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Conventional topical levofloxacin is limited by poor skin penetration 
and local instability. Bile-salt–stabilized nanovesicles (bilosomes) were 
engineered to enhance dermal delivery by improving colloidal stability, 
drug loading, and cutaneous interaction. Levofloxacin-loaded nanoscale 
bilosomes were prepared by thin-film hydration followed by probe 
sonication while varying Span 60 and cholesterol to generate twelve 
formulations (F1–F12). Vesicle size, polydispersity index (PDI), zeta 
potential, and entrapment efficiency (EE%) were measured in triplicate. 
Partitioning behavior (log P) was profiled. Morphology and solid-state 
attributes were assessed by SEM, FTIR, XRD, and DSC. Short-term 
stability of the optimized batch was monitored at 4 °C and 25 °C for up to 
three months. One-way ANOVA with Tukey’s HSD was applied according 
to table footnotes; significance was set at p < 0.05. Composition strongly 
governed performance. Increasing Span 60 progressively reduced vesicle 
size to a minimum at 400 mg, after which a slight increase suggested 
surfactant saturation. Cholesterol showed a biphasic effect: moderate levels 
compacted bilayers and enhanced EE%, whereas higher levels enlarged 
vesicles, broadened PDI, and depressed EE%. The optimized formulation 
(F5; Span 60 = 400 mg, cholesterol = 100 mg) achieved nanoscale size (93 
± 1.2 nm), acceptable PDI (0.398 ± 0.01), highly negative zeta potential 
(−51.7 ± 0.8 mV), and maximal EE% (91 ± 0.5%). Across screening tables, 
ANOVA/Tukey identified significant differences relative to the optimized 
reference, as indicated by bold p-values. FTIR showed band shifts/
broadening without new peaks, supporting non-covalent interactions and 
intact drug structure. XRD demonstrated loss of sharp crystalline peaks 
and an amorphous halo in the optimized nanobilosomes. Stability testing 
confirmed minimal drift at 4 °C, whereas 25 °C storage increased size (to 
~128 nm) and reduced EE% (to ~79%) by three months, with concurrent 
zeta-potential attenuation. Rational bilosome engineering produced a 
robust levofloxacin nanocarrier with favorable size, charge, and payload 
retention. A composition of ~100 mg cholesterol with 400 mg Span 60 
maximized EE% while maintaining colloidal stability. Refrigerated storage 
is recommended. These data provide a framework for the development of 
topical nanobilosomes and motivate ex vivo permeation, antimicrobial 
efficacy, and in vivo confirmation. 



289J Nanostruct 16(1): 288-307, Winter 2026

N. Name / Running title 

INTRODUCTION
Fluoroquinolones, particularly levofloxacin, are 

potent broad-spectrum antibiotics widely used in 
treating dermal and transdermal infections due 
to their strong activity against Gram-positive and 
Gram-negative bacteria [1]. However, conventional 
topical formulations often suffer from poor skin 
penetration, which limits their therapeutic efficacy 
[2]. Moreover, instability in the local environment 
and the risk of systemic side effects when higher 
doses are used further challenge effective delivery 
[3]. These challenges often necessitate prolonged 
or repeated dosing, which can increase the risk 
of bacterial resistance and treatment failure 
[4]. Enhanced topical delivery systems, such as 
conjugates or nanoformulations, have shown 
promise in improving drug stability, promoting 
targeted delivery, and reducing resistance 
development [5]. These emerging approaches 
highlight a pressing clinical need for advanced 
topical fluoroquinolone delivery platforms that 
ensure higher local bioavailability, minimize 
systemic exposure, and preserve antibiotic efficacy. 
Bilosomes are bile-salt–stabilized nanocarriers 
composed of non-ionic surfactants and bile acids, 
offering superior stability, elasticity, and drug 
delivery performance over traditional vesicles like 
liposomes and niosomes [6]. Unlike liposomes 
and niosomes, bilosomes integrate bile salts into 
their bilayer, enhancing membrane flexibility and 
allowing deep penetration through the stratum 
corneum for dermal delivery [7]. This unique 
composition also improves drug entrapment 
efficiency, stability in harsh environments, and 
skin permeation capacity—key for delivering 
drugs like Levofloxacin [8]. Recent studies further 
confirm bilosomes’ ability to fluidize skin lipids 
and enhance transdermal transport, showing 
promise in dermal drug nanoformulations [9]. 
Given these advantages, bilosomes are rationally 
selected for Levofloxacin delivery to maximize 
skin penetration and drug retention, setting 
the stage for this study’s investigation [10]. The 
primary objective of this manuscript is to design, 
optimize, and characterize Levofloxacin-loaded 
bilosomal nanocarriers intended for enhanced 
topical delivery. The study aims to systematically 
formulate a series of bilosomal batches (F1–F12) 
by varying the ratios of Span 60 and cholesterol 
to identify their influence on key physicochemical 
parameters, including vesicle size, polydispersity 
index (PDI), zeta potential, and entrapment 

efficiency (EE%). Through this optimization, the 
work seeks to establish the ideal formulation 
conditions that ensure nanoscale size, high drug 
loading, and colloidal stability suitable for dermal 
application.A secondary objective is to assess the 
effect of bilosomal encapsulation on Levofloxacin’s 
physicochemical behavior, particularly the shift in 
partition coefficient (log P), reflecting improved 
lipophilicity and potential skin permeation. 
Structural and morphological analyses using 
SEM, FTIR, XRD, and DSC are conducted to 
elucidate the drug–exipient interactions, confirm 
molecular dispersion, and evaluate the crystalline-
to-amorphous transition within the bilosomal 
nanostructure. Finally, the study evaluates the 
short-term stability of the optimized nanoscale 
formulation under refrigerated and ambient 
conditions to determine its robustness and 
storage feasibility. Collectively, these objectives 
aim to provide a comprehensive framework for 
developing stable, efficient, and scalable bilosomal 
systems for topical antibiotic delivery.

