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Background: Voriconazole (VRC) is a triazole broad spectrum antifungal drug, used in the
management of versatile fungal infections, particularly fungal keratitis. The obligatory use of
niosomal delivery of VRC may reduce the frequency of dosing intervals resulting from its
short biological half time and consequently improve patient compliance.

Methods: VRC loaded proniosomes (VRC-PNs) were set by the coacervation technique and
completely characterized. The developed formula was comprehensively assessed concerning
in- vitro release behavior, kinetic investigation, and its conflict against refrigerated and room
temperature conditions. A selected noisomal formula was incorporated into ocusert (VRC-
PNs Ocu) formulated by 1% w/w hydroxypropyl methyl cellulose HPMC and 0.1% w/w
carbopol o49. Eventually, in vitro antifungal activity against Candida albicans and
Aspergillus nidulans was assessed by the cup diffusion method.

Results: The optimized VRC-PNs (Pluronic F127: cholesterol weight ratio 1:1 w/w) exhib-
ited the highest entrapment efficiency (87.4+2.55%) with a spherical shape, proper size in
nano range and a suitable Zeta potential of 209.74+8.13 nm and —33.5+1.85 mV, respectively.
Assurance of drug encapsulation in nanovesicles was accomplished by several means such as
attenuated total reflection Fourier-transform infrared spectroscopy, differential scanning
calorimetry in addition to powder X-ray diffraction investigations. It displayed a biphasic
in vitro release pattern and after 6 months of storage at a refrigerated temperature, the
optimized formula preserved its stability. VRC-PNs Ocu proved a very highly significant
antifungal activity matched with the free drug or nanosuspension which was extra assured by
comparing its mean inhibition zone with that of 5% natamycin market eye drops.
Conclusion: In conclusion, VRC-PNs Ocu could be considered as a promising stable
sustained release topical ocular nanoparticulate system for the management of fungal
infections.
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Introduction
The progression of an optimum topical ocular drug delivery is, up till now, a
problematical mission for formulation scientists owing to the complicated anato-
mical, physiological and formulation limitations.'> Furthermore, cornea with
hydrophilic stroma sandwiched between the lipophilic epithelium and endothelium
limits the permeation of hydrophilic and lipophilic drugs deep through the eye.’
Alongside various protective ocular barriers such as; lacrimation, reflux blinking and
nasolacrimal drainage, short pre-corneal residence and deprived corneal penetrability are
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the vital dynamics responsible for reducing the bioavailability
(<5%) of instilled conventional ophthalmic preparations.*

Various nano-strategies such as solid lipid nanoparti-
cles (SLN), nanostructured lipid carriers (NLC), polymeric
nanoparticles, micelles, nanoemulsions, liposomes besides
noisomes and phospholipid have been succeeded in
improving the transcorneal drug penetrability.®’

In ophthalmic vesicular drug delivery systems compris-
ing liposomes and noisomes, mutual enhancement of the
bioavailability as well as drug accumulation is manifested
via encapsulation of the drug in lipid vesicles allowing its
penetration across cell membrane and therefore, prolong-
ing the extent of action at the corneal surface.®

Proniosomes are either anhydrous free- flowing pre-
parations “dry niosomes” or liquid crystals with jellylike
consistency of water-soluble carrier covered with the
appropriate surfactants which can be rehydrated on pre-
requisite with gentle shaking at a temperature greater than
the mean transition phase temperature of the surfactant to
give conventional noisomes of uniform size. They are
preferred over noisome, because of physical stability
through avoiding aggregation, fusion or leakage; beside
the ease of preparation; and also they are cheaper and
more stable against oxidative hydrolysis than liposomes.’

Azoles have antifungal activity by blocking the P450
(CYP)-dependent 14a. sterol demethylase enzyme, which
is responsible for the synthesis process of ergosterol from
lanosterol and accordingly disturbs cell membrane of
fungi. In this way, they permit the accumulation of toxic
methyl sterols in the fungal cell membrane and retard the
growth and replication of fungal cells.'® However, the
famous adverse effects of the majority of azoles include
visual disturbances, hepatic deformities in addition to drug
interaction profiles, which are attributed to cross-inhibition
of different CYP-dependent enzymes.

Voriconazole (VRC) structure [(2R, 3S)-2-(2, 4-
difluorophenyl)-3-(5-fluoropyrimidin-4-yl)-1-(1H-1, 2, 4-
triazol-1-yl) butan-2-ol)] is a potential antifungal drug
belonging to azole group. It is a lipophilic drug (Log P
1.65) with low pH- dependent aqueous solubility 0.5-0.71
mg/mL at neutral pH (maximum 2.7 mg/mL at pH 1.2)."
VRC is classified as a BCS class II (Biopharmaceutics
Classification System),'? highly potent drug at a concen-
tration <1 mg/L against resistant fungal species including
Fusarium, Scedosporium apiospermum, Cryptococcus
neoformans, Coccidioides, Blastomyces, Histoplasma, flu-

conazole-resistant Candida species. Moreover, it has now

become the prime treatment for aspergillosis associated
with keratitis.'

VRC is only marketed as an oral and intravenous
preparation with excellent bioavailability. Promising
results have been achieved using voriconazole drops
which were prepared through Vfend powder reconstitution
in numerous scientific studies that have established the
essential role of topical inventions. In a study,'® after
intracameral injection of 1% voriconazole, effective treat-
ment of corneal ulcers with a coinfection of acanthamoeba
and fungal organisms was recognized with its ability to
prevent recurrence of both. To date, no topical ocular
formulation containing VRC has become available in the
market even though numerous efforts involving cyclodex-

and 14,15

trinbased eye drop  solutions gels,
microemulsions,16 liposomes,17 and noisomes'® have
assured the prospective request for VRCbased topical eye
products. Several works of literatures have reported the
high intraocular penetration of topical VRC with conco-
mitant therapeutic concentration that can be attained in
different eye tissues with proven effectiveness against
fungal keratitis.'*

Regarding the short biological half-life of VRC, which
necessitates multiple daily dosing, there is an obligate
requirement for a novel delivery system such as niosomal
delivery, as a means for reducing the frequency of dosing
intervals and enhancement of patient compliance. Previous
preparation of VRC encapsulation as noisomes by hand
shaking and ether injection method by using span 80 and
cholesterol had been detailed.”'

