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A B S T R A C T   

Due to their unique characteristics, microemulsions (ME) represent one of the most promising delivery systems 
which can conquer poor ocular drug bioavailability providing long residence time. Development of a ME system, 
relying on the use of a safe and non-irritant surfactant combination derived from sustainable resources and which 
can consolidate the small ME droplets, is the goal of this work. Herein, we report the design and characterization 
of a novel biocompatible, eco-friendly ME system loaded with the hydrophilic dexamethasone sodium phosphate 
(DEXP) using a novel surfactant mixture composed of D-α-tocopherol polyethylene glycol succinate (TPGS) and 
Plantacare® (coco-Glycosides). Capryol™ PGMC and double-distilled water were used as the respective oil and 
aqueous phases and the MEs were prepared by the water titration method, suitable for scaling up. Optimization 
of ME formulae was conducted by varying Plantacare® grades, TPGS to Plantacare® mass ratios and drug 
loading. The formulae were characterized in terms of physical appearance, droplet size (PS), size distribution 
(PDI), zeta potential (ZP), and stability. The optimized DEXP-loaded ME formula attained acceptable PS, PDI, and 
ZP values of 43 ± 5 nm, 0.35 ± 0.07, − 12 ± 4 mV, respectively. TEM images confirmed a small PS ≤ 100 nm. 
The in vivo safety of ME was proved by the Draize test. The ME formula prompted excellent mucoadhesion and 
transcorneal permeation. The confocal studies showed deep penetration into the rabbits’ corneas. In vivo studies 
using endotoxin-induced uveitis showed high ocular efficacy and a significant reduction in inflammatory cells, 
including interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α). The obtained results elect the novel engi
neered ME system as a promising tool for the ocular delivery of hydrophilic moieties in the management of 
various ophthalmic diseases.   

1. Introduction 

Uveitis is an emerging type of acute inflammation that affects the 
ciliary body, the iris, and the choroid composing the uvea. It can extend 
to the retina, vitreous, sclera and optic nerve. Patients suffering from 

uveitis usually experience pain in the eye, redness of the conjunctiva, 
and photophobia. If left without treatment, acute or chronic inflam
mation of the eye can result in temporary or permanent vision loss 
through the formation of eye cataracts, complete optic nerve damage, 
permanent destruction of the blood-aqueous barrier, the formation of 
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synechiae, inflammation of the vitreous and cystoid macular swelling. 
Uveitis has been involved in nearly 10 % of all the blindness cases in the 
world (Zou et al., 2019). 

The conventional treatment of anterior uveitis relies on the use of 
topical corticosteroids, which reduce inflammation. Patients treated 
with corticosteroids are regularly evaluated, with an organized corti
costeroid lowering protocol monitored by the clinical condition of the 
patient. Dexamethasone sodium phosphate (DEXP) is a water-soluble 
salt of the basic corticosteroid moiety, DEX. It suffers from poor pene
tration through the ocular tissues with rapid metabolism in these tissues 
and clearance by tears, requiring frequent administration (Yin et al., 
2023). DEXP has been used in the management of a large variety of 
ocular inflammatory problems such as keratitis, iritis, blepharitis, uve
itis, conjunctivitis, macular edema, and post-operative eye surgery in the 
form of eye drops, eye ointment, oral tablets, intravitreal injections, and 
intraocular implants. The efficacy of corticosteroid eye drops is usually 
limited by their relatively low ocular bioavailability and consequent 
multiple dosing. Chronic treatment for a long period of time can lead to 
undesirable side effects like elevation of the intraocular pressure (IOP) 
and the development of eye cataract (Cohen et al., 2012). Eye oint
ments impart a greasy feeling (Agarwal & Rupenthal, 2023); oral tablets 
lead to high drug systemic concentration with possible toxicity; while 
intravitreal injections and intraocular implants require invasive 
administration (Rajput et al., 2022). 

Microemulsions (MEs) are colloidal dispersions stabilized by a sur
factant (SAA) and a co-surfactant (co-SAA), and the size of the dispersed 
domains is typically less than 100 nm (Ugurl, 2023). Ocular MEs have 
been successfully used to solubilize drugs with different polarities and 
achieve a sustained drug release with a high drug concentration by 
increasing drug penetration into the deep structures of the eye due to 
their magnificent properties and small droplet size (Akbari et al., 2023; 
Al-mahallawi et al., 2021; Billowria et al., 2023; Cardoso et al., 2022; 
2023; Dutta et al., 2023; Palaria et al., 2023). This will eventually 
decrease the number of drug administrations, lower the side effects, 
achieve higher patient compliance, and elevate the ocular bioavail
ability, thus superseding conventional ocular preparations. Water-in-oil 
(w/o) MEs are used for the delivery of hydrophilic drugs in order to 
increase the viscosity of the formula and consequently increase the 
retention within the eye (Elmotasem & Awad, 2020). 

However, conventional MEs usually contain a large proportion of 
surfactants, which may provoke toxicity in the ocular tissues. This ne
cessitates the development of a biocompatible ME system to increase 
drug permeation and bioavailability without causing any ocular toxicity 
(Bernal-Jácome et al., 2023). Talking about progress in surfactants, 
several types have been established, including zero-sulfate surfactants, 
alkylphenol ethoxylate (APE)-free products, phosphate-free detergent 
products, and surfactants derived from natural sources. Alkyl poly
glycosides (APGs) are a new class of sugar-based, non-ionic surfactants 
derived from starch and oils from plant sources. Plant oils play a critical 
role as renewable resources due to their wide existence and unique 
versatility (Jain et al., 2023). Compared to conventional SAA, APGs 
exhibit higher dermal and ocular safety, better biodegradability, and 
special foam properties, in addition to their potential cleaning and 
wetting properties, which promote their use in ocular preparations 
(Kaur et al., 2022). 

D-α-tocopherol polyethylene glycol succinate (TPGS) is a non-ionic 
surfactant produced by the esterification of vitamin E with a poly
ethylene glycol (PEG-1000) moiety. TPGS has an HLB value of 13.2 and 
has been used as a solubilizer, an emulsifier, and a wetting agent. It also 
has a significant antioxidant property, which potentiates its role in many 
different ocular preparations to resolve the oxidative stress accompanied 
by many ocular problems such as increase in the IOP, cataract, and 
degenerative macular disease (Ali et al., 2023). Capryol™ PGMC is a 
hydrophobic oil, propylene glycol mono- and dicaprylate (type I) NF, 
consisting of mono and di-esters of propylene glycol of caprylic acid 
(C8). It can be considered a non-ionic, water-insoluble Co-SAA used in 

oral lipid-based formulae, self-microemulsifying drug delivery systems 
(SMEDDS), and self-emulsifying drug delivery systems (SEDDS), as well 
as a solubilizer in topical dosage forms (Hanaa et al., 2013). 

The aim of this work was to establish a novel w/o ME system relying 
on the use of biocompatible components originating from sustainable 
resources, viz., the novel surfactant combination composed of Planta
care® 818-UP (Coco-Glycoside), a sugar-based surfactant from the APGs 
class, and TPGS without the inclusion of any co-surfactant. DEXP was 
incorporated as a model hydrophilic anti-inflammatory drug, and the 
ME was fully characterized and then evaluated for safety using the 
Draize test and for efficacy using an endotoxin-induced uveitis animal 
model. The levels of various inflammatory messengers such as tumor 
necrosis factor- (TNF-α) and interleukin-6 (IL-6) as well as significant 
clinical manifestations and histopathological changes within the ocular 
tissues were tracked and measured (Zhang & Zhang, 2023) to evaluate 
the efficacy of the prepared ME formulation relative to the market 
product. 

2. Materials and methods 

2.1. Materials 

Dexamethasone sodium phosphate (DEXP) was kindly supplied by 
Egyptian International Pharmaceutical Industries Co. (E.I.P.I.CO), 
Egypt. Plantacare® 818-UP (coco-glucoside, a C8-C16 fatty alcohol 
glycoside) and Plantacare® 1200 UP (lauryl glucoside, D-Glucopyr
anose, oligomeric, C10-C16-alkyl glycoside) were generously provided 
by BASF Co., Germany. D-α-tocopherol polyethylene glycol succinate 
(TPGS) was kindly provided by Isochem, France. Caproyl™ PGMC 
(propylene glycol mono- and dicaprylate Type I NF) was kindly provided 
by Gattefossé, France. Diethyl ether was purchased from Alpha Chem
icals, India. Ethyl alcohol, absolute ethanol, acetonitrile (HPLC grade), 
and Rhodamine-b were supplied from Fischer Co., London, UK. Di- 
sodium hydrogen mono-ortho phosphate, Amaranth, mono-sodium 
dihydrogen phosphate, hydrochloric acid (HCl), sodium hydroxide 
(NaOH), sodium chloride (NaCl), acetone, paraformaldehyde, phos
phoric acid, potassium bromide (KBr) pellets, isotonic saline, formol 
saline, xylene, propyl paraben, hematoxylin and eosin (H&E) were 
bought from Adwic, El-Nasr Pharmaceutical Co. Cairo, Egypt. Sabour
aud dextrose agar was provided from Quest Park company, Heywood, 
UK. Thioglycolate broth was supplied from Oxoid LTD, Basingstoke, UK. 
Double-distilled water was provided from GFL Water Distillator, Ger
many. Escherichia coli 0111-B4 lipopolysaccharide (LPS) was purchased 
from Sigma Aldrich Chemical Co., St. Louis, USA. Interleukin-6 (Il-6); 
tumor necrosis factor-α (TNF-α) and rat assay kits; specific antibody 
Avidin-Horseradish Peroxidase (HRP); biotinylated detection antibody 
were bought from Bio-Rad Laboratories, CA, USA. New Zealand rabbits 
(2–3 kg) and male albino Wistar rats of 8 weeks old, each weighing 
approximately 180 g, were supplied from the animal house at the Fac
ulty of Pharmacy, Ain Shams University. Freshly excised bovine corneas 
were supplied from a local slaughterhouse. 

