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ABSTRACT

To investigate the effects of iontophoresis-ultraviolet A (UVA) cross-linking (CXL) with hypotonic ribofla-
vin solution on the ultrastructural changes in the lamellae, collagen fibrils (CFs), and proteoglycans (PGs)
in the central and peripheral stroma of the human corneal buttons. The iontophoresis method was used
for the trans-epithelial application of hypotonic riboflavin in ex vivo corneal culture for 5 min. The corneas
were irradiated using three methods: Group 1 (G1), a UVA irradiance of 3 mW/cm? for 30 min; Group 2
(G2), a UVA irradiance of 10 mW/cm? for 9 min; Group 3 (G3), without UVA irradiation. Three untreated
corneas were used as controls (GO0). After the CXL procedure, the corneas were processed for electron
microscopy. The CF diameter and PGs in each sample were analyzed using the iTEM program. The kera-
tocyte organelles and stromal architecture in the peripheral cornea were better preserved than those in
the central cornea. In G1 and G2, the mean CF diameter in the peripheral cornea was significantly higher
than that in the central cornea. In G3, the CF diameter in the central cornea was significantly larger than
that in the peripheral cornea. Furthermore, differences in PG area size were observed between the central
and peripheral corneas in all groups. Riboflavin + UVA application at 3 mW/cm? for 30 min and 10 mW/
cm? for 9 min was a suitable method of CXL; however, 3 mW/cm? for 30 min improved the organization
and size of the collagen fibrils. CXL treatment applied at the periphery was more effective than that
applied at the center.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The cornea is the most anterior transparent layer of the eye and
the main ocular refractive medium (Nautscher et al., 2016). Cor-
neal transparency is maintained by the uniform distribution of col-
lagen fibrils (CFs) and the organization within the stromal
lamellae, which are regulated by corneal proteoglycans (PGs)
(Cheng and Pinsky, 2013; Ho et al., 2014). Changes in the expres-
sion of PGs were described to be associated with corneal trans-
parency loss and change in corneal curvature leading to visual
deterioration (Bredrup et al., 2005; Pellegata et al., 2000).

Keratoconus (KC) is a bilateral asymmetrical corneal disease in
which progressive thinning and bulging impair vision (Rabinowitz,
1998). Investigation of CFs and PGs in the cornea of individuals
with KC suggests alterations in the arrangement of CFs and PGs
(Akhtar et al., 2011, 2008; Chaerkady et al., 2013; Fullwood et al.,
1992; Funderburgh and Conrad, 1990; Sawaguchi et al., 1991;
Wollensak and Buddecke, 1990). Wollensak et al. (2003a) have pio-
neered the riboflavin-ultraviolet A (UVA) cross-linking (CXL) treat-
ment for KC. The CXL treatment enhances the biomechanical
properties and stabilize the interfibrillar and intrafibrillar spaces
of the cornea to inhibit the progression of KC (Wollensak et al.,
2011, 2003Db). Presently, CXL is widely used in treating progressive
KC and other corneal ectatic disorders (Belin et al., 2018; Mazzotta
et al., 2018). Studies on the human cornea have shown that CXL
treatment restores epithelial and anterior stromal keratocytes
and enhances the architecture of CFs and flattens undulating
lamellae (Akhtar et al., 2013; Mazzotta et al., 2008; O’Brart et al.,
2015).

The accelerated CXL protocol was developed following the pho-
tochemical law of reciprocity (also known as the Bunsen-Roscoe
law) to reduce treatment time. According to the law, the total irra-
diation and photochemical effect will be same if the irradiation
time is reduced while increasing the irradiance (O’Brart et al,,
2015). Wernli et al.’s assessment of ex vivo porcine corneas treated
with different irradiances for a duration ranging from 1 min to
30 min has revealed significant stiffening after the application of
high irradiances up to 45 mW/cm? (Wernli et al., 2013). Herber
et al (2018) compared the effect of “higher peripheral intensity”
profile setting and standard “top hat” profile with accelerated CX.
The comparison of the two profiles showed that the effect of
“higher peripheral intensity” was more pronounced compared to
those in the “top hat” profile, on the topographic and tomographic
parameters of the keratoconus cornea (Herber et al (2018).
Recently, the role of oxygen in relation to depth of the corneal
stroma during CXL treatment and its depletion with depth of the
corneal stroma was discussed by Seiler et al. (2020).

