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Abstract: Niclosamide (NSD) is a widely known anthelmintic agent
that has garnered attention in recent times due to its therapeutic
potential in metabolic, viral, and oncological disorders. Although
its clinical translation continues to be restricted owing to low
aqueous solubility and poor bioavailability. The study is focused on
developing and optimizing rhamnolipid-modified liposomes loaded
with niclosamide for enhancing the solubility, stability, and release
profile. The liposomes were formulated by the thin-film hydration
method, and Box-Behnken Design was used for optimizing
concentrations of hydrogenated soy phosphatidylcholine (HSPC),
cholesterol, and soybean oil. The optimized formulation showed
high drug content (80.894 %) and a small vesicle size (148.2 nm),
with a polydispersity index of 0.261 and a zeta potential of —14.2
mV, suggesting uniformity and stability. The structural (FTIR) and
XRD studies exhibited drug integrity and amorphization, whereas
thermal (DSC) suggested a reduction in crystallization after
incorporation into liposomes. The sustained release behaviour of
NSD from the liposomal formulation was observed in drug release
studies. Stability analysis showed an insignificant reduction in
entrapment efficiency, verifying the robustness of the formulation.
Overall, the outcomes of the study exhibit a novel lipid-based
delivery system that considerably improves NSD sustained
release behaviour and stability, presenting a potential approach
for enhancing therapeutic effectiveness, whereas evading the
limitations of traditional formulations.

KEYWORDS: Niclosamide, liposomes, Rhamnolipids, Box-Behnken
design, drug delivery, sustained release

1. INTRODUCTION

Niclosamide (NSD) is an anthelminthic drug for oral use that has garnered
interest for its probable utilization as an anti-obesity drug and decreased
cholesterol levels, commonly prescribed in conjunction with a nutritious
diet, consistent physical activity, and endeavours to shed excess weight
(Al-Gareeb et al., 2017; Singh et al., 2017; Unnisa et al., 2023; Yadav
et al., 2020). The NSD works by uncoupling oxidative phosphorylation,
contributing to stimulation of adenosine triphosphatase activity in the
mitochondria. The mitochondria have the primary function of generating
energy from nutrients as adenosine triphosphate (ATP), and an increase
in oxidation of lipid via mitochondria may lessen the lipid accumulated
in the cells (Nassir & Ibdah, 2014). The characteristic feature of
mitochondrial uncoupling by NSD is the stimulation of mitochondrial
oxygen utilization, despite the availability of ATP synthase inhibitors
like oligomycin (Al-Gareeb et al., 2017; Singh et al., 2017). Niclosamide
has great potential for dealing with obesity, but it poses a lot of problems
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that make it challenging for clinical translation.
Such challenges are mainly ascribed to the drug’s
low water solubility (0.23 pg/mL) and categorized
under the Biopharmaceutical Classification System
(BCS) Class II. Apart from low solubility in water,
it exhibits faster metabolism in the liver and
intestine (Bhalani et al., 2022; Fan et al., 2019).
Niclosamide’s hydrophobic nature strongly restricts
its absorption in the gastrointestinal tract, whereas
its faster clearance via cytochrome P450-mediated
hydroxylation and glucuronidation lowers its
systemic availability (Ju & Zhang, 2021; Mast et
al., 2021). The pharmacokinetic obstacles contribute
to subtherapeutic plasma concentrations, requiring
higher doses, which pose challenges in clinical
sustenance of such a therapy and also increase in
chances of side effects.

Owing to these limitations, there is an obvious
requirement for novel formulations and delivery
strategies for improving therapeutic outcomes. The
approaches for enhancing bioavailability, like the
fabrication of NSD derivatives via O-alkylamination
and halogenation, have shown promise in enhancing
solubility and bioavailability (Chen et al., 2013; He
et al., 2021; Mito et al., 2023). Different strategies,
such as polymeric nanoparticles, cyclodextrin
complexes, etc., have also exhibited the capacity to
enhance the efficiency of delivery and drug stability
(Jain et al., 2019; Lodagekar et al., 2019; Lourith &
Kanlayavattanakul, 2009).

