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Background: Mizolastine (MZL) is a dual-action nonsedating topical antihistamine anti-
inflammatory agent that is used to relieve allergic conditions, such as rhinitis and conjuncti-
vitis. Solid lipid nanoparticles (SLNs) are advanced delivery system in ophthalmology, with
the merits of increasing the corneal drug absorption and hence improved bioavailability with
the objective of ocular drug targeting.

Methods: First, MZL was formulated as MZL-SLNs by hot homogenization/ultrasonication
adopting a 37 full factorial design. Solid-state characterization, in vitro release, and stability
studies have been performed. Then, the optimized MZL-SLNs formula has been incorporated
into ocular hydrogels using 1.5% w/v Na alginate and 5% w/v polyvinylpyrrolidone Kq¢. The
gels were evaluated via in vitro release as well as in vivo studies by applying allergic
conjunctivitis congestion in a rabbit-eye model.

Results: The optimized formula (F4) was characterized by the highest entrapment efficiency
(86.5+£1.47%), the smallest mean particle size (202.3£13.59 nm), and reasonable zeta
potential (—22.03+3.65 mV). Solid-state characterization of the encapsulation of MZL in
SLNs was undertaken. In vitro results showed a sustained release profile from MZL-SLNs up
to 30 hours with a non-Fickian Higuchi kinetic model. Stability studies confirmed immut-
ability of freeze-dried MZL-SLNs (F4) upon storage for 6 months. Finally, hydrogel for-
mulations containing MZL-SLNs, proved ocular congestion disappearance with completely
repaired conjunctiva after 24 hours. Moreover, pretreatment with MZL-SLNs—loaded hydro-
gel imparted markedly decreased TNF-a and VEGF-expression levels in rabbits conjunctivae
compared with post-treatment with the same formula.

Conclusion: MZL-SLNs could be considered a promising stable sustained-release nano-
particulate system for preparing ocular hydrogel as effective antiallergy ocular delivery
systems.

Keywords: mizolastine, solid lipid nanoparticles, 3> full factorial design, sustained release,
in vivo study

Introduction
Currently existing topical antiallergy drugs are members of numerous pharmacolo-
gical classes, such as: antihistamines, nonsteroidal anti-inflammatory agents, mast-
cell stabilizers, dual-acting agents (mast-cell stabilizers with antihistamine action),
vasoconstrictors, corticosteroids, and calcineurin inhibitors.

Mizolastine (MZL) is a new benzimidazole-derivative nonsedating antihista-
mine with additional antiinflammatory properties, that is used to relieve seasonal
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and perennial allergic rhinitis. It is a peripherally acting,
selective Hj-receptor antagonist, recruitment neutrophil,
vascular endothelial growth factor (VEGF), tissue necrosis
factor (TNF-a), 5-lipoxygenase.™'® It constrains the action
of released histamine from activated mast cells, the che-
motaxis of inflammatory cells, and the expression of inter-
cellular adhesion molecule-1 (ICAM1) during an allergic
reaction.®’ MZL is rapidly absorbed from the gastrointest-
inal tract, with peak plasma concentration of 0.3 mg/L
being reached after about 1.5 hours. Plasma protein bind-
ing is about 98%. The mean elimination half-life is about
13 hours. It is water-insoluble (0.01 mg/mL), soluble in
DMSO, and slightly soluble in methanol and chloroform
by heating. It has pKa values of 9.99, 5.99, and 3.2 and it
is classified according to the Biopharmaceutics Drug
Disposition Classification System BDDCS as Class II
(low solubility, high permeability). Yet, there is not any
topical dosage form in the market containing MZL, and
the only available form is (Lastlerge) tablets, 10 mg once
daily.

MZL is among the dual-action topical antihistamines,
which are nowadays the main effective therapy against the
benign forms of allergic conjunctivitis. These agents have
the advantage of providing rapid relief of symptoms by
combining histamine receptor—antagonist action coupled
with the long-term benefit of mast-cell stabilization (multi-
modal agents). These combined pathways offer both
immediate and sustained relief during both early- and
late-phase ocular allergic reactions." A study performed
by Bansal et al’ revealed that controlled-release ocular
inserts of MZL using Eudragit RL100 and RS100 which
were capable of releasing the drug continuously at a con-
trolled rate for 5 days.

Solid lipid nanoparticles (SLNs) are flexible nanocar-
riers used for drug delivery in almost all routes of admin-
istration, including; ocular, parenteral, oral, and dermal.
They have ability to sustain the drug delivery profile and
consequently decrease the frequency of administrations
and improve the therapeutic effectiveness. In addition,
they can improve drug bioavailability and achieve
targeting.*

SLNs signify a motivating approach for ophthalmic
drug delivery, as they can increase the corneal absorption
of drugs, thus improving their bioavailability.** Moreover,
their biocompatibility and mucoadhesiveness characters
attain an improved ocular mucosa contact, with a pro-
longed drug corneal residence and objective ocular drug
targeting.*

Allergic conjunctivitis is an inflammatory disease that
influences the ocular surface: the lid, conjunctiva, and
cornea. It is triggered by abnormal immunohypersensitiv-
ity reactions to environmental allergens. The immunome-
chanism of allergic conjunctivitis is characterized by IgE-
mediated mast cell degranulation and/or T lymphocyte—
mediated immunohypersensitivity response.'*>*®

The aim of this work was to formulate and evaluate
MZL in SLNs using different lipid amounts and surfactant
percentages. Furthermore, adopting a 3® randomized full
factorial design to investigate the main influences and
interactions of independent variables on the physicochem-
ical properties of the prepared MZL-SLNs, ie, mean par-
ticle size (MPS), entrapment efficiency % (EE %),
polydispersity index (PDI), and zeta potential (ZP). In
addition, solid state characterization, in vitro release char-
acteristics, and kinetics of the optimized formula, and the
stability study at room and refrigerated temperatures for
the lyophilized powder of the improved formula were
investigated. Finally, the effects of the optimized MZL
SLNs—based ophthalmic hydrogels on noninfectious aller-
gic conjunctivitis in a rabbit model were applied.

Materials and Methods

Materials

MZL was provided by Medizen Pharmaceutical Industries,
Borg El Arab city, Alexandria, Egypt. Glyceryl monostea-
rate (GMS) pellets (melting point 57°-65°C), compritol
ATO 888 (glyceryl behenate) (melting point 65°-77°C)
and precirol ATO 5 (glyceryl palmitostearate) (melting
point 50°-60°C) were obtained as a gift from Gattefoseé
Co., Saint-Priest, Cedex, France. D-trehalose dihydrate
was purchased from Sisco Research Pvt, LTD, Mumbai,
India. Histamine acid phosphate was obtained from
Universal Fine Chemicals, India. Sodium chloride,
Tween 80 (polysorbate 80), propylene glycol, and stearic
acid were kindly supplied by Adwic Pharmaceutical
Chemicals, El Nasr, Egypt. Sodium lauryl sulfate (SLS)
was supplied by Merck, Germany, and 3,3-diaminbenzi-
dine tetrahydrochloride (DAB) was purchased from Dako,
Glostrup, Denmark. Methanol of HPLC grade was pur-
chased from Fisher Scientific, Germany. Sodium alginate
was purchased from BDH Chemical, Liverpool, England).
Methyl paraben and propyl paraben were obtained from
Clariant Chemicals, Switzerland. Polyvinylpyrrolidone
(PVP Kgp) was obtained from Sigma-Aldrich (Saint

Louis, MO, USA).
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Lipid Selection for SLNs (Lipid—Water Partitioning)

Partitioning of drug between lipids and the aqueous phase
was performed at a temperature above the melting point of
each selected lipid, ie, precirol ATO 5, glyceryl monostea-
rate (GMS), compritol ATO 888, and stearic acid. The
mixture of lipid and water in the ratio of 1:1 (w/w) was
stirred for one day to allow complete saturation, followed
by the drug addition. Then, the mixture was stirred for 3
days at each specified temperature (75°+3°C). After cool-
ing the mixture, the aqueous phase was separated, centri-
fuged (high-speed tabletop centrifuge model H1650-W,
Ray Wild, Germany) at 6,000 rpm for 30 minutes and
filtered. Spectrophotometric determination using an ultra-
violet-visible spectrophotometer (model UV-1601 PC,
Shimadzu, Kyoto, Japan) of the drug concentration in the
aqueous phase and lipids was made.”® The lipid possessed
a high drug partitioning has been selected. The partition
coefficient was calculated by using the Nernst equation

pc.= °

= Caq. M

where; P.C, is the partition coefficient and Co and Caq.:
drug concentration in the lipid and aqueous phases,
respectively.

Preparation of MZL-SLNs

Hot SLNs
preparation.**”**%° Temperature was adjusted to approxi-
mately 5°C above the melting point of GMS lipid at 70°C to
ensure complete melting of the lipid. Then, MZL (10 mg)

homogenization method was used for

was dissolved in 2 mL methanol and added to the lipid melt
at the same temperature. Aqueous sodium chloride (NaCl)
solution 20 mL (0.1 M) containing Tween 80 (surfactant)
having the same temperature was added, forming a hot pre-
emulsion by high-speed stirring over a magnetic stirrer
(Heidolph, USA, Table 1). The hot preemulsion was then
processed in a controlled-temperature ultrasonic homogeni-
zer (model VC505, Sonics & Materials, Inc., Newtown, CT,
USA) and adjusted at its maximum amplitude (100%) for 5
minutes (one pulse on and one pulse off).

