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ARTICLE INFO ABSTRACT
Keywords: Many formulation strategies have been employed to improve ocular bioavailability of topical eye drops. The aim
Solid lipid nanoparticles of this study was to develop and evaluate a series of solid lipid nanoparticles coated with poly(2-ethyl-2-
P‘})ll_y(Z'ethyl'z"’xaz‘)lme) oxazoline) and chitosan for ocular delivery of ciprofloxacin. Ciprofloxacin-loaded poly(2-ethyl-2-oxazoline)
Chitosan . (PSLN) formulation was prepared by a combination of melt-emulsion sonication and low-temperature solidifi-
Box-behnken design . ; . A

. . cation methods. A Box-Behnken design, was employed to statistically optimize the effects of the amount of drug
Ciprofloxacin

(X1), lipid:polymer ratio (X3) and surfactant concentration (X3) on particle size (Y1) and entrapment efficiency
(Y5). Analysis of variance was used to validate the optimization design; and regression equations and response
surface plots were generated. The optimized formulation was selected through numerical point prediction
approach. These nanoparticles were characterized using dynamic light scattering, transmission electron micro-
scopy (TEM), differential scanning calorimetry (DSC), and powder X-ray diffractometry (PXRD). In vitro drug
release and corneal permeation studies were carried out, while the mucoadhesive properties were evaluated ex
vivo using porcine corneal tissue. The particle size and zeta potential of the optimized formulations ranged from
141 to 213 nm and +24.6 to —35.6 mV, respectively. PSLN possessed higher encapsulation efficiency than
chitosan-coated solid lipid nanoparticles (CSLN). The in vitro drug release from all the formulations showed an
initial burst release followed by prolonged release over 24 h. The release mechanism followed Korsemeyer-
Peppas model and Fickian diffusion (n < 0.5). DSC revealed lower enthalpy and crystallinity of the formula-
tions as also detected by PXRD, while TEM showed spherical particles in the lower nanometer range with a layer
of polymer coating. The results of this study demonstrated that CSLN exhibited higher mucoadhesion and
retention on corneal tissues compared with PSLN and also showed higher flux and apparent permeability, but
with lower entrapment efficiency.

Ocular delivery

1. Introduction used in eye care [1]. The primary goal of topical ocular delivery is to
treat diseases affecting the ocular surface such as conjunctivitis, ble-

Ocular infections are basically treated by using topical application of pharitis, and keratoconjunctivitis within the anterior segment of the eye.
antibiotics in the form of eye drops. Topical administration is the There is also a goal for the administered drug to penetrate through the
preferred route for ocular drug delivery because of its simplicity and cornea to treat intraocular pathologies, such as glaucoma and uveitis
non-invasiveness; and it represents 90% of the commercial dosage forms [2]. However, there are some anatomical and physiological constraints
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to drug absorption imposed by the structure of the eye. Due to these
constraints, about 90% of the dose applied topically through eye drops is
usually lost through lacrimation and nasolacrimal drainage [3]. To
achieve adequate drug levels in the eye tissues, frequent dosing is
required leading to adverse drug effects, poor patient compliance and
possible antibiotic resistance.

To circumvent these limitations of conventional eye drops, there is
an increasing interest in the concept of “modified eye drops” based on
nanotechnology such as lipid nanoparticles [4-6]. When compared to
other colloidal systems, lipid nanoparticles have been described as su-
perior carriers [7]. Lipid nanoparticles include solid lipid nanoparticles
(SLNs), nanostructured lipid carriers, lipid-drug conjugates, and
lipid-polymer nanoparticles. SLNs are made up of a solid lipid core
entrapping drug stabilized by a layer of surfactants. SLNs are biocom-
patible and non-toxic as they are prepared from physiological and
biodegradable lipids [8]. The interaction of the lipid component of the
lipid nanoparticles with the lipid layer of the tear film leads to retention
of the delivery system in the conjunctiva sac, where it serves as a drug
depot [9,10]. Their nanosize, high viscosity and composition also
contribute to their high corneal retention and permeability profile. All
these features of SLNs enhance the transcorneal drug delivery and pro-
long the pre-corneal retention in the conjunctival sac, which increases
the ocular bioavailability of drugs.

SLNs can be modified by coating with cationic materials such as
chitosan or with polyethylene glycol (commonly known as PEGylation)
to improve their pharmacokinetic profile. The primary purpose of sur-
face modification is to maximize or to minimize the interaction of the
nanoparticles with the ocular surface and promote nanoparticle
mucoadhesion or penetration. Surface modification with cationic and
mucoadhesive material like chitosan increases electrostatic interactions
between positively charged nanoparticles and the negatively charged
surface of the cornea [11,12]. This improves drug residence in the ocular
surface through mucoadhesion. Some researchers have also reported the
ability of chitosan to reversibly disrupt corneal epithelial tight junctions
which can lead to improved permeability of chitosan coated nano-
particles through the cornea [13,14].