Studies have shown that in the cornea of individuals with KC,
the undulating lamellae changed into parallel running lamellae,
and the diameter of CFs increased with regular interfibrillar spac-
ing after CXL treatment (Akhtar et al., 2013; Mencucci et al,
2010; Wollensak et al., 2004b). CXL treatment not only affects
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the stromal collagen but also affects the synthesis of PGs. Follow-
ing their assessment of normal, KC, and CXL-treated KC corneas,
Akhtar et al.,, (2013) have revealed that the PGs in the CXL-
treated corneas have an organization similar to that of normal cor-
neas. The in vitro assessment of normal and KC fibroblasts treated
with CXL by Sharif et al., (2018) has suggested that CXL treatment
significantly enhances the expression of the PGs mimican, decorin,
and lumican but reduces the expression of keratocan. Few studies
on the effects of iontophoresis corneal CXL on corneal biomechan-
ical rigidity, on morphological changes of the cornea, and on kera-
tocytes have been conducted (Manetti et al., 2017; Mencucci et al.,
2015; Vinciguerra et al., 2014). In this study, we investigated the
ex vivo effects of different UVA irradiances on the ultrastructure
and organization of CFs and PGs in the human corneal stroma trea-
ted with hypotonic riboflavin solution by iontophoresis.

2. Methods
2.1. Ethics

The ethical approval for corneal tissue procurement and use
was granted by the Local Ethical Committee of King Saud Univer-
sity, Saudi Arabia. All experiments were performed according to
the guidelines of “Standing Committee For Research Ethics on Liv-
ing Creatures (SCRELC)” Saudi Arabia. The policy is available at
https://www.uod.edu.sa/sites/default/files/resources/implement-

ing_regulations_0.pdf.

2.2. Study groups

Twelve anonymous corneal buttons (8.5 mm in diameter), used
in this study, were obtained from the Eye Bank of Mestre (Italy)
and cultured ex vivo to maintain their viability. The ex vivo-
cultured corneas were soaked in a commercial formulation of
hypotonic riboflavin (Ricrolin*®, Sooft, Montegiorgio, FM, Italy)
intracorneally delivered using an iontophoresis device and irradi-
ated by a UVA source (VEGA CBM x-linker, C.S.O, Florence, Italy)
(Mencucci et al., 2015). The Ricrolin*® riboflavin solution for ion
CXL contains 0.14% riboflavin phosphate sodium salt, 0.05% trisa-
minomethane, 0.1% ethylenediaminetetraacetic acid, 0.21%
NaHPO,42H,0, and 0.36% NAH,P042H,0, ensuring rapid transep-
ithelial penetration.

The corneas were divided into four groups (three corneas in
each group) according to the time of exposition to riboflavin and
applied UVA irradiance: Group 1 (G1) comprised three corneas
treated with a Ricrolin*®riboflavin formulation using an ion-
tophoresis device for 5 min and an UVA irradiance of 3 mW/cm?
for 30 min; Group 2 (G2) comprised three corneas treated with a
Ricrolin*®riboflavin formulation using an iontophoresis device for
5 min and an UVA irradiance of 10 mW/cm? for 9 min; Group 3
(G3) comprised three corneas treated with a Ricrolin*®riboflavin
formulation using an iontophoresis device for 5 min with no sub-
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sequent UVA irradiation; and Group 0 (GO) comprised three
untreated corneas.

2.3. Iontophoresis procedure

The application of riboflavin using an iontophoresis device and
the UVA radiation method have been described by Mencucci et al.
(2015). The irradiated area was 9 mm and the radius of the extrac-
tion for the periphery was 4 mm. Briefly, the main components of
the iontophoresis device used in this study are the power supply (I-
ON XL, Sooft) and two electrodes. The human corneas were placed
on an artificial anterior chamber for ex vivo culture (Barron artifi-
cial anterior chamber; Katena, Denville, NJ, USA) equipped with
two pressure tubes connected to a perfusion line, allowing culture
media circulation during the experiment. The negative electrode,
made of an 8-mm-diameter stainless-steel grid inserted into an
annular suction rubber ring, was placed into the cup at a minimal
distance of 5 mm from the cornea. The device was irrigated with
approximately 0.5 mL of riboflavin solution from the open proxi-
mal side until the electrode was completely immersed. The posi-
tive electrode was a stainless-steel wire connected to the
artificial anterior chamber underneath the cornea. In clinical set-
tings, the positive electrode is usually a conductive patch applied
to the patient’s skin. A constant current of 1.0 mA was applied from
the power generator. lontophoresis continued for 5 min, and hypo-
tonic riboflavin drops were applied to the cornea every 5 min
throughout the procedure.

