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Abstract

Ocular drug administration is usually problematic and suffers low bioavailability due to several physiological and biological
factors that hinder their effective treatment. Terconazole (TZ) is considered as one of the effective ocular antifungal agents that is
usually administrated intravitreally for higher efficacy. The aim of the work in this study is to formulate a TZ-loaded ocular drug
delivery system with high efficiency and good tolerability. First, TZ-loaded bile-based nanovesicles (BBNV) were prepared and
the formulation variables (namely, Span 60, cholesterol, and sodium deoxycholate levels) were optimized based on the results of
the entrapment efficiency (EE%), particle size (PS), and zeta potential (ZP) using Box-Behnken statistical design. The optimized
system was formulated using 73.59 mg Span 60, 1.28 mg cholesterol, and 3.11 mg sodium deoxycholate. The formulated system
showed vesicles with PS of 526 nm, —42.2 mV ZP, and 93.86% EE%. TZ release, cellular uptake, and cytotoxicity of the
optimized system were evaluated in vitro. In addition, in vivo assessment of its safety was conducted histopathologically and via
ocular irritation test to ensure the ocular tolerance of the system. Afterwards, the optimized TZ-loaded BBNV was integrated into
a self-nanoemulsifying system (SNES) to allow faster TZ release for immediate antifungal effect, enhanced ocular residence, and
improved ocular permeation. TZ release study revealed more than 2 folds increment in drug release rate from the integrated
system compared to BBNV alone. Finally, this integrated system was assessed for its antifungal activity in vivo where it
demonstrated higher antifungal activity against induced Candida albicans infection.
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Introduction
>4 Carol Yousry

carol.yousry @pharma.cu.cdu.cg Trauma is the most common predisposing factor for ocular

fungal infections; other risk elements maybe septicemia, ac-
quired immune deficiency syndrome (AIDS), excessive use of
immunosuppressive agents, or systemic disseminated infec-
tion [1, 2]. Different regions of the eye are susceptible sites
for fungal infections: eyelids, conjunctiva, lacrimal apparatus,
cornea, and retina. Among all, ocular infection affecting the
retina (retinitis) is considered the most devastating one [3].
Candida albicans is one of the most predominant causative
agent for such ocular infections causing fungal chorioretinitis,
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a case where there is inflammation of the choroid (thin
pigmented vascular coat) and retina of the eye [4]. Many stud-
ies have been done to understand the different antifungal
agents and enhance their effect [5]. Among all, the azole class
is emerging rapidly and is considered the best choice for
treating both localized and systemic infections. This class
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varies according to the number of the nitrogen atoms in their
azole ring, where triazoles showed broader spectrum of appli-
cations than imidazoles. Thus, it has been the prime choice in
many pharmaceutical industries [6]. Terconazole (TZ) is a
triazole ketal potent antifungal drug with a wide range of
activity on yeasts and fungi in vitro. It prevents Candida
albicans transformation into its mycelium form where it inter-
acts with cytochrome P-450 in the yeast and fungal mem-
branes, inhibits its function which affects the membrane per-
meability and membrane-bound enzymes, and finally inhibits
fungal growth [7]. In vivo, TZ has shown to be effective in
topical treatment of dermatophytosis and candidiasis without
detected side effects [8]. Also, it has been reported that intra-
vitreal injection containing TZ is safe to the rabbit eye [9].

Topical eye drops are the most preferred form for ocular
drug administration, accounting for about 90% of the ophthal-
mic formulations as they offer high patient compliance and
cost affordability [10]. However, they suffer from the insuffi-
cient duration of drug effect owing to its low bioavailability
(about only 5%). This low bioavailability can be explained in
the light of the rapid and extensive pre-corneal loss due to
quick tear turnover, drainage through the nasolacrimal duct,
drug metabolism by anterior segment enzymes, and presence
of cornea and conjunctiva epithelial cells as barriers [4, 11].
Significant efforts have been made to improve ocular bioavail-
ability of drugs by enhancing their corneal permeation and
increasing their residence time. Colloidal drug delivery sys-
tems such as nanoparticles, nanoemulsions, and liposomes
have gained much attention in enhancing ophthalmic drug
administration either topically or systemically [12].
Nanovesicles are novel drug delivery systems with small par-
ticle size and narrow size range showing prolonged ocular
residence time thus ensuring adequate bioavailability, low ir-
ritation, and high compatibility with ocular tissues [11]. Bile-
based nanovesicles (bilosomes; BBNV) are nanovesicular car-
riers assigning non-ionic amphiphiles in a bilayer, in addition
to bile salts [13]. BBNV can improve the ocular permeation of
poorly soluble drug due to its elastic properties as well as
increasing its residence time [14].

The aim of the work in this study was to formulate TZ-
loaded nanovesicle system with high ocular residence time,
high ocular permeation, and sustained release profile for re-
duced dosing frequency. Thus, TZ-loaded BBNV was pre-
pared and the influence of different formulation variables on
the encapsulation efficiency (EE%), particle size (PS), and
zeta potential (ZP) was statistically studied and optimized
using Box-Behnken statistical design. The cytotoxicity, cellu-
lar uptake, ocular tolerance, and TZ release from the opti-
mized system were evaluated to ensure the safety and efficacy
of the formulated nanovesicles. Furthermore, the optimized
system was integrated into a self-nanoemulsifying system
(SNES) to modify the dispersion characteristics, improve TZ
release, and enhance ocular residence and permeability.
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Finally, in vivo study of the integrated system was performed
to compare the efficiency of the integrated system to TZ
suspension.