Fungal keratitis is a worldwide-distributed ocular infection
caused by various fungi. The main etiology of this disease
varies based on geographical origin, socioeconomic status,
and climatic conditions. Generally, Aspergillus spp. and
Fusarium spp. are common in tropical and subtropical regions
and Candida spp. are dominant in temperate areas.”>*> The
reported in vitro minimum inhibitory concentrations of VRC
in case of Aspergillus spp. and Candida spp. were 0.5 and
0.016 (ug/mL), respectively.®*

Antifungal susceptibility testing is accomplished to
afford appropriate data for clinicians to choose a suitable
antifungal agent that is beneficial for overcoming a certain
fungal infection. Several methods have been utilized for
susceptibility study of different fungal species to fungici-
dal drugs for example; broth macro and micro dilutions at
which several dilutions for each drug by the addition of the
drug powder to Muller Hinton Broth were made, agar

dilution, E-test (MICs readings were accomplished by the
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aid of E-test guide), sensitive colorimetric microdilution
panels where a dye was added to the dilutions of the drugs
and disk diffusion where antifungal discs of different
antifungal drugs were applied.””> In our study, we will
focus on the cup diffusion method.

The intention of this study was to ascertain the possible
use of the proniosomes laden ocular inserts as nanocarriers
for the ocular delivery of voriconazole with improved
antifungal activity.

Materials and Methods

Materials

VRC was friendly provided by Pfizer pharmaceutical com-
pany, Egypt. Cholesterol, Span 60 (sorbitan monostearate),
Span 80 (sorbitan monooleate) and pluronic F 127 (polox-
amer 407) were obtained from Sigma-Aldrich Co. (St.
Louis, MO, USA). Ethyl alcohol, Tween 80, Disodium
hydrogen phosphate, and Potassium dihydrogen orthopho-
sphate were acquired from El Nasr pharmaceutical com-
pany (Cairo, Egypt). Spectra/Pore® dialysis sheath
(12,000-14,000 molecular weight limit) was obtained
from Spectrum Laboratories Inc (Los Angeles, CA). The
market eye drops Natacyn® containing a sterile suspen-
sion of natamycin 5% manufactured by Alcon-Couvreur
(Belgium) was bought to be employed in our studies.

Methods

Preliminary Screening of the Optimal Circumstances
for Preparation of (VRC-PNs)

With the aim of the better surfactant choice to be investi-
gated in the preparation of VRC-PNs, four different sur-
factants were estimated. Pluronic F127 and tween 80 are

Table | Composition of the Different Prepared VRC-PNs

representative of high hydrophilic- lipophilic balance
“HLB” surfactants (HLB =
while Span 60 and Span 80 as descriptive of surfactants
with low HLB values (4.7 and 4.3, respectively). Also,
cholesterol amount was used in three different weight

18 and 15, respectively),

ratios relative to the surfactants used; 1:1, 2:1 and 1:2.

The effect of changing those two variables on particle
size, uniform distribution (PDI), surface charge (ZP) and
loading efficacy percentage (EE %) of the formed noi-
somes was examined. Twelve formulae were prepared
and fully characterized. Their compositions are repre-
sented in Table 1.

Preparation of VRC-PNs by Adopting Coacervation
Phase Separation Technique
Proniosomes were formed by the coacervation phase

earlier,20728

separation process reported Precisely
weighed quantities of cholesterol, individual surfactant,
and VRC for each formula were properly agitated with
0.8 mL of absolute ethyl alcohol in a small stoppered
glass vial. The glass vial was immersed in a water bath
at a temperature of 70-80°C for 5 min with continuous
stirring until the dispersion of lipids was achieved.
Then, the addition of preheated 0.2 mL of deionized
water to the molten blend was required, while agitation
was continued in the water bath for an extra 3 min till
monophasic mixture was attained. White creamy pronio-
somal gel was obtained when the mixture left-hand to
turn cold to room temperature. When required, the pro-
niosomal gel is reconstituted with deionized water, stir-
red for 2 h and sonicated to get freshly prepared VRC-

loaded niosomal suspension.’

Formulation* Span 80 Tween 80 Pluronic (F127) Span 60 Cholesterol

Fl 250 mg 250 mg

F2 250 mg 500 mg

F3 500 mg 250 mg

F4 250 mg 250 mg

F5 250 mg 500 mg

Fé6 500 mg 250 mg

F7 250 mg 250 mg

F8 250 mg 500 mg

F9 500 mg 250 mg

Fl0 250 mg 250 mg

FIl 250 mg 500 mg

Fl12 500 mg 250 mg
Note: *Each formulation contains 10 mg VRC.
International Journal of Nanomedicine 2020:15 submit your manuscript 7827
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Characterization of VRC-PNs Consequential
Noisomes

Each proniosomal gel formulation is reconstituted with
deionized water to form 25 mL of VRC-loaded niosomes.
The obtained niosomes are then extra characterized.

Estimation of Entrapment Efficiency Percent (EE %) of
VRC-PNs

EE % was estimated by the direct method after centrifuga-
tion of each niosomal suspension at 13,000 rpm for 90 min
at 4°C using cooling ultracentrifuge (CE16-4X100RD,
ACCULAB®, USA). The precipitated cake was appropri-
ately dissolved and diluted with ethanol followed by spec-
trophotometric estimation of the entrapped VRC quantity
(model UV-1601 PC, Shimadzu, Kyoto, Japan) at prede-
termined A, =256 nm using a blank of corresponding
plain PNs treated by the same way. Drug EE % was
determined conferring to the subsequent equation:*’

Amount of entrapped VRC

EE% =
& Total amout of VRC

x 100 (1)

Assessment of Particle Size, Polydispersity Index
(PDI) and Zeta Potential

These properties were measured by Malvern Zetasizer
(Malvern Instruments Ltd., Worcestershire, UK) by the
application of Dynamic Light Scattering (DLS) and laser
doppler microelectrophoresis strategies. This was accom-
plished through dilution of the niosomal dispersions in the
ratio of (1:10) with deionized water and sonication by an
ultrasonic bath (Sonix USA, SS101H230) to obtain uni-
formly distributed noisomes.

