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Background & Objectives: Low penetration efficiency and retention time are the main therapeutic con-
cerns that make it difficult for most of the drugs to be delivered to the intraocular tissues. These challeng-
ing issues are often related to those drugs, which have low or poor solubility and low permeability. The
goal of this study was designed to develop nanostructured lipid carriers (NLCs) loaded with itraconazole
(ITZ) with the objective of enhancing topical ocular permeation and thereby improving clinical efficacy.
Materials and Methods: ITZ-loaded NLCs were fabricated by a high-speed homogenization technique using
surfactant (Poloxamer 407), and lipids (stearic acid and oleic acid). Optimization of formulations was per-
formed by 3 level factorial design and the selected formulation (F6) was evaluated by differential scan-
ning calorimetry and transmission electron microscopy. Antifungal activity was assessed by measuring
the zone of inhibition and irritation potential using the HET-CAM test.
Results: The independent variables (lipid ratio-X1 and percentage of emulsifier-X2) have a positive impact
on percentage entrapment efficiency (Y2) and percentage release (Y3) but have a negative impact on par-
ticle size (Y1). Based on the better entrapment efficiency (94.65%), optimum particle size (150.67 nm), and
percentage cumulative drug release (68.67%), batch F6was selected for further evaluation. Electronmicro-
scopic images revealed that the prepared particles are spherical and have nano size. Antifungal studies
demonstrated enhancement in the zone of inhibition by formulation F6 as compared to a commercial
eye drop. The non-irritancy of optimized formulation (F6) was confirmed with a zero score.
Interpretation & Conclusion: In summary, the optimized NLCs seem to be a potent carrier for the effective
delivery of itraconazole in ocular therapy.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Designing ocular drug delivery is a difficult task due to the eye’s
unique anatomy, physiology, and biochemistry. Anatomically eye
possesses two sections: anterior and posterior. The posterior seg-
ment of the eye roughly involves 33% and the remaining part com-
prises the back fragment. The anterior segment involves the
cornea, iris, conjunctiva, ciliary body, watery diversion, and focal
point (Achouri et al., 2013). The sclera, optic nerve, choroid plexus,
retina, vitreous silliness is located in the posterior portions and
back of the eye. Both anterior and posterior portions of the eye
are susceptible to different vision undermining illnesses. The ante-
rior portion is critically susceptible to the waterfall, conjunctivitis,
and front uveitis.

The most prevalent disorders that affect the back of the eye are
age-related macular degeneration and diabetic retinopathy. Fur-
ther, it is hard to complete therapy fixation using topical eye drops
installation in the back portion of the visual tissues as <5% of the
visual tissues are topically connected (Achouri et al., 2013;
Balguri et al., 2016; Pandey et al., 2021; Shah et al., 2019b). Fungi,
which include Aspergillus flavus, Aspergillus fumigates, Aspergillus
niger, Candida species, Fusarium, mainly cause mycotic corneal
ulcers. Keratitis, a type of corneal inflammation mainly caused by
a fungal etiology and contributes to the majority of the ophthalmic
mycosis. Immunocompromised patients are more prone to develop
infectious ulcers, particularly after keratoplasty (Hoffman et al.,
2021; Jaiswal et al., 2015; Knutsson et al., 2021; Song et al.,
2021). Itraconazole (ITZ), an antifungal agent that is used to treat
fungal keratitis. Typically, ITZ is a triazole effective against Curvu-
laria, Candida, and Aspergillus species. Few studies have been
attempted to deliver ITZ through the cornea by formulating differ-
ent nanocarriers (ElMeshad and Mohsen, 2016; Permana et al.,
2021; Thomas, 2003).

Lipid-based drug delivery systems have the potential capacity
to entrap both hydrophobic and hydrophilic molecules, enhance
the bioavailability of poorly aqueous soluble drugs, and protect
them from untimely degradation. NLC has been reported to be an
alternate bioactive delivery system to solid lipid nanoparticles
(SLN) in terms of minimum toxicity, biocompatibility, biodegrada-
tion, slow drug release, and avoidance of organic solvent during
processing (Liu and Wu, 2010). NLC was designed to overcome
the disadvantages associated with SLN like crystallinity of solid
lipids, which affects the entrapment efficiency and release of the
encapsulated drugs (Kamboj et al., 2010). NLCs are made up of bio-
compatible strong lipid networks and fluid lipids that have dis-
tinctly different structures than those derived from solid lipids.
In addition, NLCs have the typical molecule distance of 10–
1000 nm in the lattice. NLCs are the second-generation SLNs that
possess a solid-lipid lattice, which is adjoined by liquid lipids
(ElMeshad and Mohsen, 2016). In NLCs, oil droplets are embedded
in a solid lipid matrix.Further, liquid lipids are preferable solubiliz-
ers of medications over strong lipids. This carrier molecule is made
up of biodegradable lipids with low cytotoxicity. NLCs possess sev-
eral advantages against conventional carriers for drug therapy,
which include increased solubility, enhanced stability, enriched
permeability, and bioavailability, targeted tissue delivery mini-
mized side effects, sustained half-life (Duong et al., 2020; Fang
et al., 2013; Nair et al., 2021a). The small shape of the lipid
nanoparticles helps the drug to adhere to the surface of the cornea
that further enhancing the concentration of active substances per-
meating the membrane. The robust lipid lattice of NLCs can impart
a strong controlled release of drug molecules entrapped inside this
carrier. The nanoscale dimension of NLC enhances pre-corneal res-
idence time and the rate of corneal absorption of ocular drugs via
2