Materials and methods
Materials

Terconazole (TZ) was supplied as a gift from Marcyrl
Pharmaceutical Industries (Cairo, Egypt). Sodium
deoxycholate (SDC) was purchased from BASF Co.
(Florham Park, New Jersey, USA). Cholesterol, Span 60,
and chloroform were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, Missouri, USA). Labrafil® M
2125 CS and Transcutol® HP were kindly donated by
Gattefosse (Lyon, France). Sodium dihydrogen phosphate
was obtained from Merck (Darmstadt, Germany). Isopropyl
alcohol, methanol, sodium hydroxide, sodium lauryl sulfate,
and Tween® 80 were obtained from Adwic, El-Nasr
Pharmaceutical Chemicals Co. (Cairo, Egypt). All reagents
and solvents used in this study were of analytical grade.

Preparation of TZ-loaded BBNV

TZ-loaded BBNV were prepared utilizing thin film hydration
(TFH) technique [15]. In order to optimize the formulation
process variables, Box-Behnken design was adopted to eval-
uate the influence of the main effects as well as the interaction
between the independent variables. The selected independent
variables under study were the amount of Span 60 (X1), cho-
lesterol (X2), and bile salt (SDC; X3). The low and high level
of these variables was set to 60 and 100 mg for Span 60, 0 and
20 mg for cholesterol, and 0 and 10 mg in case of SDC.
Design-Expert® software (Version 7.0.0, Stat-Ease Inc.,
Minneapolis, USA) was used to suggest different runs with
different combinations of the independent variables as shown
in Table 1.

On the other hand, physicochemical properties such as en-
trapment efficiency (EE%, Y1), particle size (PS, Y2), poly-
dispersity index (PDI, Y3), and zeta potential (ZP, Y4) of the
prepared TZ-loaded BBNV were evaluated as the dependent
variables.

Briefly, 10 mg of TZ with different amounts of Span 60 and
cholesterol was dissolved in 10 mL chloroform/methanol mix-
ture (2:1) in a round bottom flask using an ultrasonic bath
sonicator (Elmasonic S, Model SH 150-41; USA) for
10 min. The obtained organic solution was evaporated under
reduced pressure using a rotary evaporator for 30 min at 65 °C
and 90 rpm (Rotavapor; Heidolph VV 2000, Burladingen,
Germany) until a thin dry film was formed inside the flask.
This dry film was then hydrated with 10 mL distilled water
containing sodium deoxycholate (SDC) as the bile salt, by
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Table 1  Composition of TZ-loaded BBNV, independent variables, and measured responses of Box-Behnken statistical design
Run Xi: Span X5: cholesterol X3: SDC Y,: EE£SD Y,: PS£SD Y;: PDI+SD Y4: ZP+£SD Drug content
%o WIW nm mV mg/mL

1 80 10 5 84.00+0.51 699.80 +44.97 0.16 = 0.02 —45.40+0.00 1.00+0.00
2 80 0 10 67.79+1.20 478.20+12.87 0.66 £ 0.06 —48.20+0.42 1.00+£0.01
3 60 0 5 64.09+0.83 489.00+89.10 0.83 £ 0.06 —33.40+0.99 0.98+0.03
4 80 10 5 83.00+£0.91 851.30+67.18 0.20 £0.14 —43.00+2.83 1.00+0.08
5 80 20 10 84.05+1.41 999.00 +02.55 0.78 £ 0.07 —52.60+0.99 0.98+£0.02
6 100 20 5 86.39+0.93 695.00 +20.22 0.92 £0.12 —45.50+£0.42 1.00+0.00
7 80 10 5 84.50+1.41 708.90 +30.55 0.20 £ 0.03 —48.90+0.42 0.98+0.01
8 80 0 0 72.47+0.21 677.10+20.22 0.96 £ 0.05 —33.90+£0.57 0.98+0.03
9 60 10 10 85.64+1.62 666.50 +15.84 0.31 £0.01 —51.90+£0.00 0.98+0.01
10 80 20 0 70.68 +0.17 878.00+29.98 1.00 + 0.00 —40.20+0.14 0.99+0.01
11 100 10 0 60.64 +3.64 779.00 +04.24 0.59 + 0.06 —3470+1.13 0.98+0.04
12 80 10 5 84.00+0.91 873.60+37.34 0.20 = 0.05 —52.10+£0.42 1.00£0.07
13 100 10 10 75.84+0.73 957.90 +201.7 0.41 +0.01 —51.90+£0.00 0.99+0.01
14 80 10 5 82.55+0.16 709.30 +13.01 0.15 = 0.00 —43.50+£0.85 0.99+0.03
15 60 20 5 83.93+1.46 621.80+13.44 0.13 +£0.02 —43.10+0.42 1.00+0.03
16 100 0 5 66.53+2.70 659.60 +202.7 0.98 +0.02 —34.80+0.57 0.99+0.00
17 60 10 0 60.00+0.86 476.90 +30.83 0.81 £0.01 —45.00+0.00 0.99+0.01

rotating the flask in a water bath maintained at 65 °C for 1 h

under normal pressure to form a crude dispersion of TZ- EE% — amount of the entrapped TZ x 100 (1)

loaded BBNV. Finally, the formulated BBNV dispersion
was sonicated for 5 min in a bath sonicator at 25 °C to reduce
the particle size of the vesicles and stored at 4 °C for charac-
terization [16].

In vitro characterization of TZ-loaded BBNV
Total drug content

One milliliter of the formulated BBNV aqueous dispersion
was diluted with isopropyl alcohol and sonicated for 5 min
to allow the complete disruption of the formulated vesicles.
The resulted clear solution was measured spectrophotometri-
cally at 297 nm (UV Spectrophotometer 2401/PC; Shimadzu,
Japan) and TZ content was calculated [4].

