them attached to a core protein to form

PGs. The most abundant GAGs in the posterior sclera are

chondroitin sulfates and dermatan sulfates [27,28]. GAGs

attract and retain water through their negative ionic charges

[29], as well as their osmotic pressure [30–32]. They also

directly interact with collagen fibrils [33–36] through electro-

static interactions [33,37] and have been hypothesized

to regulate collagen fibril spacing through hydration

(swelling) [32,38,39], GAG–GAG charge repulsion [40] and

GAG–GAG anti-parallel interactions [41].

The changes in the mechanical properties of the posterior

sclera are associated with specific changes in the collagen and

elastin structure in glaucoma [42–45] and myopia [46–48].

In addition, alterations in the s-GAG content have also been

reported in glaucoma and myopia. There is currently no

data on the change in GAG content in the posterior sclera

in glaucoma. However, a higher s-GAG content was reported

in the iris [49] and lamina cribrosa [50] of human glaucoma-

tous eyes, which was consistent with the findings of studies

on animal models of glaucoma [51,52]. A decrease in the

overall GAG content was found in the posterior sclera of

human myopic eyes [18], which was consistent with the

results obtained with animal models of myopia [47].

The mechanical role of GAGs remains debated in the litera-

ture. The effect of GAG degradation is tissue-dependent and

inconsistent results have even been reported for the same

tissue, probably due to differences among species and differences

in testing protocol. Studies have measured changes in the visco-

elastic behaviour of cartilage [53], aorta [54] and heart valve

leaflets [55] following GAG removal, while others have observed

no change in the viscoelasticity of ligaments [56,57]. The stiffness

increased with GAG digestion in arteries [58], lungs [59], as well

as ligaments [60] and aorta [54] in the small strain range (i.e. toe

region). GAG degradation decreased the stiffness of the aorta in

the high strain range (i.e. linear region) [54], but did not affect the

stiffness of cartilage [53], tendons [61] and ligaments in a different

study [56]. We recently studied the effect of s-GAG removal on

the mechanical behaviour of the posterior porcine sclera [62].

s-GAG degradation with ChABC from a hydrated state signifi-

cantly decreased the scleral stiffness at low pressures (i.e. toe

region), the hysteresis and the final creep rate, while increasing

the stiffness at high pressures (i.e. linear region) and the strain

at the onset of strain stiffening (i.e. length of the toe region).

The changes were found to be opposite to the changes observed

for an increase in hydration from a baseline (control) to a

hydrated state. In addition, differences in the inflation response

between the meridional and circumferential directions were

significantly reduced after enzymatic s-GAG degradation.

These changes in the tensile and viscoelastic behaviour showed

that s-GAGs play an important role in the mechanical behaviour

of the posterior porcine sclera. Specifically, the observed findings

were interpreted to exceed the effects of hydration alone and

suggested an interactive effect on the collagen fibrils.

In this study, we performed inflation testing of the

posterior human sclera after incubation in buffer alone and
after treatment in buffer containing ChABC to degrade the

s-GAGs. We compared the inflation behaviour for each speci-

men before and after treatment with ChABC. The results were

used to evaluate whether s-GAG degradation induced changes

in the mechanical response of the posterior human sclera and

whether the changes in humans were comparable to those

measured in our prior study on pigs [62]. The findings were

interpreted for their significance to the mechanical and

pathological contribution of s-GAGs to the scleral mechanical

behaviour in glaucoma and myopia.
2. Material and methods
2.1. Specimens and glycosaminoglycan degradation
Eleven human donor eyes were obtained from the National

Disease Research Interchange (NDRI) from six donors with an

average age of 74.0+9 years, whose medical records show no his-

tory of glaucoma (table 1). The medical records did not provide

information about myopia. All structural and mechanical out-

comes were measured in the four anatomical quadrants of the

posterior scleral shell (superior-nasal (SN), superior-temporal

(ST), inferior-nasal (IN) and inferior-temporal (IT)), outside the

peripapillary region. To confirm the effectiveness of our s-GAG

degradation protocol developed for pigs [62] in the human

sclera, we first determined the s-GAG content, in micrograms

per milligram of wet tissue weight, of two samples taken in

each of the four quadrants of a single eye. Both samples from

each quadrant were divided into two experimental groups

(figure 2). In the first group, the specimens were incubated for

18 h at 378C in a modified Trizma buffer at pH 8.0 (buffer-treated).

