
Crown Ether Nanovesicles (Crownsomes) Repositioned Phenytoin
for Healing of Corneal Ulcers
Dina B. Mahmoud,* Samar A. Afifi, and Nesrine S. El Sayed

Cite This: Mol. Pharmaceutics 2020, 17, 3952−3965 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Drug repositioning is an important drug development strategy as it saves
the time and efforts exerted in drug discovery. Since reepithelization of the cornea is a
critical problem, we envisioned that the anticonvulsant phenytoin sodium can promote
reepithelization of corneal ulcers as it was repurposed for skin wound healing. Herein, our
aim is to develop novel crown ether-based nanovesicles “Crownsomes” of phenytoin
sodium for ocular delivery with minimal drug-induced irritation and enhanced efficacy
owing to “host−guest” properties of crown ethers. Crownsomes were successfully
fabricated using span-60 and 18-crown-6 and their size, morphology, polydispersity index,
ζ potential, drug loading efficiency, conductivity, and drug release were characterized.
Crownsomes exhibited favorable properties such as formation of spherical nanovesicles of
280 ± 18 nm and −26.10 ± 1.21 mV surface charges. Crownsomes depicted a high
entrapment efficiency (77 ± 5%) with enhanced and controlled-release pattern of
phenytoin sodium. The optimum crownsomes formulation ameliorated ex vivo corneal
drug permeability (1.78-fold than drug suspension) through the corneal calcium extraction ability of 18-crown-6. In vivo study was
conducted utilizing an alkali-induced corneal injury rabbit model. Clinical and histopathological examination confirmed that
crownsomes exhibited better biocompatibility and minimal irritation due to complex formation and drug shielding. Further, they
enhanced corneal healing, indicating their effectiveness as a novel drug delivery system for ocular diseases.
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■ INTRODUCTION

Over recent years, drug repositioning has been accomplished
as an important opportunity in drug development as it
shortens the time consumed for development, besides sparing
the cost and the efforts exerted in the research and
development process. Phenytoin has been used as an
anticonvulsant drug since 1937; then, it has been repurposed
in many indications other than epilepsy, such as wounds.1

Topical administration of phenytoin can promote wound
healing by enhancing the deposition of collagen, stimulating
regeneration of nerves, increasing proliferation of fibroblasts,
diminishing collagenase activity, decreasing wound exudate,
and exhibiting an antibacterial effect.2,3 Phenytoin has been
investigated to stimulate the healing of decubitus ulcers,4

epidermolysis bullosa,5 venous stasis ulcers,6 traumatic
wounds, burns, and leprosy trophic ulcers.7 Relating to these
indications, phenytoin is available in the market as topical
spray and cream for treatment of cutaneous ulcers. Corneal
burns can induce infection, perforation, ulceration, opacifica-
tion, and neovascularization.8 Physiologically, the cornea tissue
is transparent, so the balance between angiogenic and
antiangiogenic factors is important as it controls the regulation
of corneal neovascularization post occurrence of a corneal
burn.9 Vascular endothelial growth factor A (VEGF-A)

stimulates endothelial cell division and proliferation and
increases the permeability of blood capillaries.10 The
involvement of VEGF-A in matrix degradation and inflamma-
tion is also assumed.11,12 Additionally, transforming growth
factor β (TGF-β) is able to stimulate the expressions of other
cytokines, such as matrix metalloproteinase 9 (MMP 9), which
causes migration of epithelial cells throughout the wound
healing process and pathogenesis of ocular surface diseases
including formation of corneal ulcers. Moreover, TGF-β is
responsible for initiating the conversion of keratocyte to
myofibroblast following corneal burns.12

Reepithelialization of the cornea is a critical problem in
delayed corneal healing. Corneal wounds are triggered by a
number of factors, for instance, infections, trauma, external
foreign bodies, and recurrent corneal erosion disorder. In spite
of complete eradication of the infection sources, delayed
epithelialization is occasionally observed, making the cornea
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more liable to bacterial reinfection. The consequences of the
delayed corneal epithelialization are ophthalmalgia, photo-
phobia, lacrimation, and alteration in visual acuity. Various
approaches are utilized to alleviate this problem, such as the
use of lubricants and soft bandage lenses, anterior stromal
micropuncture, conjunctival flaps, or even keratoplasties.13

Recently, great attention has been focused on using chemical
stimulation to promote reepithelialization. Based on the
positive effect of phenytoin on cutaneous wound healing, the
healing accelerating effect on alkali-burn-induced rabbit
corneal ulcer has been also investigated with positive results.14

Since there is no available topical phenytoin formulation for
ophthalmic application, researchers prepared phenytoin eye
drops and ointment for investigation purposes by simply
mixing the injection formulation with artificial tears or mixing
the powder with an ointment base; their reported results
revealed better effects of phenytoin ointment than the eye
drops, which caused irritation and congestion to the eyes.15

Moreover, phenytoin was reported to cause pain, irritation, and
local toxicities when administered intravenously (i.v.), such as
purple glove syndrome, which causes delayed injuries to the
soft tissues near the injection site.16 Hence, innovation of a
suitable ophthalmic formulation of phenytoin is highly
demanded to highlight the potential benefits of drug therapy
and to enable safe and effective drug administration in a
prolonged and controlled-release manner with minimal drug-
induced irritation. Crown ethers are a category of synthetic
macrocyclic polyether molecules showing hydrophobic molec-
ular ring structure; they represent one of the most attractive
macrocyclic molecules because of the simplicity of their
structure and their unique properties. Crown ethers are
capable of binding with metal ions and neutral organic
molecules to form guest−host complexes through their
electron-rich hydrophilic cavity as a result of the lone pairs
related to their oxygen atoms.17 Crown ethers depict inherent
flexibility, which permits them to adapt to diverse environ-
ments such as their solubility in hydrophilic and lipophilic
vehicles, rapid reversible ion-binding properties.18 These
unique properties of crown ethers have attracted attention
for their potential therapeutic uses such as development of
medical sensors and formation of vesicles, micelles, and host−
guest complexes.19 Morrison et al. have recently investigated
the use of crown ethers as solubility and permeability
enhancers to improve the ocular delivery of riboflavin in vitro
through interaction with calcium ions in the cell membrane.20

Hence, our study objective was to explore the potential ability
of crown ether, namely, 18-crown-6, to form a nanovesicular
drug delivery system (Crownsomes) of phenytoin for the
possible promotion of the healing process in the rabbit-
induced corneal ulcer model. We envisioned that this
formulation can traverse lipid and aqueous phases of the eye,
release phenytoin gradually to protect the eye from the
possible irritation caused by the drug, and enhance its effect.

■ MATERIALS
Phenytoin sodium was gifted from Arab Company for Gelatin
and Pharmaceutical Products, Egypt. Sorbitan monostearate
(Span 60) was supplied from Loba Chemie, Mumbai, India.
Crown ether (18-crown-6) was obtained from Acros Organics,
New Jersey. Benoxinate hydrochloride 0.4% was purchased
from Eipico, Egypt. Xyla-Ject was purchased from Adwia,
Egypt. Ketamine hydrochloride injection USP was obtained
from Rotexmedica, Germany. Ethanol and acetonitrile (high-

performance liquid chromatography (HPLC) grade) were
purchased from El-Nasr Chemical Co., Cairo, Egypt. All other
chemicals were of analytical grade.

