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Abstract

Background Traditional routes of administration of fluconazole such as eye drops have a low therapeutic efficacy due to
insufficient bioavailability.

Purpose Herein, a fluconazole noisome-laden contact lens was prepared to control and prolong the drug release and improve
its bioavailability.

Methods Two methods have been used to prepare fluconazole niosomes: solvent injection method and thin film hydration
method utilizing span 60 and cholesterol mixture. Subsequently, formulations were optimized using three factors and a two-
level factorial design and were subjected to in-vitro characterization for the size of niosomes, zeta potential, entrapment
efficiency percent, and cytotoxicity study. The optimized fluconazole niosomes were further entrapped in contact lenses by
the soaking method and were evaluated according to in-vitro release profile, and antimicrobial activity.

Results The results revealed that the investigated fluconazole niosomes are of nano-size ranging from 228.2 to 769.2 nm
with zeta-potential values between — 18.1 and — 60.2 mV. The entrapment efficiency percentage ranged from 51.3 to 75%.
Fluconazole was released from fluconazole noisome-laden contact lens and showed a prolonged release up to 48—72 h with
a cumulative release of 79.62%. Statistical analysis showed that fluconazole-noisome-laden contact lenses have a significant
impressive fungal adhesion reduction as compared to fluconazole-laden contact lenses.

Conclusion Fluconazole noisome-laden contact lenses are a promising therapeutic way for effective and prolonged treatment
of ocular fungal infection.
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Introduction

Ocular fungal infections affect a wide range of populations.
The most common dosage forms used for ocular drug deliv-
ery are topical eye drops, ointments, gels, or emulsions;
they are mostly used to treat ocular surface and anterior
segment diseases. It is the most preferred method due to
the ease of drug administration and low cost [1]. Follow-
ing topical administration, several drawbacks affect the bio-
availability of such formulations; these factors are known as
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precorneal factors and include nasolacrimal drainage, blink-
ing, tear film, tear turnover, and induced lacrimation [2].
These results in poor ocular bioavailability (<5%) due to
short drug residence time [2, 3]. The frequency of dosing (4
times/day) affects the routine lifestyle of patients [4, 5]. As
a result, research has recently focused on creating a unique
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method or medical device that extends the period that medi-
cation remains in the eye, improving the drug’s bioavail-
ability and resolving the problems with current dose forms.
The possibility of using contact lenses for ocular drug deliv-
ery was first discussed by Sedlacek in the mid-1960s [6].
The usage of contact lenses seems to be an advantageous
choice because they are versatile, biocompatible, and eco-
nomical [7]. To provide continuous drug administration, the
medication is loaded into the contact lens using a variety
of approaches, including the soaking method, drug-loaded
nanoparticles, imprinting, drug-polymeric film, and super-
critical fluids [3, 8-10].

Mehta et al., 2017 used the electrospinning method to
formulate timolol-loaded nanofibers, permeation enhancers
were used to coat the external surface of the contact lens
[11]. The system showed burst drug release [> 85%] within
24 h. Ciolino et al., 2014 fabricated latanoprost-loaded film
in the contact lens by using the method of spin casting, the
results showed sustained drug release for one month [12].
Jung et al., 2013 fabricate timolol-propoxylated glyceryl tri-
acylate nanoparticles laden silicon contact lenses for timo-
lol delivery during one month. However, the presence of
nanoparticles altered the critical lens properties [13]. Costa
et al., 2010 use silicon contact lenses loaded with acetazol-
amide and timolol by discontinuous supercritical impregna-
tion technology [14]. Puerarin-loaded -cyclodextrin contact
lenses were developed by Xu et al. in 2010 and demonstrated
an improvement in swelling index and tensile strength in
addition to high burst release [9]. Thus, several works of
literature showed that a sustained effect can be obtained as a
result of using therapeutic contact lenses [15—17].

Fluconazole (Flu) is a broad-spectrum triazole antifungal
agent used for the treatment of pathogenic fungi, including
C. albicans. It has a low penetration rate when applied topi-
cally and many oral side effects. To overcome the problems
of conventional ocular therapy, fluconazole niosomes were
developed [18].

Recently, vesicular drug delivery systems (phospho-
lipid vesicles as liposomes and non-ionic surfactant vesi-
cles as niosomes) have been employed in ophthalmology
to achieve prolonged drug release and reduce enzymatic
drug metabolism at the ocular surface and at the corneal
surface, respectively [19]. Vesicles offer the ease of eye
drops while allowing the sustained medication action to
be maintained at the site of action for a longer period [20].
Niosomes are non-ionic amphiphilic vesicles composed of
non-ionic surfactant bilayer compartments that can, contain
hydrophilic and hydrophobic pharmaceuticals [21]. Occa-
sionally, charged molecules and cholesterol are added to the
solution to boost stability and stiffen the bilayers [22]. In
addition, niosomes offer extra benefits over conventional
micro- and nano-delivery technologies by enhancing the
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low bioavailability and penetration through the cornea [23].
According to Carafa et al., 2002, niosomes have advantages
over other vesicular systems for topical ocular delivery as
they are chemically stable, have low toxicity due to their
non-ionic nature, can improve the performance of the drug
through better availability, and are non-immunogenic, bio-
compatible, and degradable [24]. In aqueous conditions,
non-ionic amphiphiles self-assemble to generate non-ionic
surfactant-based vesicles (niosomes), which finally form
closed bilayer structures that can entrap both hydrophilic
and lipophilic medicines either in an aqueous layer or in
the vesicular membrane, according to Carafa et al. (1998)
[25]. According to Kaur et al.‘s 2000 study, drug vesicles,
which are tiny, spherical particles, can be used to localize
and maintain drug activity at its site of action while having
the ease of a drop in ocular drug delivery [26].

Thus, the present work aims to encapsulate fluconazole
in niosomal vesicles which were then uploaded onto a con-
tact lens for sustaining the drug release, for better drug bio-
availability, and for patient compliance improvement.

