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Background: Fungal keratitis (FK) is a serious pathogenic condition usually associated with
significant ocular morbidity. Natamycin (NAT) is the first-line and only medication approved
by the Food and Drug Administration for the treatment of FK. However, NAT suffers from
poor corneal penetration, which limits its efficacy for treating deep keratitis.

Purpose: The objective of this work was to prepare NAT solid lipid nanoparticles (NAT-SLNs)
to achieve sustained drug release and increased corneal penetration.

Methods: NAT-SLNs were prepared using the emulsification-ultrasonication technique. Box—
Behnken experimental design was applied to optimize the effects of independent processing
variables (lipid concentration [X ], surfactant concentration [X,], and sonication frequency
[X,]) on particle size (R)), zeta potential (ZP; R)), and drug entrapment efficiency (EE%) (R,)
as responses. Drug release profile, ex vivo corneal permeation, antifungal susceptibility, and
cytotoxicity of the optimized formula were evaluated.

Results: The optimized formula had a mean particle size of 42 r.nm (radius in nanometers),
ZP of 26 mV, and EE% reached ~85%. NAT-SLNs showed an extended drug release profile
of 10 hours, with enhanced corneal permeation in which the apparent permeability coefficient
(P,,,) and steady-state flux (J ) reached 11.59%10% cm h™' and 3.94 mol h™', respectively, in
comparison with 7.28%x107 cm h™' and 2.48 mol h™! for the unformulated drug, respectively.
Antifungal activity was significantly improved, as indicated by increases in the inhibition zone
of 8 and 6 mm against Aspergillus fumigatus ATCC 1022 and a Candida albicans clinical iso-
late, respectively, and minimum inhibitory concentration values that were decreased 2.5-times
against both of these pathogenic strains. NAT-SLNs were found to be non-irritating to corneal
tissue. NAT-SLNs had a prolonged drug release rate: that improved corneal penetration, and
increased antifungal activity without cytotoxic effects on corneal tissues.

Conclusion: Thus, NAT-SLNs represent a promising ocular delivery system for treatment of
deep corneal keratitis.

Keywords: Natamycin, solid lipid nanoparticles, fungal keratitis, Box—Behnken design, ocular
drug delivery, corneal permeation

Introduction

Keratitis is a serious medical condition in which corneal layers become inflamed
and results from bacterial, viral, or fungal invasion of the corneal stoma that results
in damage and destruction of the corneal layers.'? Yeast (Candida) or filamentous
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fungi (Fusarium and Aspergillus) are the most common
fungi responsible for corneal attack that progresses to fungal
keratitis (FK).3

FK is the most elusive type of corneal infection (relative
to bacterial and viral keratitis) and is associated worldwide
with significant ocular morbidity, including ocular opacity,
and may cause blindness.* Ocular trauma resulting from
excessive use of broad spectrum antibiotics and steroids
disturbs the surface corneal microorganism balance that
facilitates pathogen invasion of ocular tissue. In farm envi-
ronments, contamination of ocular injuries by soil and plant
residuals (usually rich in Fusarium), especially in temper-
ate and tropical climates, is a supportive and predisposing
factor for FK.

Symptoms of FK include sudden eye pain, excessive eye
tearing with purulent secretions, increased light sensitivity,
and reduced vision. White/gray infiltrate lesions with feathery
borders usually develop in infected cornea; satellite lesions
with hypopyon may also appear.®

Antifungal drugs, including polyenes, triazoles, and
echinocandins, are used to treat FK. However, treatment of
FK can be hindered by difficulties with specimen collection
that limit microbiological investigation and diagnosis and by
poor corneal penetration of antifungal drugs.>*

Natamycin (NAT) is a broad spectrum and strong tetraene
polyene antifungal drug that is safe and effective at low
concentrations and is the first-line treatment for FK. The
activity of NAT against fungi is predominantly fungicidal
and is dose-dependent.” NAT is the only drug approved by
the Food and Drug Administration for the treatment of FK.3
According to American Academy of Ophthalmology guide-
lines, NAT is the drug of choice against filamentous FK but,
due to poor corneal penetration, case management is difficult,
and a long course therapy is needed (5% NAT eye drops
every 1-2 hours for 4-6 weeks).’

NAT is a high molecular weight structure that contains a
macro-cyclic lactone-ring. The water solubility of NAT is low
that hinders its penetration into deep corneal layers and the
anterior chamber, which limits its use as monotherapy only
for superficial keratitis.”'* NAT is a white to creamy-white
crystalline powder that is nearly tasteless and odorless. It has
a melting point of 290°C and water solubility of 4,100 mg/L
at21°CinapH range of 5.5-7.5. It can be sterilized at 116°C
for 30 minutes without any significant degradation.'"'?

Ocular drug delivery is a significant pharmaceutical chal-
lenge due to the complex structure of the eye.'* For conven-
tional delivery systems, different barriers usually decrease
pre-corneal drug absorption. These barriers include drainage
and washout of the applied formula (especially from eye solu-

tion), drug metabolism that reduces the corneal residence time
of susceptible drugs, and naso-lachrymal drainage. These
factors reduce the pre-corneal drug half-life to ~1-3 minutes,
which significantly decreases therapeutic efficiency.'*'* The
epithelial barrier represents the main obstacle for ocular
absorption of applied drugs since it is the main route through
which drugs pass into the aqueous humor. The epithelial bar-
rier has a lipophilic layer consisting of tight junctions that
resist passage of hydrophilic drugs and macromolecules into
the cornea. Hence, the epithelium represents the main barrier
for ocular absorption of hydrophilic drugs.'®!”

Development and production of modified, therapeutically
efficient, ocular delivery systems with better corneal penetra-
tion, prolonged ocular residence time, and better mucoadhe-
sive properties, combined with high patient compliance and
a low-cost benefit is a significant and attractive scientific
area.'®! Nanotechnology represents a novel trend for devel-
oping new therapies and optimizing available conventional
ways through the production of colloidal drug delivery
system with particle sizes in the range of 1-1,000 nm.'*-!