The acquired nanoemulsion was recrystallized upon
cooling down to room temperature for 2 hours by contin-
uous stirring for evaporation of the organic solvent. SLNs
were collected by cooling centrifugation (CE16-
4X100RD, Acculab, USA) at 13,000 rpm for 90 minutes
and washed once with deionized water. All batches of
SLNs were produced at least in triplicate.

For lyophilization of MZL-SLNs, the collected nano-
particles were resuspended in deionized water containing
5% (w/v) D-trehalose dehydrate. After this, they were
prefrozen in a deep freezer at —8°C overnight, then they
were transferred to the lyophilizer (Labconco Lyph-Lock
4.5, USA) for 48 hours. Plain nanoparticles were prepared
using identical procedure variables to be used as blanks.
All samples were prepared in triplicate.

Design of Experiment and Statistical Analysis

The design of experiment (DOE) approach was used to
offer an efficient mean to optimize the hot homogenization
process and discover the cause and the effect relationships
between the processes variables and their outcomes in
order to explore a mathematical correlation between fac-
tors and parameters.

Preliminary optimization was carried out to study the
influence of process parameters, such as sonication time,
concentration of lipids, and concentration of surfactant.
Thereafter, plain SLNs and MZL-SLNs were prepared
following a 3® randomized full factorial design to investi-
gate the main influences and interactions of independent
variables on the physicochemical properties of the pre-
pared MZL-SLNs. Accordingly, nine possible combina-
tions of experimental trials, each with three runs, were
prepared.

Screening of MZL-SLNs dispersions using a three-
level and two-variable with 3% full factorial design was
the appropriate conditions for SLNs preparations.

For this design, lipid concentration A with three levels
(300 mg, 400 mg, and 600 mg) and emulsifier concentra-
tion B with three levels (0.25%, 0.5%, and 1% w/w) were

Table | Independent formulation variables and their levels applied using Design Expert

Factor | Name Type Low Medium High Low Medium High
actual actual level actual coded coded level coded
level level level level
Lipid concentration Numeric | 300 mg 400 mg 600 mg bl 0 +1
B Surfactant concentration | Numeric | 0.25% 0.5% 1% -1 0 +1
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selected as two critical process parameters (CPPs) [inde-
pendent variables], (Table 1). Four responses were chosen
to study their effect on particle size (PS), particle distribu-
tion, EE %, and ZP.

To understand the outcomes depending upon the values
of magnitude of coefficients and the supplementary posi-
tive (synergistic effect) or negative sign (antagonistic
effect),*’ a complete polynomial regression equation was
conducted as follow:

Y =bg+b; A+ byB+b; AB+bs A +bsB*  (2)

where; by is the intercept corresponding to the arithmetic
average of quantitative outcomes of nine runs, bjto bs
indicate coefficients calculated from the experimentally
detected values of Y. Besides, A, and B corresponding to
the coded levels of the independent variables. The term
“AB” represents an interaction term that indicates modifi-
cations in the response parameters when two factors are
concurrently changed. The main effects, A and B, symbo-
lize the mean result when changing one factor at a time
from its low to high value. Non-linearity in the model was
furthermore examined by the polynomial terms A% and B>,

The model was assessed in expressions of statistical
significance using ANOVA (Design Expert 12 (Stat-Ease,
Minneapolis, MN, USA). Surface-response plots and con-
tour plots were analyzed by preserving each factor at its
low, medium, and high levels and varying the other factors
over the range used in the study.

Characterization of MZL-SLNs

All the nine MZL-SLNs formulae were subjected to
assessment of PS, PDI, EE, and ZP. the results of critical
quality attributes (CQAs) for various formulations have
been recorded. The effect of CPPs on EE%, PS, and PDI
were quantified through polynomial coded equations.

MPS and PDI

PS and PDI values of all freshly prepared batches were
measured by photon correlation spectroscopy (PCS)
employing a Malvern Zetasizer (Zetasizer, Nano-ZS 90,
Malvern, UK) after 1:10 dilution with deionized water to
yield a suitable scattering intensity. Each measurement
was repeated three times.

Zeta Potential

Laser Doppler electrophoresis was used to evaluate parti-
cle electrophoretic movement through indirect determina-
tion of diffusion-layer thickness using the Nano-ZS 90.

Each sample was measured in triplicate after dilution at
25°C with the water refractive index fixed at 1.33.%

Entrapment Efficiency

A weight of 100 mg of each lyophilized MZL-SLNs for-
mulation was solubilized in 50 mL methanol in 50 mL
volumetric flasks and sonicated for 15 minutes to liberate
the drug, heated to 80°C, then suitably diluted with
methanol.

The samples were filtered. The EE of MZL-SLNs was
estimated using the spectrophotometer (Ay,.=230 nm). For
each formulation, the results are presented as mean values
of triplicate samplings. EE % was determined using the
following equation:

Amount of entrapped MZL

EE% =
° Total amount of MZL

x 100  (3)

Evaluation of Optimized (F4) of MZL-
SLNs

Transmission Electron Microscopy (TEM)
Morphological examination of suspended F4-SLNs was
performed using TEM (JEM-2000EX II, JEOL, Tokyo,
Japan) which was operated at 80 kV after dilution of 1
mL of the prepared F4-SLNs ten fold times with deionized
water. After that, sonication for 10 minutes by means of an
ultrasonic bath was performed. One drop of the diluted
sample was drop-cast on the surface of a carbon-coated
copper grid and dried for 5 minutes at room temperature.
Finally, image capture and analysis using Digital
Micrograph and Soft Imaging Viewer software were
investigated.

Scanning Electron Microscopy (SEM)

The surface morphology, shape and homogeneity of the
drug, GMS lipid and the optimized SLNs were investi-
gated using SEM (X-MaxN, JSM-6510LV, Oxford
Instruments, UK). Mounting of the specimens with gold
under low vacuum was performed prior to examination by
means of a direct-current sputter coater to ensure super-
ficial electro-conductivity of particles.”

Fourier-Transform Infrared Spectroscopy
(FT-IR Spectroscopy)

Spectra of MZL, GMS, Tween 80, their physical mixture
corresponding to the optimized formula, freeze-dried F4,
and its plain SLN were obtained by the aid of FT-IR
spectroscopy (Thermo Fisher Scientific iS10 Nicolet).
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Small samples (2 mg) were incorporated with potassium
bromide. Then, they were ground into fine powder and
pressed into KBr disks with a hydrostatic press. The scan-

ning range was 500 to 4,000 cm™ .

Differential Scanning Calorimetry (DSC)

Around 10 mg samples of each of MZI, GMS, and physi-
cal mixtures with the same ratio of the chosen formula.
Freeze-dried F4 and its plain SLNs were held in standard
aluminum pans of (Shimadzu DSC 50, Tokyo, Japan) and
heated over a range (35°-300°C) at a heating rate of 10°C/
min under a constant dry nitrogen atmosphere, purging at a

flow rate of 20 mL/min.%?

X-Ray Diffractometry (XRD)

Any changes in the crystallinity of the compounds before
and after formulation was investigated by XRD analysis
using (Rigaku Rint-2500VL, Tokyo, Japan). X-ray diffrac-
tograms of MZL, GMS, physical mixture corresponding to
the optimized formula, in addition to freeze-dried SLNs of
the optimized F4 and its plain SLNs were achieved via
X-ray diffractometer equipped with Cu-Ko radiation at 3°—
50°C at 26 angle under 45 kV voltage and 9 mA current.”'

Preparation of MZL-SLNs Based
Hydrogels

MZL-SLNs (F4) composed of blends of lipid (GMS)
weighing 400 mg (0.08%) and with 0.5% w/v Tween 80
as a stabilizer were selected for optimal formulae with
small particles, low PDI, and high ZP and EE %.

Hydrogel was introduced for obtaining the viscosity
levels suitable for topical ocular application. Briefly, a
gelling mixture (1.5% w/v Na alginate with 5% w/v PVP
Koo) was well dispersed in distilled water with the addition
of propylene glycol (10% w/v) as a plasticizer. Then, the
appropriate weight of the lyophilized MZL-SLNs equiva-
lent to 1 mg MZL/g hydrogel and the same weight of plain
lyophilized SLNs were mixed with a homogenizer to
obtain medicated and plain hydrogels, respectively.

The dispersion was neutralized with NaOH-solution
drops, adjusting the pH value to 6.5—7 under mild stirring.
Methyl paraben and propyl paraben (ratio 1:1) were used
as preservatives (0.1% w/v). The final prepared hydrogel
containing 0.1% w/v MZL was left overnight without
stirring to get rid of any air bubbles. The drug-loaded
SLNs hydrogel formula was stored at 2°-8°C until use.

The same protocol was used for preparation of blank
hydrogels as negative (no treatment) controls.

In Vitro Drug Release Studies

In vitro release of MZL from the freshly lyophilized
medicated SLNs (F4) was studied. Specific weights (1 g)
of the prepared hydrogels were uniformly spread over a
modified vertical Franz diffusion cell of a diameter 2.5 cm,
in addition to an aqueous suspension (as a control). In
vitro release of blank hydrogel containing free drug was
also considered. A dialysis membrane having a molecular
weight cutoff between 12,000—14,000 Dalton was utilized
and tightlyinvolved between the donor and receptor
compartments.