Transmission Electron Microscope (TEM) Imaging
One drop from the fresh, optimized niosomal dispersion
(F7) after dilution was appropriately adsorbed on carbon
covered copper lattice. After this, extra dispersion was
removed by a filter paper, and then left to dry for 10 min
at ambient conditions and examined without staining.
Image was capture and screening of morphological char-
acteristics via TEM (Joel JEM 1400, Tokyo, Japan) was
performed.

Attenuated Total Reflection Fourier-Transform
Infrared (ATR- FTIR) Spectroscopy

ATR- FTIR spectra of VRC, Pluronic F 127 “PLu F127”,
cholesterol CH, physical mixture PM, plain F7, and VRC-
F7 Ns were studied by means of an ATR- FTIR-8400
(Thermo Fisher Scientific iS10 Nicolet Model, U.S.A).
Scanning over a wavenumber range of 4000400 cm-1

was performed for a small amount of each sample approxi-
mately 2-3 mg.

Differential Scanning Calorimetry (DSC)

The adjusted formulation, besides its plain one was frozen
for 24 h then, freeze-dried at —45 °C under 7x10 > mbar
pressure using a lyophilizer (Labconco (LYPH.LOCK
4.5)-USA).*° A record of the corresponding DSC thermo-
grams for individuals (Shimadzu DSC 50; Kyoto, Japan)
was assessed. A sample (3—4 mg) was placed on the
aluminum pan with a flat bottom and heated at a constant
rate of 10°C/min, over a temperature range of 25-300°C,
under a flow of nitrogen gas at a rate of 30 mL/min.

X-Ray Diffractometry (XRD)

X-ray diffractometer (Diano, Woburn, MA, USA)
equipped with Cu Ko was utilized to establish the X-ray
diffraction pattern of VRC, PLu F127, cholesterol CH,
physical mixture PM, plain F7, and VRC-F7. The equip-
ment was adjusted at 9 mA and 45 kV with a scanning

range from 3° to 50° and an angle of 26.

Preparation and Physicochemical Evaluation of VRC-
PNs Ocu

Ocular inserts incorporated with niosomal dispersion of F7
in a concentration equivalent to (1% w/w) were prepared
according to the film casting method.?' Carbopol ¢4 (0.1%
w/w) was used in combination with hydroxypropyl methyl
cellulose HPMC to enhance the elasticity, film properties,
and bioadhesion. The addition of 10% propylene glycol is
required as a plasticizer, which helps in the formation of
flexible films.

Triethanolamine (TEA) was added to allow CPg4q gela-
tion and sonication for 1 h in an ultrasonic water bath and
then it was stored for 24 h at ambient temperature for
complete hydration. Then, 30 g of the formed solution
was transmitted into Teflon plates. The solvent was per-
mitted to evaporate for 72 h at room temperature. Each
formed film was weighed and transferred to a desiccator
containing silica gel, where it was stored for another 24 h
before use. The prepared ocuserts were cut in the shape of
circular discs, 10 mm in diameter. Then, they were indi-
vidually sealed in foil sachets until further studies.

Thickness Determination

Thickness of different inserts was recorded at diverse
places on the plate by means of a digital micrometer
screw gauge (Mitutoyo, Japan) and mean film thickness
was recorded.
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Weight Uniformity

Ocular inserts were taken from different areas of the film
and weighed individually. The average weights of inserts
were calculated.

Drug Content

The ocular inserts from different regions of the film were
taken. Drug content was estimated by dissolving the ocular
insert in 50 mL of phosphate buffer pH 7.4 containing
10% ethanol with the help of stirring. The solution was
clarified over filtration by Millipore filter and drug content
was determined by UV—Visible spectrophotometer at pre-
determined A, =256 nm using a blank of the correspond-
ing plain ocular insert.

pH Determination

One ocular insert was mixed with 10 mL distilled water
with a homogenizer, then the readings were taken in tri-
plicates by means of a digitalized pH meter (Beckman
Instruments Fullerton, CA 92634, Germany).

In-Vitro Release

The in-vitro release of VRC from optimized niosomes F7
with (CH: PLu F 127 1:1) was compared to drug suspen-
sion in water as a control. In addition to this, VRC-PNs
Ocu were compared with free drug -loaded ocusert. The
formulae were placed in a horizontal GFL shaking water
bath (GFL, Gesellschaft fur Labortechnik GmbH,
Burgwedel, Germany), adjusted at a 100 rpm agitation
speed and 37+ 0.5°C temperature. Several cells encom-
passing 70 mL of the medium of release, which was
phosphate pH 7.4 containing 0.25% w/w tween 80, were
placed in the shaker whereas, two milliliters of the tested
formula (equivalent to 1 mg of drug) was loaded over a
presoaked dialysis membrane and occluded using a
parafilm.

At prearranged time intermissions, aliquots of 2 mL
were withdrawn from the release medium and exchanged
with an equal volume of auxiliary release medium to retain
a sink condition.*’

Spectrophotometric assay to assess the percentage
of VRC released at each time interval was conducted at
the preset Apax (261 nm) consuming phosphate buffer
with 0.25% w/w tween 80 as a blank and the percen-
tage of the cumulative amount released from the drug
at each time was calculated through the subsequent

: 2
equatlon;3

_Cnox Vr+ Y Cix Vs
~initial drug amount

On 2)

Where;
Q. Present cumulative percent of drug released
C,: The receptor medium present concentration at n
sample
V.: Volume of receptor medium
V,: Volume of each sample detached for examination
Z;.’;ll Ci: Sum of the earlier concentrations.