Solid lipid nanoparticles (SLNs), composed of physi-
ologically tolerated solid lipids dispersed in an aqueous
surfactant solution in the range of 100—150 nm, are an
alternative to classical colloidal carrier systems.?*?* They
have many advantages including high drug loading ability,
high stability with minimum drug leakage, minimum physi-
ological toxicity, controlled and/or sustained drug release,
drug targeting, and large-scale production suitability. Due
to their lipophilic nature and small particle size, they are
efficient in penetrating physiological barriers. In addition to
their mucoadhesive properties® and sterilization tolerance,”
SLNs represent an efficient ocular drug delivery system with
enhanced corneal absorption, increased ocular bioavail-
ability, extended ocular retention time, and a sustained drug
release profile without impairing vision.?

In a recent report,?” NAT-loaded PEGylated nano-
lipid carriers with hydrophilic surface characteristics were
prepared for ocular delivery using a hot homogenization
technique. Formulation was optimized using a Box—Behnken
design that modified the lipid layer composition and homog-
enization time. In vitro and in vivo corneal permeation of
the prepared formula was studied. In our study, the SLN
technique was used as an alternative nano-lipid ocular deliv-
ery system for NAT without application of a hydrophilic PEG
coat to affect sustained drug release properties, increased
antifungal activity, and corneal penetration for treatment
of deep corneal keratitis. To obtain the smallest particle
size that significantly affects penetration, the high-pressure
homogenization method — used in a recently published
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study — was replaced by ultrasonication at high frequency
during SLN preparation. Also, stearyl amine was added as a
surface charge modifier to impart positive zeta potential (ZP)
to ensure extended conjunctival residence time and higher
corneal penetration.?” In addition, the lipid and aqueous phase
composition and sonication frequency in the production of
SLN formulations were optimized using a Box—Behnken
statistical design. In this work, solid state characterization
and compatibility, drug release rate and pattern, antifungal
activity, ex vivo corneal permeation, and safety of the opti-
mized NAT-SLN formula were studied.

Materials and methods

Materials

NAT was purchased from Sigma-Aldrich Co. (St Louis, MO,
USA). Precirol ATO 5%, Gelucire 50/13, Transcutol P, and
Compritol 888 were gifts from Gattefosse SAS (Saint-Priest
Cedex, France). Kolliphor EL, Solutol HS 15, Pluronic 68,
glyceryl monostearate, stearic acid, palmitic acid, cetostearyl
alcohol, stearylamine, and Tween 80 were purchased from
EMD Millipore (Billerica, MA, USA). All HPLC grade
solvents were purchased from Sigma-Aldrich Co. and were
used without further purification.

Methodology

Screening of solid lipid materials

Compritol 888, Precirol ATO 5%, palmitic acid, stearic acid,
cetostearyl alcohol, and glyceryl monostearate were tested
as lipid cores of NAT-SLNS, in terms of their drug solubi-
lizing ability.

Determination of NAT lipid solubility

The solubility of NAT in different solid lipids was determined
by measuring the drug partitioning behavior between an aque-
ous solution and the tested lipid according to the modified
method used by Joshi and Patravale.?® For this, NAT (5 mg)
was added to 10 mL (1:1 w/w) of a water/lipid mixture that
was then shaken in a 70°C water bath for 1 hour. The aqueous
layer was separated by allowing the mixture to cool to room
temperature followed by centrifugation at 15,000 rpm for
15 minutes. The aqueous layer was collected with a syringe,
and NAT content was determined using an HPLC method.”
The lipid solubility of NAT was calculated by subtraction
of the aqueous layer concentration from the total amount of
added drug and was expressed as a percentage.

Selection of surfactant (surface active agent [SAA])

For the selection of the most appropriate SAA (surfactant) to
be used in the preparation of NAT-SLNS, a fixed amount of
the selected molten solid lipid (4%) was mixed with aqueous

SAA (3%) solution at 70°C in a 10 mL volume. The mix-
ture was vortexed for 5 minutes followed by sonication for
2 minutes. Finally, the mixture was rapidly cooled in an ice
bath and the resultant dispersion was evaluated by measur-
ing particle size (radius in nanometers [r.nm]), ZP (mV),
and polydispersity index (PDI). Following the preparation
of the material and overnight storage at room temperature,
precipitation was visually examined under adequate illu-
minated conditions. Results were recorded and compared.

Experimental design

A three-level, three-factor Box—Behnken statistical design
(Design Expert, Version 8.0.3; Stat-Ease Inc., Minneapolis,
MN, USA) was used to optimize the preparation of NAT-
SLNs. Based on initial trials, three levels of solid lipid con-
centration (X ), surfactant concentration (X,), and sonication
frequency (X,) were selected as independent variables. The
three levels of the independent variables and the response
constraints are summarized in Table 1. Based on the proposed
experimental design, which describes the main, interaction,
and quadratic effects of selected independent variables on the
characteristics of the prepared NAT-SLN formulae including
particle size (R ), ZP (R,), and drug content (R,) as dependent
variables (responses), a matrix of 17 runs (representing NAT-
SLN formulae), including five center points, was prepared
and evaluated for the observed response values (Table 2).
For optimization, the collected response values were fitted
to linear, linear two-factor interaction (2FI), quadratic, and
cubic models and different polynomial equations were gen-
erated. The model with higher determination coefficients
and significance value at the determined probability level
was suggested by the software. Statistical validation of the
derived mathematical polynomial equations was performed
using the ANOVA provision available in the software.
Three dimensional (3D) surface and perturbation plots were
also generated to further investigate the results.