■ EXPERIMENTAL METHODS
Formulation of Phenytoin Crownsomes. Phenytoin

sodium and Span 60 were dissolved in 3 mL of ethanol by
heating to 40 °C to ease solubilization (organic phase). 18-
Crown-6 was dissolved in 10 mL of deionized water, then the
organic phase was poured in crown ether solution with stirring
at 400 rpm for 2 h to remove the organic solvent. The formed
dispersions were sonicated for 2 min to avoid the formation of
any aggregates.

Design of Experiment. A 23 full factorial design was
utilized to outline crownsomes formulations through changing
the amount of Span 60 (A), 18-crown-6 (B), and phenytoin
sodium (C) (independent variables) at two levels (low and
high). Eight formulations were developed with the composi-
tion listed in Table 1. The volume of organic and aqueous

phases and the speed of stirring were kept constant in all
formulations. Entrapment efficiency (EE), particle size (PS),
polydispersity index (PDI), ζ potential (ZP), conductivity
values, and % cumulative drug release after 24 h were selected
as the examined responses.

Characterization of Phenytoin Crownsomes. Analysis
of PS, PDI, and ZP. The PS and PDI of crownsomes were
studied by means of a Zetasizer (Malvern Zetasizer 3000,
Malvern, U.K.). Each sample was diluted 10 times with double-
distilled water. To predict the physical stability of the
formulated crownsomes, ZP values of the diluted samples
were also recorded. Each crownsomes formulation was
analyzed in triplicate, and the results were expressed as mean
± standard deviation (SD).

Entrapment Efficiency. Aliquots of each formulation were
centrifuged into a cooling centrifuge (Beckman model TJ-6
Centrifuge, U.K.) at 10 000 rpm for 30 min to allow the
separation of crownsomes from the clear supernatant that
contains the nonentrapped drug. After that, the supernatant
was separated utilizing a micropipette and analyzed for
phenytoin sodium content using a validated HPLC method
with the following chromatographic conditions: Agilent HPLC
(1260 series) equipped with a quaternary pump, injection
volume of 20 μL, Hypersil C18 column (150 × 4.6 mm, 5 μm
particles), and a UV detector with ChemStation data
processing software. UV detection for phenytoin was set at
200 nm. The mobile phase was prepared by mixing acetonitrile
with water in a ratio of 50:50 (% v/v), filtered by a 0.45 μm
filter, and degassed in an ultrasonic bath (Fisher Scientific,

Table 1. Composition of the Investigated Crown Ether-
Loaded Crownsomes

formula
Span 60 (A)

(mg)
18-cown-6 (B)

(mg)
phenytoin sodium (C)

(mg)

CR1 60 20 20
CR2 60 40 20
CR3 60 20 50
CR4 60 40 50
CR5 120 20 20
CR6 120 40 20
CR7 120 20 50
CR8 120 40 50
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Malaysia) before analysis; then, it was delivered at ambient
temperature (25 ± 2 °C) at a flow rate of 1.0 mL/min by an
isocratic method under reversed phase (RP)-HPLC con-
ditions, and the system was equilibrated before injection.
The % entrapment efficiency was calculated using the

following equation

%EE
total amount of drug free drug

total amount of drug
100=

−
×

(1)

Conductivity Measurements. The conductive behavior of
different crownsomes formulations was investigated by means
of a digital conductometer (Jenway, 4510). The results were
recorded at a 1 Hz constant frequency.21

In Vitro Drug Release. A release study of phenytoin sodium
from the formulated crownsomes was carried out in phosphate
buffer (pH 7.4, 25 mL). Crownsomes encapsulating phenytoin
sodium (0.5 mL) was put in cellulose dialysis membrane (mol
wt. cutoff = 12 000−14 000 Da, surface area = 12.5 ± 1 cm2,
Spectrapore, Theodore, AL), which was immersed in the
release medium and retained in a shaking water bath at 100
rpm while the water bath temperature was maintained at 37 ±
1 °C. At scheduled intervals (0.5, 1, 2, 4, 6, 8, and 24 h),
aliquots of 1 mL were withdrawn from the medium and
compensated by the same volume of the fresh buffer kept at 37
± 1 °C throughout a 24 h period.22 The amount of phenytoin
in the withdrawn samples was assayed using HPLC.
Statistical Analysis of Data and Optimization. Design-

Expert software (version 7, Stat-Ease, Inc., MN) was utilized to
study the effects of changing the independent variables on the
investigated responses, utilizing full factorial design model. A
polynomial equation for each response was formulated.
Synchronized optimization of total responses was carried out
by computing the desirability values that were used as
discriminating tools to define the most favorable formula
depending on the statistical analysis of the attained results. The
optimum crownsomes formulation was planned to show the
maximum %EE, the smallest particle size and PDI, the largest ζ
potential, and the ability to release the maximum amount of
the drug after 24 h. The optimized crownsomes formulation
was determined, fabricated, and furthermore characterized.
Characterization of the Optimum Crownsomes

Formulation. Fourier Transform Infrared (FTIR) Spectros-
copy. To study the compatibility of phenytoin sodium with the
used excipients, FTIR analysis was conducted by means of an
FTIR spectrophotometer-8400 (Shimadzu, Kyoto, Japan).
Samples of phenytoin sodium, 18-crown-6, Span 60, the
optimum crownsomes formula, and physical mixture of all of
the components, in an equivalent ratio as the optimum
crownsomes formula, were examined. Each individual sample
was mixed with KBr pellets and compressed into disks prior to
transmittance scanning in the range of 400−4000 cm−1.
Differential Scanning Calorimetry (DSC). The thermal

properties of phenytoin sodium, 18-crown-6, Span 60, physical
mixture of the drug and the excipients (in a similar ratio to that
of the optimum crownsomes formula), and the optimized
crownsomes were examined by DSC (PerkinElmer DSC 7).
Each sample was put in a platinum pan and scanned in a
temperature range of 50−450 °C, at a constant heating rate
(10 °C/min) in an inert nitrogen atmosphere.23

Transmission Electron Microscopy (TEM). The morpho-
logical properties of crownsomes optimum formulation were
studied via imaging utilizing TEM. This aids in understanding

the shape of the formed vesicles. One drop of the diluted
sample (with distilled water) was placed on carbon-coated
copper grid and negatively stained using phosphotungistic acid
(1% w/v) and allowed to dry at ambient temperature prior to
visualization by means of a transmission electron microscope
(JEM-1230, JEOL, Japan).24

Tendency of Crownsomes for Corneal Calcium Extrac-
tion. To investigate the possible mechanism of the corneal
penetration of the formulated crownsomes dispersions, the
ability of the formulation to extract calcium ions from bovine
cornea was evaluated utilizing atomic absorption spectrometry.
Samples of 1 mL of the optimum crownsomes formulation
were diluted with 4 mL of phosphate buffer (pH 7.4); then,
each sample was separated into two portions and 2.5 mL of
each sample was incubated with bovine cornea with an area of
1.5 cm2 for 3 h. Blank samples were prepared by incubation of
the cornea with phosphate buffer. The solutions were then
centrifuged for 15 min at 7000 rpm, and the supernatants were
diluted with 0.25 w/v aqueous lanthanum chloride solution for
atomic absorption analysis.25 Calcium analysis was performed
using an atomic absorption spectrometer (PinAAcle 500,
Flame AA spectrometer, PerkinElmer) against the standard
calibration curve of aqueous calcium standard. The increase in
calcium content of each sample was calculated for both
crownsomes formulation and blank before and after exposure
to the cornea.