In the second group, the specimens were incubated for 18 h at

378C in Trizma buffer containing ChABC (C2905, Sigma-Aldrich,

St Louis, MO, USA) at 2 units ml21 (enzyme-treated). ChABC is

known to specifically degrade chondroitin and dermatan sulfates

at pH 8.0. We then inferred the s-GAG content in micrograms per

milligram of dry tissue weight from hydration measurements on

two samples taken in each quadrant of the contralateral eye, and

each one incubated in either buffer alone or buffer containing

ChABC (figure 2). The remaining nine eyes were inflation tested

after incubation for 18 h in buffer alone (buffer-treated) and after

subsequent incubation for 18 h in the enzyme solution (enzyme-

treated). Scleral thicknesses were measured at the end of each

inflation test. We confirm that our research followed the tenets

of the Declaration of Helsinki.
2.2. Specimen preparation
The eyes were received in a closed container, on a gauze pad

soaked with saline solution to reduce dehydration and used

within 48 h post-mortem. The extraocular fat and muscles were
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Figure 1. (a) Side view and (b) top view of the experimental set-up showing the inflation chamber, pressure transducer, MTS, hydration chamber, as well as the
imaging and lighting systems. (Online version in colour.)

rsif.royalsocietypublishing.org
J.R.Soc.Interface

13:20160367

3

removed, leaving a clean scleral surface. For two eyes, we used

a 8 mm biopsy punch to excise samples from each quadrant for

s-GAG quantification and hydration measurements (figure 2).

The samples were punched 2 mm away from the ONH and

away from visible arteries and veins. Two 3 � 3 mm square

samples were then cut from each disc, from which we gently

removed the retina and choroid (figure 2).

The eyes used for mechanical testing and thickness measure-

ments were glued to a custom-made acrylic holder centred about

the ONH using cyanoacrylate (Permabond 910, Electron

Microscopy Sciences, Hatfield, PA, USA) (figure 3a). The anterior

sclera was cut away and the intraocular structures, including the

retina and choroid, were removed from the remaining posterior

scleral shell.

2.3. Glycosaminoglycan quantification and hydration
measurement

The protocol for s-GAG content quantification was previously

described [62]. Briefly, the s-GAG content was assessed on

3 � 3 mm samples, taken in each of the four quadrants of a

single eye (figure 2) and subjected to either buffer-treatment or

enzyme-treatment, using the Blyscan assay (Accurate Chemical &

Scientific Corporation, Westbury, NY, USA). The samples were

first blotted dry on Whatman paper for 1 min, weighed wet

and incubated in a solution of Papain (P3125, Sigma-Aldrich,

St Louis, MO, USA) for 18 h at 608C, following Boubriak et al.
protocol [63]. The s-GAG content per dry tissue weight in each

quadrant was inferred using hydration measurements of the

wet over dry sample weight ratio. The wet sample weight was

measured after blotting the samples dry on Whatman paper

for 1 min using a precision balance (XP26DR, Mettler-Toledo

LLC, Columbus, OH, USA). The wet samples were weighed

inside pre-weighed eppendorf tubes to prevent further evapor-

ation. The samples were then dehydrated by incubation for

48 hours in an oven at 608C and weighed in the same manner.

