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ARTICLE INFO ABSTRACT

Keywords: Corneal cross-linking has been described as an effective treatment to slow the progression of keratoconus. The
Corneal drug delivery standard protocol entails corneal epithelial removal to allow the diffusion of riboflavin into the stroma.
Cornea

Although, de-epithelization can generate risks or complications that transepithelial cross-linking tries to solve or

gi?:;;iﬁ:;henum avoid. Different formulations were developed after verifying that hydroxypropyl-p-cyclodextrin (HPBCD) and
Rg’boﬂavin sulfobuthylether-B-cyclodextrin (SBEBCD) in a 20% concentration, increased the solubility of practically insol-
Keratoconus uble in water drugs such as riboflavin from 0.12 mg/mL to 0.35 mg/mL and 0.29 mg/mL respectively. These

Corneal cross-linking values were higher when chitosan and arginine were added to the formulation, showing solubility of 0.78 mg/mL
when HPBCD concentration was not modified. Ex vivo corneal permeability was measured after having kept in
contact bovine corneas with intact epithelium for 5 h with the 0.1 mg/mL riboflavin solution, the formulations
developed and a reproduced nanoemulsion from another work. Riboflavin’s permeability was increased when
cyclodextrins, chitosan, and arginine were part of the formulations, compared to the control drug solution. The
best permeability coefficient was reached when riboflavin was combined with 40% (w/v) HPBCD, 0.5% (w/w)
arginine, and 0.5% (w/w) chitosan. After having carried out toxicity studies as bovine corneal opacity and
permeability (BCOP) and Hens Egg Test - Chorioallantoic Membrane Test (HET-CAM) it was verified that both,
the active ingredients and the excipients of the different formulations were not harmful without generating
irritation, loss of transparency or corneal permeability alterations.

The results show the great potential of the ocular developed solution for their use in transepithelial cross-
linking for keratoconus treatment.

1. Introduction alterations of stromal collagen, whose specific cause is still unknown
[1].

Keratoconus is a corneal ectasia that results in a cone-shaped The current goal is to slow the progression of keratoconus to prevent
deformation, an irregular surface, and a progressive thinning of the symptoms from worsening and prevent more serious situations requiring
cornea with the consequent vision problems, which cannot be corrected a corneal transplant since keratoconus was the principal cause of kera-
with spectacles or contact lenses. The origin is in biomechanical toplasty in the last years [2].

Abbreviations: HPBCD, hydroxypropyl--cyclodextrin; SBEBCD, sulfobuthylether-p-cyclodextrin; BCOP, bovine corneal opacity and permeability; HET-CAM, Hens
Egg Test - Chorioallantoic Membrane Test; PBS, phosphate-buffered saline; a-CD, a-cyclodextrin; HPMC, hydroxypropyl methylcellulose; PVP, polyvinylpyrrolidone;
CE, complexing efficiency; D:CD, drug: cyclodextrin ratio; HPLC, high-performance liquid chromatography; CAM, chorioallantoic membrane; IS, Irritation score;
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Corneal cross-linking concept was introduced by Spoerl and Seiler in
1998 and until now is the most effective method to stop or delay kera-
toconus progression [3]. The first treatment based on corneal collagen
crosslinking was carried out by Wollensak et al. for the keratoconus
treatment, although its usefulness in other pathologies such as microbial
keratitis, corneal ulcers, bullous keratopathy, pellucid marginal degen-
eration, or post-Lasik ectasia has also been studied [4]. The procedure
involves the use of UVA and a riboflavin solution (base or phosphate) as
a photosensitizing molecule.

Riboflavin as photosensitizer is excited into its single or triplet state
with the help of UVA radiation at 370 nm generating reactive oxygen
species that interact with stromal collagen and proteoglycans, which
will be subjected to a photo-oxidation, making it possible to generate
links between them. That is why oxygen is essential to drive the process
in the early phase through a type II photochemical reaction. It exists an
anaerobic second phase in which corneal stroma interacts with radical
ions [3,5,6].

The standard Dresden epithelial-off corneal cross-linking (epi-off
CXL) protocol, which was developed by Wollensak et al., entails
epithelial removal before applying the 0.1% (w/v) riboflavin-5-
phosphate in 20% (w/v) dextran solution, to allow the diffusion of
riboflavin into the stroma. The solution is administered every 2-3 min
for 30 min. After this time, the stromal thickness must be verified before
irradiating corneas with UVA (370 nm) at 3 mW/ em? for 30 min, which
amounts to an energy of 5.4 J/cm? [7]. In this protocol, riboflavin not
only acts as a photosensitizer but also like photoprotector since it ab-
sorbs an extensive amount of UVA irradiation [2,8,9], protecting
structures as endothelium, lens, or retina. For this reason, the riboflavin
phosphate solution is also applied every 2-3 min at the same time as
UVA irradiation, ensuring an adequate riboflavin concentration in the
stroma but also limiting the crosslinking effect to the anterior 200-300
um of the cornea.

Despite epi-off CXL are an effective and very extended method, these
methods cause severe pain, discomfort, and some other visual serious
impairments as a consequence of epithelial removal. Endothelium and
intraocular structures could be damaged when the UVA dosimetry,
riboflavin concentration, or corneal thickness are not adequate [8].
Besides, the quantity of corneal infections is increased due to the de-
epithelialization before the procedure, as well as infiltrates, scarring,
pain, or recovery time, not to mention the time it takes to carry out the
procedure [10].

To solve these risks or complications, some variations of the initial
protocol have emerged which does not require the epithelial removal
denominates epithelium-on corneal cross-linking (epi-on CXL) such as
the use of a hypo-osmolar solution of riboflavin base or phosphate in
thin corneas, pulsed cross-linking, accelerated cross-linking with a
higher UVA power, improving the diffusion of riboflavin through the
epithelium by iontophoresis or absorption enhancers, or by introducing
it directly into the stroma [11].