Ex Vivo Corneal Permeation. An ex vivo transcorneal
permeability study was implemented using the membrane
diffusion method utilizing freshly excised bovine cornea. The
whole bovine eyes were obtained from the slaughterhouse. The
cornea was detached (with 0.5 cm of the contiguous sclera
tissues) from the whole eyeball and immersed in normal saline.
Permeation of phenytoin across the cornea from the optimum
crownsomes formulations was determined utilizing a modified
permeation cell.26 The cell was composed of a plastic tube with
two open ends and has 12 mm diameter (the donor
compartment); the cornea was fixed on one end of the tube
by means of adhesive tape in a way that allows the epithelial
surface of the cornea to face the outer surface. The tube was
mounted on a flask (the receptor compartment) containing the
release medium immersed in a shaking water bath operated at
100 rpm, and the bath temperature was kept at 37 ± 0.5 °C.
Samples of the optimized crownsomes formulation and the
suspension of the crude drug (0.5 mL) that contain an
equivalent amount of 1 mg of phenytoin sodium were put in
the donor compartment on the cornea, while the release
medium was 25 mL of freshly prepared phosphate buffer (pH
7.4). The donor compartment containing the sample was
impeded at 10 mm beneath the surface of the release media.
Aliquots of the release medium were collected at planned time
intervals (0.5, 1, 2, 4, and 6 h), and samples were replaced with
equivalent quantities of fresh medium to retain the volume
constant. The samples were assayed for phenytoin content
using HPLC. Permeability flux (Jmax) after 6 h and permeability
coefficient (Papp) were estimated using the following equations

J
Q t

A
d /d

max =
(2)

P
J

Capp
max

o
=

(3)

where (dQ/dt) is the amount of drug permeated through the
cornea (μg/h), A represents the active surface area of the

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00742
Mol. Pharmaceutics 2020, 17, 3952−3965

3954

pubs.acs.org/molecularpharmaceutics?ref=pdf
https://dx.doi.org/10.1021/acs.molpharmaceut.0c00742?ref=pdf


diffusion membrane, and Co is the initial drug concentration in
the donor compartment.
In Vivo Evaluation. Animals. White New Zealand rabbits

(8−10 months old, weight 2−3 kg), having clear cornea and
without clinically observed ocular abnormalities, were used in
this study. Each rabbit was housed separately in ventilated
stainless steel cages maintained under constant temperature
and humidity (25 ± 2 °C, 50 ± 10%, respectively). The cages
are kept with a 12 h light/dark cycle, provided with standard
rabbit chow and water available ad libitum. The in vivo study
was done in compliance with the internationally established
guidelines for the use and care of laboratory animals. The
rabbits were acclimatized 1 week earlier to the conductance of
the experiments. Approval of the study protocol was granted
by the Institutional Animal Care and Use Committee, Cairo
University (CU-IACUC) (approval number: CU-III-F-15−
20). All efforts were done to minimize animal suffering.
Induction of Corneal Alkali Injury. To maintain stand-

ardization and rabbit well-being, only the right eye of each
rabbit was used for carrying out the experiment. Almost 45 min
before inducing the alkali injury, the rabbits were anesthetized
with a single dose of ketamine hydrochloride and xylazine
hydrochloride (35, 2.5 mg/kg of body weight, respectively)
administered intramuscularly.27 A drop of benoxinate hydro-
chloride 0.4% (Benox, Eipico) was applied for ocular
anesthesia in the right eye28 before inserting barraquer wire
speculum. A cotton-tipped applicator was used to remove
excess moisture. A disk with a diameter of 7.5 mm was made
from Whatman-3 filter paper, followed by immersion for 30 s
in 1 N sodium hydroxide solution. After that, the alkali-soaked
disk was positioned on the central corneal axis of the right eye
and forceps were used to gently hold the disc for 30 s.29,30 The
corneal tissue was debrided using a swab, then washed with 15
mL of saline solution for 2 min. Ulceration was investigated
through staining by 1% fluorescein sodium.
Study Design. Rabbits were assigned into six experimental

groups (n = 6); group I: rabbits with no corneal injury
receiving 0.9% saline instilled in the right eye (0.9%). Group
II: rabbits with no corneal injury receiving eye drops
containing the phenytoin sodium suspension (0.2%) instilled
in the right eye. Group III: rabbits with no corneal injury
receiving eye drops containing the optimum phenytoin sodium
crownsomes formulation (0.2%) instilled in the right eye.
Group IV: Control rabbits with corneal injury in the right eye
instilled with alkali (1 N sodium hydroxide). Group V: rabbits
with corneal injury in the right eye treated with the eye drops
containing phenytoin sodium suspension. Group VI: rabbits
with corneal injury in the right eye treated with the eye drops
containing the optimum phenytoin sodium crownsomes
formulation. Each eye drop treatment solution was instilled
(50 μL) every 6 h daily. After 72 h, all rabbits were sacrificed
by an overdose of phenobarbitone sodium (125 mg/kg, i.v.).
Eye Examination for Clinical Inflammatory Features.

After inducing the chemical corneal injury, the animals were
examined separately in their individual cages. Once they
regained full consciousness, they were examined for the
presence of any stress signs such as inactivity or decreased food
intake. Moreover, monitoring of the animal weight was done
every day. Unrestricted mobilization was permissible for
animals in their cage. Ocular discomfort following instillation
of each treatment was investigated daily by direct observation
of local symptoms; the percentage of rabbits showing
symptoms was calculated for statistical analysis of the results

and differences among groups. Ocular signs including any
inflammatory feature were clinically observed using binocular
loupe every day till the end of treatment (72 h after induction
of corneal injury). The animals were immobilized in a wooden
box before investigation of conjunctival hyperemia and corneal
edema. Evaluation of any epithelial defects in the cornea was
done using a 1% fluorescein strip. Clinical inflammatory
features in the cornea were graded as follows:

Grading of the Clinical Features.

1. Conjunctival hyperemia: normal = absence of hyper-
emia, mild = exhibiting mild sectoral engorgement of the
conjunctival blood vessels, moderate = presence of
diffused engorgement of the conjunctival blood vessels,
severe = exhibiting significant engorgement of conjunc-
tival blood vessels.

2. Corneal edema: normal = absence of edema, mild =
existing with visible iris details, moderate = existing with
invisible iris details, severe = existing with invisible pupil.

3. Epithelial defect: normal = absence of defect, mild =
presence of defects including not more than one-quarter
of the corneal surface, moderate = presence of defects
including one-quarter to one-half of the corneal surface,
severe = presence of defects including greater than one-
half of the corneal surface.

