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Abstract

Acyclovir is a widely used antiviral drug for the treatment of Herpes Simplex Virus (HSV) infections; however, its
limited aqueous solubility and poor bioavailability may restrict its therapeutic effectiveness. The present study aimed
to develop and evaluate acyclovir-loaded nanoniosomes as a nano-based vesicular delivery system to improve drug
encapsulation, stability, and controlled release properties. Acyclovir-loaded nanoniosomes were prepared using the
thin-film hydration method, and five formulations were developed by varying the Span 60-to-cholesterol molar ratio
(4:1, 3:1, 2:1, 1.5:1, and 1:1). The prepared formulations were characterized regarding particle size, Polydispersity
Index (PDI), zeta potential, Entrapment Efficiency (EE%), drug Loading Capacity (LC%), in vitro drug release, and
pH stability. The results demonstrated successful formation of nanosized vesicular systems in all formulations.
Among the prepared formulations, I3 with a Span 60 molar ratio of 2:1 showed the most favorable physicochemical
characteristics, including a particle size of 185.6£0.4 nm and a PDI value of 0.24% 0.03. The optimized formulation
exhibited a zeta potential of —31.4£0.1 mV, indicating acceptable colloidal stability. Furthermore, F3 demonstrated
high entrapment efficiency (79.6£0.1%) and suitable drug loading capacity. The in vitro release study showed a
sustained release profile, with approximately 78.4% of acyclovir released after 24 h. The formulation maintained
relatively constant pH values during storage, confirming its acceptable stability. Overall, the developed acyclovir-
loaded nanoniosomal system provided nanoscale vesicles with appropriate stability, efficient drug incorporation, and
controlled release behavior. The optimized formulation may represent a promising nano-based carrier for improving
the topical delivery of acyclovir.

Keywords: Acyclovir, Nanoniosomes, Span 60, Cholesterol, Nanovesicles, Controlled drug release, Topical delivery.

1| Introduction

Herpes Simplex Virus (HSV) infections are among the most common viral diseases affecting humans
worldwide [1-3]. HSV exists in two main types, including Herpes Simplex Virus Type 1 (HSV-1) and Herpes
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Simplex Virus Type 2 (HSV-2), which are responsible for a variety of clinical manifestations ranging from
mild mucocutaneous lesions to severe infections in immunocompromised patients [2]. HSV-1 is mainly
associated with oral and facial infections, while HSV-2 is commonly related to genital infections [2—4]. Due
to the ability of HSV to establish lifelong latency in host nerve cells and reactivate periodically, effective
therapeutic strategies are required to reduce viral replication, accelerate lesion healing, and minimize the
recurrence rate. Although several antiviral agents have been developed, improving their therapeutic
performance remains an important challenge in pharmaceutical research [5]. Acyclovir is a widely used
antiviral drug belonging to the nucleoside analogue class and is considered one of the first-line treatments for
HSV infections. The antiviral activity of acyclovir is based on selective phosphorylation by viral thymidine
kinase, followed by inhibition of viral DNA polymerase, resulting in suppression of viral DNA synthesis [4—
7]. Despite its high selectivity and clinical effectiveness, acyclovir has several pharmaceutical limitations that
restrict its optimal therapeutic application. The drug possesses poor aqueous solubility, limited permeability
through biological membranes, and relatively low bioavailability [5], [8—10]. Furthermore, conventional topical
formulations of acyclovir often require frequent administration due to rapid drug removal from the
application site, which may decrease patient compliance and reduce therapeutic efficiency [9]. Therefore,
developing advanced drug delivery systems capable of improving acyclovir stability, prolonging residence
time, and enhancing drug penetration is highly desirable. Nanotechnology-based drug delivery systems have
attracted considerable attention as promising approaches for overcoming the limitations associated with
conventional formulations [10-12]. Nanocarriers can improve drug solubility, protect active pharmaceutical
ingredients from degradation, control drug release, and enhance the accumulation of therapeutic agents at the
target site [13]. Among various nanocarriers, niosomes have emerged as effective vesicular systems for the
delivery of both hydrophilic and hydrophobic compounds. Niosomes are non-ionic surfactant-based vesicles
consisting of non-ionic surfactants and cholesterol, which form a bilayer structure capable of encapsulating
active molecules [10-14].