2.2. Methods 

2.2.1. Preparation of TPGS/Plantacare®-based MEs 
The MEs were prepared from the oil (CapryolTM PGMC), different 

ratios of the surfactant mixture (Smix), TPGS and Plantacare®, and 
double-distilled water using the aqueous titration method. The pseudo- 
ternary phase diagrams were then constructed with the aid of TriDraw® 
software (CHEMIX software, Version 2.9, Arne Standenes, Norway) for 
identifying the ME regions. MEs with varying compositions were 
selected from the region representing the one-phase system, character
ized in terms of internal phase droplets’ particle size, size distribution, 
and surface charge, and then subjected to stability studies. The effects of 
the following factors were evaluated: 

D.M. Abd-elaty et al.                                                                                                                                                                                                                           

http://E.I.P.I.CO


International Journal of Pharmaceutics 650 (2024) 123704

3

2.2.1.1. Effect of Plantacare® type. Two different grades of Plantacare® 
were tried, viz. Plantacare® 818-UP and Plantacare® 1200. 

2.2.1.2. Effect of TPGS to Plantacare®818-UP ratio: Four different 
weight ratios of TPGS to Plantacare® 818-UP were tried, namely, 0.5:1, 
1:1, 2:1, and 4:1. 

2.2.1.3. Effect of DEXP incorporation: Two methods were 
attempted for drug incorporation at a DEXP concentration of 1 mg/mL 
to mimic the market product: the in-method and the out-method. In the 
in-method, DEXP was first dissolved in water and then added to the 
mixture of oil and Smix, while the weighed drug amount was added after 
ME formation in the out-method. 

2.2.2. Characterization of plain and DEXP-ME formulae 

2.2.2.1. Clarity and transparency. ME formulae were observed visually 
for clarity. The ME transparency was confirmed by the determination of 
the percentage of transmittance (%T) at 650 nm with the aid of a 
UV–visible spectrophotometer (Shimadzu UV-1601PC UV–Visible 
Spectrophotometer, Japan) using the continuous phase as a blank 
(Suthar et al., 2023), noting that none of the individual components 
have absorption at the selected wavelength. 

2.2.2.2. High resolution-transmission electron microscope (HR-TEM) 
examination. TEM (Jeol 2100 TEM, Japan) was used to visualize the 
selected ME formulae M9 and DEXP-M9. A volume of 50 µl of ME sample 
was placed on a carbon-coated grid, left to dry for 3 h then negatively 
stained with a 1 % w/v aqueous solution of phosphotungstic acid. The 
sample was viewed under a microscope at an accelerating voltage of 25 
kV. 

2.2.2.3. 2.2.2.3 Determination of particle size (PS), polydispersity index 
(PDI), zeta potential (ZP), pH, viscosity, refractive index, conductivity, and 
type of ME formulae. The size and size distribution of the selected ME 
formulae were measured relying on the dynamic light scattering (DLS) 
technique using a Zetasizer (Malvern Instruments Ltd, Malvern, United 
Kingdom). The samples were properly diluted with a double-distilled 
water-alcohol system adjusted at a volume ratio of 1:1 for compara
tive purposes (Schmidt et al., 2021). The size and size distribution of the 
selected plain and DEXP-loaded formulae were also measured as undi
luted samples. All measurements were carried out at a room temperature 
of 25 ± 0.5 ◦C. The results were recorded in triplicate for each ME for
mula. ZP was also determined by laser Doppler anemometry (LDA) using 
proper zeta cells in a Zetasizer instrument (Malvern Instruments Ltd, 
Malvern, United Kingdom). 

The pH values of selected ME formulae were recorded using a digital 
pH meter (JENWAY 350, UK) (Hamed et al., 2022). The viscosity was 
determined using a cone and plate viscometer (Brookfield DV-III ultra- 
programmable with Brookfield Rheocalc operating software, USA) fitted 
with a spindle 40 at 100 rpm, adjusted at 25 ◦C. The refractive index (RI) 
of ME formulae was determined by a refractometer (Leica Abbe refrac
tometer, Bloomberg, London) at room temperature of 25 ◦C. The electric 
conductivity values of the selected formulae were measured by 
immersing the electrode of a portable digital conductometer (4510 
Conductivity Meter, Jenway, London) in a suitable amount of ME 
formulation kept in a water bath at 25 ◦C (Wang et al., 2023). 

For the determination of the type of the formed MEs, two methods 
were applied, viz., the dilution test and the dye test. For the dilution test, 
a representative amount of each ME formula (0.5 mL) was diluted 100- 
fold with double-distilled water, and the formula was assessed for 
turbidity, where o/w MEs were easily diluted with water while w/o MEs 
suffered from turbidity or precipitation. For the dye test, two to three 
drops of the water-soluble dye, amaranth, were added to the ME to stain 
the aqueous phase of the formed ME. The oil in water (o/w) MEs were 
obviously stained with the water-soluble dye, while the continuous 
phase of the water in oil (w/o) MEs was not stained. 

2.2.2.4. Draize eye irritation test. Draize test determines the changes of 
the cornea in a rabbit eyeball following exposure to a test substance. 
Two groups (n = 3) were used in this work, and the test was approved by 
the Research Ethical Committee, Faculty of Pharmacy, Ain Shams Uni
versity (Approval Number # REC 50). Rabbits were anesthetized using 
vapors of diethyl ether in a 1 % (w/v) concentration for 5 min, and 100 
µl of each tested blank ME (M9 and M11) was applied to the right rabbit 
eyeball while keeping the left eye as a negative control (Chambers et al., 
1993). 

Following exposure, the treated eyes were examined at different time 
intervals (24, 48 and 72 h), and any signs of ocular irritation, including 
swelling, redness, edema, cloudiness, and hemorrhage, were recorded 
and scored to evaluate the ocular irritancy. Every visual endpoint has 
subjective to scoring rules, as shown in Table S1 (Supplementary File). 
The ocular condition was recorded for the three rabbits treated with the 
blank ME formulae at different time intervals, and the average score for 
each Draize endpoint was taken and scored according to the previous 
table (Chambers et al., 1993). 

A rabbit was recorded as positive when corneal opacity of 1 or more, 
iritis of 1 or more, or conjunctival redness of 2 or more, were maintained 
at 24, 48 or 72 h after administration. The material is considered a non- 
irritant when no more than one rabbit is positive, an eye irritant when 
two or more rabbits are positive but the drawbacks are not severe and 
symptoms disappear before 7 days, and a severe irritant when two or 
more rabbits have reactions of corneal opacity of 3 or more and iritis of 2 
at 24, 48 or 72 h (Chambers et al., 1993). 

2.2.2.5. Histopathological examinations of the treated rabbit eyes. Au
topsy samples were taken from the eyes of each group of rabbits treated 
with the selected plain ME formula and were fixed in 10 % (w/v) formol 
saline for 24 h. Washing was done with tap water, then successive di
lutions of alcohol (ethyl, methyl and absolute ethyl) were used for 
drying the samples. Samples were clarified in xylene and dipped in 
paraffin at 56 ◦C in a hot air oven for 24 h. Paraffin beeswax blocks were 
set for sectioning at 4-µm thickness by a sludge microtome (Health Care 
Technologies, Egypt). The obtained tissue sections were placed on glass 
slides, deparaffinized, and stained with hematoxylin and eosin for 
evaluation by an optical microscope (Leica microscope, India) (Rizkalla 
et al., 2011). 

2.2.2.6. Fourier Transform Infrared Spectroscopy (FT-IR). Fourier 
Transform Infrared Spectroscopy (FT-IR) was done using FT-IR appa
ratus (Nicolet IS10, Thermo Fisher, USA) to demonstrate the compati
bility between the drug and the ME components. The analysis was 
performed for DEXP, double-distilled water, TPGS, Plantacare® 818-UP, 
Caproyl™ PGMC, and the selected DEXP-loaded ME formula. TPGS and 
DEXP were analyzed using the potassium bromide (KBr) pellet method, 
in which the sample was dispersed in KBr and trampled into discs by 
applying pressure for 5 min in a hydraulic press. For liquid samples, viz. 
double-distilled water, Caproyl™ PGMC, Plantacare® 818-UP, and the 
selected DEXP-loaded ME formula. KBr powder was impregnated with 
the solution, left to reach equilibrium for two days, then dried, com
pressed, and measured. The disc was placed in the path of infrared rays, 
and the spectrum was documented. The samples were scanned in the 
wave number range of 4000 to 400 cm− 1 (Thummajitsakul et al., 2023). 

2.2.2.7. Differential scanning calorimetry (DSC). To evaluate the 
compatibility between the different components of the ME and their 
thermotropic behavior, DSC analysis was done using a DSC apparatus 
(DSC-60 Plus, Shimadzu, Japan). For the pure DEXP, an amount of 2–3 
mg was directly placed in an aluminum pan. For analyzing the selected 
ME formulae, a few drops of the formula were added to the pan and were 
allowed to dry in the air for two days, forming a gel mass due to the 
presence of TPGS and Plantacare® 818-UP in the formula, which 
eventually ends in a dried coherent mass containing the drug (Xiong 
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et al., 2023). The corresponding plain ME formula was also tested for 
comparison. The experimental conditions of DSC analysis were set 
constant for all tested samples; the analysis was done under dynamic 
nitrogen expulsion at 30 mL/min, then the temperature was increased 
from room temperature to 300 ◦C at a heating rate of 10 ◦C/min. 