The use of poly(ethylene glycol) (PEG), otherwise known as PEGy-
lation, as a mean of providing stealth properties to the nanoparticles, is
not new in drug delivery technology. The hydrophilic polymer stealth
layer surrounding the lipid shell in PEGylated SLNs enhances nano-
particle stability and circulation lifetime [15]. The structure of PEGy-
lated SLN provides the opportunity to load multiple drugs of different
physicochemical properties. It is also associated with the benefits of
drug targeting and controlled release at the site of action. PEG is the
most widely used “stealth” polymer in drug delivery [16]. However, PEG
has some limitations, and so there is a need to consider alternative
polymers [17]. Some poly(2-alkyl-2-oxazolines) have been reported to
exhibit stealth-like properties similar to PEG, and they have many ad-
vantages over PEG [18,19]. These advantages include their non-toxicity,
ease of preparing polymers with different functionalities, a high degree
of renal clearance with no bioaccumulation, and stability against
oxidative degradation [20-22]. Poly (2-alkyl-2-oxazolines) are synthe-
sized from readily available monomers. Some poly(2-alkyl-2-oxazolines)
are soluble in water and in some other common polar organic solvents.

The present study was designed to develop, optimize and compare
ciprofloxacin-loaded solid lipid nanoparticles coated with chitosan
(CSLN) and poly(2-ethyl-2-oxazoline) (POZylated SLN, PSLN) by using
different ratios of lipid and polymer through the statistical design expert
approach — Box-Behnken design (BBD). Ciprofloxacin (CIP) was selected
as the model drug because of its potential benefits in the treatment of
anterior segment eye infections. After screening for formulation pa-
rameters that affect the quality of PSLN formulation, BBD was used to
investigate the individual and interaction effects of the weight of drug,
lipid/polymer ratio and surfactant on particle size and entrapment ef-
ficiency of PSLN. An optimized PSLN was obtained using the predicted
optimum levels of the formulation parameters. CIP-loaded SLN (SLN)
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and chitosan coated SLN (CSLN) were also prepared using the same
method for comparison. The physicochemical properties, release pro-
files, mucoadhesion and corneal permeation properties of optimized
PSLN, SLN and CSLN were investigated.

2. Materials and methods
2.1. Materials

Ciprofloxacin, Tween® 80, poly(2-ethyl-2-oxazoline) (average Mw
~50,000 Da, PDI 3-4), chitosan (low molecular weight), fluorescein
sodium, FITC-dextran, acetone and absolute ethanol (>99.8%) were
purchased from Sigma-Aldrich (Gillingham, UK). Compritol® ATO 888
was kindly provided by Gattefossé (St. Priest, France). All the other re-
agents and solvents were of analytical grade. The porcine corneas used
in this study were obtained from P.C. Turner Abattoir (Hampshire, UK).

2.2. Methods

2.2.1. Response surface design

After the identification of the factors that affect the quality of the SLN
in the preliminary study, a response surface methodology (RSM) design
was used to statistically investigate the effects of these parameters on
selected responses. BBD, a 3-factor, 3-level design, was used to optimize
the independent variables and to evaluate both the main and interaction
effects on the dependent variables using Design-Expert 12.0.0.6 soft-
ware (Stat-Ease Inc., Mineapolis, USA). The independent variables used
were amount of drug, lipid/polymer ratio and surfactant concentration;
and their effects on particle size and encapsulation efficiency were
investigated. The dependent and independent variables selected for the
POZylated SLN are shown in Table S1 along with their low (—1), me-
dium (0) and high (+1) levels. These levels were selected based on the
results of the preliminary experiments.

A total of 17 experimental runs were carried out. Twelve out of the
17 runs represent the mid-point of each edge of a cube and the
remaining five runs are the replicates of the cube’s center point.
Quadratic and linear models were generated as: Y; = bg + b1X; + baXa
+bsXz+biax1xa+bizx1x3+byx2x3+byyxT+boyx3+
bss x 3 and Yo = by + b1Xy + byXs + bsXs respectively; where Y; and Yo
are the measured responses; by is constant; bj, by, bs are linear co-
efficients, byo, by3, bog are interaction coefficients among three factors,
b11, bag, b3z are quadratic coefficients of observed experimental values;
and Xj, X3 and X3 are levels of independent variables. The responses
were evaluated statistically using analysis of variance (ANOVA).
Further, the optimum formulation was selected by the numerical point
prediction.

2.2.2. Preparation of PSLN, SLN and CSLN formulations

Ciprofloxacin loaded POZylated SLN (PSLN) were prepared by a
combination of melt-emulsion sonication and low-temperature solidifi-
cation methods [23,24]. Briefly, Compritol and poly
(2-ethyl-2-oxazoline) (PEOx) were dispersed in 1 mL of 1:1 mixture of
absolute ethanol and acetone, and then heated to 80 °C in a water bath.
Appropriate amount of CIP was weighed out and dissolved in the molten
lipid/polymer mixture. Aqueous surfactant solution (5 mL) heated to the
same temperature as the lipid phase was added to the solution. The
mixture was stirred on a magnetic stirrer at 400 rpm for 5 min and the
coarse emulsion formed was sonicated using a probe sonicator (Fish-
erbrand 120, Fisher scientific, UK) at 60% amplitude for 5 min. The
produced emulsion was added to chilled water (2-4 °C) and stirred using
a magnetic stirrer for 30 min to yield a uniform dispersion of the
nanoparticles.

