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Introduction: Fungal keratitis (FK) remains a severe sight-threatening disease, and case
management is difficult due to ocular intrinsic barriers and drug shortages. Econazole (ECZ),
a broad-spectrum antifungal agent, is limited in ocular applications due to the poor water
solubility and strong irritant property.

Methods: We successfully prepared solid-lipid nanoparticle-based ECZ eye drops (E-SLNs)
by microemulsion method, and the physicochemical properties of E-SLNs were investigated.
Corneal permeability, antifungal ability against Fusarium spp., irritation and bioavailability
compared to ECZ Suspension (E-Susp) were evaluated in vitro and in vivo.

Results: E-SLNs were a uniform and stable system which had an average particle size of 19
nm and a spherical morphology. E-SLNs also exhibited controlled release, enhanced anti-
fungal activity without irritation. The pharmacokinetic analysis in vivo confirmed that
E-SLNs showed an improved ocular bioavailability and the drug concentration in the cornea
were above minimum inhibitory concentration (MIC) for 3 h after single administration.
Conclusion: The E-SLNs colloid system is a promising therapeutic approach for fungal
keratitis and could serve as a candidate strategy for other ocular diseases.

Keywords: fungal keratitis, solid-lipid nanoparticles, econazole, topical administration,

corneal penetration

Introduction

Fungal keratitis (FK) is a severe sight-threatening disease found worldwide with
a high probability of blindness and eye loss.' In recent years, FK morbidity has
shown an increasing trend in developing countries in tropical and subtropical
climates, mainly related to agricultural corneal trauma, the wearing of contact
lenses, and the use of broad-spectrum antibiotics and immunosuppressive agents.’
The main pathogenic fungi that cause this condition are Fusarium spp. and
Aspergillus spp. in China.* Fungi can penetrate the cornea and invade the aqueous
humor, making them very difficult to be eradicated.’

The topical administration of antifungal drugs is usually the top choice of
treatment of fungal keratitis.> Natamycin is the first-line treatment and the only
medication approved by the US Food and Drug Administration to treat FK.
However, due to poor corneal penetration, case management is difficult, and
a long course of therapy is needed.® Natamycin is instilled every hourly or two
Despite this, there are still 40% of

patients with FK have to receive other treatment.'

hourly for 4-6 weeks in clinical treatment.’
So, it is urging to seek out
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alternative drugs. Some ophthalmic formulations con-
taining ECZ could effectively inhibit Fusarium spp. iso-
lated from patients with FK® and show better antifungal
activity compared to natamycin.” However, no ophthal-
mic formulations of ECZ are used in clinical practice
due to its poor water solubility'® (approximately 3 ug/
mL at 25°C) and irritant property. Therefore, it is desir-
able to formulate ECZ into a suitable system that can
deliver it to achieve an efficient concentration in the
cornea after topical administration.

Due to the presence of anatomical and physiological bar-
riers, ocular drug delivery is challenging. Topical administra-
tion in the form of eye drops is preferred for treating anterior
segment diseases, such as infections, inflammation, and glau-
coma, as it is convenient and allows the local delivery of
drugs. However, poor ocular bioavailability (<5%) is observed
after topical drug administration due to tear turnover, nasola-
crimal drainage, reflex blinking and epithelial tight junctions,
namely, the tear-film barrier and corneal barrier."! Thus, sev-
eral applications per day are required to achieve therapeutic
effect. However, frequent topical application can cause irrita-
tion, side effects and poor patient compliance.'?

Solid lipid nanoparticles (SLNs) were developed as
a particulate delivery system alternative to the few other
colloidal carriers. SLNs can provide encapsulation and
protection of labile drugs from degradation, improve bioa-
vailability of poorly water-soluble drugs, modulate the
drug release and drug targeting, and are convenient for
large-scale production and sterilization.'*'* SLNs have
received special attention from ophthalmic researchers
with advantages over conventional dosage formulations
in enhancing corneal drug absorption, increasing ocular
bioavailability, prolonging the ocular retention time, and
providing controlled drug release.'>'®

Accordingly, the aim of this study was to design a SLNs
loaded with ECZ (E-SLNs) to improve the bioavailability of
ECZ. Hence, E-SLNs were prepared and characterized in
term of particle size, zeta potential, morphology, drug
entrapment efficiency (EE), and in vitro drug release. The
in vitro antifungal activity of E-SLNs against Fusarium spp.
was tested. Ex vivo permeation, in vivo ocular irritation and
ocular pharmacokinetic profiles were also investigated.