ocular tissues. NLC has pulled in extending logical and commercial
thought during the most recent years. This incorporates a high
amount of drug preload, enlarge drug strength, the likelihood to
control release and focusing on, and shirking of natural solvents
(Dhiman et al., 2021; Haider et al., 2020; Hallan et al., 2021;
Wissing and Müller, 2001). NLCs are exceptionally effective struc-
tures mainly because of their strong lipid networks and their
potential to improve the efficacy of various drug molecules
in vitro as well as in vivo (Dhiman et al., 2021). In the context of
this, the goal of this study was to fabricate and analyze the possi-
bility for topical ocular delivery of ITZ-loaded NLCs. The potential
of NLC formulation to enhance the ocular permeation in rabbit cor-
nea was demonstrated using propranolol hydrochloride, a hydro-
philic molecule (Sharif Makhmal Zadeh et al., 2018).

The exponential rise of nanotechnology over the last decades
has resulted in the creation of several adaptable drug carriers with
a diameter of 10–1000 nm, such as liposomes, polymeric micelles,
and SLNs. Encapsulation in nanoparticles with a high specific sur-
face area enhances the stability and solubility of the medication
while retaining a minimal adverse effect profile. Drugs that are
insoluble in the water though have a high therapeutic potential
have benefited the most from nanoencapsulation, which has been
proposed as a viable method for bypassing the different ocular bar-
riers. Indeed, considerable research has proven an increase in the
bioavailability and residence duration of drugs in ocular target tis-
sues (Morrison and Khutoryanskiy, 2014).
2. Materials and methods

2.1. Chemicals

ITZ and Pluronic F127 (Poloxamer 407) were obtained from
Vital Laboratories, Vapi, India, and BASF Corporation, New Jersey,
USA, respectively. Stearic acid, oleic acid, calcium chloride, and var-
ious inorganic acids were procured from RFCL Ltd. (New Delhi,
India). Sodium hydroxide and potassium dihydrogen orthophos-
phate, and sodium chloride was procured from S.D. Fine Chemicals,
Mumbai, India. Linseed oil was obtained from National oil and
chemicals, New Delhi, India. All other reagents used were of ana-
lytical grade and were used as obtained.
2.2. Formulation of ITZ loaded NLCs

To fabricate ITZ-loaded NLCs, a high-speed homogenization
approach was employed by following a method described in the
literature (Duong et al., 2020) with minor modifications. The sche-
matic representation of the procedure for the preparation of ITZ-
loaded NLCs is displayed in Fig. 1. In brief, the lipid phase consist-
ing of stearic acid and oleic acid (1:1) was obtained by heating both
at 85 �C. At the same time, the aqueous phase contains a surfactant
(1.6% of poloxamer 407) with ITZ was prepared separately and
heated to a similar temperature. Then the lipid phase was added
to the aqueous phase and homogenized to obtain emulsion and
then further cooled to room temperature to obtain ITZ loaded
NLCs. The formulation optimization was carried out by 32 factorial
design (Jacob et al., 2017) by selecting two independent variables
[(lipid ratio (X1) and percentage of emulsifier (X2)] and evaluating
their impact on three dependent variables [particle size (Y1), per-
centage entrapment efficiency (Y2) and percentage release (Y3) as
depicted in Table 1. To test various responses, nine batches (F1-
F9) with low (-1), medium (0), and high (+1) lipid and emulsifier
levels were used. The data was statistically authenticated using
analysis of variance (ANOVA) (Lim et al., 2014).



Fig. 1. Schematic representation of the preparation of itraconazole-loaded NLCs by homogenization method.

Table 1
32 Factorial design for the itraconazole-loaded nanostructured lipid carriers.

Formulation
code

Lipid
ratio
(X1)

Emulsifier
(X2) (%)

Response

F1 1:1 (-1) 1 (-1)
Y1 = Particle size (nm)

Y2 = Percentage entrapment
efficiency (% w/v)

Y3 = Percentage release (%)

F2 1:1 (-1) 3 (1)
F3 3:1 (1) 3 (1)
F4 1:1 (-1) 2 (0)
F5 3:1 (1) 1 (-1)
F6 2:1 (0) 2 (0)
F7 2:1 (0) 1 (-1)
F8 3:1 (1) 2 (0)
F9 2:1 (0) 3 (-1)
F10* 1.5:0.5 1.5
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2.3. Validation of the experimental design and selection of the best
formulation