Material and Method
Material

Cholesterol, span 60, sodium chloride, disodium hydrogen-
phosphate, potassium dihydrogen-orthophosphate, sodium
dihydrogen-phosphate, and acetone were obtained from
Sigma-Aldrich Co., (USA) fluconazole was gifted from
SEDICO pharmaceutical corporation, Egypt. A dialysis
membrane (MWCO 14000) was purchased from Sigma-
Aldrich Co., (USA). All other chemicals and solvents were
of analytical grade and obtained from El-Nasr Company for
Pharmaceutical Chemicals, Cairo, Egypt.

Methods
Pre-Formulation Studies

Fourier-Transform Infrared Spectroscopy (FTIR) The poten-
tial interactions between fluconazole, Span 60, and cho-
lesterol were investigated using FT-IR spectroscopy (IR
Prestige 21 Shimadzu, Japan) Fourier Transform Infrared
(FTIR) spectroscopy was used to determine the compatibil-
ity of Flu with excipients and to ensure the absence of any
interactions that could affect the drug molecule [27]. The
FT-IR analysis of fluconazole, span 60, cholesterol, and a
physical mixture of fluconazole, span 60, and cholesterol
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was performed with a resolution of 2 cm™! in the 4000 to
400 cm™ ! range [28].

Differential Scanning Calorimetry (DSC) The DSC test
was used to understand the thermal behavior of drugs and
other components used in the niosomes as well as to record
any melting point changes between the pure drug and the
formulation’s excipients [27]. The thermograms were cre-
ated using a DSC-50 thermal analyzer (Shimadzu, Kyoto,
Japan). Five mg of samples were sealed in aluminum pans,
the samples were subjected to be heated at 10 °C/min rang-
ing from 0 to 400 °C. DSC was done on fluconazole, span
60, cholesterol, and a physical mixture of fluconazole, span
60, and cholesterol [28].

X-ray Diffraction Scanning (XRD) The XRD test was used
to investigate the crystalline structure of fluconazole and
excipients. X-ray diffraction (XRD) patterns were generated
by CuK radiation that were collimated by a 0.08° diverging
slit and a 0.2° receiving slit and scanned at a rate of 2.4°/min
across a 5-100° range. The diffractometer was employed
(Philips, Holland, PW 3710). The apparatus worked at
40 kV voltage and 30 mA current. The XRPD analysis was
carried out on fluconazole, span 60, cholesterol, and a phys-
ical mixture of fluconazole, span 60, and cholesterol [29].

Statistical Optimization

For optimizing the niosomes formulation (2°) factorial
design was used to clarify the impact of the formulation
factors. The studied independent variables included drug
amount (X,), preparing method (X,), and span 60/Choles-
terol ratio (X;). Sixteen experimental runs were performed
by Design-Expert software (version 7.0.0 software, State-
Ease Inc., USA) as seen in Table 1. The response parameters

Table 1 D-optimal design factors, levels, and target constraints for the
niosomes

Independent factors Levels

Low level High

level

Drug amount 20 mg 40 mg
Preparation method B1* B2#*
Span 60 / Cholesterol ratio 1:2 2:1
Response Constraints
Y : Particle size (PS) Minimize
Y,: Zeta potential (ZP) Maximize

Y;: Percentage of entrapment efficiency Maximize
(EE%)

* Bl: Injection method

** B2: Thin film hydration (THF) method

in this study were particle size (PS) (Y,), zeta potential (ZP)
(Y,), and percentage of entrapment efficiency (EE%) (Y3).

The best-fitting model for each response was chosen
according to the computed adequate precision ratio, as well
as the predicted and adjusted determination coefficients.
The significance of formulation factors was estimated by
analysis of variance (ANOVA) at p <0.05. Tables 1 and 2
show the design matrix.

Formulation of Fluconazole Niosomes According to
the D-optimal Design

Solvent Injection Method [30]

Niosomes were prepared using a modified solvent injection
technique. Cholesterol and span 60 were carefully weighed
and dissolved in dichloromethane (20 ml) according to ratios
and weights in Table 1. This lipid solution was then used to
dissolve fluconazole (20 or 40 mg). The obtained solution
was injected at a rate of 1 ml/min through a pump syringe
into a beaker containing 4 ml of phosphate buffer (pH 7.4).
The solution was kept at 60-65°C and slowly agitated. The
vaporization of chloroform which was slowly injected into
the phosphate buffer led to niosomes formation. These nio-
somes were refrigerated at 4°C until ready to use [31].

Thin Film Hydration (THF) Method [32]

Cholesterol, span 60, and fluconazole (20 or 40 mg) were
added in a round bottom flask and dissolved homogeneously
in 20 ml of dichloromethane. The solvent is then entirely
evaporated by introducing it to a rotary vacuum evaporator
at 60°C and a speed of 100 RPM, leading to the formation of
a thin layer on the flask’s inner surface. Then rehydrate the
formed film in an aqueous solution for 30 min with phos-
phate buffer saline (PBS), which is usually used to encap-
sulate the drug. Noisomes of varying sizes were generated
once rehydration was completed then they were subjected to
a probe sonicator for 3 min.