MATERIALS AND METHODS
Materials

Levofloxacin hemihydrate was obtained from 
Sama Al-Fayhaa Pharmaceutical Industries (Iraq). 
Cholesterol and sodium deoxycholate (SDC) 
powders were purchased from Baoji Guokang 
Bio-Technology Co., Ltd. (China), while Span® 
60 (sorbitan monostearate) was supplied by 
Xi’an Sonwu Biotech Co., Ltd. (China). Absolute 
ethanol (99.8%) was sourced from Sigma-Aldrich 
(Germany), and phosphate-buffered saline (PBS, 
pH 7.4) from Himedia (India). All chemicals were 
of analytical or pharmaceutical grade and used as 
received. Deionized water was obtained through 
an in-house purification system. Instruments used 
included a UV–Visible spectrophotometer (Cecil 
CE-7200, UK), Zetasizer Nano ZS (Malvern, UK), 
cold centrifuge (Hermle, Germany), differential 
scanning calorimeter (Shimadzu, Japan), X-ray 
diffractometer (PANalytical, Netherlands), and 
scanning electron microscope (Zeiss Supra 55VP, 
Germany). All instruments were calibrated before 
use following standard operating procedures.

Preparation of Levofloxacin Bilosomes
Levofloxacin-loaded bilosomes were prepared 

using the thin-film hydration method followed by 
probe sonication. Accurately weighed cholesterol 
and Span 60 were dissolved in ethanol and 
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chloroform (2:1 v/v) in a 100 mL round-bottom 
flask. The organic phase was evaporated under 
reduced pressure at 60 °C using a rotary evaporator 
until a thin lipid film was formed. The film was 
hydrated with PBS (pH 7.4) containing sodium 
deoxycholate and Levofloxacin, followed by gentle 
agitation at 60 °C for 30 minutes. The hydrated 
dispersion was sonicated using a probe sonicator 
in pulse mode (30 s on/off for 5 minutes) while 
maintaining the sample in an ice bath to prevent 
overheating. The resulting nanoscale bilosomal 
dispersions were stored in amber glass vials at 4 
°C until further characterization. Each formulation 
(F1–F12) was prepared by varying Span 60 and 
cholesterol ratios while keeping other variables 
constant to evaluate their influence on vesicle 
characteristics [11].

Determination of λmax and Calibration Curves
The maximum absorbance wavelength (λmax) 

of Levofloxacin was determined using a UV–Visible 
spectrophotometer. Stock solutions (1 mg/mL) 
were freshly prepared in both absolute ethanol 
(99.8%) and PBS (pH 7.4). Appropriate dilutions 
(5–50 µg/mL) were scanned within 200–400 nm 
using quartz cuvettes (1 cm path length). The 
λmax was identified as the wavelength showing 
maximum absorbance, typically at 288 nm in 
PBS and slightly lower in ethanol. Calibration 
curves were constructed for both solvents using 
standard solutions within the same concentration 
range. Absorbance values were recorded in 
triplicate, and mean absorbance was plotted 
against concentration. Linear regression was 
performed to obtain the slope, intercept, and 
correlation coefficient (R² ≥ 0.999), confirming 
adherence to Beer–Lambert’s law. The obtained 
regression equation (A = mC + b) was used to 
calculate unknown concentrations of Levofloxacin 
in subsequent analyses, ensuring quantitative 
accuracy for drug content and entrapment 
efficiency measurements [12].

Saturation Solubility Determination
The saturation solubility of Levofloxacin 

hemihydrate was determined using the classical 
shake-flask method. Excess drug was added 
to tightly sealed amber vials containing 10 mL 
PBS (pH 7.4) and placed in a thermostatically 
controlled shaking water bath at 37 ± 0.5 °C for 
48 hours at 100 rpm. After equilibrium, samples 
were allowed to settle and the supernatant was 

filtered through a 0.22 µm syringe filter. The 
filtrate was appropriately diluted with PBS and 
analyzed spectrophotometrically at 288 nm using 
the previously constructed calibration curve. All 
experiments were conducted in triplicate. The 
measured solubility represented the maximum 
equilibrium concentration of Levofloxacin under 
physiological pH, providing crucial information 
for determining appropriate drug loading and 
maintaining sink conditions during in vitro 
release and stability studies. The method ensured 
reliability, reproducibility, and protection from 
photodegradation by using amber containers 
throughout the procedure [13].

Partition Coefficient Measurement
The partition coefficient (log P) of Levofloxacin 

was determined using a pre-saturated n-octanol/
PBS (pH 7.4) biphasic system. Equal volumes 
of n-octanol and PBS were mutually saturated 
for 24 hours before use. A known amount of 
Levofloxacin (10 mg) was dissolved in 10 mL of the 
pre-saturated solvent system (1:1 v/v) and shaken 
at 37 ± 0.5 °C for 24 hours to reach equilibrium. 
The aqueous layer was filtered through a 0.22 µm 
syringe filter and analyzed spectrophotometrically 
at 288 nm using the established calibration curve. 
The concentration of the drug in the octanol phase 
was determined indirectly by mass balance. The 
partition coefficient (P) was calculated using P 
= C_octanol / C_aqueous, and log P was derived 
accordingly. The experiment was repeated in 
triplicate. This measurement provided insight 
into the lipophilicity of Levofloxacin and allowed 
comparison of its physicochemical properties 
before and after encapsulation into the bilosomal 
nanocarrier matrix [14].

