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a  b  s  t  r  a  c  t

Corneal  accumulation  of  riboflavin-5′-phosphate  (riboflavin)  is  an essential  step  in  the  so  called  corneal
cross-linking  (CXL),  an elective  therapy  for  the  treatment  of  progressive  keratoconus,  corneal  ectasia  and
irregular  astigmatism.  CXL  is  usually  performed  after  surgical  debridement  of  corneal  epithelium,  since
it impedes  the  stromal  penetration  of  riboflavin  in  a relatively  short  time.
d-Alpha-tocopheryl  poly(ethylene  glycol)  1000  succinate  (VE-TPGS)  is  an  effective  permeation

enhancer  used  to  increase  adsorption  of  drugs  trough  different  biological  barriers.  Moreover,  belong-
ing  to  the  group  of  tocopherol  pro-drugs,  VE-TPGS  exerts  a  protective  effect  on  biological  membrane
against  free-radical  damage.

The  aim  of  this  work  is  the evaluation  of  VE-TPGS  effects  on  riboflavin  corneal  permeability,  and  the
assessment  of  its protective  effect  against  free-radicals  generated  during  CXL  procedures.  Different  solu-
tions  containing  riboflavin  (0.125%  w/w),  dextran  (20.0%  w/w)  and  increasing  concentration  of  VE-TPGS
were  tested.  Corneal  permeation  was  evaluated  in  vitro  by the  use  of  modified  Franz-cell  type  diffusion
cells and  freshly  excised  porcine  corneas  as  barrier.  The  effect  of VE-TPGS  on  riboflavin  corneal  pene-
tration  was  compared  with  a  standard  commercial  solution  of  riboflavin  in  dextran  at  different  times.
Accumulation  experiments  were  conducted  both  on epithelized  and  non-epithelized  corneas.  Moreover,
epithelized  porcine  corneas,  treated  with  the  tested  solutions,  were  subjected  to  an  in vitro  CXL  proce-
dure  versus  non-epithelized  corneas,  treated  with  a commercial  solution  of  riboflavin.  Differences  were
measured  by  means  of  corneal  rigidity  using  Young’s  modulus.  The  photo-protective  effect  of  tested
solutions  on  corneal  epithelium  was,  finally,  evaluated.  CXL  treatment  was  applied,  in  vitro,  on human
explanted  corneas  and  resulting  morphology  of  corneal  epithelium  was  investigated  by scanning  electron
microscopy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Keratoconus is a degenerative non-inflammatory disorder of the
cornea, characterized by stromal thinning and ectasia leading to
irregular astigmatism and progressive visual loss (Krachmer et al.,
1984). Keratoconus-affected patients can be treated with rigid con-
tact lenses, but surgery may  be necessary in case of contact lenses
intolerance, progressive ectasia or corneal scarring (Reeves et al.,
2005).

∗ Corresponding author. Tel.: +39 081 678609.
E-mail address: ostacolo@unina.it (C. Ostacolo).