Release Kinetics

Release information developed from different formulae
was kinetically analyzed by means of GraphPad Prism
software (version 6.00; Graphpad software, San Diego,
CA, USA). Generally, the analysis of in vitro release
data was tailored to zero-order, first-order, and diffusion-
governed release models.>® For supplementary evaluation,
the release mechanism, Korsmeyer—Peppas kinetic model,
was manifested to aid in the precision of the main trans-
port mechanism.>* The model presenting the maximum
correlation coefficient (R*) was advised to describe VRC
release pattern of different formulae.

Stability Study

The packing stability of the designated niosomal suspen-
sion F7 displaying the uppermost drug encapsulation was
evaluated over 6 months at refrigerated temperature (4+1°
C) besides ambient temperature (25°C+1°C) by storage in
glass vials sealed with aluminum foil. Then it was kept
under two different conditions. Investigation of EE %, size
distribution, PDI and ZP at the beginning (0 month) and at
every month during the storage period should be
recorded.*

Microbiological Study of VRC-PNs Ocu
Determined by Performing of Antifungal
Susceptibility Test

Plate Microbioassay (Agar Cup Diffusion) Method

The assay was performed with cultures of Candida albi-
cans (SC5314),*® and Aspergillus  nidulans (13962)
(Eidam) G. Winter isolated by (Mycological Center,
Assiut, Egypt, 71516) on sabaroud dextrose agar (SDA)
fortified with levofloxacin antibiotic to guard against bac-
terial growth; then these SDA recovered isolates were
subcultured with yeast extract 10 g, peptone water and
20 g and dextrone 20 g (YPD) and incubated at 28°C for
3 days for sporulation improvement. Following this,

International Journal of Nanomedicine 2020:15
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microscopic examination was performed, and the growth
was harvested in SDA of thickness 3—4 mm.

Cups of 10 mm diameter were punched out via a steel
borer, even streaking through a sterile cotton swab that
was immersed into the inoculum suspension in case of
Candida albicans plates while homogenous seeding was
performed in case of Aspergillus nidulans plates. An ali-
quot of 50 uL of our examined samples (drug suspension
and niosomal suspension) as well an ocusert containing
free drug and VRC-PNs Ocu in a concentration 1% w/w
VRC after appropriate wetting with sterile water for injec-
tion were employed in different cups in triplicate plates for
each species. Mean diameters of zone of inhibition (ZI) for
Candida albicans and Aspergillus nidulans were measured
after 24 h and 72 h incubation at 25°C for 24 h, corre-
spondingly. Each type of sample was tested in triplicate.
Following this, the interpretation of zone diameters was
done consistent with the Clinical
Standards Institute CLSI 2009 rules.®’

and Laboratory

Comparative Antifungal Susceptibility Test

Various concentrations of VRC ocuserts were prepared,
which included 0.5mg, 0.75mg and Img/an ocusert,
respectively. SDA was employed for the in-vitro antifungal
sensitivity test of fungal isolates. The zones of inhibition
ZI were recorded and compared with control natamycin
5% antifungal eye drops.

Statistical Study
One-way variance exploration monitored by Tukey—
Kramer and Dunnett’s multiple comparisons test as well

Table 2 Physical Evaluation of the Different Prepared VRC-PNs

Student t-test were useful to accomplish statistical assess-
ment of the outcomes at points of significance p < 0.001
and p < 0.05. This analysis was completed by means of the
GraphPad Prism software.

Results and Discussion
Characterization of Different Niosomal

Formulations

Along with the primary assessment, the greatest acceptable
circumstances for vesicle preparation were: VRC at an
amount of 10 mg, use of ethanol as an organic solvent, and
deionized water for hydration. The formation of the vesicles
is welldefined subsequent to hydration and stirring for 2 h.

Table 2 represents the different nano- size ranges, dis-
persibility, Zeta potential and entrapment efficiencies of all
prepared formulations.

As shown, particle size ranged from 193.2+7.63 to
532.3+12.88 nm, PDI of all formulations were relatively
low not exceeding (0.31) while, EE % was in the range of
36.944.44% to 87.4+2.55%. Moreover, the Zeta potential
ranged from —18.443.12 to —51.342.11 mV. Furthermore,
the weight ratio of cholesterol to the surfactant that
achieved the highest EE % for each surfactant used was 1:1.

Effect of Type of Nonionic Surfactants
Nonionic surface-active agents SAA are the most famous
type used in formulating vesicles attributable to their
properties concerning stability, compatibility, less toxicity,
less hemolytic, being less cellular surface irritation and
physiological pH maintenance.*®

Formulation Code Weight Ratio Parameter (Mean £SD, n=3)
Particle Size (nm) PDI Zeta Potential (mV) EE %

Fl CH 1:1 Sp80 415.9£10.12 0.272+0.05 —45.9+3.41 42.3£3.62
F2 CH 2:1 Sp80 315.5+8.33 0.071+0.09 =51.3x2.11 36.9+4.44
F3 CH 1:2 Sp80 441.7£6.19 0.2910.11 —37.243.63 32.4+291
F4 CH 1:1 Tw80 520.14.15 0.228+0.13 —18.4+3.12 62.8+4.23
F5 CH 2:1 Tw80 480.2+5.51 0.171+0.05 —22.6+1.92 50.9+5.11
Fé CH 1:2 Tw80 532.3+12.88 0.222+0.02 —24.9+2.24 45.7£3.14
F7 CH I:1 PLu FI27 209.7+8.13 0.193+0.01 —33.5+1.85 87.4+2.55
F8 CH 2:1 PLu FI27 193.2+7.63 0.231+0.04 —31.8+2.99 81.5+2.41
F9 CH 1:2 PLu FI27 245.4+3.98 0.270+0.03 —34.2+3.52 78.3x1.66
FIO CH 1:1 Sp60 323.616.41 0.172+0.06 —38.1+2.66 77.4+2.18
FIl CH 2:1 Sp60 301.8+12.63 0.185+0.05 —34.9+2.82 67.6x3.17
Fl2 CH 1:2 Sp60 402.9£9.72 0.310+0.02 =31.7x1.17 54.3+2.42

Notes: Each value represents the mean * SD (n=3); Each formulation contains 10 mg VRC.