2.4. Electron microscopy method

After the CXL has been completed, the corneas were removed
from the artificial chamber and washed with a sterile phosphate
buffer saline to remove riboflavin residues. The corneas were kept
in the storage medium Eusol C (Alchimia, Padova, Italy) at 4 °C for
48 h. The corneas were removed from the storage medium Eusol C
and fixed in a mixture of 4% paraformaldehyde and 0.5% glu-
taraldehyde in 0.1M phosphate buffer for 24 h at 4 °C and washed
in 0.1M phosphate buffer. For electron microscopy, each cornea
was cut into two halves: one half was fixed in 2.5% glutaraldehyde
containing 0.05% Cuprolinic Blue (BDH Ltd, Poole, UK) using a crit-
ical electrolyte concentration mode to analyze the PGs. The other
half was fixed in 2.5% glutaraldehyde and osmium tetroxide for fib-
rillar and lamellar analysis (Akhtar et al., 2016). Then, the tissue
was dehydrated in a graded series of ethanol (50%-100%) and ace-
tone and then infiltrated with Spurr resin. Each corneal half was
cut into four conical quarters, and each quarter was further cut into
halves: the conical central and peripheral parts. The central part
consisted of 1 mm from the center, and the peripheral part con-
sisted of 1 mm from the margin of the cornea. The tissue was
embedded in Spurr resin for 8 h at 70 °C. During embedding in
the green mold, the conical central part of the conical quarter
was faced toward the cutting surface to obtain ultrathin sections
from the center, and the marginal part of the peripheral quarter
was faced to the cutting surface to obtain ultrathin sections from
the periphery. The total number of osmium-treated blocks was
24: 12 central and 12 peripheral blocks. The total number of cupro-
linic blocks was 24 as well: 12 central and 12 peripheral blocks.

An RMC microtome was used to cut ultrathin sections (70 nm)
collected on 200 mesh copper grids. Ten grids were made from
each block and stained with 2% uranyl acetate for 10 min and lead
citrate for 10 min. The best ultrathin sections from three grids from
each block were examined under the JEOL 1400 (Jeol Ltd, Akishima,
Japan) transmission electron microscope (TEM), and digital micro-
graphs were captured using an 11-megapixel Quemesa camera and
iTEM software. Five images from each section were taken at differ-
ent parts of the anterior stroma, and the best three images were
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chosen to analyze CFs or PGs. In total, 480 sections were collected
on grids, and 2400 digital images were taken.

The iTEM software was used to generate and analyze color-
coded images of the digital micrographs in addition to measuring
the following parameters: CF diameter, CF interfibrillar spacing,
PG area, and PG density. Finally, data were exported from the soft-
ware into Microsoft Excel (Microsoft Corporation, Washington,
USA) spreadsheets and analyzed using Statistical Package for the
Social Sciences, version 18 (IBM Corp., Armonk, NY, USA). Using
the Mann-Whitney U test, the following variables were compared
between the groups: mean CF diameter and spacing and mean PG
density and area.

3. Results
3.1. Ultrastructural changes of normal and CXL-treated corneas

In the control group, the lamellae, CFs, and PGs were well-
organized at the center and periphery of the cornea. The anterior
stromal lamellae were interlaced, whereas the lamellae at the mid-
dle and posterior stroma were running parallel to each other
(Fig. 1A, B). The keratocytes contained normal nucleus and cell
organelles.

In the peripheral stroma in G1, the Bowman layer (BW) was
well-organized and appeared similar to a healthy BW. A large num-
ber of CFs was observed emerging from the BW and entering the
lamellae of the anterior stroma. The anterior stromal lamellae were
interconnected (interlaced) with each other but contained minute
electron-lucent spaces (Fig. 1C, D). Most keratocytes contained
normal cell organelles and a large nucleus, but some keratocytes
were surrounded by electron-dense materials (Fig. 1E). In the cen-
tral stroma in G1, some lamellae were folded (Fig. 1F). A large num-
ber of electron-dense spaces were observed in the BW and anterior
stroma, and keratocytes showed signs of damage leaving large vac-
uoles (Fig. 1G, H).

In G2, the BW contained electron-dense patches and long-
isolated CFs in both the central and peripheral stroma (Fig. 2A).
The anterior stromal lamellae were interlaced with each other
but contained electron-lucent spaces and electron-dense patches
between loosely arranged fibrils in both the peripheral and central
stroma (Fig. 2B). The keratocytes in the peripheral stroma con-
tained large nuclei and cell organelles, whereas those in the central
stroma were damaged and contained lysosomes (Fig. 2C, D). They
did not have visible nuclei or cell organelles and contained large
electron-lucent vacuoles (Fig. 2D).

In G3, the structures of the BW and lamellae were similar in
both the central and peripheral stroma. In both the peripheral
and central corneas, the BW had isolated long CFs and numerous
electron-lucent spaces (Fig. 2E, F). The CFs below the BW were run-
ning in various directions enclosing large electron-lucent spaces
(Fig. 2G). This may have been due to the high amount of water sep-
arating the CFs, which created electron-lucent spaces without signs
of cellular damage. The keratocytes in both the central and periph-
eral stroma had large nuclei and cell organelles. In the central
stroma, vertically running lamellae were observed connecting to
the two parallel running lamellae (Fig. 2H).