Drug entrapment efficiency (EE%)

For all of the prepared systems, TZ-loaded BBNV were sep-
arated from the aqueous dispersion by centrifugation (Heraeus
Megafuge 16R; ThermoFisher Scientific, Germany) at
12,000 rpm for 1 h at 4 °C and the residue was washed twice
with water to remove the excess unentrapped TZ. The sepa-
rated vesicles were diluted with isopropyl alcohol and soni-
cated for 5 min until a clear solution is obtained. Finally, the
solution was measured spectrophotometrically at 297 nm and
TZ entrapment was calculated according to the following
equation [17]:

total amount of TZ

The individual values for two replicates were determined
and their mean values were reported.

Particle size (PS), polydispersity index (PDI), and zeta
potential (ZP)

The PS and PDI of all the formulated BBNV systems were
determined by Malvern Zetasizer Nanoseries (Nano ZS;
Malvern Instruments, UK) adopting the dynamic light-
scattering technique. PDI values are a valuable indication for
the size distribution uuniformity, where small values (around
0) reveal a homogenous and uniform size distribution, while
larger PDI values (around 1) reflect a higher heterogeneity
[18]. ZP measurement was carried out using the same instru-
ment by observing the electrophoretic mobility of the particles
in an electrical field. The dispersions were properly diluted
with distilled water before measurement [3]. All measure-
ments were performed in duplicate and their mean values were
reported.

Statistical analysis and optimization of the formulation

Statistical analyses via analysis of variance (ANOVA) to iden-
tify the influence of the independent variables on the depen-
dent variables were performed using Design-Expert® soft-
ware adopting Box-Behnken design. The base design
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consisted of 17 runs and the p value < 0.05 was considered to
be statistically significant. The suitable models for Box-
Behnken design include linear, two-factor interaction, and
quadratic models. These models have provided several com-
parative measures for model selection. Predicted R? (multiple
correlation coefficient), which gives a correlation between ex-
perimental response and predicted response, should be high
for any model to be significant. Adjusted R* (adjusted multiple
correlation coefficient) gives a similar correlation but after
ignoring the insignificant model terms, and should show good
agreement with predicted R? for the model to be fit [19].
Afterwards, the dependent variables’ results were statistically
optimized to select the most desirable system where the opti-
mization criteria were set to EE% (Y1) > 70% w/w, PS (Y,) <
600 nm, PDI (Y3) <0.7, and ZP (Y4) <—30 mV. The opti-
mized system was formulated, characterized, and used in fur-
ther studies.

Evaluation of the optimized BBNV system
Cytotoxicity test

The cytotoxicity of the optimized BBNV system (containing
TZ in 1 mg/mL) was evaluated using normal human primary
corneal epithelial cell line which were obtained from
American Type Culture Collection (ATTCC®
PCS700010™). Drug suspension (I mg/mL) and drug solu-
tion (I mg/mL; drug dissolved in phosphate buffer pH 7.4
containing 1% sodium lauryl sulfate (SLS)) were also per-
formed for comparison. Cells were cultured under standard
conditions (5% CO,, 98% humidity, 37 °C) in medium sup-
plemented with 10% heat-inactivated fetal bovine serum
(FBS), penicillin (100 units/mL), streptomycin (100 pg/mL),
L-glutamine (0.3 mg/mL), pyruvic acid (0.11 mg/mL), 0.37%
NaHCOs, and 50 uM of 2-mercaptoethanol. Hundred micro-
liter growth medium (at a density of 1.2—1.8 x 10,000 cells/
well) were incubated for 24 h in 96-well plates with different
serial dilution (100, 10, 1, 0.1, 0.01 pg/mL) of each of the
optimized system, drug suspension, and drug solution. The
incubated wells were rinsed three times using phosphate buff-
er saline (PBS), then 50 pL of MTT reagent (3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added
in each well and incubated for 4 h at room temp in dark area.
Afterwards, plates were centrifuged at 200xg and supernatant
was aspirated. Finally, 100 uL of dimethyl sulfoxide (DMSO)
was added to dissolve the MTT formazan crystals and the
optical density (OD) of the wells was measured at wavelength
570 nm (against background wavelength 690 nm) on ELISA
plate reader (Thermo Labs, USA). The optical density of the
violet color of MTT formazan crystals is directly related to the
cell viability. Cell viability was calculated by comparing the
absorbance of the treated wells against the untreated ones and
a relation was constructed between the different
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concentrations of each tested system against the percentage
viability of the cells where IC50 for each system was finally
anticipated [12, 13].

Cellular uptake study

Normal human primary corneal epithelial cornea cell line
(PCS700010™) was seeded in 48-well plates, incubated over-
night at 37 °C with 100 uL growth medium (Roswell Park
Memorial Institude (RPMI-1640) media, 10% FBS, and 1%
antimycotic antibiotic mixture). The optimized BBNV system
was diluted and incubated with the culture medium at 37 °C
for 24 h (at a final concentration of 2.7 pg/mL which is equiv-
alent to 5 uM TZ). Afterwards, 100 uL was withdrawn from
each well to detect the extracellular amount of TZ using
HPLC. On the other hand, the remaining cells were washed
three times with sterile PBS to remove any excess
unentrapped drug. Trypsinization of cells was performed by
addition of trypsin which was then diluted in 50 uL growth
media and vortexed for 2 min. Freeze—thaw cycle technique
was performed for all the wells to allow cell lysis and the final
dispersion was centrifuged for 30 min at 14,000 rpm. The
intracellular TZ was quantitively detected in the supernatant
using HPLC. Drug suspension was also performed for
comparison.

In vivo safety assessment

Three male albino rabbits (2-2.5 kg) were assigned for eval-
uating the ocular irritation and ophthalmic histopathological
effect of the optimized TZ-loaded BBNV system.