Table | Formulation variables and their levels in Box—Behnken

design
Factor Level
-1 [0 K
Independent variables
X: Lipid concentration (% w/w) 4 7 10
X,: Surfactant concentration (% w/w) | 3 5
X,: Sonication frequency (10x kHz) | 4 6 8
Dependent variables Constraint | Importance
R : Particle size (nm) Minimize |
R,: Zeta potential (mV) 25-35 -
R,: Entrapment efficacy (%) Maximize |5
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Table 2 Box—Behnken experimental design and their observed responses

Formula X, X, X, R, R, R,
Lipid Surfactant Sonication Particle size Zeta potential EE
(% wiw) (% wiw) frequency (r.nm) (mV) (%)
(x10 kHz)

Fl 7 5 6 35.29 25.51 65.68
F2 4 5 4 21.8 20.86 41.06
F3 7 5 6 34.81 25.04 65.15
F4 4 5 8 23.01 21.36 57.83
F5 10 5 8 40.89 25.52 76.86
Fé 7 7 4 29.09 14.92 74.88
F7 5 6 34.77 24.97 64.96
F8 5 6 33.98 21.08 66.03
F9 7 3 4 46.01 29.91 49.04
F10 10 7 6 33.27 11.43 83.26
Fll 7 7 8 30.14 14.39 74.08
Fl2 7 3 8 41.54 28.14 57.18
FI3 7 5 6 3523 2491 65.63
Fl4 4 3 6 25.31 23.11 41.26
FI5 4 7 6 17.46 9.57 54.17
Flé 10 5 4 42.94 26.99 79.56
FI7 10 3 6 47.78 28.11 63.88

Abbreviations: r.nm, radius in nanometers; EE, entrapment efficacy.

Validation of the experimental method

Based on the proposed constraints of the three responses, the
numerical prediction optimization function of Design Expert
Software was used to validate the optimization procedure.
Two NAT-SLN formulae were optimized based on the
calculated desirability as checkpoints. Formulations were
prepared according to the proposed optimal composition
and were tested for different responses. The observed values
were compared to the predicted values and then prediction
errors (%) were calculated.

Preparation of SLNs

According to the proposed experimental design matrix shown
in Table 2, NAT-SLN formulations were prepared based on the
hot emulsification-ultrasonication technique*® using Precirol
ATO 5 as solid lipid (4%—10% w/w), Pluronic f68 as SAA
(3%—7% w/w), and a sonication frequency (40 to 80 kHz).
NAT (0.5%), Precirol ATO 5%, and 0.5% stearyl amine (as a
surface charge modifier) were dissolved in a suitable volume
of methanol with the aid of a vortex mixer. Methanol was
completely evaporated in a rotary evaporator and the drug-
loaded lipid layer was then melted by heating at 60°C—70°C.
An aqueous surfactant solution was prepared in double-dis-
tilled water and heated to the same temperature. The melted
drug-loaded lipid formulation was dispersed in surfactant

solution in a water bath and then the obtained pre-emulsion
was homogenized (10,000 rpm at 70°C) for 10 minutes. The
resultant hot O/W emulsion was then sonicated using a probe
sonicator (Rivotek, Mumbai, India) at the specified sonica-
tion frequency for 5 minutes. For lipid crystallization and the
formation of SLNs, the mixture was cooled in an ice water
bath for a sufficient amount of time (~15 minutes).

Particle size (PS) measurement and size distribution
The average r.nm and PDI of the prepared NAT-SLN formu-
lations were determined by photon correlation spectroscopy
using a Malvern Zetasizer 4 (Nano ZS, Zen 3600; Malvern
Instruments, Malvern, UK) equipped with a 5-mV He—Ne
laser (633 nm) at 25°C (Malvern Instruments) with a fixed
angle of 90° and at 25°C after suitable dilution. Each value
is the average of three measurements.

ZP measurement

The particle surface charge, expressed as ZP, was deter-
mined by zeta-nanoparticle electrophoresis analysis using
a Malvern Zetasizer 4 (Nano ZS, Zen 3600) at 25°C after
suitable dilution with double distilled water to an adequate
intensity. Each measurement was performed at least in trip-
licate. The pH values of the samples were always maintained
in the range of 720.5.
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Entrapment efficiency (EE)

The aqueous phase concentration of NAT (free drug) was mea-
sured as a criterion for the EE of the prepared SLNs. A Centri-
sart apparatus was used to separate the two phases as follows:
2.5 mL of undiluted NAT-SLNs was packed into the outer
tube and the tube content was then centrifuged at 10,000 rpm
for 1 hour. The aqueous phase in the recovery chamber was
separated and analyzed using an HPLC assay method® to
determine the NAT concentration. EE was calculated as:

EE (%) = 2. 2% L 100 1
(%) = 0" (1)

where D, is the initial drug amount used in the preparation
and D, is the amount of free drug in the aqueous phase.

Determination of drug release rate from the
prepared SLN formulations

The release rate of NAT from the optimized SLN formulae
was studied in simulated ophthalmic conditions using a
modified rotating paddle dialysis bag diffusion technique?®!*
in 150 mL artificial tear fluid (containing sodium chloride:
0.670 g, sodium bicarbonate: 0.200 g, calcium chloride
dehydrate: 0.008 g, and purified water: 100 mL, pH 7.4)*
as a dissolution medium maintained at 37°C%0.5°C and
50 rpm. Formula samples (3 mL) were packed into dialysis
bags with a 12 kDa MWCO that were immersed in the dis-
solution medium. Sample aliquots (5 mL) were withdrawn
with replacement at predetermined time intervals for 10 hours
and were then filtered (0.45 um). The drug concentration and
cumulative percentage of drug release were determined using
an HPLC assay method.?* For comparison, the dissolution
rate of plain drug was also determined. The mean of six
determinations was calculated.

Mathematical kinetic modeling of drug release data

The kinetics of NAT release from optimized SLN formulae
were analyzed using KinetDS 3.0 software (Aleksander
Mendyk, GNU GPLv3 license, 2007). Data were analyzed
to quantitatively determine the mechanism of drug release
according to different mathematical models, including zero-
order, first-order, Higuchi, Korsmeyer-Peppas, and Weibull
diffusion models.

Solid state characterization and compatibility studies
NAT-SLN formula, plain drug, and formula components
were subjected to the following studies.

Differential scanning calorimetry (DSC)

Samples (10 mg) were weighed separately into an aluminum
pan of a differential scanning calorimeter (Perkin-Elmer
DSC4; PerkinElmer Inc., Waltham, MA, USA) and continu-
ously purged together with a blank with nitrogen gas over
a temperature range of 25°C-350°C with a heating rate of
10°C/min. Enthalpies were calculated and DSC thermograms
were recorded and analyzed.

