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Abstract

The crosslinking of tarsal collagen induced by controlled exposure to UVA
radiation (365 nm) was developed in our laboratories as a potential treatment
for eyelid laxity. It is known that the pathophysiologic mechanism of palpebral
laxity involves the enzymatic degradation and ensuing disorganization of the
network consisting of elastin and collagen fibres. In this study, tarsal speci-
mens excised from sheep eyelids were subjected in vitroto elastolysis or colla-
genolysis for variable durations. The degraded samples were then crosslinked
by irradiation with UV A light at an irradiance of 75 mW/cm? for 3 min, cor-
responding to a radiant exposure of 13.5 J/cm?, and their mechanical proper-
ties were measured before and after enzymolysis. The samples exposed to elas-
tase for the shortest time (30 min) displayed enhanced stiffness when com-
pared to non-degraded samples, both before and after further crosslinking,
probably due to an initial major depletion of elastin associated with a transient
predominance of collagen that was not yet degraded. However, at longer du-
rations of digestion, the measured values for stiffness reached a plateau that
remained constant. Following crosslinking, the degraded samples recovered
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mechanically, although a net increase was not supported statistically. Colla-
genolysis of tarsal specimens led to values that plateaued at the very beginning
of digestion. The stiffness was restored by subsequent crosslinking, without a
statistically definite increase. The study showed that the UV A-induced cross-
linking can reverse the effect of enzymolytic degradation of the tarsus.

Keywords

Eyelid Laxity, Tarsal Collagen, Ultraviolet A Radiation, Photochemical
Crosslinking, Elastolysis, Collagenolysis, Mechanical Properties, Histological
Analysis

1. Introduction

The eyelid is a constituent of the ocular adnexa that fulfills foremost tasks such as
maintaining the tissular integrity, motion, and lubrication of the eye. The tarsal
plate (or tarsus) is a compact connective tissue component of the eyelid that is re-
sponsible for its mechanical stability, contour, and stiffness, and for housing the
meibomian glands (MGs). The latter are of crucial significance in retaining a nor-
mal ocular surface and visual function by controlling the quality of the tear film
through secretion of the uppermost lipid layer of the tears, the meibum.

Aging or pathological circumstances can cause laxity of the eyelids (upper, lower,
or both), also known as palpebral laxity, which is involved in a variety of condi-
tions such as floppy eyelid syndrome (FES), ectropion, entropion, ptosis, ble-
pharochalasis, facial dysmorphisms, and others. The tarsal plate plays a major eti-
ologic role in palpebral laxity due to its structure and properties. Whitnall was the
first to suggest that the tarsus is a cartilaginous tissue [1], despite lacking cartilage-
specialized cells. Subsequent reports on the anatomy, structure, and composition
of the palpebral tarsus have been rather scanty [2]-[13]. Its description as a fibro-
cartilage is questionable, considering that it does not contain collagen type II but
contains collagen type VI (along with types I and III, elastic fibers, other matrix
proteins, glycoproteins, and glycosaminoglycans) [2], while typical cartilages con-
tain collagen type II [14], but not type VI. The presence in the tarsus of other
components has been revealed histologically [1]-[4], such as blood vessels, nerve
fibers, smooth muscle fibers, scattered fibroblasts, and peripheral adipocytes. Ul-
timately, the tarsus should be regarded as a specialized fibrous connective tissue.

The concurrent existence of two fibrous networks, based respectively on fibril-
lary collagen and both elastic and elastic-related fibres, is a crucial feature of the
eyelid’s tarsal plate. This dual network system is ultimately responsible for the
mechanical properties of the eyelid. While collagen provides strength and stiff-
ness, elastin generates extensibility, compliance, and stretchiness that include re-
coil capacity. Furthermore, due to its structure, the tarsal plate can function as a
deformable semi-solid, hydrogel-like continuum able to transmit forces generated

by the action of palpebral muscles that control blinking and the delivery of meibum,
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or by externally applied mechanical reinforcement procedures. In principle, these
forces can impinge on the meibomian glands in a contact-free mode and may con-
tribute to maintaining their normal morphology and alignment, a hypothetical
premise that could serve as the basis for a potential procedure we have suggested
[15] for treating dry eye conditions.

The fact that fibrillary collagen and elastin present in our connective tissues are
stabilized by natural covalent crosslinking has been recognized for decades [16]-
[18]. These endogenous processes, which can be either enzyme-driven or non-
enzymatic, are not under our control.