Characterization of Noisome
Particle Size, PDI, and Zeta Potential

One ml of fresh formulations was diluted with 9 ml of
deionized water and vortexed. The size, zeta potential, and
PDI of the prepared dispersions were then measured using
a Malvern Zetasizer (Malvern Instruments Ltd., United
Kingdom). Measurements were made in triplicate at room
temperature (25 °C). The mean and standard deviation of all
values were given.
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Table 2 Composition and the observed responses of the design

Independent factors Dependent variables* PDI
Run A: Drug Concentration B: Method of preparation C: span: cholesterol ratio  P.S. Zeta pot. EE

mg nm mV %
1 40 (B2) TFH 2:1 228.2+2.04 343+0.15 584+1.05 0.58+0.1
2 20 (B1) Injection 2:1 25424199 447+0.26 69+2.07 0.658+0.08
3 40 (B1) Injection 2:1 7692+1.05 464+0.81 74+0.066 0.6+0.05
4 20 (B2) TFH 2:1 6353+2.05 543+122 70.8+1.08 0.8+0.06
5 20 (B1) Injection 1:2 2699+34 473+098 64+1.6 0.483+0.01
6 40 (B2) TFH 1:2 494.9+4.56 473+0.85 64+1.74 0.565+0.09
7 20 (B2) TFH 1:2 269.6+2.07 46.1+0.78 51.3+1.25 0.414+0.14
8 40 (B1) Injection 1:2 450.6+4.32 18.1+0.26 62+2.66 0.496+0.17
9 20 (B1) Injection 1:2 275+1.26 502+1.37 69+1.98 0.723+0.2
10 40 (B2) TFH 2:1 235+3.55 29+0.91 60.2+1.56 0.43+0.07
11 40 (B1) Injection 1:2 455+4.78 20.3+0.78 63+2.8 0.413+0.17
12 20 (B2) TFH 2:1 642+3.79 68+246  72.6+3.79 0.7+0.07
13 20 (B1) Injection 2:1 260+1.77 48+0.98 74+4.35 0.588+0.3
14 40 (B2) TFH 1:2 485+6.59 42+1.25 75+3.99 0.923+0.09
15 20 (B2) TFH 1:2 274+3.98 48.1+0.69 55+2.89 0.558+0.1
16 40 (B1) Injection 2:1 775+3.77 48+1.0 75+1.89 0.484+0.08

Data presented as mean(n=3)+ SD.

*: EE%: percentage of entrapment efficiency; PS: particle size; ZP: zeta potential: PDI: polydispersity index

Entrapment Efficiency Percentage

The fraction of the administered drug that is entrapped by
the noisome is known as entrapment efficiency (EE %)
[33]. Separation of fluconazole-loaded niosomes from the
un-entrapped fluconazole was performed using cooling cen-
trifugation [18, 34]. Entrapment efficiency was calculated
by centrifuging one ml of the suspension of niosomes at
12000 rpm for 30 min and 4 °C for 1 h using a cooling
centrifuge (OptimaTM MAX-XP Ultracentrifuge; Beckman
Instruments); the supernatant containing the unentrapped
fluconazole was then taken and measured for the flucon-
azole amount at 260.5 nm using a UV spectrophotometer
(V-630, Jasco, Japan) [33]. The following equation was
used to calculate the EE%:

EE % = Total amount of Flu
— amount of FLU insupernatent (un entrapped) (1
/Total amount of Flu x 100

All measurements were made in triplicate at room tempera-
ture (25 °C). The mean and standard deviation of all values
were given.

Optimization of Formulation Variables and Model
Validation

The optimized fluconazole niosomes formula was selected

according to the desirability tool, which permitted the inves-
tigation of each response simultaneously. Choosing the
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fluconazole niosomes selected formula based on fabricating
vesicles with minimum particle size, maximum entrapment
efficiency, and maximum zeta potential. The optimized for-
mula was evaluated and its responses were compared to the
predicted values. The model was validated by calculating
the percentage error.

Transmission Electron Microscopy (TEM)

Flu-NS optimized formula morphology was observed using
(EM (JEM-2100, JEOL, Japan). For this purpose, a drop of
diluted dispersion and a drop of 2% w/v phosphotungstic
acid were added to a carbon-coated copper grid (400 mesh).
After drying the sample, they were seen and photographed
using a Philip CM 120 Bio-Twin TEM (Philip Electron
Optics BV, Netherlands).

Cytotoxicity Test for the Optimized Formulae
Cell Culture

Normal Mouse Endothelial Cell line (C-166) obtained from
Nawah Scientific Inc., Mokatam, Cairo, Egypt) was used.
The cells were routinely maintained for culture in DMEM
media that was supplemented with streptomycin (100 mg/
ml), penicillin (100 unit/ml), and inactivated fetal bovine
serum (10%) at 37° C in, a CO, atmosphere (5%v/v).
Sulforhodamine B (SRB assay) was used to assess cell
viability [35, 36]. Briefly, 1 hundred microliters of the
cell suspension (5x 10° cells) were transferred to 96-well
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culture plates and incubated overnight. Following, the cells
were exposed to 100 pl of media supplemented with the
control, Flu-Nio, and Flu solution (10 pg/ml) or to vehicle
control and incubated for 24 h. Cell fixation was then done
by medium removal and adding 150 pl of 10% trichloro-
acetic acid (TCA), followed by incubating for 1 h at 4 °C.
TCA was washed five times using distilled water. Staining
was done by adding 70 ul SRB solution (0.4% w/v), fol-
lowed by incubation at room temperature for 10 min in a
dark environment. Plates were washed thrice using acetic
acid (1% v/v) and left for drying. To dissolve protein-bound
SRB stain; TRIS (150 pl) at 10 mM was added, followed
by colorimetric absorbance measurement at 540 nm using
a BMG LABTECH®- FLUO star Omega microplate reader
(Ortenberg, Germany) and the percent of cell viability (%)
was calculated as follows [37]:

Viability (%) = Absorbanceoftreatedcells
/Absorbanceofuntreatedcells x 100

)

Fluconazole Loading on the Contact lens

Loading of Fluconazole Noisome (Flu-Nio) into the Contact
Lenses Using the Soaking Method [38]

Two ml of niosomal suspension containing 8 mg flucon-
azole was used to soak the contact lenses (Maulvi, 2015).
The contact lenses were soaked for different time intervals
at 4 days and 7 days. After that, the contact lenses were blot-
ted with tissue paper to get rid of the excess of the soaking
solution from the contact lenses’ surface.

Fluconazole Quantification in the Contact Lenses

The concentration of fluconazole uptaken in the contact
lenses was assessed by adding the lenses individually in
screw-capped vials having 25 ml of methanol. They were
shaken for 2 days at 200 rpm by a shaker for complete Flu
extraction. The extracted drug was quantified at 260.5 nm
using a UV spectrophotometer (V-630, Jasco, Japan).