Transepithelial cross-linking has been studied to solve the risks and
discomforts that epithelial debridement entails. With the standard
riboflavin solution, the effectiveness of transepithelial cross-linking is
reduced. Although the epithelium does not block the passage of UVA
light, it prevents the penetration of an adequate amount of riboflavin
into the stroma [12].

Riboflavin is a practically insoluble in water drug with a molecular
weight of 376 Da. Both, its phosphate salt form and riboflavin base will
have difficulties in reaching the stroma due to their physicochemical
properties.

The standard solution consists of 0.1% (w/v) riboflavin-5-phosphate
in 20% (w/v) dextran solution [7], with hydrophilic characteristics,
which are going to be an impediment to permeate the lipophilic
epithelium and a molecular weight greater than 180 Da, which is going
to prevent the passage through the paracellular pathway by intercellular
tight junctions. Besides, there will be repulsive forces between the
negative charges of the anion and the negatively charged corneal
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surface.

On the other hand, if a riboflavin-base solution is used, its lipophilic
behavior will cause a low solubility in the aqueous tear film and the
mucus, composed of water and mucins, that line the surface of the
epithelium with which riboflavin will interact, preventing its diffusion
to the stromal13-15].

Lately, some strategies such as the use of benzalkonium chloride
[16], edetate disodium or tromethamine [17], to enhance riboflavin
penetration through the intact epithelium had been carried out. How-
ever, in vivo and clinical studies show doubts about the effectiveness of
any of these epi-on CXL proposed strategies. For example, clinical
studies developed using 0.1% (w/v) riboflavin-5-phosphate in 20% (w/
v) dextran solution containing benzalkonium chloride/edetate disodium
as promoters did not show effective improvements. The most probable
cause of these negative results was the hypertonicity of the ocular so-
lution and that high molecular weight dextran can inhibit the penetra-
tion of riboflavin phosphate in the cornea [18,19].

Better results in clinical studies have been obtained using d-a-toco-
pheryl poly(ethylene glycol) 1000 succinate [20,21] or sodium iodide
based formulation [22,23]. Both studies have shown an improvement of
the riboflavin corneal penetration, a stoppage of cone progression and, a
visual acuity improvement, showing the great potential of these two epi-
on CXL techniques.

Research has also tested epi-on CXL approaches based on colloidal
drug delivery systems. Liposomes [24] microemulsions [25,26] and
nanoemulsions [27] have been studied to promote the corneal pene-
tration of riboflavin. The use of riboflavin-5'-monophosphate encapsu-
lated in conventional and propylene glycol-containing liposomes did
not provide any improvement of riboflavin penetration into the cornea
[24]. However, microemulsions and nanoemulsions have shown an
improvement of the riboflavin corneal incorporation. Nanoemulsions
containing riboflavin-5-phosphate or riboflavin base induced greater in
vitro changes in corneal transmittance and absorption coefficients of
rabbit corneas (riboflavin-5-phosphate > riboflavin base) due to the
riboflavin penetration compared with 1% (w/w) riboflavin-dextran
standard solutions [26]. For his part, ex vivo preliminary studies devel-
oped in corneas of freshly enucleated New Zealand White rabbit treated
with water-dilutable microemulsions containing riboflavin phosphate
shows an increase in biomechanical stiffness of eye rabbits but with less
intensity than classical epi-off CXL treatment [27].

Cyclodextrins [28] has also been proposed to improve the riboflavin
base solubility and corneal permeability. Preliminary studies using 30
mg/mL cyclodextrin aqueous solutions containing 0.08 mg/mL of
riboflavin showed the ability of natural p-cyclodextrin and its hydroxy-
propylated derivative to improve both riboflavin base solubility and
apparent corneal permeability coefficient. However, natural p-cyclo-
dextrin has low water solubility (1.9% (w/v) at 25 °C and slightly more
than 3% (w/v) to 37 °C) which limits its ability to solubilize riboflavin,
so hydroxypropyl-p-cyclodextrin (HPBCD) has greater potential for the
preparation of eye drops for epi-off CXL. The combination of HPBCD,
EDTA and trometamol has also been studied [29,30]. The soaking of
human sclerocorneal tissues with a solution containing 0.1% (w/v)
riboflavin base, 2.6% (w/v) HPBCD, 0.2% (w/v) EDTA and 0.268% (w/
v) trometamol produces an improvement in the riboflavin penetration
and the biomechanical strength of the anterior corneal stroma.

This work aimed to carry out a comparative study between different
cyclodextrin formulations of riboflavin base to verify which of them
provides a greater solubility to get a greater concentration in the
aqueous tear film and thus facilitate the diffusion, as well as a greater
permeability through the cornea, exploring whether corneal properties
as transparency or permeability are modified after exposure to formu-
lations as well as identify their irritating potential. The riboflavin base-
Nanostructured System proposed by Bottos et al. [27] was used as a
reference. These researches developed a new riboflavin nanoemulsion to
achieve riboflavin penetration through the corneal epithelium and thus
carry out transepithelial crosslinking. This formulation brings together
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the characteristics that allow riboflavin to cross the corneal epithelium
and to be retained in the stroma due to the amphiphilic character of the
formulation. Despite this, the time needed for riboflavin to reach the
stroma at concentrations that allow safe treatment remains too long.

The comparative study previously mentioned was carried out with
formulations containing different cyclodextrins derivatives and con-
centrations (B-cyclodextrin derivates and o-cyclodextrin) used as
biocompatible compounds, drug release modulators, solubility and
permeability enhancers of poorly water-soluble drugs like riboflavin
[15] and polymers such as chitosan alone or combined forming binary or
ternary compounds respectively.

Chitosan is a polysaccharide biocompatible and biodegradable
which is also appropriate in the case we are dealing with because of its
positive charge that can facilitate negative corneal surface interaction,
bioadhesive and penetration enhancer behavior [31]. Besides, it is has
been reported that chitosan can improve corneal wound healing [32]
and change collagen microfibrillar structure providing a greater corneal
strength [33].