Western Blot Analysis. The corneas (n = 3) from each
group were rapidly excised on an ice/salt mixture, washed with
ice-cold saline, weighed, and then homogenized using
immunoprecipitation assay (RIPA) lysis buffer for estimation
of protein expression of MMP-9, VEGF-A, and TGF-β by
western blot analysis. Separation of proteins from whole lysates
(20−30 μg total protein) was done using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10%
acrylamide gel). The separated proteins were then transferred
to polyvinylidene difluoride membranes (Pierce, Rockford, IL)
utilizing a Bio-Rad Trans-Blot system. Western blots were
immunodetected through incubation of the membranes with a
blocking solution composed of 20 mM Tris−Cl (pH 7.5), 150
mM NaCl, 0.1% Tween 20, and 3% bovine serum albumin at
ambient temperature for 1 h. Membranes were separately
incubated (at 4 °C) overnight with each primary antibody of
MMP-9, VEGF-A, TGF-β, and β-actin attained from Thermo
Fisher Scientific, Inc. (Rockford, IL). Washing was done
followed by addition of peroxidase-labeled secondary antibod-
ies and further incubation of the membranes for 1 h at ambient
temperature. The analysis of the band intensity was conducted
using ChemiDoc imaging system operated with Image Lab
software version 5.1 (Bio-Rad Laboratories, Inc., Hercules,
CA). Results are presented as arbitrary values, followed by
normalization to β-actin protein levels. Measurements of
protein content were done in accordance with the reported
method of Bradford.31 Results were presented as tissue
concentrations per 1 mg of protein.

Histopathological Examination. Corneas (n = 3) from
each group were cautiously separated and rinsed by ice-cold
saline, followed by immediate fixation in 10% neutrally
buffered formalin for 72 h. Then, the corneas were processed
in serial grades of ethanol, cleared in xylene, then infiltrated,
and embedded into blocks by paraffin wax. Tissue sections of 5
μm thickness were prepared using a rotatory microtome and
mounted on glass slides. All methods of tissue samples fixation
and processing were outlined by Culling.32 Hematoxylin and
eosin were used as a standard general histological examination
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stain for staining of corneal tissues sections; then, corneal
regions from different samples were examined and imaged
utilizing a full high definition (HD) microscopic camera
attached to a Leica microscope and operated by Leica
Application software (Leica Microsystems GmbH, Wetzlar,
Germany).
Statistical Analysis. Data that were not normally distributed

for immediate clinical analysis and that attained at the
completion of the treatment period were subjected to a
Mann−Whitney test for statistical analysis. Thus, the values are
expressed as median (interquartile range), and the p value of
<0.05 is considered as statistically significant. One-way analysis
of variance (ANOVA) was employed for western blotting
analyze of data before application of Tukey−Kramer multiple
comparison test, and the level of significance was calculated (p
< 0.05). The statistical analysis and graphical presentations of
data were performed by Prism software (version 6; GraphPad
Software, Inc., San Diego).

■ RESULTS AND DISCUSSION
Formulation of Phenytoin Crownsomes. Various nano-

vesicular dispersions were successfully formulated using 18-
crown-6 and Span 60 using the ethanol injection method.
Sonication of the dispersions was crucial to obtain fine
vesicular dispersions. Span 60 is a nonionic lipophilic
surfactant with a hydrophilic−lipophilic balance (HLB) value
of 4.7. The lipophilicity of the saturated alkyl chains in the
structure of Span 60 is expected to allow the development of
mono- and/or multilamellar vesicles. Recently, researchers
have demonstrated Span 60’s ability to formulate favorable
spanlastics for dermal,33 oral,34 and ocular22 drug delivery.
Ethanol plays a great role in determining the characteristics of
the nanovesicular systems as it enhances partitioning of drugs
and their entrapment inside the vesicles with a membrane-
shrinking ability as it can decrease the thickness of vesicles
membrane with a resultant reduction in vesicle size. Addition-
ally, ethanol aids in the development of a phase with
interpenetrating hydrocarbon chains, and it imparts the system
certain steric stability through modification of the net surface
charge toward a negative ζ potential.34 In drug delivery
applications, the preliminary function of crown ethers was their
ability to form vesicles through interacting with surfactants.
Niosomes of crown ethers have been reported in the literature,
their formation involved interaction between crown ethers and
cholesterol utilizing crown ether as the polar head groups of
the formed amphiphiles.19 Thus, the formation of our novel
18-crown-6-based nanovesicular systems, crownsomes, may be
justified by the possible interaction of Span 60 with 18-crown-
6 and the consequent formation of amphiphiles composed of
the saturated alkyl chains of the lipophilic Span 60 and the

polar heads of 18-crown-6 molecules, followed by the
formation of nanovesicles that could coordinate cations inside
18-crown-6 cavity.

Analysis of PS, PDI, and ZP. The resulting PS of the
formulated crownsomes formulations was in the range of 280−
864 nm, as illustrated in Table 2. The smallest PS was observed
with CR1 formulation that contains 20 mg of phenytoin
sodium, 60 mg of Span 60, and 20 mg of 18-crown-6, while the
largest PS was noted in the case of CR8 formulation that was
composed of high levels of all excipients. Polynomial analysis
was used (fitted with linear model) to investigate the attained
results. ANOVA statistical analysis was generated and validated
by the reasonable agreement of the adjusted and the predicted
values (0.9029 and 0.7781, respectively). Additionally, the
value of the adequate precision 11.337 (which is >4) signifies a
satisfactory signal-to-noise ratio; thus, the model can be used
for design space navigation. The generated final equation for
particle size is

PS 553.3 177.63A 48.61B 30.13= + + + (4)

Statistical analysis revealed that only increasing Span 60
amount had a significant effect (p value = 0.0014) on
increasing the PS of the formulated crownsomes, while
changing the amount of 18-crown-6 or phenytoin sodium
had insignificant effects on PS, as depicted in Figure 1.

The increasing effect of Span 60 on PS may be attributed to
the enclosure of additional alkyl chains of Span 60 in the
hydrophobic region of the formed vesicles and consequent
increase in the tendency to aggregation.34 The results of PDI
measurements are listed in Table 2. The PDI is a
dimensionless indicator of the width of size distribution
obtained by the cumulative analysis, and it ranges from 0 to 1.
A smaller value of PDI designates a monodispersed sample,

Table 2. Results of Characterization of Crownsomes

PS (nm) PDI EE (%) ζ potential (mV) conductivity (μS)

formula mean ± SD, n = 3 mean ± SD, n = 3 mean ± SD, n = 3 mean ± SD, n = 3 mean ± SD, n = 3

CR1 280 ± 18 0.46 ± 0.08 77 ± 5 −26.10 ± 1.21 549 ± 2
CR2 465 ± 54 0.65 ± 0.09 88 ± 3 −46.43 ± 2.33 688 ± 4
CR3 361 ± 20 0.55 ± 0.09 39 ± 2 −57.73 ± 1.81 954 ± 15
CR4 397 ± 31 0.46 ± 0.05 45 ± 6 −47.35 ± 2.20 976 ± 10
CR5 666 ± 184 0.76 ± 0.03 93 ± 3 −46.33 ± 3.11 565 ± 8
CR6 682 ± 126 0.60 ± 0.12 96 ± 1 −28.77 ± 1.70 583 ± 11
CR7 712 ± 130 0.71 ± 0.19 36 ± 4 −26.03 ± 1.41 793 ± 10
CR8 864 ± 91 0.89 ± 0.07 37 ± 4 −30.53 ± 2.31 709 ± 6