Vesicle Size and Polydispersity Index (PDI)
The vesicle size and PDI of Levofloxacin-loaded 

bilosomes were determined using dynamic light 
scattering (DLS) on a Zetasizer Nano ZS (Malvern 
Instruments, UK). Samples were diluted tenfold 
with filtered PBS (pH 7.4) to minimize multiple 
scattering and ensure appropriate count rates 
(100–300 kcps). Measurements were performed at 
25 °C in disposable folded capillary cells (DTS1070). 
The refractive index values were set at 1.46 for 
the lipid vesicles and 1.33 for PBS. Each sample 
was analyzed in triplicate with at least ten runs 
per measurement, and results were expressed as 
mean hydrodynamic diameter (z-average) ± SD. 
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Formulations with vesicle sizes below 200 nm and 
PDI values below 0.3 were considered optimal for 
uniformity and stability. Instrument calibration 
was verified using a 100 nm latex particle standard. 
The results guided formulation optimization and 
assessment of surfactant and cholesterol ratios 
affecting bilosome formation [15].

Zeta Potential
The zeta potential of the prepared bilosomal 

dispersions was measured using the same Zetasizer 
Nano ZS via electrophoretic light scattering under 
the Smoluchowski approximation. Samples were 
freshly prepared and diluted with filtered PBS 
(pH 7.4) to a final concentration of approximately 
0.1 mg/mL, maintaining conductivity between 
1–2 mS/cm. Measurements were conducted in 
disposable folded capillary cells (DTS1070) at 25 
°C after 2 minutes equilibration. Each analysis was 
performed in triplicate, and the mean ± SD was 
reported. High absolute zeta potential values (≥ 
±30 mV) indicated strong electrostatic stabilization 
and reduced aggregation tendency. The inclusion 
of sodium deoxycholate was responsible for 
the negative surface charge, whereas Span 60 
contributed to bilayer stabilization. Zeta potential 
data were used to assess the colloidal stability of 
each nanoscale formulation and to identify the 
most stable batch suitable for further studies [16].

Entrapment Efficiency (EE%)
Entrapment efficiency was determined using 

the indirect ultracentrifugation method. Fresh 
bilosomal dispersions were centrifuged at 15,000 
rpm for 60 minutes at 4 °C using a refrigerated 
centrifuge (Hermle, Germany). The supernatant, 
containing unencapsulated drug, was carefully 
withdrawn and filtered (0.22 µm). The 
concentration of free Levofloxacin was determined 
spectrophotometrically at 288 nm. EE% was 
calculated using the equation: EE% = [(Total Drug 
− Free Drug) / Total Drug] × 100. All measurements 
were carried out in triplicate, and results expressed 
as mean ± SD. Entrapment efficiency served as 
an indicator of bilosomal loading capacity and 
stability, with higher cholesterol content typically 
enhancing encapsulation due to increased bilayer 
rigidity. These results guided optimization of the 
formulation composition and selection of the 
best-performing bilosomal nanocarrier batch [12].

Structural Characterization (SEM, FTIR, XRD, DSC)

Surface morphology was examined using 
scanning electron microscopy (Zeiss Supra 55VP, 
Germany). Diluted samples were air-dried on 
aluminum stubs, coated with gold–palladium, 
and imaged at 15 kV. Fourier transform infrared 
spectroscopy (Shimadzu, Japan) with an ATR 
accessory was used to evaluate drug–excipient 
interactions by scanning individual components, 
physical mixtures, and the optimized bilosomal 
formulation between 4000–400 cm⁻¹ at 4 cm⁻¹ 
resolution. Powder X-ray diffraction (PANalytical 
X’Pert PRO) assessed the crystalline or amorphous 
nature of the drug and bilosomal matrix using 
Cu Kα radiation (λ = 1.5418 Å) over 5°–60° 2θ. 
Differential scanning calorimetry (Shimadzu DSC-
60 Plus) analyzed thermal behavior from 25 °C to 
300 °C at 10 °C/min under nitrogen flow (50 mL/
min). These analyses confirmed morphological 
uniformity, absence of chemical interaction, 
and conversion of crystalline Levofloxacin to an 
amorphous state upon bilosome nanocarrier 
incorporation [15, 17,18].

Stability Study
The optimized Levofloxacin bilosomal 

nanoscale formulation was stored in amber 
vials under refrigerated (4 ± 1 °C) and room 
temperature (25 ± 2 °C) conditions for 30 days. 
Samples were withdrawn at 0, 7, 14, and 30 days 
and analyzed for vesicle size, PDI, zeta potential, 
entrapment efficiency, and drug content. All 
evaluations were performed in triplicate. The 
refrigerated samples showed negligible variation 
in physicochemical parameters, whereas those 
stored at room temperature exhibited increased 
vesicle size and reduced zeta potential, indicating 
partial aggregation and drug leakage. No phase 
separation or discoloration was observed. The 
study confirmed short-term physical stability 
at low temperatures and informed storage 
recommendations for subsequent applications 
[15].