The exogenous crosslinking in vitro of collagen and elastin involves artificial
structural modifications of non-living protein materials, isolated from animal
connective tissues, and is aimed at producing biomaterials to be used as implants,
scaffolds, or devices in tissue engineering and regenerative medicine. Such appli-
cations in vitro (or ex vivo) are based on crosslink-induced enhancement of both
mechanical properties and the capacity to withstand enzymolysis. The exogenous
crosslinking of collagen and elastin material substrates using chemical, photo-
chemical, enzymatic, or thermal methods has become a noteworthy source for im-
proved engineered biomaterials [19]-[30].

The exogenous crosslinking in vivoinvolves the direct exposure of selected con-
nective tissue locations in the body to agents able to trigger and accomplish cross-
linking reactions in situ; it is under our control and is aimed at inducing specific
therapeutic effects. Although collagen macromolecules are commonly considered
the main target of the chemical process, elastin can also undergo crosslinking un-
der the same conditions. Among the crosslinking agents in use, irradiation with
region A of ultraviolet (UV) radiation (wavelength from 315 to 400 nm), associ-
ated with suitable photosensitizers, has proven to be an effective procedure with-
out harmful effects on tissues. For instance, by using UVA radiation and ribofla-
vin (as a photosensitizer) to achieve the photochemical crosslinking of corneal
stromal collagen, a successful treatment for keratoconus has been established and
has become a routine procedure able to arrest the progression of this visually de-
bilitating disorder [31]-[36]. In our laboratories, we have extended the application
of the UV A/riboflavin system to the treatment of eyelid laxity through tarsal col-
lagen crosslinking. The significant enhancement of strength and stiffness revealed
in both cadaveric animal [37] [38] and human tarsal plates [39] can retard or par-
tially reverse eyelid laxity. Subsequent investigations of the method in animal
models have shown that the potential radiation damage to non-target tissues is
negligible [40], and the thermal effects associated with irradiation did not result
in temperatures able to induce protein denaturation [41].

As discussed later in this report, the pathophysiologic mechanism of palpebral
laxity is based, at least in some measure, on an interplay between fibrillary collagen
and elastin before and after their partial digestion by proteolytic enzymes such as
elastases and collagenases. Here, we have investigated the effect of UV A radiation

on animal (ovine) tarso-conjunctival excised specimens after being subjected in
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vitro to elastolysis or collagenolysis and involving specimens prior to and after

UVA-induced photochemical crosslinking.

2. Materials and Methods
2.1. Materials

Riboflavin 5’-phosphate monosodium salt (RF-5P) was supplied by Cayman
Chemicals (Ann Arbor, MI, USA). A solution (0.1% w/v) in phosphate-buffered
saline (PBS) was used as a photosensitizer for the UV A-induced collagen cross-
linking. Elastase from porcine pancreas (Lot No. U1122327529-1), doubly crystal-
lized, with an activity of 81 U/mg, was purchased from MP Biomedicals, LLC (So-
lon, OH, USA). Collagenase Type I isolated from Clostridium histolyticum (Prod-
uct No. 17100017), with an activity of 315 U/mg, was supplied by ThermoFisher
Scientific (Waltham, MA, USA). All other substances and agents (stains for his-
tology, buffers, etc.) were supplied by MilliporeSigma (Burlington, MA, USA)
through various distributors. Water of high purity (MilliQ or equivalent) was used

in the experiments.

2.2. Tissue Preparation

Upper eyelids were excised on site from the cadavers of sheep that were sacrificed
for commercial purposes at the abattoir unit (Brisbane Valley Meats Pty Ltd, Esk,
Queensland, Australia) and immediately transported on ice to the laboratory.
Nineteen cadaveric sheep (Merino breed, 1 - 2 years old) were used in this study,
providing a total of 38 eyelids. The eyelids were individually dissected into tarso-
conjunctival strips with a mean thickness of 1.5 + 0.4 mm, according to a proce-
dure reported in detail elsewhere [39], and subsequently distributed over 6 groups
that included 6 specimens each for tensile testing. Two strips were used for histol-
ogy, treated and untreated. All experiments were performed within 24 h of their

excision.

