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The sclera is the opaque, fibrous connective tissue that, 
together with the transparent cornea, forms the outer tunic 
of the eye. Biomechanically, the sclera is well adapted to 
serve its primary functions of protecting the internal ocular 
structures, while regulating eye size and refractive status 
[1]. The sclera’s requisite load-bearing characteristics are 
imparted by the specialized organization of type I fibrillar 
collagen—the main constituent of the stroma that accounts 
for about 90% of its dry weight [2]. Three polypeptide α-helix 
chains combine to form a single tropocollagen molecule of 
length ~300 nm [3]. Five parallel molecules are bonded by 
intermolecular cross-links in a twisted rope-like fashion 
to form microfibrils, where adjacent molecules are axially 

staggered by 67 nm [4] and tilted by 5° with respect to the 
microfibril axis [5]. Microfibrils are assembled as parallel 
arrays into fibrils [4], which, in turn, form fibrillar bundles 
stabilized by interfibrillar cross-links. Fibril bundles form 
layers (lamellae) that lie roughly parallel to the tissue surface 
but with degrees of interweave that vary by anatomic region 
[6]. Cross-link stabilization of the hierarchical collagen struc-
ture occurs by two distinct mechanisms. The first involves 
enzymatic cross-link formation, initiated by lysyl oxidase, 
that occurs during tissue assembly and maturation [3]. The 
second is a nonenzymatic pathway involving glycation of 
lysine and hydroxylysine residues, resulting in the formation 
of advanced glycation end-product cross-links that accumu-
late with age [7] and play a significant role in the observed 
stiffening of the aging sclera [8].

Pathological changes in the sclera occur during the 
development of axial myopia, including tissue thinning, 
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Purpose: To characterize structural and biomechanical changes following ex vivo treatment of rabbit sclera with the 
bacteriochlorophyll derivative WST11 and near-infrared (NIR) light.
Methods: Enucleated left scleras of 10 rabbits were cross-linked by a 20-min topical application of WST11 solution, 
followed by 30-min NIR irradiation (10 mW/cm2). Paired right eyes served as untreated controls. Scleral tangent modu-
lus and ultimate tensile strength were obtained from tensile strip testing. Collagen molecular-level nanostructure was 
measured using wide-angle X-ray scattering (WAXS). Scleral fibrillar-level microstructure was assessed using second 
harmonic generation (SHG) and two-photon fluorescence (TPF) imaging.
Results: WST11/NIR treatment increased scleral tangent modulus by an average of 79% for strains between 1.5% and 
3% (p < 0.05), while ultimate tensile strength increased by 140% (control: 1.719 MPa, treated: 4.134 MPa, p < 0.01). 
WAXS indicated that collagen molecular spacing (control: 1.485 nm/treated: 1.480 nm, p = 0.65), spatial disorder (47.6 
a.u./47.6 a.u., p > 0.99), and anisotropy (0.935 a.u./1.157 a.u., p = 0.09) were not significantly affected by treatment. No 
marked treatment effects on collagen fibril bundle organization were observable by SHG imaging. TPF imaging revealed 
additional crimped fibrous structures in the outer half of the tissue depth in treated specimens, indicative of enhanced 
collagen cross-linking.
Conclusions: WST11/NIR treatment significantly increased the stiffness of the ex vivo rabbit sclera. The origin of the 
stiffening effect is consistent with the formation of collagen cross-links that are predominantly extrafibrillar in nature. 
Further research is needed to establish the full mechanism, efficacy, and safety of the method as a potential myopia 
treatment.
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viscoelastic alteration, collagen structural changes, and a 
reduction in collagen cross-links [9,10]. These observations 
have driven research into new therapeutic routes aimed at 
enhancing scleral mechanical properties to potentially slow or 
prevent myopic scleral creep. One such avenue is exogenous 
collagen cross-linking therapy. Delivery of chemical cross-
linking agents, including glyceraldehyde [11,12] and genipin 
[13-16] via sub-Tenon injection, has been shown to result in 
stable scleral stiffening and inhibition of myopic elongation 
in in vivo experimental animal models. However, with such 
methods, it is difficult to accurately target the cross-linking 
agent to a specific tissue area and dose the therapy’s effect. 
Moreover, reported complications associated with genipin 
include elevated intraocular pressure, a shallower anterior 
chamber angle, glaucomatous alterations in the optic disc, and 
degeneration of retinal pigment epithelium and photorecep-
tors [17-20]. An alternative method involves irradiation of the 
sclera with ultraviolet-A (UVA) light in the presence of a topi-
cally applied riboflavin photosensitizer solution [21], which 
has been shown to be effective in preventing axial myopia in 
live rabbits [22]. However, concerns remain with the potential 
for cytotoxic damage when exposing the retina to ultraviolet 
light [23]. Recently, chemical derivatives of chlorophyll 
and bacteriochlorophyll photosynthetic pigments have been 
developed that are, instead, sensitive to illumination by near-
infrared (NIR) light, reducing the cytotoxic risks encountered 
with UVA wavelengths. We have previously demonstrated 
the ability of one such agent—palladium bacteriochlorin 
13′-(2-sulfethyl)amidedipotassium salt (WST11)—to produce 
a significant and prolonged stiffening of the cornea with 
minimal side effects in live rabbits [24-26]. WST11 has a 
strong NIR-range spectral absorption peak at 755 nm [27], 
which has been exploited by targeted NIR light activation in 
clinical trials and preclinical settings, respectively, aiming to 
develop the modality as a photodynamic therapy for tumor 
ablation [27,28] and corneal cross-linking treatment [25,26]. 
In the current study, we report the application of this novel 
treatment to the sclera—assessing the structural and biome-
chanical effects of the treatment in ex vivo rabbit tissue, as a 
preliminary step toward its possible future development as a 
myopia therapy.