Compared with liposomes, niosomes provide several advantages, including higher chemical stability, lower
cost, improved storage properties, and easier large-scale production. Nanoniosomes, which represent
nanosized niosomal vesicles, have recently gained increasing interest due to their enhanced surface area,
improved cellular interaction, and supetrior drug delivery potential [15]. The small particle size of
nanoniosomes can promote better penetration through biological barriers and provide controlled release
characteristics. Additionally, the incorporation of cholesterol into the niosomal membrane improves vesicle
rigidity and reduces drug leakage, resulting in improved formulation stability [16]. These properties make
nanoniosomes attractive candidates for topical delivery of antiviral drugs such as acyclovir, where prolonged
contact with the skin and enhanced local drug concentration are essential for achieving optimal therapeutic
effects [17—-19]. Topical delivery of acyclovir using nanoniosomal systems may provide several advantages
over conventional formulations, including increased drug retention at the site of infection, sustained release,
enhanced penetration into infected tissues, and improved antiviral activity. Furthermore, the development of
a nanoniosomal gel formulation may combine the benefits of nanoscale vesicular carriers with the
convenience and patient acceptability of topical dosage forms [18-20].

Therefore, the aim of the present study is to formulate, optimize, and characterize acyclovir-loaded
nanoniosomes and evaluate their potential as an improved topical drug delivery system against HSV infection.
The prepared formulations will be investigated regarding particle size, Polydispersity Index (PDI), zeta
potential, encapsulation efficiency, morphology, in vitro drug release behavior, and stability. The developed
nanoniosomal system is expected to enhance the pharmaceutical performance of acyclovir and provide a

more efficient approach for topical antiviral therapy.

As illustrated in Fig. 7, niosomal vesicles interact with the stratum corneum and facilitate deeper transdermal
drug delivery.
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4. Mechanism of Niosomal
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Fig. 1. Schematic overview of niosome preparation, topical formulation, and transdermal drug

delivery pathways.

2| Materials and Methods
2.1| Materials

Acyclovir was used as the model antiviral drug. Span 60 (sorbitan monostearate) and cholesterol were
employed for the preparation of nanoniosomes. Chloroform and methanol were used as organic solvents.
Phosphate-buffered saline (PBS, pH 7.4) was used as hydration and release medium. Distilled water was used
throughout the experiments.

2.2 | Preparation of Acyclovir-Loaded Nanoniosomes

Nanoniosomes were prepared by the thin-film hydration method. Span 60 and cholesterol were mixed at a
molar ratio of 1:1. Briefly, 200 mg of Span 60 and 100 mg of cholesterol were dissolved in 10 mL of
chloroform mixture (2:1, v/v) in a 100-mL round-bottom flask. The organic solvent was removed using a
rotary evaporator at 60°C and 100 rpm under reduced pressute for 30 min to obtain a thin lipid film on the
inner wall of the flask. The resulting film was kept under vacuum overnight to ensure complete removal of
residual solvents. Hydration was carried out using 10 mL phosphate-buffered saline (PBS, pH 7.4) containing
50 mg acyclovir. The hydration process was petformed at 60°C for 30 min under gentle rotation. The resulting
multilamellar vesicles were reduced to nanosized vesicles using probe sonication for 5 min in an ice bath. The

final nanoniosomal dispersion was stored at 4°C for further characterization.
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2.3 | Particle Size Analysis