The receptor chamber contained 70 mL release med-
ium composed of phosphate buffer pH 6.8 containing
0.5% w/v SLS. The dialysis membrane was soaked over-
night in the release media before mounting it into the
diffusion cell. Franz diffusion cells were placed in a GFL
(Gesellschaft fur Labortechnik,
Burgwedel, Germany) maintained at 37°+0.5°C and con-

shaking incubator
tinuously stirred at 100 rpm during the entire experiment.
Lyophilized plain SLNs and medicated F4- SLNs contain-
ing the equivalent of 1+£0.12 mg MZL were suspended in
distilled water and sonicated, then placed in the donor
compartment. Aliquots (2 mL) of the dissolution media
were withdrawn at different intervals up to 36 hours,
filtered through a 0.45 um Millipore filter, then replenished
with fresh medium in order to maintain the sink condition
throughout the experiment. Also, free MZL suspension
experienced the same procedures to be used as a control.

The samples were extra-analyzed for drug concentra-
tion by the spectrophotometer at 230 nm. Each experiment
was completed in triplicate, and the cumulative MZL
released % was calculated at each time interval.

Release-Data Analysis

In order to define the release kinetics of the drug from the
SLNs and its prepared hydrogel, in vitro release data were
fitted mathematically using the kinetic equations such as;
zero order, first order, Higuchi diffusion, and Korsmeyer—
Peppas semiempirical models. The choice of the superior
mathematical model was dependent on the kinetic release
profile that conveying the highest coefficient of determina-
tion (R%) using GraphPad Prism software version 6. Each
experiment was run in triplicate and the mean were
employed.
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Physical Stability of Optimized MZL-SLNs

The physical stability of the optimized formula (F4) was

estimated under diverse storage conditions using

International Conference for Harmonisation (ICH)
guidelines.?’

MZL-loaded SLNs aqueous dispersions (F4) were
freshly prepared, lyophilized, and stored in amber-glass
vials that were perfectly sealed, wrapped in aluminum
foil, and maintained at refrigerated (4°+1°C) and ambient
(25°+2°C, 60%+5% relative humidity) temperatures with-
out any movement for 6 months. The stability of the
selected formula was assessed after redispersion of
freeze-dried F4 powder, with parameters measured being
physical appearance, PS, distribution, surface charge, and
EE % at time O (initial), and after 1, 2, 3, 4, 5, and 6
months of storage. Plain SLNs were prepared and utilized
as controls.

Ocular Irritation Testing

The Draize test is the most reliable method for determin-
ing ocular irritation from plain and MZL-SLNs containing
sodium alginate/PVP Ko hydrogels.”® This optimized
ophthalmic formula was selected according to in vitro
drug release and stability data. All animal work was
approved by the Ethical Committee of the Faculty of
Pharmacy, Mansoura University, Egypt in accordance
with the guidelines outlined in the Guide for the Care
and Use of Laboratory Animals (NIH publication 85-23,
revised in 1985). Seven New Zealand male albino rabbits
were subjected to the administration of the optimized for-
mula in order to evaluate the degree of irritation. Draize
test uses a scoring system ranging from 0 (no irritation) to
3 (highest irritation and redness) for the cornea, iris, and
conjunctivae. The tested formula was applied in the con-
junctival sac of the right eye, and the left eye was kept as
control by instillation of saline. The cornea, iris, and con-
junctiva were examined for any signs of irritation or con-
gestion caused by the formulation. Testing the ocular
irritation score was done at intervals of 1, 2, 5, 8, and 24
hours after administration.”®

Induction of Congestion in Rabbits’ Eyes

The induction of conjunctivitis in rabbits’ eyes was made
by ocular instillation of a histamine solution in a concen-
tration of 1% (w/v).*> Two drops of the solution were
instilled into the two eyes of each rabbit. One of the eyes
served as a test using the tested ophthalmic formulation

and the second as control using saline drops. The eyes
were examined every 5 minutes until maximum hypere-
mia, which was developed after 30 minutes of histamine
solution instillation.

Treatment of Allergic Conjunctivitis

The experimental procedures obeyed the ethical principles
of the Scientific Committee of the Faculty of Pharmacy,
Mansoura University, Egypt for the use of experimental
animals. Four groups of male albino rabbits (six in each
group) weighing 2.0-2.5 kg were used. The rabbits were
subjected to normal feeding, ventilation, and illumination.
For each animal, one of the inflamed eyes served as a test
and the second as control. An appropriate weight of each
formula equivalent to 0.1 mg MZL was applied to the
tested eye, while 100 pL of saline drops were used in the
other eye. Treatment with MZL-loaded gel formula was
done 30 minutes from the histamine solution instillation
(maximum redness).

Tested Formulations
Four groups (n=6 per group) were divided as follows:

e Group I: normal untreated negative control (phos-
phate buffered saline (PBS drops))

e Group II: positive control (histamine solution)

e Group III: treatment with free MZL containing
sodium alginate/PVP Kgo hydrogel compared to
plain hydrogel

e Group IV: treatment with MZL- SLNs containing
sodium alginate/PVP Kgo hydrogel compared to
plain hydrogel

Ophthalmological Examination of Rabbits’
Eyes

Observations were made every 5 minutes for complete
removal of the eye redness throughout the study after the
application of the selected formulations. Corneas were
examined with a magnifying lens. In addition, the gross
appearance of control and tested eyes was photographed.

Histopathological Examination

The aim of this study was to assess the effects of topical
ocular MZL in an animal model of allergic conjunctivitis
in albino New Zealand rabbits, which were divided into
SiX groups:
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e Group I: normal untreated negative control (PBS
drops)

e Group II: positive control (histamine solution)

e Group III: post-treatment with free MZL-loaded
1.5% w/w sodium alginate/5% w/w PVP Kyg
hydrogel

e Group IV: post-treatment with MZL-SLNs—loaded
1.5% w/w sodium alginate/5% w/w PVP Kyg
hydrogel

e Group V: pre-treatment with free MZL-loaded 1.5%
w/w sodium alginate/5% w/w PVP Kgo hydrogel

e Group VI: pre-treatment with MZL- SLNs—loaded
1.5% w/w sodium alginate/5% w/w PVP Ky
hydrogel

The animals from each group were sacrified and conjunc-
tival specimens were dissected and immediately immersed
in neutral buffer formalin 10% for fixation. After 24 hours,
the samples were washed, dehydrated, and cleared.
Sectioning of paraffin-embedded tissue by microtome to
5 pm was done and stained with hematoxylin and eosin
(H&E) to be further examined using light microscopy.
Counting of eosinophils, plasma cells, and apoptotic cells
in four squares of 1 um diameter each per high-power field
were counted. The thickness of the covering epithelium of
the eyelids was measured with a Java-based image-proces-
sing program (ImageJ analysis).

Immunohistochemical Staining for
Localization of TNF-o and VEGF

Paraffin blocks of separated conjunctivae were sectioned
and immersed in clearing agents and then passed through
serial alcohol concentrations. After that, immunohisto-
chemistry protocol for VEGF and TNF-a paraffin blocks
was investigated by antigen retrieval by the aid of heating
in acetic acid (pH 6.0). This was followed by blocking of
endogenous peroxidase by H,O, (3%) for 10 minutes.
Incubation with primary antibodies against TNF-a and
VEGF rabbit polyclonal antibodies, ready to use, over-
night at 4°C was completed. Then, tissue samples were
washed three times with PBS, accompanied by the addi-
tion of anti-rabbit secondary antibodies for 1 hour.
Labeling was visualized by incubation with DAB chromo-
gen at room temperature for 5 minutes. This is utilized in
many applications for visualization of peroxidase activity.
In the peroxidase reaction, DAB serves as a hydrogen
donor in the presence of peroxide. The oxidized DAB

0.6

0.51

MZL log(P)

Lipids

Figure | Determination of drug-partition coefficient using different lipids.
Abbreviations: MZL, mizolastine; GMS, glycerylmono stearate; P, partition
coefficient.

forms an insoluble brown end product for use in immuno-
histological and immunoblotting staining procedures.
Finally, the sections were subsequently counterstained
with H&E. Immunopositive cells per 1,000 were counted
by using ImageJ ."°

Statistical Analysis

Statistical analysis was employed utilizing one-way ANOVA
followed by Tukey—Kramer multiple-comparison tests, as
well as Student’s #-test for stability study and comparison
of different groups. Student’s ¢-test was also used to compare
different groups using GraphPad Prism software version 6 at
P<0.05. All the results were given as means + SD.

Results and Discussion
Lipid Selection for SLNs

Based on partition-coefficient measurements of the drug,
GMS (log P = 0.55+0.11) was chosen as the lipid base for
preparation of MZL-SLNs (Figure 1). Its high biocompat-
ibility and sustained-release profile of made it an excellent

excipient for nanoformulation.