Infrared (IR) spectroscopy

Samples were mixed separately with dry KBr powder
(400 mg) and compressed into a transparent disc under
10.000-15.000 pounds/inch? of pressure and scanned in
the range of 4,000-500 cm™! with an IR spectrophotometer
(Shimadzu IR-435; Shimadzu, Kyoto, Japan) at ambient
temperature. The IR spectra of the samples were recorded
and analyzed.

Antifungal susceptibility testing

The antifungal activity of optimized NAT-SLN formulae
and plain NAT against Aspergillus fumigatus ATCC-1022
and a Candida albicans clinical isolate was tested using the
modified Kirby—Bauer method and the broth micro-dilution
method.* Inhibition zone diameters and minimum inhibitory
concentrations (MICs) were measured and compared.

Ex vivo corneal permeation studies

To investigate the corneal permeation efficacy of the prepared
NAT-SLN formula, freshly excised goat corneas were used>
as follows: whole goat eyeballs were obtained from an abat-
toir and were transported to the laboratory in cold artificial
tear saline (4°C). The cornea and a small layer (5-6 mm)
of abutting scleral tissue were carefully removed, washed
several times with cold saline, and stored in cold artificial tear
buffer saline (pH 7.4) until use. Drug permeation was studied
in a modified Franz diffusion cell in which suitable volumes
of the optimized NAT-SLN formula and a drug saline sus-
pension of the same concentration (3% w/v) were separately
packed into the donor compartment in close contact with the
epithelial side and then the cell top was completely sealed.
The drug was allowed to freely permeate for 5 hours into
the artificial tear fluid in the acceptor compartment with
continuous stirring at 37°C+0.5°C. At pre-specified time
intervals, sample aliquots were collected from the acceptor
compartment (with replacement to maintain sink conditions)
that were then analyzed by HPLC to measure drug content.
Apparent permeability coefficient (Papp) and steady-state flux
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(J,) of the drug were calculated using the following equation
and were compared.

P = AQ/Atx(VAC,) )

ap]

where AQ/At s the steady-state flux (umol/h), C is the initial
concentration in the donor chamber (umol/mL), and A is
the surface area of the corneal layer (cm?).>® The data were
recorded as the mean & SD of six determinations.

Histopathological studies

Potential corneal irritation caused by NAT-SLN was
examined.” Briefly, fresh goat corneas were separately incu-
bated with NAT-SLN (5% w/v), normal saline as a positive
control, and 0.1% SDS as a negative control in sterile 50 mL
tubes for 10 days. After incubation, the corneas were asepti-
cally removed and washed with sterile PBS then immediately
fixed with an 8% (w/w) formalin solution. The fixed corneal
tissue was further dehydrated using ascending concentrations
of ethyl alcohol followed by tissue clearing using xylene.
Paraffin embedding was performed and paraffin blocks were
prepared followed by cross-sectioning with a microtome.
Thin paraffin films were transferred onto glass slides, stained
with H&E, and examined under a light microscope using the
10x objective lens. Images were recorded and compared.

Results and discussion
Selection of solid lipid and SAA

The ability of SLN formulations to tolerate a specific drug
is mainly affected by the drug solubility within the solid
lipid core.*® To maximize the drug loading and EE of the
prepared SLN formulation, the solubility of NAT in dif-
ferent solid lipids was evaluated, which allowed for the
selection of a solid lipid that was suitable for preparing the
SLN formulation.

NAT lipid solubility was calculated as the percentage of
drug that partitioned to the melted fatty layer after shaking
with water as described in the “Materials and methods”
section. Precirol ATO 5® and Compritol 888 showed higher
NAT solubilizing ability, with percent drug partitioned
values of 69.61% and 64.49%, respectively (Figure 1A).
These results correlated with the imperfect matrix structure
of Precirol ATO 5® and Compritol 888 molecules, which
are formed due to the mono-, di-, and triglyceride contents
that impart loose, highly porous structural characteristics,
which allows easier accommodation and higher solubility
of the drug.*® Precirol ATO 5® is palmitostearate glyceride

mixture while Compritol 888 is behenate glyceride mixture;*
the diversity of Precirol ATO 5® fatty acid content with sub-
sequent looser structure explain its higher drug entrapment
ability than Compritol 888, so it was selected to be used as
lipid core for the preparation of NAT-SLNS in this study.*

For SAA selection, SLN formulations alone were
prepared using different SAAs and evaluated for PS, ZP,
PDI, and precipitation. As shown in Table 3, the Pluronic
f68-based SLN formula had the smallest PS (42 r.nm), an
acceptable ZP (26.7 mV),* and an acceptable PDI (0.224); in
addition, the formula did not show any signs of precipitation.
Thus, Pluronic f68 was selected as the optimal SAA for pre-
paring NAT-SLN formulations. The PS of SLN formulations
is largely dependent on the hydrophilic/lipophilic balance
(HLB) value of the applied surfactant, in which higher HLB
values correlate with smaller-sized particles.*? The high HLB
value of Pluronic f68 (HLB =29), in comparison with other
tested SAA,* could explain the collected results.

Statistical analysis of experimental data
Statistical experimental designs allow multifactorial statisti-
cal analysis to be used in the selection of control variables
that significantly affect a specified response with minimal
process variation, which strengthens the collected results
and obviates the need to perform further inspection.* The
Box—Behnken design is a simple statistical experimental
tool for studying interactive factorial effects and deriving
polynomial equations based on few experiments relative to
other similar designs.* Thus, Box—Behnken design was used
to study the effect of three different levels of solid lipid con-
centration (X, ), surfactant concentration (X,), and sonication
frequency (X,) on the characteristics of NAT-SLN formulae,
including PS (R ), ZP (R,), and EE% (R,). According to the
proposed matrix design, the selected independent variables
had a significant effect on the observed responses, as shown
in Table 2.

Fitting the collected results to different polynomial model
equations showed that all three independent variables had
quadratic interactive effects on the observed responses, with a
maximized multiple correlations and adjusted coefficients as
well as the predicted sum of squares and significant statistical
terms at the selected probability level. The high agreement
between the predicted and adjusted R?* (difference <0.2)
and the low SD suggests a nonlinear correlation between
the tested factors and the observed responses, as shown in
Table 4. Adequate precision values >4 that reflect an insig-
nificant effect for uncontrollable experimental factors may
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Figure | (A) NAT lipid solubility, 3D response surface and perturbation plots of the prepared NAT-SLNs showing effect of selected independent variables on (B) PS,

(C) ZP, and (D) EE%.