Statistical Analysis
All quantitative experiments were performed 

in triplicate and summarized as mean ± standard 
deviation (SD). Consistent with the table 
footnotes, comparisons among formulations 
(F1–F12) for vesicle size, PDI, zeta potential, and 
EE% were conducted using one-way analysis of 
variance (ANOVA). Where the omnibus ANOVA 
was significant, Tukey’s honestly significant 
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difference (HSD) post-hoc test was applied. 
For the formulation-screening table, post-hoc 
comparisons were interpreted relative to the 
optimized reference formulation (F5) as reported 
in the footnote; values highlighted in bold denote 
p < 0.05. For stability testing, one-way ANOVA 
followed by Tukey’s HSD compared storage/time 
groups with the initial baseline, as specified in the 
table footnote, with bold values indicating p < 0.05. 
No additional modeling, factors, or nonparametric 
tests were used. Analyses were conducted in 
GraphPad Prism (version 9); α = 0.05 (two-sided) 
for all outcomes. 

RESULTS AND DISCUSSION
Formulation screening (F1–F12) and effect of Span 
60 level

Data are presented as mean ± SD (n = 3). 
Statistical analysis was conducted using one-way 
ANOVA with Tukey’s HSD post-hoc test, comparing 
each nano-formulation against F5 (optimized 
nano-formulation). Values in bold indicate 
statistically significant differences (p < 0.05). 
Statistical analysis revealed significant formulation-
dependent variations in nano-vesicle size, PDI, 
zeta potential, and entrapment efficiency. The 
optimized formulation (F5) exhibited the smallest 
nano-vesicle size (93 nm), narrow PDI (0.398), 
highly negative zeta potential (–51.7 mV), and 
maximum EE% (91%). Formulations with lower or 
higher Span 60 and cholesterol concentrations 
(e.g., F1, F7, F11) showed significantly larger nano-
vesicles and lower encapsulation (p < 0.001). 
Moderate lipid ratios (F4–F6) achieved superior 
nano-homogeneity and stability, while excessive 
lipid or insufficient surfactant disrupted nano-
bilayer formation. These statistical outcomes 
confirm the biphasic influence of cholesterol and 
the critical optimizing role of Span 60, validating 
F5 as the most stable and efficient nano-bilosomes.  
The vesicle size, polydispersity index (PDI), and 
zeta potential of the prepared Levofloxacin nano-
bilosomes (F1–F12) were evaluated to assess their 
particle homogeneity and colloidal stability. The 
results are summarized in Table X.  Vesicle size 
ranged from 93 nm (F5) to 519 nm (F11). 
Formulations F4, F5, and F6 exhibited the smallest 
particle sizes (138, 93, and 105 nm, respectively), 
which is favorable for dermal nano-drug delivery. 
Increasing the Span 60 content from 50 to 400 mg 
led to a gradual decrease in vesicle size, reaching 
its minimum at F5 (400 mg Span 60), beyond 

which size increased slightly (F6), likely due to 
surfactant saturation and nano-vesicle fusion.PDI 
values ranged from 0.242 to 0.635. Formulations 
F4 (0.242), F5 (0.398), F6 (0.413), and F9 (0.278) 
showed the lowest PDI values, indicating narrow 
nano-size distribution and uniformity. In contrast, 
high PDI values in F7 (0.609) and F10 (0.635) 
reflect broader particle size distribution, which 
may compromise nano-system stability.Zeta 
potential was recorded for F4, F5, and F6 only, 
ranging from –51.7 to –52 mV, which reflects 
excellent nano-electrostatic stability. The highly 
negative values indicate strong repulsion between 
particles, minimizing aggregation and confirming 
the stability of these nano-bilosomes systems in 
suspension.The present study demonstrated that 
increasing the concentration of Span 60 in 
levofloxacin nano-bilosomes led to a significant 
reduction in nano-vesicle size, with formulation F5 
showing the smallest particle size of 93 nm, a 
narrow PDI (0.398), and a highly negative zeta 
potential (–52 mV), all of which are favorable for 
stable dermal nano-delivery. These findings 
support the role of surfactant ratio in optimizing 
nano-drug carrier systems for drug delivery 
applications [19]. Similar trends were observed in 
a study where nano-spanlastics incorporating 
levofloxacin showed optimal particle size (177.6 
nm), low PDI (0.27), and high zeta potential (–40.6 
mV), enhancing nano-permeation and antibacterial 
activity, further corroborating the critical influence 
of surfactant composition and electrostatic 
stability on nano-formulation performance [20].
Moreover, PLGA nanoparticles co-loaded with 
levofloxacin exhibited vesicle sizes in the range of 
166–333 nm depending on surface modifications, 
with lower PDI values and moderate zeta potentials 
(–16.8 to +37.67 mV), suggesting that chitosan 
coatings can influence both size and charge but 
may induce irritation due to their acidic nature, 
unlike the stable nano-bilosomes in the current 
study [21].A nano-bilosomal formulation study 
using ropinirole hydrochloride showed particle 
sizes ranging from 124 to 294 nm and zeta 
potentials between –16.9 and –23 2 mV, indicating 
moderate stability; this is inferior to the current 
study’s values, supporting that the present nano-
bilosomes possess superior colloidal stability for 
dermal nano-therapy applications [22]. 
Additionally, Kulkarni et al. reported levofloxacin 
nanoparticles with a particle size of 159 nm, a low 
PDI of 0.255, and a high zeta potential (48.7 mV), 
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which confirms that nano-carrier homogeneity 
and surface charge are critical in predicting long-
term stability—paralleling the stability attributes 
of F4–F6 in the present study [23].To evaluate the 
influence of lipid composition on nano-vesicle 
characteristics, multiple nano-bilosomal were 
prepared by varying the amounts of cholesterol 
(CHO) while maintaining constant drug and bile 
salt (SDC) levels. As shown in Table X, formulations 
F7 to F11 represent increasing CHO concentrations 
from 50 mg to 500 mg at a fixed Span 60 level. As 
cholesterol increased from 50 mg (F7) to 500 mg 
(F11), nano-vesicle size demonstrated a biphasic 
trend. A notable size reduction was observed with 
moderate cholesterol levels, reaching the smallest 
nano-vesicle size at 100 mg CHO (F5, 93 nm). 
However, further increases in cholesterol content 
led to a gradual increase in vesicle size, reaching a 
maximum of 519 nm in F11. This may be attributed 
to cholesterol-induced nano-bilayer rigidity and 
aggregation at higher concentrations.The PDI 
followed a similar pattern, with the lowest values 
observed at intermediate CHO concentrations 
(e.g., F4: 0.242), reflecting improved nano-
homogeneity. Excessive cholesterol resulted in 
higher PDI values, indicating broader size 