The rabbits were housed according to the National Institute
of Health guidelines. In addition, handling of the animals and
all their biological tissues were performed in accordance with
the regulations of Research Ethics Committee for experimen-
tal and clinical studies at Faculty of Pharmacy, Cairo
University (REC-FOPCU; PI (1051)), and guidelines of
Association for Research in Vision and Opthalmology
(ARVO) resolution (Rockville, MD, USA). Both eyes were
visually inspected before testing to ensure the absence of any
defects. One drop (0.1 mL) of the optimized BBNV system
was instilled into one eye while physiological saline solution
was instilled in the contralateral eye as a control. The instilla-
tion was repeated every hour for a period of 6 h.

Ocular tolerance testing

Both eyes of rabbits were visually examined using a slit lamp
to detect any irritation signs, such as conjunctivitis, corneal
edema, and/or hyperemia. Their response to the applied sys-
tem was evaluated according to Draize scoring technique [20],
where system was concluded to be non-irritant if it showed
score range from 0 to 3.9, slightly irritant in range of 4 to 8.9,
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moderately irritant in case of 9 to 12.9 range, and seriously
irritant from 13 to 16.

Histopathological examination Thirty minutes after the last
instillation, rabbits were euthanized by intravenous injection
of sodium pentobarbital overdose. Both corneas, the one re-
ceiving the optimized BBNV system and the control cornea
receiving physiological saline, were isolated, rinsed in physi-
ological saline, and subsequently fixed in 10% formalin for
24 h. Afterwards, the isolated corneas were washed with tap
water, and then serial dilutions of alcohol (methanol, ethanol,
and absolute ethanol) were used for dehydration. Specimens
were cleared in xylene and embedded in paraffin at 56 °C in
hot air oven for 24 h. Using sledge microtome, paraffin bees-
wax tissue blocks were prepared by sectioning at 4 um thick-
ness. The obtained tissue sections were collected on glass
slides, deparaffinized, and stained by hematoxylin and eosin
stain in order to be examined under the light electric micro-
scope [1].

Formulation of self-nanoemulsifying system
containing terconazole

Based on the previous results, TZ-loaded self-nanoemulsifying
system (SNES) was prepared and integrated with the previously
optimized TZ-loaded BBNV. SNES is known to enhance ocu-
lar permeability and promote drug release [21, 22]. Preliminary
drug solubility studies for screening different oils, surfactants,
and co-surfactants were performed and different systems were
prepared and optimized [23]. The optimized system was for-
mulated of Labrafil® M 2125 CS as the oily component,
Tween® &0 as a surfactant, and Transcutol® HP as co-surfac-
tant/co-solvent in ratios of 20:50:30, respectively. TZ was
vortexed (Stuart SA8; UK) in Tween® 80 and Transcutol®
HP for 2 min. Labrafil® M 2125 CS was then added into the
mixture and vortexed again until a homogenous clear solution
of concentration 1 mg/mL was obtained which was then kept at
25 °C in tightly closed glass bottles to be subjected to further
studies [3, 18]. The globule size and PDI of the formulated TZ-
loaded SNES were measured as discussed before.

Preparation of integrated
nanovesicular/self-nanoemulsifying system
containing terconazole (INV/SNES)

In our study, an integrated system (INV/SNES) with a total
concentration of 2 mg TZ/mL was prepared by dispersing
BBNV residue equivalent to 1 mg TZ (for a sustained release
target) in 1 mL of SNES containing 1 mg TZ (for immediate
TZ release). TZ-loaded BBNV was separated from the
unentrapped TZ in the dispersion by centrifugation and the
seperated BBNV residue was redispersed in the SNES by

votexing. The drug content of the formulated integrated sys-
tem was measured as previously mentioned.

Characterization of the integrated system

In vitro dispersibility study An in vitro dispersibility study was
done to observe the self-emulsification efficiency of INV/
SNES [24]. One drop of the INV/SNES was added to
10 mL of phosphate buffer (pH 7.4) in a glass tube. The time
required for complete dispersion of the INV/SNES was
determined.

Transmission electron microscopy The size and surface topog-
raphy of the optimized BBNV system as well as the INV/
SNES was observed using transmission electron microscopy
(TEM) operating at 80 kV (JEM-1230, Jeol, Tokyo, Japan). A
single drop of diluted dispersion was deposited on the surface
of a carbon-coated copper grid, which was then negatively
stained with 2% phosphotungstic acid and allowed to dry at
room temperature for investigation [17].

In vitro release studies The release of TZ from the integrated
system (INV/SNES) was observed using a drug dissolution
tester with slight modification. In addition, TZ release from
the optimized BBNV dispersion and its residue (obtained after
centrifugation of the prepared dispersion and removal of ex-
cess unentrapped TZ) as well as the selected SNES (1 mg/mL)
was performed for comparison. An accurate amount of any of
the formulated system, equivalent to 2 mg TZ, was placed in a
glass cylinder based with membrane filter (Nylon, 0.22 um,
47 mm) which was then fitted to the shaft of the dissolution
tester (Apparatus 1), operated at 37 °C, 50 rpm for 24 h against
250 mL of phosphate buffer (pH 7.4) containing 1% SLS as
the receiving release medium. Aliquots of 3 mL sample were
withdrawn at predefined time points for the release duration
0.5, 1, 2,4, 6, 20, 22, and 24 h) and were replenished with
equal volume of fresh release medium. TZ concentration in
each sample was quantitatively determined using a previously
validated HPLC method (Waters Alliance HPLC system,
Milford, Massachusetts, USA) installed with Zorbax eclipse
Cig column (250 x 4.6 mm, 5 pum). A 100-pL sample was
injected at 45 °C where TZ was eluted using
acetonitrile:0.01 M ammonium acetate buffer (55:45, v:v) as
mobile phase at flow rate of 1.5 mL/min and measured at
wavelength 220 nm. The in vitro drug release studies were
performed in duplicates.