For the SLN formulation, Compritol was used alone without PEOx.
For chitosan coated SLN (CSLN), 0.5% solution of chitosan was prepared
in 0.1% acetic acid solution. Chilled chitosan solution was used in place
of chilled water. All other steps remained the same. Composition of the



A.L. Onugwu et al.

formulations is shown in Table 1.
2.2.3. Characterization

2.2.3.1. Particle size and zeta potential. The size and the polydispersity
index (PDI) of all the formulations were measured using a zetasizer
(Zetasizer-Nano ZS, Malvern Instruments Ltd., U.K.) through dynamic
light scattering technique. All samples were diluted by 100-fold with
ultrapure water prior to the measurement. For size analysis, a mea-
surement angle of 173° was used with the backscattering technique.
Electrophoretic mobility measurements for the determination of the zeta
potentials were performed using the same equipment. All measurements
were performed in triplicate.

2.2.3.2. Differential scanning calorimetry (DSC). The excipients, phys-
ical mixtures of the excipients and lyophilized formulations were char-
acterized by differential scanning calorimetry (DSC Q2000, TA
instruments, USA). All the samples were weighed (3-15 mg) accurately
and hermetically sealed in the aluminum pan; and an empty aluminum
pan was used as a reference. The samples were heated at a rate of 10 °C/
min from 40 to 300 °C under the inert atmosphere of nitrogen at a rate of
50 mL/min. Overlaid thermograms of drug, excipients, physical
mixture, and formulations were recorded.

2.2.3.3. Powdered X-ray diffraction (PXRD). PXRD analysis was per-
formed using powder X-ray diffractometer (D8 Powder Diffractometer,
Brucker, US) for the pure excipients, physical mixtures of excipients and
lyophilized formulations. All the PXRD patterns were recorded at
ambient temperature at 20 diffraction angle in a range of 5-65°. The
d spacings of the main reflections of the materials were calculated using
Bragg equation (equation (1)), while the crystallinity of the ciproflox-
acin, Compritol, physical mixtures of the excipients and lyophilized
formulations was calculated using equation (2) [25].

nA =2dsin0 [1]

where 1 is the wavelength of the incident X-ray beam, n is a positive
integer which describes the order of the interference and 6 is the scat-
tering angle. The parameter d is the interlayer spacing.

Area of crystalline peaks

Crystallinity (%) = 100
rystallinity (%) Area of all peaks (Crystalline + Amorphous) x
(2]

2.2.3.4. Transmission electron microscopy. The morphology of the
nanoparticles was investigated using transmission electron microscope
(TEM) (JEM-1010; JEOL Ltd, Tokyo, Japan) operating at 200 kV. One
drop of the formulations was deposited on a carbon-coated copper grid
stained with uranyl acetate. The grid was inserted into microscope using
a holder and images were taken at 104,000x and 69,200x
magnification.

2.2.3.5. HPLC determination of ciprofloxacin. A validated isocratic
HPLC method was used for the analysis of ciprofloxacin with slight
modification [26]. HPLC system (Agilent 1100 system, Agilent

Table 1

Composition of optimized PSLN, SLN and CSLN formulations.
Excipients Optimized PSLN SLN CSLN
Ciprofloxacin (mg) 20 20 20
Compritol (mg) 150 150 150
Poly (2-ethyl-2-oxazoline) (mg) 150 - -
1:1 Ethanol/acetone (mL) 1 1 1
2% Tween 80 (mL) 5 5 5
Chilled water (g) qs 20 qs 20 -
0.5% Chitosan solution (g) - - qs 20
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Technologies, USA) was composed of a pump (Waters 1252, a binary
pump, USA) equipped with an automated sampling system (Waters 717
PlusAutosampler, USA). The system was monitored by ChemStation
software. The mobile phase consisted of an 80:20 mixture of 25 mM
orthophosphoric acid (adjusted to pH 3 with triethanolamine) and
methanol:acetonitrile (7:3). A reversed phase C18 column (5 pm particle
size, 4.6 x 150 mm, Waters) was used; and was maintained at 25 °C
during the analysis. The mobile phase flowed over the column at a rate
of 1.5 mL/min and total run time of 10 min. All the samples were
analyzed by injecting 20 pL of the sample and UV detector (Waters 2487
a Dual A Absorbance detector, USA) was set at wavelength of 277 nm.
The drug concentrations were quantified by analyzing the peak area.

2.2.3.6. Determination of entrapment efficiency of the nanoparticle for-
mulations. The entrapment efficiency of the formulations was analyzed
by ultracentrifugation method [27]. Samples were centrifuged in a
centrifuge (Microcentaur, MSE, UK) at 13,000 rpm for 1 h. The free
amount of ciprofloxacin in the supernatant was analyzed using HPLC.
Percent drug entrapment efficiency of the nanoparticle formulations
were calculated using equation (3).

Total drug — Free drug «

1
Total drug 00 31

Entrapment efficiency (%)=

2.2.4. Invitro release study

Invitro release studies of the optimized formulations were performed
using the dialysis bag method [28]. Prior to the test, the dialysis bag
(MWCO 12-14 kDa dialysis tubing, Medicell membrane, UK) was soaked
in deionised water for 12 h. Artificial tear fluid (ATF) used as a release
medium was prepared by dissolving 6.78 g NaCl, 2.18 g NaHCO3, 1.38 g
KCl and 0.084 g of CaCly-2H,0 in 1 L of deionised water and the pH
adjusted to 7.4 [48]. A 2 mL aliquot of the sample was placed into the
dialysis bag tied at the two ends and placed into 25 mL of release me-
dium. The set up was maintained at 37 & 1 °C and magnetically stirred
at 100 rpm. The release medium (1 mL) was withdrawn at fixed time
intervals and the same volume of fresh medium was added to maintain
sink condition. The amount of drug released was determined using
HPLC.