Materials and Methods

Animals and Materials
Healthy New Zealand white rabbits free of eye diseases
weighing 2.0~2.5 kg (3 months of age) were purchased

from HuaXing Laboratory Animal Company, Huiji
District, Zhengzhou, Henan, China. All animal care and
experimental protocols were approved by the Ethical
Committee of Experimental Animal Care of Henan Eye
Institute (HENNCA-2017-22) and complied with National
Institutes of Health guidelines. All procedures in the study
conformed to the ARVO statement.

Econazole (ECZ) nitrate was purchased from Dalian
Meilun Biotechnology Co., Ltd. (Dalian, China). The
ECZ base was prepared from ECZ nitrate as previously
described.'® Tween 80 was purchased from Sichuan
Jinshan Pharmaceutical Co., Ltd. (Sichuan, China), and
tripalmitin was purchased from TCI Chemical Industry
Development Co., Ltd. (Shanghai, China). Dialysis bags
(MW cutoff: 3500 kDa) were purchased from Shanghai
Co., Ltd.
(Shanghai, China) and stored in 1 mM ethylenediamine-

Green Bird Technology Development
tetraacetic acid (EDTA) aqueous solution prior to use.
Amicon® Ultra-4 10K centrifugal filter devices were
purchased from Millipore Investment Co., Ltd. (USA).
Methanol
(HPLC) grade] was purchased from Merck Investment
Co., Ltd. (Germany), and ethyl acetate (HPLC grade)
was purchased from Fisher Scientific Company (USA).

[high-performance liquid chromatography

Water for injection was used for the ophthalmic prepara-
tions. All other reagents were of analytical grade.

Preparation and Characterization of the

E-SLNs
Preparation of E-SLNs and ECZ Suspension (E-Susp)
The E-SLNs were prepared by the microemulsion
method.'” The oil phase, including ECZ (0.06 g), tripalmi-
tin (0.06 g) and Tween 80 (0.6 g), was heated to 70°C by
a magnetic stirrer (1000 rpm). Then, deionized water con-
taining glycerol (1.6 g) at the same temperature was
injected into the oil phase by means of a syringe under
magnetic stirring to obtain the oil/water microemulsion
solution. Subsequently, the hot o/w microemulsion was
cooled to room temperature while maintaining the
mechanical stirring until SLNs were formed.

The ECZ suspension (E-Susp) was prepared as pre-
viously described.'”

Particle Size, Polydispersity Index (PDI) and Zeta
Potential

The average particle size, PDI and zeta potential of the
prepared E-SLNs formulations were determined using
a Malvern Zetasizer 4 (Nano ZS, Zen 3600; Malvern
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instruments, Malvern, UK) after suitable dilution. Each

value in the results was the average of three
measurements.
The average particle size of E-Susp was determined as

noted above.

Entrapment Efficiency (EE)

The concentration of ECZ (free drug) was measured as
a criterion for the EE of the prepared E-SLNs. An ultra-
centrifugal filter device was used to separate the free drug
as follows: 4 mL of undiluted E-SLNs was added to the
filter device, and the device was centrifuged at 4000 rpm
for 20 min. Then, the free drug in the centrifuge tube was
determined by an HPLC system. The column was
a reversed-phase C18 column (3.0x150 mm, 3.5 um).
The mobile phase consisted of methanol and deionized
water (80:20 v/v) at a detection wavelength of 225 nm.
The flow rate was 0.5 mL/min, and the column tempera-
ture was maintained at 40°C. The EE was calculated as
follows:"'®

EE = (1—(CpxVg)/(Cox Vo)) x 100% (1)

where Cy and V, are the concentration of drug in the
original solution and the volume of the original solution,
respectively. Cr and Vg are the concentration of drug in
the filtrate and its volume in the centrifuge tube after
ultrafiltration of the original solution, respectively.

