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A B S T R A C T   

The objective of this study was to encapsulate the antibacterial drug levofloxacin hemihydrate (LF) into span-
lastics (SLs) followed by incorporation into gelrite in situ gel to enhance its antibacterial activity and sustain 
ocular delivery. A combination of Span 60 as main vesicle component and Tweens as an edge activator (EA) was 
used to prepare SLs using the thin film hydration method. A 32 factorial design was applied to study the effect of 
formulation variables (ratio of Span 60: EA and type of EA) on SLs characteristics (encapsulation efficiency (EE 
%), particle size (PS), zeta potential (ZP) and percentage of drug released). In-vitro antimicrobial study was 
conducted to determine the antibacterial activity of the optimized formula. Finally confocal laser scanning 
microscopy (CLSM) was applied to monitor SLs corneal penetration. The optimum formulation (F5), contains 
240 mg Span 60 and 60 mg Tween 60 as EA. F5 exhibited EE% = 59.7 ± 4.2%, PS = 177.6 ± 1.8 nm, PDI = 0.27 
± 0.022 and ZP = -40.6 ± 0.68 mV. Furthermore, only 39.37 ± 0.72% of LF amount was released after 4 h 
compared to complete release from drug solution. The apparent permeation coefficient was (14.7 × 10− 3 cm/h) 
compared to (9.7 × 10− 3 cm/h) for LF solution. Moreover, F5 exhibited 200% and 100% increase in the anti-
bacterial efficacy against Pseudomonas aeruginosa and Staphylococcus aureus respectively.   

1. Introduction 

Many of eye problems are associated with bacterial infections such as 
conjunctivitis, blepharitis, endophthalmitis and keratitis. They consid-
ered a real threat to eye if left untreated as they can progress to blindness 
so an immediate and proper management is required (Saher et al., 
2016a). Acute bacterial infection is commonly treated by topical 
flouroquinolones. 

Levofloxacin (LF) is a synthetic third generation fluoroquinolones. 
It’s the L-isomer of ofloxacin with broad spectrum antibacterial effect 
against both gram negative and gram positive bacteria (Noel, 2009) by 
inhibiting DNA gyrase and topoisomerase IV (Hooper, 1999). In case of 

topical application, it provides effective antibacterial effect on cornea 
with frequent administration about every 1–2 h for first 3 days then 
every 4–5 h (Ameeduzzafar Imam et al., 2018) so trials to attain sus-
tained release dosage form can be advantageous. 

One of main drawbacks of topically applied conventional ocular 
delivery systems is the extensive and rabid loss of drug due to the 
nasolacrimal drainage and high tear fluid turnover (Bourlais et al., 
1998). Researches previously made efforts to enhance the penetration of 
drugs through the cornea and extend their duration of action by 
employing various nanosystems like nanoparticles, nanoemulsions, 
niosomes, liposomes and cubosomes. These nanosystems have proved to 
improve the therapeutic efficacy by effectively encapsulating the drugs. 

Abbreviations: CLSM, Confocal Laser Scanning Microscopy; DSC, Differential Scanning Calorimetry; EA, Edge Activator; EE%, Entrapment Efficiency; FT-IR, 
Fourier-Transform Infrared Spectroscopy; HLB, Hydrophilic Lipophilic Balance; LF, Levofloxacin hemihydrate; LSG, Levofloxacin spanlastic laden in situ gel; MIC, 
Minimum Inhibition Concentreation; MBC, Minimum Bactericidal Concentration; PS, Particle Size; PDI, Polydispersity Index; RhB, Rhodamine B; R4h%, R24h%, 
Percentage of drug released after 4, 24 h; rpm, Rotation per minute; r2, Correlation Coefficient; SL, Spanlastic; STF, Simulated Tear Fluid; TEM, Transmission Electron 
Microscopy; XRD, X-ray Diffractometry; ZP, Zeta Potential. 
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A number of strategies for ocular delivery of LF using nanocarriers were 
developed such as PLGA nanoparticles (Gupta et al., 2011), chitosan 
nanoparticles (Ameeduzzafar Imam et al., 2018), nanospheres (De 
Gaetano et al., 2021), solid lipid nanoparticles (Baig et al., 2016), 
nanoemulgel (Mehanna et al., 2020) and proniosomes (Dhangar et al., 
2014). 

Recently, spanlastics (SLs) have been developed, a surfactant based 
nanovesicular elastic carrier system, composing of Span 60 and Tween 
80 as non-ionic surfactant for vesicle formation, and an edge activator 
(EA) respectively. The addition of EA has imported elasticity to vesicles 
to overcome the rigidity of niosomes so improving the penetration 
across different tissues. Researchers previously employed SLs to improve 
both corneal permeation and skin delivery of different drugs (Kakkar 
and Kaur, 2011) and hence it can be promising approach for ocular 
delivery of LF. 

Ocular in situ gels are valuable dosage forms for ocular delivery. 
They allow for prolonging ocular contact time, decreasing nasolacrimal 
drainage and hence decreasing dose frequency. In situ gels differ from 
gels in their nature as they present in liquid state which provides ease of 
administration and undergo phase transition to solid state upon contact 
with tear fluids in response to different stimuli depending on their 
mechanism of action (Kumar et al., 1994). 

The aim of current study is to formulate LF in dosage form that 
combines advantages of both nano-systems (SLs) and insitu gels as a 
promising tool for sustained delivery, enhanced antimicrobial activity 
and improved LF penetration across the cornea. 

2. Materials 

Levofloxacin hemihydrate was kindly received as gift sample from 
Amoun Pharmaceutical Co., Cairo, Egypt. Rhodamine B (RhB) as a 
fluorescent marker was purchased from Alpha Aesar, Germany. Sorbitan 
monostearate (Span 60) was purchased from Piochem, Egypt. Polyoxy-
ethylene sorbitan monooleate (Tween 80) and Polyoxyethylene sorbitan 
monolaurate (Tween 20) were obtained from Adwic, El-Nasr Pharma-
ceutical Chemicals Co., Egypt. Polyoxyethylene sorbitan monostearate 
(Tween 60) was purchased from Sisco Research Laboratories, India. 
Millipore filter (0.45 μm) was purchased from Cornell lab (Cairo, Egypt). 
Gelrite was acquired from LANXESS Company, Germany. NaCl, NaHCO3 
and CaCl2⋅2H2O were purchased from El-Nasr Pharmaceutical Chem-
icals Co., Egypt. Methanol and absolute ethanol were purcahsed from 
Fisher Scientific, UK.ce. 