Lipid-based nanocarrier systems are one of the
alternatives that are being investigated for their
capacity to enhance the pharmacokinetic profile
of NSD along with targeted delivery (Luo et al,,
2019). These attempts are focused on maintaining
the anti-obesity and cholesterol-reducing potency
of NSD while evading the pharmacological barrier
that restricts its therapeutic effectiveness. Liposomes
form concentric lipid layers around the therapeutic
agent, which improves their solubility in the aqueous
environment and enhances the circulation time of the
drug (Mohite et al., 2023). These lipid nanocarriers
also enable the loading of the compounds, which
results in the enhancement of pharmacokinetic
and pharmacodynamic features of the drug, which
facilitates higher accumulation at the tumor site
while lowering systemic toxicity (Singh, Supaweera,
Nwabor, Chaichompoo, et al., 2024; Singh,
Supaweera, Nwabor, Yusakul, et al., 2024).

Biosurfactants are one of those types of surfactants
that are produced by specific types of microbes
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(Das et al., 2008). Rhamnolipids are among the
extensively utilized biosurfactants, specifically
generated commercially by microbial fermentation
employing strains, like Pseudomonas (Kosaric &
Sukan, 2014). The comprises a hydrophilic glycosyl
head group, called rhamnose, and a lipophilic
3-(hydroxyalk-anoyloxy) alkanoic fatty acid tail
(Kosaric & Sukan, 2014). Such a biosurfactant
has gained a lot of interest for various commercial
applications owing to its eco-friendliness, low
toxicity, and biodegradability in comparison with
different synthetic surfactants. Furthermore, they
can function over a wide variety of environmental
settings, and can be generated from renewable
sources, industrial waste, and by-products. Owing
to the probable advantages of using rhamnolipids,
they have been explored for application in a variety
of industries, including foods (Nitschke & Costa,
2007), pharmaceutics (Yi et al., 2019), cosmetics
(Lourith & Kanlayavattanakul, 2009), agriculture
(Sachdev & Cameotra, 2013), and environmental
applications (Mali et al., 2025; Mulligan, 2009).
Recently, the ability of rhamnolipids to improve
the physical stability and efficacy of diverse
colloidal systems were investigated, such as
emulsions (Cheng et al., 2019; Haba et al., 2014)
and nanoparticles (Miiller et al., 2017). Moussa et al
originally characterized membrane fluidity, partition
coefficient, permeability, and phase transition
temperature to examine how the rhamnolipids at low
doses interact with the phospholipid membrane that
could enhance NSD stability at neutral and alkaline
buffer settings (Moussa et al., 2017).

In comparison with conventional nanocarriers,
the rhamnolipid-modified liposomal strategy
provides unique benefits. The utilization of natural
biosurfactant enhances the amphiphilicity and
membrane fluidity of the vesicles, which results in
efficient encapsulation of niclosamide, enhanced
aqueous dispersibility, and decreased dependence
on synthetic surfactants that may lead to irritation
or toxicity. Furthermore, this approach improves the
stability of formulation and offers a biocompatible
and eco-friendly option adequate for prolonged
therapeutic application (Hsu et al., 2025; Plaza-
Oliver et al., 2021; Sanches et al., 2021). This study is
aimed at preparing rhamnolipid-modified liposomes
by means of the thin film hydration method. This
modification of the liposomes will improve stability
to the liposomes, and their physicochemical
features were estimated by examining vesicle size,
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zeta-potential, and morphology. The drug loading
property of liposomes was assessed by estimating
the entrapment efficiency and loading capacity.
Furthermore, the in vitro release profile and stability
of optimized liposomes were also studied in the
study.

2. MATERIALS AND METHODS

2.1. Materials

Niclosamide was acquired from Sigma Aldrich
(Mumbai, India). Cholesterol was acquired from
HiMedia (Bangalore, India), whereas Hydrogenated
soy phosphatidylcholine (HSPC) was provided

Design and Development of Niclosamide Liposomes

by Lipoid GmbH (Ludwigshafen, Germany).
Rhamnolipids were procured from Xi’an boliante
Chemical Co. (Xi’an, China). The soybean oil was
procured from Molychem (Mumbai, India). Other
reagents employed in the research were of analytical
grade.