In vivo evaluation of the INV/SNES antifungal efficacy
Animals

Twelve male rabbits, weighing approximately 2.5 kg each,
were used in this study. The use and handling of the animals
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in this study were performed in compliance with the ARVO
statement and approved by the REC-FOPCU (PI(1051)).
Initially, the rabbits were investigated to detect any signs of
ocular pathology.

Inoculation technique

Candida albicans (ATCC® 18804) was used to promote oc-
ular fungal infection via surface inoculation for the in vivo
evaluation of the tested INV/SNES system. Rabbits were se-
dated by intraperitoneal injection of 0.5 mL thiopental. All
rabbits received immunosuppresant drug (0.1 mL dexameth-
asone into each eye) before inoculation to enhance the fungal
infection [25]. Intrastromal injection of 10 uL inoculum
(Candida albicans, containing 2.5 x 10° cells) was introduced
in both eyes of rabbits by inserting a sterile 27-gauge needle
into the central corneal stroma tangential to the corneal surface
to a depth of one half of the corneal thickness. Rabbits were
excluded from the study if any penetration of the inoculum
into the anterior chamber or reflux of the inoculum was ob-
served. After 48 h of inoculation, treatments were instilled into
the conjunctival sac of rabbits [26].

Treatment technique

The rabbits were randomly assigned into three different
groups: group one received INV/SNES (2 mg/mL), group
two received drug suspension (2 mg/mL), and group three
received physiological saline solution only as control.

One drop (50 puL) of each treatment containing 0.1 mg drug
was instilled in both eyes two times daily (every 12 h) until
clinical recovery was fully observed [26]. Photographs were
taken before and after induction of keratitis as well as after full
recovery to detect signs of improvement. At the end of the
study, aqueous humor were collected from groups 1 and 2 and
were cultivated on agar medium to detect the microbiological
count of Candida albicans.

Results and discussion

BBNV was formulated to enhance ocular TZ delivery as an
antifungal agent with high percent yield (91.20-97.80%). The
bile salt incorporation in the system allows flexible vesicle
formulation which may improve ocular retention and perme-
ation. Box-Behnken statistical design was performed to opti-
mize TZ-loaded BBNV systems and to conclude mathemati-
cal equations correlating the previously mentioned indepen-
dent formulation variables with the different dependent re-
sponses of TZ-loaded BBNV systems as shown in Table 2.
The approximation of response values of the EE% (Y) and
PDI (Y3) based on the quadratic model was the most suitable
because it showed high values for R?, as well as good
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agreement for the adjusted and predicted values of R*, while
the linear model was selected for the approximation of re-
sponse values of the particle size (Y,) and zeta potential
(Y4). It can be observed that the values of predicted R* and
adjusted R” are in good agreement resulting in a reliable mod-
el. The initial model was refined by including in the model
only those terms for which the level of significance was below
or equal to p<0.05.

In vitro characterization of all the prepared systems
Total drug content

All the prepared BBNV dispersions showed acceptable TZ
content relative to the initially added amount (1 mg/mL)

where drug content of all the systems ranged from 98 to
100% w/w.

Entrapment efficiency % (EE%)

The formulated BBNV systems showed high entrapment ef-
ficiency of TZ ranging from 60 to 86.39% (w/w) as represent-
ed in Table 1. ANOVA statistical analysis of the results sug-
gested the quadratic model is the model of choice for the
statistical study of the data. The quadratic model revealed that
the added amount of cholesterol (X,) and sodium
deoxycholate (X3) as well as the interaction between them
had a significant effect on the EE% (p <0.05) (Fig. 1a).
Increasing cholesterol level to the formulation at high/low
level of SDC resulted in vesicles with higher EE%. This could
be attributed to the increase in the bilayer rigidity of BBNV
upon increasing cholesterol level as previously reported by
Khan and Irchhaiya [27]. On the other hand, increasing SDC
level from 0 to 5 mg at high/low level of cholesterol resulted in
an increase in the EE% of the formulated vesicles whereas
further increment in SDC level resulted in vesicles with lower
EE%. Increasing bile salt level (SDC) may enhance the mem-
brane elasticity and drug solubilization in the bilayered mem-
brane of the BBNV which may result in higher EE%.
However; higher levels of SDC will increase drug solubiliza-
tion in the external dispersion medium causing drug leakage
out of the formulated system. Also, drug leakage could be
augmented by the higher fluidizing effects of SDC on the lipid
bilayers of the BBNV [28, 29].

PS, PDI, and ZP

Particle size, particle size distribution, and zeta potential are
considered the most essential parameters while evaluating the
physical stability of nanoscaled drug delivery systems. In ad-
dition, the particle size exerts a specific role in the safe and
efficient ocular administration of drugs. Nanometric drug de-
livery systems ensure less ocular irritation and better patient
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Table 2 Statistical regression

values for the measured Model

Response

Adjusted R

Predicted R* Final equation in terms of actual factors

dependent responses

Y,: EE% Quadratic

Y,: PS Linear

Y,: PDI

Quadratic

Yy4: ZP Linear

0.9875

0.4593

0.9551

0.5436

0.9621 Y, =—60.661
+3.0814 X,
+0.3691 X,
+3.6450 X5
+0.1077 X5 X5
-0.0190 X,2
-0.3289 X;2
Y, = 143.9066176
+5.751875 X,
+9.66125 X,
+2.265 X;
Y;=4.1402
-0.0757 X,
-0.1005 X,
—0.1590 X5
+0.0008 X; X5
+0.0005 X2
+0.0050 X,>
+0.0065 X352
Y4=-37.018
+0.0406 X,
-0.3888 X,
-1.2700 X5

0.2160

0.8057

0.3491

convenience with high improvement in corneal penetration
and retention time. It was reported that particles intended for
ocular administration should not exceed 10 pm in size [30].