2.4. Mechanical testing
For inflation testing, the specimens that were glued to the custom

plastic holder were then clamped to a custom inflation chamber

(figure 1a,b). Dulbecco’s phosphate-buffered saline (DPBS) was

injected into the chamber using an MTS-actuated syringe (MTS,

Eden Prairie, MN, USA) (figure 1a). The pressure inside the

chamber was monitored using a pressure transducer (TJE, 2

psig range, Honeywell, Morristown, NJ, USA) and fed back

into the MTS testing machine to control the motion of the MTS

crosshead using a PID controller (figure 1a,b). The specimens

were first equilibrated at the baseline pressure 0.21 kPa for
30 min, then subjected to a load–unload cycle from baseline

pressure to 6 kPa at 0.13 kPa s21, followed by a 30 min recovery

period at baseline pressure. The baseline pressure was then main-

tained for the thickness measurements. Preconditioning cycles

were not performed. A previous study showed that the effects

of preconditioning are negligible for repeated inflation testing

of the posterior sclera [15,64]. The inflation chamber was

enclosed in a clear Perspex humidity chamber with 90% humid-

ity to prevent dehydration of the specimens during testing

(figure 1a,b).
2.5. Thickness measurement
The scleral thickness was measured at eight locations, two in

each of the four quadrants of the eyes (figure 2) using a

15 MHz ultrasound transducer (V260-45, Olympus NDT Inc.,

Waltham, MA, USA) fitted with a 1.5 mm diameter Sonopen

tip (DLP-302, Olympus NDT Inc.), as described in a previous

study [62]. The ultrasound transducer was linked to a pulser–

receiver (5073PR-15-U, Olympus NDT Inc.) and the echoes

from the outer and inner scleral surfaces were recorded from

an oscilloscope (TDS220, Tektronix Inc., Beaverton, OR, USA).

The scleral thickness T was calculated as

T ¼ 1

2
cscleraDt, ð2:1Þ

where csclera ¼ 1597 m s21 [65] is the speed of sound in the sclera

and Dt is the time difference between the peaks of the outer and

inner sclera echoes. The thickness in each quadrant was reported

as the average of both measurements.
2.6. Digital image correlation
The posterior sclera was speckled with black India ink (figure 3a)

using an airbrush (ECL4500 HP-CS, Iwata Medea Inc., Portland,

OR, USA) prior to mechanical testing to enhance the contrast for

the 3D surface displacement measurements using 3D-DIC.

Images were acquired using a stereoscopic system equipped

with two monochrome cameras with a 2 megapixel resolution

(GRAS-20S4M-C, Point Grey, Richmond, BC, Canada), 268
stereo angle and objectives with a 35 mm focal length (Xenoplan

1.9/35 mm-0901, Schneider Optics, Hauppauge, NY, USA) fitted

with 5 mm long extension tubes (54–628, Edmund Optics,

Barrington, NJ, USA). Illumination was provided by a circline

light bulb (90922 L, Commercial Electric, Cleveland, OH, USA)

to increase image contrast and maintain even lighting across

the specimen. Images with a 0.018 mm per pixel resolution

were captured every 2 s during mechanical testing with

Vic-Snap 2009 (Correlated Solutions Inc., Columbia, SC, USA)
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and imported into Vic3D 2012 (Correlated Solutions Inc.) for

3D-DIC analysis.

2.7. Strain calculation
For each correlated point at every pressure increment, 3D-DIC

provided the 3D surface displacements (ux, uy, uz), from the

reference geometry at the baseline pressure, on a two-

dimensional Cartesian grid (ex, ey,) with a 0.090 mm resolution

(figure 3a). However, given the geometry of the sclera, strains

were calculated along circumferential and meridional directions,

eu and ef, respectively (figure 3a,b). To define the new circum-

ferential-meridional coordinate system, we identified the centre

of the ONH base as the pole. The separation of the ONH region

from the scleral region was found by an iterative least-squares

fitting process. A sphere was fitted to the reference position

of the posterior scleral shell and the points with 3% error

from the spherical fit radius were removed until the fitting

error converged. The remaining points corresponded to the

scleral shell over which the strains were calculated, while the

points removed corresponded to the ONH. An oblique cylinder

was then fitted to the ONH region to determine the centre of

the ONH (figure 3b).

Surface strains were calculated over triangular domains

formed by three nearest neighbour points with average grid spa-

cing of 0.10 mm, as described in Genovese et al. [66]. Triangular
domains were constructed using the Delaunay triangulation

algorithm in MATLAB and were sufficiently small to be assumed

planar. The meridional direction ef was defined for each triangle

by projecting the vector vMN connecting the triangle centroid M

to the ONH centre N onto the plane of the triangular domain.