In our study, the formulation which is having the least particle
size, maximum entrapment efficiency, and maximum percent of
in vitro release for 8 h was selected as the final formulation
depending on the response characteristics. The design of each for-
mulation was validated by using software Design expert 13.0.0
(State – Ease, Inc., USA). The response was assessed by the statisti-
cal tool with interactive and polynomial terms used:

Y ¼ b0 þ b1X1 þ b2X2 þ b3X1X2 þ b4X
2
1 þ b5X

2
2 þ b6X1X

2
2 þ b7X

2
1X2

þ b8X
2
1X

2
2r

2

In Equation 1, a total of eight coefficients (b1 to b8) were calcu-
lated with b0 representing the intercept, and b4 to b8 representing
3

the various quadratic and interaction terms, X1 and X2 are the
coded levels of the independent variables, and X1 X2 is the interac-
tion terms, and X2

1 and X2
2 are the polynomial terms. The arithmetic

mean of all quantities outcomes is 0 from all the nine runs, b1 to
b8 are the coefficients computed from the observed experimental
values of Y, and 1 to 8 are the coefficients computed from the
observed experimental values of Y. To validate the checkpoint for-
mulation (F10) a rigorous grid search was conducted over the
experimental domain. From the polynomial equation, the formula-
tion was developed and the actual response was experimentally
checked and correlated to the results.
2.4. Particle size

The size of particles in the prepared NLCs was determined by
laser diffraction technique using a Malvern Zetasizer (S90 series,
Worcestershire, UK) (Morsy et al., 2019). The size of the particles
was checked at 25 �C after diluting the drug concentration with
deionized purified water and filtered using a syringe filter (pore
size 0.45 mm, Millipore Co., USA) (Sreeharsha et al., 2020). For each
formulation, the particle size was measured six times and the
results are represented as means ± SD.
2.5. Entrapment efficiency (EE)

The amount of ITZ entrapped in the particles was determined
after uniformly dispersing the NLCs in water by gentle shaking.
Then, methanol (5 mL) was mixed with this dispersion (1 mL) fol-
lowed by refrigerated centrifugation at 15,000 rpm for 45 min
(3 K30, Sigma, Osterode, Germany) (Nair et al., 2019). This disper-
sion was filtered with a Millipore membrane filter of pore size



M. Kumar, A. Tiwari, Syed Mohammed Basheeruddin Asdaq et al. Saudi Journal of Biological Sciences 29 (2022) 1–10
0.2 mm (Bedford, MA, USA), and ITZ content was analyzed using a
UV spectrophotometer (UV-1280, Shimadzu, Kyoto, Japan) at
262 nm k max. The % EE was calculated using the below formula;

% EE ¼ ½W Totalð Þ �W Freeð Þ= W Totalð Þ� � 100

where W (Total) is the amount of drug added to the NLC and W
(Free) is the amount of un-entrapped drug. The % EE was measured
six times and the results are represented as means ± SD.

2.6. Release of ITZ from NLCs

The in vitro drug release of NLCs (F1-F10) was studied by using a
dialysis bag method described elsewhere (Nair et al., 2017). The
directions of the manufacturer for the activation of the dialysis
membrane (12 kDa cut off) were followed. The experiments were
carried out in a sink environment. ITZ-NLCs formulations
(10 mg/mL ITZ) were loaded into a cellulose membrane dialysis
bag and magnetically stirred at 37 ± 0.5 �C in 200 mL of simulated
tear fluid (STF, pH 7.4) (Shah et al., 2019b). The STF solution was
prepared by dissolving sodium chloride (0.68 g), sodium bicarbon-
ate (0.22 g), calcium chloride (0.008 g), and potassium chloride
(0.14 g) in 100 mL of distilled deionized water. Samples (5 mL)
from the receiver solution were taken at predetermined intervals
and replaced with the equivalent amount of STF solution at the
same temperature. The drug concentration was quantified
spectrophotometrically at kmax (262 nm). The release experiment
of each formulation was carried out six times and the results are
represented as means ± SD.

2.7. Differential scanning calorimetry (DSC)

A DSC instrument (Q200, TA Instruments Trios V4.1, Newcastle,
PA, USA) was used to record the thermograms of ITZ, poloxamer,
blank NLCs, and ITZ-NLCs (F6). The samples (5 mg) were sealed
in an aluminum pan and heated at a rate of 10 �C/min (heating
range 10–250 �C). Analysis was carried out under a nitrogen purge
at a rate of 50 mL/min. Two standard pans were used, one with
5 mg of sample for analysis and the other with an empty pan as
a control (Chaudhary et al., 2021).

2.8. Transmission electron microscopy (TEM)

The morphology of an optimized NLC formulation (F6) was
examined using TEM. A single drop of NLCs was placed on a
carbon-coated copper disc (400-network), and the excess liquid
was removed with the help of tissue paper. A drop of neutralized
phosphotungstic acid solution (2% w/v) was added to the frame-
work. The stained samples were air-dried at room temperature
before examining at 4000 X. TEM images were taken with an accel-
erating voltage of 200 kV (Shah et al., 2020).