2.2. Preparation and Optimization of
NSD-Liposomes

The NSD-loaded liposomes (NSD-LPs) were
created by the thin-film hydration method as
described previously (Isailovi¢ et al., 2013; Jangde
& Singh, 2016) with slight modifications. In
summary, the HSPC, Cholesterol, soybean oil,
and drug were dissolved in a 15 mL solution of

Table 1. Independent variables at three levels and responses utilized for the Box-
Behnken design

Independent variables Low (-1) Medium (0) High (+1)
X,- HSPC (mg) 33.25 50.76 68.26
X,- Cholesterol (mg) 8.65 39.78 70.91
X,- Soyabean oil (mg) 5.58 26.42 47.26

Dependent variables (Factors)
Y,- Drug content (%) - Maximum
Y,- Vesicle size (nm) — Minimum

Table 2. Design matrix of NSD-loaded liposomes as per BBD

Runs HSPC Cholesterol Soyabean oil (X,) mg
(X,) mg (X,) mg

1 33.25 8.65 26.42
2 68.26 8.65 26.42
3 33.25 70.91 26.42
4 68.26 70.91 26.42
5 33.25 39.78 5.58

6 68.26 39.78 5.58

7 33.25 39.78 47.26
8 68.26 39.78 47.26
9 50.76 8.65 5.58

10 50.76 70.91 5.58

11 50.76 8.65 47.26
12 50.76 70.91 47.26
13 50.76 39.78 26.42
14 50.76 39.78 26.42
15 50.76 39.78 26.42
16 50.76 39.78 26.42
17 50.76 39.78 26.42
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methanol and chloroform in a 1:2 volume-to-volume
ratio employing bath sonication. The solvent was
volatilized at a temperature of 65 + 2 °C by utilizing
a rotary evaporator (BUCHI Rotavapor R-200,
BUCHI India Private Ltd, India) in order to produce
a thin layer, which was subsequently subjected to a
vacuum overnight to remove any leftover solvent.
Hydration of the film was done using sterile water for
injection at a temperature of 70 + 2 °C for a duration
of 15 min. The size of multilamellar liposomes
was decreased using probe sonication, resulting in
the formation of small unilamellar vesicles. This
process involved 5 cycles of sonication, with each
cycle lasting for 1 minute. Each cycle has a duration
of 12 seconds during which the electrical system
operates at a voltage of 240V and a current of 0.6A,
followed by a subsequent duration of 8 seconds
during which the system is inactive. The film that
contained water was subjected to sonication using a
probe sonicator, which involved alternating cycles
of heating. To modify the liposomes, the required
quantity of rhamnolipid was first dissolved in 1 mL
of methanol, followed by heating it on a water bath
at 60 °C until a film was formed. This was followed
by the incorporation of purified liposomes into the

Yi:ﬁ0+B1X]+BZX2+B12X1X2+B11X12+B22X22

Where Y, is the estimated response, {3 is an intercept,
and B, and [, are measured regression coefficients
calculated from the experimental response values.
X, and X, represent individual main effect terms;
X X, are the interaction terms, and X and X/?
indicate the quadratic terms. The dependent and
independent variables selected for the NSD-LPs are
indicated in Table 1. The multivariate optimization
approach discovered three distinct factors: HSPC
(X)), cholesterol (X)), and soybean oil (X,). The
measured responses were the entrapment efficiency
(Y)) and the particle size (Y,). A design matrix with
17 experimental runs was generated as indicated in
Table 2.

2.4. Characterization of Liposomes

2.4.1. Particle Morphology, Mean
Vesicle Size, and Zeta Potential

The prepared NSD-LPs were characterized for their
morphology, mean vesicle size, and zeta potential.
The NSD-LPs were examined using the inverted
microscope (Olympus 1X53, Japan) using an oil-
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respective films. The heating of the solutions was
done using a water bath at 70°C using by rotary
evaporator to facilitate appropriate coating of the
liposomes.

2.3. Experimental Design

The optimization of the formulation variables and
assessment of the single, interaction, and quadratic
effects of the formulation components on the
performance of NSD-LPs was carried out using
Box-Behnken Design (BBD) (Mohite et al., 2025;
Panchal et al., 2025). The three-factor, three-level
experimental design was chosen for evaluating
quadratic responses and generating a suitable
polynomial model using Design Expert® software
(Trial Version 13, Stat-Ease Inc., Minneapolis, MN).
BBD was chosen over other response surface designs
as it requires a comparatively smaller number of
runs. The design is characterized by experimental
points located at the midpoints of the edges of a
multidimensional cube, and replications (n = 5)
of centre points were taken to improve precision.
The corresponding non-linear quadratic models are
shown as:

€

immersion lens at 2000 x and 3000 x for assessing
the morphology of LPs. Further, the mean vesicle
size and zeta potential were characterized using
Horiba SZ-100 for NSD-LPs. The sample was
diluted 10-fold by employing double-distilled water
and was sonicated for 10 minutes. The sample was
inserted into a cuvette and subsequently placed into
a DLS analyser. Measurements of particle sizes and
Zeta potential were then recorded. The zeta potential
of the excipients was also recorded to compare it
with the zeta potential of the final formulation.