3. Methodology 

3.1. Preparation of levofloxacin loaded spanlastics (LF-SLs) 

SLs were prepared by thin film hydration method (Al-Mahallawi 
et al., 2017). Nine formulations were prepared according to 32 factorial 
design as indicated in Table 2. Span 60 used as the main vesicle forming 
component with different grades of Tween as an EA at different weight 
ratios of 9:1, 8:2, and 7:3 (total weight 300 mg was chosen based on 
preliminary trials). 

To prepare the SLs, first, a precise amount of Span 60 was weighed 
and dissolved in 10 mL of absolute ethanol in a well closed tube using a 
bath sonicator (Sonix IV, SS101H230, USA) until a clear solution was 
obtained. The resulting solution was then transferred into a round bot-
tom flask and the organic solvent was removed under vacuum using a 
rotary evaporator (Wheaton, Chicago, Illinois, USA) at 60 ◦C to create a 
thin film on the walls of the flask. Subsequently, the thin film was hy-
drated by adding an aqueous phase consisting of 20 mg LF and a specific 
amount of EA dissolved in 7.5 mL deionized water. The flask was then 
rotated in a water bath at 100 rpm for 1 h at the same temperature under 
normal pressure. Finally, the resulting suspension was bath sonicated for 
3 min to reduce the particle size (Shamma and Elsayed, 2013). The 
resulting dispersion was then stored at4 ◦C to allow for maturation and 

further analysis. 

3.2. Characterization of prepared SLs 

3.2.1. Entrapment efficiency % (EE %) 
To determine the total drug content (TD) of the prepared formula-

tions, a specific volume of the dispersion was dissolved in hot ethanol to 
disrupt the dispersed vesicles. After being properly diluted, the resulting 
solution was filtered through 0.45 μm Millipore filter and the absor-
bance was measured at a predetermined λmax of 286 nm (Saher et al., 
2016a) using a UV spectrophotometer (model UV-1601 PC, Shimadzu, 
Kyoto, Japan). Free drug was separated from the vesicular system by 
centrifugation at 16000 rpm and 4 ◦C for 3 h using a cooling centrifuge 
(Acculab 16CE-4X100RD, USA). Then supernatant removed, filtered, 
properly diluted with deionized water and measured spectrophotomet-
rically to determine free LF (FD). Plain SLs were prepared and treated in 
the same manner to be used as blank. Experiments were repeated in 
triplicates and %EE was calculated indirectly from the following eq. 

EE% =
TD − FD

TD
× 100 (1)  

3.2.2. Determination of particle size (PS), zeta potential (ZP) and 
polydispersity index (PDI) 

All prepared formulations (F1-F9) were properly diluted (1:100) by 
deionized water for measuring size, PDI in addition to ZP using Malvern 
zeta sizer (Nano ZS 90, Malvern, UK). Each measurement repeated 
triplicate at 25 ◦C. 

3.2.3. In-vitro release study of LF from prepared SLs 
The in-vitro release of LF from pthe repared formulations was con-

ducted in GFL shaking water bath (GFL, Gesellschaft fur Labortechnik 
GmbH, Burgwedel, Germany) using modified Franz diffusion cell rep-
resenting donor compartment. Cells were tightly covered with semi-
permeable cellophane membrane which was previously soaked 
overnight in simulated tear fluid (STF), which was prepared by mixing 
NaCl (0.68 g), NaHCO3 (0.22 g), CaCl2⋅2H2O (0.008 g), and distilled 
water to a final volume of 100 mL. The freshly prepared STF at pH of 7.4 
was used as the release media to simulate the physiological conditions. 

SLs suspensions were centrifuged to remove free drug, cake dispersed 
in water and 50 μL of the dispersion was assayed for drug content after 
dissolving in absolute ethanol. Certain volume of each formula equiva-
lent to 2 mg of LF was accurately measured and carefully placed on 
membrane surface of the donor chamber. Cell was suspended in a 250 
mL beaker containing 50 mL of release media (representing receptor 
compartment) so cell just touching the media. The receptor cell was 
maintained at 37 ± 0.5 ◦C and continuously stirred at 50 rpm. 

At predetermined time intervals up to 24 h, 1 mL sample was with-
drawn and replaced with an equal volume of fresh media to maintain 
sink condition. Aliquots were diluted and analyzed spectrophotometri-
cally to determine the amount of drug released. Each measurement 
repeated triplicate. 

3.2.4. Release kinetics 
GraphPad Prism software (version 6.00; Graphpad Software, San 

Diego, CA, USA) was utilized to analyze the kinetics data obtained from 
different formulations release. Generally, the data was adjusted to 
different release models such as zero-order, first-order (Martin et al., 
1993), and higuchi models (Higuchi, 1963) to show which model is best 
representative to LF release. The pattern of LF release from formulations 
was attained by the model with the highest correlation coefficient (r2). 
Also Korsmeyer–Peppas kinetic model was applied to predict the main 
transport mechanism (Korsmeyer et al., 1983). 

3.2.5. Statistical Analysis 
A complete 32 factorial design was conducted using Design-Expert® 
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software (Stat-Ease, Inc., Minneapolis, Minnesota, USA) and employed 
for optimizing the formulation variables. Two factors, each with 3 levels, 
were studied: EA Type (X1) and Span 60: EA ratio (w/w) (X2). Table 1 
summarizes the design. The experimental results were analyzed and 
formulation with the highest desirability was selected as the optimum 
one (Abdelbari et al., 2021). 

3.3. Characterization of the optimum LF-SL (F5) 

Regarding the obtained results, F5 (consists of Span 60: Tween 60 at 
80: 20 weight ratio) was chosen as the optimum formula and hence was 
subjected for further investigation and incorporation in the final dosage 
form. 