Light Transmission

The transparency of the contact lens was measured using a
UV-spectrophotometer (V-630, Jasco, Japan) at the wave-
length of 600 nm [6]. Distilled water is used to soak the con-
tact lenses overnight to improve the lens flexibility to fit into
the cuvette after which light transmission was measured.

In vitro Fluconazole Release Study

In vitro release of Flu from Flu-Nio-laden contact lenses
was evaluated by the dialysis bag method using pure fluco-
nazole as a control [38]. FIu-NS contact lenses equivalent to
3 mg of Flu and the same weight of free Flu were entrapped
in a dialysis bag (MWCO 14000 Da; dialysis tubing cellu-
lose membrane, Sigma-Aldrich) with 2 ml of simulated tear
fluid (STF) (pH=7.4) in a glass vial to mimic the in vivo
conditions of tear turnover [39]. They shaked in an incuba-
tor shaker at 100 RPM and 35 °C to simulate eye blinking
conditions. At time intervals of 0.5, 1, 2, 3, 24, 48, 54, and
72 h, 2 ml of the sample was withdrawn from the dissolu-
tion medium. The emulated tear fluid was changed at these
intervals with the same quantity of fresh emulated tear fluid
to maintain sink conditions. After appropriate dilution, the
amount of fluconazole was measured using a spectropho-
tometer at 260.5 nm. The previously constructed calibration
curve was used to calculate the mean cumulative % of dug
released and was plotted against time. Each test was per-
formed in triplicate (n=3). Furthermore, the in vitro drug
release data of fluconazole from the optimized Flu-Nio-
laden contact lenses was investigated and evaluated by fit-
ting to zero-order, first-order, and Higuchi models to explain
the mechanism of drug release.

Antimicrobial Activity Study
Bacterial Strains and Culture Conditions

Candida albicans (ATCC® 10231) was used in this study.
The stock solution was preserved in glycerol stock at -20
°C, routinely cultured aerobically into 10 ml of Sabouraud
dextrose broth (SDB), and incubated overnight at 37°C.

Determination of Antifungal Susceptibility (Kirby-Bauer
Method)

The susceptibility of C. albicans (ATCC® 10231) to Flu-
Nio laden lenses, Flu-laden contact lenses, Flu-Nio disc, and
Flu disc was determined in vitro, using the disc diffusion
method according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines [40]. From a pure culture, 5-6
colonies of the organism were transferred to a test tube con-
taining 0.9% saline. The suspension turbidity was adjusted
to be equivalent to 0.5 McFarland Standard. Mueller-Hinton
agar (MHA) (Lab M, Lancashire, UK) was poured in plates
at a depth of 5 to 6 mm and the plates were air dried for
30 min. The adjusted culture was swabbed on plates in three
different directions to ensure complete coverage of the agar
surface. Fluconazole and fluconazole noisome-laden con-
tact lenses were placed aseptically using sterile forceps to
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the surface of the inoculated plates and their produced zone
of inhibition is compared to Flu-Nio and Flu discs that were
also placed on the surface of the medium. The plates were
incubated at 370C for 24 h. Flu-Nio and Flu discs are pre-
pared by impregnation of sterile filter paper discs with the
desired concentration of Flu-Nio and Flu solutions, respec-
tively. Zones of complete inhibition were measured in mm
[41]. Each experiment was performed in triplicates.

Determination of the Fungal Adhesion

Overnight cultures of C. albicans (ATCC® 10231) were
adjusted to a turbidity equivalent to 10® colony forming
unit (CFU)/ ml, followed by ten folds serially diluted to 10
CFU/mL and the adjusted turbidity was used for the adhe-
sion assay [42].

Fluconazole and Flu-Nio-laden contact lenses were
washed twice with PBS (1 ml) and then were transferred
into 24-well tissue culture plates containing 1 ml of the
adjusted fungal suspension and incubated at 37°C for 24 h.
Lenses were washed thrice using PBS and vortexed for 30 s
to remove loose cells. Contact lenses were further trans-
ferred into 2 mL of PBS and placed in test tubes. The test
tube was allowed to vortex at a maximum speed for 1 min
to detach the cells adhered to the lenses. Following log
serial dilution, plating was done on SDA [43] for the cell
counts. After overnight incubation at 37°C, CFU was quan-
tified and measured as CFU/lens. The fungal adhesion on
Flu-Nio-laden contact lenses was compared with the control
lenses, and the reduction of fungal adhesion was determined
accordingly. The experiment was done in triplicates [42].
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Fig. 1 FTIR spectrum of fluconazole, cholesterol, span 60, physical
mixture of fluconazole and cholesterol (PM: F/C), physical mixture
of fluconazole and span 60 (PM: F/S), and physical mixture of flucon-
azole, cholesterol, and span 60 (PM: F/C/S)
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Determination of the Inhibition of C. Albicans Growth

Following the fungal adhesion assay, fungal growth in the
culture suspensions from each treated or control lens was
examined by plating out. Following log serial dilution,
counting the remaining cells in culture solutions [42]. Fol-
lowing log serial dilution, plating was done on SDA plates
and incubated overnight at 37°C. CFU on the plate was
counted and calculated as CFU/ml. The remaining viable C.
albicans on fluconazole and Flu- Nio-laden contact lenses
were compared with control lenses, and the remaining via-
ble fungi were calculated accordingly. The experiment was
done in triplicates.