METHODS

Specimen details: Ten pairs of fresh enucleated eyes from 
3-month-old New Zealand White rabbits (2.5–3.5 kg weight) 
were obtained from a local abattoir and transported on ice in 
a humid container until further processing. The left eye of 
each pair was used for cross-linking treatment (as detailed 
below), while the fellow right eye served as an untreated 

control. After treatment, 8-mm-diameter full-thickness 
scleral buttons were removed from the treatment area (and 
the corresponding region of controls) using a biopsy punch, 
wrapped in polyvinylidene chloride film, snap-frozen using 
liquid N2 cooled isopentane, and stored at −80 °C for struc-
tural and biomechanical analysis. Immediately before exami-
nation, each frozen specimen was thawed/equilibrated, still 
film-wrapped, at room temperature for 30 min.

WST11/NIR treatment: The bacteriochlorophyll derivative 
WST11 was supplied by STEBA Laboratories (Rehovot, 
Israel). A 2.5-mg/ml solution of WST11 (pH 7.2) was prepared 
in saline (0.9% NaCl). Enucleated eyes were immersed for 
20 min and rinsed in phosphate-buffered saline (PBS), and 
the same 10-mm-diameter region of the equatorial sclera 
(away from the extraocular muscle insertions; see Figure 1) 
was exposed to NIR irradiation for 30 min (10 mW/cm2, 755 
nm). The light source consisted of a diode laser with tuneable 
output up to 1 W at 755 nm (CeramOptec, Bonn, Germany) 
[26]. To prevent the sclera from drying out during irradiation, 
the eyes were lubricated every 5 min with PBS drops.

Tensile testing: After thawing, strips were cut in the same 
anatomic orientation through the center of the scleral buttons 
using a bespoke twin razorblade cutter with a 3-mm spacer 
between the blades for use in tensile tests (Figure 1). The 
two residual scleral pieces from each button were refrozen 
and stored for structural analysis (Figure 1). The scleral 
strips were suspended between serrated mechanical clamps 
surfaced with sandpaper to prevent slippage during the tests. 
The gauge length between the clamps was set to 6 mm. A 
Vernier calliper (D00352, 10-μm accuracy; Duratool, Taiwan) 
was used to measure the strip width at three different positions 
along the specimen, and the average width was calculated to 
be 3.737 ± 0.375 mm. The specimen thickness was measured 
at the same positions using an ultrasound pachymeter (Pach-
mate 55: 5-μm accuracy; DGH Technologies, Exton, PA), and 
the average thickness was calculated to be 309 ± 51 μm. The 
clamped specimens were placed vertically in an Instron 3366 
material testing machine (Instron, Norwood, MA) equipped 
with a 10-N load cell (Instron 2530–428 with 0.025 N accu-
racy). A plastic tube, attached to the bottom clamp and filled 
with PBS, prevented specimen dehydration during tests [29]. 
A preload of 0.01 N was applied to remove any slack. A two-
phase testing regimen was employed, consisting of an initial 
preconditioning phase of eight load/unload cycles, followed 
by a single load to tissue failure phase. Both phases used 
an elongation rate of 1.0 mm/min—as employed in previous 
tensile studies of the sclera by our group [29] and others [30]. 
Load/elongation data from phase 2 were converted to stress, 
σ, and strain, ε, using MS Excel (Microsoft, Redmond, WA) 
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and fitted using the following exponential function (Equation 
1):