3.3.1. Transmission electron microscopy (TEM) 
The morphological examination of the optimum LF-SL suspension 

(F5) was conducted using TEM (JEM-2000EX II, JEOL, Tokyo, Japan). A 
drop of the sample was properly diluted and fixed onto the surface of a 
carbon-coated copper grid. The vesicles were then negatively stained 
with a 2% (w/v) aqueous solution of phosphotungstic acid for 5 min, air- 
dried for 10 min at room temperature, and finally microscopically 
examined (Abdelbary et al., 2016). 

3.3.2. Solid state characterization 
The un-entrapped LF was separated from (F5) vesicles through ultra- 

centrifugation as discussed before. The sediment was dispersed in water, 
frozen and subjected to lyophilization. Plain F5 was treated in the same 
manner and the resulting lyophilized vesicles, as well as the physical 
mixture and the individual components, were investigated through the 
following solid-state examinations (Tayel et al., 2015). 

3.3.2.1. Fourier-Transform Infrared Spectroscopy (FT-IR Spectroscopy). 
FT-IR spectral analysis of LF, Span 60, Tween 60, their corresponding 
physical mixture, plain and LF loaded (F5) freeze-dried samples were 
conducted by FT-IR spectroscopy (Thermo Fisher Scientific iS10 Nicolet) 
to assess any possible interactions between different system compo-
nents. Samples were mixed and finely grounded with potassium bromide 
then pressed into KBr disks to be scanned. The scanning limit ranged 
from 500 to 4000 cm− 1. 

3.3.2.2. Differential Scanning Calorimetry (DSC). DSC (Shimadzu DSC 
50, Tokyo, Japan) was applied for thermal analysis of the samples to 
assess any changes in thermograms of the different ingredients and any 
possible interactions between them. Samples were heated from 25 ◦C to 
400 ◦C in aluminum pans at a rate of 10 ◦C per minute under a dry ni-
trogen flow of 20 mL/min (ElMeshad and Mohsen, 2016). 

3.3.2.3. X-Ray Diffractometry (XRD). The degree of crystallinity of 
different components before and after being formulated was assessed by 
using X-ray diffractometer with Cu-Kα radiation (Rigaku Rint-2500VL, 

Tokyo, Japan) (Singh et al., 2019). Samples of LF, Span 60, physical 
mixture, medicated and plain F5 freeze-dried samples were investigated. 

3.4. Ex-vivo corneal permeability study 

Membrane diffusion technique was applied to study the Ex-vivo 
corneal permeability across freshly excised rabbit cornea. Same as in- 
vitro release, the studies were conducted within a vertical Franz cell 
using GFL shaker maintained at a constant temperature (37±1̊ C) and 
100 rpm. 

The excised cornea was mounted between the donor and the receptor 
compartments. Both LF solution and F5 dispersion (equivalent to 1 mg 
LF) were placed in the donor compartment on the corneal epithelium. 
The receptor media was 25 mL of freshly prepared STF pH 7.4. A plain 
dispersion was treated with the same manner to be used as blank and 
avoid any possible interference. At fixed time intervals, 1 mL aliquot was 
withdrawn and replaced with fresh medium to maintain a constant 
volume. The samples were analyzed spectrophotometrically, and the 
experiment was repeated triplicate to calculate the mean ± SD. The 
following equation was used to calculate the apparent permeability 
coefficient (Papp). 

Papp =
ΔQ
Δt

×
1

(A.C˳.)
(2) 

Where ΔQ/Δt (μg/h) is the flux across the corneal tissue, C˳ (μg/mL) 
is the initial concentration of drug in the donor compartment and A is 
the area of diffusion (cm2). The flux was calculated from the slope of the 
linear portion of the curve between the amount permeated (Q) versus 
time (t). 

3.5. Formulation of LF-SL laden in situ gel (LSG) 

Accurately weighed amounts of gelrite dissolved in deionized water 
at 50 ̊ c with stirring at 600 rpm to prepare plain ion activated in situ gel 
in different concentrations from 0.1% to 0.5% w/v. The optimum for-
mula F5 was ultra-centrifuged to remove the un-entrapped drug and the 
residue was uniformly dispersed in the polymer solution. 

3.6. Characterization of LSG 

3.6.1. Gelling capacity 
To determine the gelling capacity of formulations, a small amount 

(100 μL) of the formulation was added to a test tube containing 2 mL of 
freshly prepared STF solution. The time required for the gelation to start 
and time the gel took to be completely dissolved was observed (Alsaidan 
et al., 2022). 

3.6.2. pH and rheological properties 
Digital pH meter (Beckman Instruments Fullerton, CA 92634, Ger-

many) was used to determine pH of the prepared formulations, and 
viscosity of formulations before and after gelation was measured by 
Brooke field viscometer (Haake Inc., Germany) at room temperature. All 
measures were done in triplicate. 

3.6.3. Drug content 
One gram of the preparation was dissolved in hot ethanol with aid of 

sonication to completely disrupt the vesicles then filtered using 0.45 μm 
milipore filter, properly diluted and finally measured spectrophoto-
metrically to determine amount of drug. 

3.6.4. In-vitro drug release 
LF release from both LSG in comparison with LF in situ gel as control 

was conducted in the same manner discussed above. 

Table 1 
The independent variables levels used to formulate LF-SLs.  

Factors (Independent variables) Levels 

X1: (Type of EA) Tween 80 
(− 1) 

Tween 60 
(0) 

Tween 20 
(1) 

X2: (Span 60: EA ratio (w/w) 90:10 
(− 1) 

80:20 
(0) 

70:30 
(1) 

Responses (Dependent Variables) Desirability Constraints 
Y1: EE% Maximize 
Y2: PS (nm) Minimize 
Y3: PDI Minimize 
Y4: ZP (mV) Maximize (absolute value) 
Y5: R4h% Minimize 
Y6: R24h% Minimize  
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3.7. Microbiological study of optimum F5 

The minimum inhibition concentration (MIC) was determined by the 
broth microdilution technique to compare the antibacterial activity of 
the optimized (F5), plain formula and marketed product (LF solution) 
against S. aureus and P. aeruginosa (Kahlmeter et al., 2003). In this study, 
Muller-Hinton Broth (Oxoid) was placed in a 96-well microtiter plate 
(Corning Incorporated, Corning, USA) and serial dilutions of LF solution, 
optimized F5, and plain F5,ranging from 500 to 4.76 × 10− 4 μg/mL, 
were prepared and added to 20 wells. The wells were inoculated with 1 
× 106 colony forming units per milliliter (cfu/mL) of each organism, and 
the microtiter plate was incubated for 24 h at 37 ◦C, after which mi-
crobial growth was visualized (Abdelrahman et al., 2015). 