The circumferential direction eu was calculated as the cross

product between the meridional direction and the outward

unit normal of the triangular region en calculated from the

sides of the triangle xBA and xCA (figure 3b).

Unit orientation vectors were calculated for the sides of the

triangle using the reference positions and transformed to a

local spherical coordinate system of the triangle to give (n
sph
AB ,

n
sph
BC , n

sph
CA ) (figure 3b). The stretches of the sides of the triangular

domain (lAB, lBC, lCA) were calculated using the reference

positions and displacement vectors. They were used to calculate

the components of the right Cauchy–Green stretch tensor C

using the following system of equations:

(lAB)2 ¼ n
sph
AB � Cn

sph
AB

(lBC)2 ¼ n
sph
BC � Cn

sph
BC

(lCA)2 ¼ n
sph
CA � Cn

sph
CA ,

8>><
>>:

ð2:2Þ

where C has the components

C ¼ Cff Cfu

Cfu Cuu

� �
: ð2:3Þ
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The Green–Lagrange strains in the circumferential and meri-

dional directions were evaluated as Euu ¼ 1/2(Cuu 2 1) and

Eff ¼ 1/2(Cff 2 1). The shear strain was Efu ¼ 1/2(Cfu). The

strain components were reported for each quadrant as an average

over a 3 mm region in the meridional direction, spanning the

entire quadrant and located 3 mm away from the ONH.

2.8. Hoop stress calculation
The hoop stresses suu in the circumferential direction and sff in

the meridional direction were reported at each pressure level for

each quadrant as

suu ¼ sff ¼
Pr
2T

, ð2:4Þ

where P is the pressure, r is the radius of the shell obtained by

fitting a sphere to the 3D-DIC reference position data and T is

the scleral thickness in a particular quadrant, averaged over

two measurements. All three parameters were specific to the

specimen treatment state.

2.9. Mechanical data analysis
Four mechanical outcomes were extracted from the stress–strain

curves for each scleral shell, quadrant and experimental con-

dition: buffer-treated and enzyme-treated. The low-pressure

stiffness was defined as the slope at low pressure calculated by

fitting the data points of the loading curves that were within

the first 25% of the strain at maximum pressure. The high-

pressure stiffness was defined as the slope at high pressure

calculated from the fit of the last 30% of the data points of the

loading curves. The hysteresis was defined as the area between

the loading and unloading curves, calculated by numerical inte-

gration using a trapezoidal rule. Outliers were locally treated

using the built-in MATLAB function smooth with the rlowess
and rloess methods for the loading and unloading curves,
respectively. The function rlowess performs a local linear interp-

olation, while rloess applies a second-order polynomial local

interpolation. Different smoothing methods were used because

the loading stress–strain curves for all the specimens were

nearly linear, while the unloading curves were significantly

more nonlinear (figures 4 and 5). As the loading curves were

linear and did not show a clear transition between the toe and

linear regions, the strain at maximum pressure rather than the

strain at the onset of strain stiffening was extracted as a measure

of the tissue extensibility at the maximum pressure.

2.10. Statistical analysis
To evaluate the effect of treatment with the enzyme from a

buffer-treated state on the mechanical outcomes and thickness

data, we used a repeated measures ANOVA implemented with

the built-in MATLAB function ravova, using the data for all eyes

and quadrants. Repeated measures ANOVA not only indicated

whether the mechanical outcomes were different between the

experimental groups or between the quadrants, but it also indi-

cated if there was an interaction between group and quadrant.

Similarly, we used repeated measures ANOVA to evaluate the

difference in mechanical outcomes between the circumferential

and meridional directions in both the buffer-treated and

enzyme-treated groups.
3. Results
3.1. Glycosaminoglycan content and hydration ratio
The s-GAG content and hydration ratio in all four quadrants

of a single eye for samples subjected to either buffer-

treatment or enzyme-treatment are shown in tables 2 and 3,

respectively. The decrease in s-GAG content after treatment
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Table 2. s-GAG content (mg mg21 dry tissue weight) in each quadrant of
a single eye, for samples in the buffer-treated and enzyme-treated groups.