	 � �� �A eB( )1 	

where A and B are constants [31]. From the resulting 
curve, the tangent modulus, Etan, was calculated as the local 
gradient between strains of 0.01 to 0.03, as shown in Equation 
2:
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X-ray scattering: Wide-angle X-ray scattering (WAXS) 
experiments were performed at the Diamond Light Source 
national synchrotron facility (Harwell, UK). Macromolecular 
crystallography beamline I02 was used in a custom-modified 
fiber-diffraction setup, as described previously [32,33]. An 
X-ray beam of wavelength 0.09795 nm was used, having an 
approximately square cross section of area 0.012 mm2 at the 
specimen. During X-ray exposure, specimens were wrapped 
in polyvinylidene chloride film to prevent dehydration and 
mounted inside Perspex (Lucite Group Ltd, Southampton, 
UK) chambers with Mylar (DuPont-Teijin, Middlesbor-
ough, UK) X-ray transparent windows. The incident X-ray 
beam was directed perpendicular to the scleral surface, and 
initial specimen alignment was performed using an in-line 
microscope containing a central aperture to allow passage 
of the X-ray beam. WAXS patterns resulting from an X-ray 
exposure of 2 s were recorded on a Pilatus-6MF silicon 
pixel detector (Dectris Ltd, Baden, Switzerland) positioned 
350 mm behind the specimen. For every specimen, nine 
discrete WAXS patterns were recorded in a 3 × 3 square grid 
with 0.15 mm (horizontal) × 0.15 mm (vertical) sampling 

intervals, with specimen translation between exposures 
achieved using an electronic x-y motor stage interfaced with 
the X-ray camera shutter. Collagen intermolecular spacing 
(IMS) was measured from the calibrated radial position of the 
circumferentially integrated equatorial peak that derives from 
the lateral packing dimension of tropocollagen molecules 
[34]. A combination of Optimas 6.5 (Media Cybernetics, 
Rockville, MD), Excel 2013, and Statistica 7.1 (Statsoft, Tulsa, 
OK) was used for data extraction, background removal, and 
peak measurement (Figure 2). IMS was calibrated using a 
WAXS pattern from powdered calcite (CaCO3), which has a 
well-defined repeating crystal structure dimension of 0.304 
nm, according to Equation 3:
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where λ is the X-ray wavelength (0.09795 nm); Rscl and 
Rcal are the radial pixel positions of the scleral collagen peak 
and calibrant peak, respectively; and Dcal is the first-order 
calibrant structure dimension (0.304 nm) giving rise to the 
peak at Rcal. To further quantify local nanostructure, for each 
WAXS pattern, the molecular spatial disorder was calculated 
from the full width at half height of the circumferentially 
integrated, radial WAXS peak. Additionally, the local anisot-
ropy was computed from 1/full width at half height of the 
main peak of the radially integrated, circumferential WAXS 
pattern (i.e., the in-plane molecular orientation distribution 
[35]). For each specimen, the mean IMS, spatial disorder, and 

Figure 1. Location of WST11/NIR treatment area (shaded region) on the rabbit eye and the use of dissected scleral specimens. Broken lines 
denote dissection cuts.
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anisotropy values of the nine discrete WAXS sampling points 
were used in a subsequent statistical analysis.

Multiphoton imaging: For multiphoton imaging, full-thick-
ness scleral specimens (~300 μm thick) were slide-mounted 
in 1:1 PBS/glycerol to maintain tissue hydration and minimize 
refractive index mismatching [36]. Nonlinear laser scanning 
multiphoton microscopy was performed using a Zeiss LSM 
880 META NLO microscope (Carl Zeiss Ltd, Welwyn Garden 
City, UK). Second harmonic generation (SHG) signals from 
fibrous collagen were generated using an ultrafast titanium-
sapphire tuneable infrared (680–1080 nm) laser (Cameleon 
Vision II; Coherent, Inc., Ely, UK) operating at 800 nm 
(140-fs pulse duration, 80-MHz repetition rate) and detected 
in the forward scattered direction after passing through a 
400-nm (bandwidth 6 nm) filter matched to the spectral peak 
of collagen [37]. In addition, back-scattered two-photon fluo-
rescence (TPF) signals were generated in a second channel 
using a bandpass filter centered on 505 nm with a bandwidth 
of 119 nm, matching the spectral peak of elastin [37,38]. For 
both SHG and TPF imaging, a 425 × 425-μm field of view 
with an x-y resolution of 4.8 pixels/μm was obtained using 
a 20× 1.0 N.A. Differential interference contrast (DIC; D = 
0.17) water immersion objective lens (W Plan-Apochromat; 
Carl Zeiss Ltd). A 5 × 5 field-of-view tiling, covering, in 
total, a 3.84-mm2 area of the treatment region, was obtained 
using motorized x-y stages. Eight-bit images were recorded 
with non-descanned NDD2 (for SHG, Carl Zeiss Ltd) and 
BIG2 (for TPF, Carl Zeiss Ltd) detectors. Optical sections 
through the full-thickness tissue were obtained at z-intervals 
of 25 μm. Ramped laser power correction (1.5%–7.5% of 
maximum) was used to compensate for increasing attenuation 
of the signal at deeper tissue depths.