2.4.2. Percentage Entrapment Efficiency
and Drug Loading Capacity

The prepared liposomes were evaluated for
entrapment efficiency (%) and loading capacity (%)
using the reported method (Cheng et al., 2019; Dave
et al., 2025). Briefly, the LP dispersion (0.1 mL)
was dissolved using methanol (10 mL), then the
dispersion was centrifuged for 90 min at 4°C at 14,000
rpm (Cooling microcentrifuge; Sorvall Legend X1;
Thermoscientific; USA). The supernatant was taken
out, and after appropriate dilution, the unentrapped
drug was measured by UV-Vis spectrophotometer

https://doi.org/10.37819/nanofab.10.2092
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(UV-1800, Shimadzu Corporation, Kyoto, Japan)
method at 332 nm; HSPC, soyabean oil, and
cholesterol interaction was subtracted using blank

Design and Development of Niclosamide Liposomes

formulations. Entrapment efficiency and loading
capacity were calculated employing the following
equation:

Entrapment efficiency (%) (Concentration of drug in Liposomes / Concentration of Drug used in

Formulation) x100

@)

Loading Capacity (%) = (Concentration of drug in Liposomes / Total Concentration of Drug and lipids) %

100

2.4.3. Fourier-transform Infrared
Spectroscopy Study

The potential drug interaction after incorporation
in the formulation was evaluated using Fourier-
Transform Infrared Spectroscopy (FTIR) analysis
(Cary-630, Agilent). Concisely, the samples were
scanned from 4000 cm™ to 500cm™. Both the
NSD pure drug and its Liposomal dispersion were
characterized simultaneously using the same process
and conditions.

2.4.4. Powder X-ray Diffraction Analysis

A physical examination utilizing X-ray diffraction
(XRD) of pure NSD and lyophilized NSD-LPs was
conducted to confirm potential interactions between
drugs and carriers. The scans were performed with a
zero backdrop to simplify the process. The diffraction
patterns were obtained by utilizing an X-ray
diffractometer (Bruker D8 Advance, Karlsruhe,
Germany) furnished with Cu-Ka radiation (A = 1.54
A) operating at 40 kV. The diffraction angle (20) was
incrementally scanned with 0.02° intervals from 5 to
60° at a rate of 1 s/step.

2.4.5. Compatibility via Thermal Analysis

Differential scanning calorimetry (DSC) is
utilized to examine the changes in enthalpy and
entropy caused by differences in heat and time in
the physiological and biochemical features of a
substance. The DSC thermograms of pure NSD
and NSD-LPs were generated to check the thermal
behaviour of the formulation in comparison with
the pure drug. The freshly developed liposomes and
lyophilized samples of liposome after reconstitution
were sealed in aluminium pans and heated in the
differential scanning calorimeter (Mettler-Toledo,
GmbH, Switzerland), from 20 to 400 °C, at a rate of
10 °C/min, under a nitrogen purge flow of 50 mL/
minute, by employing an empty aluminium pan as a
reference. The phase transition temperature (T, ) was

https://doi.org/10.37819/nanofab.10.2092
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determined as the midpoint of the transition for all
the formulations.

2.5. In vitro Dissolution

The in-vitrorelease of NSD from NSD-LPs compared
with plain NSD suspension was investigated by
employing the dialysis bag technique. The USP
type II (paddle) (Electrolab Inspire, Mumbai, India)
device is utilized for the purpose of dissolution. A
100 mL volume of phosphate buffer (pH 7.4) was
poured into the dissolution vessels, and for greater
specificity, dialysis tubes (molecular weight cutoff:
12000 Da) have been incorporated with NSD at a
concentration of 5 mg. LP dispersion, equivalent to
5 mg, has been prepared based on the EE (%). The
dialysis bags were tightly fastened using paddles
and submerged in vessels filled with a dissolution
medium. The dissolution conditions were kept
constant at a temperature of 37 °C. The paddle’s
rotation speed was set to 100 rpm at particular time
intervals (0.5, 1, 2, 4, 6, 8, 12, 24, 48 h). Three
mL of media was collected, and fresh volume was
added to ensure the sink conditions. The analysis
of each sample was done by using a UV-visible
spectrophotometer at a wavelength of 332 nm (n=3).
The relationship between release behaviour and time
was graphed, with the data presented as a percentage
of the total drug release.