Abbreviations: NAT, natamycin; NAT-SLN, NAT solid lipid nanoparticle; PS, particle size; 3D, three dimensional; ZP, zeta potential; EE%, entrapment efficiency.
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Table 3 Evaluation of primary NAT-SLNs prepared for the selection of appropriate SAA

Solid lipid SAA Average PS Zeta potential PDI Visual examination
(r.nm) After preparation Overnight storage

Precirol ATO 5 | Kolliphor EL 163 303 0.347 | SP P

Pluronic f68 42 26.7 0.224 NP NP

Tween 80 65 24.7 0.248 NP SP

Solutol HS 15 197 238 0.373 P P

Gelucire 50/13 72 289 0.375 SP N

Transcutol P 86 34.8 0.285 SP P

Abbreviations: P, precipitation; SP, slight precipitation; NP, no precipitation; r.nm, radius in nanometers; PDI, polydispersity index; PS, particle size.

be a major source of variability and are usually described
as a noise signal.

ANOVA was applied to validate the derived polyno-
mial quadratic equations. As shown in Table 5, ANOVA
results revealed significant model F-values with a
probability <0.0001 for the three responses, indicating an
adequate signal with a minimal noise effect (there is only
a 0.01% chance of noise). These results are in accordance
with the calculated adequate precision values that confirm the
suitability of the suggested model equations for navigating
the design space.

To further elucidate the main and interactive effects of
the independent factors on PS (R)), ZP (R,), and EE% (R,),
results of the response surface analysis were plotted in 3D
model graphs, as shown in Figure 1B—D. These plots allow
for the effect of a binary interaction of every two independent

factors on each response to be studied, while keeping the third
factor at a constant level. To compare and quantify the effect
of an individual variable on each response, perturbation plots
were constructed so that the behavior of each response could
be followed when one factor changes within the specified
constraint range while keeping the other two factors constant.
Perturbation plot is also considered to be an efficient tool for
comparing the effects of all three factors at any particular
point in the design space.

Effect on particle size

The PS of SLNs is determined by several factors, including

the type and concentration of lipid/SA A, the preparation con-

ditions of homogenization, and sonication time and speed.*
As shown in Table 2 and Figure 1B, the PS range

of the prepared NAT-SLNs was 17.46 r.nm (F15) to

Table 4 Results of regression analysis and ANOVA for the response surface quadratic model

Formula NAT-SLN formulations SD CV% Adequate precision for Remarks
R-squared Adjusted Predicted ANOVA
R-squared R-squared
RI
Linear model 0.9072 0.8857 0.8114 2.90
2Fl model 0.9253 0.8804 0.6400 2.79
Quadratic model 0.9945 0.9875 0.9261 0.96 2.84 43.500 Suggested
Cubic model 0.9991 0.9963 - 0.52 Aliased
RZ
Linear model 0.7989 0.7525 0.6399 3.03
2Fl model 0.98054 0.6886 0.2527 3.39
Quadratic model 0.9744 0.9414 0.9120 1.47 6.66 18.249 Suggested
Cubic model 0.9777 0.9107 - 1.82 Aliased
R3
Linear model 0.9157 0.8984 0.8348 3.95
2Fl model 0.9684 0.9495 0.8695 2.87
Quadratic model 0.9901 0.9774 0.8461 1.86 | 293 32.245 Suggested
Cubic model 0.9997 0.9988 - 0.43 Aliased
Note: Underlined entries refer to “the best fit model terms”.
Abbreviation: CV%, coefficient of variation.
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Table 5 Coefficients of different formula variables according to the best fit response surface model

Source R, R, R,

Quadratic model Quadratic model Quadratic model

F-values P-values F-values P-values F-values P-values
Model 141.75 <0.0001* 29.56 <0.0001* 77.84 <0.0001*
(X)) 812.13 <0.0001* 16.97 <0.0045* 429.88 <0.0001*
(X) 349.09 <0.0001* 200.56 <0.0001* 202.79 <0.0001*
(X, 247 0.1603 0.62 0.4580 16.51 0.0048*
XX, 12.06 0.0104* I.14 0.3215 3.02 0.1260
XX, 2.89 0.1330 0.45 0.5248 27.31 0.0012*
XX, 8.28 0.0237* 0.18 0.6862 5.76 0.0475*
X2 80.68 <0.0001* 9.42 0.0181* 7.03 0.0328*
X2 0.52 0.4942 31.79 0.0008* 7.22 0.0312*
X2 10.89 0.0131* 4.87 0.0631 0.67 0.4389
Lack of fit 6.49 0.0513 0.2 0.8924 42.21 0.0017*

Note: *Significant model terms.

47.78 r.nm (F17); the quantitative interaction effects of X,
X,, and X, on PS are expressed by the following quadratic
regression equation:

R, =34.82+9.66X, —6.34X, —0.53X,
~1.66X X, -0.82X,X, -138X,X,  (3)
—4.2X2 +0.34X2 +1.54X2

Values of P>F<0.05 indicates significant model terms,
where the positive value of the coefficient indicates a syn-
ergistic effect on response and a negative value indicates
an antagonistic effect. ANOVA results indicated that only
the model terms X , X, X X, X X, X ?, and X_* had a sig-
nificant effect on PS. X, and X, represent the main effects
due to changing one variable at a time within its specified
constraint range, while X X , X X, X ?, and X represent
the interaction effect on PS when two variables are simul-
taneously changed.