2.9. Zeta potential

A laser doppler electrophoresis system was employed to quan-
tify particle electrostatic charge using a Malvern Zetasizer (S90 ser-
ies, Worcestershire, UK) and the observed values were presented as
zeta potential (Akrawi et al., 2020). All experiments were carried
out in triplicate at physiological pH (7.26 ± 0.13) to simulate phys-
iological conditions.

2.10. In vitro antifungal activity

The antifungal activity was tested using the agar cup-plate
method. The activity was calculated by measuring the mean diam-
eter of the zone of inhibition against Aspergillus niger and Aspergil-
lus flavus. Sabouraud dextrose agar plates were made by
4

autoclaving at 121 �C, and 15 lbs pressure for 15 min. The required
amount of melted agar media (300 mL) was combined with Asper-
gillus niger and Aspergillus flavus suspension (2 mL of inoculum to
100 mL of molten agar media) and placed into two sterile Petri
plates after cooling (42 ± 0.5 �C) the agar. In each Petri plate, three
5 mm wells were drilled with a sterile borer. Then, 0.2 mL of each
test substance (ITZ loaded NLC, F6), blank NLC, and standard com-
mercial product (ITZ eye drop; ITRAL, Jawa Pharmaceuticals, Guru-
gram, India) were transferred aseptically to containers and labeled
accordingly. A negative and positive control, which included un-
inoculated media and media seeded with test organism but
deprived of antifungal operability, were also made to ensure the
observations of test and standard. The Petri plates loaded with
samples were kept at 25 �C for two hours to allow diffusion of
the formulation into the medium, and then incubated for 48 h at
28 �C. The diameter of each well’s zone of inhibition was measured
and the data presented are mean of six trials ± SD (Shah et al.,
2019b).

2.11. Irritation potential (HET-CAM Test)

The HET-CAM test was used to determine the ocular irritation
studies of the ITZ-loaded NLCs. The test was performed in newly
collected fertile eggs, which were incubated at 37 �C ± 0.5 �C and
55% RH in three days. After the hatching time of three days, the
eggs were candled to check the suitability of the eggs, and those
observed to be nonviable were not included in the examination.
The suitable eggs were gathered and again incubated for another
ten days. The eggs were manually moved to ensure the adequate
growth of CAM. On day 10, the eggshell was removed by applying
an external force with a pencil. The hidden filmwas soaked at 37 �C
cautiously with 0.9% sodium chloride solution. The dampening
solution was prudently expelled to guarantee that there was no
harm to the basic veins. After then, 0.3 mL of positive and negative
controls, as well as 0.3 mL of NLCs, were added to the uncovered
HET-CAM test. The positive and negative controls used in the
experiment were 0.1 M sodium hydroxide and 0.9 percent sodium
chloride, respectively. The HET-CAM test was used to look for
changes in the surface, including alterations in the vascular struc-
ture as a result of aggravation, such as discharge, lysis, and coagu-
lation. The HET-CAM test was scored using the inference described
in the literature (Irimia et al., 2018) and the CAM scoring outlined
for the HET-CAM test.
3. Results

3.1. Factorial design and mathematical modeling

The 32 full factorial designs were used to analyze formulation
data produced in the study (design expert software version 9.0.5,
State-Ease, Inc., Minneapolis, USA). The evaluation response was
analyzed using a statistical model that incorporated both interac-
tive and polynomial terms.

Y ¼ b0 þ b1X1 þ b2X2 þ b12X1X2 þ b11X
2
1 þ b22X

2
2

where Y is the free factor. Where b0, the block is the number
juggling means of the fundamental impacts (regression coeffi-
cients) b1, b2, b3, b12, b13, b23, and b123 were determined by uti-
lizing the signs in the sections, by adding or deducting the worth of
the got reactions, Y. At last, the qualities are summarized with sev-
eral details. Where X1 and X2 are the coded levels of the indepen-
dent variables and X1X2 are the association and polynomial terms,
separately. Given the data gained from the smoothed-out sub-
tleties, an overall verifiable model can be portrayed from the above
data. The model made can be portrayed by using the polynomial



Table 2
Characterization of itraconazole-loaded NLCs (F1-F10).

Formulation
code

Particle size
(NM) (Y1)

Entrapment
efficiency (%) (Y2)

Percentage
release (%) (Y3)

F1 164.14 95.34 ± 1.23 34.8 ± 0.13
F2 152.21 91.43 ± 1.87 42.18 ± 0.40
F3 160.62 60.67 ± 0.67 52.45 ± 1.20
F4 157.87 93.78 ± 1.12 61.56 ± 1.09
F5 166.67 62.17 ± 0.79 51.45 ± 0.93
F6 150.67 94.65 ± 0.98 68.67 ± 0.53
F7 153.40 93.06 ± 0.68 48.89 ± 0.23
F8 165.96 91.54 ± 0.16 58.44 ± 0.76
F9 175.39 90.76 ± 1.71 61.23 ± 0.73
F10* 179.12 93.61 ± 0.89 46.19 ± 0.67

F10*= extra design check point formulation.