2.6. Lyophilization of Optimized LPs

The freeze-drying of NSD-LPs was conducted
utilizing VirTis AdVantage PLUS equipment (SP
Scientific). In this, one mL of liposomal solution
was deposited into glass vials, which were then
positioned on the shelf within the apparatus. The LP
dispersion consisted of 5 % sucrose, which serves as
a cryoprotectant. This is followed by lowering the
shelf temperature and sustained at -40 °C, whereas
the 100 mbars of chamber pressure was set for 145
min to enable the complete freezing of the LPs.

Nanofabrication (2026), 11 | 5



ORIGINAL RESEARCH

For the sublimation of solvent, it was subjected to
reduced pressure up to 150 mbars and elevating
the temperature up to 30 °C for a duration of 23 h
and 20 min. The secondary drying was conducted
to eliminate absorbed water from the product. For
achieving this, the shelf temperature was elevated
and kept at 20° C for almost 20 h. Upon completion
of the procedure, the vials were sealed with rubber
closures and kept at 4 °C until subsequent analysis.

2.7. Stability Study

An investigation of the stability of NSD-LPs. The
formulation was also kept under refrigeration at
a temperature range of 2-8 °C. The batch that was
manufactured underwent testing for EE (%) after
1 month, 3 months, and 6 months using UV-Vis
spectrophotometry.

3. RESULTS AND DISCUSSION

3.1. Experimental Design

According to the 3 levels specified in Table 1,
Design Expert software generated a total of 17 trial
batches. The optimization of batches was performed
based on the percentage of drug content and the size
of the vesicles. A BBD (Box-Behnken design) with
three factors and three levels was used to optimize
the characteristics of the liposomal formulation.
In summary, three separate variables were chosen,
as indicated in Table 1 and 2. Seventeen batches
of NSD-LPs were produced using the thin film
hydration process (Table 3). Subsequently, the
gathered data of the response variable were analysed
and provided valuable information as the statistical
framework for statistical analysis. Afterwards, the
variables and different answers were examined to
derive a quadratic polynomial model.

The ANOVA findings specified that the quadratic
model had a significant effect (p<0.05) on the design.
The adjusted R? values, specifically 0.9674 for drug
content and 0.9643 for vesicle size, were obtained.
These values indicate that the produced polynomials
were highly accurate and statistically significant at the
p<0.05level. The 2D and 3D graphs are derived from
the analysis of DoE data and are utilized to monitor
and identify the influential independent variables
for a given response. These graphs demonstrate the
influence of each variable on each response, which
may be observed using the formulated models. The
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generated plots were carefully examined to assess
the direct impact and interplay among factors, which
were crucial and taken into account for the selection
of the experimental model (Figure 1).

3.1.1. Influence of Input Variables on
Drug Content

The equation presents the regression coefficient
that represents the overall influence of different
factors on drug content. The regression coefficient
in the equation indicated the extent of the effect
of the concentration of the independent factor on
the response, with positive and negative signs,
respectively. Figure 1 (A and B) displays the 3D
response surfaces and contour plots illustrating
the impact of input variables on drug content.
The selected variables have a major impact on the
drug content. The linear model for drug content
showed a statistically significant result with p<0.05.
Additionally, there was a minimal difference seen
between the adjusted R-squared value (0.9674)
and the predicted R-squared value (0.9577).
This indicates a strong correlation between the
experimental and projected findings. The signal-to-
noise ratio, calculated with a high level of precision
(32.98 > 4), indicates that there are sufficient signals
to guide the exploration of the design space. The
response graph slope indicates that increasing
the ratio of enhanced lipid (HSPC) to cholesterol
leads to an increase in the value of drug content.
Conversely, the ratios of CHOL to soybean oil and
lipid to soybean oil demonstrated a decrease in the
value of drug content.