For quantification of observed changes in TPF signal 
appearance due to WST11/NIR treatment, TPF images 
were processed using custom-developed MATLAB (Math-
Works, Natick, MA) code. For selected tissue depths of each 
specimen, 13 discrete 500 × 500-pixel regions were randomly 
selected. The raw image file of each region (Figure 3A) was 
individually smoothed with a 0.6 SD Gaussian noise filter 
and manually thresholded using a semi-adaptive approach 
to remove background noise and produce a binary mask 
of pixels representing the isolated TPF signal (Figure 3B). 
Segmentation and quantification of the TPF signal were done 
using an adaptation of the protocol described by Raub and 
Suresh [39]. In brief, low-end threshold values (in the range 
70–160 of 255) were selected for each region individually by 
progressively increasing the value until just before fibrous 
structures began to be lost (i.e., maintaining fiber morphology 
as close as possible to the raw images). The binary mask of 
selected pixels was then applied to the original image pixel 
intensities to generate the thresholded image (Figure 3C) for 
subsequent numerical analyses in MATLAB. To minimize 
potential batch-to-batch variability, all TPF measurements 
were performed on samples processed in a single batch, on 
the same day, and by a single operator (QM) blinded to the 
sample groups. To assess TPF measurement repeatability, 18 
independent images were selected. A single operator (QM) 
performed five repeated measurements on each image. For 
each image, the mean, standard deviation, and coefficient 
of variation were calculated. The coefficient of variation 
values ranged from 3.9% to 19.3%, indicating generally low 
measurement variability, with a one-way intraclass correla-
tion coefficient (ICC) of 0.997 (95% confidence interval, 
0.992–0.999). Two parameters were computed: (1) the TPF 
image fraction, defined as the number of segmented pixels 

Figure 2. Wide-angle X-ray scattering (WAXS) analysis. A: WAXS pattern recorded from rabbit sclera. The collagen intermolecular spacing 
(IMS) peak (black arrowhead) is circumferentially integrated, and the radial profile is extracted along the direction of the white arrow. B: A 
power-law background function (broken line) of the form I = aRb, where a and b are constants, is fitted to the extracted intensity data (solid 
line). C: Background removal allows the pixel position of the IMS peak (arrow) to be measured.
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expressed as a percentage of the total image pixels, and (2) the 
total TPF signal, defined as the summed value of segmented 
pixels. Mean parameters for the 13 regions were obtained for 
each specimen and compared between control and treated 
groups individually at superficial (50 μm), mid (150 μm), and 
deep (300 μm) tissue depths.

Statistical analysis: Pairwise comparison of WAXS and TPF 
data between control and WST11/NIR-treated specimens was 
performed using the software package Statistica 7.1 (Statsoft, 
Tulsa, OK). Normality of datasets was established using the 
Shapiro-Wilk test. All datasets were found to have a normal 
distribution (p > 0.120, W > 0.876), with the exception of 
TPF controls at a 300-μm depth (p = 0.025, p = 0.0036; W = 
0.819, W = 0.750). For comparisons involving these nonpara-
metric data, Wilcoxon signed-rank tests were used, while 
for the remainder of the (parametric) data, two-tailed paired 
t tests were employed. Tensile data statistical analysis was 
performed in Python (version 3.10) using a mixed-effects 
model with treatment and strain as fixed effects, with their 
interaction included, and animal as a random effect. Post hoc 
paired t tests were performed to compare control and treated 
eyes at each strain. Multiple comparisons across strain points 
were controlled using the Holm-Bonferroni method. Effect 
sizes (Cohen’s d) with 95% confidence intervals and post hoc 
statistical power were also calculated.

RESULTS

Tensile testing: All scleral strip specimens displayed 
nonlinear tensile behavior with an initial low stiffness 
response that increased exponentially as a function of strain. 
Group-averaged stress–strain results are shown in Figure 4A, 
while corresponding plots of tangent modulus versus strain 
are displayed in Figure 4B. As shown in Table 1, WST11/
NIR treatment, on average, resulted in statistically significant 

increases in stiffness (Etan) of 89% (p = 0.042), 82% (p = 
0.015), and 68% (p = 0.001) at strains of 1.5%, 2%, and 
3%, respectively, while the 95% increase at 1% strain fell 
below the significance threshold (p = 0.091). Treatment also 
increased the ultimate breaking stress by 140% (p = 0.004), 
from 1.719 MPa (control average) to 4.134 MPa (treated 
average).

X-ray scattering: During WAXS experiments, all scleral 
specimens yielded an equatorial (i.e., perpendicular to the 
fibril long axis) X-ray scatter peak that indexed on 1.44 to 
1.52 nm, consistent with the lateral spacing of individual 
tropocollagen molecules that make up scleral fibrils [2,36,40]. 
Calibrated values of average (n = 9 sampled points) intermo-
lecular Bragg spacing for the 10 individual control/treated 
paired samples are shown in Figure 5A. As shown in Figure 
5B, group mean Bragg spacing was not statistically different 
between control (IMS = 1.480 nm) and treated (IMS = 1.484 
nm) specimens (p = 0.65). As shown in Figure 6, molecular 
spatial disorder (47.6 a.u./47.6 a.u., p > 0.99) and anisotropy 
(0.935 a.u./1.157 a.u., p = 0.09) were also not significantly 
affected by the treatment, while reference to Figure 7 indi-
cates no marked treatment changes in the (essentially random) 
in-plane molecular orientation distribution of the rabbit 
scleral specimens.