2. Materials and methods
2.1. Materials

The bovine eyes were obtained from the local slaughterhouse
(Compostelana de Carnes S.L, Santiago de Compostela, Spain) and
transported in phosphate-buffered saline (PBS) in cold conditions to the
laboratory where the corneas with 2-4 mm of the surrounding sclera
were excised with a scalpel.

The phosphate-buffered saline (PBS) was prepared according to the
9th edition of the European Pharmacopoeia, from potassium dihydrogen
phosphate (GPR Rectapur, Spain), sodium chloride (Labkem, Spain) and
di-sodium hydrogen phosphate dodecahydrate (Scharlau, Spain) and
adjusted to pH 7.4 using 0.1 M solution of sodium hydroxide (Merck,
Spain).

Components of the formulations included riboflavin-base (Acofarma,
Spain), hydroxypropyl-p-cyclodextrin (HPBCD, Kleptose HPB® paren-
teral grade with a 0.65 M substitution ratio and MW 1399 Da, Roquette,
France), sulfobutyl ether-B-cyclodextrin (SBEPCD, average degree of
substitution of 6.5 and MW 2163, Captisol®, Cydex USA), a-CD
(a-cyclodextrin, Ashland Switzerland), arginin-L chlorhydrate (Aco-
farma, Spain), lysin-L monochlorhydrate (Acofarma, Spain), low sub-
stitution hydroxypropyl methylcellulose (HPMC) Methocel® 4KM (Dow
Chemical, USA), polyvinylpyrrolidone (PVP) (Acofarma, Spain) MW =
111.1, caprylic/capric triglyceride Captex® 200P (Abitec corporation,
USA), fluid soy lecithin (Acofarma, Spain), polysorbate 80 (Guinama,
Spain), octadecylamine (Aldrich, Spain), poloxamer 407 (Kolliphor® P
407, Sigma, Spain), chitosan hydrochloride Seacure® 210C1 MW < 50
kDa, DD 87, stearyl amine (Merck, Spain).

2.2. Methods

Since riboflavin is photodegradable, all experiments were carried out
protecting the solutions of the light, and concentration analysis were
carried out at the time of sampling to prevent riboflavin from
degradation.

2.2.1. Phase solubility test

Different solutions without and with cyclodextrins (SBESCD, HPBCD,
and a-CD) with increasing concentrations were prepared with PBS as the
solvent and added to an excess amount of riboflavin-base (0.24 mg/mL)
to get a saturated solution. After five days of incubation to get a balance
between free riboflavin and riboflavin associated with cyclodextrins,
solutions were incubated under constant temperature and horizontal
stirring conditions (100 rpm, 25 °C) with VWR incubating Mini Shaker
(Spain), taking care that the solid does not run out. Solutions were
centrifugated for 20 min at 10,000 rpm and 25 °C (Eppendorf Centrifuge
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5804 R). The amount of riboflavin solubilized was measured by spec-
trophotometry (Agilent Technologies Cary 60 UV-vis, USA) at 267 nm
corresponding to riboflavin absorption Anay, after filtering the solutions
with nylon syringe filter (BIOFIL, Spain) of 0.45 pm and making the
necessary dilutions. Besides, different concentrations of amino acids and
polymers like arginine (0.25%, 0.5% and 1% (w/v)), lysine (0.25%,
0.5% and 1% (w/v)), HPMC (0.125% and 0.25%(w/v)), PVP (0.25%(w/
v)) or chitosan (0.5% (w/v)) were added to these cyclodextrin solutions,
in order to find out their effect on the solubility. Each experiment was
repeated six times.

Solubility diagrams were elaborated according to the Higuchi and
Connors method [34] and the apparent stability constant (k) assuming
the formation of inclusion complexes of cyclodextrin with 1:1 stoichi-
ometry, was calculated from the slope of the diagrams according to the
equation:

@

The complexing efficiency (CE) and the Drug:Cyclodextrin (D:CD)
ratio were calculated according to the equations [35]:

ki = slope/Sy(1 — slope)

D/CD
CE = % = Sy x Ky.; = slope/(1 — slope) 2)
D:CD:I/(1+é) (€))

2.2.2. Formulations preparation

2.2.2.1. Cyclodextrins-riboflavin complex solutions. Different cyclodex-
trins solutions were prepared with PBS as the solvent. The cyclodextrin
used was HPBCD (20% (w/v) and 40% (w/v)) single or combined with
0.5% (w/v) arginine or/and chitosan (see Table 1 ). Riboflavin-base was
added in excess to get a saturated solution and stirred for 12 h. Finally,
the suspensions were filtered (0.22 pm cellulose filters) and the actual
concentration of riboflavin was measured.

2.2.2.2. Riboflavin nanoemulsion. To get the adapted 0.5% (w/v) ribo-
flavin nanoemulsion (E) proposed by Bottos et al [27], 5% (w/w) Cap-
tex® as oil phase, stearyl amine 0.3% (w/w) as cationic agent,
polysorbate 80 12% (w/v), kolliphor® P 407 2% (w/v) as surfactant and
soy phosphatidylcholine 12% (w/v) were completely homogenized
applying some heating. Riboflavin-base was incorporated into the oil
phase. The PBS as aqueous phase 68.2% (w/v) was added to the lipid
phase after having been submitted to the same temperature while
stirring.

Nanodroplet size was achieved by sonication 15 min, using 1-minute
pulses and 1-minute intervals with a 20% amplitude using a probe tip
sonicator (Branson Digital Sonifier) taking care not to increase the
temperature with an ice bath. Particle size and Zeta potential () of
nanoemulsions were determined using a Malvern Instruments Zetasizer
Nano (Malvern, UK).