In our study, all of the formulated TZ-loaded BBNV
showed mean PS ranging between 476.9 and 999 nm
(Table 1). ANOVA test for significance revealed that only
Span 60 and cholesterol levels showed a positive significant
effect (p <0.05) on the measured PS (Fig. 1b). Increasing
Span 60 level or cholesterol level resulted in vesicles with
larger particle size. The increase in particle size observed with
Span 60 increment could be attributed mainly to the long
saturated alkyl chain (C16) of Span 60 which may result in
the formation of larger vesicles [31, 32]. On the other hand,
increasing PS with the additional increment of cholesterol
could be a result of the increment in the width of the bilayer
membrane of the formulated nanovesicles due to the incorpo-
ration of more cholesterol molecules which subsequently re-
sult in larger vesicle size [31].

Particle size distribution, as indicated by the PDI, is consid-
ered an important parameter while evaluating the homogenity
of the formulated BBNV dispersion. Small PDI values (near 0)
reveal more homogenous dispersion with uniform size distribu-
tion, while large PDI values (near 1) reflect heterogenous dis-
persion with a wide size distribution range [18]. Most of the
formulated TZ-loaded BBNV showed acceptable PS

distribution with PDI in the range of 0.13—0.66; only few sys-
tems showed higher unacceptable PDI range (>0.7). ANOVA
test showed that only SDC level and its interaction with Span
60 had a significant effect on the PDI results (p <0.05).
Increasing SDC level from 0 to 5 mg at high/low level of
Span 60 resulted in BBNV system with low PDI level; howev-
er, the PDI level of the formulated vesicles was significantly
increased upon further increment in SDC level (from 5 to
10 mg) (Fig. 1c). It was reported that substantial decrease in
PDI of BBNV vesicles was associated with the increase of bile
salts, which may be attributed to the reduction in surface tension
of the vesicles and the enhancement in the bilayer flexibility
[33]. However, the increament in the PDI level of the vesicles
observed with further increase in the level of SDC may be
related to the uneven enlargement of the vesicles and the higher
viscosity of the medium that result in different vesicles’ size
[29, 34].

ZP is considered an indirect measure for stability of
colloidal dispersions; vesicles with high surface charge
are more stable against accumulation than uncharged ves-
icles as it hinders aggregation of vesicles [29, 35, 36]. All
the formulated systems showed a negative surface charge
with ZP values ranging from —33.40 to —52.60 mV
(Table 1). ANOVA test showed that cholesterol and
SDC level had a significant positive effect on ZP
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C:SDC

000 6000

Fig. 1 Statistical surface response plot showing the effect of cholesterol
and SDC level on the entrapment efficiency (EE%) (a), Span 60 and
cholesterol level on the particle size (PS) (b), Span 60 and SDC level

(p <0.05), where increasing any of their levels resulted in
higher ZP values (Fig. 1d). Increasing the level of SDC, a
negative charge inducer, leads to an increase in the nega-
tive ZP of the formulated BBNVs as a result of its anionic
nature [17, 37]. Also, increasing cholesterol level leads to
slight increase in the negative ZP of the vesicles. Similar
finding was observed by Jovanovi¢ et al. [38] where they
found that increasing sterols’ concentration leads to
higher absolute zeta values. Sterols’ inclusion affects the
bilayer arrangement of the vesicles irrespective to the
functional groups available, which may participate in the
hydrogen bonding interaction with the sterols and cause
changes in the total surface charge of the prepared sys-
tems. Also, increasing cholesterol level may increase the
spacing between the membrane bilayer molecules

@ Springer
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*® B: Cholesterol
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on the polydispersity index (PDI) (¢), and cholesterol and SDC level on
the zeta potential (ZP) (d) of TZ-loaded BBNV

allowing more space for SDC inclusion which may affect
the surface zeta potential of the systems.

Statistical optimization of the formulation

Statistical optimization of all the investigated variables was per-
formed to detect the levels of input variables from which a prod-
uct with high quality may be produced. The optimization criteria
was setto EE% (Y1) > 70% w/w, PS (Y;) < 600 nm, PDI (Y3) <
0.7, and ZP (Y4) <—30 mV. Graphical and numerical analyses
using the Design-Expert® software were done based on the cri-
terion of desirability [39] and the optimized system was selected
as a compromise between the high EE%, low PS, low PDI
values, and high ZP with desirability factor 1. It was composed
of 10 mg drug, 73.59 mg Span 60, 1.28 mg cholesterol, and
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Table3  The predicted and observed values for the dependent variables
of the optimized system suggested by Box-Behnken statistical design

Response EE% (w/w) PS (nm) PDI ZP (mV)

Predicted values 89 586.6 0.666 —38.5
Observed values 93.86+0.03 526+0.00 0.767+0.16 —42.2+5.59

3.11 mg sodium deoxycholate. The optimized system was pre-
pared to confirm the validity of the optimization procedure. The
predicted and observed responses of the optimized TZ-loaded
BBNV are presented in Table 3. The design space is a multidi-
mensional combination and the study of the interaction of the
input variables and parameters of the process has been found to
provide quality assurance [40]. Working within the design space
ensures that no change is considered and nearly gives the re-
quired quality of the optimized BBNV, while working out of
the design space may cause change and gives a product with
low quality. The design space, represented in Fig. 2, shows the
common region of successful operating ranges determined using
the responses of the dependent variables. There was no proposed
design space for high levels of Span 60 (more than 75 mg).