2.2.5. Mechanism and kinetic of release studies

Zero-order, first-order, Higuchi and the Korsmeyer-Peppas models
[29-31] were used to analyze the in vitro release data and to determine
the best model that describes ciprofloxacin release from the formula-
tions. Excel add-in DDsolver version 1 was used in fitting the release
profiles to the kinetic models [32]. The model with the lowest Akaike
information criterion (AIC), highest model selection criterion (MSC) and
highest adjusted coefficient of determination (Rz_adj) values was
considered as the best model to describe the mechanism of release of
ciprofloxacin from the nanoparticle formulations [33].

2.2.6. Mucoadhesion studies using porcine cornea

Mucoadhesion studies were performed according to previously re-
ported method [34]. Fluorescein sodium-containing formulations were
prepared by loading the formulations with 10 mg of fluorescein sodium
in place of ciprofloxacin using the method described above. Fluorescein
sodium-containing nanoparticle formulations and 0.5 mg/mL
FITC-dextran solution were used as test samples and negative control
respectively. Fluorescence microscope (Imager Al, Zeiss, Germany)
with an AxioCam MRm Zeiss camera at 0.80 magnification with 30.0 ms
exposure time and 1296 x 966 pixels was used to detect the fluorescence
intensity and capture microscopy images. Freshly slaughtered pig head
was transported from the abattoir to the laboratory within 2 h post-
mortem where the corneas were carefully dissected and used for the
mucoadhesion study. ATF was prepared and maintained at a tempera-
ture of 37 °C. A syringe (60 mL) was filled with ATF and attached to a
pump. Background microscopy images were recorded for each cornea
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sample prior to the experiment. A 30 pL volume of either fluorescently
labelled nanoparticle formulation or control was placed onto the corneal
surface, followed by 5 washing cycles, for each of which the cornea
tissue was irrigated with 2 mL of ATF at a rate of 0.2 mL/min using a
syringe pump. Fluorescence microscopy images were recorded imme-
diately after the initial treatment and after each wash with the cornea
tissue placed onto a glass slide. Each experiment was conducted in
triplicate. Microscopy images were analyzed with ImageJ® software to
get the fluorescence intensity (fluorescence, a. u.) after each wash and a
plot of fluorescence intensity as a function of the volume of ATF used
was presented. The mean fluorescence intensity values were normalized
by subtracting the background fluorescence provided by the cornea
tissue prior to exposing it to the test material and the initial (pre-wash)
fluorescence was taken as an intensity of 100%.

2.2.7. Corneal permeation study

The corneas taken from freshly slaughtered pigs were carefully
dissected along with 2-4 mm of surrounding sclera tissue from the
eyeball and washed with cold saline so as to remove any adhering pig-
ments. The washed cornea was preserved in freshly prepared phosphate
buffer saline (pH 7.4) at 4 °C.

The fresh corneas obtained from the above procedure were mounted
on the modified Franz diffusion apparatus by sandwiching the scleral
tissues between the clamped donor and the receiver chambers. Care was
taken to ensure that the epithelial surface of the cornea was towards the
donor side. The effective diffusion area was 0.79 cm?. A 2 mL volume of
ATF (pH, 7.4) was used to fill the receiver chamber and was maintained
at a temperature of 35 °C and stirred using a magnetic stirrer. Volumes
of the samples (PSLN, SLN and CSLN formulations) equivalent to 1 mg of
the drug were placed on the epithelial surface of each cornea in the
donor chamber. At predetermined time points, 0.5 mL sample was
withdrawn through the sampling port and immediately replaced with an
equal volume of preheated ATF solution. Each sample was analyzed with
HPLC. The cumulative amounts of drug permeated per unit area of the
cornea was calculated using equation (4) [35].

y nl
C, +70 ZC1:| [4]

i=1

Vo
n =

Q=%

where Qy is the cumulative amount of drug permeated at scheduled time
interval, V, is the volume of receiver medium, V is the sampling volume,
A is the effective area of permeation, C, is the drug concentration in the
receiver medium at different times and C; is the drug concentration in
the receiver cell before each determination.

A graph of cumulative amount of drug permeated per unit area was
plotted against time and the steady state flux across the cornea was
obtained from the slope of the regression line of the linear part of the
plot. Apparent permeability coefficient was then calculated using
equation (5).

4Q

Ppp=——
PP At x Cy % 60 5]

where AQ/At is the flux across the corneal tissue, C, is the initial con-
centration of drug in donor compartment, and 60 is taken as the factor to
convert hour into minute.

2.2.8. Corneal hydration level

The scleral tissues of freshly excised cornea and the corneas used in
the permeation study were carefully excised. The corneas were weighed
and the weights recorded as Ww. The corneas were then dried at 70 °C
for 12 h and the dry weights taken and recorded as Wd. The level of
corneal hydration (HL %) was calculated using equation (6).

HL(%) = <w> x 100 [6]

w
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2.2.9. Data and statistical analysis

All experiments were performed in triplicates for validity of statis-
tical analysis. Results were expressed as mean + SD. ANOVA and Stu-
dent t-tests were performed on the data sets generated using SPSS
software. Differences were considered significant for p values < 0.05.