The Ratio of E-SLNs in the Colloid Systems

As the surfactant was added to the formulation when
preparing the E-SLNs by the microemulsion method, the
colloid system could contain micelles that encapsulated
ECZ (E-micelles) and free drug in addition to E-SLNs.
Equation 2 expressed that the amount of ECZ in the
colloid system was equal to the sum of the free drug in
the original solution, the ECZ in the SLNs and the ECZ in
the micelles. To determine the ratio of ECZ in E-SLNs, the
colloid system should be disrupted by dilution to
a concentration lower than the critical micelle concentra-
tion (CMC). Equation 3 expressed that the concentration
of ECZ in the dilution was equal to the sum of the free
drug in the dilution and ECZ in the SLNs as the micelles
were completely disintegrated after the solution was
diluted.

Ultracentrifugal filter devices were used to separate the
free drug as follows: the original E-SLNs dispersion and
the diluted E-SLNs dispersion were added to the filter
device, and the device was centrifuged at 4000 rpm for
20 min. Next, the free drug was filtered in a centrifuge

tube. ECZ concentrations in the original, diluted E-SLNs
dispersion and filtrate were determined by HPLC as
described above. The ratio of ECZ in E-SLNs in the
colloid systems was calculated as follows:

CoxVo=Cpi X Vi1 +MEg_si Ns+ME_Micelle 2
( 1 /1600) XCoxVo=Cp2 XVF2+( 1 / 1600) XMEg_sins (3)

Re_sins=(Mg-sins/(Cox Vo)) x100% 4)

where C, is the concentration of ECZ in the original
solution and V, is the volume of the original solution
(4 mL). Additionally, Cg; and Vg are the concentration
of drug in the filtrate and its volume in the centrifuge tube
after ultrafiltration of the original solution, respectively.
Ck; and Vg, are the concentration of drug in the filtrate
and its volume in the centrifuge tube after ultrafiltration of
the diluted solution, respectively. Mg_sins and Mg wicelle
are the amount of ECZ loaded in the SLNs and micelles in
the 4 mL of original solution, respectively. Finally, Rg_gr ns
is the percent ratio of the ECZ amount loaded in SLNs and
in the original solution.

Transmission Electron Microscopy (TEM)

A TEM investigation was performed to investigate the
morphological characteristics of the E-SLNs. A drop of
E-SLNs was mounted on a carbon-coated grid and left for
2 min to allow better adsorption onto the carbon film, and
filter paper was used to remove excess liquid. A drop of
phosphotungstic acid (2%) was added, and then the sample
was examined by TEM (Quanta 400F, FEI, USA).

Differential Scanning Calorimetry (DSC)
Thermograms of the different samples were obtained using
a DSC Q200 instrument (TA Instruments, New Castle,
USA). The instrument was calibrated with indium (cali-
bration standard, purity 99.999%) for the melting point
and heat of fusion. Samples (2-3 mg) were heated in
crimped aluminum pans from 20-80°C at a heating rate
of 10°C/min. Analyses were carried out under an inert
nitrogen purge (20 mL/min), and an empty alumina pan
was used as a reference in every case. The thermal ana-
lyses were carried out on ECZ, on freeze-dried E-SLNss,
and on a physical mixture of ECZ, tripalmitin. The experi-
ments were performed in triplicate.

In vitro Drug Release Studies
The release rate of ECZ from the E-SLNs dispersion was
determined using a dialysis bag diffusion technique, and
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artificial tear solution containing 0.05% Tween 80 was
selected as the release medium. One milliliter of E-SLNs
was pipetted into a dialysis bag (MW cutoff: 3500 Da),
which was then sealed at both ends. Then the dialysis bag
was placed in 150 mL of release medium, and placed in
a constant temperature shaker at 37 £ 0.5°C at 100 rpm to
maintain sink conditions. Sample aliquots (1 mL) were
withdrawn at predetermined time intervals, and an equiva-
lent amount of fresh artificial tear solution was added to
the dissolution medium. The drug concentrations were
determined using the HPLC assay method.