Y, =+77.42+2.43X - 0.087X, - 0.069X, (4)

3.1.2. Influence of Input Variables on
Mean Vesicle Size

The polynomial equation provides a concise
representation of the impact of specific parameters
on vesicle size, using a recommended quadratic
model. The model was deemed significant based
on its higher F-value of 48.96, indicating a minimal
likelihood of error. The model demonstrated a strong
agreement, as indicated by a high R? value of 0.9844.
Once again, there was a little discrepancy between
the values of predicted R? (0.9573) and adjusted
R? (0.9643), indicating that the chosen model is
appropriate for subsequent exploration of the design
space. Figure 1 (C and D) depicts 3-D surface and
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contour plots illustrating the percentage of drug
content. The graphs indicate that a low percentage of
drug content can be attained by using a high Lipid:
cholesterol ratio. Additionally, a high percentage of

Design and Development of Niclosamide Liposomes

drug content can be obtained by using the CHOL:
soybean oil and soybean oil: lipid ratios, which are
favourable for achieving high drug content.

Y, = +164.78 + 16.03X, + 0.85X, + 0.30X, - 1.55X X, + 0.30X X, + 0.25X X, + 5.24X 2 + 2.19X ? +

0.035X32 (5)
Table 3. Design matrix for BBD for NSD-LPs
Run X1 X2 Choles- X3 Y1 Y2
Lipid terol (mg) Soyabean oil Drug content (%) Vesicle size (nm)
(mg) (mg) Actual Predicted | Actual Predicted
1 33.25 8.65 26.42 74.71+1.24 |76.82 153.5+1.54 | 158.19
2 68.26 8.65 26.42 77.61x2.52 |77.78 164.5+2.41 157.84
3 33.25 70.81 26.42 74.91+1.43 | 77.05 153.4+1.47 | 160.26
4 68.26 70.91 26.42 77.23=x2.64 | 78.01 184.7+2.41 160.01
5 33.25 39.78 5.58 77.13=2.51 77.26 168.3+=2.19 | 170.63
6 68.26 39.78 5.58 77.84x2.45 | 77.41 166.2+1.09 | 166.78
7 33.25 39.78 47.26 79.73x2.17 | 76.61 188.2+1.81 174.31
8 68.26 39.78 47.26 77.63=1.64 |77.57 166.4+2.51 164.06
9 50.76 8.65 5.58 79.72+1.81 77.863 186.1+1.18 | 179.07
10 50.76 70.91 5.58 79.91+1.38 | 77.85 187.2+1.84 | 178.00
11 50.76 8.65 47.26 76.88+=1.24 | 76.98 160.4=2.24 | 168.59
12 50.76 70.91 47.26 77.77+x2.26 | 77.20 168.1+2.47 | 175.12
13 50.76 39.78 26.42 77.86x2.34 | 77.41 1687.1+2.41 166.78
14 50.76 39.78 26.42 77.84x2.12 |78.22 166.2=x2.14 | 166.78
15 50.76 39.78 26.42 74.83x2.27 | 77.41 154.2+1.48 | 166.78
18 50.76 39.78 26.42 74.91+1.32 | 77.41 159.3+2.34 | 166.78
17 50.76 39.78 26.42 79.54x2.07 |77.41 187.1=1.29 | 166.78

Values indicated as mean + SD, n = 3

3.2. Optimization and Validation of NSD-
LPs

The estimation of optimized formulation was based
on maximizing drug content and minimizing vesicle
size of NSD-LPs. The desirability approach revealed
the best composition of 68.26 mg of HSPC, 70.91
mg of Cholesterol, and 5.58 mg of Soyabean oil with
high desirability (0.631). The predicted values of
responses were 78.33 % of drug content and 168.29
nm of vesicle size. The optimized formulation was
prepared according to the suggested solution, and
actual values were observed values with 80.94 %
of drug content and 149.2 nm vesicle size, showing
agreement with predicted values. The outcomes of
the experimental design highlighted the applicability
and efficiency of using BBD for this experimental
setting in developing LPs with desired properties.

https://doi.org/10.37819/nanofab.10.2092

3.3. Characterization of Optimized
Liposomes

3.3.1. Particle Morphology, Mean
Vesicle Size Analysis, and Zeta Potential

The liposomes loaded with NSD exhibited an average
particle size of 149.2 nm, as determined by Figure 2
(A). The polydispersity index (PDI) was measured
to be 0.261, indicating that NSD-LPs exhibit
monodispersity, suggesting that they have a uniform
size. Figure 2 (B) demonstrates the zeta potential of
liposomes loaded with NSD. The LPs displayed a
negative zeta potential of (- mV), suggesting their
anionic nature. Prior studies have determined that
poly-anions exhibit superior bio-adhesive potency in
comparison with poly-cations (Dusane et al., 2010;
Linetal., 2017). The liposomes were found to possess