Corneal cross-linking (CXL), is a new therapeutic approach
for the treatment of keratoconus, initially described by Spoerl
et al. (1998).  This technique is based on corneal accumulation of
riboflavin-5′-phosphate (riboflavin) followed by UVA irradiation at
a wave length of 370 nm, in order to start a photodynamic reaction,
in which riboflavin is excited into a triplet state, that generates
singlet oxygen and superoxide radicals (Wollensak, 2006). Reac-
tive oxygen species, thus produced, covalently bond to stromal
collagen fibers, increasing the degree of bonding between colla-
gen molecules and finally enhancing corneal stiffness. Moreover,
riboflavin acts as an UVA absorber, preventing photo-damage for
deeper ocular structures (Wollensak et al., 2003a,b). Cross-linking
obtained by CXL technique is able to slow, or even stop the pro-
gression of keratoconus (Wollensak et al., 2003a; Kohlhaas et al.,
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2006) and has been suggested also for the treatment of differ-
ent types of ocular ectasia and diseases (Franzco, 2010). Standard
CXL procedure usually comprises the removal of corneal epithe-
lium. In fact, epithelium impedes the passage of riboflavin, limiting
the concentration of the molecule in corneal stroma and, thus, the
effectiveness of therapy. At the same time, reduced riboflavin stro-
mal  concentrations increases the risks of tissues photo-damage
after UVA irradiation (Wollensak et al., 2003b).  Removal of corneal
epithelium usually causes ocular itches and burns, as well as a tran-
sient blurring. These symptoms persist until the corneal epithelium
has not been restored and are treated with the use of lubricant
and antibiotic eye drops, analgesic oral therapy and therapeutic
contact lenses. Occasionally epithelium removal can lead to com-
plication such as infections, keratitis, edema and scarring that may
lead to further loss of vision (Koppen et al., 2009; Pollhammer and
Cursiefen, 2009). Corneal thickness is also an essential parameter
in CXL treatments. The UV damage of deeper structures, above all
the endothelium layer, is a more probable occurrence in thinner
corneas. The minimum safe corneal thickness in order to protect
from endothelial damages is 400 �m (Hafezi, 2011). Unfortunately,
many patients with progressive keratoconus have corneas thinner
than this threshold and, thus, are excluded from treatment. Since
human corneal epithelium thickness is reported to be about 50 �m
(Reinstein et al., 2008) avoiding epithelium debridement a greater
number of patients could be subjected to CXL treatments. Different
approaches have been described, so far, to overcome these prob-
lems. Hyposmolar solutions of riboflavin have been used to swell
the corneal stroma over 400 �m,  and thereby allow the treatment
of thinner corneas, but there’s a lack of evidence about the real
effectiveness and safety of this procedure (Hafezi, 2011). Another
attempt described is the use of benzalkonium chloride (BAC) as
permeation enhancer, rather than preservative, in eye drops con-
taining riboflavin (Kissner et al., 2010). Treatment with BAC 0.02%
seems to induce sufficient epithelial permeability for the passage
of riboflavin and to guarantee effectiveness to cross-linking treat-
ment (Wollensak and Iomdina, 2009), but no data are available
about its safety, since it is well known that BAC may  lead to
chemical rather than surgical debridement of epithelium, due to
its cytotoxicity (Collin, 1986). In the last period, a new technique
defined as trans-epithelial corneal cross-linking (TE-CXL) has been
introduced. TE-CXL is based on the same protocols of standard CXL
avoiding epithelium debridement and increasing corneal concen-
tration of riboflavin using corneal permeation enhancers (Leccisotti
and Islam, 2010).
d-Alpha-tocopheryl poly(ethylene glycol) 1000 succinate (VE-

TPGS) is a well-known non-ionic surfactant widely used as
solubilizer, emulsifier and vehicle for lipid-based drug delivery
formulations. Recently it has been recognized as oral absorption
enhancer, due to its interaction with P-glycoprotein and, perhaps,
with other drug transporter proteins (Collnot et al., 2006). P-
glycoprotein itself has been detected in human and rabbit corneas
(Katragadda et al., 2006), as well a specific riboflavin transporter
has been described in rabbit corneal epithelium (Hariharan et al.,
2006) and in human-derived retinoblastoma cells (Kansara et al.,
2005). Moreover, non-ionic surfactants have been extensively
described as ocular permeation enhancer, with a particular effec-
tiveness for more hydrophilic molecules (Saettone et al., 1996), and,
although the mechanism at the basis of drug permeation enhance-
ment has not been completely clarified, interactions with specific
transporters can be rationally supposed (Jiao, 2008). Further-
more, VE-TPGS has shown effectiveness in quenching potentially
harmful oxidation-inducing substances, such as reactive oxygen
species (Constantinides et al., 2006; Traber et al., 1988). The
epithelial layer is, indeed, the first and more heavily corneal
structure irradiated by UVA during TE-CXL, and consequently it
absorbs a large amount of radiation. Irradiation-induced damage to

Table 1
% composition (w/w) in riboflavin and VE-TPGS of donor solutions.