Optimization and Characterization of
MZL-SLNs

Hot homogenization is the preferred method to formulate
SLNs overloaded with hydrophobic drugs, owing to its
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Table 2 Coded independent variables and properties of MZL-loaded SLNs prepared according to 32 full factorial design

Formula Independent variables Dependent variables (mean * SD)

Code of (A) Code of (B) MPS (nm) PDI EE (%) ZP (mV)
Fl +1 +1 287.66+4.13 0.30+0.02 38.1+2.35 =21.1x1.2
F2 +1 0 296.2+2.03 0.24+0.04 53.0+3.35 —26.03+3.35
F3 +1 -1 500.07+10.6 0.34+0.14 88.5+0.71 —16.4+1.80
F4 0 0 185.36+2.56 0.26+0.01 86.5+1.47 —22.03+3.65
F5 0 +1 199.03+£0.91 0.36+0.04 29.2+6.28 —12.1£1.90
Fé6 0 -1 353.23£39.1 0.087+0.04 66.4+0.75 —15.6x1.55
F7 =1 +1 172.53+1.77 0.313+0.03 56.99+3.73 —10.8+0.46
F8 =1 0 213.06+2.65 0.30+0.026 80.8+1.47 —11.6%1.85
F9 =1 =1 460.5+33.5 0.195+0.14 75.8+2.46 —13.9+1.29

Abbreviations: MPS, mean particle size; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency; A, lipid amount variable; B, surfactant concentration

variable.

relative simplicity, efficiency, and enhanced EE, thus being
used in about 50% of the reported investigations.?’

We observed that after the addition of sodium chloride, PS
growth during centrifugation have increased and consequently
the efficiency of centrifugation, along with entrapment of the
drug inside the SLNs. This was interpreted due to the fact that
NaCl had a significant effect in the case of vesicles, provided
its concentration were sufficiently high (>50 mM), which
expected to be related primarily to osmotic pressure.”

SLNs have several characteristics, such as good drug-
loading capacity and the capability of entrapping both
hydrophilic and hydrophobic substances with numerous
properties, delivering drugs at defined rates and thus
enhancing their intracellular uptake. By means of lipids,
vesicles are being used as simplified models of cells and
biological membranes. Their similarity to biomembranes
makes them an ideal structure, not only for the study of
existing biosystems but also in the investigation of the
emergence, functioning, and evolution of original cells."?

Minimum PS, smallest PDI, maximum EE %, and
reasonable ZP are vital requirements and should be kept
in consideration for enhancing the drug absorption and
subsequently its bioavailability.

In terms of the full factorial design, the dependent
variables MPS, PDI, EE, and ZP were taken as signs of
the reproducibility and efficiency of the processing tech-
nique. From the data and parameters of factorial design for
F1-F9, polynomial equations for our four dependent vari-
ables were proposed and discussed (Table 2).

Analysis of MPS and PDI

Not only the average PS (nm) of SLNs is principal, but also
their PDI values which are measure of PS distribution.

Therefore, these two essential criteria of NPs influence drug
release rate, bio-distribution as well as bioavailability. As
lipid carriers larger than 100-150 nm can be taken up by
phagocytes or remain in tissues for an extended time.'’
Danaei et al 2018, highlighted the significance of size and
PDI in the successful design, formulation and development
of nanosystems for pharmaceutical, and other applications.

The PS of MZL-SLNs ranged from 172.53+1.77 nm to
500.07£10.6 nm which is primarily suitable for ocular
delivery while, PDI values ranged from 0.087+0.04 to
0.36+0.04 as overviewed in (Table 2). The small values
of PDI describe narrow-distribution for PS and offer a
homogenic suspension. Also, they are wanted to preserve
the colloidal dispersion stability devoid of microparticlu-
lates or precipitates development.

In the model fit for PS, P values suggested “quadratic
model” for MPS analysis which maximizing the Adjusted
R? and the Predicted R? however, linear model is sug-
gested for PDI as if there are many insignificant model
terms, model reduction may improve that model.

Equations 4 and 5 display the quantitative effect repre-
senting the regression model of formulation components
(independent variables A and B) on response parameters
(Y1 and Y2), in the form of their equivalent polynomial
equations and regression coefficients for MPS (Y1) and
PDI (Y2) as follows:

MPS (Y1) = + 181.23 4 37.634 — 109.94B
+ 19.314B + 75.684% + 97.04B>
PDI(Y2)= +0.26 + 0.002A + 0.067B (5)

The coded equation is beneficial for detecting the relative
impact of the factors by comparing the factor coefficients.

7782

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

El-Emam et al

A particle size (nm)

Design Pores

1714 - 5012
g
g
8
§
b
2
@
-1-9 T . T -
-1 -0.5 0 0.5 1
A: Lipid amount (mg)
C High level of A (600 mg)

Low level of B (0.05% w/v)

Size (nm)

0

B: Surfactant conc. (%) 05 -0.5 A: Lipid amount (mg)

aq -1

B PDI

@ DesgnPores

oos” [

B: Surfactant conc. (%)

-1 -0.5 0 0.5 1

A: Lipid amount (mg)

D High level of A (600 mg)
Low level of B (0.05% w/v)

B: Surfactant conc. (%) -0.5 0.5  A: Lipid amount (mg)

-1 -1

Figure 2 Contour (A and, B) and three-dimensional surface (C and, D) plots displaying the effect of the interaction between the amount of lipid (A) and surfactant

concentration (B) upon particle size and PDI.

The equation in terms of actual factors can be utilized in
making predictions about the response for given levels of
each factor. A coefficient with positive sign represents a
positive consequence. It has been noticed that, by increas-
ing the concentration of lipid (A) in the dispersion, gen-
erally larger particle sizes are attained. The largest MPS
obtained (500.07£10.6 nm) at high level (+1) of A and low
level (—1) of B from batch F3.

Lipid concentration was the major factor affecting
positively the above two responses, when increasing
GMS (A) from 300 mg to 600 mg and keeping B constant,
PS and PDI increased (Table 2). Similarly, the interaction

term AB, ie when lipid and surfactant were increased
together, caused moderate increase in the MPS which
may be due to the existence of lipid in comparatively
higher amounts denoting a synergistic effect upon PS.
The increase in the PS with increasing the amount of lipids
(A) may be due to the aggregation of more particles, resulting
in larger PS as they increase the viscosity and decrease the rate
of the diffusion into the aqueous phase leading to the forma-
tion of nanoparticles with higher size or lipid aggregates.'
On the other hand, the concentration of Tw 80 (B)
experienced a negative effect on PS however, experts a
negligible positive effect on PDI. As the surfactant
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concentration increased from 0.25% to 1% w/v, better
stabilization of the smaller lipid droplets was permitted
by reducing interfacial tension between the organic phase
and aqueous phase through formation of a steric barrier on
the particle surface, and thereby protect smaller particles
their
Accordingly, effective formation of a stable emulsion

and prevent coalescence into bigger ones.

with smaller and uniform droplet size nanoparticles with
low polydispersity is manifested.”>>'-*¢

The correlation between the dependent and independent
variables was extra clarified using response-surface and con-
tour plots. Figure 2 shows contour plots and 3D response
surface plots for MPS and PDI, respectively, illustrating the
influences of independent variables A and B on both response

parameters.

@ Above Surface

Entrapment Efficiency

This critical quality attribute (CQA) is an appropriate way
used to judge the effectiveness as well as reproducibility of
the processing technique. The EE% of the prepared SLNs
ranged from 29.2+6.28 to 88.5+0.71%. The obtained poly-
nomial equation for EE (%) is expressed as follows:

EE% (Y3) = +71.24 — 6.084 — 17.12B — 6.344B

6
+3.994% — 16.76B> ©

Upon careful examination of the previous equation, we
conclude that both concentration of lipid (A) the surfactant
concentration (B) had negative effect on EE%. A consid-
erably increase in entrapment of MZL was reached at low
level (— 1) of A (300 mg) and low level of B (0.25%) as in
batch F9 (75.842.46%).
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Figure 3 Contour (A and, C) and three-dimensional surface (B and, D) plots showing the effect of interactions between the amount of lipid and surfactant concentration

on entrapment efficiency and zeta potential, respectively.
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Table 3 ANOVA results for responses

Responses Source F value P value Inference Adjusted R*> | Predicted R* | Adequate precision
Particle size (Y1) Quadratic 108.81 <0.0001 Significant 0.9608 0.9330 24.02
PDI (Y2) Linear 9.31 0.0014 Significant 0.4302 0.1551 5.54
EE% (Y3) Quadratic 11.87 <0.0001 Significant 0.7118 0.5391 8.28
ZP (Y4) Quadratic 16.96 0.0008 Significant 0.7839 0.6212 12.95

Abbreviations: PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency.

Crystallization is strongly connected with drug incor-
poration and higher degree of crystallization reduces
drug entrapment in SLNs and vice versa. This may be
interpret the effect of GMS on EE% as this lipid type is
one of lipids which form highly crystalline particles
with a perfect lattice leading to drug expulsion espe-
cially at higher concentrations so the crystalline lattice
of GMS which prevents more efficient entrapment of the
drug in nanoparticles.’> Another explanation was that,
an augmented lipid concentration had a positive effect
on drug solubility within the lipid core with significant
increase in mixture viscosity.>

To make the interpretation of the influence of dif-
ferent CPP on the CQAs easier, the model equations
for different CQAs were used to create several graphi-
cal plots. Figure 3A and B show the contour plots and
three-dimensional (3D) response surface plots of EE.