According to the results presented in Table 5, solid lipid
concentration (X, ) had a synergistic effect on PS, where F5,
F10, F16, and F17 (X =10%) had a significantly larger PS
than F4, F15,F2, and F14 (X,=4%), respectively, at constant
X, and X,. This could be explained by the increased consis-
tency and surface tension of the formula, as solid lipid content
increases with subsequent PS enlargement.* The SAA con-
centration had an antagonistic effect on PS, where F6, F10,
F11,and F15 (X,=7%) had a significantly smaller PS than F9,
F17, F12, and F14 (X,=3%), respectively, when X, and X,
were kept constant. The interaction effects of X, X, and X X,
resulted in a significant nonlinear decrease in PS, from 25.31
to 17.46 r.nm and from 47.78 to 33.27 r.nm when X increased

from 3% to 7% at 4% and 10% X, levels, respectively. The
effect of SAA on the PS of SLN formulations may be attrib-
uted to the significant lowering of surface tension and surface
free energy (SFE) of the formulations that were generated
due to high shearing conditions during preparation, which
decreased PS. PS also decreased from 46.01 to 29.09 r.nm
and from 41.54 to 30.14 r.nm when X increased from 3% to
7% at 4% and 8% X, levels, respectively. It was noted that
the effect of SAA on increased PS was less prominent at a
higher sonication frequency, which causes larger increases in
SFE and minimizes the effect of SAA on surface tension and
hence on PS. The synergistic quadratic effect of sonication
frequency (X,?) on PS with significant model term confirms
the effect of an increased sonication frequency on SFE of the
formula mixture, with a subsequent significant decrease in
physical stability as the internal phase tends to spontaneously
re-aggregate, which increases the PS.% Simultaneous changes
of X, and X had a negligible effect on PS, as indicated by their
insignificant coefficient terms. Comparison of the coefficient
values of significant model terms in the equation showed that
lipid concentration (X,) had a greater influence on PS with
higher exponent (9.66) while X X, had the least significant
impact on PS. A perturbation plot was constructed to further
evaluate the effect of X, X,, and X, on PS at any specified
point, which confirmed that lipid concentration (X,) had a
major effect on PS.

Effect on ZP

ZP is the electro-kinetic potential that determines the stability
of colloidal dispersions, including SLN formulations. ZP is
a measure of inter-particulate repulsion within the colloidal
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system that hinders internal phase agglomeration and
re-aggregation. ZP is usually determined by the chemical
composition and HLB of the applied surfactant. SLNs with
a low ZP are unstable and are highly likely to coalescence
during storage. A ZP of 30 mV indicates physical stability
of a formula.*’

In ocular drug delivery, surface charges play a critical role
in corneal drug absorption, since corneal epithelial cells are
negatively charged. Therefore, cationic SLNs usually have
extended conjunctival residence times and higher levels of
corneal penetration due to modification of corneal morphol-
ogy through ionic interactions.** The charge-inducing agent
stearyl amine was added to the SLNs during preparation to
optimize ZP (based on the results of preliminary experi-
ments). Due to stearyl amine lipophilic nature, it is entrapped
within the lipid core while the substituted charged amine
groups that project outward serve as a positively charged
repulsive layer on the particle surface.?

ZP (R,) values for the prepared NAT-SLNs ranged
from 9.57 mV (F15) to 29.91 mV (F9). The effects of the
interaction of independent factors on ZP are illustrated in
Figure 1C. The quadratic equation that describes these effects
is shown below.

R, =24.3+241X, ~7.37X, —0.14X,
~0.79X X, ~0.49X X, -031X,X, (4
~2.2X2 - 4.04X2 +1.58X?

According to the ANOVA results, only model terms
X, X,, X2, and X_? were significant, with P-values <5%,
as shown in Table 5. The SAA concentration had a main
(X,) and quadratic (X,?) antagonistic effect on ZP, with a
prominent impact on the main effect, as indicated by its
higher coefficient value (7.37) relative to other significant
factor coefficients in the polynomial equation. The ZP-values
of F6, F10, F11, and F15 (X,=7%) showed a significant
decrease in comparison with F9, F17, F12, and F14 (X ,=3%),
respectively, when X, and X, were kept constant. The results
also showed that the lipid concentration had a main and
quadratic synergistic effect on ZP but with less impact, as
indicated by their coefficient values in the regression equation
(2.14 and 2.2, respectively). This can be explained by the
positive effect of lipid concentration on PS, with a subsequent
increase in particle surface area in order to accommodate a
larger charge density and hence higher ZP. Generally, the
proximity of ZP-values within the experimental design matrix
reflects the role of stearyl amine in controlling the surface
charge of the prepared SLNs. A perturbation plot confirmed

the major effect of SAA concentration (X,) on ZP relative
to other variables.

Effects on EE
According to the results shown in Table 2, the EE% ranged
from 41.06% (F2) to 83.26% (F10), depending on different
factor levels. The derived polynomial quadratic equation for
the EE is given as:

R, =65.49 +13.66X, +9.38X, +2.68X,
+1.62X X, +4.87X X, +2.23X,X,  (5)
~2.41X2 ~2.44X2 +0.74X2

Results shown in Table 5 indicate that X, X, X3’
X X, X.X,, X?, and X? are significant model terms with
P>F<0.05. The three independent variables (X, X,, X,) had
positive synergistic main effects on EE%, where indepen-
dently increasing each variable while keeping other variables
constant caused a significant increase in entrapped drug
percentage. The higher value of the X, coefficient (13.66)
indicates that the lipid concentration is the major factor that
affects EE. Comparison of NAT EE% in SLN formulae
F2, F4, F14, and F15 with that in F16, F5, F17, and F10,
respectively, demonstrates that increasing the lipid concen-
tration from 4% to 10% resulted in a significant increase
when other factors were kept constant. Increasing the SAA
concentration (X,) also led to a significant increase in drug
EE%, as indicated by its high positive coefficient (9.38).
The significant increase in NAT EE% in SLN formulae F9,
F14,F17,and F12 (1% SAA) in comparison with that in F7,
F15, F10, and F11 (3% SAA), respectively, confirms the
synergistic effect of SAA concentration on drug EE%. The
response surface plots (Figure 1D) summarizes the interactive
effects of all three factors on NAT EE%. At low lipid con-
centration, increasing X, from a low to high level caused an
increase in EE% from 41.06% to 57.83%; however, this effect
is inhibited at high lipid concentration, where EE% changed
slightly from 79.56% to 76.86%. This could be attributed
to the increased viscosity of the formula mixture with lipid
concentrations that interfere with drug solubility within the
lipid core. The significant increase in drug EE% when both
the variables were simultaneously increased (from 41.06%
to 76.86%) confirms the proposed explanation in which a
higher sonication frequency overcame the significant increase
in mixture viscosity due to an increased lipid concentration
with a positive effect on drug solubility within the lipid core
and EE%. Increasing the SSA concentration and sonication
frequency also demonstrated minor positive interaction effect
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Table 6 Composition of selected checkpoints by comparing predicted and observed values for different responses and prediction error