The MIC is the minimum concentration that inhibited the microbial 
growth and determined by last clear tube. However, the MBC is the 
lowest concentration that kills at least 99.9% of the initial bacterial 
inoculum and determined by subculturing the last three clear tubes 
-with no observed growth in MIC assay- on Muller-Hinton agar medium 
and checking for absence of growth. 

3.8. Stability study 

The stability of the optimum (F5) dispersion was monitored by 
storing at two different temperatures (− 4 ◦C in a refrigerator and 25 ±
2 ◦C) over a period of 3 months. Samples were collected at intervals of 1, 
2, and 3 months and assessed for any physical changes in color or odor, 
PS, PDI, ZP, and % EE. Triplicate measurements were taken for each 
parameter and the mean value was calculated. Statistical analysis was 
performed using ANOVA test followed by Tukey-Kramer multiple 
comparisons test with Graphpad prism software (version 5.00; San 
Diego, CA, USA), at a significance level of ρ ˂ 0.05. 

3.9. In-vivo study 

Ocular irritation and corneal penetration studies were conducted in 
accordance with the ARRIVE guidelines and approved by the Research 
Ethics Committee of the Faculty of Pharmacy at Mansoura University, 
Egypt. Adult male New Zealand albino rabbits, weighed approximately 
2–3 kg each were used for studies. Animals were housed individually 
under standard environmental conditions, including a 12-h dark: light 
cycle, temperature of 20–25 ◦C, and relative humidity of 40–70%. They 
were fed with standard pellet diet and provided with water. Prior to the 
experimental study, all rabbits were examined and found to be healthy 
without any observable ocular abnormalities. 

3.9.1. Eye irritation test 
The study was conducted following the modified Draize test (Draize 

et al., 1944), and all glassware used in the experiment was sterilized by 
autoclaving. Nine New Zealand albino rabbits were used for the test and 
divided into three groups, with three rabbits in each group. The first 
group received plain F5 while the second and third groups received F5 
and F5 loaded in situ gel respectively. 

Two drops (100 μL) of each formulation was instilled into the lower 
cul-de sac of the right eye of each rabbit, while their left eye received 
saline and act as control. To minimize the loss of instilled preparations, 
the eyelids were gently held together for approximately 10 s. Animals 
were monitored for any ocular irritation reactions such as discharge, 
redness, conjunctival chemosis, iris or corneal lesions, immediate and 1, 
6, 12, 24, 48, and 72 h after instillation (ElMeshad and Mohsen, 2016). 

3.9.2. Corneal penetration study by confocal laser scanning microscopy 
(CLSM) 

CLSM technique was applied to investigate the ability of the 
formulated SL system (F5) to enhance the penetration of the tested drug 
across corneal tissues in comparison to conventional eye drop. The 
monitoring of labeled formulation was done by inverted CLSM (LSM 

710; Carl Zeiss, Jena, Germany) (Elsayed and Sayed, 2017). 
First of all, F5 was prepared in the same manner mentioned above 

with the replacement of LF with 0.02% w/w Rhodamine B (RhB) as a 
fluorescent dye. The RhB loaded formulation was applied to the eye of 
male albino rabbit and contrasted to RhB solution at the same concen-
tration (50 μl was applied twice with 5 min interval). After 6 h animals 
were sacrificed, eyes enuculated and transparent cornea carefully 
separated, rinsed, saved in artificial tears and photographed on the same 
day with CLSM without any further tissue processing. RhB was visual-
ized by excitement at 485 nm and 595 nm using argon and helium‑neon 
lasers, respectively. The cornea was scanned in the xy and xz directions 
using the z-stack mode, starting from its outer surface until the disap-
pearance of RhB distinctive color. The acquired confocal images were 
analyzed with LSM software version 4.2 (Carl Zeiss Microimaging, Jena, 
Germany) (Sayed et al., 2020). 

4. Results and discussion 

4.1. Analysis of factorial design 

To study the impact of certain variables on the characteristics of 
prepared SL formulations, a full factorial design was applied and 
analyzed statistically (Araújo et al., 2010). Nine experimental formula-
tions (F1-F9) that combining two factors with three levels were formu-
lated and studied. Table 2 below displays the independent variables and 
measured responses for all SLs formulations. See Fig. 1 

Adequate precision, which is the ratio between signal and noise, was 
desired to be >4, and this acceptable ratio was achieved for all responses 
studied, as shown in Table 3. Additionally, the quality of the model was 
determined by the predicted R2 value, which must be in rational 
agreement with the adjusted R2 value and that was achieved for all re-
sponses studied as represented in Table 3. 

4.1.1. Effect of formulation variables on the EE% 
According to obtained statistical results it was obvious that both EA 

type (X1) and ratio (X2) had significant effect on the amount of LF 
entrapped within the vesicles (p < 0.0001) where the entrapment 
ranged from 22.45% to 67.4%. 

Regarding the EA type, higher entrapment observed in case of Tween 
80 and Tween 60 compared to Tween 20 this could be due to higher HLB 
value of Tween 20 (16.7) than Tween 60 and Tween 80 (15 and 14.9 
respectively) as lower HLB value indicates higher hydrophobicity, 
decreasing fluidity and hence increasing overall entrapment % by 
increasing the membrane integrity (Moawad et al., 2017; Guinedi et al., 
2005). 