Figure 1. Three-dimensional (3D) plot of phenytoin crownsomes
showing the effect of the independent variables on particle size.
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whereas a larger value of PDI is indicative of a broader PS
distribution.21 PDI is the standard deviation divided by the
average PS, which indicates PS uniformity throughout the
formula. The larger the PDI value, the less uniform is the PS.
Statistical analysis using a linear model was insignificant (p
value = 0.851) relative to signal-to-noise ratio; however, results
revealed that PDI values ranged between 0.46 and 0.89 (<1),
demonstrating narrow size distribution, and the smallest PDI
value was observed with CR1.
The values of ζ potential of all formulations are listed in

Table 2. All values are negative with a range of −26.03 (CR7)
to −57.73 (CR3) mV, indicating an acceptable degree of
physical stability, as higher ζ potential values convey better
protection against coalescence and aggregation of the particles
achieved through the repulsive forces on the surfaces of the
particles.35 The presence of negative charges on the surface of
the particles may be attributed to the negative carboxylate
groups, which represents span polar head.36 It was also noted
that there were statistically insignificant differences among the
values of ζ potential of all crownsomes formulations.
Entrapment Efficiency. The percents of phenytoin

entrapment in crownsomes formulations are listed in Table
2, and the values ranged from 36 (CR7) to 96% (CR6).
Statistical model two factors interaction (2FI) was imple-
mented for analysis of data, and the model was significant (p-
value = 0.0073) and its validity was proven by both the rational
agreement between the adjusted (0.9999) and the predicted R2

(0.9990) values, and the great value of the adequate precision
(227.334). The produced %EE equation in terms of coded
value is

EE (7.84 0.061A 0.16B 1.57C 0.11AB

0.26AC 0.027BC)2

= + + − −

− − (5)

Statistical ANOVA showed that changing the amounts of both
18-crown-6 and phenytoin sodium significantly affects % EE
(p-values of 0.0244 and 0.0025, respectively). As depicted in
Figure 2, increasing phenytoin sodium or decreasing 18-crown-

6 concentrations led to a significant decrease in EE; this can be
an indication that 18-crown-6 had a significant role in vesicle
formation as EE dramatically decreased when the ratio of 18-
crown-6 to phenytoin sodium is 1:2.5 (as in the cases of CR3
and CR7) or 1:1.25 (as in the case of CR4 and CR8) with %
EE of 39 ± 2, 36 ± 4, 45 ± 6, and 37 ± 4%, respectively. The
observations obtained at a high level of phenytoin sodium can
be justified by that the amount of 18-crown-6 was insufficient
to entrap these high amounts of the drug. On the other hand,
the highest %EE was obtained in the cases of CR1, CR2, CR5,
and CR6 (77 ± 5, 88 ± 3, 93 ± 3, and 96 ± 1%, respectively),

where the ratio of 18-crown-6 to the drug was 1:1 or 2:1 so
that the amount of 18-crown-6 was high enough to entrap
phenytoin sodium inside the formed nanovesicles. Moreover,
phenytoin was used as sodium salt in the formulation of
crownsomes and crown ethers, including 18-crown-6, have the
ability to form complexes with cations due to their negatively
charged cavities.19

Although Span 60 had insignificant effects on EE%, it was
observed in Figure 3, that there were significant interactions
between factors AB (Span 60 and 18-crown-6) and AC (Span
60 and phenytoin sodium). Increasing Span 60 concentrations
at a low level of 18-crown-6 led to a slight increase in EE%, but
this effect was not observed at a high level of 18-crown-6
(Figure 3a), which promotes the suggestion that both span and
crown ether are responsible for the vesicle formation and the
entrapment of the drug. On the other hand, increasing span
concentrations at a low level of phenytoin led to a slight
increase in EE% while increasing span concentrations at a high
level of phenytoin caused a slight decrease in EE%, which may
be justified by the formation of large aggregates of the
lipophilic span that allows the escape of the drug into the
aqueous phase; this can be confirmed by the largest particle
size (712 ± 54, 864 ± 91 nm) obtained in the case of these
formulations (CR7 and CR8, respectively).

Conductivity Measurements. Electrical conductivity is
an important tool for understanding the behavior of the
fabricated dispersion. Conductivity values are listed in Table 2.
Statistical analysis of data revealed that both concentrations of
phenytoin sodium and Span 60 significantly affect conductivity,
as explained in Figure 4. Conductivity increased with
increasing phenytoin sodium concentrations, which can be
attributed to the low EE% and the presence of high amounts of
free drug in the aqueous phase. The lowest conductivity value
was obtained in the case of CR1 (549 μS) that is composed of
a low level of phenytoin sodium, where the ratio of 18-crown-6
is adequate for complex formation. These results are in
agreement with that reported in the literature as the
conductivity decreased in the case of formation of a favorable
crown ether−cation complex in a ratio of 1:1 or 2:1, which
hinders cation migration in the system.37 On the other hand,
increasing Span 60 concentrations led to a decrease in
conductivity, which can be justified by the lipophilic nature
of the Span 60, which hinders the electrical conductivity. The
generated polynomial equation for conductivity is

conductivity 727.13 64.63A 11.87B 130.87C

28.37AB 42.37AC 27.37BC

= − + +

− − − (6)

In Vitro Drug Release. The in vitro release studies of
phenytoin sodium from the formulated crownsomes and an
aqueous suspension of phenytoin sodium are graphically
presented in Figure 5. Results showed that the greatest %
drug attained within 0.5 h is 15.36 ± 1.2% with CR1 that was
fabricated with low levels of all excipients with a ratio of 18-
crown-6 to drug of 1:1. On the other hand, CR7 that was
composed of the highest level of Span 60 (160 mg), phenytoin
sodium (50 mg), and the least amount of 18-crown-6 (20 mg)
exhibited the slowest release and the minimal dissolution
profile (only 5.28 ± 0.91% after 0.5 h). It is noteworthy that
the ratio of 18-crown-6 to drug in CR7 is 1:2.5. It is also
observable from Figure 5 that the highest cumulative % drug
released after 24 h was obtained in the case of the formulations
prepared with the 1:1 or 2:1 ratio of 18-crown-6 to phenytoin

Figure 2. Three-dimensional response surface plot illustrating the
effects of phenytoin sodium and crown ether (18-crown-6) on %EE.
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sodium, such as CR5, CR1, CR6, and CR2 as they released
90.33 ± 1.4, 81.54 ± 1.9, 75.64 ± 3.5, and 68.89 ± 3.4%,
respectively. It is notable that the fabricated crownsomes
formulations could enhance drug release compared to the drug
suspension that could only release 53.90 ± 2.4% after 24 h. On
the contrary, the lowest cumulative % drug released after 24 h
was attained with the formulations fabricated with a 1:1.25 or

1:2.5 ratio of 18-crown-6 to phenytoin sodium as CR7, CR8,
CR4, and CR3, which released only 33.93 ± 3.1, 38.81 ± 2.3,
40.60 ± 2.8, and 41.17 ± 0.9%, respectively. These results are
in compliance with the EE findings as the formulations with
the highest EE unexpectedly exhibited the highest release
profile, which can be justified by the ability of crown ethers to
sequester drugs and act as a carrier to improve their solubility
and permeability.19 Additionally, statistical analysis of data
confirmed that only changing phenytoin sodium concen-
trations significantly affected drug release (p-value of 0.0014),
as increasing drug concentration (this can be translated to
decreasing the ratio of 18-crown-6 to the drug for better
understanding of the results) caused a significant decrease in
the cumulative % drug released. These observations empha-
sized the primary role of 18-crown-6 in entrapping phenytoin
sodium inside its cavity and enhancing its aqueous solubility.