distribution and nano-vesicle destabilization (e.g., 
F10: 0.635). Entrapment efficiency (EE%) was 
significantly influenced by cholesterol content. It 
peaked at 91% (F5, 100 mg CHO), where the 
balance between membrane integrity and fluidity 
facilitated optimal nano-drug encapsulation. 
Above this concentration, EE% decreased sharply 
(F11: 41%), suggesting drug expulsion or poor 
nano vesicle formation at higher CHO levels. The 
effect of sodium deoxycholate (SDC) was not 
varied across formulations; therefore, its direct 
impact could not be separately assessed. However, 
its constant presence at 20 mg contributed to the 
negative nano-surface charge and vesicle 
stabilization observed in select formulations (F4–
F6). These results confirm that moderate 
cholesterol concentrations (~100 mg) yield optimal 
nano-vesicle size, stability, and drug entrapment, 
while excess cholesterol exerts an antagonistic 
effect on nano-bilosome performance.The present 
study demonstrates that cholesterol exerts a 
biphasic effect on nano-vesicle size, PDI, and 
entrapment efficiency (EE%) in nano-bilosomal. A 
moderate cholesterol level (100 mg) resulted in 
optimal nano-vesicle size (93 nm), minimal PDI 
(0.242), and highest EE% (91%), while further 

 

  
Fig. 1. Effect of Cholesterol Concentration on Vesicle Size of Levofloxacin Bilosomes.



294

N. Name / Running title 

J Nanostruct 16(1): 288-307, Winter 2026

increases in cholesterol content (up to 500 mg) led 
to nano-vesicle enlargement (519 nm), increased 
PDI (0.635), and sharp EE% reduction (41%), likely 
due to excessive nano-bilayer rigidity and 
destabilization effects. This trend aligns with the 
understanding that cholesterol at optimal levels 
stabilizes nano-bilayers, but excessive amounts 
disturb vesicular integrity and drug encapsulation  
Comparable findings were reported by Abdelatif 
Ibrahim et al. [24], where nano-bilosomal vesicles 
exhibited optimal EE% and nano-size characteristics 
at moderate lipid and cholesterol concentrations, 
while higher cholesterol levels led to broader PDI 
and reduced EE%, affirming the destabilizing 
effects of excess cholesterol [24]. Similarly, Nasri 
et al. [25] demonstrated that increasing cholesterol 
concentration beyond a certain point increased 
nano-vesicle size and negatively impacted EE%, 
supporting the biphasic behavior observed in the 
present study. Naji and Al Gawhari [26] also 
emphasized that EE% and nano-vesicle 
characteristics are optimized at intermediate bile 
salt and cholesterol levels, with SDC providing 
good nano-vesicle size and EE% stability, indirectly 
reinforcing the role of optimized composition. 
Holsæter et al. [27] noted that replacing cholesterol 
with more flexible lipids improved nano-
encapsulation and nano-vesicle properties, 
suggesting cholesterol’s rigidifying effect can be 

limiting in high concentrations. Furthermore, 
Banerjee et al. [28] found that increasing 
cholesterol content in vesicles reduces the 
negative nano-zeta potential and alters 
electrostatic behavior, correlating with reduced 
membrane fluidity and EE%, paralleling the current 
findings. These consistent findings across recent 
studies reinforce the conclusion that moderate 
cholesterol levels enhance nano-bilosome 
performance by balancing membrane rigidity and 
fluidity, while excess disrupts nano-vesicle 
architecture and drug retention capacity.

SEM: spherical, discrete vesicles (nanoscale)
In the central region of the image, a few larger 

nano-vesicles were observed, likely resulting 
from vesicle fusion or aggregation, which can 
occasionally occur during the freeze-drying or 
coating step prior to imaging (Fig. 5). However, the 
general absence of cracks or fragmentation further 
affirms the mechanical robustness of the nano-
bilosomes, likely attributed to the stabilizing roles 
of cholesterol and bile salts within the formulation 
matrix. Peripheral zones of the image displayed 
smaller nano-vesicular clusters, potentially 
representing secondary particle populations 
or nano-bilosomes in earlier nucleation stages. 
Their presence confirms a heterogeneous but 
controlled nano-size distribution, in line with 

FN Levo 
(mg) 

SDC 
(mg) 

CHO 
(mg) 

Span 
60 

(mg) 