Results and Discussion
Pre-Formulation Studies
Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR was used to study the interactions of fluconazole, cho-
lesterol, span 60, physical mixture of fluconazole and choles-
terol (PM: F/C), physical mixture of fluconazole and span 60
(PM: F/S), and physical mixture of fluconazole, cholesterol,
and span 60 (PM: F/C/S). The results are shown in Fig. 1.
Fluconazole shows six characteristic peaks at 1627 cm™!
corresponding to the Triazole ring, 3120 cm™' correspond-
ing to the -OH stretching, 1422 ¢cm™ 'corresponding to the
-CHj, bending, and 1292 cm™ !corresponding to the bending
vibration of the -CH2 group, 1089 cm™! corresponding to
(C—OH bond) and 1107 cm™ ! corresponding to (C—F bond).
The same results were obtained by Fatima et al., 2022 and
Moraes et al., 2017 [28, 44]. Asymmetrical stretching of the
cholesterol’s C-H bond was seen at 2941 cm-1, whereas the
stretching -OH cholesterol was seen at 3359 cm™! as shown
in Fig. 1. Farmoudeh et al., 2020 reported the same results
of cholesterol [45]. Span 60 showed aliphatic C-H stretch-
ing at 2882 cm™!, -CHj, group stretching at 1458 cm™!, and
O-H stretching at 3390 cm™!. At 1744 cm™!, the cyclic five-
membered ring’s peak in span 60 was noted. The results
were matched with Fatehi et al., 2020 and Miatmoko et al.,
2021 [46, 47]. The characteristic peak of pure fluconazole
has appeared in all physical mixtures with no change. In
the three physical mixtures, FTIR showed all the peaks of
cholesterol, and/or span 60 at their places confirming the
absence of any chemical interactions between them.

Differential Scanning Calorimetry (DSC)

Figure 2 shows the DSC thermogram of Flu, Cholesterol,
span 60, Flu/cholesterol physical mixture, Flu/ Span 60
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physical mixture, and Flu/Cholesterol/span 60 physical
mixture. Flu thermogram reveals endothermic peaks at 101,
146, 360, and 440 and another peak appeared at 246.75 °C.
The first peak corresponds to crystal dehydration, and the
temperature matches the boiling point of water. The sec-
ond peak corresponds to the crystals melting point. Finally,
the third and fourth peaks correspond to the degradation of
fluconazole. The results are in good agreement with Akay
et al., 2021 [48]. The melting points of cholesterol were
observed at an endothermic peak at 149 °C and 208.1 °C
due to degradation and abroad peak at 44.6 C, due to the
loss of water molecules as reported by Abd-Elal et al., 2016
[49]. The same results were obtained by Yasam et al., 2016
when studying the DSC thermogram of cholesterol [50].
The main melting peaks of span 60 were observed at 64°C
which is matched with El-Ridy et al., 2018 [51]. The results
of DSC of the physical mixtures demonstrated that Flu and
the excipients melting peaks appeared in their places with-
out undergoing shifting, and with no extra peaks appear-
ing, showing an absence of interaction between Flu and
excipients.

X-Ray Diffraction Scanning (XRD)

The characteristic (XRD) patterns of fluconazole, Choles-
terol, span 60, Physical mixture of fluconazole and Choles-
terol (PM: F/C), Physical mixture of fluconazole and span
60 (PM: F/S), and Physical mixture of fluconazole, Choles-
terol, and span 60 (PM: F/C/S) are compared and illustrated
in Fig. 3. The diffraction pattern of fluconazole showed
high-intensity crystallinity peaks at 16.584, 25.652, and

Fig. 3 X-ray diffractograms of
fluconazole, cholesterol, span 60,
physical mixture of fluconazole
and cholesterol (PM: F/C), physi-
cal mixture of fluconazole and
span 60 (PM: F/S), and physical
mixture of fluconazole, choles-
terol, and span 60 (PM: F/C/S)
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Fig. 2 DSC of fluconazole, cholesterol, span 60, physical mixture of
fluconazole and cholesterol (PM: F/C), physical mixture of fluco-
nazole and span 60 (PM: F/S), and physical mixture of fluconazole,
cholesterol, and span 60 (PM: F/C/S)

29.30 °20. The peak with 100% relative intensity was pres-
ent at °20 value of 20.03. These results are similar to that
of Modha et al., 2010 [52]. On the other hand, the diffrac-
tion pattern of cholesterol showed an intense peak at 12.74,
14.14, 15.65, 16.85, 17.27, and 21.44 (100% relative inten-
sity) and 23.89°20 [53], while the diffraction pattern of span
60 showed a 100% relative intensity at 21.433 °260. When
the diffractograms of the physical mixtures and fluconazole
were compared, all the characteristic crystalline peaks for

PM: F/C/S

MLJMMMMMMWvMMWWW PM: F/S
o A,MMWKLWNMWVMA; I PM: F/C

W o

M Cholesterol

MMMWMWMMM Fluconazole
1o ! % ! w® ! & ' ® ' @ ! 7 ' w

2 Theta (coupled Two Theta/Theta) WL= 1.54060
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fluconazole could be observed with the same intensity
revealing that no changes were made to the fluconazole.

Experimental Design and Optimization of

The goal of the design expert optimization is to study
the effect of experimental factors on the formulation’s
responses. Table 2 shows the factors and the observed
responses. The two factors’ interactions (2FI) model was
the best fitting model for Y,, Y, and Y; responses because
it has the highest R? and the lowest predicted residual error
sum of squares.

The Effect of Investigated Variables on Responses

PS

The size of vesicles is an important consideration in the
formulation and optimization of nanocarriers. Flu nio-
somes sizes ranged from 228.2 to 769.2 nm, as appeared in
Table 2. Three FI model was significant at (»p <0.001), with
aregression coefficient (R?) of 0.9998 according to ANOVA
analysis indicating the goodness of fit. Also, there was an
agreement (less than 0.2) between the predicted R? (0.9990)
and the adjusted R? (0.9996). The equation that describes
the relationship between particle size and formulation fac-
tors is:
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© Dasion points below predcted vabie
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LIRS
X1 = % Drug Cencentration 6 (RS
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32 = € Spancheieatsral fatio
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injeion
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Ps(Y;) =423.31+63.31A — 15.31B 4+ 51.56C 3
— 110.53AB — 36.32AC — 24.43BC — 119.98ABC ®)
Where A, B, and C correspond to X, X,, and X; respectively.