Selection of the Optimum Crownsomes Formulation.
Simultaneous optimization of all investigated factors can be
practically difficult as, for the same formula, the optimum
conditions obtained with a particular response may be
connected to an undesirable result in another one. Desirability
values for crownsomes formulations were computed and
utilized for optimization of the examined responses using the
collected data. The optimum crownsomes was CR1 that was
developed with 20 mg of phenytoin sodium, 20 mg of 18-
crown-6, and 60 mg of Span 60 and exhibited the highest value
of desirability (0.85); thus, CR1 was subject for further
evaluation.

FTIR Spectroscopy. FTIR spectra are depicted in Figure 6.
The spectrum of phenytoin sodium shows specific split peaks
near 1595 and 1575 cm−1 attributing to the vibration
stretching of the aromatic ring and another peak at 1691
cm−1 of the amide CO group stretching. Additionally, a N−
H amide stretching peak was observed around 3275 cm−1, this
result was in agreement with the reported by Rahman et al.38 A
medium band is also observed at 1292 cm−1 corresponding to
the C−N stretching. The spectrum of 18-crown-6 shows the
frequency of C−H bending of methylene groups around 1471
cm−1 and free C−O stretching around 1114 cm−1,39 while the
peak was shifted to 1107 cm−1 in the spectrum of crownsomes
formulation (CR1), suggesting that the polyether oxygen

Figure 3. Effect of interaction between (a) concentrations of Span 60 and 18-crown-6 and (b) concentrations of Span 60 and phenytoin sodium on
EE of the formulated crownsomes formulations.

Figure 4. Three-dimensional surface plot showing the effect of
phenytoin sodium and Span 60 on the conductivity of crownsomes
formulations.

Figure 5. In vitro release profile of phenytoin sodium from the
formulated crownsomes and drug suspension (0.2% w/v).
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atoms were involved in the interaction and complex formation.
The typical bands of Span 60 can be observed at 1197 cm−1

that corresponds to the C−O stretching of ester, 1736 cm−1

representing the cyclic five-membered ring, 1467 cm−1

referring to −CH bending of methylene group, two bands at
2956 and 2848 cm−1 corresponding to aliphatic C−H
stretching, asymmetric and symmetric, and an O−H stretching
band at 3400 cm−1.40 Hydrogen bond formation was suggested
by the broadening of N−H and O−H bands in crownsomes
formulation. The spectrum of crownsomes exhibits disappear-
ance of phenytoin sodium bands at 1595, 1575, and 1691 cm−1

and shifting of 18-crown-6 bands, which signifies the strong
interaction between the drug and 18-crown-6. On the other
hand, Span 60 specific bands are still observable in the
spectrum of crownsomes formulation, reflecting that there was
minimal interaction with other components.
DSC. With the aim of analysis of the thermal properties of

phenytoin sodium in the fabricated crownsomes, the DSC
study was performed and the overlaid thermograms of

phenytoin sodium, physical mixture, the optimum crwonsomes
formulation (CR1), Span 60, and 18-crown-6 are depicted in
Figure 7. The thermogram of pure phenytoin sodium (Figure
7a) shows an endothermic peak around 400 °C corresponding
to its decomposition after melting,41 proposing that the drug
was available in a crystalline structure. The peak of phenytoin
sodium is also observed in the physical mixture thermogram
(Figure 7b), but it is almost decreased in crownsomes
formulation (CR1) suggesting the conversion of the drug to
amorphous form and its inclusion inside crownsomes
formulation, as shown in Figure 7c. Additionally, the
thermogram of Span 60 (Figure 7d) showed an endothermic
peak near 57 °C that corresponds to its melting point, as
previously reported in the literature.42 On the other hand, the
thermal behavior of 18-crown-6 is not clearly understood with
few data available in the literature. The thermogram of 18-
crown-6 (Figure 7e) suggested that the thermal decomposition
process of crown ethers is a complicated process, as reported
by Glushko et al.43 The process may occur in two stages:

Figure 6. FTIR spectra of phenytoin sodium, physical mixture, crownsomes, Span 60, and 18-crown-6.
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melting endotherm and decomposition exotherm. The
endothermic peak of 18-crown-6 melting point cannot be
detected in the thermogram as 18-crown-6 melts at low
temperature (around 42 °C);44 however, a sharp exothermic
peak, which may correspond to the ignition of 18-crown-6
during its decomposition, is detectable near 275 °C, as
reported about other crown ethers in the literature.43

TEM. Figure 8 depicts the morphologic characteristics of the
optimized dispersion, suggesting the formation of almost
spherical nanovesicles. It could be noted that the negatively
charged surfaces (that were confirmed by ζ potential analysis)
maintained repulsive forces between the vesicles to inhibit
their aggregation and flocculation.

Tendency of Crownsomes for Corneal Calcium
Extraction. This investigation revealed that crownsomes
formulation has the ability to extract calcium ions from the
corneal tissues as there was an increase in the calcium content
of the samples by 8.9 ± 0.14-fold after incubation with cornea,
while it was 3.4 ± 0.08-fold after cornea exposure to phosphate
buffer solution. This can be justified by the ability of phosphate
buffer to dissolve mucin from the ocular surface, while the
ability of the crownsomes formulation to increase calcium
content may be attributed to 18-crown-6 content in the
formulation that is responsible for sequestering calcium ions
from the cornea, thus improving the penetration and
permeability of the loaded drugs to the cornea. These results
are in accordance with the findings that were reported by
Morrison et al., which signified a net increase in calcium
content after incubating the cornea with phosphate buffer and
solutions of different crown ethers where 18-crown-6 also
exhibited higher calcium sequestering ability than phosphate
buffer. However, the magnitude of calcium increase in the case
of phosphate buffer was similar to their reported data, while in
the case of crownsomes, the net increase in calcium content

Figure 7. DSC thermograms of (a) phenytoin sodium, (b) physical
mixture, (c) the optimized crownsomes formulation CR1, (d) Span
60, and (e) 18-crown-6.