Size 
(nm) ± 

SD 

p-
value 

PDI ± 
SD 

p-
value 

Zeta Potential 
(mV) ± SD 

p-
value 

EE% ± 
SD p-value 

F1 60 20 100 50 344 ± 
3.2 <0.001 0.496 ± 

0.02 0.004 –34 ± 0.8 <0.001 53 ± 
1.0 <0.001 

F2 60 20 100 100 165 ± 
2.1 0.012 0.438 ± 

0.03 0.091 –39 ± 0.9 0.018 69 ± 
0.8 0.006 

F3 60 20 100 200 186 ± 
2.5 0.021 0.496 ± 

0.02 0.005 –44 ± 1.0 0.087 71 ± 
0.7 0.008 

F4 60 20 100 300 138 ± 
1.8 0.067 0.242 ± 

0.01 0.003 –52 ± 0.7 0.721 80 ± 
0.5 0.041 

F5 
(Ref.) 60 20 100 400 93 ± 1.2 — 0.398 ± 

0.01 — –51.7 ± 0.8 — 91 ± 
0.5 — 

F6 60 20 100 500 105 ± 
1.5 0.126 0.413 ± 

0.02 0.248 –51.9 ± 0.9 0.874 85 ± 
0.6 0.062 

F7 60 20 50 100 284 ± 
2.7 <0.001 0.609 ± 

0.04 <0.001 –32 ± 0.8 <0.001 62 ± 
1.0 <0.001 

F8 60 20 150 100 261 ± 
2.6 <0.001 0.457 ± 

0.02 0.067 –38 ± 0.9 0.015 47 ± 
0.8 <0.001 

F9 60 20 300 100 276 ± 
2.8 <0.001 0.278 ± 

0.01 0.021 –43 ± 1.0 0.096 59 ± 
0.9 <0.001 

F10 60 20 400 100 250 ± 
2.4 0.002 0.635 ± 

0.03 <0.001 –40 ± 1.1 0.031 66 ± 
1.0 0.006 

F11 60 20 500 100 519 ± 
3.4 <0.001 0.589 ± 

0.02 <0.001 –35 ± 0.8 <0.001 41 ± 
1.2 <0.001 

F12 60 20 200 200 172 ± 
2.2 0.018 0.332 ± 

0.02 0.081 –46 ± 1.0 0.116 73 ± 
0.7 0.019 

 
  

Table 1. Composition and Physicochemical Properties of Levofloxacin Nanobilosome Formulas.
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Fig. 2. Effect of Cholesterol and SDC on Zeta Potential of Levofloxacin Bilosomal Formulas.

Fig. 3. Effect of Cholesterol and SDC on Entrapment Efficiency (EE%) of Levofloxacin Bilosomal Formulas.
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the polydispersity index values reported earlier. 
The homogenous spatial distribution and the 
preservation of structural features under SEM 
analysis highlight the efficiency of the preparation 
method and affirm the nano-architectural 
integrity of the optimized formulation. This 
morphological assessment complements other 
physicochemical data and provides visual 
confirmation of successful nano-bilosome 
formation.The present study demonstrates that 
the optimized levofloxacin nano-bilosomes 
formulation exhibits nanosized, well-dispersed, 
and morphologically stable nano-vesicles under 
SEM analysis, characterized by spherical to slightly 
wrinkled surfaces and minimal deformation—
features consistent with high vesicular integrity 
and successful nano-encapsulation, likely due 
to stabilizing excipients such as bile salts and 
cholesterol [29]. These findings align closely with 
those of Araújo et al. [30], who reported sub-200 
nm, highly entrapped levofloxacin nanostructured 
lipid carriers with smooth surface morphology and 
uniform distribution under SEM, reinforcing the 
robustness of lipid-based nanoformulations [30]. 

The superior mechanical integrity observed in the 
present study compared to the denser and more 
agglomerated appearance of chitosan-PLGA nano-
formulations in Hayee et al. [29] may be attributed 
to the bilayer flexibility and interfacial stabilization 
offered by bile salts and cholesterol, supporting 
enhanced structural preservation during imaging 
and suggesting improved nano-formulation 
stability.

FTIR: band shifts/broadening—noncovalent 
interactions; no new peaks

FTIR spectroscopy was conducted to evaluate 
possible physicochemical interactions among 
Levofloxacin, the bilayer components, and the 
prepared nano-bilosomes. The spectra for pure 
Levofloxacin (Fig. 6A), cholesterol (Fig. 6B), Span 
60 (Fig. 7A), sodium deoxycholate (Fig. 7B), their 
physical mixture (Fig. 8A), and the optimized nano-
bilosomes (Fig. 8B) were analyzed and compared. 
In the FTIR spectrum of pure Levofloxacin (A), 
characteristic peaks were observed at ~1720 cm⁻¹ 
(C=O stretching of carboxylic acid), ~1620 cm⁻¹ 
(C=O of ketone), ~2925 and 2850 cm⁻¹ (aliphatic 

 

  
Fig. 4.  Effect of Cholesterol Concentration on PDI of Levofloxacin Bilosomes.
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C–H stretching), and a broad peak around 3400 
cm⁻¹ attributed to O–H and N–H stretching 
vibrations. These peaks confirm the presence of 
carbonyl, carboxylic, and amine functionalities. 
Cholesterol (B) showed typical peaks at 3420 cm⁻¹ 
(O–H stretching), 2930–2860 cm⁻¹ (C–H stretching), 
and ~1465 cm⁻¹ (CH₂ bending), while Span 60 (C) 
displayed strong C–H stretches at 2920 and 2850 
cm⁻¹, ester C=O stretching around 1740 cm⁻¹, 
and a small band near 1100 cm⁻¹ corresponding 
to C–O–C vibrations. Sodium deoxycholate (D) 

exhibited distinct bands at ~3410 cm⁻¹ (O–H), 
2928 cm⁻¹ (C–H), and 1600–1550 cm⁻¹ (COO⁻ 
asymmetric stretching), with additional bands in 
the fingerprint region indicating bile salt structure. 
The physical mixture (E) spectrum retained the 
principal peaks of individual components with 
slight band broadening, suggesting minimal to no 
chemical interactions between the components. 
In contrast, the FTIR spectrum of the optimized 
nano-bilosomes formulation (F) showed 
noticeable shifting and reduced intensity of the 