The microfilaments within the CFs were well-defined and nor-
mally distributed in both the center and periphery of normal cor-
neas of the control group (Fig. 3A, B). The ultrastructure within
the CFs at the periphery and center was different in all groups. In
G1, the CFs in the periphery contained well-differentiated microfil-
aments surrounding a central lucent space, whereas in the central
part, the microfilaments were randomly distributed (Fig. 3C, D). In
addition, some CFs in the center were damaged and fused (Fig. 2D).
In G2, a large number of CFs were damaged (Fig. 3E, F, arrowhead),
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Fig. 1. Electron micrograph of the periphery and center of normal and Group 1 corneas. A) Part of the normal central cornea showing interconnectivity of the lamellae in the
anterior stroma. B) Part of the normal central cornea showing parallel running lamellae in the middle stroma. C) Part of the peripheral Group 1 cornea showing normal the
Bowman layer (BW), interlacing lamellae, and electron-lucent vacuoles in the collagen fibrils (CFs) of the anterior stroma. D) Part of the anterior stroma of Group 1 peripheral
cornea showing the emergence of CFs from the BW. E) Part of the anterior stroma of Group 1 peripheral cornea showing keratocytes with large nuclei surrounded by an
electron-dense material. F) Part of Group 1 central cornea showing folded lamellae in the anterior stroma. G & H) Part of Group 1 central cornea showing electron-lucent

spaces and degenerated keratocytes in the anterior stroma.BW, Bowman layer; CF, collagen fibril; D, electron-dense material; F, folded lamellae; KR, keratocyte; LU, lucent
spaces; N, nucleus.
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Fig. 2. Electron micrograph of the periphery and center of Group 2 and 3 corneas; A) Group 2, periphery: abnormal long fibrils in the BW. B) Group 2, periphery: a normal
healthy keratocyte with a large nucleus in the anterior stroma. C) Group 2, center: electron-lucent vacuoles in the anterior stroma. D) Group 2, center: a degenerated
keratocyte with lysosomes in the anterior stroma. E) Group 3, periphery: abnormal collagen fibrils (CFs) in the Bowman layer (BW). F) Group 3, periphery: electron-lucent
vacuoles and electron-dense material in the BW. G) Group 3, center: randomly running CFs in the anterior stroma. H) Group 3, center: vertically running lamellae between two
parallel running lamellae in the anterior stroma. ACF, abnormal collagen fibril; BW, Bowman layer; F, folded lamellae; KR, keratocyte; LU, lucent spaces; L, lamellae; LY,
lysosome; N, nucleus; RCF, randomly running collagen fibrils; VL, vertically running lamellae.
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Fig. 3. Electron micrograph of collagen fibrils (CFs) of the periphery and center of GO, G1, G2, and G3 corneas. A) Group 1, periphery: a normal healthy CF containing a large
number of microfilaments surrounding the central lucent part. B) Group 1, center: the microfibrils within the CFs are less in number and not well-organized. C) Group 2,
periphery: microfibrils within the CFs were fused to each other. D) Group 2, center: microfibrils within the CFs degenerated. E) Group 3, periphery: microfibrils within the CFs
were distinguished but some CFs were degenerated (red arrow). F) Group 3, center: some CFs have microfibrils, whereas some lacked microfibrils. CF, collagen fibril; MCF,
microfibrils within CF; red arrowhead, degenerated CF.
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Table 1
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Comparison of CF diameter, interfibrillar spacing, and density of CFs of anterior stroma of central and peripheral region of cornea treated with CXL and normal corneas, within the

same CXL or normal cornea.

Groups Cornea Zone CF Diameter (nm) CF Interfibrillar Spacing (nm) Density/um?
Control Center 23.32+0.80 ** 36.98 £ 0.1 ** 535
(n = 809) (n = 809)
Periphery 23.37 £ 0.077 ** 35.90 £ 0.1 ** 598
(n = 905) (n = 905)
Center and periphery 23.60 + 045 ** 36.94 +0.10 ** 566
(n=1714) (n=1714)
Group 1 Centre 20.81 + 0.13%,f, ** 35.14 £ 0.17%,1, ** 544
(n=792) (n=792)
Periphery 24.38 + 0.11%+,** 36.36 + 0.15%, ** 537
(n=814) (n=814)
Center + Periphery 22.62 + 0.097%t, ** 35.76 + 0.11%,1,** 541
(n = 1606) (n = 1606)
Group 2 Center 18.80 £ 0.12%,1, ** 29.68 + 0.11%,f, ** 740
(n=1120) (n=1120)
Periphery 21.37 £ 0.10%1, ** 31.64 + 0.17% ¢, ** 676
(n=1023) (n=1023)
Center + Periphery 20.03 £ 0.08",1, ** 30.62 = 0.10%1, ** 708
(n =2143) (n = 2143)
Group 3 Center 23.66 + 0.10%1, ** 37.21 £ 0.13%, ** 506
(n=765) (n =765)
Periphery 2240 £ 0.11%1, ** 37.25 £ 0.11%¢, ** 469
(n = 709) (n = 709)
Center and periphery 23.06 + 0.07%,1, 37.23 £ 0.12%, ** 487
(n = 1474) (n = 1474)

*: Significant difference (p < 0.001) compared between central and peripheral area in the same cornea (CXL or normal) (Mann-Whitney test).
t: Significant difference (p < 0.001) compared the same area of the cornea between the groups (Mann-Whitney test).

SE: Standard error.