Figure 8. Transmission electron micrographs of the optimum phenytoin sodium-loaded crownsomes formulation.
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(after incubating the samples with the cornea) was higher than
their results that were obtained with 18-crown-6 solution.20

Ex Vivo Corneal Permeability. The permeability
parameters calculated from the ex vivo study of the formulated
crownsomes and drug suspension are listed in Table 3. It is

observable that the optimized crownsomes formulation (CR1)
exhibited higher cumulative permeated drug amount per unit
area (1837.26 μg/cm2), greater flux after 6 h (306.21 μg/(cm2

h)), and higher permeability coefficient (7.65 cm/h) compared
to the drug suspension that showed cumulative permeated
drug amount per unit area of 1027.21 μg/cm2, a flux of 171.2
μg/(cm2 h), and a permeability coefficient of 4.28 cm/h. The
results signify an improvement in trans-cellular permeability of
phenytoin sodium with the formulated crownsomes by 1.78-
fold compared to drug suspension, which can be justified by
the entrapment of phenytoin sodium inside 18-crown-6
nanovesicles and the capability of 18-crown-6 to extract
calcium ions from the corneal tissues causing disruption of the
lipid membrane with a consequent enhancement of the trans-
cellular transport. Moreover, the presence of nonionic
lipophilic surfactant such as Span 60 in the nanovesicular
formulation possibly played an essential role in the
permeability improvement of phenytoin sodium.
Clinical Anti-Inflammatory Effect. Sodium hydroxide

induced the formation of conjunctival hyperemia, corneal
edema, and epithelial defects. However, no signs were found
for group II: phenytoin sodium suspension, and group III: the
phenytoin sodium crownsomes formulation, demonstrating
that they were harmless to the ocular surface.
Grading of conjunctival hyperemia, corneal edema, and

epithelial defect in alkali-induced ocular injury in rabbits, for
treatment by either the suspension of phenytoin sodium or
crownsomes formulation CR1, is shown in Table 4. There was
no observable discharge in all groups. There was severe
conjunctival hyperemia observed in both treatment groups till
48 h after stimulation of chemical injury. However, one rabbit
treated with the phenytoin crownsomes exhibited moderate
condition at 48 h. By the third day of observation, four and two
cases improved to the moderate conditions of conjunctival
hyperemia in crownsomes and suspension-treated groups,
respectively. There was statistically insignificant differences (p
> 0.999), (p > 0.999), and (p = 0.5671) among both
treatments regarding the grading of conjunctival hyperemia at
24, 48, and 72 h respectively.
Two rabbits in the crownsomes-treated group and one

rabbit in the suspension group showed improvement to the
moderate category of corneal edema at 24 h of examination.
Interestingly, at 48 h, one rabbit in the crownsomes group
improved to mild category. This improvement became more
obvious at 72 h with two rabbits improved to mild category
compared to one rabbit in the suspension group.

There was no statistically significant difference in the grading
of corneal edema between both treatment groups at different
times of clinical examination: 24 h (p > 0.999), 48 h (p >
0.999), 72 h (p = 0.7727).
Observation of corneal epithelial defect revealed that three

of the phenytoin sodium crownsomes-treated rabbits experi-
enced progress and their condition improved from the severe
to the moderate corneal epithelial defect after 48 h, while most
of the phenytoin sodium suspension-treated rabbits persisted
under the severe condition. Clinically, rabbits treated with
phenytoin sodium crownsomes depicted improved recovery of
the corneal epithelial defect in comparison to the suspension-
treated rabbits, as after 72 h, two rabbits were assigned to mild
grade and three rabbits were assigned to the moderate grade.
On the other hand, in suspension-treated group, only two
rabbits improved to the moderate condition, with the
remaining rabbits still suffering from the severe condition.
However, there was no statistically significant difference in the
grading of corneal epithelial defect between both treatment
groups at 24 h (p > 0.999), 48 h (p = 0.5455), and 72 h (p =
0.1234) of clinical examination.

Western Blot Analysis. The results of western blot
analysis are explained in Figure 9; induction of alkali burn in
corneas revealed a striking increase in the expression of MMP-
9, VEGF-A, and TGF-β proteins by about 5-fold compared to
normal control corneas. Treatment of corneal injury of rabbits
with phenytoin sodium suspension exerted a significant
reduction in MMP-9, VEGF-A, and TGF-β biomarkers
expression to 35, 40, and 45%, respectively, compared to
group 4 of the corneal ulcer model. Moreover, treatment of the
alkali-induced corneal injury in the rabbits with phenytoin
sodium crownsomes resulted in a significant decrease in the
three biomarkers to 27, 28, and 31%, respectively, compared to
the alkali burn group.
No significant difference was noted after the administration

of phenytoin sodium suspension or crownsomes in normal
corneas compared to the normal control group. Interestingly, it
was noted that the phenytoin sodium crownsomes group
exerted a significant reduction in the protein levels of all of the
three biomarkers compared to the phenytoin sodium
suspension group. Alkali injury of the cornea stimulates the

Table 3. Permeability Parameters Calculated from the Ex
Vivo Permeation Study

formula

cumulative amount
permeated per unit area

(μg/cm2)
flux

(μg/(cm2 h))

permeation
coefficient
(cm/h)

CR1 1837.26 306.21 7.65
phenytoin
sodium
suspension

1027.21 171.2 4.28

Table 4. Clinical Inflammatory Features of Alkali Chemical
Injury on Rabbit’s Cornea between Phenytoin Sodium
Suspension and Phenytoin Sodium Crownsomes-Treated
Group

alkali burn treated with
phenytoin sodium
suspension (n = 6)

alkali burn treated with
phenytoin sodium

crownsomes (n = 6)

mild moderate severe mild moderate severe p value

Conjunctival Hyperemia
24 h 0 0 6 0 0 6 >0.999
48 h 0 0 6 0 1 5 >0.999
72 h 0 2 4 0 4 2 0.5671

Corneal Edema
24 h 0 1 5 0 2 4 >0.999
48 h 0 2 4 1 1 4 >0.999
72 h 1 1 4 2 1 3 0.7727

Epithelial Defect
24 h 0 0 6 0 0 6 >0.999
48 h 0 1 5 0 3 3 0.5455
72 h 0 2 4 2 3 1 0.1234
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secretion of growth factors and cytokines from the corneal
epithelium such as transforming growth factor (TFG-β), which

in turn bind to the receptors present on the cell surface with
subsequent initiation of multiple signals transduction cas-

Figure 9. Effect of phenytoin sodium suspension and phenytoin sodium crownsomes on MMP-9, VEGF-A, and TGF-β protein expression on
normal corneas, normal corneas treated with phenytoin sodium suspension, normal corneas treated with phenytoin sodium crownsomes, corneas
with induced alkali burn, phenytoin sodium suspension, and crownsomes-treated corneal ulcer. After 72 h, the rabbits were sacrificed by overdose
of phenobarbitone sodium (125 mg/kg, i.v.). The cornea were rapidly excised on an ice/salt mixture, washed with ice-cold saline, weighed, and
then homogenized to be used for estimation of protein expression of MMP-9, VEGF-A, and TGF-β by western blot analysis. Statistical analysis was
carried out by one-way ANOVA, followed by Tukey’s multiple comparison test. Each value represents the mean of three corneas ± standard error
(S.E.). *, Significantly different from the normal group at p < 0.05. @, Significantly different from the alkali burn model group at p < 0.05. #,
Significantly different from phenytoin sodium suspension at p < 0.05.