Formulation code Riboflavin % VE-TPGS %

A 0.125 –
B1 0.125 0.010
B2 0.125 0.050
B3  0.125 0.100
B4  0.125 0.250
B5  0.125 0.500
B6  0.125 1.000

epithelial structures is well documented (Podskochy et al., 2000).
Starting from these evidences, the aim of this work is the evalua-
tion of d-alpha-tocopheryl poly(ethylene glycol) 1000 succinate as
ocular permeation enhancer for riboflavin, and as photo-protective
agent against UVA radiations in TE-CXL procedures.

2. Materials and methods

All solvents used were of HPLC grade and were furnished by
Sigma–Aldrich (MI, Italy) as well chemicals and buffering agents
that were of analytical grade. Dextran T500 was purchased by
Pharamacosmos A/S (Holbaek, Denmark), riboflavin-5′-phosphate
was  furnished by ACEF (Fiorenzuola D’Arda, PC, Italy), while vita-
min  E TPGS was obtained from Cognis spa (Fino Mornasco, CO,
Italy).

2.1. Corneal accumulation studies

The extent of riboflavin corneal accumulation was evaluated
using modified Franz-type diffusion cell (Ø 9 mm,  5 mL  receptor
volume, SES GmbH – Analysesysteme, Bechenheim, DE). Porcine
corneas were used. Pig eyes with intact epithelium were harvested
in a local slaughter house, stored at 5 ◦C and used within 24 h
post-mortem. When necessary, epithelium was  removed using a
surgical scraper after epithelial melting by 20% ethanol solution
applied for 20 s. Then, corneas with about 2 mm ring of sclera,
were excised and mounted on diffusion cells, with endothelium
facing the receptor compartment. This compartment was consti-
tuted by isotonic phosphate buffer at pH 7.4, and was  maintained
at 37 ± 1 ◦C and under magnetic stirring during experiments. Dif-
ferent aqueous iso-osmolar solutions, buffered at pH 7.2, were used
as donor compartment. They all contained 20% w/w of dextran
T500, and different concentrations of riboflavin and VE-TPGS, as
shown in Table 1. Solution A was  commercially available (Sooft
Italia spa, Montegiorgio, AP, Italy). Before each experiment corneas
were equilibrated with the use of 0.5 mL  of balanced salt solu-
tion (BSS) for 10 min. BSS was then replaced by 0.5 mL of the
proper soaking solution. Solution A was  used as control and applied
both on disepithelized and intact corneas. Solutions from B1 to
B6 were applied on epithelized corneas in order to evaluate the
effect of the enhancer concentration on riboflavin accumulation.
At predetermined intervals, cells were dismantled, the excess of
donor solution removed and the corneal area available for dif-
fusion was  excised by the use of a scalpel. Corneal tissue was
weighted and homogenized in 1 mL  of water using 5 mL  polypro-
pylene tubes and a Polytron PT1200E homogenizer (Kinematica AG,
Lucern, Switzerland). Tubes were then centrifuged at 12,000 rpm
for 5 min in a refrigerated centrifuge. The liquid phase was  filtered
through 0.45 �m nylon filters (Lida, Kenosha, USA) and analyzed
by HPLC. The extraction method was validated in blank experi-
ments by spiking corneas with known amount of riboflavin. No
interfering peaks were detected and percentage of recovery was
in the range 98–105%. All experiments were conducted shielding
diffusion cells and samples from lights, and were repeated at least
six times.
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2.1.1. HPLC analysis
A new analytical method was set up in order to analyze

riboflavin. The LC system consisted of a Jasco LC-200 equipped with
a quaternary gradient pump PU-2089 plus and with a diode array
UV detector HD-2010 plus (Jasco Europe, Cremella, LC, Italy). Wave-
length selected was 264 nm.  Stationary phase was a Supelco C16
RP amide (150 mm × 4.6 mm,  5 �m.  Supelco, Bellefonte, PA, USA),
and a guard column was also used, as suggested by Viñas et al.
(2004). Mobile phase was pumped at a flow of 1.2 mL/min and
consisted of acetonitrile (A) and 0.25 mmol  KH2PO4 in water (B).
Gradient elution was used. The initial conditions were 100% A. After
1 min  the mobile phase was changed linearly over 8 min to 100%
B and then initial conditions were restored in the following 8 min.
The analytical system suitability was assessed by checking the lin-
earity range (0.70–72.4 �g/mL, R2 = 0.9891), reproducibility, limit
of detection (0.70 �g/mL) and limit of quantification (1.2 �g/mL).
Retention time for riboflavin was 5.75 min. 25 �l of samples were
injected in all cases.