**: Significant difference (p < 0.001) compared same area of the cornea between the group and the normal cornea (Mann-Whitney test).

and the microfilaments within the CFs were not differentiated both
in the periphery and center (Fig. 2E, F). In G3, the structure of the
microfilaments within the CFs was better organized in the periph-
ery than that in the center (Fig. 2G, H). In both the peripheral and
central parts, the microfibrils within the CFs showed signs of dam-
age and were fused to each other (Fig. 3G, H). These ultrastructural
changes could be due to the excess of water in the stroma.

3.2. CF diameter and interfibrillar spacing of the anterior stroma of
normal and CXL-treated corneas

The analysis of CF diameter and interfibrillar spacing was per-
formed by color-coding the monochrome images according to CF
diameter. In the control group, the mean diameter of the CFs at
the center (23.32 + 0.80 nm) was approximately similar to that
at the periphery (23.37 + 0.07 nm) (Table 1 and Fig. 4A-D). The
proportions of CFs with diameters between 20 and 30 nm at the
center and periphery were 94.4% and 90.0%, respectively (Tables
1 and 2). In G1, in the central cornea, 58.7% of the CFs had diame-
ters of between 20 and 30 nm, and the mean diameter of all CFs
was 20.81 + 0.13 nm (Fig. 4E, F and Tables 1 and 2), whereas in
the peripheral cornea, 93.90% of the CFs had diameters between
20 and 30 nm, and the mean diameter of all CFs was 24.38 + 0.1
1 nm (Fig. 4G, H and Tables 1 and 2). In G2, CFs with diameters
in the range of 20-30 nm accounted for 33.30% of all CFs in the
central cornea, and the mean CF diameter was 18.80 + 0.12 nm,
whereas in the periphery, 69.60% of the CFs had diameters
between 20 and 30 nm, and the mean CF diameter was 21.3 £ 0.
10 nm (Fig. 5A-D and Tables 1 and 2). In both G1 and G2, the mean
diameter of the central CFs was significantly smaller than that of
the peripheral CFs (Table 1). In G3, where UVA was not used, the
mean CF diameter (23.66 + 0.10 nm) at the center was larger than
that at the periphery (22.40 + 0.11 nm) (Fig. 5E-H and Table 1). In
addition, more CFs with diameters in the range of 20-30 nm were
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observed at the center (91.40%) than at the periphery of the cornea
(82.70%) (Tables 1 and 2). In G1 and G2, the interfibrillar spacing of
the peripheral cornea was larger than that of the central cornea,
whereas in G3, no difference was observed between the central
and peripheral corneas (Table 1). Among the groups, the interfibril-
lar spacing of the corneal stroma in G2 was significantly smaller
than that in G1. The interfibrillar spacing in G3 was larger than
those in both GI and G2 (Table 1). No significant difference in
the density of the CFs was observed between all groups.

3.3. Mean PG area and density of normal and CXL-treated corneas

The mean PG area was obtained by color-coding the electron
micrographs according to the area of the PGs (Figs. 6 and 7). The
PGs were normally distributed in the center and periphery of the
normal corneas in the control group. In G1, the mean PG area
(98.31 + 1.5 nm?) in the center was significantly larger than that
in the periphery (74.53 + 0.90 nm?), whereas the density of the
PGs in the center (408/um?) was smaller than that in the periphery
(591/um?) (Table 3). In G2, the mean PG area in the center (83.03
+ 1.13 nm?) was significantly smaller than that in the periphery
(96.20 + 1.60 nm?). In G3, the mean PG area in the center was also
smaller than that in the periphery (Table 3). In G1 and G3, the PGs
in the center were denser than those in the periphery (Table 3).
Between the groups, the mean PG areas in GO and G2 were signif-
icantly larger than those in G1 and G3 (p < 0.0001). The PGs in G1
and G3 were denser than those in G2 (Table 3).

4. Discussion

Iontophoresis has been widely and successfully used for the
application of riboflavin in CXL treatment (Eljarrat-Binstock et al.,
2004; Mencucci et al., 2015; Vinciguerra et al., 2013). In this study,
iontophoresis was used for the uniform distribution of riboflavin in
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Fig. 4. Monochrome electron micrographs and color-coded digital images of the periphery and center of GO and G1 corneas. A) Monochrome micrograph of collagen fibrils
(CFs) of the anterior stroma of the central part of a GO cornea. B) A color-coded image of “Figure A” containing mostly green (15-20 nm) and blue (20-25 nm) and few yellow
(25-30 nm) CFs (osmium tetroxide fixation). C) Monochrome micrograph of CFs of the anterior stroma of the peripheral part of a GO cornea. D) A color-coded image of
“Figure C” containing mostly green (15-20 nm) and blue (20-25 nm) CFs (osmium tetroxide fixation). E) Monochrome micrograph of CFs of the anterior stroma of the central
part of a G1 cornea. F) A color-coded image of “Figure E” containing mostly green (15-20 nm) and blue (20-25 nm) CFs (osmium tetroxide fixation). G) Monochrome
micrograph of CFs of the anterior stroma of the peripheral part of a G1 cornea. H) A color-coded image of “Figure G” containing mostly green (15-20 nm) and blue (20-25 nm)
and few yellow (25-30 nm) CFs (osmium tetroxide fixation).Red, 10-20 nm; Green, 15-20 nm; Blue, 20-25 nm; Yellow, 25-30 nm; Terracotta, 30-35 nm.
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Table 2

Saudi Journal of Biological Sciences 28 (2021) 7160-7174

Cross tabulation of CFs diameter percentage of the center and peripheral cornea of Group 1, 2 and 3.