2.2.3. Invitro riboflavin release assay

Riboflavin release of different formulations was studied in vitro using
Franz diffusion cells with an effective diffusion surface of 0.784 cm?. The
assay was carried out at 35 °C for 8 h by triplicate. The receiver
compartment was filled with 6 mL of PBS (ensuring that there were no
air bubbles in the compartment) and the donor compartment with 1 mL
of formulation. The donor compartment was sealing with Parafilm M™
to prevent evaporation. Visking dialysis tubings of a Cutoff of 12-14 KDa
(Medicell membranes Ltd) were used as a diffusion membrane. Aliquots
(1 mL) were taken at stipulated time intervals and replaced with 1 mL of
PBS. The assay was carried out for 24 h. Riboflavin measurements were
taken by spectrophotometry at 267 nm after filtering samples (0.45 pm
nylon filter).

The amount of riboflavin released versus time was analyzed with the
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Table 1
Composition of the solutions used in this work. (% w/v for 10 mL in PBS).

European Journal of Pharmaceutics and Biopharmaceutics 162 (2021) 12-22

Components/Formulations R 20 40

20A 20AQ 40A 40AQ Q

Riboflavin Saturation

HPBCD - 20% 40%
Arginine - - -
Chitosan - - -

20% 20% 40%
0.5% 0.5% 0.5%
- 0.5% -

40% -
0.5% -
0.5%

software GraphPad Prism 6.01 (GraphPad Software, La Jolla, CA, USA).
Various kinetic models were used to determine the release kinetics
according to the following equations:

Zero — order : Released amount = kt (€))
First — order : In(released amount) = In(initial amount)kt 5)
Higuchi : Released amount = ke'/? 6)
Korsmeyer — Peppas : Fraction released = kt" 7

2.2.4. Ex-vivo corneal permeability assay

Bovine corneas have been used as a substitute for human corneas by
different authors due to the difficulty of supplying them [36-39]. In this
study, bovine corneas were used as a model to carry out the permeation
study. Similar conditions to the in vitro release assay were used, but
instead of artificial membranes, bovine corneas were placed between
donor and receiver compartments of Franz diffusion cells. The corneal
epithelium was oriented to the donor chamber. Especial care was taken
to avoid damaging in the corneal epithelium before mounting the cornea
in the Franz diffusion cells. The corneal surface was meticulously visu-
ally inspected to ensure no alterations occurred during handling. Ribo-
flavin measurements were taken with liquid chromatography.

The fact of using bovine corneas limits the duration of the assay to 6
h. Permeability constants were calculated according to the equation:

Py =J/Cy (€)]
where J is the flux of riboflavin across the cornea calculated from the
linear portion of the plot that represents the accumulated amount of
permeabilized drug versus time, and Cq is the riboflavin concentration in
the donor compartment.

The corneal integrity was also tested after the end of the assay. For
this, once the formulation was removed, a dextran-Blue solution (2000
KDa) was incorporated, observing that its penetration did not occur in
the cornea.

2.2.5. Liquid chromatography analysis

High-performance liquid chromatography (HPLC) analysis was per-
formed with Merck Hitachi equipment and a column Waters Symmetry
C18 (3.9 x 150 mm, 5 pm). Chromatographic method consisted in a
mobile phase 30:70 (v/v) methanol HPLC grade (Fisher): ion-pair buffer
(methanesulphonic acid (VWR chemicals) 0.05% (w/v) / phosphoric
acid 85% (Panreac) 0.1%), a flow rate of 0.8 mL/min, a 50 pL injection
volume and Merck Hitachi L-4500 Diode Array UV detector at 267 nm.

2.2.6. Modified bovine corneal opacity and permeability (BCOP) assay

BCOP assay was carried out following the INVITTOX N°127 protocol
with some variations [40-43]. The next paragraph shows the protocol
and modifications used to made transmittance, opacity, and fluorescein
permeability measurements.

Transmittance and opacity: Transparency of removed corneas was
measured in transmittance values with the Cary 60 UV-vis spectro-
photometer from Agilent technologies (USA) taking measurements from
800 nm to 200 nm with the corneas placed in a solid sample holder
between the lamp and the detector (Fig. 1). Corneal opacity was
measured by determining the light intensity passing through the cornea
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Fig. 1. Bovine cornea placed in the solid sample holder of the Agilent Cary 60
UV-vis spectrophotometer.

with a lux meter (Gossen Mavolux lux meter 5032c) by applying a light
source (Olympus Europe Highlight 2000 Fiber Optic Light Source,
Spain). Corneas were placed between two 3D printed cylindrical black
holders adapted to the cornea with a hole that allows the passage of light
from the source to the lux meter (Fig. 2) and the difference of light in-
tensity without and with cornea was calculated (%Tipitial)-

After the first opacity readings of untreated corneas, they were
incubated in Franz cells for 60 min with 6 mL of PBS in the receptor
compartment and 1 mL of PBS in the donor at 35 °C before re-measuring
their transmittance and opacity. Then, 1 mL of the formulations to be
tested, positive control (ethanol absolute VWR chemicals, Spain) and
negative control (PBS) were placed in the donor compartment and were
incubated for 10 min. After this, products on the donor chamber were
removed to add 1 mL of PBS. After 120 min of incubation, transmittance
and opacity were measured again (T%jomin)- Three corneas were used
for each formulation.

Fluorescein permeability: After incubation for opacity and trans-
mittance studies, 1 mL of a 0.4% (w/v) fluorescein aqueous solution was
added to the donor compartment and incubated for 90 min keeping 6 mL

Fig. 2. Bovine cornea placed in the cylindrical holder between the light source
and the lux meter.
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of PBS in the receptor compartment. Samples were collected at 30, 60,
and 90 min and the fluorescein concentration in the receptor chamber
was determined using the spectrophotometer and a calibration curve at
490 nm.

2.2.7. Hens egg test - Chorioallantoic membrane test method

The Hen’s Egg Test-Chorioallantoic Membrane Test Method (HET-
CAM TEST) is an organotypic method that uses the chorioallantoic
membrane (CAM) of embryonated chicken eggs to detect the irritant
potential of chemicals during research. The test was used to obtain
toxicological information about the studied formulations.