Multiphoton imaging: Representative images of SHG signals 
recorded from the superficial (50 μm depth), mid (150 μm), 
and deep (300 μm) stroma of the rabbit sclera are shown in 
Figure 8. Densely packed, crimped fibrous structures repre-
senting the collagen fibril bundle architecture were visible 
throughout the stromal depth in all specimens. SHG imaging 
did not reveal any noticeable changes in the collagen micro-
structure as a result of WST11/NIR treatment (Figure 8).

Figure 9 presents the results of TPF imaging. Fluo-
rescence signal from a branched network of fine, straight 

Figure 3. Two-photon fluorescence (TPF) image processing. A: Raw TPF image. B: Binary mask of noise-filtered and thresholded pixels 
to isolate TPF-emitting structures. C: Mask from (B) is applied to raw image in (A) to produce the final segmented image for numerical 
analysis. D–F: Region of interest bounded by white squares is shown at 4× magnification.
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Figure 4. Tensile test results. A: Group-averaged stress versus strain behavior of control (solid line) and WST11/NIR treated (broken line) 
rabbit scleral strips. B: Corresponding values of tangent modulus (Etan) as a function of strain. Error bars denote standard deviation.

Table 1. Tensile testing results. 

Strain (%)
Etan (MPa)

ΔEtan p-value Effect size 
(Cohen d) 95% CI Post hoc power

Control Treated
0.5 
1.0 
1.5 
2.0 
2.5 
3.0

0.525 
0.678 
0.881 
1.150 
1.507 
1.984

1.056 
1.324 
1.663 
2.092 
2.636 
3.327

+101% 
+95% 
+89% 
+82% 
+75% 
+68%

0.1631 
0.0911 
0.0417 
0.0147 
0.0037 
0.0006

1.31 
1.28 
1.22 
1.15 
1.06 
0.96

−1.283 ~0.220 
−1.397 ~0.106 
−1.533 ~0.030 
−1.694 ~-0.190 
−1.880 ~-0.377 
−2.095 ~-0.592

0.91 
0.90 
0.88 
0.85 
0.80 
0.74

Group averaged tangent modulus (Etan) of control and WST11/NIR-treated rabbit scleral strips at strains between 0.5% and 3%. ΔEtan 
denotes percentage change due to treatment.

Figure 5. X-ray scattering results. A: Collagen intermolecular spacing (IMS) for individual pairs of control and WST11/NIR-treated rabbit 
scleral specimens, as determined using wide-angle X-ray scattering (WAXS). B: Group-averaged means of the data shown in (A). Error 
bars denote standard deviation.
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filaments was visible in all specimens (Figure 9A–F; single 
arrowheads), and this network became notably denser in the 
deeper tissue (Figure 9C, F). Furthermore, in the superficial 
half of the stroma, WST11/NIR-treated specimens exhibited 
fluorescent structures that were notably thicker, brighter, 
and wavier than the aforementioned filaments (Figure 9D, E; 
double arrowheads). Detection of these additional structures 
was enhanced by quantifying the noise-filtered and thres-
holded TPF signal (Figure 9G–L). This revealed that the 
image fraction of the segmented TPF signal was significantly 
increased as a result of WST11/NIR treatment by sevenfold 
in the superficial stroma (control = 1.2%; treated = 8.6%; p < 
0.001; Figure 9G) and twofold in the mid-stroma (control = 
3.2%; treated = 6.4%; p < 0.001; Figure 9H). Quantification 
of the total TPF signal showed proportional increases in the 
superficial (control = 0.53 a.u.; treated = 3.68 a.u.; p < 0.001; 
Figure 9J) and mid-depth (control = 1.26 a.u.; treated = 2.17 
a.u.; p < 0.01; Figure 9K) tissue. TPF image fraction (control 
= 7.9%; treated = 6.3%; Figure 9I) and total signal (control 

= 3.67; treated = 2.58; Figure 9L) in the deep stroma were 
marginally decreased by WST11/NIR treatment, but these 
differences were not statistically significant (p > 0.05).

DISCUSSION

This study has examined the biomechanical and structural 
effects of WST11/NIR treatment on the sclera. We have 
demonstrated that the treatment can significantly increase 
scleral stiffness ex vivo in rabbit tissue, marking it as a poten-
tial therapeutic route to slowing or arresting myopic axial 
elongation. Moreover, we used a combination of imaging and 
scattering methods to study the structural effects of the treat-
ment on the scleral extracellular matrix at microstructural 
(i.e., extrafibrillar) and nanostructural (intrafibrillar) resolu-
tions, noting from TPF imaging a marked alteration of the 
sclera’s fibrous tissue morphology in the outer half of the 
stroma. Taken as a whole, the structural data point predomi-
nantly to an enhancement of extrafibrillar collagen cross-
links and are compatible with the corresponding increases 

Figure 6. X-ray scattering results. A: Scleral collagen molecular spatial disorder, as determined using the full width at half maximum 
(FWHM) of the radial WAXS peak. B: Scleral collagen molecular anisotropy, as determined using the 1/FWHM of the principal circum-
ferential wide-angle X-ray scattering (WAXS) peak. Values are presented as means of control and WST11/NIR treatment groups. Error 
bars denote standard deviation.
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in both scleral tensile stiffness and ultimate breaking stress 
documented herein.