2.2. Stress–strain measurement

A slight modification of the method reported by Wollensak et al.
(2003a) was used to evaluate the biomechanical effect of tested
solutions on corneas after UVA irradiation. 24 porcine corneas
were divided in 4 groups of 6 samples. Group 1 consisted of intact
corneas, treated with BSS and not exposed to UVA rays (base-
line). Group 2 consisted of intact corneas treated with a solution
of VE-TPGS (0.5%, w/w) in 20% dextran T500 before UVA irra-
diation (negative control). Group 3 was treated with solution A
after epithelium removal and then irradiated (positive control). For
the last group (group 4) soaking solution B5 without epithelium
debridement was  used. Solutions were applied for 20 min  in 0.5 mL
volume using Franz-type diffusion cells, as previously described.
Then, from each sample a corneal strip of 5.0 ± 0.2 mm width,
890 ± 20 �m thickness and 11.0 ± 0.4 mm length, comprising 1 mm
of sclera at both ends were cut. Dimensions of corneal strips were
assessed by a digital caliper. Corneal strips were then subjected
to cross-linking by UVA rays. The CBM-X LINKER medical device
(CSO, Florence, Italy), was used for UVA irradiation at a distance of
1 cm from samples. Wavelength selected was 370 nm,  with an irra-
diance of 2.986 mW/cm2, as assessed by an UVmeter (LaserMate
Q-2000, LaserMate Group, Wessling Germany). Static stress–strain
measurement were performed using an electronic dynamometer
AG/MS1 (Acquati Giuseppe srl, Milano, Italy). Young’s modulus was
calculated at 6% and 8% strain. Procedure and force parameters used
were as described by Wollensak et al. (2003a).

2.3. Electron microscopy studies

Electron microscopy studies were carried out to evaluate the
effect of different riboflavin solutions on the human corneal
epithelium when UVA irradiation is used during trans-epithelial
cross-linking. This research adhered to the tenets of the Declara-
tion of Helsinki. Informed consent was obtained for each cornea;
Institutional Review Board (IRB)/Ethics Committee approval was
obtained (authorization n. 1269). The corneas used in this study
were obtained from our regional eye bank and corneal trans-
plant center and were not suitable for transplant due to donor
marker positivity. They were examined before the study by light
microscopy of the endothelial cell layers. Only corneas with good
transparency, thickness between 500 and 600 �m and a normal
endothelial mosaic were selected. Three groups of five corneas were
studied, while a fourth group of three corneas remained untreated
and was used as control. Initially, in this last group, the morphol-
ogy of the microvilli on the surface of epithelial cells was examined
with scanning electron microscopy (SEM). The three groups were

Fig. 1. Effect of different VE-TPGS concentrations on riboflavin corneal accumula-
tion.

treated as follows: group 1 with BSS, group 2 with solution A and
group 3 with solution B5.  Treatment included instillation of solu-
tion on the corneal surface every 5 min  (for a total of 20 min) before
UVA irradiation and every 3 min  for a total of 30 min  during irradi-
ation. Radiant energy (370 nm wavelength) was 2.986 mW/cm2; it
was  applied at 1 cm from the corneal surface using the same device
previously described. Soon after treatment, the morphology of the
superficial epithelial layer and of the microvilli on the epithelial
cells of each cornea was  examined using SEM (7500×,  20 kV).

2.4. Statistical analysis

Results are expressed as mean ± SEM. Data obtained were ana-
lyzed by Student’s T test for statistical significance. A p value ≤0.05
was considered significant in this study.