Abbreviations: EE, entrapment efficiency; PDI, polydispersity index; CH, cholesterol; Sp80, span 80; Sp60, span 60; Tw80, tween 80; PLu FI27, pluronic F127.
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The surfactants’ HLB is an important parameter in
their affects their
nanoparticles.>” High HLB value of tween 80 results in a

choice as it ability to form
reduction of surface free energy producing larger vesicles.

It is clear that the order of EE % from different formulae
by using diverse surface active agents SAA is as follow; PLu
F127< Sp 60 <Tw 80 < Sp 80. The encapsulation efficiency
of Tw 80 and Sp 80 containing vesicles are relatively low as
compared to Sp 60 containing noisomes.

The lower entrapment efficiency of Sp 80 formulations,
ranging; from 77.4+2.18% to 42.3+3.62% for F10 (CH1:1Sp
60) and F1 (CH1:1Sp 80), respectively, despite the similarity
between Sp 60 in the alkyl chain carbon atoms (C18) and
nearly matched HLB values, is mostly linked to the existence
of double bonds in the alkyl chains of Sp 80. This is attribu-
table to the increase in the permeability of the niosomal bilayer
for the entrapped drug as the packing of the adjacent molecules
may not be tight and consequently, the EE % decreased.*®

The transition temperature of surfactants also affects
the entrapment of drug in vesicles. Surfactants with high
phase transition temperatures provide high entrapment for
the drug and vice versa.***' The fact that PLu F127 and
Sp 60 exhibit high EE % was ascribed to various causes
for instance; being solid at room temperature with positive
phase transition temperature (Tc=25°C and 53°C, respec-
tively). This is the main reason for further involvement in
more rigid bilayers, reducing drug leaching from the vesi-
cles; therefore improving entrapment efficiency.

In addition, pluronics retard the drug leakage by a
suggested mechanism as they may be adsorbed on choles-
terol membrane; stabilize the vesicles via discriminatory
incorporation into low lipid density regions of the mem-
brane, as a result of which, firmly packed lipids constitut-
ing the drug are formed.*?

The lower entrapment efficiency of Tw 80 in relation to
Sp 60 formulations may be as a result of Tw 80 hydrophi-
licity with HLB value greater than that of Sp 60 (HLB =15
compared to 4.7).

Effect of Cholesterol to Surfactant Ratio

Cholesterol “CH” is a vital amphiphilic component of
noisomes. Cooperation of CH with a surfactant to con-
struct hydrogen bonding among its hydroxyl groups with a
hydrophilic head of the surfactant influences vesicle stabi-
lity, the mechanical rigidity of vesicles and membrane
cohesion, the leakiness of membrane and finally increases
the entrapment efficiency of noisomes. The addition of
cholesterol enables more hydrophobic surfactants to form

bilayered vesicles, suppresses aggregation and provides
better lipid bilayer firmness.*>*

Consequently, the addition of water leads to swelling of the
bilayer owing to the interaction between water and the polar
groups of the surfactants, leading to the formation of multi-
vesicular, multilamellar and spherical shaped structures.**

From the previously shown results in Table 2, it was
found that varying cholesterol: surfactant ratio from 1:2 (w/
w) to 1:1 (w/w) led to a significant increase in EE % as in F1,
F4, F7 and F10 which might be due to the fact that as
cholesterol increases, the rigidity increases and lipophilicity
as well as permeability of the bilayer decrease, fabricating
efficient entrapment of the lipophilic drug into bilayers as
vesicles formed. On the other hand, it was likewise observed
that very high cholesterol content had a depressing effect on
drug entrapment in the vesicles as in formulae where the ratio
of cholesterol: surfactant is 2:1 (w/w); for F2, F5, F8 and F11.
This may be due to greater quantities of cholesterol beyond a
certain limit that may coincide with the drug to block the
pores inside the bilayer, which accordingly causes a distur-
bance in the structural regularity of vesicular sheaths and also
decreases the entrapment efficiency.

Regarding the particle size, the analysis clarified the
increase in the niosomal vesicle size associated with a
decrease in CH ratio of the formulations. Thus, the decrease
in particle size in a ratio 1:1 (w/w) rather than 1:2 (w/w) can
be attributed to the augmented interactions of cholesterol and
the hydrophobic tail of surfactant, leading to adjacent stuffing
of the bilayers in the noisomes. Similar findings were also
observed by other researchers.*>*

Regarding ophthalmic drug delivery systems, smaller par-
ticles less than 1pum are marked with a great surface area, less
eye irritation, thereby improving the corneal permeability and
prolonging the mean ocular residence time.*”**

Table 2 demonstrates that PDI values of all the tested
formulae were in the range of 0.071-0.31, thus indicating
a unimodal normal symmetrical frequency distribution
pattern and good homogeneity.

PDI is useful for estimation of the average dispersion
homogeneity, and higher PDI values correspond to a larger
size distribution in the dispersed sample. The low PDI
(0.1-0.25) displays a monodispersed or a narrow size
distribution,* while, PDI over 0.5 indicates a wide size
distribution and more polydispersion.>

Zeta potential is a measure of net charge on a niosomal
surface. As the charge on the surface of noisome
decreases, the repulsive force between the vesicles also
decreases, which may lead to aggregation of the vesicles.”'
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Agglomeration causes instability may be due to uneven
distribution of suspension as a result of low repulsive
forces, which provides a faster settling rate.

As summarized in Table 2, Zeta potential values for
VRC-Ns ranged from —18.443.12 to —51.342.11 mV,
showing that the organized noisomes possess sufficient
charge to prevent their accumulation due to electrical
repulsion. Generally, Zeta potential values around +30
mV signify steady nano-sized systems.