2.2.2.8. Ex-vivo mucoadhesion study. The mucoadhesion properties of 
the selected blank and DEXP-loaded ME formulae were evaluated using 
our own-designed balance functioning as a mucoadhesion force 
measuring device (Abou-ElNour et al., 2020). The mucoadhesion of each 
tested sample was calculated by measuring the force needed to detach 
the formula from the freshly excised bovine cornea. 

The bovine cornea obtained from a local slaughterhouse was uni
formly cut into small circular pieces and kept in sterilized isotonic saline 
solution until use. The cornea was fixed at the upper stainless-steel stage 
of the left arm of the modified balance using a glue keeping the epithelial 
region of the cornea downward. One drop of each sample (10 µl) was 
installed on the upper surface of the stainless-steel stage of the left arm 
of the modified balance. The lower stainless-steel stage was vertically 
raised until the sample touched the lower surface of the cornea’s 
epithelial region, allowing an interaction time of 5 min. Additional 
water was added in 10 µl increments to a pre-weighed small beaker 
located on the right side of the modified balance until the formula was 
detached from the lower surface of the cornea. The quantity of water 
added was calculated, and the weight of water needed for the detach
ment of the formula from the cornea was calculated. Each experiment 
was performed three times (n = 3). The force of detachment (N) in 
dynes/cm2 was calculated from the following equation:  

N = m.g / A(1)                                                                                     

where m is the weight of water required to detach the formula from 
the cornea (in grams), g is the acceleration due to gravity (g = 980 cm/ 
s2), and A is the area of the eye cornea used (in cm2). 

2.2.3. Sterilization of the selected DEXP-ME formula 
The selected drug-loaded formula was sterilized using either gamma 

radiation (Cobalt-60 Gamma Chamber 4000-A, Bhabha Atomic 
Research Centre, Bombay, India) or aseptic filtration using 0.22 µm 
Millipore filters. The European Pharmacopoeia has confirmed that 25 
KGy of gamma irradiation is a standard dose that guarantees a sterility 
assurance level (Nguyen et al., 2007). However, two more radiation 
doses of lower intensities were also tried: 5 and 15 KGy. The chosen 
formula was stored in separate glass vials and then subjected to the three 
different doses of radiation using a cobalt-60 gamma chamber 4000-A at 
a dose rate of 2.08 KGy/h. Another sterilization technique was also 
implemented, where aseptic double filtration through 0.22 µm Millipore 
filters was conducted on the selected DEXP-loaded ME formula after 
being warmed at 38 ◦C for ease of manipulation. 

Following sterilization, the formulae were evaluated for their PS, 
PDI, and ZP in comparison to the non-sterilized ones. Sterility tests were 
also conducted to confirm the sterilization of the tested freshly prepared 
samples by the selected technique, the preservation of sterilization 
without opening after 6 months, as well as the in-use after opening on a 
regular basis for 20 s twice daily for one week. This was done by testing 
the growth of bacteria and fungi in thioglycolate broth and Sabouraud 
dextrose agar, respectively. 

2.2.4. Ex-vivo trans-corneal drug permeation evaluation 
The ex-vivo permeation was conducted through freshly excised cor

neas of bovine eyeballs obtained from a local slaughterhouse. The 
transport of bovine eyeballs and the cornea excision was done within 2 h 
of the animal’s death. The corneal pieces were fixed on our own- 
designed vertical diffusion chambers with a surface area of 0.63 cm2 

each, made from silicon, in which the epithelial layer was facing the 
donor compartment. About 900 µl of the tested formula, equivalent to 

900 µg DEXP, either as solution or ME formula, was added to the donor 
compartment. A sample of 1 mL was withdrawn from the receptor 
compartment occupied with 10 mL of phosphate buffer (pH 7.4) at 
definite time intervals over 24 h, i.e., 2, 4, 6, 8, 10, 12 and 24 h, and was 
replaced at each time point with an equal volume of fresh, warm buffer. 
Samples were analyzed for DEXP content at different time intervals 
using an HPLC assay. 

The whole diffusion chamber was put in a shaking water bath 
adjusted at 37 ± 0.5 ◦C. The withdrawn samples were analyzed by the 
HPLC assay previously described, and the cumulative amounts of drug 
permeated through the cornea per unit surface area (µg/cm2) were 
contrived as a function of time (t) for the selected ME formula compared 
to the drug solution. The ex-vivo corneal permeation evaluation was 
done in triplicate for each tested formula. 

Drug transcorneal flux and permeation rate at steady state, Jss (µg/ 
cm2/h) was deduced from the slope of the linear graph part. The 
apparent permeability coefficient (Papp, cm/h) was also calculated by 
the following equation:  

Papp = Jss/Co(2)                                                                                   

where Co is the initial concentration of drug in the donor 
compartment. 

The DEXP diffusion coefficient, D (cm2/h), across the excised cornea, 
was also calculated using Eq. (3):  

Q = 2 Co (Dt /π) ½(3)                                                                           

where Q is the cumulative amount of drug released per unit surface 
area at time t, Co is the initial drug concentration, D is the drug diffusion 
coefficient, and t is the time. The diffusion coefficient, D, was deduced 
from the slope of the graph of cumulative DEXP permeated versus the 
square root of time (Gratieri et al., 2011). The enhancement of drug 
penetration was determined as the enhancement ratio (ER), which was 
calculated using the following equation (Patel et al., 2010):  

ER = Jss of DEXP-ME/Jss of DEXP-solution(4)                                         

2.2.4.1. Quantitative analysis of DEXP using HPLC. A previously re
ported and validated liquid chromatographic method was adopted for 
the quantitative determination of DEXP using HPLC apparatus (Agilent 
Technologies 1200 Series, Waldbronn, Germany) with slight modifica
tions. The separation was attained using a C18 column by isocratic 
elution. A mobile phase consisting of a mixture composed of acetonitrile 
and phosphate buffer (pH = 3) (25:75, v/v) was used (Saadatmandi 
et al., 2023). The column effluent was monitored at 232 nm at a flow 
rate of 1.5 mL/min. No interference of any components of the ME 
formulation was observed during the elution of DEXP. 

2.2.5. Examination of ocular permeation depth using confocal laser 
scanning microscopy (CLSM) 

2.2.5.1. Administration of labeled formulae. The in vivo ocular distribu
tion test was conducted on eighteen albino rabbits, each weighing be
tween 2 and 3 kg, bred in the laboratory under identical conditions. The 
test was approved by the Research Ethical Committee, Faculty of 
Pharmacy, Ain Shams University (Approval Number # REC 50). Rabbits 
were anesthetized by vapors of 1 % (w/v) diethyl ether for 5 min. The 
rabbits were then divided into three groups as follows: treatment group, 
positive control, and negative control, each of which had six animals. 
Following anesthesia, 10 µl of the selected ME formula labeled with 
Rhodamine B (5 × 10-4 mol/L) (Singh et al., 2021) was administered to 
the rabbit right eye of the treatment group. The positive control group 
received a solution of the fluorescent dye at the same concentration of 5 
× 10-4 mol/L, while the negative control group received only normal 
saline. Three animals from each group were euthanized after 24 h of 
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administration, while the other three animals were killed after 72 h, and 
the rabbit eyes were prepared as will be detailed. 

2.2.5.2. Rabbit eye preparation. The right eyes were harvested using 
scissors, followed by rinsing with phosphate buffer saline (PBS), then 
immersed in 10 % (w/v) paraformaldehyde at 4 ◦C for 24 h. The nearby 
fat was detached from the eyes. The eye cups were then set aside in 
biopsy cassettes and immersed in acetone for 4 h, followed by xylene for 
3 h, and finally placed in paraffin wax kept at 55 ◦C for 4 h. The paraffin 
blocks were cut into tiny sections of 5 µm each using a microtome 
(Health Care Technologies, Egypt), and the sections were placed on glass 
slides that were slightly warmed for a fraction of time to fix tissue on 
them. The slides were deparaffinized by dipping them into xylene for 2 
min and were visualized using CLSM (SP8 Leica Microsystems Man
nheim, Germany) at laser excitation and emission wavelengths of 488 
and 532 nm, respectively (Fujita et al., 2007). Images were taken at 63X 
magnification power. 

2.2.6. Physical stability of the selected ME formulae 
Both plain and DEXP-loaded ME formulae were stored at ambient 

temperature for six months. These formulae were visually re-inspected, 
and their PS, PDI, ZP and viscosity were recorded and compared to the 
initial data after one, three, and six months. 

2.2.7. In vivo biological evaluation of the anti-inflammatory activity 

2.2.7.1. Endotoxin-induced uveitis (EIU) rat model. The in vivo study was 
conducted on four groups, each composed of four rats, bred in the lab
oratory under identical conditions. An endotoxin-induced uveitis (EIU) 
rat model was adopted (Chu et al., 2022). The protocol was approved by 
the Research Ethical Committee, Faculty of Pharmacy, Ain Shams Uni
versity (Approval Number # REC 50). They were done in cooperation 
with staff members of the Research Ophthalmology Institute, Giza, 
Egypt. 

Sixteen male albino Wistar rats, 8 weeks old, each weighing 
approximately 180 ± 20 g, were housed under a 12 h/12 h light and 
dark cycle in a controlled room temperature of 20–24 ◦C before the 
experiment was processed. Lipopolysaccharide (LPS) was injected into 
twelve animals by sub-plantar injection of endotoxin (100 µg of LPS in 
0.1 mL saline) in the right hind paw of each rat. 

2.2.7.2. 2.2.7.2 Drug administration. The animals were arbitrarily 
divided into four groups, each consisting of four rats. Group I was used 
as a normal negative control, receiving neither an LPS injection nor 
treatment. Group II was induced by LPS but did not receive any treat
ment (positive control). Group III received 0.1 % (w/v) DEXP solution, 
and Group IV received 0.1 % (w/v) DEXP loaded w/o ME (DEXP-M9). A 
dose of 10 µl of the ME was administered once only to Group IV, while 
four doses of the same volume of DEXP solution was administered top
ically every 6 h to Group III. All treatments were instilled into the right 
eye of the experimental animals after 2 h of endotoxin injection. All 
groups were sacrificed 24 h from the start of the study (Chu et al., 2022). 