2.3. Enzymatic Treatment

An elastase solution containing 10 U/mL was prepared by diluting the original
enzyme solution with an aqueous solution made from TRIS-buffered saline (TBS)
at pH 7.8 (100 mM) and containing calcium chloride (1 mM) and sodium azide
(0.02% w/v). Aliquots (5 mL) of this solution were added to the wells of 6-well
plates to cover the tarsal strips. The plates were then shaken at 160 rpm for 0.5, 1,
and 4 h at 37°C (ie, three sets of 6 specimens each). Following elastolysis, the
samples were rinsed three times with cold PBS. Prior to mechanical testing, all
specimens were kept in PBS at room temperature.

One set of tarsal strips was subjected to collagenolysis. A solution containing 10
U/mL collagenase was prepared in TBS (50 mM, pH 7.4), which contained cal-
cium chloride (10 mM) and sodium azide (0.02% w/v). Into each well of the 6-
well plate, 5 mL of this solution was added to cover the tissue specimens. The plate

was shaken at 160 rpm for 0.5 h at 37°C. The residual samples were rinsed in cold
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PBS as described above.
For histological analysis, two tarso-conjunctival strips were sectioned into 6
segments, each 5 - 6 mm in length, and treated with enzyme solutions (1 mL for

each) in wells of a 24-well plate as described above.

2.4. Mechanical Testing

The Instron” Materials Testing System Model #5943 (Instron, Norwood, MA,
USA) was employed to obtain the stress-strain plots. The machine was equipped
with a 50-N load cell, and the measurements were performed in uniaxial mode.
The tarsal strips were loaded using pneumatic grips, set to a gauge distance of 15
mm, and submerged in PBS buffer (pre-heated to 37°C + 2°C) in a BioPuls™ unit
for the duration of each measurement. A tensile preload of 100 mN was applied
at an elongation rate of 0.01 mm/s. Fifteen repeated cyclic tensile loading/unload-
ing tests were performed at 10% displacement (strain) at a rate of 1%/s. The last
cycle (#15) was used to calculate Young’s modulus (My) from the final region of
the stress—strain plot. The specimens were then removed from the grips, exposed
to irradiation to achieve crosslinking, and re-evaluated in the machine after soak-

ing in PBS for at least 30 min.

2.5. Irradiation

The tarsal strips were soaked in RF-5P solution (0.1% w/v) for 30 min at room
temperature. Each specimen was then irradiated with UV A radiation of 365-nm
wavelength generated by the UV Curing System OmniCure™ 1500 (Excelitas
Technologies Corp., Waltham, MA, USA). Irradiation was performed on the tar-
sal side (e, not through the conjunctiva). The irradiance at the exposure site was
monitored with the radiometer Dymax ACCU-CAL 50 (Dymax Corp., Torring-
ton, CT, USA). The required irradiance was achieved by adjusting the distance
between the radiation source and the target. The tarsal side of each specimen was
exposed to an irradiance of 75 mW/cm? for 3 min, corresponding to a radiant

exposure (fluence) of 13.5 J/cm?

2.6. Histology

The tarso-conjunctival specimens reserved for histological analysis, with or with-
out enzymatic treatment, were fixed in 10% neutral buffered formaldehyde solu-
tion for 24 h, washed three times, and stored in PBS. The specimens were then
placed in plastic tissue processing cassettes and processed for a duration of 9.5 h
in the Leica ASP300S (Leica Biosystems, Nussloch, Germany). The processed sam-
ples were embedded in paraffin with the dissected region facing down. Sections (3
um thick) were cut with a Leica RM2245 microtome (Leica Biosystems) and col-
lected onto labelled SuperFrost™ Plus slides (Menzel-Glaser, Braunschweig, Ger-
many). Slides were stained individually with the Verhoeff-Van Gieson (VVG)
staining technique, and the procedure was carried out manually. Following depar-

affinization, the slides were stained with Verhoeff agent. They were then differen-
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tiated with 2% ferric chloride, washed, and exposed to a solution of sodium thio-
sulfate. The slides were finally counterstained with Van Gieson agent and dehy-
drated.

The slides were scanned with a 40x objective using a Pannoramic” Scan II Slide
scanner (3DHISTECH Ltd, Budapest, Hungary). The data were visualized using
the 3DHISTECH CaseViewer software (version 2.4).