Broiler fertilized eggs were incubated in a YZ-56S incubator for 9
days at 38 °C and 70% relative humidity, after which eggs were opened
by cutting the shell on the side where the air cell is located with a tiny
drill (Dremel®), the inner shell membrane was removed with a forceps,
and the CAM was left exposed. 300 uL of each formulation object of
study was deposited into each egg by triplicate, as well as 300 uL of
positive (NaOH 0.1 N) and negative (NaCl 0.9%) control.

The formulations tested were R, 40, and 40AQ to analyze the dif-
ferences between the formulation that does not contain cyclodextrin,
chitosan, or arginine, with those that contain them in greater
concentration.

Blood vessel behavior (hemorrhage, lysis, coagulation) after 300 s
was analyzed and compared with positive control. Irritation score (IS)
was calculated according to the equation:

IS = [((301 — haemorrhage time)/300) x 5]+ [(301 — lysis time)/300)
x 7]+ [((301 — coagulation time)/300) x 9]
)

Values between 0 and 0.9, 1-4.9, 5-9.9, 10-21 of IS are indicative of
non-irritating substances, slightly irritating substances, moderately
irritating substances, and severely irritating substances respectively
[44].

2.2.8. Molecular modelling

Molecular modelling of the riboflavin base or flavin/HPBCD 1:1 in-
clusion complex was carried out using Chem3D® (PerkinElmer) soft-
ware. For this chemical structure and 3D model of riboflavin-base was
obtained from PubChem (ID 23666409). The ribityl substituent was
eliminated from the riboflavin to obtain the flavin. The initial geometry
of complexes was obtained by manual docking of riboflavin-base or
flavin molecules into the HPBCD cavity. The conformational energy of
the geometry was minimized using the MM2 force field to minimum
RMS gradient of 0.01.

3. Results and discussion
3.1. Phase solubility test

Cyclodextrins have been used to solubilize lipophilic drugs in
aqueous solutions [15,35]. In the case that concerns us, we can expect
that they will enhance the riboflavin solubility in the aqueous tear film
and thus reducing the resistance of the aqueous eye layer improving the
penetration to the corneal stroma [45,46].

Riboflavin solubility obtained experimentally shows low aqueous
solubility in PBS (Sp = 0.12 mg/mL (+0.014)) providing slightly higher
values than the literature [28,47,48].

Phase solubility diagram (Fig. 3) shows the formation of A type
inclusion complex with all cyclodextrins, indicative of the formation of
soluble complexes. Regarding aCD, due to its limited aqueous solubility,
the experiment could only be conducted at 15% (w/v). The values of
apparent stability constants of inclusion complexes were calculated
assuming the formation of a stoichiometry 1:1 based on the linear in-
crease of the riboflavin solubility with cyclodextrin concentration with a
slope less than unity (Table 2). HPBCD and SBEBCD show similar
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Fig. 3. Phase Solubility diagrams of riboflavin in different cyclodex-
trin solutions.

riboflavin complexation parameters with equivalent values of stability
constant, CE, and D:CD and in both cases significantly higher than aCD.
The values of Kj.; of HPBCD are in accordance with the 26.6
M Lcalculated by Bispo de Jesus et al in 2012 in water at 25 °C [49]. In
all cases, results show a weak interaction between cyclodextrins and
riboflavin, which is in agreement with previous studies [49,50].

The riboflavin molecule is d-ribitol in which the hydroxy group at
position 5 is substituted by a 7,8-dimethyl-2,4-dioxo-3,4-dihydrobenzo
[glpteridin-10(2H)-yl moiety (Fig. 4). pCD derivatives have a cavity
size well adapted to include molecules with aromatic moieties. How-
ever, the ribityl substituent and the presence of oxo groups in 2,4 and the
methyl residues in 7,8 can hinder the incorporation of the molecule to
the cyclodextrin cavity. In this line, it has been previously reported that
the ribityl substituent prevents deeper insertion of riboflavin into the CD
cavity. Zielenkiewicz et al [51] suggest a partial insertion of the benzene
ring of riboflavin into the HPBCD based on 'H NMR and molecular
mechanics calculations. Nevertheless, in 2012 Bispo de Jesus et al [49],
studying the interaction of the pCD and HPBCD and the complex to-
pology using differential scanning calorimetry, different NMR tech-
niques, and molecular simulation, proposed that the increase in the
solubility of riboflavin in presence of CDs is a result of a non-inclusion
complex formation.

To evaluate the possible influence of the ribityl substituent in the
complex formation a molecular modeling experiment was made using
Chem3D software (PerkinElmer). For this, the Chemical structure and
3D model of riboflavin were obtained from PubChem (ID 23666409).
Furthermore, the ribityl substituent was eliminated from the riboflavin
to obtain the flavin. To study de molecular model of the HPBCD com-
plexes with flavin and riboflavin manual docking of drug molecules into
the cyclodextrin cavity was made and the energy was minimized by
using MM2 force field. Results are shown in Fig. 4. Total energy obtained
for complexes was 92.6705 kcal/mol or 95.3785 kcal/mol for flavin and
riboflavin inclusion complexes. The elimination of the ribityl substituent
increases the stability of the complex decreasing energy especially the
torsion energy (24.4451 vs 31.4755 kcal/mol). Therefore, in accordance
with this study, the presence of the ribityl substituent could decrease the
affinity of riboflavin for HPBCD cavity.

Regardless of whether a true inclusion complex or a non-inclusion
complex is formed the HPBCD is the most effective CD increasing the
riboflavin solubility. At the concentration of 20% (w/v), HPBCD pro-
duces a riboflavin solubility increase up to 0.35 mg/mL in contrast to the
0.29 mg/mL of SBEBCD and the 0.22 mg/mL of 15% of aCD. These data
show a higher solubilization capacity than the 0.12-0.19 mg/mL or the
0.11 mg/mL of riboflavin dissolved using solutions of 1% to 3% (w/v)
BCD or 10% (w/v) aCD respectively reported by Morrison et al. [28].