Formula Composition Response Predicted Observed Prediction Desirability
X, X, error (%)
Fl 10 5.37 R, 41.43 42.38 224 0.953
R, 25 26.18 4.50
R, 82.07 83.61 1.84
F2 9.96 5.39 4 R, 41.29 41.98 1.64 0.949
R, 25 25.93 3.58
R, 81.65 84.89 2.12

on EE%, as indicated by the small coefficient (2.23) in which
the % NAT entrapped increased from 49.04% to 74.08%
when both the variables were simultaneously increased to a
higher level. It was also noted that at a higher SSA concen-
tration, an increase in sonication frequency had no effect on
EE%, which may be correlated to saturation of the lipid core
due to the solubilizing effect of SAA on NAT.

In summary, application of ultrasonication at high fre-
quency during SLN preparation resulted in a smaller PS
(<90 nm) as compared to 225 nm in a previous report,?’
with a narrow PDI. Also, addition of stearyl amine as a
charge modifier not only imparted a positive charge onto
the prepared particles but also allowed more control over the
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ZP-value with insignificant variation. It was also noted that
the quadratic interactive model best fit the data with signifi-
cant terms for the selected variables as compared to the 2FI
model for the previously selected optimization parameters
depending on lipid phase composition only for the prepared
surface-modified NLCs.”’

Optimization and validation of the
collected data

According to the results presented in Table 6, for the opti-
mized NAT-SLN formulae selected based on higher desir-
ability (Figure 2), the observed values for R , R , and R, are
in high agreement with the numerically predicted values

4 10 3 7
A: lpid = 2.96444 B: surfactant = 5.3677
4 8 17.46 .
C: sonication = 4.00001 Particle size = 41.2965
25 35 M
9.57 29.91 83.26

41.06

Zeta potential = 25

Desirability = 0.949

Entrapment efficacy = 81.6453

F2  Design-Expert® Software
Factor coding: actual
Desirability
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Figure 2 (A) Ramp graph and (B) contour plot of desirability for numerically optimized NAT-SLN formulations FI and F2.

Abbreviations: NAT, natamycin; NAT-SLN, NAT solid lipid nanoparticle.
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that were generated based on the proposed constraints of
minimum PS, ZP in the range of 25-35 mV, maximum
EE%, with a low prediction error percentage. These results
validate the optimization procedure and support the derived
regression model equations for the prediction of responses
at the selected variable levels.

Release studies

The in vitro drug release rate of optimized NAT-SLNs in
simulated artificial tear fluid was studied using the dialysis
bag diffusion technique at 37°C£0.5°C; release profiles are
illustrated in Figure 3A. NAT showed a slow, controlled,
and extended release pattern from SLN formulae, in which
the percentage of drug released reached 94.91% and 93.13%

100 ~
e
(]
©
o 80
: c
l:t 60 0.0
z 0.2 1
u—
o
o 40 04 -
(o]
©
-
o
8 20
S
[}
o
0 % ! T T T 1
0 2 4 6 8 10
Time (h) 0.5 1
B &
‘€ 10
=1
(]
o
S 15
K]
. [
Peak 208.88 C Pluronic 8
Heat 148.87 mJ o
<
1.0
Precirq/l,~r 12
Peak 101.42 C 7
Heat-125.31 mJ (/ 14
0.2 4
0.4 4

from NAT-SLN F1 and F2, respectively. Free NAT had
a rapid release rate under the experimental conditions, in
which >90% of the drug was released within 2 hours as
compared to 56.72% and 53.98% from the NAT-SLN opti-
mized formulae F1 and F2, respectively. It was also noted
that the pattern of drug release from SLN formulae showed
a biphasic pattern, with an initial high-release burst during
the first 2 hours, followed by a slow, extended, and sustained
release over 8 hours. This release pattern is common in
matrix-based formulae including SLN, in which drug release
occurs mainly by diffusion through the lipid matrix and/or
biodegradation and surface erosion of the lipid matrix.* The
initial burst drug release rate is usually due to adsorption
of the drug on the particle surface and solubilization of the
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Figure 3 (A) Dissolution profiles, solid state characterization of optimized NAT-SLN using (B) DSC and (C) IR.
Abbreviations: NAT, natamycin; NAT-SLN, NAT solid lipid nanoparticle; DSC, differential scanning calorimetry; IR, infrared.
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particle from the outer most layer. Release of significantly
large amounts of drug during this short phase (exceeded
50%) is correlated with higher production temperatures that
cause significant changes in the drug partition coefficient with
subsequent localization on the lipid particle surface and the
larger specific surface of the smaller particles. Over time, the
release rate declines because of the effect of the slow and
controlled diffusion of the dissolution medium through the
deeper matrix layer that affects drug solubilization, which
increases the viscosity of the stagnant layer that occurs due
to matrix erosion and also retards penetration of medium
through the matrix and slows the dissolution process.?**

Kinetic analysis of the data of NAT release from opti-
mized SLN formulae was determined depending on the
calculated correlation coefficient (R?) value for each kinetic
model. The results showed that NAT release followed the
Weibull diffusion model, with R? equal to 0.9940 and 0.9935
for optimized formula F1 and F2, respectively. This confirms
that the proposed matrix structure had uniform drug distribu-
tion rather than core/coat structure formation.?® Other groups
obtained similar results for SLN formulae where the Weibull
model was found to be suitable to describe the complex
multi-mechanistic drug release pattern (dissolution, diffu-
sion, and mixed dissolution-diffusion) expected from SLN
formulations.*® The model equation showed an A-value of
1.159 and 1.156 (>0.89) for optimized formula F1 and F2,
respectively, indicating super case Il transport characteristics
in which drug release occurs mainly due to disentanglement
and erosion of the matrix.*!