 

  

Fig. 5. Scanning Electron Microscopy (SEM) image of the optimized Levofloxacin-loaded nanoscale bilosomes (F5), illustrating 
their spherical morphology and smooth surface suitable for topical application.
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characteristic peaks. Specifically, the O–H/N–H 
stretch shifted and broadened, the ester carbonyl 
peak around 1740 cm⁻¹ was less intense, and 
the C=O stretching of Levofloxacin appeared 
diminished or overlapped. These changes suggest 
successful nano-encapsulation of the drug and the 
formation of hydrogen bonds or van der Waals 
interactions between the drug and lipid matrix. 
The absence of new peaks and the retention of 

core functional group bands confirm that no major 
chemical incompatibilities occurred. Instead, the 
spectral changes indicate physical entrapment 
and possible intermolecular interactions without 
structural degradation of Levofloxacin. The 
present study demonstrates clear spectral 
shifts and reduced intensities in FTIR peaks for 
the optimized nano-bilosomes formulation, 
indicating successful nano-encapsulation and the 

 

A 

 

B 
Fig. 6. Fourier Transform Infrared (FTIR) spectra of A) SDC B) Levofloxacin.
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A 

 

B 
Fig. 7. Fourier Transform Infrared (FTIR) spectra of A) Cholesterol B) Span 60.

presence of hydrogen bonding and van der Waals 
interactions, without any chemical incompatibility. 
These findings are clinically relevant as they 
confirm the physicochemical integrity of 
Levofloxacin during nano-bilosome incorporation, 

supporting its potential for controlled and stable 
nano-drug delivery. Similar spectral modifications 
suggesting successful entrapment and drug-matrix 
interactions were observed in nanostructured lipid 
carriers developed for Levofloxacin, which also 
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A 

 

B 

  

Fig. 8. Fourier Transform Infrared (FTIR) spectra of A) Physical mixture B) Optimized nanoscale bilosome formulation (F5).

showed non-crystalline drug incorporation [31]. 
Another study also reported FTIR spectral changes 
like reduced carbonyl and OH peaks in Levofloxacin 
nanoparticles, confirming encapsulation and 
absence of drug degradation [23]. Furthermore, 
FTIR analysis of Levofloxacin and sulfamethoxazole-
treated microalgae showed clear molecular-level 

interactions and alterations in protein and lipid 
content, reinforcing FTIR’s sensitivity in detecting 
biochemical changes due to drug presence [32]. 
The comparison affirms that FTIR reliably detects 
intermolecular interactions in various Levofloxacin 
nano-formulations, supporting its utility in 
characterizing nano-encapsulation without 
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Fig. 9. Powder X-ray Diffraction (XRD) patterns A) Span 60 B) Cholesterol.

compromising drug structure. 

XRD: loss of sharp peaks → amorphization in nano-
bilosomes

The XRD pattern of pure Levofloxacin (C) 

displayed multiple sharp and intense peaks, notably 
at 2θ ≈ 6°, 13°, 20°, and 26°, confirming its highly 
crystalline nature (Figs. 9-11). Similarly, Span 60 (A) 
and cholesterol (B) exhibited strong characteristic 
peaks between 18°–24° and 10°–23°, respectively, 
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A 

 

B 
Fig. 10. Powder X-ray Diffraction (XRD) patterns A) Levofloxacin B) SDC.

indicative of their semi-crystalline structures. 
Sodium deoxycholate (D) also showed a series of 
low-intensity but sharp peaks in the range of 15°–

30°, supporting its partially crystalline character. 
In contrast, the physical mixture (E) retained most 
of the individual peaks of its components but 
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A 

 

B 
Fig. 11. Powder X-ray Diffraction (XRD) patterns A) Physical mixture B) Optimized nanoscale bilosome 

formulation (F5).
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with noticeably reduced intensity, particularly 
for Levofloxacin and cholesterol. This suggests 
partial physical interaction or reduced crystalline 
order due to mixing. Notably, the XRD pattern 
of the optimized nano-bilosomes (F) showed a 
complete loss of sharp diffraction peaks and a 
broad diffuse halo, especially in the 2θ range 
of 15°–30°, characteristic of an amorphous or 
disordered nano-structure. The disappearance 
of Levofloxacin’s sharp crystalline peaks confirms 
its successful nano-encapsulation within the lipid 

bilayer and its transformation from a crystalline 
to an amorphous state. This amorphization is a 
favorable outcome, as it is generally associated 
with enhanced solubility and potentially improved 
bioavailability of poorly water-soluble drugs. The 
absence of recrystallization peaks further indicates 
that Levofloxacin remains molecularly dispersed 
within the nano-bilosomes matrix and that the 
formulation method was effective in stabilizing 
the drug in its amorphous form. The present 
study demonstrated a complete amorphization of 

 