HPBCD and SBEBCD complexes show similar apparent stability
constant and complexation efficiency but due to the lower molecular
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Table 2
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Values of stability constant of the complex (Kj.1), encapsulation efficiency (CE), and the ratio between drug and cyclodextrin (D:CD) calculated with the slope and the

initial solubility (SO) obtained from the solubility diagrams.

Cyclodextrin So (M) S (mg/mL) Slope Kiq (MY CE D:CD R?
HPBCD 0.0003 0.11 0.0049 16.41 0.0049 1:204 0.9909
SBEBCD 0.0003 0.11 0.0045 15.06 0.0045 1:222 0.9831
i
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Fig. 4. Chemical structure of riboflavin and flavin (top) and 3D model of their inclusion complexes with HPBCD. Middle: riboflavin inclusion complex; Bottom: flavin

inclusion complex.

weight of HPBCD compared SBESCD (1399 Da vs 2163 Da) for the same
weight in solution, HPBCD provides significantly higher riboflavin
concentrations.

Nonetheless, in all cases, the magnitude of complexation is weak,
and different alternatives have been proposed to increase the solubi-
lizing power of cyclodextrin as well as their solubilization capacity. The
formation of ternary complexes using amino acids [52,53] and water-
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soluble polymers [35,52,54,55] in many cases allows reducing formu-
lation or toxicity problems by reducing the amount of cyclodextrin used.
For all this, different amino acids and polymers concentrations were
added to a 20% (w/v) HPBCD solution, to evaluate its effect on ribo-
flavin solubility. Results in Fig. 5 show an increase in the solubility of
riboflavin when chitosan is added or when arginine and chitosan are
combined with the 20% (w/v) HPBCD solution, obtaining greater values
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Fig. 5. Influence of arginine (ARG), lysine (LYS), hydroxypropyl methylcellu-
lose (HPMC), polyvinylpyrrolidone (PVP) and chitosan (CHI) in the solubility of
riboflavin when they are added to a saturated in riboflavin 20% (w/v) HPBCD
solution in contrast with a saturated in riboflavin (w/v) 40% HPBCD solution.
The lines group the homogeneous set of means.

than those reached with the 40% (w/v) HPBCD solution.

Neither arginine nor low lysine concentrations appear to have any
effect on riboflavin solubility, probably due to the impossibility to form
a ternary complex caused for steric limitations. No effect was shown by
HPMC or PVP. Solely the incorporation of chitosan seems to improve
solubilization and to a lesser extent, the higher concentrations of lysine.
Both molecules are positively charged at pH 7 and riboflavin is an
amphoteric compound with an isoelectric point of 6 and consequently is
negatively charged in PBS at pH 7.4. Therefore, the increase in solubility
may be due to an electrostatic interaction between the drug and the
cationic components.

3.2. Formulations preparation

In the light of the results of the solubility studies, we have prepared
different formulations to evaluate the effect on the riboflavin corneal
penetration and ocular toxicity. Riboflavin concentrations obtained in
each of the formulations are summarized in Table 3. The amount of
riboflavin base that can be loaded is determined by changes in formu-
lations composition, which will also influence the release properties.

Riboflavin concentration is increased when a higher amount of
cyclodextrin is used, and the effect is even more appreciable when it is
combined with arginine and chitosan. It has been descrived that the
formation of ternary complexes with aminoacid [52,53] and the pres-
ence of hydrophillic polymers [15] as chitosan can increase the drug
solubilization by cyclodextrins.

For the 0.05% (w/v) riboflavin-base nanoemulsion (E) droplets of
34.9 nm of diameter with a polydispersity of 0.2 were obtained, which is
indicative of a homogeneous population. Nanoemulsion shows a nega-
tive surface charge with a low value of ¢ (-13 mV) which must be
originated by the ion concentration of PBS used in the nanoemulsion
elaboration. The ionic strength has an important influence on the { and
PBS can induce an electric double layer compression causing a reduction
in ¢. The negative { is probably due to the soy phosphatidylcholine and
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riboflavin negative charge at formulation pH.

Previous reports presented a higher diameter (82 nm) and a positive
and higher { (30-40 mV) [27]. The negative charge obtained differs
from the positive obtained by Bottos et al. [27] and, therefore, its bio-
adhesion is expected to be lower since the corneal surface is negatively
charged [32].

3.3. Riboflavin release assay

Fig. 6 shows the in vitro release kinetics of the ocular formulations.
The results of fitting the accumulative release to different kinetic models
are reflected in Table 4. The best fit was obtained with zero-order and
the Peppas and Korsmeyer models, in this latter case, “n” values are
close to one, confirming that the release of the riboflavin from solutions
is constant over time. The riboflavin solution and the nanostructured
system show “n” values of 0.73 and 0.81 suggesting a limited diffusion
process. The incorporation of CD and chitosan increases the “n” value
and decreases the release rate, probably because the riboflavin estab-
lishes interactions with both components, hindering the diffusion across
the artificial membrane. The membrane used has a molecular cut-off of
12000-14000 Da and consequently allows the diffusion of the free
riboflavin molecules giving more rapid release rates in the riboflavin
solution R and nanoemulsion E. The incorporation of HPBCD produces
the formation of the inclusion complexes that have higher molecular
volume and consequently less diffusion rate across artificial membranes
producing a lower riboflavin release rate. Finally, positively charged
chitosan probably interacts electrostatically with negatively charged
riboflavin reducing the permeation rate through the artificial
membrane.

The decrease observed in the release rate could stimulate a greater
permanence of the drug on the ocular surface by avoiding a rapid
dilution in the tear and clearance.

<+« R = 20 & 40
A o E = 20A - 40A
- Q = 20AQ -~ 40AQ

g riboflavin/cm?

time (h)

Fig. 6. In vitro release assays in vertical Franz diffusion cells at 35 °C for 24 h.