Multiphoton microscopy has been extensively used 
to image extracellular matrix microstructure in the sclera 
[36,41-47] and other connective tissues [37-39,48-53]. TPF 
signal recorded in the spectral region of 505 nm has been 
widely shown to register with elastin [37,38,48-50], a major 
component of mature elastic fibers [54]. Accordingly, we 
have used TPF here to visualize the elastic fiber system of the 
rabbit sclera, visible in all specimens as a branched network 
of straight fibers (Figure 9A–F). This network became visibly 
denser in the deep sclera (Figure 9C, F). While the depth-
wise distribution of elastin/elastic fibers in the sclera is not 
well characterized, studies in human [49,55,56] and mouse 
[57] corneas have identified an elastic fiber network in the 
limbal region that is located in the posterior stroma just above 
Descemet’s membrane and appears continuous with the 
neighboring deep scleral tissue [55-57]. We hypothesize that 
the increase in density of the elastic fiber network in the deep 
scleral stroma identified herein reflects elastic structures that 
are continuous with the limbal elastic network.

The most striking result of the TPF imaging was the 
presence, in WST11/NIR-treated specimens, of additional 
thick, wavy fibrous structures (Figure 9D, E) that contrasted 
markedly in morphology from the aforementioned branched 

network of thinner, straighter fibers identified with elastin. 
These resulted in a significant elevation of the TPF signal 
(Figure 9G, H, J, K). Our contention is that this additional 
signal originates from treatment-induced collagen cross-
links, which appear closely similar to short sections of 
crimped collagen fibril bundles revealed by SHG (see TPF/
SHG signal overlay in Figure 10). In further support of 
this argument, a growing body of literature correlates the 
recorded TPF signal with the presence of cross-link fluoro-
phores [39,51,52,58]. Moreover, other collagen cross-linking 
treatments have been shown to result in a similar enhance-
ment of the TPF signal. Specifically, Raub and Suresh [39] 
reported a significant threefold increase in segmented TPF 
signal in collagen hydrogel scaffolds after glutaraldehyde 
cross-linking, while Steven and coworkers [51] demonstrated 
an increase in corneal cross-links from fluorescence signal 
measurements following riboflavin/UVA collagen cross-
linking in live rabbits. Importantly, previous photodynamic 
studies performed by our group [26] have established the 
fundamental mechanism of corneal stiffening by NIR light-
activated WST11 to be based on the generation of hydroxyl 
and superoxide radicals, without singlet oxygen, consistent 
with a role in the promotion of protein cross-linking [59]. 
Taken together with the close compositional similarity 
between the cornea and sclera [1,60], this further supports 
our hypothesis that enhanced collagen cross-linking is a 

Figure 7. X-ray scattering results. Polar vector plots of scleral collagen orientation distribution for four control/treatment sample pairs, as 
determined using wide-angle X-ray scattering (WAXS). For each plot, the length of vector r represents the relative number of collagen 
molecules aligned at angle ϕ within the scleral plane, as an average through the tissue thickness.
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key underlying feature of scleral stiffening by WST11/NIR 
treatment. The enhancement in the TPF signal observed in 
the current study was most pronounced in the superficial 
tissue and regressed by the mid-stroma, suggesting that the 
treatment only affected the outer half of the sclera. This is 
likely due to the limited penetration of the photosensitizer 
solution, as noted in our previous study of WST11/NIR treat-
ment in the rabbit cornea [26]. The current observation of 
a marginal (nonsignificant) decrease in the TPF signal in 
the deep sclera as a result of treatment (Figure 9I, L) may 
be because the treatment results in a green staining of the 
tissue that may have caused some additional attenuation of 
the emitted (back-scattered) signal in the treated specimens 
compared to controls. This effect would have been swamped 
in the more superficial tissue by the proportionally greater 

increase in TPF signal due to the induced presumptive cross-
link fluorescence.

The type and location of cross-links formed by exog-
enous treatments are important, given that these factors 
are known to affect collagen catabolism [61-63], and hence 
may impact the longevity of any induced therapeutic stiff-
ening at the tissue level. To investigate the nature (intra- or 
extrafibrillar) of the potential collagen cross-links induced 
by WST11/NIR treatment, we first applied WAXS to detect 
any intrafibrillar changes in collagen structure. A marked 
increase in intrafibrillar cross-links would manifest as an 
elevation of collagen IMS, detectable by WAXS, as the 
cross-links push the molecules apart. Such a scheme has 
been demonstrated previously by the same technique in 
studies of corneoscleral and tendon collagen as a function 