The mean particle size and PDI of acyclovir-loaded nanoniosomes were determined by Dynamic Light
Scattering (DLS). Prior to analysis, samples were diluted with deionized water (1:100) and analyzed at 25°C.
Measurements were performed in triplicate, and the results were expressed as mean T standard deviation.
The average particle size and PDI were recorded to evaluate the size distribution and homogeneity of the

nanoniosomal formulations.
2.4| Zeta Potential Measurement

The zeta potential of the prepared acyclovir-loaded nanoniosomes was determined using a zeta potential
analyzer after appropriate dilution with deionized water. Measurements were carried out at 25°C to evaluate
the surface charge and physical stability of the nanoniosomal formulations. All samples were analyzed in
triplicate, and the results were expressed as mean * standard deviation.

2.5 | Entrapment Efficiency

The Entrapment Efficiency (EE%) of acyclovir-loaded nanoniosomes was determined by separating the
unentrapped drug from the vesicular dispersion using centrifugation. Briefly, the formulation was centrifuged
at 15000 rpm for 30 min, and the amount of free acyclovir in the supernatant was quantified
spectrophotometrically at 252 nm. The entrapment efficiency was calculated using the following Eg. (7) [20]:

(Total drug — Free drug) y

EE (%) =
(%) Total drug

100. )

All measurements were performed in triplicate, and the results were expressed as mean  standard deviation.
2.6 | In Vitro Drug Release Study

The in vitro release of acyclovir from the prepared nanoniosomes was evaluated using the dialysis bag
diffusion method. Briefly, 1 mL of the nanoniosomal dispersion was placed in a dialysis membrane (MWCO
12-14 kDa) and immersed in 100 mL phosphate-buffered saline (PBS, pH 7.4). The release medium was
maintained at 37 °C under continuous stitring at 100 rpm. At predetermined time intervals, aliquots were
withdrawn and replaced with an equal volume of fresh medium to maintain sink conditions. The amount of
released acyclovir was determined using UV—Visible spectrophotometry at 252 nm. All experiments were
performed in triplicate, and the cumulative percentage of drug release was calculated and plotted as a function
of time.

2.7 | Drug Loading Capacity

The drug Loading Capacity (LC%) of the prepared acyclovir-loaded nanoniosomes was determined to
evaluate the amount of acyclovir incorporated within the nanoniosomal formulation. A known amount of
freeze-dried nanoniosomal formulation (or a measured volume of nanoniosomal dispersion) was dissolved in

a suitable solvent to disrupt the vesicular structure and release the entrapped drug.

The amount of acyclovir present in the formulation was quantified using UV—Visible spectrophotometry at
252 nm. The drug loading capacity, was calculated using the following Eg. (2) [20]:

Amount of entrapped drug
LC (%) = . — X 100, )
Total amount of nanoniosomal formulation

All measurements were performed in triplicate, and the results were expressed as mean T standard deviation.
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2.8 | pH Stability Study

The pH stability of the optimized acyclovir-loaded nanoniosomal formulation was evaluated during storage.
The pH values of the formulations were measured using a calibrated digital pH meter at predetermined time
intervals. The samples were stored under different conditions (4°C and 25°C), and pH changes were
monitored over a period of three months. The stability of the formulation was evaluated by comparing the
initial pH value with the values obtained during storage. All measurements were performed in triplicate, and

the results were expressed as mean t standard deviation.
2.9 Stability Study

The stability of the optimized acyclovir-loaded nanoniosomal formulation was evaluated under different
storage conditions. Samples were stored at refrigerated (4°C) and room temperature (25°C) conditions for a
period of three months. At predetermined time intervals, the formulations were evaluated for changes in
particle size, PDI, zeta potential, and entrapment efficiency. Any physical changes, such as aggregation,
precipitation, or phase separation, were also visually monitored. All measurements were performed in
triplicate, and the results were expressed as mean * standard deviation.