ST SN IT IN

buffer-treated 5.29 5.87 6.47 3.22

enzyme-treated 0.074 0.066 0.026 0.022

Table 3. Hydration ratio (mg mg21) in each quadrant of a single eye, for
samples in the buffer-treated and enzyme-treated groups.

ST SN IT IN

buffer-treated 4.204 4.200 4.031 4.029

enzyme-treated 4.186 4.000 4.347 4.031

Table 4. Thickness (mm) averaged over all specimens and quadrants in the
buffer-treated and enzyme-treated groups. Repeated measures ANOVA used
for the statistical analysis.

buffer-
treated

enzyme-
treated p-value

thickness 0.92+ 0.26 0.80+ 0.18 ,0.001

rsif.royalsocietypublishing.org
J.R.Soc.Interface

13:20160367

6

with the enzyme was more than 98% in all quadrants. No

statistics were performed because only one specimen was

studied only to confirm the s-GAG degradation protocol

previously developed for pig scleras [62] was also effective

in humans. The change in hydration after enzyme-treatment

obtained for a single eye might not be representative, and

therefore was not interpreted in this study.

3.2. Thickness data
The thickness averaged over all eyes and quadrants after treat-

ment with buffer alone and after treatment with enzyme are

presented in table 4. The average thickness from the buffer-

treated state decreased by 13.3% with enzyme-treatment

( p , 0.001). There was no interaction between experimental

group and quadrant. We did not detect significant spatial

differences in the thickness measurements.

3.3. Mechanical behaviour
3.3.1. Comparing the buffer-treated and enzyme-treated groups
Figures 4 and 5 show the stress–strain curves for all human

specimens in the circumferential and meridional directions,
respectively, after buffer-treatment and after enzyme-

treatment. We first compared the mechanical outcomes

averaged over the four quadrants and specimens after

buffer-treatment and after enzyme-treatment (table 5). In

the circumferential direction, treatment with the enzyme

from a buffer-treated state increased the low-pressure stiff-

ness by 30.3% ( p , 0.005), high-pressure stiffness by 11.0%

( p , 0.05) and hysteresis by 41.6% ( p , 0.001). In the

meridional direction, the low-pressure stiffness increased

by 24.2% ( p , 0.05), the high-pressure stiffness by 11.4%

( p , 0.05) and the hysteresis by 16.5% ( p ¼ 0.28) after

enzyme-treatment. Treatment with the enzyme had no

statistically significant effect on the strain at maximum



Table 5. Comparison of the mechanical outcomes, averaged over all quadrants, between the buffer-treated and enzyme-treated groups, in the circumferential
and meridional directions. Repeated measures ANOVA used for the statistical analysis.

circumferential meridional

buffer-treated enzyme-treated p-value buffer-treated enzyme-treated p-value

low-pressure stiffness

(kPa)

7331.1+ 3478.8 9552.2+ 5345.2 ,0.005 4641.1+ 3376.0 5763.0+ 2828.9 ,0.05

high-pressure stiffness

(kPa)

15 544.2+ 6172.2 17 254.4+ 5510.9 ,0.05 6819.4+ 4031.7 7599.1+ 4739.9 ,0.05

hysteresis (kPa) 0.030+ 0.016 0.043+ 0.019 ,0.001 0.120+ 0.129 0.140+ 0.088 0.28

strain at max pressure

(mm mm21)

0.0038+ 9.77 � 1024 0.0038+ 8.96 � 1024 1.0 0.010+ 0.0046 0.0090+ 0.0032 0.10
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pressure. There was no interaction between experimental

group and quadrant for any of the mechanical outcomes. In

addition, we did not detect significant spatial differences in

any of the mechanical outcomes measured.