It was revealed by the model graphs that the gradual
increase in the concentration of surfactant from 0.25 to
1% w/v resulted in an ongoing decrease in the EE of
SLNs formulations (Figure 3A). The higher value of the
B coefficient (17.12) specifies that the surfactant con-
centration is the major aspect that affects EE%. This
observed decline in EE could be clarified by partition
phenomenon. High surfactant level in the external phase
might increase the partition of drug from internal to
external phase due to the increased solubilization of
the drug in the external aqueous phase so extra amount
of drug can diffuse and dissolve in it.*°

This was confirmed in our design as formulations
contain relatively high amounts of surfactant such as
(F1 and F5) exhibited better leakage and consequently
decrease in EE% which possibly due to a reduction in
interfacial tension imparted by the rise in surfactant
concentration.

Amongst all the tested batches, the optimum PS with
maximum % EE was achieved in batch F4, formulated
with mixture of medium level of A (400 mg) and medium
level of (B) (0.5%).

Zeta Potential

The chemistry of the particles and the extent of repulsion
between similarly charged ones in the nanodispersion have
a major influence on the polarity. Usually, higher positive
or negative ZP values are necessary for SLNs as the
similar charges produce electrostatic repulsion and thereby
prevent the aggregation of particles. Such a criterion is
broadly helpful in prediction the colloidal suspension
stability.>*

In this design, SLNs enclosed by a non-ionic surfactant
like Tw 80 have a tendency to persist stable regardless of
having a relatively low value of ZP. That shield of SLNs
with surfactant reduces the electrophoretic mobility of the
particles by steric stabilization and thus lowers the ZP.** In
case of F4, ZP of about —22 mV, is still satisfactory to
entirely stabilize the system.

The obtained polynomial equation symbolizing the
regression for ZP model is as follows;

ZP(Y4) = —19.97 — 4.884 4 0.54B — 2.194B
—0.0144% + 5.05B>

The ZP of all the prepared formulae was regularly nega-
tive and in the range of — 10.8+0.46 to — 26.03+3.35 mV
(F7 and F2, Table 2). The polynomial equation revealed
that the lipid amount has negative coefficient concerning
ZP with a somewhat low numerical values while surfactant
concentration had a positive effect.

The contour and three-dimensional (3D) response sur-
face plots (Figure 3C and D) revealed that the ZP was
highest at high level of lipid (A) when intermediate level
of surfactant (B) was used. Furthermore, the lowest ZP
value was obtained at higher levels of A and B.

The regression analysis results for all the four
responses (Y1, Y2, Y3 and Y4) are summarized in
Table 3. The “Predicted R*” values for all the dependent
variables were found to be in reasonable agreement with
the “Adjusted R*” values.

The regression model equations prove that, the
response Y1 (MPS) was significantly affected by the
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Table 4 Adjusted levels of independent variables and predicted and observed responses for optimized formula

Optimized formula coded Optimized actual Responses *Predicted mean Observed experimental
level value value value
Lipid amount [0] 400 (mg) Y1 particle size 181.009 nm 185.36+2.56 nm

Y2 PDI 0.258 0.26+0.01
Surfactant concentration [0] 0.5 (%) Y3 EE (%) 71.91% 86.5%*1.47%

Y4 ZP =19.97 mV —22.03+3.65 mV

Note: *Point prediction at confidence of 95% and population of 99%.

Abbreviations: PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency.

positive effects of quadratic contribution of all model
terms (A, B, AB, A% and B?). While, Y2 (PDI) was
negatively affected by the linear contributions of both
factors (A) and (B). The response Y3 (EE%) was signifi-
cantly affected by the positive effects of quadratic impact
of the factor B besides A, B and B? are significant model
terms, whereas the response Y4 (ZP) was significantly

A25»

[ - N
o w o

Volume (percent)
w

influenced by the positive effects of quadratic involvement
of the terms A, AB and B?.

The response surface models were tested with
ANOVA. The model P value was < 0.05 level of signifi-
cance signifying that, the predicted model could well
describe the relationship between the independent and

dependent variables.
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Figure 4 Representative (A) particle size—distribution graph and (B) zeta potential distribution of optimized MZL-SLNs.
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Figure 5 Transmission electron microscopy of F4 -SLNs (A) and scanning electron microscopy (B) images of (I) MZL, (Il) GMS lipids, and (Ill) F4- SLN.

Adequate precision measures the signal to noise ratio.
A ratio greater than 4 is desirable. This model can be used
to navigate the design space.

Based on the Design Expert Version 12.0.9.0,
Response Surface (Study Type) User Defined design
type and a desirability factor of 88.2%, for optimiza-
tion with prediction goal fixed at minimized (PS and
PDI) and maximized (EE% and ZP), the optimized
formula F4 with (A [0] and B [0]) denoted the highest
EE% besides low PS and PDI was obtained. The opti-
mized MZL-SLNs was prepared with the optimized
level of component and process variables summarized
in Table 4.

The investigational values of PS, PDI, EE, and ZP
of the optimized F4 were established to be 185.36+2.56
nm, 0.26+0.01, 86.5£1.47% and —22.03+3.65 mV,
respectively. This SLNs formula will be subsequently
subjected to further evaluations. Figure 4 represents a
PS-distribution graph and ZP distribution of optimized
MZL-SLNs.

Transmission Electron Microscopy (TEM)
The size, shape, and surface morphology of nanoparticles
were visualized by transmission electron microscopy
(TEM) (Figure 5A). MZL-SLNs were uniform in size
and morphology, showed small particle in nano-sized dia-
meter and spherical shape with a lipid core enriched with
the drug and shell of surfactant.’

Scanning Electron Microscopy (SEM)

As apparent from Figure 5B, the particles of F4 are sphe-
rical and regular in shape with smooth surfaces and uni-
form distribution. There was a distant spread the particles

because of the lipoid nature of carriers and sample pre-
paration before SEM analysis.®

Fourier-Transform Infrared Spectroscopy
(FT-IR)

FT-IR helps us to confirm the identity of MZL and to
detect the drug interaction with other components.

The infrared spectrum of MZL is specified in
(Figure 6A (1)) indicating distinctive peaks at 3054 cm ™'
(C-H arom.), 2845-2933 cm ' (C-H aliph),
1511-1559 cm ' (aromatic rings), 1011 cm ' (C-N),
(3316-3417 cm™ ") peaks corresponding to N—H stretching
vibration and 1678 cm ™' depicted C=0 stretching.

The FT-IR spectrum of GMS (II) showed the existence
of characteristic IR peaks at 2851-2919 cm ™' that may be
linked to the carbon—hydrogen stretch in the -CH2 alkane
groups present in the acyl chain of the fatty acid. However,
the beak at 1179 cm™ ' is related to C-C stretch coupled to
CH2 and the peak at 1438 cm ' for (C=C). The wave
' is attributable to C=O stretching
vibration related to carboxylic group.*®

number at 1735 cm

Tw 80 spectrum (III) displayed an absorption band
at 2920 cm ' of methyl group (~CH3), while the band at
2864 cm ' was due to —CH,-stretching. The band at
1735 cm™" could be attributed to C=0.

The spectrum of physical mixture of F4 (IV) demon-
strated the summation bands of the drug and other compo-
nents with reduced intensities as a consequence of dilution
effect. The IR spectrum of lyophilized drug-loaded SLNs
(VI) showed the absence of the distinctive absorption
bands of MZL. This may be a reflection to the drug
entrapment inside the lipid matrix. These results were in
agreement with,”' who interpreted the absence of the drug
efficient

peaks as a result of better chance for
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Figure 6 Solid characterizations.

Notes: (A) FTIR spectra, (B) XRD patterns, and (C) DSC curves of (I) MZL, (Il)
GMS, (lll) Tween 80, (IV) physical mixture, (V) plain F4-SLNs, and (VI) drug-loaded
F4-SLNs.

Abbreviations: GMS, glyceryl monostearate; FTIR, Fourier-transform infrared
spectroscopy; DSC, differential scanning calorimetry; XRD, X-ray diffractometry.

incorporation of isoniazid in the free space generated
between the disrupted fatty acid chains.

Based on the results of FTIR, it revealed that there was
no significant interaction between the drug and lipid in
SLN formula, and MZL was compatible with the applied
FTIR excipients.

Powder X-Ray Diffractometry (PXRD)

PXRD analysis is an exclusive method that permits the
determination of the drug crystalline or amorphous state

and its crystal alterations.”® The XRD patterns of MZL,
GMS lipid, their physical mixture, plain F4-SLNs in addi-
tion to medicated one are presented in Figure 6B.

The XRD pattern of MZL (I) showed the principal
peaks at angles; 17.9°, 18.36°, and 34.5° at (20) angle,
representing the crystalline nature of drug. The reduction
in crystallinity of GMS was also evaluated by XRD ana-
lysis (II) which had distinguishing peaks at angle 19.5°,
22.9°, and 36.7°(20). The physical mixture (III) preserved
the characteristic peaks of both the drug and GMS.

Figure 6B (IV and V) illustrated a sharp decrease in
intensity of the lipid peaks indicating the reduction in
crystallinity of less ordered GMS crystals that were existed
in both plain and drug loaded SLNs formulae.