Nanofabrication (2026), 11 | 7
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a negative zeta potential, which suggests that they
exhibit more stability. The zeta potential of NSD-
LPs was determined to be -14.2 mV (Figure 2 (B)).
Additionally, the zeta potential of HSPC (-5.8 + 0.4),
cholesterol (-2.1 + 0.3), soybean oil (-6.3 * 0.5), and
rhamnolipid (-24.8 + 1.1) were determined, wherein
the rhamnolipid demonstrated the most negative
potential, whereas HSPC, cholesterol, and soybean
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oil exhibited mild negative charges. It confirms that
the distinct negative charge of the formulations was
mainly due to the presence of rhamnolipid. Figure
2 (C) and (D) indicate homogeneously dispersed,
spherical droplets without showing any aggregation,
suggesting appropriate colloidal stability of the
nanoemulsion system.
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Figure 1. 3D (A and C) and Contour plots (B and D) showing the effect of input variables on % drug content
and vesicle size

3.3.2. Fourier-transform Infrared
Spectroscopy Study

All the functional group peaks corresponding to the
respective functional group present in the NSD are
present in the FTIR spectrum. Figure 3 comprises
FTIR spectrashowing functional groups present in the
NSD structure, which indicates the drug is pure and
it not undergone any functional group modifications.
In NSD-LPs, all the stretching frequencies are
retained as reported, which indicates that the loaded
NSD retained its integrity in liposomes.
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Furthermore, the pure NSD spectrum demonstrated
unique N-H stretching (—~3310 cm™), aliphatic
C—H stretching (—2897 cm™), amide/aryl C=0, and
C=C stretching (—1679-1559 cm™), and bending of
aromatic ring (—731 cm™), indicating the presence
of the distinct functional groups (Real et al., 2023;
Vazquez-Rodriguez et al., 2022). In the NSD-LP
spectrum, the appearance of these slightly broader
peaks is minimized, and minimized intensity is
minimized after encapsulation within the lipid
bilayer. However, there were no observations of new

https://doi.org/10.37819/nanofabh.10.2092
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peaks or loss of significant NSD peaks, indicating
the absence of chemical interactions or degradation.
The slight peak shifting displayed consistently along
with non-covalent interactions between NSD and the
lipid components (Caldas et al., 2021; Jiang et al.,
2024; Liposomes: A Practical Approach, 2003).

3.3.3. Powder XRD Analysis

XRD has been extensively utilized for the analysis
of nanoparticles to accurately determine important
characteristics, including crystal structure, crystallite
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size, and strain. The widening of diffraction peaks
is a result of the presence of disordered states
within crystals. The diffraction patterns of both the
pure drug and NSD-LPs samples are displayed in
Figure 4. The NSD XRD pattern displayed clear and
prominent high-energy diffraction peaks, indicating
the crystalline nature of the NSDs. The XRD patterns
of lyophilized NSD-LPs exhibited characteristic
high-energy diffraction patterns, indicating that the
formulation was in an amorphous state.

|
|
i )

0.0 — g .. - i
-500 -400 -300 -200 -100 O 100 200 300 400 500

Zeta Potential (mV)

Figure 2. Size distribution of mean vesicle size (A, zeta potential (B), microscopic images of vesicles at 5 um
(C) and 2 um (D), of NSD-LPs

The crystalline diffractions of pure NSD were
observed in accordance with previous studies
with peaks at approximately 6.7°, 13.1°, 17.3°,
19.8°, 22.3° and 25.6° (28), therefore validating
the identification and crystallinity of the drug
(Baek et al., 2024; Guo et al., 2015). Contrarily,
the absence or reduction of these peaks in NSD
liposomes corresponds well to previously reported
studies demonstrating that encapsulation results
in partial amorphization and molecular dispersion
of NSD within lipid or polymer matrix systems.

https://doi.org/10.37819/nanofah.10.2092

Furthermore, the lipid excipients like phospholipids
and cholesterol are recognized to generate halo-like
amorphous patterns that conceal drug peaks when
the drug is molecularly dispersed (Naqvi et al., 2017;
Tai et al., 2025; Wdowiak et al., 2024).