3.3.2. Comparing the circumferential and meridional directions
We also compared the difference between the mechanical

outcomes in the circumferential and meridional directions,

averaged over all specimens and quadrants, after incubation

in buffer alone and after incubation with the enzyme. In

both the buffer-treated and enzyme-treated groups, the

high-pressure stiffness, hysteresis and strain at maximum

pressure were significantly different in the circumferential

and meridional directions ( p , 0.001 for all mechanical

outcomes and experimental groups). In the buffer-treated

group, the circumferential low-pressure stiffness was 58.0%

higher and its high-pressure stiffness was 127.9% larger

than meridionally. Furthermore, the circumferential strain at

maximum pressure was 62.1% smaller and its hysteresis

was 74.7% lower than meridionally. These findings were

similar in the enzyme-treated group, with the circumferential

low-pressure stiffness 65.8% higher, high-pressure stiffness

127.1% larger, strain at maximum pressure 57.6% smaller

and hysteresis 69.3% lower than in the meridional direction.
4. Discussion
To better understand the role of s-GAGs in the tensile and

viscoelastic properties of the posterior human sclera, we com-

pared its thickness and mechanical behaviour under inflation

after buffer hydration with an s-GAG depleted state after

treatment with ChABC.

The s-GAG content of the hydrated sclera reported here is

similar to that previously reported in the posterior sclera of

human eyes [63] and pig eyes [62]. Schultz et al. [67] also

reported a similar s-GAG content in the posterior sclera of

pig and human eyes. The degradation procedure used here

for the human sclera removed nearly all s-GAGs, as it had in

the porcine sclera. The minimal remaining s-GAGs quantified

after enzyme-treatment could represent s-GAGs that are (i) not

sensitive to ChABC, such as keratan sulfates, (ii) incompletely

degraded but normally sensitive to ChABC or (iii) degraded

but incompletely removed from the tissue.

The human scleral thicknesses in this investigation were

comparable to those reported in other studies [68,69].
Interestingly, the scleral thickness significantly decreased

after enzyme-treatment from a buffer-treated state in

human eyes, whereas it increased in pig eyes and was

accompanied by an increased hydration as measured in a

prior study [62]. The opposite change in scleral thickness fol-

lowing s-GAG degradation between humans and pigs could

result from several features of their scleral content. The

decrease in thickness in the human sclera after enzyme-

treatment could result from an overall loss of water with

s-GAG degradation. The amount and type of negative ionic

charges determine the scleral capacity for water absorption

through charge [29] and osmotic [30–32] effects. However,

the water absorption capacity of the tissue is also limited

by the collagen interfibrillar spacing, itself governed by

GAG–GAG charge repulsion [40] and GAG–GAG anti-par-

allel interactions [41]. Although the pig and human sclera

have a similar s-GAG content as reported in this work and

by Schultz et al. [67], the s-GAGs remaining in the human

sclera after enzyme-treatment might carry fewer negative

charges. This could result in a weaker repulsion between

the s-GAGs, a decreased interfibrillar spacing and a smaller

space for free water to enter the sclera. Enzymatic digestion

of chondroitin sulfates was shown to reduce swelling in the

cornea [70] and to reduce the ‘re-expansion’ capability of

collagen fibrils in dentin upon rehydration [71]. Therefore,

the amount of bound water lost after s-GAG removal might

not be fully replaced by free water in the human sclera.

Additionally, the human sclera has 53% less collagen per

dry tissue weight but 1.6 times more collagen non-enzymatic

‘glycation-type’ cross-links than the pig sclera [67]. This is

probably due to the older age of the human donors compared

with that of the pigs. A higher collagen cross-link density

could lead to a stiffer extracellular matrix, and therefore an

increased resistance to swelling and to the intake of more

free water. However, Boubriak et al. [63] reported no signifi-

cant decrease in hydration in the hydrated posterior human

sclera after s-GAG removal with ChABC, suggesting that a

microstructural rearrangement could explain the decrease in

thickness measured in the current study. The removal of

s-GAG leads to the fusion and thinning of collagen fibrils

in cartilage [72] and in decorin and biglycan deficient mice

[73,74]. Such microstructural rearrangement could lead to a

smaller tissue thickness without necessarily involving a

decrease in hydration. Therefore, two processes may underlie

the decrease in thickness measured in the human sclera after

enzyme-treatment: (i) a lower hydration due to the partial
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replacement of the bound water lost after s-GAG digestion by

free water and (ii) a microstructure rearrangement such as the

fusion or thinning of the collagen fibrils.