2.2.7.3. Evaluation of ocular inflammation. Ocular inflammation was 
evaluated by clinical inspection of the rats, histopathological evaluation, 
and estimation of the concentration of the inflammatory mediators, 
interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) using the ELISA 
technique (n = 4). 

2.2.7.3.1. Clinical inspection and scoring. Animals were anesthetized 
24 h following LPS injection using 1 % diethyl ether (w/v), and the 
clinical evaluation of the intraocular inflammation was examined by slit 
lamp biomicroscopy (Goldmann slit microscope, Switzerland). The 
clinical harshness of ocular inflammation was classified as follows: 0 =
no obvious inflammatory reaction; 1 = obvious dilation of the iris and 
vessels of the conjunctiva; 2 = moderate dilation of the iris and 

conjunctiva with moderate flare of the anterior chamber; 3 = intense 
hyperemia in the iris with intense flare in the anterior chamber; 4 = The 
same clinical signs as 3 in addition to the existence of fibrinoid exuda
tion and miosis. 

2.2.7.3.2. Histopathological evaluation. For the microscopic histo
logical evaluation, just after removal of the eyeballs, the eyeballs were 
immersed in cold 10 % (w/v) formaldehyde for at least 12 h. The 
specimens were then dried through ascending grades of ethyl alcohol 
with the following concentrations: 30, 50, 70, 90, and finally 96 % (w/ 
v). Paraffin beeswax blocks were made for sectioning at 4-µm thickness 
by a sludge microtome (Health Care Technologies, Egypt), followed by 
further drying in absolute alcohol for histological evaluation by staining 
using hematoxylin and eosin (H&E) (Bancroft & Layton, 2012; Yadav 
& Ramana, 2019). 

Evaluation of the anterior eye segments takes place for the iris, 
ciliary body and the corneal tissue was scored as follows: 0 = normal 
tissue; non-keratinized stratified squamous epithelium of the cornea 
with no inflammatory cells in the iris or ciliary body, 1 + = thickened 
iris stroma with secretions and dilated iris vessels with protein, and/or a 
few scattered inflammatory cells, 2+ = penetration of inflammatory 
cells into the ciliary body and/or stroma of the iris, with a moderate 
number of inflammatory cells within the anterior chamber, 3+ = heavy 
penetration of the inflammatory cells within the ciliary body and iris 
stroma and a heavy penetration of inflammatory cells within the ante
rior chamber, and 4+ = heavy exudate from cells with thick protein 
aggregation in the anterior chamber and inflammatory cell deposition 
within the corneal endothelium. Both eyes were graded separately in a 
blind fashion, then averaged. 

2.2.7.3.3. Quantitative determination of IL-6 and TNF- level. The IL-6 
and TNF-α concentrations were quantitatively determined in the 
aqueous humor samples of rats after proper dilution using rat IL-6 and 
TNF-α ELISA kits in a sandwich ELISA technique (single-wash 90-minute 
ElISA technique for IL-6 and 3.5-h assay for TNF-, respectively) (Shi 
et al., 2021). 

2.2.8. Statistical analysis 
All in vitro, ex vivo, and in vivo experimental results were reported as 

the mean of three determinations ± standard deviation (SD). A t-test 
(student‘s t test) was conducted to compare two different parameters, 
while the data obtained from different groups was compared using one- 
way analysis of variance (ANOVA). The significance of the difference 
between formulae was calculated by Tukey Kramer multiple comparison 
using Graph Pad Instate® software. The statistical significance level (P) 
value was set at ≤ 0.05. 

3. Results and discussion 

3.1. TPGS/Plantacare®-based MEs 

In this work, attempts were made to prepare the ME relying on the 
use of the novel SAA combination, made from TPGS and Plantacare®, 
with the unique properties of the oil Capryol™ PGMC without any 
additional co-SAA. Capryol ™ PGMC was thought to enhance the sta
bility of the formed ME by virtue of its co-SAA properties (Rehman et al., 
2022). 

3.2. Optimization of TPGS/Plantacare®-based MEs 

3.2.1. Effect of Plantacare® type 
The phase diagrams of the systems prepared with both types of 

Plantacare®, 1200 and 818U, are illustrated in Fig. S1 (Supplementary 
File). Formulae denoted by Q and L were taken from the areas repre
senting the one-phase systems from Plantacare® 1200 and 818-UP, 
respectively, and some of them were characterized as shown in 
Tables S2 and S3 (Supplementary File). It is obvious that the area 
representing the one-phase system in the diagram constructed with 
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Plantacare® 818-UP, Fig. S1(b) was larger compared to that obtained 
with Plantacare® 1200, Fig. S1(a). All formulae prepared with Planta
care® 1200, Table S2, scored large droplet size ranging from 643 nm to 
3.98 µm and were stable for one day only and up to one week (Q11). 
Formulae prepared with Plantacare®818-UP, Table S3, scored PS 
varying from 430 nm to 3.4 µm. Worthy to mention that we used a 1:1 
water/alcohol mixture for dilution during PS analysis at this preliminary 
optimization step. This mixture was suitable for all MEs obtained in this 
work even the highly viscous ones. The prepared formulae were stable 
for one day (L15) and up to two weeks (L7 and L10), depending on the 
composition and oil content. Formulae prepared at high SAA concen
tration > 60 % (w/w); Q11 and L7 from the two-phase diagrams, TPGS: 
Plantacare® 1200; 1:1, and TPGS: Plantacare® 818-UP; 1:1, respec
tively, formed a jellified mass and showed relatively higher stability 
compared to the other formulae owing to the gel-forming ability of TPGS 
manifested at high concentrations. 

Furthermore, at a similar composition, formulae prepared with 
Plantacare®818-UP scored smaller size compared to their counterparts 
prepared with Plantacare® 1200. For instance, significant differences (p 
< 0.05) were evident between formulae L1 (913 ± 70 nm) and Q1 (1668 
± 1997 nm); L-7 (430 ± 40 nm) and Q11 (2527 ± 1345 nm); and finally, 
formulae L10 (464 ± 60 nm) and Q14 (643 ± 248 nm). This may be 
attributed to the smaller carbon chain of Plantacare® 818-UP; C8-C16 
alkyl glycosides, compared to Plantacare®1200; C12-C16 (Keck et al., 
2014; Pantelic & Cuckovic, 2014). Based on the obtained results, Plan
tacare® 818-UP was chosen for subsequent experiments. 

3.2.2. Effect of TPGS: Plantacare® 818-UP mass ratio 
Fig. 1 shows that a one-phase region can be seen in the phase dia

gram of each of the four TPGS: Plantacare®818-UP ratios, with the 
smallest area obtained with the 4:1 ratio containing the highest TPGS 
concentration. Despite the large ME area formed in the case of TPGS: 
Plantacare® 818-UP mass ratios of 0.5:1 and 1:1 ratio, yet the majority 
of the ME formulae exhibited very limited stability profiles for a period 
ranging from one day to a maximum of two weeks, as shown in Tables S4 
and S3 (Supplementary File), respectively. This denoted the instability 
of the SAA film formed at the oil–water interface, leading to the coa
lescence of the oil droplets. Despite the use of Caproyl™ PGMC, char
acterized by its Co-SAA property, its concentration was probably 
insufficient to provide the optimal flexibility for the SAA film (Rehman 
et al., 2022). This is in addition to the low concentration of TPGS needed 
to impart viscosity and provide stability to the prepared ME for a long 
period of time. It is worthy to mention that at all Smix ratios used, a gel- 
like viscous system was formed at higher Smix concentrations > 50 % 
owing to the gel-forming ability of TPGS (Telò et al., 2017). Using TPGS: 
Plantacare 818-UP mass ratios of 2:1 (Table 1.) and 4:1 (Table S5 - 
Supplementary File) resulted in formulae within the monophasic area 
with varying stability profiles, ranging from one day up to a maximum of 
6 months. The presence of a relatively high concentration of TPGS 
acquiring gelling property in the presence of an aqueous medium led to 
relatively higher stability compared to the previous two ratios. 

All formulae prepared with TPGS: Plantacare® 818-UP 1:1, Table S3 
(Supplementary File); scored PS larger than 400 nm with PDI ranging 

Fig. 1. Pseudo-ternary phase diagram showing the different regions obtained for the systems composed of Caproyl™ PGMC and TPGS: Plantacare® 818-UP, (a) 
0.5:1, (b) 1:1, (c) 2:1, and (d) 4:1. 
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from 0.5 to 1 and low ZP not exceeding − 12 mV. Meanwhile, formulae 
prepared with TPGS: Plantacare® 818-UP 4:1, collected in Table S5 
(Supplementary File), scored larger PS compared to those prepared with 
TPGS: Plantacare® 818-UP 0.5:1. A high concentration of Planta
care®818-UP probably enhanced the emulsification. Formulae prepared 
at the ratio 2:1 scored smaller droplet size and higher stability compared 
to those prepared at the ratio 0.5:1, as evidenced by comparing M9, M10 
and M11, with respective droplet size of 18 ± 2, 22 ± 3 and 30 ± 1 nm 
(Table 1), to their counterparts prepared with the ratio 0.5:1, N9, N10 
and N11, with respective droplet size of 83 ± 4, 176 ± 14 and 61 ± 3 nm 
(p < 0.05) (Table S4 - Supplementary File). This can be attributed to the 
optimum system viscosity caused by TPGS, which decreased the ten
dency of coalescence of internal phase droplets, which in turn improved 
the stability of the formed ME systems. Based on the large droplet size of 
the formulae formed at TPGS: Plantacare® 818-UP 4:1 and 1:1 and the 
limited stability of formulae prepared at TPGS: Plantacare® 818-UP 
0.5:1, these ratios were excluded from subsequent works. Formulae 
prepared at the ratio 2:1 scored the smallest droplet size and highest 
stability among the tested ratios. 