Ex vivo Permeability Studies

Drug permeation studies were carried out using side-by-
side diffusion cells by modified Franz diffusion cells. After
the rabbits were sacrificed, their corneas were excised
immediately and placed in iced (4 £ 1°C) artificial tear
solution. The excised rabbit corneas were clamped
between the donor and the receptor chamber. 2 mL of
each formulation (E-SLNs or E-Susp) and 3 mL of artifi-
cial tear solution were added to the donor chamber, the
mixture solution was placed close to the epithelial side of
the cornea, and 5 mL of artificial tear solution was added
to the receptor chamber. The cell top was completely
sealed with parafilm to prevent evaporation. The cells
were maintained at 37 + 0.5°C with magnetic stirring.
The samples were collected at 15, 30, 60, 90, 120, 160,
and 180 min, and replaced by an equal volume of pre-
heated fresh medium immediately at the same temperature.
The samples were analyzed using HPLC as described
above. The analysis method had been previously validated.
Sink conditions were maintained in the receptor compart-
ment during ex vivo permeation studies.

The cumulative amount of drug permeated per unit
area (ug/cm?) was plotted against time (min). The permea-
tion enhancement was assessed with regard to permeation
parameters, and the ECZ flux at 180 min (Jy; pg/cm?/s)

and permeability coefficient (P cm/s) were calculated

using Equations 5 and 6:'

Jss:(AQ/At)/(A X 60) (5)

Papp=Jss/Co (6)

where Q is the total amount permeated at time t, AQ/At
is the steady-state flux into the receiving solution (pug/min)
and is equal to the gradient of the linear portion of the
graph, 60 is the minutes to seconds conversion rate, A is

the area of exposed cornea (0.694 cm?), and C, is the
initial drug concentration added to the donor chamber.

After the last sampling, the corneas were collected and
the corneal hydration rate was calculated as following
equation:>°

Hydration rate =(1—W,/Wy)x100% (7

where W, was the wet cornea weight and W, was the
corresponding dry cornea weight after a desiccation of
8h at 80°C.

Assessment of Antifungal Activity
The in vitro antifungal activity of the E-SLNs and E-Susp
solution was tested against thirty Fusarium clinical iso-
lates using the broth microdilution method by following
the Clinical and Laboratory Standards Institute M38-A2
document. Drug-free SLNs and pure medium were used as
controls. The 50% and 90% minimum inhibitory concen-
trations (MICs) of the strains tested (MICsy and MICy)
were measured using SPSS Statistics (version 13.0).

The inhibition zone test was performed with one of the
30 isolates by the agar diffusion method.”' Four wells
(6 mm in diameter) were cut into agar with a cornea ring
drill, and 50 pL of E-SLNs, E-Susp, blank SLNs and the
Ophthalmic
Suspension, Natacyn®™) were placed into each well. Plates

positive control solution (Natamycin
were stabilized at room temperature for 2 h to allow radial
diffusion of the formulae and then incubated at 37°C for

48 h.

In vivo Ocular Irritation Study

The ocular irritation effects of the E-SLNs eye drops were
assessed according to the Draize eye test with slight
modifications.”* This test was carried out in a group of
three male New Zealand white rabbits, free of irritation,
defects or damage. A volume of 30 pL of the E-SLNGs filtered
through a 0.22 um PVDF membrane (Millex®-GP, USA) was
instilled into the conjunctival sac in the right eye every 30
min for 3 h. The left eye was treated with physiological saline
as a control. The corneal lesions and opacity (score 0-4),
conjunctival chemosis, redness, discharge (score 0-3) and iris
alterations (score 0—2) were microscopically observed 1, 2, 4,
24, 48 and 72 h after the last instillation. Ocular irritation
scores for each rabbit were calculated by adding together the
irritation scores for the cornea, the conjunctiva and the iris.
The eye irritation score was obtained by dividing the total
scores for all rabbits by the number of rabbits. A positive
reaction was defined when the average numerical score
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equaled or exceeded specific numerical cutoffs, such as cor-
neal opacity score > 1, iris score > 1 or conjunctival score > 2.

In vivo Ocular Pharmacokinetic Studies in
Rabbits

Forty-two male New Zealand white rabbits (weighing
2.0~2.5 kg) free of eye diseases were chosen and divided
into two groups at randomly. Each rabbit eye received 50
pL of E-SLNs filtered through a 0.22 um PVDF mem-
brane (Millex®-GP, USA) instilled in the conjunctival sac.
At time intervals of 5, 15, 30, 60, 120, 300 min, tear film
samples were collected by placing a sterile filter paper disc
7 mm in diameter under the lower eyelid of the rabbit’s
eye for only 1 min at the predetermined time. After rinsing
the eye surface with saline, the rabbits were euthanized by
an overdose of 4% pentobarbital sodium via ear vein
injection. Then, corneal samples were harvested with sur-
gical scissors and forceps. All corneas were rinsed with
saline, blotted with filter paper and weighed. All samples
were stored at —70°C until they were used for extraction.