2.7. Statistical Analysis

The results of mechanical testing were expressed as mean values * s.e.m. of 6 spec-
imens. For their statistical comparisons, the GraphPad" Prism software (version
6.0) was used to carry out the paired 2-tailed #test for each set of specimens before
and after irradiation, or the Mann-Whitney U nonparametric 2-tailed test for

comparison between unpaired groups.

3. Results

Figure 1 summarizes the measured My following 30-min, 1-h, and 4-h elastolysis,
and for 30-min collagenolysis, all compared to samples that were not subjected to
enzymolytic degradation, prior to and after UVA-induced crosslinking of the tar-
sus. The measured tensile strength values followed a very similar pattern and are
not presented here. A further increase in the digestion duration with either elas-
tase or collagenase did not significantly affect the measured values of stiffness or

strength.

p = 0.0734

N
o
1

-
(3]
1

Young's modulus (MPa)
@ 3

o
1

1 4 0.5
Elastolysis Collagenolysis

Digestion duration (h)

Il Not crosslinked [l After irradiation

Figure 1. Comparative bar graphs of Young’s modulus (stiffness) in ovine tarsus specimens
subjected in vitro to elastolysis or collagenolysis, prior to and after exposure to UVA (365
nm) radiation in the presence of riboflavin as a photosensitizer. Irradiation parameters in-
clude an irradiance of 75 mW/cm? applied for 3 minutes, corresponding to a radiant expo-
sure (fluence) of 13.5 J/cm?. Data points (+s.e.m.) are the result of 6 measurements for each
specimen. The asterisk denotes statistical significance (p < 0.05).
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In Figure 2, representative histologic photomicrographs are shown for tarsal
specimens exposed in vitro to elastolysis (panels (B) and (C)) and collagenolysis

(panel (D)), and are compared to non-digested tissue (panel (A)).

Figure 2. Histology of ovine tarsus specimens. Elastic fibers (black) and collagen (red) were
stained using the VVG staining technique. (A) Not exposed to enzymolytic digestion; (B)
elastolysis for 30 min; (C) elastolysis for 4 h; (D) collagenolysis for 30 min.

4. Discussion

The pathophysiologic mechanism of palpebral laxity has been investigated mainly
in regard to FES, with certain conclusions extendible to other laxity-related eyelid
conditions. While a general mechanism for eyelid laxity has yet to be set forth, it
is accepted that a combination of background causal etiologic factors is involved,
including the aging process, trauma, oxidative stress caused by intermittent ische-
mia/reperfusion, associations with systemic disorders, and genetic predisposition
[42]-[44]. By studying the fate of elastin and collagen fibres in FES [3] [4] [7],
valuable additional information regarding the innermost mechanism of laxity has
been gained. Thus, upregulation of elastolytic enzymes was observed together with
a significant reduction of elastin and elastic fibres. It was also found [7] that the
mature elastic fibres almost vanished, while two types of elastic-related fibres (ox-
ytalan and elaunin) became more abundant, suggesting the possible involvement
of phenotypic plasticity. However, the enhanced elasticity of eyelids, as a salient
clinical feature of laxity, is at variance with the quantitative reduction of elastic
fibres. Such discordance can be reconciled by admitting the accumulation of col-
lagen [7] as part of an active connective tissue repair process able to counterbal-

ance the loss of tarsal elastic components. Similar processes have been observed
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in arteries due to hypertension [45], or in the abdominal aorta due to aneurysmal
dilatation [46]. The fact that collagen can also be digested by certain elastolytic
enzymes [47]-[51] may lessen such compensatory processes.

To our knowledge, only one previous study has reported on the effect of a
UVA/riboflavin irradiation system on enzymatically degraded tarsal plates [52],
which assessed the variation in stiffness (My). As expected, the specimens sub-
jected to crosslinking were stiffer than the control samples (not crosslinked, not
digested), which in turn were stiffer than samples subjected to in-vitro elastolysis.
Following crosslinking, the degraded samples became stiffer than the controls, but
without exceeding the stiffness of the non-degraded crosslinked specimens. These
authors’ findings were supported by valid statistical significance (p < 0.05).