Figure 8. Second harmonic generation (SHG) imaging results. Representative SHG images from control and WST11/NIR- treated rabbit 
scleral specimens recorded from superficial (50 μm), mid (150 μm), and deep (300 μm) stroma. Crimped collagen fibril bundle architecture 
does not display any marked differences between control and treatment groups.
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of age [40], in vitro glycation [64-66], and glutaraldehyde 
cross-linking [67]. In the present study, we did not find any 
measurable alteration in the collagen molecular spacing 
(Figure 5), suggesting that no widespread, transverse cross-
linking between neighboring molecules occurred as a result 
of WST11/NIR treatment. This conclusion is strengthened by 
the concurrent lack of alteration in molecular spatial disorder, 
as reported herein (Figure 6). Moreover, a lack of nanoscale 
changes with treatment is further consistent with the findings 
from Hayes et al. [64], where WST11/NIR cross-linked rabbit 
corneas exhibited no differences in IMS, as also measured 
by WAXS, compared to untreated corneas. As such, the 
mechanism of WST11/NIR stiffening appears to contrast 
with that of the glycation-induced aging pathway in being 
evidently predominantly extrafibrillar in nature. Of interest, 
a lack of molecular structure alteration has also been reported 
in WAXS studies of corneal riboflavin/UVA cross-linking 
[68]. However, as also noted in that study, the possibility 
of cross-links forming within and/or between collagen 
molecules situated at the fibril surface cannot be ruled out, 
as that scenario would be expected to result in more subtle 

changes to molecular packing that may be unmeasurable by 
WAXS due to both the averaging nature of the technique 
and its inherent detection limit (~1 pm) [68]. Moreover, since 
the X-rays were directed at the specimen en face, the values 
of collagen molecular spacing obtained from WAXS are an 
average of the full tissue thickness and therefore include a 
contribution from the unmodified deeper stroma, where 
the treatment did not penetrate. With these factors in mind, 
future work is warranted to probe scleral nanostructure as a 
function of tissue depth, which could exploit, for example, 
recent advances in synchrotron micro-focus WAXS tech-
nology capable of examining ocular tissue strips edge-on [69]. 
It should also be considered that our proposal of extrafibrillar 
cross-linking is a plausible, but not unique, explanation for 
the observed lack of IMS change. An alternative explana-
tion involves the formation of nontransverse, intrafibrillar 
cross-linking between telopeptide regions that may enhance 
tensile stiffness of collagen tissues without manifesting in 
an increase in IMS [70]. While we did not detect any other 
nanoscale changes in molecular order or anisotropy that 
might support such a scenario, it cannot be currently ruled 

Figure 9. Two-photon fluorescence (TPF) imaging results. A–F: Noise-thresholded TPF images from control (A–C) and WST11/NIR-treated 
(D–F) rabbit sclera specimens at superficial (A, D), mid (B, E), and deep (C, F) tissue depths. Single arrowheads: a branched network of thin, 
straight fibers is observed throughout the stroma in all specimens. Double arrowheads: additional thicker and wavier fibrous structures are 
visible in the superficial and mid-stromal depths of WST11/NIR-treated specimens only. G–I: TPF image fraction is significantly increased 
in the superficial and mid-stroma but is marginally and nonsignificantly reduced in the deep stroma. J–L: A corresponding trend is also 
observed for total (summed) segmented TPF signal. Error bars denote standard deviation.
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out. A further experimental limitation of the current study 
relates to our use of frozen/thawed tissue. Collagen tissues 
subjected to freeze/thawing are subject to potential biome-
chanical changes deriving from alteration in hydration, crimp 
status, and, moreover, the formation of directional ice crystals 
that may alter collagen fibril-associated ion concentrations 
and glycosaminoglycan interactions [71]. To mitigate this 
potential bias in our tensile data, we employed snap-freezing 
to reduce crystalline ice formation and ensured standardized 
thaw/equilibration times for all specimens.

To assess the connective tissue microstructure for extrafi-
brillar effects, we employed SHG multiphoton imaging. SHG 
signals excited by incident wavelengths ≥800 nm originate 
exclusively from the collagen fibril bundle architecture 
[36,41,43-46,53]. Notably, Zyablitskaya et al. [46,72] inves-
tigated the effect of in vivo sodium hydroxymethylglycinate 
cross-linking on scleral collagen microstructure in rabbits 
by SHG imaging, reporting a significant straightening of 
the crimped fibril bundle architecture. Compatible with this, 
Steven and coworkers [49] also noted a marked loss of tissue 
“folds” or “undulations” using SHG following riboflavin/
UVA corneal cross-linking in live rabbits. In contrast, we 
did not observe any such changes to the collagen fibril bundle 
architecture as a result of WST11/NIR treatment (Figure 8). 
Importantly, the studies by Zyablitskaya and Steven describe 
cross-linking in live rabbits (i.e., with the eye under pres-
sure), whereas the present study involved ex vivo treatment 
of enucleated tissue. It is known that the presence and level of 
intraocular pressure are important determinants of collagen 