3. Results and discussion

3.1. Effect of VE-TPGS concentration on riboflavin corneal
accumulation

Solutions from B1 to B6 (Table 1) were tested on epithelized
corneas to assess the correlation between enhancer concentra-
tion and riboflavin corneal accumulation. The results, shown in
Fig. 1, are expressed as nmol of riboflavin per mg of corneal tis-
sue after 20 min  of exposition. Solution A was  used as control.
Amount of riboflavin extracted was  statistically higher than con-
trol for all the formulated solution, except B1,  and increased with
increasing concentration of VE-TPGS until a concentration of 0.5%
w/w.  No significant differences were found between B5 and B6
(Table 2). It must be evidenced that high concentration of non-
ionic surfactants are not advised for ophthalmic formulations. In
fact, when the concentration of these surfactant exceeds the Critical
Micelle Concentration (CMC), at a certain level ophthalmic preser-
vatives biocidal activity drops down (DeLuca and Kostenbauder,
1960). Furthermore, a potential safety risk for disruption of the pre-
corneal tear film, associated with inflammatory changes of ocular
surfaces is addressed to higher concentration of non-ionic surfac-
tants (Maurer et al., 1998). For these reasons, solution B5 was used
in the following permeation studies.

3.2. In vitro corneal accumulation studies

The effects of solution B5 on riboflavin corneal permeability
were assessed at 5, 10, 20, 40 and 60 min  on corneas with intact
epithelium (epi-on). Results obtained were compared with that
of solution A applied on intact and non-epithelized corneas (epi-
off) at the same time interval. As expected, epithelium strongly
limited riboflavin permeability from standard solution, while
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Table 2
Mean riboflavin accumulation ± SEM at different concentration of VE-TPGS on intact corneas.

Formulation code A B1 B2 B3 B4 B5 B6

Vitamin B2 accumulation (nmol/mg) 0.054 ± 0.029 0.081 ± 0.026 0.164 ± 0.016 0.242 ± 0.024 0.304 ± 0.015 0.388 ± 0.035 0.402 ± 0.027

Fig. 2. Time course of riboflavin corneal accumulation from solution A and B5 on
epithelized (epi-on) and disephitelized (epi-off) corneas.

Table 3
Time course of riboflavin accumulation in cornea from tested solutions without
epithelial debridement (epi-on) or after (epi-on).

Time (min) Riboflavin accumulation (nmol/mg)

Solution B5 epi-on Solution A epi-off Solution A epi-on

5 0.155 ± 0.041 0.338 ± 0.031 0.025 ± 0.020
10 0.248 ± 0.019 0.398 ± 0.025 0.035 ± 0.025
20 0.388 ± 0.035 0.405 ± 0.017 0.054 ± 0.029
40 0.394 ± 0.022 0.396 ± 0.029 0.098 ± 0.037
60 0.386 ± 0.040 0.401 ± 0.014 0.134 ± 0.038

epithelium debridement provided up to 10-fold increase in
riboflavin corneal recovery (Fig. 2). These data are consistent with
literature knowledge (Baiocchi et al., 2009). Moreover, a saturation
of stromal compartment was displayed. Epithelium removal led to
a rapid increase in riboflavin accumulation in the first 10 min  that
remained stable afterwards. A similar accumulation profile was
recorded for solution B5 applied in epi-on conditions, the main
difference being the saturation time of stromal compartment. In
fact, after 20 min  no statistical differences were found between
permeation enhancer-containing and control solution (Table 3),
thus demonstrating the effectiveness of VE-TPGS in overcoming the
epithelium resistance to riboflavin corneal permeability, despite
prolonged exposure time is needed.

Fig. 3. Stess–strain behavior of porcine corneal tissue after in vitro CXL treatment.

Table 4
Calculated Young’s modulus at 6% and 8% strain. Values are expressed in Pa.