With respect to Span 60: EA ratio, the entrapment was inversely 
proportional to amount of EA where highest EE % was found in case of 
(90:10% w/w) Span 60: EA ratio regardless of EA type. Increasing EA% 
from 10% to 20% was accompanied by subsequent decreasing in the EE 
% and further increase to 30% resulted in the lowest EE% which in 
agreement with previous study (Moawad et al., 2017). This could be 
explained by the effect of EA on increasing the bilayer membrane 
fluidity with higher levels that meant increasing hydrophilic pores 
through which the entrapped drug might escape and hence reduce EE% 
(Duangjit et al., 2011). 

4.1.2. Effect of formulation variables on the PS and PDI 
The PS of all prepared SLs was <1 μm (nanoscale range) and ranged 

from 176 to 470.7 nm (Fig. 3A) which considered suitable for ocular 
delivery (Janoria et al., 2007) due to decreased eye irritation and 
increased bioadhesion (Yoncheva et al., 2005). Statistical analysis 
revealed that both design factors EA type (X1) and Span 60: EA ratio 
(X2) had significant effect on obtained vesicles size and PDI. 

Regarding X1, Tween 80 formed the smallest vesicles while Tween 
20 showed the largest one which in agreement with previous study 
which supposed that the use of surfactant with higher hydrophobicity 
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(lower HLB) would decrease the surface energy and form smaller par-
ticles and vice versa (ElMeshad and Mohsen, 2016; Yusuf et al., 2014). 
However Tween 80 and Tween 60 nearly have same HLP value, the 
unsaturated chain of Tween 80 could have enhanced the bending ability 
of the alky chain unlike the saturated alky chain of Tween 60 so pro-
duced smaller particles (Tayel et al., 2015). For X2, the amount of EA 
had negative effect on PS as increasing EA amount resulted in decreasing 
PS of the vesicles. This could be illustrated by the effect of EA on 
decreasing the interfacial tension and facilitating particles partition so 
give rise to smaller vesicles (Badria and Mazyed, 2020). Additionally, at 

high EA levels mixed micelles might be formed instead of vesicles, which 
possess smaller diameters (Basha et al., 2013). 

PDI of all formulations ranged between 0.26 and 0.55 which is 
considered generally acceptable but PDI below 0.3 was preferred as 
some researchers suggested it as the accepted range for nano-carriers 
delivery systems. The low PDI value indicated a homogenous particles 
distribution and also revealed that SLs dispersion is stable as well as non- 
aggregated (Bin-Jumah et al., 2020). 

Table 2 
Measured Responses of LF-SLs. Each value represents the mean ± SD (n = 3).  

Code Span 60:EA Ratio (X1) EA Type (X2) %EE 
Y1 

PS (nm) 
Y2 

PDI 
Y3 

ZP 
Y4 

R4h (%) 
Y5 

R24h (%) 
Y6 

F1* 9:1 Tw 80 63.50 ± 4.1 307.3 ± 7.10 0.55 ± 0.036 − 42.3 ± 1.1 51.52 ± 1.10 91.66 ± 1.00 
F2* 8:2 Tw 80 50.10 ± 2.9 176.0 ± 1.34 0.28 ± 0.032 − 37.3 ± 0.49 54.23 ± 1.53 91.93 ± 1.53 
F3* 7:3 Tw 80 25.30 ± 3.7 235.0 ± 3.70 0.43 ± 0.021 − 38.1 ± 1.34 57.20 ± 1.53 91.40 ± 1.10 
F4* 9:1 Tw 60 67.40 ± 2.5 437.6 ± 6.30 0.26 ± 0.049 − 41.4 ± 1.16 43.95 ± 2.03 71.72 ± 1.70 
F5* 8:2 Tw 60 59.70 ± 4.2 177.6 ± 1.80 0.27 ± 0.022 − 40.6 ± 0.68 39.37 ± 0.72 74.63 ± 3.60 
F6* 7:3 Tw 60 39.50 ± 3.1 305.6 ± 2.60 0.49 ± 0.023 − 38.3 ± 1.2 50.83 ± 2.25 79.12 ± 1.66 
F7* 9:1 Tw 20 52.60 ± 4.7 470.7 ± 5.20 0.46 ± 0.044 − 31.6 ± 3.9 53.77 ± 2.70 83.36 ± 2.38 
F8* 8:2 Tw 20 48.80 ± 3.3 324.5 ± 5.37 0.49 ± 0.034 − 29.9 ± 1.7 58.98 ± 2.40 91.10 ± 2.03 
F9* 7:3 Tw 20 22.45 ± 2.4 183.4 ± 2.76 0.38 ± 0.061 − 32.3 ± 1.1 60.00 ± 1.33 94.10 ± 1.40  

* All formulations contain 20 mg LF. 

Fig. 1. Response 3-D plots for the effect of EA type (X1) and ratio of Span 60 to EA on (A) entrapment efficiency (EE %), (B) particle size (PS), (C) PDI, (D) zeta 
potential (ZP), (E) amount of LF released after 4 h (R4h%) and (F) amount of LF released after 24 h (R24h%). 

Table 3 
ANOVA results for the factorial analysis of responses.  

Responses F value R2 Adjusted R2 Predicted R2 Adequate Precision Significant Factors 

Y1: EE% 91.28 0.948 0.938 0.905 23.62 X1, X2 

Y2: PS (nm) 1811.31 0.999 0.998 0.997 104.87 X1, X2 

Y3: PDI 36.31 0.948 0.922 0.851 17.33 X1, X2 

Y4: ZP (mV) 40.43 0.786 0.767 0.678 10.27 X1 
Y5: R4h% 40.03 0.952 0.929 0.865 17.45 X1, X2 

Y6: R24h% 94.95 0.979 0.969 0.941 22.90 X1, X2  
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4.1.3. Effect of formulation variables on ZP 
ZP is a measure of all particles charge and values higher than ±30 

are required to ensure system stability as a result of electrostatic 
repulsion force between vesicles that prevents particles agglomeration 
and enhancing stability (Abdelbary et al., 2016). In this design only X1 
(Type of EA) had significant effect on ZP while X2 (EA amount) was 
insignificant. According to obtained data, ZP of all formulations was 
relatively high and ranged between − 29.9 to − 42.3 mV (Fig. 3B) where 
Tween 20 had the lowest values compared to both Tween 80 and 60. The 
imported negative charge to the particles could be caused by adsorbing 
OH− ions of the dispersion media on particles membrane despite being 
nonionic surfactants (Soliman et al., 2016). 