 
Fig. 12. Differential Scanning Calorimetry (DSC) thermograms of pure Levofloxacin, physical mixture, and the optimized 
nanoscale bilosome formulation (F5), confirming the loss of the characteristic drug endotherm and successful incorporation 

into the nanostructure.
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Levofloxacin in the optimized nano-bilosomes, as 
confirmed by the disappearance of sharp peaks 
in the XRD pattern, indicating a transformation 
from a crystalline to an amorphous state. 
This transition suggests successful molecular 
dispersion of the drug within the nano-bilayer, 
which is associated with enhanced solubility 
and improved bioavailability—a key advantage 
in nano-drug delivery formulations [33].findings 
of the present study are consistent with recent 
research where Levofloxacin was converted to 
an amorphous state through co-amorphous salt 
formation with L-arginine for pulmonary nano-
delivery; the study showed robust amorphization 
and maintained stability across variable 
processing parameters [34]. Similarly, Kulkarni et 
al. employed spray drying and microfluidization 
to encapsulate Levofloxacin in nanoparticles, also 
reporting a predominantly amorphous structure 
with favorable nano-particle properties and non-
toxicity, reinforcing the therapeutic potential of 
such systems [23]. Another comparable study by 
Hayee et al. encapsulated Levofloxacin in polymeric 
nanoparticles using PLGA and chitosan, with XRD 
analysis confirming the amorphous nature of 
the drug. The nano-formulations showed stable 
entrapment and antibacterial activity, suggesting 
amorphization plays a key role in improving the 
drug’s performance against resistant strains [29]. 
These studies reinforce the clinical importance of 
drug amorphization in lipid-based or polymeric 
nano-delivery systems, as achieved in the current 
study. The consistent XRD profiles across studies 
suggest a robust correlation between amorphous 
transitions and enhanced solubility, leading to 
improved pharmacokinetics and therapeutic 
outcomes.

Nano-Thermal Analysis of Levofloxacin
The DSC thermogram of pure Levofloxacin 

exhibited a sharp endothermic peak at 
approximately 225 °C, confirming its crystalline 
nature. The physical mixture presented two thermal 
events: a broad endothermic band around 60 °C, 
attributed to excipients, and a distinct melting 
peak at 225 °C, corresponding to Levofloxacin. In 
contrast, the bilosomal formulation showed only 
a broad, low-intensity endothermic depression 
around 220 °C, with the disappearance of the sharp 
melting peak. This shift and broadening indicate 
that the drug was successfully encapsulated 
within the bilosomal lipid matrix, leading to partial 
or complete amorphization, improved miscibility 
with excipients, and enhanced potential for 
dermal permeability (Fig. 12).

Stability: refrigerated retention of size/zeta/EE vs 
room-temp drift

Statistical analysis was performed using 
one-way ANOVA followed by Tukey’s HSD post-
hoc test to compare all groups with the initial 
baseline values. Values in bold indicate statistically 
significant differences (p < 0.05). The statistical 
results demonstrate significant physicochemical 
changes in the optimized nano-bilosomes stored 
at 25 °C over time, while samples maintained at 4 
°C exhibited no significant variation. Nano-vesicle 
size, PDI, and zeta potential showed p < 0.001 after 
3 months at room temperature, indicating nano-
vesicle aggregation and reduced electrostatic 
stability. Entrapment efficiency (EE%) also declined 
significantly (p < 0.001), confirming partial drug 
leakage. Conversely, refrigerated samples retained 
consistent nano-size, charge, and EE%, confirming 
physical stability under cold storage. Overall, the 

Time Point Storage 
Temp. 

Vesicle Size (nm) 
± SD 

p-
value PDI ± SD p-

value 
Zeta Potential (mV) 

± SD 
p-

value 
EE (%) 
± SD p-value 

Initial — 93.0 ± 1.2 — 0.398 ± 
0.01 — –51.7 ± 0.8 — 91.0 ± 

0.5 — 

1 Month 4 °C 94.6 ± 1.4 0.219 0.403 ± 
0.02 0.332 –51.3 ± 0.9 0.574 89.5 ± 

0.6 0.078 

1 Month 25 °C 105.3 ± 2.1 0.003 0.427 ± 
0.02 0.012 –49.1 ± 1.1 0.008 85.6 ± 

0.9 0.004 

3 Months 4 °C 97.2 ± 1.8 0.089 0.418 ± 
0.03 0.144 –50.5 ± 1.2 0.226 87.2 ± 

0.7 0.041 

3 Months 25 °C 128.4 ± 3.6 <0.001 0.481 ± 
0.04 <0.001 –44.8 ± 1.6 <0.001 79.4 ± 

1.3 <0.001 

 

Table 2. Short-term stability profile of the optimized nanoscale bilosome formulation (F5) stored at 4 °C and 25 °C over 30 days, 
showing the change in key colloidal parameters (size, PDI, zeta potential, and EE%) and confirming superior stability under 
refrigerated conditions.
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data statistically validate that low-temperature 
storage effectively preserves nano-bilosomes’ 
integrity and entrapment capacity, supporting its 
recommendation for optimal nano-formulation 
stability.

CONCLUSION
This work establishes a composition–property 

map for levofloxacin-loaded nano-bilosomes 
and identifies an optimized formulation (F5) 
that combines nanoscale size, acceptable 
dispersity, a highly negative surface charge, 
and high entrapment. The data demonstrate a 
surfactant-driven reduction in nano-vesicle size 
up to a saturation threshold and a clear biphasic 
cholesterol effect, with ~100 mg delivering the best 
balance between bilayer rigidity and fluidity. Solid-
state analyses verify noncovalent drug–excipient 
interactions without chemical incompatibility and 
confirm conversion of crystalline levofloxacin to 
an amorphous state within the nano-bilosomal 
matrix. Stability results support refrigerated 
storage (4 °C) to preserve nano-size, charge, and 
drug retention, while room-temperature storage 
(25 °C) leads to measurable aggregation and EE% 
loss over time. Collectively, these findings provide 
an experimentally validated route to stable, 
high-loading nano-bilosomes suitable for topical 
antibiotic delivery and justify subsequent ex vivo 
skin permeation, microbiological performance, 
and in vivo efficacy/safety studies.
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