ME formation and droplet size are greatly affected by the SAA film 
curvature at the oil–water interfaces, which could be elucidated by the 
concept of the critical packing parameter (CPP). The CPP can be 
calculated using the equation: CPP = v/lc.ao, where v is the hydro
phobic group volume of the SAA, lc is the critical hydrophobic chain 
length of the SAA, and ao is the cross-sectional area of the hydrophilic 

head group of the SAA. The spontaneous curvature of the surfactant 
monolayer (Ho) is another phenomenon related to the SAA film formed 
at the oil–water interfaces. This curvature depends on both the 
composition of the two phases it separates and the SAA type (Eastoe 
et al., 1997; Cho et al., 2008; Eastoe et al., 2013). 

The formation of o/w MEs is favorable if the effective polar part of 
SAA is bulkier than the hydrophobic portion (ao > v/lc), and hence the 
interface curves spontaneously towards water (positive curvature Ho). 
For the w/o MEs, the interface curve is in the opposite direction as ao <
v/lc, and it curves spontaneously towards oil (negative Ho). When ao ≈
v/lc, the curvature assumes a zero value, indicating the formation of a 
lamellar liquid crystal depending on the rigidity of the film. The increase 
in the TPGS proportion of Smix 2:1 is expected to cause a reduction in 
the critical hydrophobic chain length of the SAA (lc) compared to the 
lower mass ratio of 0.5:1, owing to the bulky aromatic structure of 
tocopherol succinate. Moreover, the linearity of the flexible and hy
drophilic PEG 1000 chains in TPGS could be the second reason based on 
their high capacity to coil and stretch, expecting to increase the cross- 
sectional area (ao) of the SAA head groups at the higher Smix of 2:1 
(De Caro et al., 2023). Since polyalkyl glycosides such as Plantacare® 
818-UP are bulky-structured SAAs, they are estimated to increase the 
interfacial fluidity and flexibility by penetrating between TPGS mole
cules located at the oil–water interface, creating a disordered film, and 
forming void spaces within its structure. This eventually leads to an 
increase in the cross-sectional area head group per SAA (ao) in favor of 

Table 1 
Characteristics of formulae prepared with TPGS: Plantacare® 818-UP at 2:1 (w/w).  

Formula code Compositions (%wt) Suggested System# Results* ± SD Stability Duration 
(Appearance) 

Capryol oil Smix Water PS* (nm) ± SD PDI* ± SD ZP* (mV) ± SD 

M1 2.50 25.2 72.3 o/w ME 18 ± 2 0.20 ± 0.01 − 18 ± 4 Three months 
(Clear transparent) 

M2 3.30 43.11 53.59 120 ± 3 0.20 ± 0.02 − 16 ± 2 Three days only 
(Clear transparent) 

M3 12.50 40.80 46.70 44 ± 1 0.40 ± 0.30 − 12 ± 3 One month 
(Clear transparent) 

M4 12.50 44.20 43.30 83 ± 3 0.40 ± 0.02 − 15 ± 3 One month 
(Clear transparent) 

M5 12.50 47.60 39.90 314 ± 2 0.8 ± 0.10 − 13 ± 2 One month 
(Clear transparent) 

M6 25 37.40 37.60 w/o ME 14 ± 1 0.30 ± 0.01 − 12 ± 1 One month 
(Clear transparent) 

M7 30 34 36 12 ± 2 0.40 ± 0.02 − 14 ± 2 14 days 
(Clear transparent) 

M8 30 37.40 32.60 12 ± 2 0.20 ± 0.02 − 12 ± 2 One month 
(Clear transparent) 

M9 30 40.80 29.20 18 ± 2 0.30 ± 0.02 − 12 ± 2 Six months 
(Clear transparent) 

M10 40 34 26 22 ± 3 0.30 ± 0.02 − 10 ± 0.1 Six months 
(Clear transparent) 

M11 50 27.20 22.80 30 ± 1 0.3 ± 0.02 − 10 ± 4 Six months 
(Clear transparent) 

M12 30 50 20 102 ± 14 0.26 ± 0.03 − 12 ± 2 One month 
(Clear transparent) 

M13 70 17 13 450 ± 3 0.30 ± 0.01 − 8 ± 0.2 One week 
(Clear transparent) 

M14 40 50 10 137 ± 20 0.40 ± 0.02 − 16 ± 2 One month 
(Clear transparent) 

M15 60 30 10 230 ± 10 0.30 ± 0.05 − 14 ± 3 One week 
(Clear transparent) 

M16 85 5.44 9.56 600 ± 5 0.30 ± 0.01 − 12 ± 0.2 Three days only 
(Clear transparent) 

M17 3 64.60 32.40 Gel-like ME 280 ± 4 0.40 ± 0.02 − 14 ± 2 Six months 
(Clear viscous gel) M18 4 63.92 32.08 330 ± 3 0.50 ± 0.10 − 14 ± 3 

M19 5 54.40 40.60 350 ± 3 0.40 ± 0.02 − 16 ± 2 
M20 10 47.60 42.40 420 ± 2 0.60 ± 0.10 − 14 ± 2 
M21 10 80 10 289 ± 20 0.50 ± 0.04 − 16 ± 2 
M22 20 70 10 352 ± 40 0.40 ± 0.05 − 12 ± 2 

*Average of three determinations performed on diluted ME; 1:1water: alcohol system, PS: particle size, PDI: polydispersity index, ZP: zeta potential and, SD: standard 
deviation. # The suggested ME type is based on the results of dilution and dye tests. N.B All formulae were measured after dilution by water: ethanol mixture in a ratio 
of 1:1(w/w). 
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v/lc, thus tending to the formation of isotropic o/w MEs, typically at low 
oil content. 

Indeed, the formation of ME requires a considerably low oil–water 
interfacial tension (γo/w). The typical SAAs are often not capable of 
reaching such low γo/w values, and for this reason, the addition of a Co- 
SAA is often mandatory. However, at the non-polar side of the interface, 
it is reported that the oil molecules, particularly those of short chains, 
are capable of piercing to some extent between the SAA hydrocarbon 
tails. The penetration of oil molecules is also reported to depend on the 
chemical structures of SAAs. The dissimilar architectures of hydropho
bic moieties in both SAAs would result in a more disordered film at the 
interface, thus providing a space for oil penetration and mixing. These 
facts matched well with both TPGS and Plantacare®818-UP in our novel 
system. 

Therefore, at higher oil concentrations, the linear oil structure 
(Capryol™ PGMC) was assumed to locate among the SAA hydrocarbon 
chains, causing an elevation of both (v) and (lc) of the hydrophobic 
portions, hence ao < v/lc, translated by the successful formation of w/o 
MEs. The deeper the oil penetration, the more curvature is enforced 
towards the polar side, resulting in a negative curvature towards the 
water, hence a decrease in Ho. This case is typical for Capryol ™ PGMC 
used in the present system, which is considered a medium-chain oil of C8 
carbon chain length and supposed to mix well with the hydrophobic SAA 
molecules, imparting more elasticity to the film formed at the water–oil 
interface, lowering γo/w efficiently, and thus acting as a Co-SAA. 

Based on the results and observations, we can deduce the superiority 
of the w/o ME formulae, M9 and M11, composed of 30 and 50 % w/w of 
oil, 40.8 and 27.2 % w/w of Smix, and 29.2 and 22.8 %w/w of water, 
respectively, in terms of their stability and characteristics. Both 
formulae retained their transparency during the entire storage period of 
six months. The droplet sizes, PDI, and ZP of the selected blank formulae 
M9 and M11 were re-measured without dilution, just to confirm the 
actual ME parameters, and they showed appropriate values of 32 ± 5 

and 45 ± 7 nm, 0.3 ± 0.05 and 0.4 ± 0.15, − 12 ± 3 and − 10 ± 2 mV, 
respectively. Hence, they were chosen for further ocular irritation 
testing. 

3.3. Draize eye irritation test and histopathological examination 

Visual examination of the rabbit’s eye treated with formula M9, 
Fig. S2(b) revealed no redness, swelling, or closure of the eye during the 
whole experiment. A result similar to that obtained with the left eyeball 
(negative control), Fig. S2(a). Conversely, the eye treated with formula 
M11 revealed visible signs of irritation, Fig. S2(c). 

The ocular condition was recorded for each of the three rabbits of the 
same group at different time intervals: 24, 48 and 72 h, and the average 
score for each Draize endpoint was calculated according to Table S1 as 
follows: for M9, 0 degree of ulceration, 0 hyperimea and swelling, and 
0 for inflammation of the conjunctiva, while for M11, 0 degree of ul
ceration, 1 hyperimea and swelling, and 2 for inflammation of the 
conjunctiva, and these scores lasted during the whole experiment (72 h). 
Hence, M9 can be considered a non-irritant according to the reported 
scoring system (Chambers et al., 1993). 