Table 3

Riboflavin formulations concentration obtained after 12 h of incubation and filtration of a saturated riboflavin suspensions.
Formulations R! 20 40° 20A% 20AQ" 40A3 40AQ* o° E°
Riboflavin-base concentration (mg/mL) 0.11 £ 0.01 0.51 + 0.15 0.65 £ 0.09 0.61 + 0.2 0.78 £ 0.07 1.02 £ 0.1 1.04 + 0.16 0.33 £0.1 0.55 £ 0.15

Riboflavin aqueous saturated solution
20% and 40% (w/v) HPBCD solutions
20% or 40% (w/v) HPBCD and 0.5% (w/v) arginine solutions

0.5% (w/v) chitosan solution
0.5% (w/v) riboflavin nanoemulsion

[ N N

20% or 40% (w/v) HPBCD, 0.5% (w/v) arginine and 0.5% (w/v) chitosan solutions
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Table 4
Release kinetics parameters.
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Zero-order Higuchi Korsmeyer-Peppas

Formulations R? k R? k R? n k

R 0.9752 7.42 0.9609 21.09 0.9941 0.73 13.12
E 0.9741 7.11 0.9513 20.12 0.9949 0.81 12.03
Q 0.9916 6.17 0.8823 15.74 0.9931 1.10 5.09
20 0.9762 4.98 0.9017 14.68 0.9770 1.11 3.91
20A 0.9936 5.42 0.8544 14.17 0.9969 1.16 3.99
20AQ 0.9910 8.65 0.8895 22.00 0.9937 1.14 6.68
40 0.9625 5.49 0.8756 15.46 0.9673 1.34 2.72
40A 0.9784 6.54 0.9085 19.26 0.9792 1.11 5.14
40AQ 0.9906 7.7 0.8808 19.55 0.9949 1.18 5.53

3.4. Corneal permeability

The results from the ex vivo corneal permeability study for
ophthalmic solutions are shown in Fig. 7. Riboflavin shows a reduced
corneal permeability, with a large lag time and low apparent perme-
ability (Table 5). Fig. 7 shows that riboflavin corneal permeability is
increased by all formulations studied compared with the solution. No
drug permeation was observed from the solution but after a lag time of 3
h, riboflavin is able to permeate when HPBCD complex combined with
arginine and chitosan or the nanoemulsion is used, with flux and
apparent permeability coefficients reflected in Table 5. The extra sum of
squares F test shows significant differences in the flux for « < 0.01.

The nanostructured lipid system (E) induces a small increase in Py,
and a significant reduction in the lag time compared to the riboflavin
aqueous solution, but lower than formulations with chitosan or HPBCD.
The best permeability coefficient is reached when riboflavin is combined
with 40% (w/v) HPBCD, 0.5% (w/v) arginine, and 0.5% (w/V) chitosan.

Apparent permeability values concur with previous studies pub-
lished by Morrison et al. [28]. These authors found a Pyp, of 0.49x108
and 3.35x10°® cm/s for a 0.08 mg/mL riboflavin aqueous solution in de-
ionized water or 3% (w/v) HPBCD respectively, which are in the same
order as our results. In this work, slightly higher values of Ppp in
presence of HPBCD were observed, probably due to the higher concen-
trations of the oligosaccharide used. However, we found higher lag-
times values for all formulations, which may be caused by a thickness
variation of the bovine corneas used in the experiments. Cholesterol
extraction from corneal epithelium membrane cells can be a possible
mechanism of action whereby cyclodextrin facilitates drug penetration
through the membrane [56-58]. Probably, the increase of the HPRCD
concentration from 3% to 20-40% can cause a higher extraction of
cholesterol, increasing drug permeability.

The incorporation of chitosan to the riboflavin aqueous solution

0.00207 o £ = 20AQ A 40A
~ 1 & Q -4 40AQ
£ 0.0015]
£
% o
& 0.0010-
[e]
2
o 0.0005
E -
0.0000
0 60 120 180 240 300
time(min)

Fig. 7. Corneal permeability assay in vertical Franz diffusion cells at 35 °C
during 6 h.
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Table 5
Lag time, apparent permeability (P,pp), and flux (J) of different formulations.

Lag time (min) J (mg/cm2 min) x106 Popp (cm/s) x108

Formulations mean SE mean SE

R 300 0.13 0.01 1.93 1.49
E 180 0.87 0.16 2.63 0.35
Q 180 1.02 0.31 5.13 1.58
20A 180 3.16 0.58 8.63 1.58
20AQ 180 4.64 0.76 9.92 1.62
40 120 2.31 1.03 5.92 2.64
40A 180 3.49 0.51 5.70 0.84
40AQ 120 9.91 1.49 15.87 2.68

increases drug permeability in the same magnitude as HPBCD (2-3
folds). It has been reported that chitosan is able to adhere to the ocular
surface and open tight junctions between epithelial cells temporally,
increasing drug permeability without apparent toxicity [32,59]. Addi-
tionally, Nemoto et al. reported that poly-L-arginine [60] can act as a
paracellular modulator by affecting the localization of tight junction-
associated proteins, increasing the drug permeability through surface
ocular tissues [61]. We have observed that the combination of chitosan
and arginine in riboflavin/HPBCD aqueous solutions provides the most
significant increase of the P,,, and a greater reduction in the lag time,
resulting in the higher permeability increase of the drug. The combi-
nation with 20% and 40% HPBCD produces an increase of 5 and 8.3 folds
in riboflavin P, values respectively, suggesting a cooperative effect
presumably caused by the increase in the drug solubility, the depletion
of the lipids, and the alteration of the tight junction. Therefore, the
combination of these excipients can be considered as a potential treat-
ment for keratoconus, accordingly, their ocular toxicity studies are
required.