Stress in % Group 1 Group 2 Group 3 Group 4

6 1.13 × 106 1.29 × 106 3.01 × 106 2.46 × 106

8 2.62 × 106 2.84 × 106 5.71 × 106 4.64 × 106

3.3. Biomechanical measurements

Young’s modulus was  calculated at 6% and 8% strain since these
are the values producing the largest difference between treated and
untreated corneas, in accordance with literature (Wollensak et al.,
2003a). No differences in stress–strain values were found between
group 1 and group 2, while groups 3 and 4 showed an improved
stress starting from 6% strain (p = 0.045, Fig. 3). The largest differ-
ence between treated and untreated groups was recorded at 8%
strain (p = 0.021). No statistical differences were found between
group 3 and 4 at all strain rates used (p = 0.795), besides Young’s
modulus values were higher for group 3 (Table 4). We  can argue
that stiffness of epithelized corneas after in vitro CXL treatment is
comparable to non-epithelized corneas when VE-TPGS is used as
permeation enhancer. Otherwise, it must be pointed out that dif-
ferences between treated and untreated porcine corneas, in this
experimental model, are not as pronounced as reported for human
corneas (Wollensak et al., 2003a).  This is mainly due to the greater
thickness of porcine cornea, compared to human cornea, and to the
reduced relative cross-linked portion. At the same time, measure-
ments are affected by large standard deviations. For these reasons

Fig. 4. Scanning electron microscopy of an untreated corneal epithelial surface (4a) in comparison with the epithelial surface of a cornea from group 1 (4b).



Author's personal copy

152 C. Ostacolo et al. / International Journal of Pharmaceutics 440 (2013) 148– 153

Fig. 5. Scanning electron microscopy of the epithelial surface of a cornea from group 2 (5a) in comparison with the epithelial surface of a cornea from group 3 (5b).

differences between non-epithelized and epithelized corneas, need
to be further explored, maybe using more sensible experimental
procedures.

3.4. Microscopic analysis of corneal epithelium after CXL
procedure

Microscopic analyses of untreated corneas and of corneas
treated with BSS are shown in Fig. 4a and b. In group 1, treatment
resulted in the destruction of all epithelial layers thereby expos-
ing the Bowman membrane, in comparison with the intact cellular
architecture of the control group. In corneas of group 2, there were
several cellular gaps in the superficial epithelial layer mostly due to
the rupture of intercellular tight junctions. In addition, there was  a
remarkable loss of microvilli and of cytoplasmic nuclei (Fig. 5a). In
corneas of group 3, the epithelial layers, the cell nuclei and the inter-
cellular tight junctions were less damaged compared with group 2.
Although there was UVA-radiation damage in group 3 corneas, the
reduction in microvilli density was less evident than in group 2, and
the surviving microvilli appeared morphologically intact (Fig. 5b).
Ultra-structural analysis of corneal epithelium revealed that the
soaking solution used in group 3 is more effective in protecting the
corneal epithelium than the standard solution due to the presence
of VE-TPGS.

4. Conclusions

The epithelium represents the rate-limiting step in corneal
permeation of riboflavin-5′-phosphate, as well for many other
hydrophilic molecules (Klyce and Crosson, 1985). It is generally
agreed that the epithelium barrier function resides on the outer
surface, and that permeation enhancers act by modifying the
permeability of superficial cells. Inside the group of permeation
promoters, non-ionic surfactants are really well known for their
effectiveness, easiness of use in aqueous media and general safety,
although their molecular mechanism remains mainly unknown.
Among these surfactants, d-alpha-tocopheryl poly(ethylene glycol)
1000 succinate has also been described for its protective role on
biological membrane against radical oxygen species. These find-
ings make VE-TPGS an ideal candidate as permeation enhancer in
CXL procedures, since a deeper stromal penetration of riboflavin
could be supplemented by photo-protection against UVA and
free radicals formed during photo-induced processes. The present
investigation, indeed, confirmed the effectiveness of VE-TPGS,
on porcine corneas, in increasing riboflavin corneal penetration,
as well corneal stiffness after in vitro CXL procedures, without
epithelium debridement. Also the protective role of this molecule
on human corneal epithelium was proven by scanning electron
microscopy. Although many other aspects have to be deeply

investigated, the evidences collected make the new proposed oph-
thalmic solutions a promising strategy for development of safer,
non-invasive corneal trans-epithelial cross linking procedures.
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