4.1.4. Effect of formulation variables on the LF% release 
Fig. 6A below illustrates the release of LF from control solution and 

different SLs. It was obvious that incorporating LF within SL system 
significantly slowed down the drug release as the vesicular system is 
well-known to act as reservoir which slowly releases the drug providing 
sustained release profile (Ghanbarzadeh and Arami, 2013). The drug 
completely released from the solution within 4 h while SLs showed 
biphasic release state where about 39–60% was released rapidly in first 
4 h due to surface-adsorbed free LF followed by sustained release from 
the vesicle core for about 24 h. This was in agreement with previous 
study (El Zaafarany et al., 2010). Analysis of the design data and sta-
tistics revealed that both EA type and amount (X1 and X2) had signifi-
cant effect on the release profile but effect of X1 was much greater. 

Regarding EA type (X1), SLs showed alky chain length dependent 
release as decreased alkyl chain of EA resulted in increased drug release 
where more fluidity imported to the bilayer membrane facilitating the 
drug release. In our model despite having the same hydrophilic head, the 
EA are differing in the hydrophobic alkyl chain so Tween 20 (with the 
smallest alkyl chain C = 12) provided higher release rate compared to 
Tween 60 and Tween 80 (C = 18) (Devaraj et al., 2002). Moreover, 
Tween 80 formulations showed faster release than Tween 60 due to alky 
chain unsaturation which might increase membrane fluidity and facili-
tate the drug leakage. According to EA concentration, X2 had positive 
effect on the release profile as faster release observed with increasing 
EAs amount which could increase the membrane fluidity and hence 
facilitate drug release so (7:3) ratio provided the highest release rate. 

4.1.5. Release kinetics 
Release kinetics of LF from prepared formulations is summarized in 

Table 4 below. All investigated formulations were best fitted into the 
Higuchi model with the optimum F5 displaying high r2 value of 0.9947. 
Higuchi’s model suggests that drug release occurs via diffusion through 
dispersed vesicles, and it proposes that the initial drug loading in the 
matrix exceeds its solubility in surrounding media thus results in a sink 
condition on the particles wall and allows the drug to be diffused in a 
constant and controlled manner in the release media (Paul, 2010). 

Additionally, the Korsmeyer-Peppas model was found to be the most 
convenient model for analyzing the release of matrix-based systems. The 

Peppas model was applied to determine values of the release exponent 
(n) and found to be <0.5, indicating that the release profile of LF from 
investigated systems follows Fickian transport (Ritger and Peppas, 
1987). 

4.1.6. Determination of the Optimum SL Formulation 
A complete factorial design using Design-Expert software was 

employed to analyze all measured responses of the prepared SLs for-
mulations and determine the optimum formula. The selection criteria 
for the optimum formulation were to attain the highest EE% and ZP as 
absolute value while minimizing the values of PS and PDI. As shown in 
Fig. 2 below, F5 which was formulated with Tween 60 as an EA and Span 
60: EA ratio (w/w) of 80:20, achieved the best criteria with a desirability 
of 0.89. Both the predicted and observed values of different responses of 
the optimum formulation are summarized in Table 5. 

4.2. Characterization of the optimum LF-SL (F5) 

4.2.1. Transmission electron microscopy (TEM) 
The morphological examination of the optimum F5 is represented in 

Fig. 3C. It is exhibiting spherical shaped particles with well-defined 
walls, indicating its vesicular characteristics (ElMeshad and Mohsen, 
2016). Also reveals the absence of vesicular aggregation, which may be 
attributed to the strong repulsive forces between the negatively charged 
particles (Tayel et al., 2015). 

4.2.2. Solid state characterization 

4.2.2.1. FT-IR Spectroscopy. FT-IR study was conducted to ensure 
components compatibility and absence of possible interactions between 
LF, Span 60 and EA (Tween 60). The FT-IR spectra of LF, Span 60, Tween 
60, physical mixture and both plain and LF-loaded lyophilized SL (F5) 

Table 4 
Results of release kinetics of LF from investigated SLs.   

Formula 
code 

Correlation Coefficient (r2) Korsmeyer- 
peppas slope 
N Zero 

order 
First 
order 

Higuchi Korsmeyer 
peppas 

F1 0.6336 0.9162 0.9573 0.9361 0.4387 
F2 0.5764 0.8827 0.9222 0.9094 0.4278 
F3 0.5905 0.8933 0.9332 0.9165 0.4255 
F4 0.5871 0.8459 0.9499 0.9254 0.4016 
F5 0.6586 0.8247 0.9947 0.9571 0.4089 
F6 0.5670 0.7590 0.9667 0.9119 0.4115 
F7 0.5681 0.7786 0.9492 0.9191 0.4021 
F8 0.5623 0.8636 0.9319 0.8955 0.4431 
F9 0.5641 0.9042 0.9259 0.9047 0.4207  

Fig. 2. Response 3-D plots for the effect of EA type (X1) and amount (X2) on 
desirability. 

Table 5 
Predicted and observed responses for optimized formulation F5.   

Responses Predicted 
mean value 

Observed 
experimental value 

% 
RSD 

Optimum formula 
coded (0,0) 

Y1: EE% 60.67 59.7 ± 4.2 1.6 
Y2: PS 
(nm) 

174 177.6 ± 1.8 2.07 

Y3: PDI 0.27 0.27 ± 0.022 0 
Y4: ZP 
(mV) 

− 40.03 − 40.6 ± 0.68 1.4 

Y5: R4h% 39.35 39.37 ± 0.72 0.05 
Y6: R24h% 71.07 74.63 ± 3.6 5.01 

% RSD equal to[ (measured value-predicted value) / predicted value ]× 100. 
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Fig. 3. Physicochemical characteristic of optimum F5, PS (A), ZP (B) and TEM analysis (C).  
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Fig. 4. Solid state characterization of optimum F5, FTIR (A), DSC (B) and XRD (C). Where I represents Span 60, II Tween 60, III free drug (LF), IV physical mixture, V 
plain F5 and VI medicated F5. 
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are displayed in Fig. 4A. As shown in figure; FT-IR spectra of LF showed 
distinctive peaks at 3265 cm− 1(OH), 1620 cm− 1(C––O ring) and 1724 
cm− 1(C––O acid) cm− 1 as documented (Kugel et al., 2010), both Span 60 
and Tween 60 shared common peaks at nearly 3420 cm− 1(OH), 2920, 
2850 cm− 1(aliphatic CH stretching) and 1739 cm− 1 (C––O strteching) 
(Farmoudeh et al., 2020). There was no suppression or appearance of 
additional peaks observed in spectra of F5 indicated no significant 
interaction between drug and other ingredients (Gupta et al., 2011). 