Consequently, the optimum niosomal formula which
would be therapeutically effective for topical delivery of
VRC as an antifungal agent, is F7 (CH 1:1 PLu F127) as
represented by the appropriate size of 209.7+8.13 nm, PDI
0.193+0.01, and Zeta potential —33.5£1.85 mV as illu-
strated in Figure 1 and maximum EE % of 87.4+£2.55%.

Hence, F7 was selected for further investigations.

Transmission Electron Microscopy
Examination

Figure 2 clarifies the TEM microimage of the niosomal
formula (F7). It has a nearly spherical shape with a
smooth surface showing that encapsulated drug vesicles
are in nano-size range with no signs of aggregation,

20

-
[¢)]

Volume (Percent)
<

(]

signifying the physical stability of the produced

nanoemulsion.

ATR- FTIR Spectroscopy

In order to examine possible interactions between VRC
and pluronic F127 as well as with cholesterol, FTIR spec-
troscopy studies were performed.

FTIR spectra of the VRC powder, pluronic F127 powder,
cholesterol powder, physical mixture, plain F7 and medi-
cated F7 are displayed in Figure 3A. The VRC powder
spectrum (i) revealed an absorption peak at 666 cm ' of N
(2), N(4), coordination mode of 1H,1,2,4—triazole,52 and
peaks at 3202 cm !
stretching vibrations of OH and aromatic rings, respectively.
The bands at 2980-2883, 1600—1460, and 15891620 cm™ '
were assigned to the C = C aromatic, alkane CH, and aryl

and 3123 cm 'corresponding to the

C-N stretches, respectively.

The IR spectrum of PLu F127 (ii) is categorized by main
absorption peaks at 2882 cm-1 (C-H stretch aliphatic),
1342 cm ™" (in-plane O-H bend) and 1111 cm ™' (C-O stretch),
that were consistent in the physical mixture with the drug.>

Pure CH peaks (iii), which were observed at 3421 cm ™',
corresponded to symmetric stretching of hydroxyl groups,

whereas the frequency at 2935 cm ! attributed to the strong
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Figure | (A) Size distribution curve, and (B) Zeta potential distribution curve of VRC- Ns (F7).
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Figure 2 TEM images of optimized F7niosomal suspension.

aromatic stretching of CH=CH; while 1744 cm™' was due to
the strong C=O of the carboxylic group.

ATR-FTIR spectra of physical mixture PM (iv) show
similar peaks as in the individual spectrum of pure ingredi-
ents. No appearance or disappearance of the distinctive bands
of VRC after mixing, represents the absence of any chemical
interaction between VRC and the ingredients used.

The optimized noisome formulation VRC F7 displayed
only the typical bands of PLu/CH, indicating that free VRC
cannot be detected in the sample. This might actually indicate
that VRC was completely included in the nanovesicles; how-
ever, disappearance of the distinguishing band of VRC
(3202 cm ") can be clearly observed in F7 spectrum (vi).

The modification in the intensity of the FTIR peaks of
VRC F7clearly indicates the presence of a hydrogen bond
interaction between the drug and other niosomal compo-
nents; which mirrored the increase in drug dissolution and
the existence of the drug in an amorphous state that is in
agreement with reported findings in the literature.”*

Powder X-Ray Diffraction (PXRD)

Diffraction patterns of free VRC, PLu F127, CH, physical
mixture (PM) and F7 are illustrated in Figure 3B. The
diffraction spectrum of VRC alone (i) shows the high
drug crystallinity related to the existence of sharp peaks
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Figure 3 Solid characterizations.

Notes: (A) ATR- FTIR spectra, (B) XRD pattern and (C) DSC curves of (i) VRC,
(i) PLu F127, (iii) cholesterol, (iv) physical mixture, (v) plain noisomes and (vi) VRC
noisomes.

Abbreviations: PLu FI127, pluronic FI27; ATR- FTIR, attenuated total reflection
Fourier transform infrared spectroscopy; DSC, differential scanning calorimetry;
XRD, X-ray diffractometry.
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at 20 values of 12.35°, 13.53°, 16.23°, 17.11°, 19.49°,
20.95°, 25.88°, 27.79° and 34.15°.%

As shown in (ii), PLu spectrum has three characteristic
strong peaks at 20 = 19.04°, 23.20° and 26.37°.

Figure 3B (iii) displays the PXRD of cholesterol with
sharp peaks at 20 values of 5.26, 13.00°, 14.16°, 15.37°,
16.93° and 17.35°.

The PXRD of the physical mixture in a ratio of (1:1)
shows the noticeable crystalline peaks of both the drug and
carriers with lower intensities (iv) indicating that the crys-
talline drug structure remained unchanged during physical
mixing.

Powder X-ray diffraction of the freeze-dried Ns con-
taining VRC F7 (vi) shows only the peaks that parallel to
the diffraction outline of CH only; whereas, the represen-
tative peaks of VRC entirely disappeared.

These findings indicate that the drug is completely
entrapped in the vesicular system and transformed into
an amorphous state that has a higher internal energy and
molecular motion than the crystalline one in the proximity
of lipid excipients. The transition from the crystalline to an
amorphous state is known to augment the free energy of
the drug molecules in the system and decrease the drug
melting point. Consequently, the amorphous state
enhances the solubility and the dissolution rate of the
drug."’ Similar findings were earlier conveyed for other

drugs loaded in niosomal systems.>®>’

Differential Scanning Calorimetry (DSC)
In order to have complete data about both the physical and
energy characteristics of materials, DSC is commonly
used.”®

Pure VRC thermogram showed a sharp endothermic
peak at 129.2°C, consistent to its melting and its crystal-
linity (Figure 3C (1)).

Figures ii and iii show the thermal behavior of PLu
F127 and CH, respectively, which appears as a sharp
exothermic band at 55.4°C and 145.37°C, respectively
due to the melting point of the corresponding polymer
crystalline state.

However, DSC thermograms for physical mixtures of
VRC with PLu F127 and CH do not shown any significant
shift in the VRC exothermic peak where the peaks are
shown at 48.76°C and 145.37°C, respectively (iv). Thus,
the results of DSC thermograms confirmed that the physi-
cal mixtures of VRC and the two polymers used in Ns

formulation were free from any chemical interaction. The

reduction of the intensity of the VRC peak may be due to
the dilution effect by the other used constituents.