The prepared niosomes have a small particle size on the
nanoscale with homogenous distribution according to the
result of the polydispersity index (PDI). PDI was found to
be lower than 0.7 for most formulations. The polydispersity
index (PDI) has values less than 0.7, indicating a narrower
size distribution, compared to the particles in a wide dis-
tribution which tend to aggregate [54]. Figure 4 and Eq. 3,
reveal that PS increases significantly with the increased drug
amount at (P<0.001) and this result was in great agree-
ment with the previous work done by El-Far et al., 2022
[55] which stated that drug interacts with the surfactant
head groups, increases the charge and mutual repulsion of
the surfactant bilayers and thus increases vesicle size. The
particle sizes are influenced by the surfactant: cholesterol
ratio as shown in Fig. 4; Table 2. Cholesterol is a necessary
component in the formation of noise. It improves vesicle
stability and plays an important role in bilayer packing [56].
Increasing the surfactant: cholesterol ratio to 2:1 reduced
the mean diameter of the particles. This result agreed with
the previous data, indicating that a decrease in cholesterol
caused the vesicle size to decrease [57]. This could be
interpreted by the high levels of cholesterol disrupting the
niosomal membrane. Because cholesterol is amphiphilic, it
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Fig. 4 3D surface response plots showing the impact of the independent variables on (A)PS(Y), (B)ZP(Y,), and (C)EE% (Y3)
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intercalates within the bilayer structure of niosomes by ori-
enting its polar head toward the water-soluble surface and
aligning its aliphatic tail parallel to the hydrocarbon chains,
forming large vesicles [58]. Teaima et al., 2020 showed that
“cholesterol is a stiff, inverted cone-shaped molecule. When
hydrated at a temperature above the gel/liquid transition
temperature, it can be intercalated between the surfactant’s
fluid hydrocarbon chains, increasing the size of the vesicle”
[59]. The addition of CHO to a membrane increases the
membrane bilayer rigidity and reduces water-soluble sub-
stance leakage through membranes. Surfactant monomers
were closely packed with increasing curvature and decreas-
ing size at low CHO concentrations. On the other hand, at
high CHO concentration, and low nonionic surfactant con-
tent, the lipophilicity of the bilayer membrane increases
(log P of 7.02). Also, it may increase the vesicle radius and
create a thermodynamic stable form causing disturbance in
the vesicular membrane [60]. Moreover, CHO can remove
the vesicle’s phase transition temperature peak leading to
stabilize the bilayer structure, thereby strengthening the
bilayer structures and decreasing bilayer micro fluidity [61].
It was found that the increase in surfactant amount (span 60)
and decrease in cholesterol amount resulted in a significant
decrease in the particle size as shown in Fig. 4; Table 2. This
may be due to the physical characteristic of span 60 as a
solid surfactant with low HLB (HLB =4.7), higher phase-
transition temperature (53—57 °C), and surface free energy,
which decreases with increasing lipophilicity [56, 62]. The
produced niosomes had with larger mean vesicle diameter
in the solvent injection method (B1) as compared to the thin
film hydration method (B2). These findings were in great
agreement with that of Kumar et al., 2013 who investigated
the influence of various preparation techniques on the for-
mulation of Diclofenac niosomes [63]. Also, the same find-
ings were obtained by Mujeeb et al., 2017 [64].

ZP

The developed 3FI model for the preparing method factor
(Y,) was significant at (p < 0.0006), with a regression coeffi-
cient (R?) of 0.9473 according to ANOVA analysis showing
the model is well fit. The predicted R? (0.7246) agrees with
the adjusted R? (0.8946) (less than 0.2). The adequate pre-
cision was 13.94 suggesting that the signal was adequate.
The equation that describes the relationship between ZP and
formulation factors is:

ZP (Yq) =43.26 — 7.58A 4 2.88B + 3.33C

4
—0.406AB+0.418AC — 3.07BC —— 7.18ABC @

Where A, B, and C correspond to X, X,, and X; respec-
tively. Values were between —18.1 and —60.2 mV in all

cases. All the formulations presented negative values of
zeta potential due to hydroxyl ions adsorption on the surface
of the vesicle by non-ionic surfactants and to the effect of
CHO, which produces a negative charge on the vesicle sur-
face [55]. The higher electrostatic repulsion results in higher
negative values providing more stability [65]. The thin film
hydration method (B2) provided more stable niosomes than
that of the injection method (B1). These findings were in
great agreement with Mujeeb et al., 2017 [64].

EE%

The EE% of fluconazole niosomes ranged from 51.3 to
75%, as demonstrated in Table 2. Three FI model was sig-
nificant at (»<0.0005), with a regression coefficient R?
of 0.9496 according to ANOVA analysis showing that the
model is well fit. Also, the predicted R* (0.7369 agrees with
the adjusted R? (0.8994), and the difference is less than 0.2.
The equation that shows the relationship between EE% and
formulation factors is:

EE% (Y3) =66.08+ 0.368A —2.67TB+3.17C 5
+0.6188AB — 2.72AC — 1.08BC — 4.74ABC ©)
Where A, B, and C correspond to X, X,, and X; respectively.

Asrepresented in Fig. 4, increasing the drug ratio resulted
in a non-significant increase in the EE% of fluconazole,
with p values=0.5529. A higher surfactant ratio led to a
significantly higher EE%, which may be related to span 60
has phase transition temperature (53 °C) which resulted in
a decrease in the fluidity and breakage of the bilayer. Also,
span 60 has a HLB value of (4.7) with a long C17 chain),
which increases its hydrophobic character to be able to hold
the hydrophilic drugs inside its core [66]. Previous research
has shown that when CHO is used above a certain optimum
concentration, it may decrease hydrophilic drugs EE%, the
reason may be because of a disruption in the bilayer physi-
cal organizational structure, leading to leakage [66].