3. Results and discussion
3.1. Box-Behnken design

3.1.1. Experimental design and selection of models

A 3-factor, 3-level design matrix generated by Design Expert® soft-
ware was used to optimize the formulation parameters. Box-Benhken
design (BBD), a 3 factor, 3 level RSM design was used in this study for
the development and optimization of the process variables as it requires
less experimental runs when compared to other RSM designs such as
central composite design. Moreover, several researchers have used BBD
to develop and optimize lipid nanoparticles for ocular delivery, thus
confirming its validity and usefulness in the optimization process [36,
371.

Box-Behnken design is a cubic design characterized by set of 12
points lying at the midpoint of each edge of a multidimensional cube and
five center point replicates giving rise to 17 experimental runs. The 3
independent variables selected were the drug (X;), lipid/polymer (X5),
and surfactant (X3); while particle size (Y;) and entrapment efficiency
(Y3) were chosen as the dependent responses. The experimental runs,
the observed and predicted responses are given in Table S2.

Regression analysis of variance (ANOVA) was used to evaluate the
adequacy of the fit models. Quadratic and linear surface response
models were found to be adequate for the analysis of the effects of the
independent variables on particle size and entrapment efficiency
respectively as shown in Table S3. P-values of <0.05 indicate that model
terms are significant.

In this case X1, Xo, X1X3, X2X3, X3, X% are significant model terms for
Y; while X; was the only significant model term for Y. The values
greater than 0.1000 indicate the model terms are not significant.

The coefficient represents the expected change in response per unit
change in factor value when all remaining factors are kept constant. The
intercept in the design represents overall mean response of all the 17
runs. The positive sign before a factor indicates synergistic relationship,
while a negative sign indicates an antagonistic relationship between the
independent variable and the response. Expressions consisting of more
than one factor or higher order term in the regression analysis represent
interaction or quadratic relationships, respectively. The coded equation
is useful for predicting a response for given levels of each factor; and in
identifying the relative impact of the factors by comparing the factor
coefficients.

Response surface plots, depicting the effect of independent variables
on particle size and entrapment efficiency were plotted. The interaction
effects of two independent variables on a response were illustrated
graphically using contour plots. As these contour plots can only express
two independent variables at a time against the response, the third in-
dependent variable is fixed at the center point.

3.1.2. Effects of independent variables on particle size

The particle size for the 17 runs at the levels of the factors tested
ranged from 142 to 328 nm with a mean value of 206 nm. It was shown
that X, Xo, X1X3, XoX3, X? and X% were statistically significant param-
eters (p < 0.05) from the ANOVA test. This means that main, interaction
and quadratic effects of the independent variables are all necessary in
interpreting their effect on particle size. The quadratic equation gener-
ated from the analysis is shown below:
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Particle size =205.8 +34.25X, +32.25X, —4.75X3 — 8.25X, X, 4+ 11.75X, X3

—13.75X, X5 +21.225X7 — 8.775X3 + 55.225X3
[7]

The positive coefficient of X; (drug) indicates a synergistic effect on
particle size. This means that increase in the amount of drug increases
the particle size. At low level of drug, smaller nanoparticles were pro-
duced whereas particle size was higher upon increasing the drug. This is
expected because of the high molecular density at the inner phase with
increased drug loading. The interaction effect of drug and surfactant was
positive. Experimental run 12 with high levels of drug and surfactant
gave the highest particle size of 328 nm. The lipid/polymer ratio also
had a synergistic effect on particle size as indicated by the high positive
coefficient. At the low level of the ratio (0.5), the particle size ranged
from 142 to 233 nm, while at high level (0.83), the size range increased
to 220-312 nm. The higher the lipid/polymer ratio (i.e. higher lipid
content), the higher the viscosity of the dispersion which leads to higher
particle size by either decreasing the rate of diffusion of the organic
solvent or by resisting the breakdown effect of shear force during stirring
[38]. There was a negative interaction effect of lipid/polymer ratio and
surfactant on particle size. This means that the effect of lipid/polymer
ratio depends on the surfactant concentration; and at high level of sur-
factant concentration, increasing the ratio can lead to smaller particle
sizes. This is because the surfactant provides steric stabilization of the
lipid in the aqueous dispersion thereby preventing aggregation of the
nanoparticles [39].

The effect of the surfactant on particle size can be understood by the
high positive quadratic coefficient. The particle size of the nanoparticles
decreased as the concentration of surfactant was increased up to a point
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where further increase in surfactant concentration resulted to higher
particle sizes. At low level of surfactant, the molecules were insufficient
to cover the nanoparticles completely [39]. On increasing the surfactant
concentration, the interfacial tension between the lipid and the aqueous
phase is decreased leading to the formation and stabilization of smaller
nanoparticles. Further increase in surfactant concentration led to
increased particle size. This may be a result of a buildup of multiple
surfactant layers on the particles and the aggregation of excess surfac-
tant molecules with the nanoparticles. Significant positive interaction
effect of surfactant with drug and negative interaction effect of surfac-
tant with lipid polymer ratio on the particle size were observed. This
means that at higher lipid polymer ratio, increase in surfactant gave rise
to smaller particle size. 3D surface plots showing the interaction effects
of the different independent variables on particle size are shown in
Fig. 1.