CFs Diameters (%)

10-15 nm 15-20 nm 20-25 nm 25-30 nm 30-35 nm
Control Center 0.0 5.2 77.4 16.9 0.5
Periphery 0.0 4.9 783 15.7 1.1
Group 1 Center 6.2 335 50.9 7.8 1.5
Periphery 0.0 4.7 56.1 37.8 14
Group 2 Center 13.8 52.2 31.7 1.6 0.7
Periphery 3.1 27.1 62.6 7.0 03
Group 3 Center 0.9 6.8 63.6 27.8 0.9
Periphery 0.0 17.2 68.2 14.5 0.1

the ex vivo corneal culture for 5 min, followed by UVA irradiation
as follows: 1) UVA with irradiance of 3 mW/cm? for 30 min (G1);
2) UVA irradiance of 10 mW/cm? for 9 min (G2); 3) without UVA
irradiation (G3); 4) control (G0). The main objective of this study
was to assess the efficacy of CXL in the aforementioned groups at
the center and periphery of the same corneal button.

4.1. Ultrastructural changes in the center and periphery of corneas
from the analyzed groups

Ultrastructure studies have revealed that healthy and untreated
corneas of the control group (GO) contained well-organized and
interconnected lamellae in the anterior stroma and parallel run-
ning lamellae in the posterior stroma of central and peripheral cor-
neas. The interconnection between the lamellae in the anterior
stroma is essential for corneal biomechanical properties, including
rigidity, shape, and curvature (Winkler et al., 2013). In G3, this
essential property of lamellar interconnectivity has been disturbed,
and the lamellae were running randomly and vertically in both
central and peripheral corneas. This disorganization of the lamellae
could be due to excess hydration or water content around the CFs,
caused by the application of riboflavin without UVA radiation. The
interconnectivity and organization of the lamellae in the anterior
stroma in G1 and G2 were evenly laid out. Occasional folding of
irregular lamellae in the central stroma may be caused by the high
intensity of radiation on an individual CF. The peripheral part of the
cornea had a better stromal architecture than the central part of
the cornea; however, it was better preserved in G1. The peripheral
cornea in G2 contained healthy-looking keratocytes, contradictory
to the observation of Wollensak et al. (2004b), who have reported
the toxicity of UVA irradiation (range of 0.5-0.7 mW/cm?) toward
keratocytes in rabbit eyes enucleated 24 h after treatment
(Mencucci et al., 2010). However, the application of longer-
duration UVA irradiation resulted in visible damage to keratocytes
in the peripheral cornea. Regarding cytotoxic damage related to
CXL, it seems that the exposure duration is the deciding factor
rather than the energy applied.

4.2. Within the same cornea of G1, G2, and G3: CF diameter and
interfibrillar spacing in the center and periphery

X-ray diffraction studies of normal cornea have reported that CF
diameters of healthy central and peripheral corneas were not sig-
nificantly different; however, the interfibrillar spacing in the center
was smaller than that in the periphery (Boote et al., 2003). Authors
have believed that the compactness of the CFs contributes to more
rigid biomechanical and stress-bearing properties of the central
cornea (Boote et al.,, 2003). In addition, the compactness of the
CFs provides strength to maintain the curvature of the cornea
(Boote et al., 2003).

In this study, the diameter, spacing, and density of the CFs in the
center and periphery of the normal cornea were not significantly
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different. In G3, where the riboflavin solution was applied without
irradiation, the CF diameter in the center was larger than that in
the periphery of the cornea. It could be possible that the riboflavin
and water absorption by the CFs might have occurred more at the
central part of the cornea than at the peripheral aspect of the cor-
nea. Due to the lack of UVA, there might be no CXL between the
collagen molecules and core proteins and between CFs and core
proteins. The increase in the diameter may be due to an increase
in hydration within the CFs.