The filter paper discs containing tear liquid were
thawed at room temperature and cut into two pieces with
scissors. Next, 200 puL of methanol was added. The disc
pieces were soaked for 24 h and centrifuged for 10 min at
8000 rpm. The supernatant was transferred to sample vials
for HPLC analysis. The corneas were discarded following
the method reported by Li et al.'

To assess the ocular bioavailability of E-SLNs and E-Susp,
the pharmacokinetic parameters were estimated using
DAS2.1.1 software (Shanghai BioGuider Medicinal
Technology Co., Ltd., Shanghai, China). Four main pharma-
cokinetic parameters were presented as the detected value: the
maximum concentration (C,ay), the time (Tp,ax) for Cpax to
occur, the elimination half-life time (t;,) and the area under
the concentration-time curve up to 180 min (AUCq_;8omin)-

Statistical Analysis

All the results are expressed as the mean + standard
deviation. The groups were compared by applying two-
way analysis of variance (ANOVA) using SPSS (V19),
where differences were significant at p-values < 0.05.

Table | Various Characterizations of the E-SLNs

Results and Discussion

Physicochemical Characterization of
E-SLNs

Particle size measurements were required to confirm the
production of particles in the nanometer range. As shown
in Table 1, the mean diameter of the E-SLNs was 19.05 +
0.28 nm, notably in the nanosized range, while E-Susp was
about 2 um. Particles smaller than 30 nm are considered to
have the ability to penetrate across the corneal barrier.”**
Thus, E-SLNs theoretically could penetrate the cornea,
increasing the amount of drug at the site of action. PDI is
used to estimate the average dispersion homogeneity, and
higher PDI values correspond to broader size distribution in
the dispersed sample.?> Table 1 demonstrated that the PDI of
E-SLNs was only 0.21, indicating a narrow particle size
distribution, which was consistent with the particle size
distribution analysis (Figure 1B). The morphology of the
E-SLNs was determined by TEM (Figure 1A) and appeared
to be uniform and spherical in shape with a smooth surface,
signifying that the encapsulated drug vesicles were in the
nanometer range with no signs of aggregation, indicating the
physical stability of the E-SLNs. These results were con-
firmed by the subsequent stability study, as there were no
changes in morphology, size or drug content within 6
months of storage at 4°C. The size distribution, PDI and
morphology of the E-SLNs indicated that the E-SLNs was
a uniform and stable system.

During the preparation of the SLNs, Tween 80 was used
as a surfactant. The content of Tween 80 was 20 mg/mL,
greater than its critical micelle concentration (CMC), which
is 0.014 mg/mL at 25°C. When the concentration of surfac-
tant was slightly higher than its CMC, micelles formed as
spheres, which may encapsulate the drug. However, few
researchers pay attention to the percentage of drug incorpo-
rated into SLNs or micelles. During preparation, E-SLNSs,
E-micelles and free drug could all exist in the solution. The
free drug could be separated from the colloid system by
ultrafiltration or dialysis. However, the drug incorporated in
micelles could not be separated by these two methods. To
isolate the drug in the micelles, the colloid systems were
destroyed by dilution to lower the content of Tween 80 to

Batch Mean Diameter (nm) Polydispersity Index Zeta Potential %EE % SLN

E-SLNs 19.05 £ 0.28 0.21 £ 0.0l —2.20 +£0.10 94.18 + 1.86 99.35 £ 0.16
Note: All values are expressed as the means * SD (n = 3).
Abbreviations: % EE, percentage entrapment efficiency; % SLN, proportion of ECZ incorporated into SLNs.
International Journal of Nanomedicine 2021:16 https: 7851
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Figure | (A) Transmission electron microphotograph of E-SLNs. Bar = 100 nm. (B) Particle size distribution of E-SLNs.

below its CMC. Then, the drug in the micelle was released,
separated by ultrafiltration and quantified by HPLC. As
shown in Table 1, the EE of the E-SLNs was 94.18 =+
1.86%, and the ratio of ECZ encapsulated in E-SLNs was
99.35 + 0.16%, indicating that the E-SLNs were success-
fully prepared and almost all the ECZ was incorporated into
the E-SLNs, consistent with the following DSC results.