Fig. 2. In vitro release profile from different ITZ loaded nanostructured lipid carriers
(F1-F10) performed by dialysis method using simulated saliva as dissolution
medium.
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condition after thinking about the different response data. The
characterization of ITZ loaded NLCs (F1-F10) and the results of
the lack of fit test statistical analysis and model summary for
mean particle size, EE, and drug release are summarized in
Tables 2 and 3.

3.2. Particle size

The mean particle size (Y1) of prepared formulations (F1-F10)
varied from 150.67 nm to 179.12 nm (Table 2). A quadratic equa-
tion was formulated to express the effect of independent variables
on mean particle size, which is as follows:

Particle size ðY1Þ ¼ 156:67��19:33 X1 � 18:50 X2 þ 15:75 X1X2
3.3. Entrapment efficiency

In the instance of EE, the result ranged from 60.67 ± 0.67% (F3)
to 95.34 ± 1.23% (F1) depending on the variable level selected, with
an average of 78 percent (Table 2). The equation below demon-
strated the influence of several independent variables on EE:

EE Y2ð Þ ¼ 8:89þ 50X1 þ 5:83X2 � :825X1X2
3.4. In vitro ITZ release (%)

The percentage released ranged from 42.18 percent (F2) to
84.98 percent (F1), with an average of 78 percent (Fig. 2). The
equation below demonstrated the influence of several independent
variables on medication release:

Y3 ¼ 53:50��0:03083X1 þ 8:30X2
3.5. Response-surface analysis and selection of formulation with
optimum features

Fig. 3 represents the three-dimensional response surface plots
of optimization of ITZ-loaded NLCs. When the level of polymer
ratio (X1) was increased, the particle size also increased. Effect of
Table 3
Results of the lack of fit test statistical analysis and model summary for mean particle siz

Dependent variables Y1 = Particle size Y2 = Entrapmen

Source of variation DF SS MS F P DF SS M
Model 5 6467.85 1293.57 38.20 0.0018a 5 1225.49 2
A-Lipid Ratio 1 5164.43 5164.43 152.51 0.0002 1 729.74 7
B-Emulsifier 1 0.6734 0.6734 0.0199 0.8947 1 9.91 9
AB 1 48.16 48.16 1.42 0.2989 1 1.45 1
A2 1 1254.58 1254.58 37.05 0.0037 1 185.65 1
B2 1 34.27 34.27 1.01 0.3714 1 218.19 2

DF; degree of freedom, SS; sum of squares, MS; mean of square, F; F-value, P; P-value. a

5

emulsifier (X2) also showed positive effect (Fig. 3a). Fig. 3a demon-
strated a decrease in percent cumulative release when the level of
polymer ratio and emulsifier was increased simultaneously. Fig. 3c
illustrates the increase in percentage EE along with an increase in
polymer concentration ratio and a decrease in the concentration of
emulsifiers. Based on the particle size, percentage of EE, and per-
centage of drug release, the optimized formulation was selected.
The formulation (F6) possessed a particle size of 150.67 nm, EE
of 94.65 ± 0.98 %, and drug release 68.67%, respectively.

3.6. DSC

Fig. 4 illustrates the results of the DSC thermograms of ITZ,
poloxamer, blank NLCs, and ITZ-NLCs (F6). The melting endother-
mic peaks of ITZ and poloxamer were found to be 167.9 �C and
69.3 �C, respectively. The melting point of blank NLCs, on the other
hand, was lowered to 65.0 �C.

3.7. TEM

TEM examination of formulation F6 showed the spherical-
shaped particles with low size distribution as shown in Fig. 5.
TEM images show that particle size is less than 180 nm that is suit-
able for ocular delivery.

3.8. Zeta potential

In the current study, the zeta potential value of the optimized
formulation (F6) was �28 mV.
e, entrapment efficiency, and drug release.

t efficiency Y3 = Drug release

S F P DF SS MS F P DF
45.10 2.50 0.0015a 5 764.82 152.96 0.9484 0.0014a 764.82
29.74 7.44 0.0526 1 115.98 115.98 0.7191 0.4442 115.98
.91 0.1010 0.7665 1 144.65 144.65 0.8969 0.3972 144.65
.45 0.0148 0.9090 1 479.61 479.61 2.97 0.1597 479.61
85.65 1.89 0.2409 1 16.35 16.35 0.1014 0.7661 16.35
18.19 2.22 0.2101 1 12.27 12.27 0.0761 0.7964 12.27

Statistically significant (p < 0.05).



Fig. 3. Response surface plot showing the effect of lipid ratio (X1) and % emulsifier (X2) on particle size, entrapment efficiency, and release.

Fig. 4. DSC of (a) Itraconazole, (b) Poloxamer, (c) Blank NLCs; (D) ITZ-NLCs (F6).