The loss of crystallinity in the XRD pattern of the
lyophilized MZL -loaded SLNs (F4) (V) was distinguished
through the disappearance of sharp peaks and the loss of
most distinctive peaks of the drug. These findings propose
the entrapment of MZL within the lipid imperfections in
an amorphous state. The change in crystallinity of lipid
and drug would be expected to affect the release profile of
drug from nanoparticles. The amorphous form is thought
to have several characters such as higher energy with a
superior surface area, subsequently, greater solubility, dis-
solution rates, and consequently improved
bioavailability.”®

As a result of the transformation of the drug crystal-
linity to an amorphous one or a disordered crystalline
phase of a molecular dispersion and decreasing the crystal-
line status of lipid, deep-rooted our results of the suitable
drug incorporation into SLNs. For the reason that, the less
ordered lipid matrix favors the increasing number of voids
in its structure. Thus, it is able to accommodate a larger
amount of drug. This explanation is corroborated with that

revealed by.*

Differential Scanning Calorimetry
Analysis (DSC)

DSC results signify the probable changes in crystallinity of
the lipid after the addition of the drug and formulation as
SLNS.

Figure 6C displays the DSC curves of the drug, GMS
lipid, their physical mixture, plain F4-SLNs as well as
medicated F4-SLNs.

The DSC thermogram of MZL (Figure 6C (I)) demon-
strated a melting endothermic peak at 223.5°C which
indicated the crystalline nature of pure Mzl; this also
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confirmed the XRD results. Figure 6C II showed distinc-
tive sharp endothermic peak of GMS at 60.8°C. That sharp
peak of bulk lipid clarified its crystalline nature.

The thermogram of their physical mixture (III) experi-
enced only one sharp melting point corresponding to the
bulk lipid (GMS) whereas, reduction of intensity of drug
endothermic peak with shifting to lower temperature at
203°C which owed to the partial molecular dispersion of
MZL in GMS during the run as the mixing of drug and
excipient, which lowered the purity of each component in
the mixture. This was similarly interpreted with,'® who
studied the decomposition of some drugs in well-defined
thermal events, translating the suitability of thermal tech-
niques for the characterization of the drug/excipients
interactions.

Markedly, the melting point of the bulk lipid (GMS)
was reduced after formulation as SLNs in both lyophilized
plain SLNs (56.6°C) (IV) and MZL -loaded SLNs (56.1°
C) (V). That decrease could be explained on the basis that,
the phase transition temperature of colloidal dispersion
was always much lower than that of the anhydrous lipid.>
Another interpretation for the decrease in the melting point
is that, the small PS of SLNs results in a high surface
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Figure 7 In vitro release profiles of control mizolastine suspension (CL), optimized
F4-SLNs, 0.1% w/v MZL-hydrogel, and F4 hydrogel formulae in phosphate buffer pH
6.8 containing 0.5% w/v SLS.

Notes: Data expressed as means * SD (n=3); SLS, sodium lauryl sulfate; SLNs,
solid-lipid nanoparticles.

energy, which creates an energetically suboptimal state
that results in lowering the melting peak>”.

The melting peak of MZL was disappeared in the ther-
mograms of MZL-SLNs formulation that specified com-
plete solubility or homogenous dispersion of the drug in
the lipid matrix upon heating of lipid. As the crystal is more
organized, less space is available for different molecules.
These molecules attend to disturb the thermodynamically
desired crystal ordering and accountable for higher drug
entrapping.”'

From DSC thermograms, no interaction between Mzl
and GMS was distinguished.

In Vitro Drug Release Study

In vitro release study has been completed up to 48 hours
by means of modified Franz-diffusion cell to illustrate the
mechanism of MZL release from SLNs. The in vitro
release of MZL from the drug suspension alone (CL) and
the selected MZL-SLNs F4 formula was done in phos-
phate-buffered pH 6.8 containing 0.5% w/v SLS at 37°C
to retain the sink condition as shown in Figure 7.

In general, the release of drug from lipid-based colloi-
dal systems was affected by several factors including;
temperature and nature of the release medium, drug load
and drug position in the particles, the dimension and con-
tour of the particles, the crystalline arrangement of the
drug and the lipids of the matrix, the nature of the stabiliz-
ing agents and their organization around the particles and
the manufacture method of the nanoparticles.?®

Free MZL diffusion reached 66.5+2.5% at nearly 8
hours at and approximately complete drug was released
within 24 hours. On the contrary, the release profile of
MZL from SLNs possessed a biphasic pattern, including a
burst and a sustained drug release that was essential to
prolong the retention time of the drug and ensure good
efficacy. It was fast approximately 43.7+1.3% was
released within 8 hours monitored by a slower and con-
tinuous release attaining 71.3+2.3% throughout 30 hours.

This biphasic release behavior may be linked to the fact
that, the presence of the hydrophobic long chain fatty acids in
the lipid forming SLNs hinders the drug release as a result of
the essential for the drug to be released from the core-shell
nanometer structure instead of being directly exposed to the
release medium and consequently, more sustained release
pattern is obtained.*

The initial burst effect could be related to the short
diffusion path of the drug portion positioned on the outer
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Table 5 Kinetic release models of free mizolastine (CL) and SLN-F4 formula at pH 6.8 containing 0.5% w/v SLS

Formula code Coefficient of determination

Korsmeyer-Peppas Main transport mechanism

Zero-order First-order Higuchi model R? N K
CL 0.8040 0.9770 0.9299 0.9446 0.77 1.0 Non-Fickian
SLN-F4 0.8766 0.9554 0.9680 0.9457 0.55 0.99 Non-Fickian

Notes: CL. free mizolastine suspension (control); N, diffusional exponent indicative of the mechanism of drug release (slope); K. intercept.

shell of the SLNs. These results are correlated well with,*’
who proposed that, the burst effect of ciprofloxacin was
due to the rapid dissolution of drug molecules that are on
the surface of the SLNs.

The second phase of slow release can be explained as,
MZL was dispersed and entrapped uniformly into the lipid
matrix and it can only be released from it through slow
dissolution and diffusion.

It was reported in a study by'* that, the PS has a direct
influence on the drug release profile as the smaller parti-
cles has a larger surface area exposed to release media that
principal for the high initial burst release effect.

Meanwhile, MZL-SLNs dispersed in gels produce
minimal burst release of drug. A minimization of such
initial burst and slower long-term drug release may be
attributable to diffusional resistance of the gel in a semi-
solid matrix as well as adhesion properties of the poly-
meric gel structure. Moreover, the thickness of the
diffusion boundary layer limits the release of drug mole-
cules into the aqueous buffer.®> However, the drug release
percent was 89.13+1.03% and 70.07+2.1% for MZL- and
F4- hydrogels, respectively within 48 hours. This may be
attributed to the diffusion of drug from the SLNs surface
and thereafter from the core.

Kinetic Analysis and Mechanism of Drug

Release

Drug release data were fitted to different kinetic models.
Fitting parameters such as correlation coefficients (R?) and
the exponent “n” for Korsmeyer-Peppas equation were
demonstrated in Table 5.

The data presented a better fitting to Higuchi model as
the R? value was comparatively greater than that of other
kinetic models which are 0.9164 and 0.9680 for the CL
and SLN-F4, respectively.

Korsmeyer-Peppas was shown to be the most appro-
priate model to further analyze the release of matrix-based
pharmaceutical dosage forms. It is required when the
release mechanism is not obvious or when more than one
release phenomena could be involved.™

The values of release exponent, n, observed using Peppas
model were found to be 0.5 <n <0.89, which elucidated that,
the release profile was a pairing of diffusion and erosion
mechanisms (anomalous non-Fickian transport).*?

Additionally, the drug pointed to “n” value closer to 0.5,
which displayed mainly diffusional drug release. Briefly,
drug release from polymer matrix was diffusion controlled
process rather than polymer erosion. These results were
found to be in agreement with those obtained by.*’

Table 6 Stability data for MZL-SLNs (F4) after storage at two different temperatures

Storage time Evaluation parameters
Refrigeration temperature (4°t1°C) Room temperature (25°t2°C)/60%*5% RH
MPS (nm) PDI EE (%) ZP (mV) MPS (nm) PDI EE (%) ZP (mV)

Initial 202.3£13.59 0.26+0.01 86.5+1.47 —22.03£3.65 | 202.3%13.59 | 0.26+0.01 86.5+1.47 | —22.03%3.65
| month 202.2£16.46 0.271+0.02 85.50+4.86 | —21.66+0.93 189.4+9.72 | 0.220+0.26 | 87.37+4.14 | —22.20%1.67
2 months 210.23£9.66 0.272+0.010 86.23+3.43 | —20.73%2.25 187.13+3.6 | 0.267+0.064 | 85.43+4.67 | —24.13+2.83
3 months 217.20£5.40 0.280+0.026 85.37+2.97 | —23.60+£3.27 | 188.10+5.60 | 0.257+0.047 | 84.6£0.96 | —20.80+1.31
4 months 216.03+£5.45 0.343+0.015 84471443 | —17.63£1.02 | 187.00+2.65 | 0.253+0.038 | 86.27+2.43 | —24.33+3.96
5 months 217.1+4.70 0.373%0.150 82.19+0.80 | —17.73£1.10 | 207.6x1.90 | 0.297+0.047 | 85.63+2.63 | —21.93+3.24
6 months 228.8+7.29* 0.385+0.013* | 77.66x1.55% | —16.43£0.92* | 209.77+6.57 | 0.290+0.79 | 84.40+3.21 | —18.86%+2.00

Notes: Data presented as means + SD (n=3). *P<0.05 vs initial.

Abbreviations: MZL, mizolastine; SLNs, solid lipid nanoparticles; MPS, mean particle size; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency.
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These results were found to be in agreement with those
obtained by,”> who reported that, the kinetic modeling of
in vitro release profiles of loratadine from SLNs can be
described by the anomalous transport or non-Fickian dif-
fusion mechanism.