Selection of the Optimized Flu-Nio

The desirability function was based on the conditions for
attaining minimum PS (Y,), maximum ZP (Y,), and maxi-
mum EE% (Y;). The Flu-Nio optimized formula was devel-
oped by using a fluconazole amount of 20 mg (X ), solvent
injection as a method of preparation (X,), and a Surfactant:
cholesterol ratio of 2:1 (X;). The optimized formula is
predicted to have PS (Y,) of 257.1 nm, ZP (Y,) of -46.35
mv as shown in Fig. 5, and EE% (Y3) of 71.5% achieving
0.747 the highest desirability. In addition, it was evaluated
and compared to the observed values. The percentage error
was 1.021, 2.52, and 4.67 for PS, ZP, and EE% respectively.
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Fig.5 (A and B) Zeta potential and particle size of fluconazole niosmal optimized formula (C)TEM of fluconazole niosmal optimized formula

Also, the chosen formula showed a PDI of 0.11 +0.09 indi-
cating the homogeneity of the chosen formula.

Transmission electron Microscopy (TEM)

The selected formula morphology is shown in Fig. 5. Flu-
Nio-laden contact lenses have a smooth well-defined sphere
shape with a relatively uniform size distribution and a defi-
nite wall with an aqueous core. Flu-Nio-laden contact lens
size obtained from the TEM examination agreed with the PS
analysis and it showed a uniform size distribution.

Cytotoxicity Test

The cytotoxicity of the optimized formula Flu- Nio, Flu
solution, and control were performed to demonstrate their
effect on Mouse endothelial cells. The results revealed that
Flu- Nio, Flu solution at a concentration of 10 pg/ml, and
the control have a cell viability % of 99.22,99.67, and 100%
respectively, with no statistically significant difference
detected. These results indicate that Flu- Nio, Flu solution at
a concentration of 10 pg/ml had no harmful impact on nor-
mal Mouse endothelial cells as shown in Fig. 6. According
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Fig.6 Cytotoxicity profile of the optimized Flu-Nio, Flu solution, (at a
concentration of 10 pg/ml) and control on C-166: Mouse Endothelial
Cell after 24 h exposure to the Flu-Nio. Cytotoxicity test was done
using sulforhodamine B (SRB) (0.4% w/v) and is represented as the
cell viability percentage after applying the treatment

to cytotoxicity test results, Flu-Nio is biocompatible and has
low cytotoxicity. Fluconazole contact lenses showed non-
significant variation in the loaded Flu concentration after
soaking at both 4 and 7 days at p <0.001.
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Fluconazole Quantification in the Contact Lenses

The concentration of Flu up taken in the contact lenses was
assessed at different time intervals (at 4 days and 7 days) to
show the maximum drug loaded. The results showed each
contact lens contained 3.02+0.23 and 3.11 +.081for both 4
and 7 days respectively.

Light Transmission

The free contact lenses were clear and transparent; their
light transmission measured at 600 nm showed a high trans-
mission of 95.65+0.55%. The incorporation of Flu-Nio
did lower the transmission to 90.743 +0.47% with no sig-
nificant difference at (p>0.05) with the free contact lenses
because the nanosized particles diffract and scatter the inci-
dent lights [6]. The use of contact lenses with that amount
of Flu-Nio would not affect the vision of the wearer which
is essential [67].

In vitro Release of Fluconazole from (Flu-Nio) Laden
Contact Lenses

In-vitro cumulative release of fluconazole from the opti-
mized (Flu-Nio) laden contact lenses was compared with
free drug solution and the results are shown in Fig. 7. The
fluconazole from Flu- Nio-laden contact lenses was released
and showed an initial burst release in the first hour (27.2% at
1 h), then it showed a prolonged release up to 48—72 h with
a cumulative release of 79.62%. In contrast, the release of
fluconazole from the control solution showed a high burst
release in the first hour (46.4% at 1 h) and a 100% cumu-
lative drug release after three hours. In addition, Flu-Nio
is an efficient fluconazole carrier. The initial phase release
of fluconazole from Flu-Nio-laden contact lenses could be
attributed to free fluconazole penetration and drug desorp-
tion from the niosome surface. Free drug solution exhibited
a significant (P <0.05) higher and faster release than that
from optimized Flu-Nio-laden contact lenses which may
be attributed to the cholesterol of noisome that decreases
the leakage of encapsulating fluconazole by reducing the
niosomal membrane fluidity [68]. The results suggest that
niosomes could be used to extend the release of fluconazole.
According to the higher correlation coefficient, the drug
release from the optimized Flu-Nio-laden contact lenses is
best fitted to Baker and Lonsdale equation, indicating that
fluconazole release from the vesicles could be attributed to
the diffusion mechanism [69].
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Fig. 7 Percentage cumulative release of fluconazole from Flu-Nio-
laden contact lenses and fluconazole solution in simulated tear fluid
(pH 6) at 37°C (n=3, mean + standard deviation)
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Fig. 8 Shows the zone of inhibition of Flu-Nio laden contact lenses,
Flu-laden contact lenses, Flu-Nio disc, and Flu disc on C. albicans
(ATCC® 10231), the growth inhibition was measured in mm after
overnight incubation at 37 °C. Each experiment was done in tripli-
cates, and an average data set is shown

Antimicrobial Activity Study
Antifungal Susceptibility by Disc Diffusion Method

Figure 8 shows the zone of inhibition of Flu-Nio-laden con-
tact lenses (contact lens impregnated with Flu-Nio), Flu
laden contact lenses (contact lens impregnated with Flu
solution) and, Flu-Nio disc (sterile filter paper disc impreg-
nated with Flu-Nio) and Flu disc (sterile filter paper disc
impregnated with Flu solution) on C. albicans (ATCC®™
10231). Flu-Nio-laden contact lenses and Flu-Nio disc
increased the diameter of the zone of inhibition and showed

@ Springer



45 Page 12 of 15

Journal of Pharmaceutical Innovation (2024) 19:45

an increase in antifungal activity. Ciolino et al., 2011 [70]
suggested that econazole-releasing contact lenses made of
econazole-PLGA film encased within a pHEMA hydrogel
preserved their fungicidal effects for three weeks. In addi-
tion, the formulation provides an alternate treatment for
fungal keratitis and serves as a platform for ocular medica-
tion delivery. When designing a contact lens for antifungal
ocular drug delivery, Phan and colleagues demonstrated that
some aspects should be considered, such as (a) increasing
the drug amounts to be loaded or released from the contact
lenses; (b) the drug release rate from the contact lenses; and
(c) consistent release with known concentration. The quali-
ties of the lens material, the properties of the target drug,
and the interactions between the polymer and the drug on
the lens all have a substantial impact on the drug’s uptake
and release [71]. Previous research suggested that medica-
tions with a higher water solubility, such as fluconazole,
might partition more quickly into aqueous systems. Further-
more, this causes fast drug release from the contact lenses,
as seen with several ophthalmic medicines.