The rabbit eyes treated with formulae M9 and M11 for 72 h were 
dissected and prepared for histopathological examination. The left 
rabbit eyeball was also examined as a negative control. The histological 
structures of the rabbit’s cornea and conjunctiva are illustrated in Fig. 2. 
The control eye shows no histopathological alterations, demonstrating 
normal histological structures; the outer epithelium, inner endothelium, 
and intermediate stroma were the three layers that made up the stroma. 
Bowman’s membrane maintained a non-keratinized, stratified squa
mous epithelium on the cornea. The stroma was made up of continuous 
lamellae of uniformly thick acidophilic collagenous fibers. Keratocytes 
were flattened cells dispersed between the stromal lamellae in the 
ground material. The cornea’s inner endothelium was made up of a 
single layer of flattened cells held together by a thick, homogeneous 

Fig. 2. Histopathological images of the cornea and conjunctiva of rabbit eyes; (a) negative control and groups treated with (b) M9 and (c) M11.  
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Descemet’s membrane. The different eye sections treated with M9 are 
displayed in Fig. 2(b), do not show any histopathological changes, while 
the rabbit eyes instilled with M11, Fig. 2(c), reveals a focal stratification 
in the corneal surface epithelium of the rabbit eye with congestion in the 
underlying blood vessels, which indicates inflammation of the rabbit‘s 
eye (Daston & Freeberg, 2020; Ramos et al., 2017). These results were in 
agreement with those obtained from the Draize test. 

The obtained results confirmed the convenience of TPGS for ocular 
use at concentration reaching 30 % (w/w) and warranted the safety of 
alkyl glycosides as biocompatible SAAs used in eye preparations up to 
40 % (w/w). Hence, it can be deduced that although the lower Smix 
percentage, increased the concentration of Capryol™ PGMC from 30 % 
(w/w) in M9 to 50 % (w/w) in M11, this led to the occurrence of ocular 
irritation. This is attributed to the previously reported concentration- 
dependent cytotoxicity of the oil (Ujhelyi et al., 2012). Based on the 
above results, the w/o ME formula M9 was chosen for subsequent 
experiments. 

3.4. Preparation of DEXP-loaded TPGS/Plantacare®-based MEs 

Attempts to incorporate the drug using various methods revealed the 
superiority of the out-method where DEXP (1 mg/mL) was incorporated 
following ME formation. Moreover, no drug precipitation was seen upon 
increasing the drug concentration to 50 mg/ml while applying the out- 
method. Conversely, the addition of DEXP before the formation of the 
ME in the in-method resulted in drug precipitation and obvious 
turbidity. It can thus be inferred that the ME system should be formed 
and stabilized by SAAs first before the addition of the drug, as the latter, 
being a salt, may cause a kind of destabilization of the ME if added 
initially before ME formation (Kabalnov et al., 1995). 

The results also demonstrated the capacity of the selected w/o ME to 
incorporate large amounts of the water-soluble drug, confirming its 
suitability for entrapping any hydrophilic actives even in large doses. 
This could be attributed to the emulsifying power of both TPGS and 
Plantacare® 818-UP in addition to the special Co-SAA properties of 
Capryol ™ PGMC. A DEXP concentration of 1 mg/mL was maintained in 
all subsequent studies as it mimics the drug concentration in DEXP- 
containing marketed eye products. 

3.5. Characterization of the selected plain and DEXP-loaded ME formulae 

3.5.1. ME physico-chemical characterization 
The isotropicity of the developed MEs was confirmed by measuring 

percent transmittance (%T); the results showed high %T values that 
approached 100 %, 99 %, and 98 % for plain and drug-loaded formulae, 
respectively. Table 2 shows that the droplet size of the selected DEXP- 
loaded ME formula, DEXP-M9, did not significantly differ from the 
plain one (p > 0.05), with respective values of 43 ± 5 and 32 ± 5 nm. 
The developed MEs also showed a narrow droplet size distribution (PDI 
≤ 0.35) with a non-significant difference between plain and drug-loaded 
formulae (p > 0.05) and relatively high charge magnitudes of − 12 mV 
with an insignificant difference between them (p > 0.05), delineating 
the potential stability of the prepared systems (Moghimipour et al., 

2013). TEM images of both plain M9 and drug-loaded DEXP-M9 
formulae, Fig. 3(A), revealed discrete spherical particles. Smaller water 
droplets were obtained with M9 compared to DEXP-M9. It should be 
mentioned that the size in TEM images was slightly higher than that 
obtained by DLS, which may be attributed to the drying process of the 
w/o formulae before measurement. 

The pH value for both plain and drug-loaded formulae was almost 
neutral, ranging from 6.7 to 6.8, revealing that the inclusion of DEXP 
salt did not significantly alter the final pH of ME (p > 0.05). These data 
ensure the safety of the prepared MEs without any potential ocular 
irritation or discomfort. The measured viscosities of the prepared MEs, 
either plain or drug-loaded, scored 147 ± 5 and 150 ± 7 cP, respec
tively, with an insignificant difference between them (p > 0.05). The 
observed high viscosity was referred to the presence of both TPGS and 
Plantacare® 818-UP at high Smix concentration exceeding 40 % w/w in 
addition to the viscous oil Capryol™ PGMC. The relatively high viscosity 
is needed to increase the stability of ocular preparations by preventing in 
vitro drug precipitation and increase the bioavailability by increasing the 
retention and adhesion of the formula to the ocular surface (Elmotasem 
& Awad, 2020). Both ME formulae (plain and drug-loaded) showed 
comparable RI values of 1.436 ± 0.030 and 1.439 ± 0.020, respectively, 
with a non-significant difference (p > 0.05). The findings match well 
with the results of similar nano-emulsifying drug delivery systems 
(Shakeel et al., 2021), proving the w/o type of the developed ME and 
demonstrating the isotropic behavior of ME as well. 

The conductivity results of the prepared w/o MEs reached values of 
0.15 and 0.16 µS/cm in the case of plain and drug-loaded formulae, with 
an insignificant difference among them (p > 0.05). The typical con
ductivity of non-polar solvents such as oils usually scores values in the 
range (10− 9 – 0.1− 9 S/m) and polar solvents such as water (0.3 – 84 S/ 
m). Clausse et al. described the ME conducting system as a percolating 
system that is characterized by a rapid change in conductivity as a 
function of water volume fraction above a critical value (Clausse et al., 
1983). The sharp increase in conductivity above that value is attributed 
to water percolation or transition over the oil-rich side. Below the 
percolation transition, the conductivity of the w/o ME keeps lowering 
with the decreasing volume fraction of water but is still much higher 
than the typical conductivity of a non-polar solvent. This can be eluci
dated by the fact that nanodroplets carry positive or negative charges. 
The translocation of these charged droplets in an electric field will cause 
a finite conductivity whose magnitude is immediately related to the 
average charge on a droplet (Clausse et al., 1983). 

3.5.2. Fourier Transform Infrared Spectroscopy (FT-IR) 
The FT-IR spectra of different ME components as well as the DEXP- 

loaded ME formula, DEXP-M9, are illustrated in Fig. 3 (B). The FT-IR 
spectrum of water (a) showed a characteristic band at 3447.58 cm− 1 

due to the –OH group. A sequence of bands appeared in TPGS spectrum 
(b) at different wave numbers: 2892.52, 1735.36, and 1466.72 cm− 1 for 
the –CH aliphatic, C = O, and aromatic ring, respectively. Plantacare® 
818-UP spectrum (c) revealed different bands at 3404.82 cm− 1 due to 
the –OH group, 2924.27 cm− 1 of the –CH group, and 1648.04 cm− 1 due 
to the –CH2 aliphatic. Capryol ™ PGMC (d) exhibited comparable 

Table 2 
Physical characterization of the selected plain and drug-loaded w/o ME formulae.  

Formula Results* ± SD 

PS (nm) PDI ZP (mV) pH Viscosity 
(cP) 

RI Conductivity 
(µS/cm) 

Plain w/o ME 
(M9) 

32 ± 5 0.30 ± 0.05 − 12 ± 3 6.70 ± 0.1 147 ± 5 1.436 ± 0.030 0.15 ± 0.01 

Drug loaded w/o ME 
(DEXP-M9) 

43 ± 5 0.35 ± 0.07 − 12 ± 4 6.80 ± 0.2 150 ± 7 1.439 ± 0.020 0.16 ± 0.01 

*Average of three determinations performed on selected ME formulae. SD: standard deviation, PS: particle size, PDI: polydispersity index, ZP: zeta potential, RI: 
refractive index. N.B All formulae were measured as undiluted samples. 
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Fig. 3. In vitro characterization of the selected MEs: (A) HR-TEM images of the selected w/o ME formulae, (a) plain M9, and (b) drug- loaded DEXP-M9 at different 
magnifications. (B) FT-IR spectra representing different ME components and DEXP-M9. (C) DSC thermograms of DEXP, plain ME (M9), and drug-loaded formulation 
(DEXP-M9). 
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wavenumbers of similar groups; its spectrum showed bands at 3462.82, 
2885.33, and 1738 cm− 1, which belong to the –OH group, –CH aliphatic, 
and C = O of caprylic acid and propylene glycol, as previously stated. 
The FT-IR spectrum of DEXP (e) showed different bands at various 
wavenumbers; a broad peak appeared at 3423.42 cm− 1 matched to the 
–OH group, 2933.40 cm− 1 to the –CH group, and a sharp band at 
1455.46 cm− 1 due to the aromatic ring (Ajaz et al., 2020). The spectrum 
of the DEXP-loaded ME formula, DEXP-M9 (f), demonstrated a combi
nation of all the individual components described before. It showed 
several respective bands at different positions: 3421.40, 2957.31, 
1739.19, and 1641.14 cm− 1 belonging to –OH, –CH, C = O, and –CH2 
groups, which match well with the groups already present in each of the 
ME components, endorsing their compatibility. 