4.2.2.2. Differential Scanning Calorimetry (DSC). Fig. 4B displays the 
DSC curves of LF, Span 60, their physical mixture, plain and LF-loaded 
F5. The thermogram of LF showed an endothermic peak at 87 ◦C due 
to the dehydration of LF, a melting endothermic peak at 231 ◦C that 
indicated crystallinity of pure LF (Ameeduzzafar Khan et al., 2020) and 
exothermic peak around 380 ◦C that might resulted from LF thermal 
degradation (Saher et al., 2016b) while Span 60 showed an endothermic 
peak at around 60 ◦C (Mady et al., 2019). The distinctive sharp peak of 
Span 60 was visible in thermogram of the physical mixture while that of 
drug couldn’t be distinguished due to dilution effect (Mohamed et al., 
2017). 

There was a slight shift in the peak of Span 60 from 64 to 54 ◦C in 
both plain and medicated F5 that could be due to assembly of Span 60 
into the SLs bilayers that decreased its fusion point (El-Ridy et al., 2011) 
(AbuElfadl et al., 2021). However the peaks of drug were completely 
disappeared in both plain and medicated thermograms which indicated 
a complete encapsulation of drug and its conversion to amorphous form 
instead of the crystalline drug form (Mohamed et al., 2017) (Zafar et al., 
2022). As conclusion, the DSC thermogram eliminated any in-
compatibility among the system components. 

4.2.2.3. X-ray Diffractometry (XRD). Diffractogram of LF, Span 60, 
physical mixture in addition to both plain and LF-loaded F5 is repre-
sented in Fig. 4C. As well as DSC, also XRD used to study the in-
compatibility between various system components and monitoring the 
physical state of the drug. From the graph, it is clear that the distinctive 
peak corresponding to pure LF was completely disappeared in case of F5 
which clarified complete entrapment of the drug within the vesicular 
system and its conversion from the crystalline pure state to an amor-
phous state, which in consistent with the findings of the DSC study 
(Gupta et al., 2011). 

4.3. Corneal permeability study 

Fig. 5 below represents the cumulative amount of LF permeated 
across the cornea from both F5 and LS solution as control over 48 h. 
From results, SLs demonstrated a significant (p˂0.05) enhancement in 
LF apparent permeation coefficient (Papp) (14.7 × 10− 3 cm/h) in 

Fig. 5. Ex-vivo permeability study of LF across rabbit cornea from controlled 
solution and optimal spanlastic F5 (mean ± SD, n = 3). 

Table 6 
Characterization of prepared gelrite in situ gel (LSG).  

Formula 
code 

Gelrite 
conc W/ 
V% 

Gelling 
capacity 

Viscosity (cp) pH Drug 
content 
(%) Before 

gelation 
After 
gelation 

LSG1 0.1% ¡ 95.2 122 6.86 
±

0.12 

98.57 ±
0.42 

LSG2 0.2% + 151.7 1593 6.97 
±

0.14 

97.88 ±
0.95 

LSG3 0.3% ++ 248.4 5721 7.01 
±

0.13 

98.73 ±
0.68 

LSG4 0.4% +++ 684.6 9836 6.85 
±

0.09 

97.04 ±
1.15 

LSG5 0.5% +++ 2629 14,619 6.78 
±

0.15 

96.91 ±
1.73 

-, no gelation occur; +, spontaneous gelation but dissolves rapidly; ++, spon-
taneous gelation remains for few hours; +++, stiff gel forms instantly and re-
mains for extended period. 

Fig. 6. In-vitro drug release of LF from (A) optimum SLs (F5) and (B) optimum spanlastic laden in-situ gel (LSG3)eye in comparison with LF solution and LF in-situ 
gel in STF (pH = 7.4) at 37 ± 0.5 ◦C (mean ± SD, n = 3). 

Table 7 
Results of in-vitro microbiological study.  

MIC(μg/mL) MBC(μg/mL) 

Strain Pseudomonas 
aeruginosa 

Staphylococcus 
aureus 

Pseudomonas 
aeruginosa 

Staphylococcus 
aureus 

control 1 0.25 2 0.5 
F5 0.25 0.125 0.5 0.125 
Plain 

F5 
No activity No activity – –  
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Table 8 
Effect of the different storage conditions on the physicochemical properties of F5. Each value represents the mean ± SD (n = 3).  

F5 Zero time First month Second month Third month 

T = 4 ◦c T = 25 ◦c T = 4 ◦c T = 25 ◦c T = 4◦c T = 25 ◦c 

EE% 59.3 ± 5.5 57.4 ± 4.2 55.9 ± 3.9 57.3 ± 6.8 53.7 ± 4.04 55.2 ± 4.6 52.5 ± 5.6 
PS 175.6 ± 3.8 171 ± 3.1 166.6 ± 2.8 179.8 ± 4.1 167.1 ± 4.9 174 ± 2.6 214.4 ± 0.6 
PDI 0.24 ± 0.01 0.23 ± 0.02 0.24 ± 0.01 0.24 ± 0.03 0.24 ± 0.01 0.25 ± 0.01 0.2 ± 0.01 
ZP − 39.8 ± 1.7 − 36.5 ± 1.4 − 32.1 ± 0.7 − 42.1 ± 1.4 − 32.5 ± 0.35 − 37.6 ± 1.7 − 28.4 ± 1.3  

Fig. 7. Comparative confocal laser scanning microscopy images show depth and intensity of Rhodamine B solution (A) and Rhodamine incorporated in optimum SL 
(B) penetration across the corneal tissue. 
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comparison to LF solution (9.7 × 10− 3 cm/h). Additionally, there was a 
significant difference in terms of the total amount of LF permeated 
through rabbit cornea after 48 h, with 636.81 ± 18.28 μg for F5 and only 
466.23 ± 27.78 μg for LF solution. This could be attributed to the 
presence of surfactants (span 60 and EA) in the SLs, which could increase 
the endocytosis through the corneal epithelium and leads to greater 
permeation across the membrane (Gilani et al., 2022). Consequently, it 
could be concluded that SPs, as a vesicular system, significantly 
enhanced the corneal penetration of LF over the conventional solution. 