3.1.3. Effects of independent variables on entrapment efficiency

The entrapment efficiency (EE) ranged from 93 to 97% for the level
combinations used (Table 2), while the mean was 94.7%, according to
the model intercept. ANOVA test for the observed encapsulation effi-
ciency percent data indicates that the linear model was significant and
fitting for the data. The generated equation in terms of coded values was
as follows:

Entrapment efficiency =94.65 + 1.37X; + 0.25X, — 0.125X; [8]

Amount of drug (X;) and lipid polymer ratio (X2) showed positive
effects, while surfactant concentration (X3) had a negative effect on
entrapment efficiency as seen in Fig. 2. At higher concentrations of the
drug, more of the drug was available to be entrapped inside the particles.

Particle size (mg)

Particle size (mg)

0.83
‘2 %
C: Surfactant (%) 15

958 B: Lipid:polymer
1 050

350

300

250

200

150

Particle size (mg)

100

C: Surfactant (%)

40

30

A: Drug (mg)

Fig. 1. 3D-response surface plots of the effects of independent variables on particle size: A) lipid/polymer ratio against amount of drug on particle size; B) surfactant
concentration against lipid/polymer ratio on particle size; C) surfactant concentration against amount of drug on particle size. The third parameter was kept constant

at the center point.
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Table 2
Physicochemical result of optimized PSLN, SLN and PSLN.
Formulation Particle size PDI Zeta Encapsulation
(nm) potential efficiency (%)
(mV)
Optimized 141 £1 0.193 + —35.6 £ 2.3 93+1
PSLN 0.004
SLN 179 £ 5 0.312 + —-30.5+ 0.4 95 +1
0.042
CSLN 213 +1 0.229 + +24.6 + 1.1 51 +2
0.004

This can be used to explain the increase in EE as the drug concentration
increases. An opposite effect on the EE was observed with surfactant
concentration. This negative effect could be attributed to partition
phenomena, as higher concentration of surfactant in the external phase
could have increased drug partition from internal to external phase,
leading to drug solubilization [40]. The synergistic effect of lipid poly-
mer ratio can be explained by the availability of more space to accom-
modate the drug molecules. Increase in lipid polymer ratio led to
increased viscosity of the dispersion which also reduced the diffusion of
the drug to the aqueous phase during formulation. The high entrapment
efficiency found with all the formulations can be attributed to the hy-
drophobic nature of ciprofloxacin.

3.1.4. Optimization and validation

The optimized formulation was obtained based on the criteria of
entrapment efficiency within the experimental range and minimum
particle size. Therefore, a new batch of PSLNs was prepared to validate
the reliability of optimization. The composition of the optimum
formulation was 20 mg ciprofloxacin, 0.5 lipid/polymer ratio and 2%
Tween® 80 with the predicted values as EE 93% and particle size 144
nm. The optimized formulation had a particle size of 141 + 1 nm and EE
of 93.2 + 0.4%, which was in good agreement with the predicted values,
thus indicating the validity and effectiveness of the Box-Behnken design.

3.2. Characterization

3.2.1. Particle size, polydispersity index (PDI) and zeta potential

The particle size, PDI and zeta potential (ZP) values of the optimized
PSLN, SLN and CSLN formulations are shown in Table 2. POZylation of
SLN resulted in smaller particle size, lower PDI and higher ZP. Coating
the nanoparticles with chitosan gave larger nanoparticles and this could
be as a result of adsorption of the chitosan macromolecules on the
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particle surface [41]. The differences in the particle sizes of the three
batches were significant (p < 0.05). All the formulations had a particle
size <250 nm, which means that they were suitable for ocular delivery
[42]. PDI is a measure of the sample heterogeneity and it is given by the
sample particle size distribution. PDI <0.3 is considered optimum, while
values < 0.5 are within acceptable limits [43]. The PDI of the formu-
lations were within the acceptable limits.

ZP is a measure of the surface charge of particles and it is an indi-
cation of the physical stability of particulate systems. When ZP value is
30 mV and above, the system is considered to be stable due to electro-
static repulsion (Miiller et al., 2001). The ZP values of PSLN, SLN and
CSLN formulations were —35.6 + 2.3, —30.5 + 0.4 and 24.6 + 1.1 mV,
respectively. The high absolute ZP values is an indication of good
physical stability of the formulations. The positive ZP of CSLN formu-
lations resulting from the cationic nature of chitosan will favour the
interaction between nanoparticles and the negatively charged corneal
membranes and consequently increase the residence time of the delivery
system [44].

High entrapment efficiency was observed for PSLN and SLN, and a
relatively lower EE observed for CSLN (Table 2). The primary de-
terminants of EE are lipid composition and drug solubility. Lipids made
up of combination of mono-, di- and triacylglycerols such as Compritol
have the ability to accommodate more drug molecules in the spaces
created between the carbon chains. The relative hydrophobicity of
ciprofloxacin also contributed to the high EE obtained with the
formulations.