Evaluation of the optimized BBNV system
Cytotoxicity test

Cytotoxicity test revealed that IC50 for the optimized TZ-
loaded BBNV system is 82.8 uM compared to 6.3 uM
and 6.75 pM in case of drug solution and drug

Design-Expert® Software

Fig. 2 The working design space
9 W £ £ Sb Factor Coding: Actual

as proposed by Design-Expert

. Desirabili
software, showing the common 1 ty
region of successful operating |
ranges determined using the re- 0
spo?liels of the dependent e ]
variables X2 =C- SDC
Actual Factor
A: Span = 67.57

C. 8DC

suspension, respectively, as shown in Fig. 3. This result
ensures the safe administration of the optimized BBNV
system as it will offer less cytotoxic effects even at higher
drug concentrations.

Cellular uptake study

After 24 h incubation with human cornea cell line, the extra-
cellular and intracellular TZ were quantitatively analyzed for
both the optimized BBNV system as well as the drug suspen-
sion (Fig. 4) and percent TZ uptaken by the cells were calcu-
lated. The optimized BBNV system showed 65.86% w/w of
TZ uptaken by the cells compared to 71.28% w/w in drug
suspension. These results could be attributed to the long incu-
bation period (24 h) between both systems and the cells. This
long incubation period could be the main reason for the failure
of'this study to discriminate between the cellular uptake of the
optimized BBNV and TZ suspension.

In vivo safety assessment

Ocular tolerance test Upon visual examination, the corneas
treated with TZ-loaded BBNV did not show any sign of
occular irritation, redness, or corneal edema and thus were
scored zero according to Draize scoring system. These obser-
vations suggested high ocular tolerance to the optimized TZ-
loaded BBNV to be confirmed by the histopathological study.

Histopathological study Light microscopic examination was
conducted on stained sections of both control and BBNV-

Desirability

10.00

6.00

400

200

0.00 5.00 10.00 15.00 20.00

B: Cholesterol
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100 -
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(uM) 50 -

TZ suspension

0 o

Optimized TZ TZ solution
BBNV

Fig. 3 Bar chart showing the inhibitory concentrations (IC50) of TZ-
loaded BBNV, TZ solution, and TZ suspension after 24 h incubation with
human primary corneal epithelial cell line

treated group. The examination revealed no histopathological
alteration in the cornea (outer and inner lining of the epitheli-
um and stroma in between (Fig. 5a,, b,), as well as the iris
(Fig. 5¢y), retina, choroid, and sclera (Fig. 5d,) of the treated
group when compared to the control one (Fig. 5a;—d;). The
absence of any ocular irritation and intolerability suggests that
TZ-loaded BBNV is a well-tolerated system that can be used
without toxicity concerns.

Formulation of self-nanoemulsifying system
containing terconazole

SNES containing TZ was formulated to be used as vehicle for
BBNYV to enhance its penetration through cellular membrane,
in addition; SNES allows faster drug release to be used for an
immediate antifungal effect. Different oils, SAA, and co-SAA
in different ratios were screened for formulation of SNES and
the optimized system was selected to be composed of
Labrafil® M 2125 CS, Tween® 80, and Transcutol® HP in
ratios of 20:50:30, respectively.

200 1
180 - Extracellular TZ
160 - ® Intracellular TZ
140 -
120 -
100 -
80 -
60 -
40 A
20 A

TZ amount (ng)

Optimized TZ BBNV TZ suspension

Fig. 4 Bar chart for the cellular uptake study demonstrating extracellular
and intracellular TZ amount after 24 h incubation of optimized TZ-loaded
BBNV with normal conea cell line compared to TZ suspension
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Fig. 5 Histopathological stained sections (hematoxylin and eosin) of
normal untreated rabbit eye (al-d1); and rabbit eye treated with TZ-
loaded BBNV (a2—-d2); where al and a2 represent the outer layer of
the cornea, b1 and b2 represent the inner layer of the cornea both at
magnification power of x 80, while ¢l and ¢2 represent the iris and d1
and d2 represent the retina, choroid, and sclera at magnification power of
x40

Globule size is the most important criterion while evaluat-
ing the nanoemulsion stability and the major step in enhancing
drug bioavailability [41]. Smaller globule size exhibits larger
interfacial surface area for higher absorption and rapid drug
release thus enhancing drug bioavailability [42]. The formu-
lated TZ-loaded SNES showed small globule size of 15.13 =
0.34 nm with 0.067+0.01 PDI indicating a uniform globule
size distribution.

In vitro irritation test (HET-CAM test) was conducted and
the formulated system did not show any sign of irritation.

Characterization of the integrated
nanovesicular/self-nanoemulsifying system
(INV/SNES)

INV/SNES was formulated with a total concentration of 2 mg
TZ/mL. One milligram of the drug was supplied in the form of
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Fig. 6 Transmission electron
photomicrographs showing the
optimized TZ-loaded BBNV sys-
tem (a) and the INV/SNES sys-
tem (b)

TZ-loaded BBNV for an anticipated sustained TZ release and  In vitro dispersibility test
1 mg was in the form of SNES for an immediate release and

rapid antifungal effect. Drug content measurement of the for-  The in vitro dispersibility test revealed that one drop of the
mulated integrated system was found to be 98% w/w. INV/SNES showed complete dispersion within 2-3 s when
Fig. 7 In vitro release profiles
showing TZ release from the 120 7 - ;
W g “¢-Optimized TZ-loaded BBNV(residue)
optimized TZ-loaded BBNV
(dispersion), the residue of the 100 4 48 Optimized TZ-loaded BBNV(dispersion) \
optimized TZ-loaded BBNV,
SNES, INV/SNESS, and TZ sus- “=SNES
ension (each containing 2 m
pension ( Bome T 80 >INV/SNES
TZ) g
e
N
B 60 -
B3
40 A
2 1 T
T
0 - ;
0 2 4 6 8 10 12 14 16 18 20 22 24

Time(h)
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added to 10 mL phosphate buffer (pH 7.4). This finding may
confirm the good dispersibility of the integrated system with
the tear fluid upon application and subsequently, its good oc-
ular tolerance.