Figure 10. Histological examination of different corneal regions of different rabbit ocular tissue samples with different magnifications showing: (a)
normal morphological features of corneal layers with intact covering epithelium (arrow), underlying well-organized stromal layer (star) and intact
posterior liming membrane with lining endothelium (dashed arrow), (b) a section of normal corneal tissue exposed to phenytoin sodium-loaded
crownsomes-treated group showing nearly intact corneal epithelium and stroma, and (c) a section of normal cornea exposed to phenytoin sodium
suspension showing different sized, clear vacuolar cytoplasmic changes of covering corneal epithelium with apparent intact undelaying stroma,
posterior liming membrane, and lining endothelium.
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cades.45 TFG-β stimulates the transformation of keratocyte to
myofibroblast, which plays a significant role in superficial
reepithelialization, contraction, and termination of incisional
cornea injuries.46 MMP-9 regulates and affects several cellular
processes, such as the healing of the wounds.47 Additionally,
MMP-9 is essential for basal epithelial Celluar migration. In
this study, high expression of MMP-9 was observed in the
alkali-induced corneal injury group; consequently, a delay in
the healing process of the injured cornea was noted.
Oppositely, in both groups of phenytoin sodium, the
treatments inhibited MMP-9 expression; therefore, greater
basal epithelial cell migration was suggested compared to the
ulcer model group.
As depicted in Figure 9, corneal proteins TGF-β, VEGF-A,

and MMP 9 in phenytoin sodium-treated groups were
generally less than that of the model group (p < 0.05),
signifying enhancement of corneal healing process in both
phenytoin sodium groups more than the control. Therefore,
phenytoin sodium may stimulate the renovation of corneal
epithelial defects and develop intracellular conjunction. In
addition, results suggested that phenytoin sodium treatments
inhibited myofibroblast conversion proposed from the
inhibition of TGF-β. Moreover, 18-crown-6, as the essential
component of the crownsomes, has been reported to be an
effective penetration enhancer,20 which also seems to enhance
the transcorneal permeability of phenytoin sodium. These
results are in accordance with the result of ex vivo permeation,
which indicated the potential of crownsomes to enhance the
transcorneal permeation of phenytoin sodium. To the best of
our knowledge, there are no research studies revealing that

treatment of alkali-induced corneal injuries in rabbits by
phenytoin sodium crownsomes or suspension eye drops is
capable of healing promotion through inhibition of VEGF-A,
TGF-β, and MMP 9.

Histopathological Examination. Since phenytoin was
known to cause pain, irritation, and local toxicities (purple
glove syndrome) when administered by intravenous route,16

histopathological examination was important to confirm the
safety and biocompatibility of phenytoin sodium either free or
fabricated in crownsomes formulations for ophthalmic
administration. The normal corneal tissues subjected to either
phenytoin suspension or phenytoin crownsomes showed
different responses compared to untreated normal corneal
tissue (Figure 10a). As shown in Figure 10b, there is no
notable ocular injury or clinically atypical signs in the case of
phenytoin sodium-loaded crownsomes, as confirmed by the
intact layers of epithelium, stroma, and endothelium without
irritation signs, indicating good biocompatibility of the
formulation.
Contrastingly, the cornea exposed to phenytoin sodium

suspension (Figure 10c) exhibited distorted corneal tissues
with cytoplasmic vacuolization and changes in the corneal
epithelium with apparent intact stroma, posterior liming
membrane, and lining endothelium, indicating harmful effects
of free phenytoin sodium against the corneal tissue. The
biocompatibility of crownsomes may be attributed to the
guest−host complex effect of 18-crown-6. Moreover, the
encapsulation efficiency of crownsomes formulation was above
77 ± 5%, meaning that a large fraction of phenytoin sodium
was entrapped and shielded in the crownsomes. Accordingly,

Figure 11. Photomicrographs of histological examination of rabbit corneal tissues 72 h post induction of alkali injury with different magnifications
showing: (a) a section of corneal tissue of alkali-induced ulcer, nontreated rabbit as +ve control showing the pathology of corneal ulcer, disruption,
and denuding of epithelium layer (arrow), severe edema in stroma and winding of collagen fibers (star), moderate to severe mononuclear and
polymorphonuclear inflammatory cells infiltrates (red arrow); (b) a section of corneal tissue after application of phenytoin-loaded crownsomes
treatment, showing less denuded corneal epithelium and stroma and recording less persistence of reactive lesion with milder spacing between thin
fibrous stromal elements; and (c) a section of corneal tissue after application with phenytoin suspension rabbit showing disrupted covering
epithelium, ulcer still present with persistence of reactive lesions that were recorded in the untreated ulcer model samples. Many inflammatory cells
infiltrates and higher records of mature collagen fibers were observed in stromal layer. However, wider spaces between fibers were revealed.
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small amounts of the free drug partitioned in the aqueous
phase to exert irritation. Therefore, crownsomes are a novel
favorable less-irritant system for the safe and efficient
ophthalmic administration of phenytoin sodium. Since
crownsomes were fabricated using 18-crown-6, the cytotoxicity
of this compound was an important issue to be reviewed. A
study was conducted to investigate the cytotoxic effects of 18-
crown-6 and the role of oxidative stress in WI38 cell line
revealed that 18-crown-6 could efficiently enhance the activity
of antioxidant enzymes and decrease the toxicity.48 Moreover,
crown ethers have shown limited epithelial damage and corneal
toxicity that was similar to benzalkonium chloride, which is
widely used as a preservative in ophthalmic preparation.20

However, it was reported that complexation of 18-crown-6
with ions (such as K+) can decrease its toxicity.19 These data
suggested that the addition of ions or drug molecules to crown
ethers can reduce their toxicity; thus, the incorporation of 18-
crown-6 with phenytoin sodium and Span 60 in the developed
crownsomes may be another justification for the attained
biocompatibility.
On the other hand, induction of alkali burn in the corneas of

rabbits demonstrated marked thickening of cornea with wide
areas of denuded and lost covering epithelial layer accom-
panied with edema of stromal layer and winding of collagen
fibers. Moreover, moderate to severe mononuclear and
polymorphonuclear inflammatory cells infiltrates were re-
corded, as observed in Figure 11a. Interestingly, it can be
observed from Figure 11b that the treatment of alkali burn
with phenytoin sodium-encapsulated crownsomes showed less
persistence of reactive lesion records found in the alkali burn
group with milder spacing between thin fibrous stromal
elements. These findings suggest that crownsomes treatment
was superior to the drug suspension treatment (Figure 11c),
which caused persistence of reactive lesions that were recorded
in the alkali burn positive model group with denuded covering
epithelium; many inflammatory cells infiltrates and high
records of mature collagen fibers were observed in the stromal
layer, yet wider spaces between fibers were noted.

■ CONCLUSIONS

Phenytoin sodium-loaded crownsomes are a promising novel
nanovesicular formulation utilizing both 18-crown-6 and
lipophilic Span 60 to form nanovesicles with an excellent
ability to complex cations and drugs within 18-crown-6 cavity,
thus increasing the biocompatibility of phenytoin sodium and
protecting the tissues from the possible unfavorable damaging
effects of the drug. This formulation is a novel drug delivery
system with high encapsulation efficiency that exhibited
sustained drug release pattern with improved drug solubiliza-
tion as such formulation occurred with small particle size and
homogeneous distribution, which provide large surface area for
drug solubilization. It is noteworthy to focus on the excellent
permeability enhancement of crownsomes, which correlated to
the presence of 18-crown-6 that can sequester calcium ions
from cell membranes and improve penetration of drugs. Our
novel formulation exhibited better clinical therapeutic out-
comes in the healing of alkali-induced corneal ulcer in rabbit
with increased corneal reepithelialization. Hence, further
investigation of the healing effects on different corneal ulcer
models and for prolonged periods is recommended for future
directions.
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