Determination of the Fungal Adhesion

Figure 9 shows the adherence of C. albicans on Flu-Nio-
laden contact lenses compared with Flu-laden contact
lenses, and the control lenses. The number of viable cells

O m

— T
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(Log CFU/lens)

*%

T

6 1 1 1 1 1 1

Adherence cell number to lenses

® Flu laden contact lenses
® Flu-Nio laden contact lenses

o Control lenses

Fig.9 Shows the effect on Candida albicans adhered to Flu-Nio-laden
CL and Flu-laden CL, compared to that attached to control lenses.
Adhesion, measured as the number of culturable viable cells after
release from the lens surface, was reduced for both treated contact
lenses compared to control lenses. The viability of adhered cells is rep-
resented as a median with an interquartile range after overnight incu-
bation at 37 °C. Each experiment was done in three different cultures,
and an average data set was taken. Statistical analysis was done using
the student’s t-test
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that could be cultivated after being released from the sur-
face of contact lenses is used for measuring adhesion. Adhe-
sion was reduced for both Flu-Nio and Flu-laden contact
lenses. The 1x 10° cells/ml that were initially added to the
control lenses had increased to 8.3 +0.74 log CFU/lens on
the lenses after the culture. Figure 9 shows that there was
almost a 2 log-fold reduction of cell adherence to Flu-Nio-
laden contact lenses compared with only a 1 log-fold reduc-
tion of cell adherence to Flu-laden contact lenses.

Statistical analysis using student’s t-test showed that
there was a significant difference between the adhesion of
C. albicans on Flu-Nio laden contact lenses and Flu-laden
contact lenses compared with the control lenses (P <0.01)
and showed that Flu-Nio laden contact lenses had signifi-
cantly lower fungal adherence than Flu laden contact lenses.
This reduction in the fungal adhesion may be attributed to
the small-sized Flu noisome which slowly diffuses Flu and
acts by interacting with lanosterol 14-o demethylase, a cyto-
chrome P-450 enzyme that converts lanosterol to ergosterol
(essential for the fungal cell membrane) when its synthesis
is suppressed, cells become more permeable and their con-
tents pass out [33, 72, 73].

Determination of the Remaining C. Albicans in the
Solution

The number of C. albicans cells in the PBS (pH) around the
lenses throughout incubation was also measured (Fig. 10).
The count of CFU per 1 mL of PBS after 24 h incubation
surrounding the control lens was 8.5+0.72 log CFU/lens.
Flu-Nio-laden contact lenses showed a 2 log-fold reduction
of cell number compared with Flu-laden contact lenses that
showed only a 1 log-fold reduction of cell growth. These
results indicate that during incubation, the drug was released
into the fluid around the lenses and was effective against C.
albicans. Statistical analysis using student’s t-test showed
that there was a significant difference between the remain-
ing viable cells in the surrounding solution of Flu-Nio-laden
contact lenses and Flu-laden contact lenses in comparison
with control lenses (P<0.0001) and showed that Flu-Nio
laden contact lenses significantly reduced the microbial
viable count than Flu laden contact lenses (P <0.001). This
could be attributed to the low diffusion of the Flu from the
Flu-laden contact lens through the media. On the contrary,
niosomes had resulted in better diffusion of the Flu from
Flu-Nio-laden contact lenses, with a reduction in the fungal
adhesion. The reason may be attributed to the small, lipo-
philic nature, and abundance of non-ionic surfactants [74].
Previous studies conducted by Willcox and co-workers
found that the bacterial viability and adhesion for the tested
strains was reduced by > 5 log reduction in solution or on
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investigate the Flu-Nio-laden contact lenses in a diseased
- ooy animal model or an ex vivo model of candidal keratitis.
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Fig. 10 Shows the effect on C. albicans remaining viable cells in the
solutions surrounding Flu-Nio-laden CL and Flu-laden CL, compared
to that surrounding the control lenses. The viability of adhered cells
is represented as a median with an interquartile range after overnight
incubation at 37 °C. Each experiment was done in three different cul-
tures, and an average data set was taken. Statistical analysis was done
using a student’s t-test where statistical significance is represented by
**%P <0.001 and **** P<0.0001

the lens surface using silver (20 ppm) nanoparticles lenses
[42].

Conclusion

This work reveals that there is no interaction between the
fluconazole, excipients, and their physical mixture. The
optimized fluconazole noisome was developed and the
particles attained a smooth spherical shape with uniform
size distribution. The cytotoxicity test showed no harmful
impact on normal mouse endothelial cells at a concentra-
tion of 10 pg/ml. The performance of the light transmission
test for both free and Flu-Nio-laden contact lenses shows
no significant difference and does not affect the contact lens
visibility. The ability of fluconazole noisome-laden contact
lenses to control drug release was noticed. Fluconazole
from Flu-Nio-laden contact lenses was released and showed
an initial burst release in the first hour, then it showed a
prolonged release up to 72 h. Also, Flu-Nio-laden contact
lenses synergize the inhibitory effect of fluconazole against
the growth of C. albicans. In addition, Flu-Nio-laden contact
lenses could reduce the fungal adhesion to their surface by
C. albicans. These results demonstrated that Flu-Nio-laden
contact lenses could be promising for delivering antifungals
to treat fungal keratitis. An appropriate next step will be to
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