Enzyme-treatment from a buffer-treated state increased the

low-pressure stiffness, high-pressure stiffness and hysteresis.

The combined effect was a statistically significantly stiffer mech-

anical response of the posterior sclera after s-GAG degradation,

though the effect was modest. The increased low-pressure stiff-

ness could be due to a lower hydration and/or the fusion of the

collagen fibrils following the loss of s-GAGs, which would be

consistent with the observed decreased in thickness. The

increased high-pressure stiffness could be explained by a

lower tissue hydration and/or an increased free versus bound

water in the tissue, which might contribute to a higher friction

between the collagen fibrils that are not kept apart by the s-

GAGs and their associated water anymore. It may also arise

from the fusion of the collagen fibrils. The reason for the

increased hysteresis after s-GAG removal remains unclear. It

could be due to an increased flow-induced viscosity of the

additional free water in the tissue and/or an increased network

viscosity despite the loss of s-GAGs. More structural studies are

needed to explain this result.

Comparing the mechanical results between pigs [62] and

humans, the human sclera was significantly stiffer than the

porcine sclera under inflation, which agreed with uniaxial

strip tests [67] and is consistent with the higher number of

non-enzymatic collagen cross-links in the human sclera [67].

The overall effect of s-GAG degradation was to make the

scleral inflation response slightly stiffer in humans, whereas

the same treatment dramatically reduced the stiffness of the

porcine sclera. In addition, compared with the pig sclera,

s-GAG digestion in the human sclera did not change the

strain at maximum pressure or difference in the mechanical

behaviour between the circumferential and meridional direc-

tions, suggesting no alteration to the fibril crimp morphology

or anisotropy of the collagen fibrils or of their connections,

respectively. This could be due to the abundance of

non-enzymatic cross-links in the human sclera. Therefore,

differences in the s-GAG degradation effects observed

between humans and pigs could be attributed to differences

in their scleral collagen cross-link structure and s-GAG types.

The results presented here are not consistent with the

reduction in the scleral GAG content [47] and overall more

compliant response of the posterior sclera measured in exper-

imental myopia [19–21] and in pigs [62]. Compared to the

studies on experimental myopia and pig eyes following

s-GAG depletion, this study tested the posterior sclera from

elderly donors rather than young animals. Ageing might

change the scleral tissue, especially through the addition of
non-enzymatic cross-links, in such a way that the tissue soft-

ening due to s-GAG degradation is inhibited. This might

explain why the results surprisingly follow the same trend

as the overall stiffer mechanical behaviour measured in

human [15] and experimental [16] glaucoma. Interestingly,

another study on human myopic eyes showed an increased

strain at maximum pressure and a decreased GAG content

compared with normal eyes [18]. This increased scleral com-

pliance could be due to the younger eyes tested compared

with those in this study. Therefore, the biomechanical effects

of s-GAG degradation may depend on age and hence, on the

microstructure of the scleral tissue.

There were several limitations of this study. Mechanical

testing and hydration measurement before and after

enzyme-treatment could not be performed on the same

eyes, hence the lack of hydration data. In addition, we were

testing eyes post-mortem. They were received at various

times after death and, while in humidified jars, their

hydration state surely varied. We chose to test them after

re-hydration and cannot know their true hydration in vivo.

Finally, the small strains that we identified would only

have found large regional differences, therefore preventing

regional mechanical comparisons.
5. Conclusion
In conclusion, nearly complete s-GAG digestion of the human

posterior sclera decreased its thickness and led to a small, sig-

nificant increase in the overall stiffness and hysteresis of the

scleral inflation response. While others have reported minimal

effects of GAGs on the tensile or viscoelastic mechanical be-

haviour of connective tissue, we found that s-GAGs play a

measurable role in the mechanical behaviour of the posterior

human sclera. s-GAGs most likely contribute to the scleral

mechanical behaviour through their effects on hydration and

collagen–collagen interaction, but their effects may depend

on age and therefore tissue microstructure.
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