4.4. Formulation and characterization of LSG 

Table 6 below presents the results of different characteristics of the 
prepared LSGs. The gelling capacity of the investigated solutions was 
directly proportional to gelrite concentration and divided into 4 groups 
(Almajidi et al., 2019). The pH of all formualtions ranged from 6.78 ±
0.15 to 7.01 ± 0.13, which is considered suitable for ocular application. 
The drug content was within a reasonable percentage. Based to the 
obtained results, 0.3 w/v% gelrite was selected as the optimum con-
centration for incorporating (F5) as it provided suitable gel that formed 
instantly and remained intact for up to 6 h with an accepted viscosity. 

Fig. 6B represents LF in-vitro release profile from LSG3 compared to 
free LF in situ gel. LSG3 provided extended release over both LF gel and 
F5 which proves the dual action of incorporating the vesicular system 
within gel. 

4.5. Microbiological study of optimum F5 

The in-vitro antibacterial activity of free LF, LF Loaded F5 loaded, 
and plain F5 was appraised by determining MIC and MBC values against 
both Pseudomonas aeruginosa (gram+) and Staphylococcus aureus (gram-) 
bacteria. As presented in Table 7, MIC values indicated that plain F5 
exhibited no activity, while LF-loaded F5 was a four-fold and two-fold 
increase in activity against Pseudomonas aeruginosa and Staphylococcus 
aureus respectively. Furthermore, the MBC values indicated 400% in-
crease in bactericidal activity against both strains compared to the 
marketed product. These results provide evidence for the role of SL 
vesicular system in enhancement of the antibacterial activity of LF. 

4.6. Stability study 

Following three months of storage, the optimum formula F5 
exhibited no changes in appearance when stored under different storage 
conditions. The study of %EE, PS, PDI and ZP played a crucial role in 
monitoring the system’s stability. As illustrated in Table 8, at − 4 ◦c there 
was insignificant change (ρ ˂ 0.05) in the EE%, PS, PDI or ZP of F5 
throughout the study period, indicating good stability compared to the 
freshly prepared formulation. The physical stability observed in F5 at 
− 4 ◦C might be attributed to the presence of the vesicular bilayer in the 
solid state at refrigeration temperature, which could prevent drug 
leakage from the vesicles. Additionally, the high zeta potential may have 
hindered the aggregation and fusion of vesicles during storage as re-
ported beforre (Farghaly et al., 2017). However, a slight change in the 
ZP of F5 was observed when stored at 25 ◦c. Therefore, it’s recom-
mended to be stored in a refrigerator at − 4 ◦C. 

4.7. In-vivo study 

4.7.1. Eye irritation test 
Animals’ right eye was examined at time intervals and compared to 

the left control one. No signs of irritation or congestion appeared after 
formulations application. That’s indicated safety of the formulations on 
the eye tissue and hence they can be used for ocular drug delivery. 

4.7.2. Corneal penetration study by CLSM 
The in-vivo model was preferred over the ex-vivo study to simulate 

the natural physiological process for conducting the CLSM study. Fig. 7 
shows a series of optical sections captured at different focal planes along 
the z-axis to provide three-dimensional details about the penetration of 
RhB from either the solution or RhB-loaded SL across the corneal tissue. 

From the images in Fig. 7, it is obvious that there was a significant 
difference in both the depth and intensity of RhB fluorescence between 
the solution and SL. In case of the solution, fluorescence could be 
detected only at a depth of 35 μm, while in the case of SL, fluorescence 
still could be observed up to 137 μm which considered about 300% in-
crease in the penetration ability. Regarding the intensity, for SL, there 
was a gradual increase in fluorescence intensity from superficial layers 
to lower ones till maximum intensity after which it started to decrease 
till completely vanished. Conversely, for the solution, only a minimal 
amount could penetrate which was responsible for tiny fluorescence 
observed. This could be attributed to the rapid drainage of RhB solution 
from the eye surface after topical application, which limits the avail-
ability of the drug for penetration. On the other hand, SL acted as a depot 
that was stucked in tissues and gradually releasing RhB over time. 

5. Conclusion 

Based on the study results, it was found that SLs could be a promising 
vesicular system for enhancing and sustaining the ocular delivery of the 
antibacterial drug LF. The optimal formulation exhibited small PS, 
appropriate ZP, relatively high drug EE%, and spherical morphology. 
The release of LF from the system was sustained for up to 24 h in 
comparison to the conventional drug solution. Incorporating the opti-
mum F5 within gelrite in situ gel provided a dual effect in sustaining 
drug release and increasing the corneal retention time thanks to the gel’s 
mucoadhesive properties. Thus could overcome the need for repeated 
dosing every 2 h. 

The nano-vesicular system also increased the drug permeation across 
the rabbit cornea about 1.5 fold compared to the drug solution. The in- 
vitro antibacterial study revealed 100–200% enhancement in drug ac-
tivity against tested organisms when incorporated within SLs, as 
compared to the marketed product. The CLSM was conducted and 
confirmed the results of the in-vitro corneal permeability study. Signif-
icantly higher fluorescence intensity was detected in deeper corneal 
layers in case of SL upon comparison to RhB solution. 

The system stability was maintained upon storage in a refrigerator 
for up to 3 months. Finally, an in-vivo safety study was performed and 
revealed the suitability of the formulation for ocular application without 
any undesirable effects. Based on these findings, it can be concluded that 
SL laden in situ gel can be employed for promoting corneal delivery of LF 
in topical antibacterial treatment surpassing traditional marketed 
eyedrops. 
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