3.3.4. Compatibility via Thermal Analysis

The DSC thermograms of pure NSD and its
formulation in a dry inert nitrogen atmosphere are
shown in Figure 5. The DSC thermogram displayed a

Nanofabrication (2026), 11 | 9
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prominent peak at around 225 °C, which corresponds
to NSD. The distinct endothermic transition verifies
the crystalline nature of pure NSD, which was in
accordance with the reported melting range of 220
to 230 °C (Rehman et al.,, 2018; Sanphui et al.,
2012). Contrarily, the optimized NSD-LPs (Figure
5B) demonstrated a broader and lowered intensity
thermal event, possibly due to conversion of NSD
into a molecular dispersion or partial amorphization

Sujit A. Desai et al.

within the lipid matrix. This loss in crystallinity
usually shows effective encapsulation and disruption
of drug lattice structure in the phospholipid vesicles
(Li et al., 2017; Verma et al., 2025). The melting
temperature peak of the NSD reduced after being
encapsulated in NSD-LPs, suggesting a disrupted
crystalline structure and uneven distribution of
molecules inside the polymer matrix.
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Figure 4. XRD pattern of pure NSD (A), and Optimized NSD-LPs (B)
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Figure 5. DSC thermogram of pure NSD (A), and Optimized NSD-LPs (B)

3.4. In vitro Drug Release

The drug release profile of plain NSD and NSD-
LPs showed a distinct release pattern, indicating the
effect of the liposomal entrapment on the release
kinetics (Figure 6). The plain NSD demonstrated a
faster dissolution behaviour, with more than 95 %
release of drug within 8 h, indicating almost complete
release in a comparatively short duration. This can
be attributed to the instantaneous solubilization of
the free drug in the release medium with no signs
of any physical or chemical barriers to diffusion.
Contrarily, the NSD-LPs formulation exhibited a
substantial sustained release profile, with ~30% of
NSD release in the first 8 h, and a slow increment
in release over the study period. The entrapment
of NSD within the phospholipid bilayer of LPs
formulation, which played the role of a diffusion
barrier, contributed to controlled drug release into
the media. Furthermore, the drug release may have
been slowed owing to the amphiphilic nature of the
liposomal membranes and probable interactions
between the drug and lipid. Such a sustained release
feature of NSD-LPs is beneficial for ensuring
extended therapeutic drug concentrations at the

https://doi.org/10.37819/nanofab.10.2092

target site, possibly may enhance bioavailability of
the drug, and lower dosing frequency in comparison
with pure NSD (Gkionis et al., 2021; Sobol et al.,
2025).

3.5. Stability Study

The stability of NSD-LPs formulation was
determined by checking entrapment efficiency for
6 months, and the NSD content was determined
using the utilization of UV-visible spectroscopy at
a wavelength of 232 nm. The NSD batch, which
has been prepared, has consistent outcomes after
1 month, 3 months, and 6 months. Therefore, this
formulation exhibited stability, and the outcomes are
displayed in Table 4.

4. CONCLUSION

NSD-LPs modified with rhamnolipids were
successfully developed and optimized employing
a Box-Behnken Design approach. The optimized
formulation exhibited high drug content, nanometric
vesicle size, homogeneous dispersion, and negative
zeta potential, contributing to the stability of the

Nanofabrication (2026), 11 | 11
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Figure 6. Percentage cumulative NSD release of plain NSD and Optimized NSD-LPs (Mean+ S.D., n=3)

Table 4. Outcomes of the stability study of Optimized NSD-LPs formulation

Entrapment efficiency (%)

1 month
53.2+1.41

0 month
57.31+1.86

formulation. The structural and thermal studies
verified effective entrapment of NSD with no signs
of compromised molecular interactions. The in
vitro release studies exhibited a sustained release
behaviour, which may eventually contribute to
improving bioavailability and possibly lowering
dosing frequency. The stability studies showed that
the formulation retained its physicochemical features
for a 6-month study period. Conclusively, the reported
delivery systems propose an exciting approach for
dealing with the solubility of drugs, which opens
up the path for future in vivo studies and clinical
translation. However, the formulation displayed
promising physicochemical features and sustained
in vitro release characteristics, but the current study
has specific limitations. The in vivo pharmacokinetic
and biodistribution studies are needed to verify its
therapeutic effectiveness. Additionally, the long-
term stability study, regulatory considerations, and
scale-up possibility still need to be explored in future
work to facilitate efficient clinical translation.

12 | Nanofabrication (2026) 11

3 months
50.21+1.88

6 months
48.28+2.35
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