3.5.3. Differential scanning calorimetry (DSC) 
As observed in Fig. 3(C), the drug thermogram was typical with two 

endothermic peaks: one at 253.6 ◦C corresponding to its reported 
melting point, and the other around 100 ◦C corresponding to the 
evaporation of adsorbed water. The DSC thermogram of the drug-loaded 
ME, DEXP-M9, showed a small endothermic peak corresponding to the 
melting of TPGS at around 40 ◦C comparable to that of the blank M9 
formula with no evidence of a drug peak, which indicates complete 
amorphization and solubilization of the drug in ME. This may be 
attributed to the gel formation of the ME upon drying, which eventually 
ends with the formation of a dried coherent mass, that retains the drug 
within its structure and prevents its precipitation (Siafaka et al., 2023). 

3.5.4. Ex-vivo mucoadhesion study 
The mucoadhesive characteristic of the applied formulae is of critical 

value for their successful ocular delivery. This property prevents the 
leakage of the applied formulation and hence allows the prolongation of 
drug residence time within the eye, which enhances DEXP’s anti- 
inflammatory effect for efficient ocular treatment. The mucoadhesive 
properties of both plain M9 and DEXP-M9 ME formulae were tested by 
determining the force of detachment required to detach each formula 
from the freshly excised bovine cornea. 

The larger the force of detachment, the stronger the mucoadhesive 
property of the tested formulation. The force of detachment values of 
plain and DEXP-loaded ME formulae attained 731.34 ± 50 and 887 ±
67 dynes/cm2, respectively. This high force of detachment could be 
attributed to the proven high viscosity of these formulae. The effect of 
viscosity on the formulation‘s mucoadhesive property was previously 
reported. Moreover, both SAAs, the vitamin E derivative ‘TPGS’ and the 
polysaccharide derivative ‘Plantacare®’, were reported to enhance 
mucoadhesion by allowing contact with the mucin of the corneal tissues 
via electrostatic interactions (de Oliveira Cardoso et al., 2020). 

3.6. Sterilization and sterility test 

Sterilization was conducted using gamma irradiation at three 
different doses: 5, 15, and 25 KGy. Table S6 (Supplementary File) 
summarizes the characterization results before and after irradiation. 
Despite the documented decrease in PS of MEs following gamma radi
ation, yet the droplet size and size heterogeneity in plain and drug- 
loaded formulae increased significantly at the three radiation doses (p 
< 0.05) while the surface charge magnitudes were reduced (p < 0.05) as 
shown in Table S6 (Supplementary file). This could be attributed to the 
elevated oil content, where beta-oxidation of the oil would take place, in 
addition to the prospective drug degradation (Guo et al., 2017). 

Another sterilization technique was then applied using aseptic 
filtration using 0.22 µm Millipore filters. Table S7 (Supplementary File) 
shows the characterization results of the plain and DEXP-loaded MEs 
before and after aseptic filtration. As seen from Table S7 (Supplementary 
file), significant declines (p < 0.05) in both PS and PDI were noted, with 
a non-significant effect (p > 0.05) on the surface charge magnitudes for 
plain and drug-loaded formulae, respectively. The reduction of ME 

droplet size following sterilization may be attributed to the removal of 
any possible aggregates present, and the possible extrusion effect of 
filtration technique on the ME droplets, in addition to the ̈de-dusting 
effecẗ where removal of the very fine particles was reported to enhance 
the physical stability affecting the whole z-average of ME droplets 
measured by the DLS (Law & Britton, 2012; Zheng et al., 2013). 
Therefore, the aseptic filtration technique was adopted for sterilizing 
DEXP-loaded ME in all subsequent experiments. The sterility of the 
tested samples has been proven, as no bacterial or fungal growth was 
detected in neither the thioglycolate broth nor the Sabouraud dextrose 
agar. Moreover, the conservation of sterility for a 6-month storage 
period without opening and after in-use for one week was ascertained 
for samples sterilized by aseptic filtration by the same microbiological 
tests described before. 

3.7. Ex-vivo trans-corneal drug permeation evaluation 

DEXP permeation across excised bovine cornea was studied from 
both aseptically filtered and non-filtered ME, and the results were 
compared to those obtained with an aqueous solution prepared at the 
same drug concentration (0.1 % w/v) in phosphate buffer (pH 7.4) for 
24 h, Fig. 4. It could be clearly seen that the drug permeation from the 
solution was relatively much lower than the corresponding ME formula, 
either non-sterilized or aseptically filtered. This was attributed to the 
hydrophilic nature of the drug salt, which could not permeate through 
the lipid nature of the corneal tissues. On the contrary, enhanced drug 
permeation through the corneas was noted in the case of the ME because 
of its high oil content (30 %), which is biocompatible with the hydro
phobic cornea, added to the existence of large amounts of SAAs, which 
enhanced the drug permeation through the eye cornea. 

As shown in Fig. 4, only 77.39 µg/cm2 equivalent to about 5 % of 
DEXP, was permeated in the case of the aqueous solution after 2 h, while 
a significantly higher increase in the amount permeated per unit area (p 
< 0.05) reached 4-fold in the case of the ME formula. There was an 
insignificant difference in the amount permeated per unit area between 
the non-sterilized ME and the sterilized ME by aseptic filtration (p >
0.05). Finally, the drug was completely permeated after 24 h from both 
the selected ME formula and the aseptically sterilized formula, 
compared to only 27 % for the solution. The higher drug permeation 
from ME formulae will eventually lead to higher drug bioavailability 
and, hence, better therapeutic outcomes. 

Different parameters were assessed for both the ME formulae, either 
non-sterilized or aseptically filtered, and the aqueous solution, namely, 
the drug flux, permeability, and diffusion coefficients. 

As seen from Fig. 4, the drug flux from ME formulae, either sterilized 
or not, reached its maximum after 8 h, then a reduced permeation rate 
was observed, forming a biphasic permeation profile. The higher earlier 
permeation rate could be attributed to the high concentration gradient 
which affects the overall permeation profile (Shahab et al., 2020). 
Different permeation parameters were then calculated for the linear 
portion of the curve, and the data were collected in Table 3. It could be 
noticed from Table 3 that the flux from the ME formula, either sterilized 
or not, was four-fold higher than that of aqueous solution during the 
initial permeation phase. Moreover, higher permeability and diffusion 
coefficients were obtained for all tested formulations. This may be 
attributed to the presence of a large amount of SAA, which increases the 
permeation and diffusion of the drug and subsequently leads to a higher 
flux of the selected ME formula (Al Saqr et al., 2023). In addition, the 
permeability enhancement in the case of the ME formula was mostly due 
to its lower droplet sizes, as presented before. 

3.8. Ocular permeation using CLSM 

As observed from the CLSM images, a strong fluorescence was 
perceived in the cornea, conjunctiva, and retina treated with the labeled 
ME compared to the labeled solution after 24 and 72 h, as shown in 
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Fig. 5 (A) and Fig. 5 (B), respectively. By capturing CLSM z-stack images 
of the cornea, conjunctiva, and retina, we could notice that the labeled 
ME formula, M9, demonstrated deep penetration, reaching 7, 12 and 6 
µm after 24 h, while after 72 h the detected fluorescence attained 24, 72 
and 8 µm, respectively, as shown in Fig. 5(C), Fig. S3, and Fig. S4, and 
Fig. 5(D), Fig. S5, and Fig. S6. It is worthy to mention that no fluores
cence was detected in the labeled solution after 72 h at different z-stacks 
in the cornea, conjunctiva, and retina. These findings confirm the strong 
penetration capability of the selected ME formula in reaching the deep 
structures of the eye compared to the DEXP solution. The presence of a 
large amount of SAAs, in addition to the small size of ME droplets, led to 
deeper penetration of the formula into the different ocular tissue layers 
compared to the labeled fluorescent dye solution (Üstündag-Okur et al., 
2014). 

3.9. Physical stability of the selected ME formula 

Visual observation of the stored ME revealed that the formula 
remained clear and transparent with no evidence of precipitation for up 
to six months, which ensures good stability. The PS, PDI, ZP, and vis
cosity of the selected medicated formula and its corresponding plain 
formula were measured after storage at room temperature for six 
months, Fig. S7. It is obvious that the plain ME droplet size remained 
almost consistent during the whole storage period. The PS and PDI of the 
stored drug-loaded formula showed significant increases compared to 
those of the freshly prepared formula (p < 0.05), this could be due to the 
salted drug incorporation, which would increase the tendency of droplet 

aggregation (Bhardwaj et al., 1995). It is worthy to note that the droplet 
size of DEXP-M9 did not exceed 60 nm after a 6-month storage period. 
On the other hand, a non-significant increase in the ZP magnitudes and 
viscosity data was noticed (p > 0.05), which ensures high stability of 
both plain and drug-loaded formulae for a long period of time, up to six 
months, as previously described. To recapitulate, the drug-loaded w/o 
ME formula DEXP-M9 was chosen owing to its small droplet size (43 ± 5 
nm), PDI (0.35 ± 0.07), adequate ZP (-12 ± 4 mV), and stability up to 
six months. The high permeation profile, powerful mucoadhesion, deep 
ocular penetration, and ease of sterilization make it an optimum 
candidate for further in vivo studies. 

3.10. In vivo studies 

3.10.1. Clinical inspection and scoring 
The clinical signs of ocular inflammation in the right eyes are shown 

in Fig. 6. It can be observed that the negative control group (Group I) 
showed no signs of inflammation, congestion, or hyperemia of the iris 
with normal eye reflex and good eye condition during the whole 
experiment for 24 h with a score of 0 (Stonex et al., 2022). On the 
contrary, the LPS-induced eye uveitis (Group II, positive control) 
showed excessive signs of inflammation, which started immediately 
after LPS administration, increased progressively after 6 h, and wors
ened at 24 h, reaching a score of 4 (Stonex et al., 2022). 