In vitro Drug Release

The in vitro drug release profiles are important to under-
stand and predict the in vivo performance of the formula.
Figure 2 depicted an obvious slow and controlled release
of ECZ from the E-SLNs, with approximately 98% of the
drug released after 96 h. This controlled release may be
attributed to the biodegradation and surface erosion of the
lipid matrix.® The burst effect is a common problem asso-
ciated with SLNs release because drug attached to the
surface of SLNs might be expelled during storage due to
the use of surfactant.’® However, no burst effect was found
in the release of E-SLNs, largely due to lower surfactant
concentrations during preparation.?’

Kinetic analysis of the ECZ release data from E-SLNs
was performed depending on the calculated correlation
coefficient (+°) for each kinetic model (Table 2). The
of the E-SLNss fit best to the Higuchi model. The in vitro
release study may be evidence that the drug is homoge-
neously dispersed in the solid-lipid core of SLNs*® and
release through the lipid matrix and/or biodegradation and
surface erosion of the lipid matrix,?® as confirmed by the
next DSC study.

Differential Scanning Calorimetry (DSC)

DSC was used to investigate the melting and recrystalli-
zation behavior of the substance. The DSC thermograms
of the samples are presented in Figure 3. The DSC

Cumulative release (%)

0\ F—7cT—"T—7

0 12 24 36 48 60 72 84 96
Time (h)

Figure 2 In vitro release profiles of E-SLNs (pH 7.4 artificial tear solution was used
as the dialysis medium, n = 3, mean * SD).

thermograms of ECZ and tripalmitin showed sharp melt-
ing endotherms at 89.48°C and 58.76°C, respectively.
The physical mixture of ECZ and tripalmitin showed
characteristic peaks of both ECZ and tripalmitin. The
DSC curve of the lyophilized E-SLNs showed a small
endotherm at 57.66°C, which corresponds to the melting
ECZ melting
endotherm was disappeared in the thermogram of

point of tripalmitin. However, the
E-SLNs, probably due to the dissolution of the crystals
into the molten lipid.*® This suggests that ECZ was

present in an amorphous state and entirely entrapped

Table 2 Mathematical Models of Regression for the in vitro
Release Profiles of E-SLNs

Kinetic Model Equation ?

Zero order y=0.93x+5.85 0.9744
First order y=114.33-¢*7470015x 0.9830
Higuchi y=8.57(x"(1/2))+1 0.9900
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Figure 3 DSC thermograms of tripalmitin (TM), econazole (ECZ), E-SLNs and
a physical mixture of ECZ and TM.

within the lipid matrix, as rapid quenching of the micro-
emulsion and the presence of surfactant do not allow the
drug to crystallize in an amorphous state, and the drug
was entirely entrapped in the lipid matrix.*!

Ex vivo Drug Permeation Studies

Ex vivo corneal permeation studies were carried out to
evaluate the permeation of E-SLNs and E-Susp in the
rabbit cornea. At the end of the corneal permeation
study, the corneal hydration level was evaluated.

As shown in Table 3, E-SLNs increased the apparent
corneal permeability coefficient (Papp) (7.13 + 0.05) by
approximately 2.64-fold compared to E Susp (1.96 + 0.23)
because the particle size of E-SLNs was smaller than the
porosity of the tight junctions exiting the comneal
epithelium.* E-SLNs could enter and then penetrate the cor-
nea, facilitated by the concentration gradient between the
donor and receptor chambers, which is consistent with
a previous report.>?

Corneal hydration is an important parameter to assess
damage to corneal tissue. The hydration level of a healthy
cornea should be between 75 and 80%.* Irreversible damage
to corneal tissues may occur once the corneal hydration level
reaches > 83%. In this experiment, the hydration rate of the

corneas in the E-SLN group was 76.25 + 2.29%, while that in
the E-Susp group was 89.13 + 1.15%, indicating that the
cornea in E-Susp suffered from irreversible harm. So, E-Susp
could be harmful to the cornea while E-SLNs were relatively
safe to the cornea. These results were consistent with the
results of the subsequent irritation experiment.