Transmission electron microscopy (TEM)

TEM was used to explore the structure and morphology of the
optimized BBNV and INV/SNES after dilution with distilled
water. Figure 6a shows non-aggregating unilamellar spherical
vesicles with solid dense structure of the optimized BBNV
sytem. Whereas, Fig. 6b demonstrated the non-aggregating
unilamellar spherical-shaped vesicles of BBNV as well as small
spherical globules of SNES with no signs of coalescence. TEM
also showed a significant reduction in the vesicular size upon
comparing INV/SNES with the BBNV alone indicating the ca-
pability of the integrated system for higher corneal penetration.

In vitro release studies

TZ release from the optimized TZ-loaded BBNV dispersion,
the whole integrated system (INV/SNES), and each of its
components alone (TZ-loaded SNES and the residue of the
optimized TZ-loaded BBNV system obtained after centrifu-
gation and removal of the unentrapped TZ) are presented in
Fig. 7.

The optimized TZ-loaded BBNV dispersion markedly
offered sustained drug release where Q6h, Q20h, and
Q24h were 8.74+3.80, 41 +16.33, and 50.93+17.15%
w/w, respectively. This observed sustained release effect

C. albicans

Fig. 8 Photographic images showing normal rabbit eye (a), rabbit eye
after infection with Candida albicans (b), infected eye treated with INV/
SNES system (¢), infected eye treated with TZ suspension (d), agar dish

@ Springer

of the BBNV could be attributed mainly to the bilayer
barrier of the vesicles surrounding TZ and hindering its
release.

On the other hand, SNES demonstrated faster release pro-
file as Q6h, Q20h, and Q24h showed percentage TZ release of
about 46.29 £9.01, 82.15+4.42, and 100 +9.90% w/w. This
rapid release profile may count for the immediate antifungal
effect required upon integration with the sustained release TZ-
loaded BBNV system.

Upon studying TZ release from the integrated system
(INV/SNES) and comparing it with each of its component
alone, an intermediate release pattern between the slow
release profile of the optimized BBNV residue and the
fast release profile of SNES was observed. Q24h was
found to be 25.27+4.59, 100+9.90, and 58.52+9.25%
(w/w) for BBNV residue, SNES, and INV/SNES, respec-
tively, which indicates more than 2 folds increment in
drug release rate from INV/SNES compared to the vesic-
ular system alone. This release profile of the integrated
system may suggest good antifungal activity with an im-
mediate release pattern offered by the SNES followed by
sustained release antifungal effect offered by the BBNV
system.

In vivo antifungal evaluation of INV/SNES

In this study, the rabbit model was used to evaluate the anti-
fungal efficacy of TZ treatment against C. albicans-induced
fungal keratitis.

cultivated with aqueous humor obtained from infected rabbits treated with
INV/SNES system (e), and agar dish cultivated with aqueous humor
obtained from infected rabbits treated with TZ suspension (f)
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Figure 8a shows non-infected eyes without any abnor-
malities before induction of fungal infection. Upon induc-
tion of fungal infection, signs of keratitis were observed
within 48 h, namely corneal ulcer, hypopyon, corneal vas-
cularization, and corneal perforation as shown in Fig. 8b
[26, 43]. Following treatment, the different animals in the
different groups were observed and there was a marked
difference between different groups. Most of the rabbits in
group I (Fig. 8c), treated with TZ-loaded INV/SNES,
showed rapid recovery rate within 5 days of treatment.
Only one rabbit was recovered after 7 days of treatment.
No mortality, hazardous clinical signs, nor adverse reac-
tions were recorded in all animals in this group. Rabbits
in group II, treated with TZ suspension, were not recov-
ered throughout the 10-day period assigned for treatment.
Furthermore, swelling of the infected eyes with scales and
reactive corneal vascularization were observed (Fig. 8d).
Clinical signs as well as adverse reactions were recorded
in this group such as: off-food, depression, dropping head
and ears, excessive slow movement, redness and milky
discharge from rabbit’s eyes.

Also, the aqueous humor of the different animals were
collected after the assigned period of treatment and the
microbiological count of Candida albicans was recorded
after cultivation on Agar medium. Group I (Fig. 8e, treat-
ed with TZ-loaded INV/SNES), did not show any culti-
vated colonies indicating the absence of any C. albican
cells in the aqueous humor following treatment, whereas
the aqueous humor obtained from group II (treated with
TZ suspension) showed a very high colony counts upon
cultivation (Fig. 8f) which explain the inefficient treat-
ment of this group.

Conclusion

In this study, we managed to prepare and optimize TZ-
loaded BBNV with sustained TZ release profile and high
residence time. The formulated system was investigated to
assure its safety and low cytotoxicity compared to TZ
suspension. Afterwards, this optimized system was inte-
grated with a self-nanoemulsifying system in order to pro-
mote fast TZ release for the immediate antifungal activity,
and to improve ocular residence and enhance TZ perme-
ation to the inner corneal cells. The integrated system
(INV/SNES) showed an optimum release profile which
guarantee an effective inhibitory TZ level in the corneal
cells, longer residence time, and subsequently, better an-
tifungal activity. Thus, combining the dual mechanisms of
both systems, SNES and BBNV could be a promising
approach for ocular delivery of antifungal drugs for treat-
ment of ocular fungal keratitis.
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