In G1 and G2, CF diameters and interfibrillar spacing in the
periphery were significantly larger than those in the center. More-
over, the application of higher UVA irradiance in G2 resulted in vis-
ible damage to the CFs not only in the center but also in the
periphery, whereas G1 exhibited CF damage only in the central
region. Zang et al. (2011) have reported that in CXL-treated cor-
neas, collagen molecules cross-link themselves, similarly as the
PG core proteins. In addition, a linkage existed between collagen
and two specific core proteins, mimican and decorin. When both
collagen and PG core proteins are present together in a solution,
the corneal PG core proteins, keratocan and lumican, inhibit colla-
gen CXL. However, mimican and decorin cross-links with collagen
to form a new high-molecular-weight polymer. In the absence of
riboflavin + UVA, the linkage between collagen and keratocan
and lumican was different from that between collagen and mimi-
can and decorin (Zang et al., 2011). The reaction of the CFs to ribo-
flavin-CXL (in G1 and G2) may be related to their structure and
arrangement at the periphery or center of the cornea. The presence
of collagen proteins and PGs within the CFs may contribute to the
absorption of riboflavin and UVA. The increase in the diameter may
be due to a rise in microfilament content within the CFs due to the
CXL of core proteins keratocan and lumican of glycosaminoglycan
chain with collagen proteins (Zang et al., 2011).

4.3. Among the corneas of G1, G2, and G3: CF diameter and
interfibrillar spacing

Riboflavin-UVA treatment increased the CF diameter in the
anterior stroma compared with that in the normal corneal stroma
of rabbit cornea (Wollensak et al., 2004a). The lamellar organiza-
tion and CF diameter of the corneoscleral strip also increased after
the riboflavin-UVA treatment (Choi et al., 2013). The CF diameter
and interfibrillar spacing, as well as the ultrastructure of the KC
cornea, increased after the riboflavin-UVA treatment (Akhtar
et al.,, 2013). In this study, not only the ultrastructure of the cornea
treated with riboflavin + 3 mW/cm? irradiance for 30 min (G1) but
also the CF diameter and interfibrillar spacing were similar to those
of the normal cornea in the control group.

In G2, the reduction in the diameter and close packing of the CFs
could be due to evaporation of the water content, denaturation CF
proteins, and reduced imbibition of the riboflavin related to the
delivered energy rather than the duration of irradiance. Although
the CF diameter and interfibrillar spacing of the cornea treated
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Fig. 5. Monochrome electron micrographs and color-coded digital images of the periphery and center of G2 and G3 corneas. A) Monochrome micrograph of CFs of the anterior
stroma of the central part of a G2 cornea. B) Color-coded image of “Figure A” containing mostly green (15-20 nm) and few red (10-15 nm) and blue (20-25 nm) color-coded
CFs (osmium tetroxide fixation). C) Monochrome micrograph of CFs of the anterior stroma of the peripheral part of a G2 cornea. D) Color-coded image of “Figure C” containing
mostly blue (20-25 nm) and few red (10-15 nm), green (15-20 nm), and yellow (25-30 nm) color-coded CFs (osmium tetroxide fixation). E) Monochrome micrograph of CFs
of the anterior stroma of the central part of a G3 cornea. F) Color-coded image of “Figure E” containing mostly blue (20-25 nm) and yellow (25-30 nm) color-coded CFs
(osmium tetroxide fixation). G) Monochrome micrograph of CFs of the anterior stroma of the peripheral part of a G3 cornea. H) Color-coded image of “Figure G” containing
mostly red (10-15 nm) and green (20-25 nm) color-coded CFs. Red, 10-20 nm; Green, 15-20 nm; Blue, 20-25 nm; Yellow, 25-30 nm; Terracotta, 30-35 nm.
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Fig. 6. Monochrome electron micrographs and digital color-coded images of proteoglycans in GO and G1 corneas. A) Monochrome micrograph of the anterior stroma of the
central part of a GO cornea. B) Color-coded image of “Figure A” containing mostly green, blue, and brown PGs. C) Monochrome micrograph of the anterior stroma of the
peripheral part of a GO cornea. D) Color-coded image of “Figure C” containing mostly brown and green and few blue and yellow PGs. E) Monochrome micrograph of the
anterior stroma of the central part of a GI cornea. F) Color-coded image of “Figure E” containing mostly green, brown, and blue PGs. G) G1 monochrome micrograph of the
anterior stroma of the peripheral part of a G1 cornea. H) Color-coded image of “Figure G” containing mostly green, blue, and brown and few yellow and terracotta PGs.Red,
30-80 nm?; Green, 80-130 nm?; Blue, 130-180 nm?; Yellow, 180-230 nm?; Terracotta, 230-280 nm?; Pink, 280-330 nm?; Brown, 330-380 nm?.

with riboflavin without UVA (G3) were similar to those of the nor-
mal cornea, the structure of the stroma has been impaired. The
increase in CF diameter and interfibrillar spacing could be due to
the high water content within the CFs. The analysis of the CF diam-
eter and interfibrillar spacing alone will be misleading to assess the
effects of riboflavin on the cornea.

The overall density of PGs in G1 was higher than those in other
groups. The PGs in G1, G2, and G3 reacted differently according to
the intensity of UVA treatment. The linkages among the glycosy-
lated core proteins might have been affected by the use of CXL
treatment using different irradiances of UVA for different dura-
tions, resulting in variations in PG density at the peripheral and
central parts of the cornea.