Solid state characterizations and compatibility studies
Solid state characterizations and compatibility studies were
performed on NAT-SLN formula, plain drug, and formula
components. Figure 3B shows the DSC thermogram of plain
NAT. Two broad endothermic peaks are observed: one at
101.42°C due to loss of water crystallization and another at
208.88°C due to drug melting,** indicating sample purity.
The DSC thermogram of the NAT-SLN showed complete
disappearance of the plain drug peak, indicating efficient drug
distribution within the lipid matrix and loss of crystallinity.

Table 7 Antifungal susceptibility to NAT and NAT-SLN

The absence of any significant thermal changes in the
Precirol ATO 5® and Pluronic f68 thermograms indicates
compatibility of the formula mixture. Figure 3C shows the
IR spectrum of plain NAT, with the main characteristic
functional groups at 3,492.77 c¢cm™' (alcohol O—H),
3,278.44 cm™ (primary N—H), 3,017.98 cm™! (=C—H),
3,492.77-2,978.44 cm™ (carboxylic O—H), 2,945.08 cm™'
(C—H stretching), and 1,715.49 cm™" (C=O0 stretching). These
main characteristic functional groups were all retained in the
spectrum of SLN formula, which eliminates the possibility
of any chemical interaction and indicates compatibility of
the selected NAT-SLN formula mixture.

Antifungal susceptibility testing

Antifungal studies revealed that NAT possesses enhanced anti-
fungal activity when formulated in the SLN form. The inhibi-
tion zone for NAT-SLN was increased by 8 and 6 mm relative
to unformulated NAT when tested against 4. fumigatus
ATCC 1022 and a C. albicans clinical isolate, respectively.
Specifically, the inhibition zones of unformulated NAT
against 4. fumigatus ATCC 1022 and the C. albicans clinical
isolate were 18 and 17 mm, respectively, while the inhibition
zones for NAT-SLN were 26 and 23 mm, respectively, as
shown in Table 7 and Figure 4B. The MIC values of NAT-
SLN against A. fumigatus ATCC 1022 and the C. albicans
clinical isolate were decreased 2.5 times relative to the MIC
values of unformulated NAT. Specifically, the MIC values of
NAT against A. fumigatus ATCC 1022 and the C. albicans
clinical isolate were 1 and 8 pg/mL, respectively. In con-
trast, the MIC values of NAT-SLN against 4. fumigatus
ATCC 1022 and the C. albicans clinical isolate were 0.4 and
3.2 ug/mL, respectively. Based on this study, we conclude
that SLN formulation enhanced the antifungal activity of
NAT in which the MIC values of the nano-formula were
decreased 2.5 times relative to the unformulated form.

Ex vivo corneal permeation studies

SLNs can effectively cross the corneal epithelium because
of their lipophilic characteristics and nano-size that result
in increased absorption and ocular bioavailability of the

Tested isolate Pharmaceutical form

NAT NAT-SLN (FI) NAT-SLN (F2)

IZ (mm) MIC (ug/mL) 1Z (mm) MIC (ug/mL) IZ (mm) MIC (ug/mL)
Aspergillus fumigatus | 18 | 26 0.4 24 0.4
Candida albicans 17 8 23 32 20 32

Abbreviations: |Z, inhibition zone; NAT, natamycin; NAT-SLN, NAT solid lipid nanoparticle; MIC, minimum inhibitory concentration.
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Figure 4 (A) NAT corneal permeation profile, (B) antifungal susceptibility testing, and (C) histopathological studies of optimized NAT-SLN formula.

Abbreviations: NAT, natamycin; NAT-SLN, NAT solid lipid nanoparticle.

loaded drug.”” Depending on the results of the previous study,
optimized NAT-SLN (F1) was selected for further ex vivo
corneal permeation by measuring the apparent permeability
(Papp), which describes the flux as a rate of drug accumula-
tion in the acceptor compartment of the Franz cell per tissue
surface area. Figure 4A shows the cumulative amount of
permeated NAT per unit area (UM/cm?) as a function time
(hours) over 5 hours. Steady-state flux (J ) was calculated as
the slope of the linear terminal part of the permeation curve.?
The calculated P, and J_ of NAT were 11.59x1072 cm h™!
and 3.94 mol h™" and 7.28%x1072 cm h™' and 2.48 mol h™! for
formulated SLN and unformulated drug, respectively. These
results confirmed increased ocular absorption and improved
drug antifungal activity in deep corneal layers of the prepared
NAT-SLNs.

Histopathological studies

Histopathological investigation of potential NAT-SLN cor-
neal irritation revealed a normal ocular surface structure for
both the negative control and test material in which there were
no morphological changes in the epidermal corneal layers
(Figure 4C). In contrast, 0.1% SDS resulted in significant
alteration in the corneal epidermal layers. SLN was found
to be non-irritating to the corneal epidermal layer.

Conclusion

The optimization process for the prepared NAT-SLN formu-
lae showed the significant effect of the selected variables on
NAT-SLN characteristics. Lipid concentration had a major
positive effect on PS and EE% while SAA concentration had
amarked negative effect on PS and ZP. Sonication frequency
had a significant effect on PS. Physical characterization of
optimized formula revealed a small PS (42 nm), good ZP
(25 mV), and high drug EE% (84%). The formula mixture
was compatible and the drug had an extended release profile
for 8 hours. Papp and J_ indicated significant improvement in
corneal permeation. Wider inhibition zones and lower MICs
were observed for NAT-SLNs against the tested fungi relative
to the plain drug, indicating enhanced antifungal activity of
the NAT-SLNs. Ex vivo histopathological studies did not
show any morphological changes or signs of irritation. This
confirms the suitability of using NAT-SLN as an ocular
delivery system to provide prolonged, potent antifungal
activity at lower NAT concentrations, and as an alternative
to conventional drops to treat deep corneal FK.

The authors are currently working on additional in vivo
studies to investigate ocular tolerance and corneal permeation
of the optimized NAT-SLN formula and are studying the
pharmacokinetic and pharmacodynamic properties of the
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permeation process in rabbit eyes. Also, the in vivo antifungal
efficacy of the optimized NAT-SLN formula will be studied
in an induced FK model.
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