Antifungal Susceptibility Testing

Antifungal assays were performed by using agar diffusion
and microdilution methods®® to determine whether the
SLNs enhanced the antifungal activity of ECZ. As shown
in Table 4 and Figure 4, the diameter of the inhibition zone
of E-Susp against the Fusarium clinical isolates was 18 +
1 mm, while that for E-SLNs was 25 = 1 mm. The MICj5,
and MICy, of E-Susp against the Fusarium clinical iso-
lates were 2.43 and 1.75 folds of E-SLNs. Antifungal
testing showed that the E-SLNs possessed enhanced anti-
fungal activity compared with E-Susp.?’

Irritation Studies

In general, ocular irritation is a key factor affecting
ophthalmic drug development and clinical use. SLNs
have been used to decrease drug irritation as a result of
their small size.® In this work, the irritancy of E-SLNs was
evaluated in New Zealand white rabbits. As shown in
Figure 5, no signs of ocular irritancy were detected com-
pared with the control group. The results of the Draize test
showed that the use of SLNs as a vehicle could eliminate
the irritancy of ECZ suspensions to the eye.’®

Ocular Pharmacokinetics of ECZ in
Rabbit Eyes

The ECZ concentrations in the tear liquid versus time after
single topical administrations of E-SLNs and E-Susp are
shown in Figure 6A. Both E-SLNs and E-Susp were
immediately absorbed into the tear liquid to reach max-
imum concentration (C,,.,) at 5 min, and the ECZ con-
centration decreased markedly in the following hours,
which was caused by the loss of the drug in the conjuncti-
val sac and the tear wash. The ECZ levels in the tear film
of E-Susp eyes were significantly higher than those in

Table 3 Corneal Permeation Parameters of the ECZ from E-SLNs and E-Susp and the Hydration Rates

Group Papp*10° (cm s™') Jss*10° (ng s 'cm) Hydration Rate (%)
E-SLNs 7.13 £ 0.05 428 £ 0.03 76.25 + 229
E-Susp 1.96 + 0.23 129 £ 0.15 89.13 £ .15

Note: All values are expressed as means + SD (n = 3).
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Table 4 Comparative Study of the Antifungal Activity of E-SLNs and E-Susp Against A.Fusarium

Formulation

Mean of Diameter of Zone of Inhibition (mm)

MIC;, (ng/mlL) MICy, (ng/mL)

E-SLNs
E-Susp

0.37 0.89
0.90 1.56

Note: All values are expressed as the means + SD (n = 3).

Abbreviations: MICso, minimal inhibitory concentration for 50% of the strains tested; MICqo, minimal inhibitory concentration for 90% of the strains tested.

E-SLNs eyes at both 5 min and 15 min, and the trend was
reversed after 30 min because of the sustained-release
properties of E-SLNs reside in conjunctival sac and cor-

nea. Thus, the ECZ concentration decline curve for

Blank SLNs

Figure 4 Microbiological studies against A.Fusarium by the agar diffusion method for
48 h.

E-SLNs was gentle compared to that of E-Susp due to
the controlled release of ECZ from the SLNs, also dis-
played in vitro release test. As Table 5 shows, E-SLNs
produced a higher mean residual time (MRT) (1.58-fold)
than E-Susp benefit from that the SLNs ensured adherence
to the surrounding membranes in the conjunctival sac and
prolonged the retention time on the ocular surface.

As shown in Figure 6B, E-SLNs produced significantly
higher drug concentrations in the cornea than E-Susp at all
determined time points (p < 0.01). Both E-SLNs and E-Susp
achieved C,,,x immediately after the application of the for-
mula; however, E-SLNs produced higher C,,.« (3.7-fold),
AUC (0-180 min) (2.9-fold) and MRT (1.3-fold) values than
E-Susp as shown in Table 5, indicating that the use of SLNs
as a drug delivery system could greatly improve the ocular
bioavailability of ECZ compared to traditional preparations.