In conclusion to our results, an obvious difference in the photo-
toxic effect was observed related to different CXL settings. Long
exposure with smaller UVA irradiance seems to have a less pro-
nounced phototoxic effect on acellular corneal structures (CFs
and PGs), which is mostly limited to the central corneal region.
In contrast to this, the impact on cellular corneal compound (ker-
atocytes) is more severe in this group and results in keratocyte
damage visible in both the central and peripheral cornea. Short
exposure with higher UVA irradiance has a much stronger photo-
toxic effect on acellular compounds (CFs and PGs), which is
observed in both the central and peripheral parts of the cornea,
which is accompanied by a lower cytotoxic effect toward corneal
keratocytes (especially in the peripheral cornea). The lower cyto-
toxic effect toward keratocytes may predict a better healing pro-
cess after CXL treatment.
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The discrepancies between the effects of CXL on the central and
peripheral parts of the cornea may be explained lateral diffusion of
oxygen. It could be possible that there is a higher oxygen content at
the periphery of the cornea due to lateral diffusion of the oxygen
from the un-irradiated area. Seiler et al. (2020) measured the oxy-
gen in the center at several depths. In the center the oxygen is
depleted through the UV irradiation and reaches only 1-2 % within
the cornea. In the periphery the oxygen can diffuse through the un-
irradiated area and reaches about 18% at 100 pm, 15 % at 200 pm,
and 14 % at 300 um. Such a high oxygen gradient between the irra-
diated and un-irradiated part of the cornea leads to a suction of
oxygen into the irradiated area. The periphery of the irradiated cor-
nea gets more oxygen and the CXL effect may be stronger due to
the laterally diffused oxygen. In addition to that, a “higher periph-
eral intensity” is more effective compared to the “top hat” profile
on the topographic and tomographic parameters of the cornea dur-
ing the CXL treatment (Herber et al, 2018).

Hence, we believe that the application of riboflavin + UVA
reacted differently to the CFs at the center and periphery. Based
on CXL's reaction at the periphery and center, the linkages among
the collagen molecules and those among the core proteins vary,
resulting in variations in the microfibrils within the CFs, CF diam-
eter, and interfibrillar spacing. Based on this study, we believe that
the application of riboflavin + UVA at 3 mW/cm? for 30 min and 10
mW/cm? for 9 min is a suitable method of CXL; however, the appli-
cation at 3 mW/cm? for 30 min improved the organization and size
of the collagen fibrils. CXL treatment applied at the periphery was
more effective than that applied at the center.
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Fig. 7. Monochrome electron micrographs and digital color-coded images of proteoglycans in G2 and G3 corneas. A) Monochrome micrograph of the anterior stroma of the
central part of a G2 cornea. B) Color-coded image of “Figure A” containing mostly green, blue, and terracotta PGs. C) Monochrome micrograph of the anterior stroma of the
peripheral part of a G2 cornea. D) Color-coded image of “Figure C” containing mostly brown, green, and blue and few yellow and terracotta PGs. E) Monochrome micrograph
of the anterior stroma of the central part of a G3 cornea. F) Color-coded image of “Figure E” containing mostly green, brown, and terracotta PGs. G) Monochrome micrograph
of the anterior stroma of the peripheral part of a G3 cornea. H) Color-coded image of “Figure G” containing mostly brown, green, and blue and few yellow and terracotta PGs.
Red, 30-80 nm?; Green, 80-130 nm?; Blue, 130-180 nm?; Yellow, 180-230 nm?; Terracotta, 230-280 nm?; Pink, 280-330 nm?; Brown, 330-380 nm?.

Table 3
Comparison of proteoglycans area, and density of PGs in the anterior stroma of central and peripheral within the same CXL treated cornea or normal cornea.
Groups Central Cornea Periphery Cornea Center + Periphery
Cornea
Control PGs Area 90.97 + 0.80%, **(n 97.14 + 0.46( 94.05 * 0.63(n=
(nm?) =1004) n = 1098) 2102)
Density/ pm? 289 316 605
Group 1 PGs Area 98.31 + 1.5%1, ** 74.53 + 0.90 84.23 + 0.84
(nm?) (n = 1406) (n =2039) (n = 3445)
Density /um? 408 591 999
Group 2 PGs Area 83.03 + 1.13%f, ** 96.20 + 1.60 89.20 + 0.97
(nm?) (n=1515) (n=1336) (n =2851)
Density/ pm? 439 387 826
Group 3 PGs Area 81.40 + 1.14%1, ** 87.37 £1.17 84.63 + 0.82
(nm?) (n=1572) (n=1852) (n = 3424)
Density/ pm? 455 536 992

*: Significant difference (p < 0.001) compared between central and peripheral area in the same cornea (CXL or normal) (Mann-Whitney test).
t: Significant difference (p < 0.001) compared the same area of the cornea between the groups (Mann-Whitney test).

SE: Standard error.

**: Significant difference (p < 0.001) compared same area of the cornea between the group and the normal cornea (Mann-Whitney test).
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