3.2.2. Differential scanning calorimetry

Fig. 3 shows the differential scanning calorimetry (DSC) thermo-
grams of PSLN, SLN and CSLN. CIP and Compritol showed sharp, narrow
peaks at 272.88 °C and 72.96 °C with enthalpy of 158.7 J/g and 131.1 J/
g, respectively. These peaks represent their melting points and confirm
their crystalline nature. For the PSLN (Fig. 3A), the physical mixture,
which was composed of ciprofloxacin, Compritol, and PEOx, showed a
sharp narrow peak at 71.96 °C with enthalpy of 57.96 J/g, while the
optimized POZylated SLN showed a peak at 73.95 °C and enthalpy of
97.75 J/g. For SLN (Fig. 3A), the physical mixture (Compritol and cip-
rofloxacin) showed a peak at 72.37 °C and another smaller peak at
269.19 °C, which are representative peaks for Compritol and cipro-
floxacin, but the lyophilized SLN gave a single endothermic peak at
70.75 °C. For CSLN formulations (Fig, 3C), the physical mixture (cip-
rofloxacin, Compritol and chitosan) and the lyophilized CSLN gave
endothermic melting peaks at 73.90 °C with enthalpy of 112.4 J/g and
69.34 °C with enthalpy of 75.52 J/g, respectively. The summary of this
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Fig. 2. 3D-response surface plots of the effects of independent variables on EE: a) amount of drug against lipid/polymer ratio on entrapment efficiency; b) amount of
drug against surfactant concentration on entrapment efficiency. The third parameter was kept constant at the center point.
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result is given in Table 3.

A decrease in the enthalpy and height of the melting peaks with the
broadening of the peaks of the lyophilized formulations when compared
with the pure lipid indicates a decrease in the crystallinity of the lipids.
This shows that incorporating lipids in solid lipid nanoparticles led to
defects in the crystal lattice structure of the lipid, giving rise to more
space for drug entrapment [45]. The disappearance of the CIP melting
peak in the DSC thermograms of the formulations is an indication that
the drug was molecularly dispersed in the lipid matrix.

3.2.3. X-ray diffractometry

The crystallinity of CIP-loaded PSLN, SLN and CSLN was investigated
and compared with those of pure CIP, Compritol and physical mixtures
of the excipients (Fig. 4) using powdered X-ray diffractometry. CIP X-ray
diffractogram showed several sharp, narrow peaks with maximum peak
intensity at 20 = 25.47° (d = 3.49 A), indicating its crystalline nature.
The X-ray diffractogram of Compritol showed only two sharp peaks with
the maximum at 20 = 21.42° (d = 4.14 10\). In the case of PSLN physical
mixture, three major peaks were observed with the maximum peak at 26

Table 3
DSC and XRD characterization of the formulations.
Parameters Compritol  Ciprofloxacin ~ PSLN SLN CSLN
Mixture Lyophilized Mixture Lyophilized Physical Lyophilized
Physical PSLN Physical SLN Mixture CSLN
DSC
Melting peak (°C) 72.96 272.88 71.96 73.95 72.37, 70.75 73.90 69.34
269.19
Enthalpy (J/g) 131.3 158.7 57.96 97.75 112, 81.11 112.4 75.52
14.74
X-ray
26 of maximum intensity 21.42 25.47 21.55 19.62 21.40 19.59 21.50 21.58
©)
Corresponding d-spacing 4.14 3.49 4.12 4.52 4.15 4.52 4.13 4.12
&
Crystallinity (%) 43.41 80.58 32.35 20.37 53.03 37.87 22.72 14.50
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Fig. 4. X-ray diffraction patterns of (A) ciprofloxacin, Compritol, PEOx, physical mixture of excipients and lyophilized PSLN; (B) ciprofloxacin, Compritol, physical
mixture of excipients and lyophilized SLN; and (C) ciprofloxacin, Compritol, chitosan, physical mixture of excipients and lyophilized CSLN formulations.

= 21.55° (d = 4.12 A), which represented an overlapped peak of both
CIP and Compritol. The major peaks for ciprofloxacin and Compritol
were visible but with reduced intensities. The diffractogram of the
lyophilized PSLN gave three major peaks. The major peaks for CIP dis-
appeared from the diffraction pattern of the lyophilized PSLN indicating
its amorphous state in the formulation. In other words, CIP was suc-
cessfully entrapped in the core of the lipid. The overlaid diffractograms
of SLN and CSLN showed similar result as that of PSLN. The peaks of
maximum intensities were at 20 = 19.59° (d = 4.53 A) and 20 = 21.58°
(d = 4.12 A) for lyophilized SLN and CSLN, respectively. However, three
major peaks were observed for both between 20 = 19.5° and 260 = 24°.
The sharp decrease in the peak intensities of the lyophilized PSLN, SLN
and CSLN when compared to that of Compritol indicates a marked
decrease in the crystallinity of the formulations. The calculated crys-
tallinities for CIP, Compritol, lyophilized PSLN, SLN and CSLN were
80.58%, 43.41%, 20.37%, 37.87% and 14.50%, respectively. This
decrease in crystallinities of the formulations confirms previous result
from DSC analysis, meaning that there would be enough space where
drug would be incorporated compared to the pure lipid.

3.2.4. Transmission electron microscopy (TEM)

Transmission electron microscopy was used to investigate the
morphology of the formulations. The micrographs of the formulations
(Fig. 5) showed well-identified spherical polymer-coated structures with
sizes consistent with the data of the particle size analysis using dynamic
light scattering. The fused nanoparticles present in the micrographs may
be due to the sample preparation process before the analysis.

3.3. Invitro release study

For a drug to exert any pharmacological action, it has to leave the
drug product and diffuse into the surrounding biological medium. The
release of CIP from the formulation was investigated and the summary of

the result is shown in Fig. 6. The cumulative amounts of drug released
from optimized PSLN, SLN and CSLN after 24 h were 73 + 3%, 75 £+ 1%
and 71 + 3%, respectively. There was initial burst release of CIP fol-
lowed by gradual release which was sustained for 24 h for all the for-
mulations. This release pattern is similar to what we got in our previous
paper on the permeation of lipid based microsuspension [6]. The initial
burst release, which is attributed to free or loosely bound drug, was
higher with CSLN formulation as there was more than 30% cumulative
drug release within the first 2 h. This correlates with its lower entrap-
ment efficiency giving rise to higher concentration of free drug.