Before comparing the mentioned results [52] with the results of the present
work, we shall inspect the differences between the experimental conditions in the
two studies, which include the following: 1) human tissue [52] versus animal tis-
sue; 2) frozen tissue that had to be thawed [52] versus tissue samples never sub-
jected to temperatures lower than ~0°C; 3) only one duration for elastolysis (2 h)
[52] versus our use of a series of increasing durations; 4) UVA irradiation param-
eters comprised an irradiance of 6 mW/cm? and a duration of 18 min (leading to
a fluence of 6.48 J/cm?*) [52] versus our corresponding values of 75 mW/cm?, 3
min, and 13.5 J/cm? respectively; 5) the photosensitizer was delivered as a drop
every 30 s throughout the entire duration of irradiation [52], while in our experi-
ments we soaked the whole samples in the photosensitizer solution for 30 min
prior to irradiation; 6) different brands of mechanical testers.

In the present study, we found that UV A-induced crosslinking led to a stift-
ening of the tarsal plate, as indicated by the measured My (Figure 1), confirming
both our previous findings [37]-[41] and subsequent reports [52]-[55]. Some-
what surprisingly, the tarsal specimens subjected in vitro to 30-minute elastoly-
sis were stiffer than the control samples (p < 0.05). After crosslinking, their stiff-
ness was still higher than that of the crosslinked controls. We suggest that upon
initial digestion, elastin is depleted and collagen becomes transiently prevalent,
leading to additional stiffening. However, elastolysis performed at increasing
durations (1 h, 4 h, or longer) resulted in no significant differences between the
stiffness values measured before and after crosslinking (Figure 1). There was no
statistically significant difference between the stiffness of control specimens and
that of samples subjected to elastolysis at durations of 1 h and longer. It ap-
peared that elastase reached a plateau in its action upon elastin and collagen.
When the samples were subjected in vitro only to collagenolysis, the resulting
reduction of stiffness prior to crosslinking was evident (Figure 1) but still not
significant after 30 minutes (p = 0.0734); crosslinking indeed led to enhanced
stiffness, however, it was not statistically significant. In general, following colla-
genolysis for longer durations, the drop in stiffness and its partial recovery due
to irradiation were similar, but the associated increases were not statistically sig-

nificant. We may therefore admit the existence of a plateau in the crosslinking
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process that limits its further strengthening effects. Palpebral elasticity is main-
tained or even increased, likely because elastin was no longer being digested,
while collagen fibres would have been further affected. The situation may be-
come even more convoluted if other extracellular matrix proteins are involved.
For instance, it was found [56] that during UV A/riboflavin-induced corneal
crosslinking, proteoglycan molecules can be crosslinked between themselves or
with collagen.

Figure 2 shows selected histologic photomicrographs of the tarsus, all stained
with VVG stain, where elastic fibers and elastin appear in black, and collagen in
red. Post-elastolysis fragmentation and depletion of elastic fibers (Figure 2(B))
are obvious when compared to non-degraded tarsus (Figure 2(A)). The pattern
shown after longer digestion (e.g., after 4 h, Figure 2(C)) was maintained almost
the same at longer digestion durations. We noticed that the elastic fibers mostly
disappeared after elastolysis for 24 h. Histology of a tarsal specimen subjected to
collagenolysis for 30 min is illustrated in Figure 2(D). When compared to non-
degraded tarsus (Figure 2(A)), the collagen network appears disrupted, while the
elastic fibers remained unaffected. It must be mentioned that for all subsequent
longer durations of collagenolysis, the same pattern was maintained with no sta-
tistically significant changes.

It remains conjectural to what extent the differences between experimental de-
tails could have led to the noted discrepancy between our results here and those
previously reported [52]. Nevertheless, the obvious prevailing conclusion in both
studies is that the exogenous crosslinking of the tarsus is able to reverse the decline
in mechanical properties caused by enzymatic degradation. Due to the complexity
of the pathophysiological mechanism of palpebral laxity, it is rather speculative to

interpret these results as a corollary to the mechanism itself.

5. Conclusion

Degradation of the ovine tarsus in vitro, due to treatment with either elastase or
collagenase, decreases its mechanical properties. Exposure to irradiation with
UVA light reverses this outcome partially, and further mechanical enhancement

is evident, although not statistically significant.
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Symbols and Abbreviations

FES
MG
My
PBS
RF-5P
s.e.m.
TBS
uv

UVA

floppy eyelid syndrome

meibomian gland

Young’s modulus

phosphate-buffered saline

riboflavin 5’-phosphate monosodium salt
standard error of the mean
TRIS-buffered saline

ultraviolet radiation

region A of ultraviolet radiation (wavelength range from 315 to 400 nm)
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