Stability Study

The stability of the optimized SLN formulation (F4) was
emphasized by checking the physical appearance, PS, PDI,
ZP, and EE of MZL throughout the storage period at
refrigerated temperature and room temperature for a per-
iod of 6 months. During the whole storage period, we
could not observe any signs of drug crystallization, phase
separation or any modifications in their appearance such as
the color and odor in SLNs formulation.

The concern of size stability is more critical for NPs
than other drug delivery systems because of their imparted
large specific surface area. A comparatively slight increase
in the PS was noted (202.3+13.59 nm) relative to the size
prior to freeze drying (185.36+2.56 nm).

Table 6 illustrated that PS, size distribution, EE, and
ZP of F4 were changed from 202.3+13.59 nm, 0.26+0.01,

86.5£1.47% and —22.03+3.65 mV, to 209.77+6.57 nm,
0.290+0.79, 84.40+£3.21% and —18.86£2.00 mV, respec-
tively after 6 months.

It was obvious no extreme alterations in PS, PDI, EE%
and ZP (P<0.05) were recorded after the F4 storage at room
temperature for a period of 6 months. That showed high
stability occasioned by high energy barrier, and more elec-
trostatic repulsion. The ANOVA results clarified the insig-
nificant deviation in those parameters compared with the
initial ones all over the storage period at room temperature.

On contrary, at refrigeration condition, the PS of F4
was almost unchanged with maintenance of high ZP
values offering high energy barrier and more electrostatic
repulsion during the course of this investigation. With the
exception a significant increase at (P<0.05) in PS, PDI and
a reduction in the EE and ZP values at the 6th month of
the storage at refrigerated conditions were recorded.

The polymorphic transition of lipid matrix from a
metastable to a stable form leads to the expulsion of
drug from the lipid matrix and consequently creates an

increase in PS and a reduction in the entrapment
21,26

capacity.

Figure 8 Gross appearance of normal rabbit-eye normal conjunctiva and cornea with no mucus discharge (A), moderate hyperemia induced after |5 minutes of histamine
instillation (B), severe hyperemia induced after 30 minutes of histamine instillation (C), treated with plain hydrogel (D), after 24 hours of treatment with free drug—loaded

hydrogel (E), and after 24 hours of treatment with MZL-SLNs hydrogel (F).
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The conversion of SLNs into a lyophilized powder can
avoid the nanoparticles aggregation and thus, advance
their stability. Moreover, the hydrophobicity of lipid long
chain fatty acids forms less perfect crystals with many
imperfections. As a result, this may interrupt the recrys-
tallization affinity and thus may improve the physical
stability of prepared nanoparticles.’®>’

Therefore, the attained results revealed a strong con-
firmation of the stability of the freeze dried MZL-loaded
SLNs (F4) upon storage for 6 months especially at ambi-
ent conditions supplementary its efficiency for a long time.

Ocular Irritation Evaluation

No signs of irritation, redness, lacrimation or congestion
caused by the formulations. Testing the ocular irritation
score was done at intervals after administration with zero
scoring. Therefore, these results indicated that MZL-SLNs
loaded hydrogel formula is a non-irritant to eyes.

Ophthalmological Examination of Rabbits’
Eyes
Figure 8A displayed the gross appearance of normal rab-
bits’ eye indicating normal conjunctiva and cornea with no
mucus discharge, while Figure 8B displayed the gross
appearance of inflamed rabbits’ eye after 15 minutes
(moderate redness) and (C) after 30 minutes (severe red-
ness) of histamine solution instillation, respectively.
Figure 8D illustrated the effect of the plain formulation
of (sodium alginate/PVP «90) hydrogel, showing vascular-
ized diffuse macula and thickened conjunctiva with exces-
sive mucus and no curable symptoms. Whereas, Figure 8E
showed the effect of the tested free drug containing hydro-
gel on the inflamed rabbits’ eyes, presenting mild restora-
tion of the normal conjunctival mucosa and less edema.
Regarding the hydrogel formulation containing MZL-
SLNs, the complete disappearance of the ocular congestion
and repaired conjunctiva were observed after 24 hours (F).

Figure 9 Microscopy of histopathologic examination of conjunctiva in allergic conjunctivitis—model rabbits after topical application of different gel formulations. Normal
control (A), histamine (B), post-treated MZL gel (C), post-treated MZL-SLNs gel (D), pre-treated MZL gel (E) and pre-treated MZL-SLNs gel (F). H&E, 400x.

Notes: Normal conjunctiva showed stratified epithelia (arrows), and normal submucosa with normal stromal spindle-shaped fibroblasts (arrowheads). The histamine-
treated group displayed intense inflammatory exudates with predominance of macrophages, plasma cells (arrowheads) and eosinophilic scattering overlying epithelia

(arrows), which indicated hyperplasia and desquamation of the squamous epithelium.
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Table 7 Histological scores for eosinophils, plasma cells, apoptosis, and the thickness of mucosal epithelium in allergic conjunctivitis

rabbit model after topical application

Group | Group Il Group Il Group IV Group V Group VI
Eosinophilic count 0 6.6£0.2 3.25£0.49 2.5%+0.35 1.37+0.18 0.5%0.15
Plasma cell count 0 14.2+0.73 7.0x14 6.4£0.5 3+0.7 1.2+0.2
Thickness of epithelium (um) 1.6+.0.4 9.240.37 5.410.24 4.6+0.5 2.0+0.4 1.6+0.24
Apoptosis count 0.6+0.24 7.8%1.02 2.8+0.58 1.6+0.5 0.4£0.24 0.6+0.25
TNF-0 count 1.0+0.4 288.8+9.4 173.6+9.6 125.6+6.4 79.4+£2.8 28.8+2.8
VEGF count 4.3+0.98 605.8+21.5 447.8+18.75 399.4+5.8 284.4+5.5 188.6+5.5

Note: Data presented as means * SE.

Histopathological Examination

Allergic conjunctivitis is marked as pathological altera-
tions which characterized by eosinophilic recruitment
which being activated by releasing harmful mediators as
major basic protein, exotoxins and peroxidase, besides,
secretion of pro-inflammatory cytokines such as IL-la,
IL-1B, IL-6 or IL-8 as well as chemokines which have
adverse effects on the tissues.’?

The conjunctiva has high incidence of exposure to
multiple allergens and it is a highly sensitive, where, it
contains sebaceous glands and apocrine secreting glands
that produce the highly essential secretions for eye integ-
rity and vitality. Since allergic inflammatory response in
the conjunctiva is detrimental and its severity can be
estimated by the number of eosinophilic infiltrates and
other detrimental leukocytes in the inflammatory response
as plasma cells, macrophages and histiocytes, in addition
to pathological alterations in the conjunctival mucosa and
associated glandular tissue.

Normal group (Figure 9A) displayed normal mucosa
with normal lining epithelium which was approximately
five to six layers thick with the goblet cells scattered
through the epithelium and normal substantia propria
(stroma) consisted of delicate fibrous connective tissue
and free from the inflammatory infiltrates. Normal con-
junctiva showed stratified epithelium (arrow), and nor-
mal submucosa with normal stromal spindle-shaped
fibroblast (arrow head). Figure 9B demonstrated the
model of allergic conjunctivitis induced by histamine
instillation. Histamine treated group displayed intense
inflammatory exudate with predominance of macro-
phages, plasma cells (arrow head) and eosinophilic scat-
tering overlying epithelium (arrow), which announce
hyperplasia and desquamation of the squamous
epithelium.

Histamine is considered as a potent mediator released
from mast cells upon activation by allergen that initiates

allergic conjunctivitis. The histamine exposed conjunctiva
displayed intensive eosinophils which became activated
and degranulated at the lamina propria invading the con-
junctival epithelium. Also, plasma cells and histiocytic
infiltrates as immunogenic cells are extensively infiltrating
the conjunctival mucosa. The stroma showed hypercellu-
larity of fibroblasts and inflammatory cells. The blood
vessels appeared congested and dilated. Moreover, marked
hyperplasia and apoptosis were seen in the stratified squa-
mous epithelium in comparison to normal group.

Concerning, group III posttreated with free
MZL hydrogel, eosinophils invaded the epithelial layer
inducing  degenerative changes and hyperplasia.
Meanwhile, MZL-SLNs loaded hydrogel post-treated
group (IV) had a mild hyperplastic conjunctival epithelium
and eosinophils not invaded the epithelium which in con-
trary to free drug treated group III.

Of all groups, group V pre-treated with free drug loaded
hydrogel displayed inflammatory aggregate and moderate
eosinophilic recruitment which invades conjunctival mucosa.
The stroma exhibited less edema with few inflammatory cells
and some dilated blood vessels. While, the pre-treatment of
allergic conjunctivitis rabbits’ model with MZL-SLNs
loaded hydrogel (group VI) restored the normal conjunctival
mucosa with nearly normal thickness and normal lamina
propria, mild eosinophils and plasma cells infiltrates.

Generally, pre-treatment of allergic conjunctivitis
model rabbits with MZL-SLNs loaded hydrogels exhibited
improvement of ocular inflammatory manifestations both
clinically and by histopathological examination have pro-
nounced inflammatory infiltrates in comparison to post
treatment groups. That was detected by significant
decrease in the clinical scores. The histological scores for
eosinophils, plasma cells, apoptosis and the thickness of
mucosal epithelium were shown in Table 7.