3.5. Eye irritation and eye damage studies

The results of the modified bovine corneal opacity and permeability

Table 6
Bovine corneal opacity and permeability results.
Transparency Permeability
Formulations % T initial % T 10 min ug fluorescein/cm? after 90
min
Mean SD Mean SD Mean SD
PBS 88.27 5.87 62.93 7.13 0.72 0.89
Ethanol 63.89 9.75 39.86 11.64 11.01 9.78
R 92.43 11.16 83.59 10.15 2.18 0.93
20A 93.95 5.12 86.99 2.94 0.48 0.17
20AQ 70.66 10.49 68.99 11.84 0.47 0.33
40A 80.72 7.30 71.29 6.43 0.59 0.54
40AQ 72.70 8.88 60.05 10.02 1.26 0.17
E 94.51 7.30 73.70 6.89 1.23 0.02
Q 86.39 5.83 54.36 3.51 0.03 0.00
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assay shown in Table 6 and Fig. 8 suggest that there were no changes in
either corneal permeability or transparency when the corneas were
treated with the different riboflavin formulations since the transparency
(%) and the OD49g (optical density at 490 nm) were similar in the for-
mulations compared with the negative control and significantly
different to the positive control.

The results of Hen’s Egg Test — Chorioallantoic Membrane (HET-
CAM) Test Method are shown in Fig. 9. These images exhibit no hem-
orrhage, lysis, or coagulation after having kept in touch for 300 s the
chorioallantoic membrane with formulations, unlike the positive control
(Fig. 9D). No difference was appreciated between the negative control
(Fig. 9B) and the formulations (Fig. 9A, B, G, E, G, I), hence the irritation
score obtained was null.

The results gained in both, the modified BCOP assay and HET-CAM
test allow for classifying our formulations as non-irritating and eye-
safe substances.

4. Discussion

Overcoming the impediments that transepithelial crosslinking en-
tails, certain strategies have emerged including the use of benzalkonium
chloride [16], edetate disodium, tromethamine [17], d-a-tocopheryl
poly(ethylene glycol) 1000 succinate [20,21], sodium iodide based
formulation [22,23], cyclodextrins [28-30] and nanosystems such as
liposomes, nanoemulsions or microemulsions [24-27].

Some studies conducted with benzalkonium chloride have concluded
that it causes damage to the ocular surface, corneal neurotoxicity,
inflammation, and reduce aqueous tear production [16].

The results obtained after having performed transepithelial cross-
linking with formulations containing edetate disodium and trometh-
amine show that the efficacy of cross-linking is reduced, probably due to
limited penetration through the corneal epithelium [17]. Additionally,
clinical studies combining 20% dextran solution with benzalkonium
chloride/edetate disodium do not show effective improvements [18,19]
probably due to the presence of high molecular weight dextran’s.

In addition to absorption promoters such as benzalkonium chloride
or edetate disodium, formulations with amphiphilic character and with
some bioadhesion have been formulated in other works [27] to achieve
the stroma improving penetration through the epithelium.

These formulations have reached a riboflavin higher concentration
in the corneal stroma than conventional formulations used in the stan-
dard protocol, with the inconvenience that the exposure time is
extended up to 240 min. The time needed for riboflavin to reach the
stroma at concentrations that allow safe treatment remains too long. In
this work, these formulations have been reproduced to evaluate their
penetration through bovine corneas, as well as to establish a comparison
with other formulations proposed for transepithelial crosslinking.

Given the lipophilic nature of the riboflavin-base molecule, it is
essential for its application in the treatment of keratoconus by cross-
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Fig. 9. Chorioallantoic Membrane before (A, C, E, G, I) and after 300 s of
contact with negative control (B), positive control (D), and formulations R (F),
40 (H) and 40AQ (J).
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Fig. 8. Light transmission percentage (left) and corneal transmittance (right) of corneas incubated with the different formulations in relation to corneas incubated

with PBS (negative control) for ten minutes.
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linking, an improvement in the solubility in an aqueous medium such as
the aqueous tear film and the mucus. For this purpose, studies with
promoters of solubility such as cyclodextrins were carried out.

Riboflavin solubility in an aqueous medium is increased when cy-
clodextrins derivates are added to riboflavin solutions, getting the
highest values when riboflavin-HPBCD and SBEBCD complex are
formulated.

When HPBCD is combined with arginine and chitosan, the riboflavin
solubility in an aqueous medium is even more increased, allowing
smaller amounts of cyclodextrin to achieve the same amount of solubi-
lized riboflavin.

Besides enhancing riboflavin solubility in the tear fluid it was found
that these formulations also improve riboflavin permeability through
the corneal epithelium finding higher concentrations of riboflavin
permeating the entire bovine cornea in contrast with riboflavin solution
or nanoemulsion reproduced from Bottos et Al. work [27].

However, these results must be carefully analyzed since the ex vivo
permeation method used has some limitations. Riboflavin-base is un-
stable and better corneal fluxes do not guarantee a higher drug con-
centration in the stroma or greater efficiency in the crosslinking process.
Additionally, the bovine cornea is larger than the human and has a much
thicker corneal epithelium. Therefore, it will be necessary for future
studies to check the accumulation of riboflavin in the stroma and its
effect on the mechanical properties of the cornea after the crosslinking
process.

Thus, cyclodextrins due to their solubilizer and penetration enhancer
capacity, turn these proposals into potential formulations for their use as
eye drops to increase the stromal concentration of riboflavin as a pre-
vious step to transepithelial crosslinking. Besides, chitosan presence
facilitates negative corneal surface interaction, bioadhesion, and im-
proves penetration enhancer behavior. Developing a new formulation
for ophthalmic use, some factors generating toxicity or irritation must be
taken into account. To verify that both the active ingredients and the
excipients of the different formulations are not harmful, studies such as
BCOP and HET-CAM were carried out. According to the results obtained,
none of the formulations proposed in this work generate irritation, loss
of transparency, or alterations in corneal permeability.

5. Conclusion

Riboflavin ophthalmic formulations were successfully developed
that improved riboflavin corneal permeability and biocompatibility. The
combination of HPBCD with chitosan and arginine has demonstrated a
synergistic effect on the permeability of riboflavin with the absence of
toxicity by the formulations. Thus, we can conclude that the developed
formulations are options to avoid epithelium debridement in the corneal
crosslinking procedure. Although subsequent studies are required to
ascertain if an adequate riboflavin concentration is available in the
corneal stroma in a shorter period as well as if an effective strengthening
of the cornea after UVA light application is achieved.
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