crimp period [73] and its possible alteration by exogenous 
cross-linking [74,75]. Thus, as noted by Zyablitskaya [44], it 
is possible that cross-link–induced straightening of collagen 
observed by themselves and Steven et al. resulted from the 
treatment “fixing” the tissue in a mechanically loaded (i.e., 
straightened) position, whereas, in contrast, the untreated 
tissue relaxed (and became crimped) on enucleation/dissec-
tion. In our study, such an effect would not occur since the 
tissue was already in a relaxed state during treatment. Simi-
larly, Bueno and coworkers [76] used SHG to interpret ex 
vivo cross-linking in enucleated bovine and porcine corneas, 
also reporting no change in collagen crimp and instead noting 
an increased randomization of the collagen directions with 
localized bundle thickening. However, this may have resulted 
from dehydration of the tissue due to riboflavin-dextran 
instillation, rather than the cross-linking process itself [76]. 
While we did not note any clear alteration in the collagen 
fibril bundle microstructure in the present study, it should 
be emphasized that SHG imaging cannot resolve structure 
at the level of individual collagen fibrils but rather visual-
izes fibrillar bundle structures. Further studies of WST11/
NIR treatment in sclera are warranted that include structural 
techniques with single-fibril resolution, such as atomic force 
microscopy [77] and transmission electron microscopy 
[78]. Moreover, additional photodynamic investigations of 
WST11 are warranted under conditions aligned with the 
current study. Such studies may help to shed further light on 
the potential formation and type of extrafibrillar cross-links 
induced by WST11/NIR treatment, with a range of possible 

Figure 10. Overlay of two-photon 
f luorescence (TPF) and second 
harmonic generation (SHG) images 
of sclera in the WST11/NIR-treated 
group at a depth of 50 μm. Arrow-
heads: similar crimped morphology 
between the treatment-induced 
wavy structures in TPF and the 
collagen in SHG.
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scenarios that include fibril–fibril, fibril–proteoglycan, and 
proteoglycan–proteoglycan interactions [68].

The potential clinical benefit of scleral stiffening by 
WST11/NIR treatment currently remains theoretical. As 
mentioned, other scleral cross-linking strategies targeting 
the posterior sclera have already been shown to be effec-
tive in attenuating axial elongation and/or scleral softening 
in animal models [12,14]. In the current study, we targeted 
the equatorial sclera for treatment. This rationale is based on 
emerging recent evidence from experimental animal myopia 
models that it is the equatorial region, rather than the poste-
rior tissue, that is subject to the highest degree of softening 
in early stages of myopic axial lengthening [79,80]. Exactly 
how much WST11/NIR scleral stiffening would be required 
to effectively attenuate axial elongation also awaits validation 
through further in vivo experiments. However, as an indicator, 
previous studies in rabbits using glyceraldehyde cross-linking 
demonstrated significant attenuation of lens-induced myopic 
axial elongation resulting from a treatment-induced increase 
in scleral Young’s modulus of 76% [12] (i.e., comparable to the 
degree of stiffening achieved with WST/NIR treatment in the 
current study). Clinical translation of the current work would 
also rely on safety concerns being fully met. Toward this, we 
have previously characterized the exposure tolerance of the 
rabbit retina to a 755-nm NIR light exposure. In brief, in vivo 
transpupillary NIR exposure (755 nm, 50 mW/cm2, 10 min; 
i.e., in excess of the total dose used in the current study) was 
applied without WST11 administration. Retinal structure and 
function were assessed using optical coherence tomography, 
electroretinogram, and histologic examination. The results 
showed that retinal layer thickness remained stable, electro-
retinogram a- and b-wave amplitudes exhibited no significant 
changes, and histology revealed no necrosis, inflammation, or 
structural abnormalities [81]. Choroidal NIR exposure toler-
ance is a further important safety consideration, as well as 
the potential for cytotoxic risk of the WST11 solution to the 
choroid, retina, and adjacent tissues (e.g., optic nerve). These 
aspects will require validation in future work. In terms of 
potential clinical translation, the penetrating nature of NIR 
light opens the potential for transpupillary light delivery. We 
have previously demonstrated feasibility in ex vivo rabbit 
eyes, where a twofold increase in equatorial scleral Young’s 
modulus was achieved by transpupillary NIR exposure in 
combination with topical WST11 application [81], and we 
are currently exploring this capability in enucleated human 
eyes. Moreover, our preliminary work has established that in 
vivo delivery of the WST11 solution can be administered via 
cannula to the sub-Tenon’s space, with subsequent diffusion 
to the equatorial and posterior sclera achievable in rabbits [81] 

and guinea pigs [82]. Further studies are needed to establish 
detailed parameters for any clinically deliverable treatment.

In conclusion, the present study has shown that WST11/
NIR treatment can significantly increase the stiffness of the 
ex vivo rabbit sclera and that the origin of this stiffening 
effect is consistent with the formation of collagen cross-links 
that are predominantly extrafibrillar in nature. Further in 
vivo experiments are needed to establish the full mechanism, 
efficacy, and safety of the method as a potential myopia 
treatment.
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