The ECZ concentrations in the cornea after a single
administration of E-SLNs were all above the MICq( during
the determined time period, signifying that another admin-
istration is not necessary for at least three hours.
Nevertheless, after 90 min, the corneal drug concentration
of ECZ from E-Susp was less than the MICyg, indicating
the interval between two doses should be less than 90
minutes. Therefore, E-SLNs showcased advantage of redu-
cing the frequency of administration.

Figure 5 Representative images of the in vivo rabbit ocular irritation test. (A) E-SLNs, (B) Saline.

7854 https:
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Figure 6 Pharmacokinetics studies in rabbit eyes after a single administration of either formulation. The ECZ concentration-time profiles in the (A) Tear film and (B)
Corneas of rabbits. The drugs were E-SLNs and E-Susp at a single dose of 50 pL. Values are given as the mean * SD (n=6). **Significantly different (p < 0.01) from the E-Susp

group. *Significantly different (p < 0.01) from the E-SLN group.

ECZ might penetrate the cornea as a free drug or in the
form of E-SLNs. Tween 80 exert inhibitory effects on
certain drug efflux transporters (P-glycoproteins).>”
Nevertheless, after 90 min, the corneal drug concentration
of ECZ from E-Susp was less than the MICy, due to its
large size (2 um). The conjunctiva is a conduit for drug
clearance into systemic circulation, and the conjunctival
route is important for large molecules that are not able to
penetrate through the corneal barrier.*” Considering this
theory and the ECZ concentration in the tear film, E-Susp
was largely removed by the conjunctiva.

The effective drug concentration of antimycotic
drugs in lesion locations of FK is essential. However,
due to precorneal loss factors, including tear dynamics,
turnover, transient residence time in the cul-de-sac,
nonproductive absorption and relative impermeability
of the corneal epithelial membrane, the bioavailability

41

of topical ocular drugs is very poor.” To achieve

therapeutic efficacy, increasing the frequency of admin-
istration during clinical treatment, which is inconveni-
ent to patients and causes serious adverse reactions in
the ocular surface.*” SLNs are therefore a potential
drug carrier system with the advantages of high bioa-
lower frequency of drug

vailability and a

administration.

Conclusion

In this study, E-SLNs for ocular use with an appropriate
mean particle size, PDI, EE%, SLN% and sustained
release were successfully prepared by the microemulsion
method. E-SLNs exhibited good bioavailability and pro-
longed residence time in the cornea and enhanced anti-
fungal activity compared with E-Susp with no irritation.
This study could be a promising approach for ocular
delivery of antifungal drugs for treatment of ocular fungal
keratitis.

Table 5 Ocular Pharmacokinetic Parameters of E-SLNs and E-Susp in the Tear Liquid and Cornea After the Administration of

Different Formulations

Pharmacokinetic Parameters Formulations
E-SLNs E-Susp
Tear film Tnax(min) 5 5
Crnax(mg/L) 597.64+309.77 1570.54+208.2 %%
MRT oy 50.25 31.74
AUC(o-180miny (Mg/L*min) 13,957.45 30,921.78
Cornea Tnax (Min) 5 5
Crnax (mg/L) 33.1546.82%* 8.85+£3.42
MRToy 43.99 35.29
AUC(0,|30min) (mg/L*mln) 1539.73 536.1

Notes: All values are expressed as the means + SD (n = 3); C,,,« the maximum concentration of drug in eye tissue, T, time required to reach the maximum eye tissue
concentration, AUC the area under eye tissue concentration-time curve from 0 to 180 min, MRT mean residue time. **Considered significant compared to E-Susp (p<

0.01). "Considered significant compared to E-SLNs (p< 0.01).
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Abbreviations

ECZ, Econazole; E-SLNs, solid-lipid nanoparticle-based
ECZ eye drops; E-Susp, ECZ Suspension; FK, Fungal kera-
titis; SLNs, Solid lipid nanoparticles; EE, entrapment effi-
ciency; CMC, critical micelle concentration; HPLC, high-
performance liquid chromatography; PDI, polydispersity
index; TEM, Transmission electron microscopy; DSC,
Differential scanning calorimetry; MICs,, minimal inhibitory
concentration for 50% of the strains tested; MICg,, minimal
inhibitory concentration for 90% of the strains tested; Cax,
the maximum concentration; Ty, the time for C,,. to
occur; ty, the elimination half-life time; AUC(_;gomin, the
area under the concentration-time curve up to 180 min.
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