The mechanism and kinetics of drug release was investigated by the
model dependent method using DDSolver Excel add-in application. The
parameters used in assessing the model with the best fit were RZ
adjusted, MSC, and AIC and the result obtained is shown in Table 4.
Korsmeyer-Peppas model was considered the best model that described
the release mechanism for all the formulations because of the higher R%_
adjusted, lower AIC and higher MSC when compared to other models.

The release exponent (n) values for the Korsmeyer-Peppas model is
also shown in Table 4. All the formulations showed Fickian diffusion as
n < 0.45. This means that the drug release from these nanoparticles was
through the process of diffusion of the drug [30].

3.4. Mucoadhesion study

From the result of mucoadhesion study shown in Fig. 7 (a and b),
CSLN showed the greatest muco-adhesiveness to the porcine cornea,
followed by SLN and PSLN. Because of the positive charge of CSLN, there
is electrostatic interaction between the molecules and the negatively
charged ocular surface leading to decrease in tear wash out rate and
consequently higher retention on the ocular surface. The mucoadhesive
property of chitosan is well documented in literature [12,46]. The
retention of SLN and PSLN formulations by the ocular tissue though not
as high as CSLN was significant when compared to the negative control
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(p < 0.05). This is in agreement with report from several researchers as
presented in a review by Sanchez-Lépez et al. [10] on the mucoadhesive
properties of nanoparticles, which has been attributed to their nanosize
and increased surface area. Fig. 7 (a and b) clearly showed higher
fluorescence intensity of CSLN-treated excised cornea after washing the
surface with 10 mL of ATF compared with SLN and PSLN. This means
higher retention of CSLN on the corneal surface.

3.5. Ex vivo corneal permeation study

The corneal tissues present great barrier to ocular drug permeation
because of the biphasic nature of the layers and the presence of tight
junctions. The permeation of ciprofloxacin from the formulations
through porcine cornea was evaluated and the results are shown in
Fig. 8. Permeation parameters such as steady state flux and permeability
coefficient were evaluated for the formulations and the result shown in
Table 5. There was significant linear permeation of the drug from the
formulations through the porcine cornea. CSLN formulations showed
more permeation than the PSLN and CSLN formulations and exhibited
approximately 2-fold greater flux than PSLN and SLN. This may be as a
result of the ability of chitosan to reversibly disrupt the tight junctions of
the corneal epithelium thereby enhancing drug permeation.

The corneal hydration level (HL) is a parameter commonly used to
evaluate damage to cornea tissue. The normal range of HL (%) is
76-80%. A value above 83% denotes damages to the cornea epithelium
or endothelium [47]. As shown in Table 5, the corneal hydration values
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Table 4
Kinetics and mechanism of release parameters for nanoparticle formulations.
Models PSLN SLN CSLN
R2 adj. n AIC MSC RZ adj. n AIC MSC RZ adj. n AIC MSC
Zero order 0.245 - 77 -0.3 0.303 - 77 -0.2 —0.099 - 77 -0.9
First order 0.868 - 61 1.4 0.911 - 59 1.9 0.614 - 68 0.2
Higuchi 0.903 58 1.7 0.907 59 1.8 0.842 60 1.1
Korsmeyer-Peppas 0.942 0.38 54 2.2 0.931 0.39 57 2.0 0.994 0.30 30 4.3
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Fig. 7. (a) Fluorescence intensity values as a function of ATF volume and (b)
Fluorescence images showing the retention of PSLN, SLN and CSLN on porcine
cornea after washing with different volume of artificial tear fluid.

after the permeation studies for all the formulations were not higher
than 83%. This is an indication that the formulations did not cause any
damage to the corneal tissue during the studies.

4. Conclusion

Ciprofloxacin-loaded POZylated and chitosan-coated solid lipid
nanoparticles were successfully developed using Compritol as the lipid,
Tween 80 as the surfactant and poly(2-ethyl-2-oxazoline) or chitosan as
the polymer coating. An optimized formulation was obtained using Box-
Behnken design. The results obtained from the study showed that the
formulations have the potential to improve ocular drug delivery. SLN
coated with chitosan exhibited higher mucoadhesion and retention on
corneal tissues compared with POZylated SLN and also showed higher
flux and apparent permeability, but with lower entrapment efficiency.
Future research may include in vivo testing of the formulations devel-
oped in this work.

10

—e—PSLN —o—SLN —o—CSLN

Fig. 8. Corneal permeation of ciprofloxacin from optimized PSLN, SLN and
CSLN through porcine cornea.

Table 5
Corneal permeation parameters.

Steady state
flux (ng/cm?/

Apparent permeability
coefficient (cm/min) x

Hydration
level (%)

h) 107°
PSLN 0.95 £+ 0.16 1.59 + 0.27 79.0 £ 3.0
SLN 1.01 + 0.28 1.69 + 0.46 78.0 £ 5.0
CSLN 2.27 + 0.06 3.79 £ 0.10 80.0 +1.7
Control - - 78.0 £ 1.5
(untreated
cornea)
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