Thermograms of F7 (vi) were similar to the thermo-
grams of the respective polymer CH 143.58°C with some
shifting as VRC existed inside the polymers. On the other
hand, it did not demonstrate the melting peak analogous to
VRC; this result suggested that VRC had been highly
encapsulated in the amorphous polymers with a less crys-
talline state, which was supported by x-ray analysis data.

The absence of the melting endotherm of VRC and
shift of the endotherm of niosomal contents recommend
the complete entrapment of the drug. This is in harmony
with results recorded in a study,”® where the absence of the
melting endotherm of tretinoin and shifting of endotherm
of the lipid bilayer of proniosomes was interpreted as a
result of enhanced entrapment of the drug.

Physiochemical Evaluation of VRC-PNs
Ocu

The prepared ocular inserts were characterized for their
thickness 0.4-0.6 mm, average weight 0.1£0.02 g, drug
content 98.2+1.1% as well as pH 6.8+0.3. These findings
are optimum for ocular delivery.

In- Vitro Drug Release Study
The obtained curves in Figure 4 revealed that the com-
plete, rapid release of VRC from the drug control suspen-
sion was accomplished within 2 h. On the contrary, the
release of VRC from Ns displayed a biphasic release
pattern that was firstly fast, 32.53+£2.25% within the first
half hour approximately, followed by a continuous release
reaching 98.2+1.8% after 4 h. The initial burst effect could
be linked to the drug portion reaching the outer surface of
noisomes, while the second phase of the slow release of
VRC out of the niosomal matrix was owing to diffusion.
Adsorbed VRC would easily diffuse from the matrix,
while VRC that had been incorporated into the nanoparti-
cle core would be released over a prolonged period.*
The complete release of the pure drug from ocular
inserts for 6 h was essential while the drug release from
(VRC-Ns Ocu) was slower, taking a period of 8 h with
lesser immediate burst effect than that of the niosomal
suspension nearly 22.73+2.47% after half hour. This
depicted that VRC was distributed and entrapped consis-
tently into noisomes inside the ocusert matrix and gradu-
ally released out into the release medium that is in
agreement with a study,’’ which demonstrated that
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Figure 4 In-vitro release profile VRC formulae; (CL) control VRC suspension, (Ns) VRC nanosuspension, (Ns Ocu) niosomal drug-loaded ocusert, (D Ocu) free drug-

loaded ocusert at pH 7.4.

viscosity-enhancing polymers like poloxamer and carbo-
pol reduced the release rate of the drug via diffusion
through gel matrix, but in our case, the viscosity-enhan-
cing polymers were HPMC and carbopol g4.

Kinetics of the Drug Release
The gained fitting parameters are shown in Table 3. The
tested formulation was best fixed with the Higuchi model
with the uppermost regression coefficient (R?) ranged
between 0.69 & 0.98.

Supplementary analysis of our release data through
Korsmeyer—Peppas was applied.®®> Korsmeyer n values of
control suspension, F7 suspension and F7 ocular inserts

formulations were established to be in the range of 0.48—
0.56, which elucidated that the release process was a
combination of diffusion and erosion mechanisms (anom-
alous non-Fickian transport). These results were found to
be in agreement with those obtained by a study,®® which
reported that the kinetic modeling of in vitro release pro-
files of naproxen proniosomes could be described by the
anomalous transport or non-Fickian diffusion mechanism
through a biphasic release behavior as an initial fast
release followed by a slower release with the Higuchi
release mechanism. Also, another study,** demonstrated
that the release of diosgenin from the prepared noisomes
erosion ordered release

following diffusion and

Table 3 Kinetic Analysis of Release Models of VRC from Control (CL) and the Prepared Selected Niosomal Formula F7 at pH 7.4

Containing 0.25% w/w Tween 80

Formula Code | Correlation Coefficient (R?) Release Korsmeyer - Main Transport Mechanism
Mechanism | Peppas
Zero Order | First Order | Higuchi Model R? N
CL 0.4280 0.5554 0.6925 Diffusion 0.8643 0.53 Non-Fickian
F7 Susp 0.7380 0.6830 0.9180 Diffusion 0.9394 0.48 Non-Fickian
F7 Ocu 0.8874 0.9546 0.9899 Diffusion 0.9639 0.56 Non-Fickian
D Ocu 0.7261 0.8031 0.9225 Diffusion 0.9579 0.37 Fickian

Notes: D ocu, Ocular inserts containing free drug; R?, Linear correlation coefficient; n, Diffusional exponent revealing of the drug release mechanism (slope).

Abbreviations: CL, control-free drug suspension; ocu, ocular insert.
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progressions from the noisomes, thereby permitting the
diffusion of diosgenin through the boundary.

Moreover, the free drug with an ocular insert n value
0.37 indicated that the release mechanism predominantly
displayed diffusional and Fickian drug release.

Storage Stability Study
The stability results are listed in Table 4. No significant
changes in evaluation parameters were recorded at the
two storage temperatures throughout the storage period
at each time interval. In contrast, upon comparison with
the initial data after 5 months and more than that, a
decline in the stability of the formula was observed
more obviously at room temperature more than at a
refrigerated temperature according to a significance of
(p < 0.05) with a minor increase in particle size (252.58
+5.71 nm), and a slight drug leakage with lowering of
EE % (81.33+1.51%). Similar results were obtained in
another study.®

Furthermore, the affinity for particles’ accumulation
and agglomeration may progress with their size expansion.
Accordingly, the progressed VRC-loaded noisomal sus-
pension (F7) is more stable at a refrigerated temperature
(4£1°C) without the need of using the dried form.