The histological scores for eosinophils, plasma cells,

apoptosis and the thickness of mucosal epithelium were
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Figure 10 Effects of mizolastine pre-treatment and post-treatment on histamine-induced increase of eosinophil count (A), plasma cell count (B), thickness of epithelium

(C), and apoptosis count (D).

Notes: P<0.05 *vs normal negative control group, #ys histamine positive-control group, @ys post-treatment with free-drug hydrogel, and $vs free-drug pre-treatment using

Student’s t-test (unpaired).

demonstrated statistically differences between different
groups at (P<0.05). In general, ocular pretreatment with
MZL either free or as SLNs loaded hydrogels lowered the
pathologic scores and diminished the allergic symptoms.

The statistical results revealed that there was a signifi-
cant (P<0.05) elevation in eosinophilic count, plasma cell
count, thickness of epithelium and apoptosis count in
rabbits’ conjunctivae of positive control and post-treated
with free drug loaded hydrogel when compared to normal
control or pre-treated groups that indicate deleterious
alterations in mucosal epithelium and submucosa due to
hypersensitivity reaction.

Meanwhile, the ocular posttreatment with MZL-SLNs
hydrogels in group IV displayed evidence of pathological

alterations relative to free drug treated group, by time was
significantly decreased in eosinophils count, plasma cells
recruitment and reduced damage to the epithelium of rab-
bits’ conjunctivae with relatively decreased apoptosis
when compared to positive control.

Where groups V and VI pretreated with free Mzl loaded
hydrogel and MZL-SLNs loaded hydrogel, respectively, were
close to the normal group with minimal eosinophilic and
plasma cells infiltration (Figure 10 (I & 1II)), in addition to
relatively paucity apoptosis and normal conjunctival thickness
(Figure 10 (IlI&IV)). That insignificant difference between
normal control and rabbits’ conjunctivae received MZL-
SLNs loaded hydrogel regarding severity of all pathological
changes may be attributed to the fact that hydrogels containing
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MZL-SLNs significantly potentiated the anti-allergic activity
of MZL against histamine-induced conjunctivitis in rabbits’
model. These results may be due to their nano-size range which
results in the mutual enhanced corneal absorption, improving
ocular bioavailability on the eye surface and conjunctival sac,
prolonging the ocular retention time, and providing a sustained
drug release profile. Hence, SLNs can be an effective ocular
drug delivery system.**’

Regarding to free MZL either in post or pre-treatment
groups, there was a very significant (P<0.05) reduction in
these pathological changes only following pretreatment
with MZL loaded hydrogel.

Immunohistochemical Studies
Once eosinophils migrate to the tear film, they attach to
specific upregulated adhesion receptors like intercellular

adhesion molecule-1 on the activated conjunctival

epithelium through B2-integrin expressed on the eosinophil
surface.’

A recent study revealed that conjunctival infection can
cause systemic inflammatory responses involving the
induction of inflammatory cytokines, including IL-1p, IL-
6, IL-8 and TNF-a. It was previously identified that IL-1B
is an important inflammatory cytokine, and participates in
inflammatory responses to injury and autoimmune
diseases.'®

Also, it has been revealed that epithelial cells, inflam-
matory cells (eosinophils, monocytes/macrophages) and
fibroblasts VEGF following
stimulation.'®” Accordingly, it was selected in our study
two important biomarkers which are TNF-a and VEGF.

MZL was earlier reported to be effective and well toler-

conjunctival produce

ated in the long-term treatment of perennial allergic rhino-
conjunctivitis as it has a selective blockade of H; receptors.

: e
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Figure Il Microscopy of immunolabeling against TNF-a (A) and VEGF (B) in conjunctiva in allergic conjunctivitis-model rabbits after topical application of different gel
formulations: normal control (1), histamine (Il), post-treated MZL gel (lll), post-treated MZL-SLNs gel (IV), pre-treated MZL gel (V), and pre-treated MZL-SLNs gel (VI).
Notes: Immunolabeling against TNF-a and VEGF demonstrated increased or decreased expression at stratified squamous epithelia (black arrows). Expression in fibroblasts

and inflammatory cells in the lamina propria shown by blue arrows.

International Journal of Nanomedicine 2021:16

7795

Dove:


https://www.dovepress.com
https://www.dovepress.com

El-Emam et al Dove
A 400- B 400-
$ ™ $
@ @ N
* 2
3 3004 S $
5 £ 6007 . $
ER= $ 8 @
c
\o“-, = $ K #
o S x B *
7 2 e o #
g 3 200+ * D400+ @
oL S * $
2= # @ ° #
(<]
he} *
g 100+ e S 200- #
- $ * a $
@ # 3 @
# § #

N
GO

7/
7
%

h

A

L

R R K N
& & & ° & &

Figure 12 Effects of mizolastine pre-treatment and post-treatment on histamine-induced increase in expression of TNF-a (A) and VEGF (B) in rabbit conjunctivae in

comparison with normal and positive-control groups.

Notes: P<0.05 *vs normal negative-control group, ys histamine positive-control group, @ys post-treatment with free-drug hydrogel, $vs free-drug pre-treatment using

Student’s t-test (unpaired).

In animal models, it was demonstrated to have anti-inflam-
matory properties with effects persisting for more than 24
hours after a single dose via the inhibition of early and late
soluble intercellular adhesion molecule-1 release. However,
some anti-allergic effects of MZL observed in animal mod-
els, such as inhibition of histamine release from mast cells
and inhibition of cell migration.'”**

This was reported also in another study that emphasized
the fact that, MZL inhibits the release of histamine from
rodent mast cells and inhibits the releasing of soluble inter-
cellular adhesion molecule-1 and thus prevents the chemo-
taxis of the inflammatory cells.*

A study investigated by,'" demonstrated similarly that
MZL exerts a significant effect on early phase events,
reducing symptoms and pro-inflammatory cytokines.

Figure 11A and B demonstrated the immunolabeling
against TNF-a and VEGEF, respectively. Immuno-labeling
against VEGF and TNF-a demonstrated increased expres-
sion at the fibroblasts, inflammatory cells in the lamina
propria and stratified squamous epithelium in histamine
treated group (II) whereas, negative immunostaining in
normal control group (I).

Figure 11A and B (IIl and IV), indicated that, post-
treatment with Mzl-SLNs loaded hydrogels suppressed the
elevation of TNF-a and VEGF protein expression com-
pared with free MZL hydrogel and control groups.

Group V pre-treated with promising MZL-SLNs
loaded hydrogel displayed significant decrease in the
expression of both biomarkers in relation to group vi
which received the free MZL hydrogel (V& VI).

Statistical analysis using Student’s #-test (unpaired
t-test) of positive signal expression of TNF-a and VEGF
in both treatment regimens elucidated its significant decre-
ment in rabbits’ eyes that received MZL-SLNs hydrogel
when compared with positive control or free MZL treated
groups (Figure 12A and B).

Ocular posttreatment with free MZL loaded hydrogels
insignificantly affect the immunoreactivity. On the other
hand, there was a significant (P<0.05) reduction in TNF-a
and VEGF expression following MZL-SLNs hydrogels
either in pre- or post-treated groups in comparison with
the positive control.

In the present study, it was proven that MZL signifi-
cantly reduces TNF-a and VEGF protein expression levels
in rabbits’ model of conjunctivitis. The results indicated
that the integrated capability of MZL to downregulate
these proteins explain the pronounced effect of MZL-
SLNs hydrogel.

In agreement with histopathological examination, the
superiority of ocular pre- treatment with MZL-SLNs
loaded hydrogels over the free drug loaded hydrogel can
be suggested by the significantly (P<0.05) lowering of
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TNF-0 and VEGF protein expression than that produced
by either free drug or posttreated with MZL-SLNs loaded
hydrogels as well as the insignificantly different from that
recorded in normal group. Such superiority may be attrib-
uted to the increased intracellular protein expression
uptake as well as the improved mucoadhesion and ocular
retention of such hydrogels.

A study that has been performed by,” demonstrated that
SLNs enhance the ocular bioavailability of tobramycin by
increasing the residence time on the corneal surface and
conjunctiva when compared to an equal dose of tobramy-
cin aqueous solution.

Conclusion

MZL-SLNs were successfully prepared by hot homogeniza-
tion followed by ultrasonication technique. The full factorial
design paradigm was obeyed to adjust the CQAs. The opti-
mized MZL-SLN (F4) was characterized by the highest EE%
(86.5+1.47%), the smallest MPS (202.3+13.59 nm), reason-
able ZP of —22.034£3.65 mV. Solid state characterization
confirmed that MZL well encapsulated in SLNs as well as
the drug was in an amorphous state. TEM and SEM images
indicated the formation of spherical particles in nano-size
range. In vivo results of this study have confirmed the desir-
able potential of MZL-SLNs loaded hydrogel to reduce his-
tamine induced symptoms of conjunctivitis in rabbits’ eyes
model successfully. Moreover, pre-treatment with MZL-
SLNs loaded hydrogel imparted a reversal of the abnormal
regulation of inflammation as well as marked decreased
TNF-a and VEGF expression levels, in rabbits with conjunc-
tivitis in comparison with posttreatment with the same for-
mula. Actually, MZL-SLNs loaded hydrogels deserve deep
consideration for their potential future application as a hope-
ful nanoparticulate system for severe non-infectious allergic
conjunctivitis.
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