Fig. 6. Zone of inhibition of optimized itraconazole-loaded nanostructured lipid
carrier (ITZ-NLC, F6), blank NLC, and ITZ eye drop (standard).
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3.9. Antifungal activity

Zone of inhibition of optimized ITZ-loaded nanostructured lipid
carrier (ITZ-NLC, F6), blank NLC, and ITZ eye drop (standard) are
presented in Fig. 6. The zone of inhibition contributed by F6 was
Fig. 5. Transmission electron microscopy image of optimize

6

estimated to be 16.89 ± 0.31 mm and 15.67 ± 0.28 mm against
Aspergillus niger and Aspergillus flavus respectively, which was
higher than the zone of inhibition produced by commercial solu-
tion i.e., ITZ eye drop (13.69 ± 0.98 mm and 12.45 ± 0.21 mm
against Aspergillus niger and Aspergillus flavus, respectively).

3.10. Irritation potential

The irritation potential of the F6 was tested using the HET-CAM
method. Positive control (0.1 M sodium hydroxide) and negative
control (0.9% sodium chloride) (practically non-irritant) were used
for comparison and the test was performed as described earlier
(Neupane et al., 2014). The results of the test are shown in Table 4
and Fig. 7.
d itraconazole loaded nanostructured lipid carrier (F6).



Table 4
Scores obtained in the ocular irritancy study by the HET-CAM test.

Samples tested Irritation scores (time in min)

5 60 240 480 720

ITZ-loaded NLCs (F6) 0 0 0 0 0.36
Negative control (0.9% w/v sodium chloride) 0 0 0 0 0
Positive control (0.1 M sodium hydroxide) 3 3 3 3 3

Fig. 7. Ocular tolerance test (HET-CAM) of optimized itraconazole loaded nanostructured lipid carrier (F6) at 8 h.
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4. Discussion

The human eye is directly exposed to the environment which
makes it more sensitive to several fungal infections. Human eyes
have inherent protective mechanisms such as continuous tear flow,
presence of enzymes in tear fluid besides tough corneal epithe-
lium. However, these defense systems are ineffective once the
pathogens cross the anatomical barriers, which may increase the
chances of losing eyesight. Identification of the fungal eye infection
at the right time and treatment with an effective antifungal agent
increases chances of early cure without loss of vision. Several infec-
tions like filamentous fungal infections caused by Fusarium-
solani and Aspergillus flavus, fungal endophthalmitis and
chorioretinitis, and infections due to Candida spp., Curvulariaspp,
and Acanthamoebae spp. are the most commonly observed oph-
thalmic fungal infections (Klotz et al., 2000). People using contact
lens and patients with AIDS are also vulnerable to fungal eye infec-
tions (Butrus and Klotz, 1986; Hemady, 1995).

To achieve higher concentrations of drug locally in the eye, and
to minimize the systemic adverse events, we designed an ocular
delivery system. The clinical efficacy of an antifungal agent for ocu-
lar therapy of fungal infection depends mainly on the concentra-
tion achieved in the corneal tissue. Therefore, amphotericin B
although was a choice of drug is now replaced due to its toxicity
and other limitations. A triazole derivative, ITZ is highly effective
against aspergillosis, however, has poor water solubility
(Pardeike et al., 2016). After oral administration, ITZ exhibits poor
bioavailability, and also its systemic use is limited due to hepato-
toxicity. Being lipophilic, ITZ can cross the lipid-rich corneal
epithelium and endothelium, however, exhibits limited penetra-
tion through the corneal stroma. The use of a nanoparticulate sys-
tem can effectively improve its corneal penetration (Kalavathy
et al., 2005).

NLC offers an effective nanoparticulate carrier system for
poorly water-soluble drugs, which is made of a blend of a solid
lipid and a liquid lipid (oil). Apart from increasing the solubility
and permeability, NLC offers extremely low toxicological poten-
tial as they are made from GRAS-certified digestible excipients.
Literature signifies that the natural polymers, isolated from plant
seeds by simple process (Anroop et al., 2005) have also been
used in preparing lipid-based nanoparticles (Mai et al., 2020).
The composition used in the current study including stearic acid,
7

oleic acid, and poloxamer is widely used in ocular therapy (Nair
et al., 2021b). A three-level factorial plan was utilized for devel-
oping the NLC of ITZ and to study the impact of polymer and
surfactant on different parameters like % EE, particle size, and
drug release to choose the best (enhanced) definition. ANOVA
was applied to determine the significance and magnitude of
the interaction between independent and dependent variables
(Shah et al., 2019a) at a 5% significance level. A model is consid-
ered significant if the p-value (significance probability value) is
less than 0.05. The regression model was used to generate a
3D surface to analyze nine interactions of the independent
variables.

The size of the particles plays important role in improving the
rate of dissolution as well as in their adhesion and interaction with
biological cells (Foster et al., 2001). As illustrated by the negative
value preceding the variable in quadratic equation no. 4, the vari-
ables X1, X2 had a negative impact on particle size, Y1. A higher
emulsifier-to-lipid ratio encourages the creation of smaller parti-
cles and boosts the stability of the nanosystem by reducing the
interfacial tension between the lipid matrix and the hydrophilic
phase as described in the literature (Okonogi and Riangjanapatee,
2015).