Microbiological Study
Antifungal Susceptibility Testing
The results indicate that the voriconazole loaded niosomal
formulations either as a suspension or as ocular inserts
significantly hinder the proliferation of Candida albicans
and Aspergillus nidulans in comparison with the formula-
tions comprising just the free drug. The mean diameter of
Z1 with Candida albicans and Aspergillus nidulans is
shown in Table 5. By experiment, we found insignificant
growth retardation in the viscosity enhancer (HPMC)
alone as it had no antifungal activity, suggesting that the
fungal growth inhibition may be owing to the drug. VRC-
PNs Ocu displayed superior antifungal activity against
Candida albicans (more susceptible) than Aspergillus
nidulans.®® Therefore, HPMC promotes corneal drug per-
meation as manifested from the microbiological confirma-
tion. VRC-PNs Ocu containing HPMC as a viscosity
modifier slow down the growth of fungi. It may be
assumed that the deposition of such adhesive polymers
over the precorneal surface subsequently generates a con-
centration gradient for voriconazole permeation through
cornea affording an extended contact stage.®’

The mean inhibition zone ZI of formula (4) was 34.05
+2.46 mm and 39.44+1.55 mm against Candida albicans
and Aspergillus nidulans, respectively. This means that

Table 4 Stability Study Data of VRC- (F7) After Storage at Two Different Temperatures

Storage Time | Evaluation Parameters

Refrigeration Temperature (4£1°C) Room Temperature

Particle Size (hnm) | PDI ZP (mV) EE (%) Particle Size (nm) | PDI ZP (mV) EE (%)
Initial 209.748.13 0.193+0.01 —33.5+1.85 87.4+2.55 209.748.13 0.193+0.01 —33.5%£1.85 87.4+2.55
I month 224.50+10.75 0.202+0.006 —33.23+0.153 86.0610.21 225.6+10.26* 0.224+0.013 —32.50+0.78 86.10£0.27
2 months 235.93+2.49* 0.2010.017 —33.43£1.07 84.63+0.57 238.33+2.08* 0.2210.025 —30.56+0.55 85.6610.49
3 months 238.10+1.32* 0.223+0.012 —30.70+0.53 83.80+0.99 240.33%1.53* 0.263+0.025 —28.96+0.45* | 84.80%1.06
4 months 238.50+2.09* 0.210+0.026 —30.78+2.24 82.96+0.85 249.44+3.1 I* 0.285+0.008 —28.13+£0.23* | 83.86%1.03
5 months 244.50+3.08* 0.256+0.015 —29.10+0.89* 82.30£0.43* | 250.07+4.10* 0.3134£0.016* | —27.03+0.57* | 82.00+2.27*
6 months 246.13+2.35* 0.263+0.032*% | —29.10+0.095% | 82.16+1.07* | 252.58+5.71* 0.340+0.021* | —26.66+3.05% | 81.33£1.51*

Notes: Each value represents the mean = SD (n=3); *Significant at p < 0.05 monthly vs initial.
Abbreviations: VRC, voriconazole; NPs, nanoparticles; PDI, polydispersity index; EE, entrapment efficiency, ZP, Zeta potential.

Table 5 A Comparative Study of Antifungal Activity Against Two Species

Formula No. Mean of Diameter of Zone of Inhibition (mm) * SD Mean of Diameter of Zone of Inhibition (mm) * SD
C. albicans A. nidulans

o 19.05+1.21 13.17£1.09

2) 27.80+1.18 26.06x1.10

3) 21.85+1.39 16.17£1.25

“4) 34.05+2.46 39.44%1.55

Notes: (1), free voriconazole suspension as control; (2), niosomal suspension of F7; (3), free drug-based ocuserts; (4), voriconazole niosomes based ocusert.
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Figure 5 Bar graph representing the antifungal activity of voriconazole based niosomal ocuserts with different concentrations: 0.5% w/w (i), 0.75% w/w (i), 1% w/w (iii),

matched with natamycin 5% eye drops (iv) against Candida albicans.

VRC has more antifungal activity against Aspergillus

nidulans. Also,®®

studies have found that the antifungal
activity of voriconazole is greater than curcumin effect in
case of Aspergillus nidulans which was emphasized by ZI
diameter as voriconazole showed the minimum inhibitory
zone of 20 mm whereas curcumin showed the zone of
inhibition of only 10 mm diameter.

The explanation for the significant increase of ZI at
(p < 0.0001) of F7 (4) compared with other three formulae
is that ZI largely depends on the solubility and diffusion of
the voriconazole through the agar media and exerts its anti-
fungal effect against Candida albicans and Aspergillus
nidulans.®®

Comparative Antifungal Susceptibility Test

After a comparison between the mean values of inhibition
zones of voriconazole niosomal based ocuserts with dif-
ferent concentrations and natamycin 5% eye drops (iv)
against Candida albicans species, it can be observed
from Figure 5 that formula (iii) which contains voricona-
zole based niosomal ocuserts in concentration 1% w/w
exhibits higher antifungal activity against Candida albi-
cans which is apparent through ZI of 33.9 mm that is very
highly significant at p < 0.0001 compared with other for-
mulae and is significantly different from control antifungal
natamycin (iv). This superior performance over natamycin,

signifies the effect of niosomal formulation across fungal

cell membrane release with high quantities of VRC per-
mitting significant inhibition of fungal growth.”

The obtained results revealed that the developed vor-
iconazole based niosomal ocuserts in a concentration of
1% w/w is a promising formula and more efficient when

compared to the other antifungal marketed drug.

Conclusion

Voriconazole was successfully prepared as proniosomes
using coacervation phase separation method. VRC-PNs
F7 are dispersed spherical particles with a nanoscopic
diameter range, 200-247 nm and a narrow size distribu-
tion, suggesting facilitated access to eye tissues. The ocu-
serts provided prolonged release up to 8 h vs 2 h for free
voriconazole. The microbiological studies showed that
VRC-PNs Ocu (1% w/w) potentiate better antifungal
activity compared to free voriconazole or natamycin eye
drops. The ability of VRC to exert fungicidal activity
might be triggered enhanced by its entrapment within
noisomes. Actually, VRC-PNs Ocu deserve deep consid-
eration for their potential future application as a hopeful
nanoparticulate system for severe ocular antifungal

infections.
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