Group III treated with the drug solution revealed progressive eye 
inflammation, which reached its maximum after 12 h and continued in 
bad condition after 24 h with a score of 4. This can be attributed to the 
poor penetration of the hydrophilic DEXP salt through the lipoidal 
ocular mucosa, which results in a very poor anti-inflammatory effect. 
Noting that there was no significant difference between the DEXP so
lution and the positive control (p > 0.05) as observed in Fig. 6. 
Considering the selected ME formulations, the w/o ME (DEXP-M9) 
treated eye (Group IV) showed only mild irritation, which reached its 
maximum after 12 h but was resolved at 24 h and restored its normal 
condition with a very mild hyperemia (score of 1), comparable to the 
negative control group. The existence of large amounts of surface-active 
agents in ME enhances the permeation of the water-soluble DEXP, 
leading to its high penetration into the eye in sufficient amounts. In 
addition, the surfactants used (TPGS and Plantacare®) are biocompat
ible, which ensures the safety of the eye by inducing no ocular irritation. 
As a result, the anti-inflammatory effect of the drug was promoted, 
which eventually stimulated a calming effect in the eye and decreased 
the congestion. Moreover, the previously proven mucoadhesive effect 

Fig. 4. Trans-corneal DEXP permeation profiles from loaded w/o non-sterilized and sterilized ME and the corresponding aqueous solution at a drug concentration of 
0.1%w/v. 

Table 3 
DEXP permeation parameters of non-sterilized and sterilized DEXP-M9 ME 
formulae and the corresponding aqueous solution.  

Permeation 
Parameters 

Aqueous 
solution 

Non-sterilized 
ME formula 

Sterilized ME by 
aseptic filtration 

Jss (µg/cm2/h) 30.35 ± 1.40 120.51 ± 4.50 126.58 ± 4.25 
Papp (cm/h) 0.033 ±

0.001 
0.134 ± 0.005 0.141 ± 0.005 

D (cm2/s) 0.015 ±
0.001 

0.250 ± 0.019 0.271 ± 0.013 

ER — 3.97 ± 0.14 4.17 ± 0.14 

N.B.: Jss: Drug transcorneal flux at steady state; Papp: apparent permeability 
coefficient; D: diffusion coefficient (D), ER: Enhancement ratio compared to the 
reference aqueous solution. 
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increased the drug retention time and prevented drug loss through the 
nasolacrimal fluid, ending with a pronounced increase in drug 
bioavailability. 

3.10.2. Histopathological examinations of the cornea, iris, and ciliary body 
Considering the histopathological examination and evaluation of the 

three layers: cornea, iris, and ciliary body of different rat groups, the 
following was observed: the negative control (Group I) exhibited normal 
structure as the outer epithelium, inner endothelium, and intermediate 
stroma were intact, Fig. 7. The Bowman’s membrane maintained a non- 
keratinized stratified squamous epithelium made up of continuous 
lamellae of uniform thickness. The keratocytes were flattened normal 
cells and dispersed between the stromal lamellae in the ground material. 
The cornea’s inner endothelium was made up of a monolayer of flat
tened cells held together by a homogeneous Descemet’s membrane. 
Similarly, the iris and ciliary body exhibited no signs of cellular infil
tration, according to the findings (Ibrahim & Abd-Allah, 2022). 

On the contrary, some epithelial cells were deformed, while others 

were degraded and vacuolated in the positive control (Group II). Other 
areas of the corneal epithelium showed localized disorder and stratifi
cation, while others showed focal irregularity and destruction. 
Furthermore, the corneal epithelium displayed vacuolated cytoplasm as 
well as some hyperchromatic, pyknotic cells. Stroma had an indefinite 
structure, with the collagen fibers destroyed and separated by large gaps 
with extensive cell infiltration in the iris and ciliary body. 

For the drug solution group, Groups III, some epithelial cells with 
vacuolated cytoplasm were seen, and collagenous fibers were settled in 
the stroma with some intervals between them. Less cellular infiltration 
was noticed within the anterior segment of the iris compared to the 
positive group. While for the selected ME formulae (DEXP-M9), the 
corneal specimens indicated a nearly normal histological structure with 
intact epithelium, the Bowman’s membrane appeared to be in a well- 
defined condition. The stroma contained flattened and ordered kerato
cytes. The membrane of Descemet and the endothelium appeared to be 
normal and continuous. The two treatment groups reduce the histo
pathological alterations caused by LPS extensively compared to the 

Fig. 5. Confocal images of different eye sections captured at the surface after instillation of Rhodamine-B labeled ME, M9, and solution compared to the negative 
control eye upon 24 h (A) and 72 h incubation (B), scale bar (50 µm). CLSM Z-stack scanning images of the cornea after 24 h (C) and 72 h incubation (D) with 
Rhodamine B labeled ME; M9, scale bar (50 µm). 
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reference group, with a higher anti-inflammatory effect noted in the ME 
group. The poor penetration of the hydrophilic moieties across the eye 
mucosal layers could explain the lower clinical efficiency of the refer
ence drug solution (Papangkorn et al., 2018). 

3.10.3. Quantitative determination of TNF-α and IL-6 levels 
The EIU is a model for animals used to access acute anterior eye 

inflammation. The most common characteristics of the EIU are infil
tration of inflammatory mediators (neutrophils, monocytes, and den
dritic cells) into the anterior of the eye segment and leakage of protein 
into the aqueous humor. The ultimate mechanism of EIU is not well 
understood. However, suggestions indicate that very high expression of 
cytokines, including the pro-inflammatory cytokines; TNF-α and IL-6, 
plays a magnificent role in the formation of EIU (Stonex et al., 2022). 

The protein levels of TNF-α and IL-6 in the aqueous humor were 
evaluated using an enzyme-linked immunosorbent assay kit, as 
mentioned previously. The samples of aqueous humor from the eye of 
each animal were withdrawn and diluted with assay buffer. Equal 
amounts of aqueous humor were used for the measurement of TNF-α and 
IL-6. EIU is usually accompanied by the emergence of anti-inflammatory 
mediators, viz. IL-6 and TNF-α, where their estimation can be used as an 
indicator for the relief of eye inflammation (Otaka et al., 2023), where a 

significant decrease (p < 0.05) in the level of these mediators in the 
aqueous humor of the rats was recorded upon proper treatment with 
DEXP-M9. 

Fig. 8 shows that the negative control (Group I) attained low 
amounts of TNF-α and IL-6 (94.4 ± 9 and 25.37 ± 1 ng/ml), respec
tively, which indicates a very low potential of irritation, while the 
inflamed eye of the positive control (Group II) suffered from a very high 
concentration of inflammatory mediators within the aqueous 
humor,157 ± 9.8 and 51.66 ± 1 ng/ml for TNF-α and IL-6, respectively, 
indicating severe irritation of the rat eyes, which are significantly 
different from the negative control (p < 0.05). The level of the inflam
matory markers TNF-α and IL-6 in aqueous humor while using DEXP 
solution (Group III) showed very high levels (138 ± 13 and 59.3 ± 8 ng/ 
ml) with no significant difference from the control without treatment, 
Group II (p > 0.05) owing to the very low permeation of the water- 
soluble drug across the lipophilic tissue of the eye, which ends in a 
very high irritation reaction of the drug solution. 

However, the concentrations of the inflammatory mediators in 
aqueous humor while using w/o ME (DEXP-M9) in Group IV were 
reduced, reaching 93.53 ± 21.36 and 29.8 ± 5.4 ng/ml for TNF-α and 
IL-6, respectively, which differ significantly from the positive control (p 
< 0.05) with no significance from the negative control (p > 0.05) owing 

Fig. 5. (continued). 
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to the existence of large amounts of surfactants, which improve the 
permeation of the drug to the eye, and lead to minimal irritation 
compared to the drug solution. Moreover, there were significant dif
ferences between the ME formula, DEXP-M9, and the drug solution (p <
0.05), in favor of the ME formulae. From the previous results, it can be 
deduced that the selected ME formula DEXP-M9 succeeded in decreasing 
the inflammation more than the corresponding drug solution even at 
lower doses (1/4 dose of the reference product), which can lead to 
higher patient compliance and increased ocular safety due to a decrease 
in the total drug dose, which ends in lowering the systemic side effects 
(Gaballa et al., 2021; Ibrahim & Abd-Allah, 2022). 

4. Conclusion 

Successful biocompatible MEs were designed and prepared using 
Plantacare®818-UP and TPGS as a novel Smix and Capryol ™ PGMC as 
the oil phase in the presence of double-distilled water. Plantacare® 818- 
UP and a TPGS: Plantacare mass ratio of (2:1) provided the largest ME 

region and the most stable ME formulae. The DEXP-ME scored a small PS 
(43 ± 5 nm), PDI (0.35 ± 0.07), ZP (-12 ± 4 mV) and was stable up to six 
months. TEM images showed a small droplet size for both plain and 
drug-loaded formulae, < 100 nm. Both plain and DEXP-ME formulae 
exhibited prompt mucoadhesion properties and a three-fold higher 
permeation profile compared to the drug solution. CLSM confirmed that 
the labelled ME formula had deeper penetration into the cornea 
compared to the labelled fluorescent solution. Aseptic filtration was 
chosen as the method of choice for ME sterilization. The In-vivo studies 
using the EIU model proved better clinical and histopathological eval
uation of the selected ME formula compared to the reference drug so
lution as well as significant lowering of the mediators of inflammation, 
TNF-α and IL-6. The ME formula DEXP-M9 succeeded in decreasing the 
drug dose and frequency of administration, which will lead to higher 
patient compliance as well as an increase in ocular safety. 

Fig. 5. (continued). 
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Fig. 6. Clinical evaluation and scoring of the rats’ eyes of different treatment groups.  

Fig. 7. Histopathological evaluation and scoring of the rats‘ eyes of different treatment groups showing outer epithelium (bold arrow), inner endothelium 
(arrowhead), intermediate stroma (S), and keratocyte (arrow). 
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Supplementary data to this article can be found online at https://doi. 
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