NLCs have unordered lipid crystals that can incorporate more
drugs and improve the encapsulation capacity. EE indicates the
effectiveness of the incorporated drug into the carrier system.
The higher the solubility of the drug in the mixture of lipids used
allows maximum drug loading in the NLCs (How et al., 2013). It
is evident from equation no. 5 that the variables X1 and X2 had a
direct positive influence on the EE as shown by the positive sign
of coefficients before the variable. Increased emulsifier-to-lipid
ratios might increase EE; this could be due to the presence of a suf-
ficient emulsifier that kept the ITZ within the lipid particles and/or
on their surface. Thus, the ratio of liquid to lipids has a direct effect
on EE, which can be attributed to the increased availability of liq-
uid lipid for chemical entrapment. Imperfect crystal formation in
the lipid nanoparticle is usually achieved when solid lipid is mixed
with liquid lipid, which provided added advantage of higher drug
loading of NLC (Müller et al., 2002). The reason behind higher drug
loading is mainly due to highly unordered lipid structures formed
in NLC. Thus, the drug can be present in between the fatty acids,
lipid layers, or in imperfections found in crystallized structures of
solid-lipid.
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It is highly essential to have a drug delivery system that pos-
sesses a better drug release capacity which will assure improved
effectiveness and reduced side effects of the drug. The beneficial
influence of factors X1 and X2 on drug release may be observed
in equation no. 6 as the positive value preceding these variables.
The release study demonstrated biphasic drug release behavior
with an initial burst release phase up to 2 h followed by a sustained
drug release phase until 6 h (Fig. 2). The higher amount of drug
release in the initial period could be related to the drug molecules
present on the surface of the carriers. In addition, the higher
emulsifier-to-lipid ratio could also have played a bigger role in
enhancing the ITZ release. The literature describes that the various
factors that could influence the drug release from NLCs, including
the interactions that occur between the drug and excipients, des-
orption of the surface-bound/adsorbed drug, drug diffusion
through nanoparticles lipid matrix, degradation/erosion of the
matrix materials, and drug solubility in the lipid (Nair et al.,
2021a). On the other hand, the permeation of molecules across
the biological membrane is generally influenced by the physico-
chemical properties of the permeant as well as the physiological
features of the membrane (Anroop et al., 2009). Nevertheless, the
release rate is dependent on the particle size of the NLCs. Smaller
size represents the huge surface area available for solvation and
diffusion of solubilized drugs in the surrounding environment.
Higher particle size would result in slower drug release due to
reduced surface area. Further, physical modification such as reduc-
ing the particle size and altering the crystal habit is the frequently
utilized technique to enhance the drug solubility of poorly aqueous
soluble drugs (Khadka et al., 2014). Particle size is dependent on
the polymer or drug ratio. The rapid release can also be attributed
to the amorphous nature of ITZ inside NLCs. It is worthwhile to
mention here that several complex colloidal structures such as
supercooled melts, mixed micelle, micelle, liposomes exist simul-
taneously along with lipid nanoparticles in NLC. Though difficult
to evaluate, the drug distribution between these coexisting col-
loidal species is significant since the dynamic phenomenon can
influence drug release kinetics and dissolution (Mehnert and
Mäder, 2001).

The DSC is a thermal technique used to inspect the crystalline
properties and to screen for any possible interactions between
the drug and the excipients in ITZ-NLC. The variation in the melting
point observed with Poloxamer (69.3 �C to 65.0 �C) could be due to
the presence of surfactant (Lv et al., 2009; Solanki et al., 2018).
Because of the incorporation of ITZ into the lipid matrix, the melt-
ing point of ITZ-NLCs was further reduced to 63.9 �C as a result of
disordered crystal structure arrangement. In ITZ-NLCs, the sharp
endothermic peak for ITZ was absent, implying that ITZ was in
an amorphous state. Comparative discoveries were reported by
for DSC examination of lipid-based nanoparticles (Lv et al., 2009).

The particle size of the nanoparticles indicates the average
diameter of the nanoparticle. It is crucial to confirm that the size
of the nanoparticle formulated is within the nano-sized range
using imaging studies. TEM images of ITZ NLCs show that the par-
ticles are circular in shape, discrete, and are relatively uniform
indicating good particle dispersity. There seems to be a minor dif-
ference in size analyzed in TEM and that was determined using a
zeta sizer. Size analysis is greatly affected by the conditions,
method of analyzing data and also depends on the operation of
the instrument in the determination. Such a small difference is
attributed to the differences in the techniques and method of data
analysis between both instruments as zeta sizer measures the
hydrodynamic size of particles and in a liquid state.

The zeta potential is shown to be critical for the colloidal stabil-
ity of nanoparticles in solution and is used basically to achieve a
high level of physical steadiness (Jacob et al., 2020). As a rule, a
large zeta potential prevents particles from aggregating via electric
8

repulsion. In general, zeta potential ranging from � 5 mV to +5 mV
will offer low stability to the dispersed system and there are higher
chances of particle aggregation (Shah et al., 2019b). Zeta potential
must be higher than +30 mV or lower than �30 mV to get stability
due to electric repulsion. However, when polymeric surfactants are
used while making NLCs, steric stabilization is also achieved
because of nonionic surfactants and having polymeric chains.
Indeed, the observed value in the F6 NLC signifies the charged par-
ticles are likely to have moderate repulsion and eventually will
reduce the flocculation and perhaps could stabilize the system
(Morsy and Nair, 2018; Shah et al., 2021). In addition, the formula-
tion contains a nonionic surfactant (Poloxamer 407), which has a
large hydrophobic segment and a long hydrophilic polyethylene
glycol chain, which generally have a negative charge and are likely
to produce repulsion between the carriers (ElMeshad and Mohsen,
2016).

Aspergillosis comprises a variety of manifestations of infection
affecting both humans and animals. Their growing resistance to
azoles, the primary treatment in the management of human
aspergillosis, is an alarming problem around the world. One of
the most effective triazole drugs to treat aspergillosis presently
includes ITZ available as oral and intravenous dosage form
(Arastehfar et al., 2021). Chronic oral therapy of ITZ may also play
a key role in ocular infections such as Aspergillus endophthalmitis
and keratomycosis since the drug penetrates the deeper corneal
layers (Ozdemir et al., 2012). The efficacy of the prepared formula-
tion depends on its potential to demonstrate antifungal activity as
well. Therefore, the pharmacodynamic effect of ITZ in prepared
nanocarriers was evaluated by comparing the results of the zone
of inhibition. It is evident from the results that the zone of inhibi-
tion contributed by F6 was found to be significantly higher than
the zone of inhibition produced by the commercial formulation
of ITZ eye drop. When the level of significance was tested using
Understudy’s t-test, (p < 0.0001) a critical distinction in the ITZ
movement of reference method and F6 was observed. Thus, it
was confirmed that the antifungal activity of F6 was more than
the marketed formulation.

Developing an optimum ophthalmic formulation needs analysis
of the irritation potential of the formulation on the ocular tissues.
HET-CAM assay is a rapid and inexpensive tool to measure the irri-
tation potential of pharmaceutical formulations. CAM has blood
vessels that generate from the allantoic arteries and veins and
serve as a respiratory membrane that covers the chick embryo.
Changes in blood vessels after treatment would indicate conjuncti-
val damages and toxicity of the product. Sodium hydroxide is used
as a positive control that causes hyperemia, hemorrhage, and clot-
ting on the blood vessels of the CAM surface. It is an alternative
technique for animal-based methods because of its rapid and visi-
ble response to irritant substances. Additionally, there is a similar-
ity between the CAM blood vessels and vascularized mucosal
tissue of the human eyes. About ethical duties, this testing does
not conflict with the fact that hatched eggs serve as a borderline
case in a method that involves testing in both in vivo and in vitro
systems. Within the mature HET-CAM test, the full inflammatory
process produced by widespread growth of vascular stratified tis-
sues and capillaries may be observed in the conjunctival tissue of
rabbit eyes. A mean score of zero was seen during the twelve-
hour trial for the negative control, which essentially shows no irri-
tating impact, whereas a mean score of three was observed
throughout the twelve-hour research for the positive control,
which practically suggests a severe irritant effect. After 8 h, a
barely visible membrane darkening (Fig. 7) caused by HET-CAM
test exposure to F6 was observed in test eggs. Thus, with a mean
score of 0 after 8 h (Table 4) F6 may be classified as less irritating.
Concerning eye tissue, one possible description is that an ocular
formulation remains in touch for a brief period and that even after
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repeated usage for 8 h, no irritation ensured the F60s safety (Jaiswal
et al., 2015).

5. Conclusion

ITZ, an anti-fungal drug with high therapeutic efficacy against
Aspergillus was successfully encapsulated in NLCs for ophthalmic
application. The NLCs were successfully formulated by the high-
speed homogenization technique. The 32 fractional design revealed
that the formulation components (lipid ratio- X1 and percentage of
emulsifier-X2) influence the dependent variables. Both the lipid
ratio and emulsifier have a positive effect on percentage entrap-
ment efficiency and percentage release. Indeed, the optimized for-
mulation possesses nano size (less than 200 nm), good entrapment
efficiency (�78%), and steady drug release. Antifungal studies
demonstrated that the developed NLCs possess adequate activity
as compared to the commercial formulation. Finally, the results
of the HET-CAM test suggest that the formulation F6 is safe and
non-irritant for the ocular application, though needs to be evalu-
ated in vivo. The current approach being noninvasive, it is likely
to be preferred by the patients over the exiting therapy. Overall,
the data here demonstrated that the optimized ITZ-loaded NLCs
could be an effective approach for the treatment of ocular fungal
infections that would otherwise be difficult to treat with conven-
tional dosage forms.
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