3| Results & Discussion

3.1| Particle Size and Polydispersity Index

The particle size and size distribution of acyclovir-loaded nanoniosomes were evaluated using DLS. The
optimized formulation showed a nanoscale particle size with an average diameter of 185.6 £0.4 nm. The
obtained particle size indicated successful formation of nanoniosomal vesicles. The relatively small vesicle
size may provide a higher surface area, improved contact with biological membranes, and enhanced potential
for topical drug delivery. The PDI of the optimized formulation was found to be 0.24%0.03, indicating a
narrow particle size distribution and acceptable formulation homogeneity.

3.2| Zeta Potential Analysis

The zeta potential of all acyclovir-loaded nanoniosomal formulations was measured to evaluate the surface
charge and physical stability of the vesicular systems. The obtained results are summarized in Table 1.

Table 1. Zeta potential values of acyclovir-loaded nanoniosomal formulations.

Formulation Span 60: Cholesterol Ratio Zeta Potential (mV)

F1 4:1 -21.3+0.7
F2 3:1 -26.8+0.9
F3 2:1 -31.4%0.1
F4 1.5:1 -34.2+0.8
F5 1:1 -28.610.3

As shown in Table 1, all formulations exhibited negative zeta potential values, indicating the formation of
negatively charged vesicles. The negative surface charge contributes to electrostatic repulsion between
vesicles, thereby reducing ageregation and improving the physical stability of the nanoniosomal dispersions.
The zeta potential values gradually increased in magnitude from F1 to I'4 as the cholesterol content increased.
This observation suggests that cholesterol plays an important role in improving membrane organization and
stabilizing the vesicular structure. Formulations F3 and F4 exhibited zeta potential values greater than —30
mV, which are generally considered indicative of good colloidal stability. Among the investigated
formulations, F4 showed the highest absolute zeta potential value (—34.2%0.8 mV), suggesting excellent
electrostatic stabilization. However, despite its higher zeta potential, F4 exhibited a larger particle size and a
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higher PDI compared with F3. Therefore, zeta potential alone could not be considered the sole criterion for
formulation optimization. Formulation I3 demonstrated a favorable balance between particle size, size
distribution, and surface charge, exhibiting a particle size of 185.6£0.4 nm, a PDI of 0.24%0.03, and a zeta
potential of —31.4+0.1 mV. The combination of these characteristics indicates the formation of a stable and
homogeneous nanosystem. Interestingly, a further increase in cholesterol concentration (I5) resulted in a
reduction in the absolute zeta potential value. This behavior may be attributed to excessive cholesterol
incorporation into the bilayer structure, which can alter vesicle organization and reduce the effective surface
charge of the nanoniosomes. The results demonstrated that cholesterol concentration significantly influenced
the surface properties of the nanoniosomal formulations. Based on the combined evaluation of particle size,
PDI, and zeta potential, formulation F3 (Span 60 ratio of 2:1) was selected as the optimized formulation for
further characterization studies.

3.3 | Entrapment Efficiency

The entrapment efficiency of acyclovir-loaded nanoniosomal formulations was evaluated to determine the
ability of the vesicular systems to encapsulate and retain the drug within the bilayer structure. The results are
presented in Fig. 2.
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Fig. 2. Entrapment efficiency of acyclovir-loaded nanoniosomal formulations.

As shown in Fig. 2, the entrapment efficiency of the formulations increased progressively from F1 to F4 with
increasing cholesterol concentration. Cholesterol is known to enhance the rigidity and integrity of the
vesicular bilayer, thereby reducing drug leakage and improving drug retention within the nanoniosomes.

Formulation F1 exhibited the lowest entrapment efficiency (58.420.3%), which may be attributed to
insufficient membrane stabilization and increased permeability of the vesicular bilayer. Increasing the
cholesterol content from F1 to F4 resulted in a significant improvement in drug encapsulation efficiency.

Among the investigated formulations, 4 showed the highest entrapment efficiency (82.310.4%). This finding
suggests that the cholesterol content in F4 provided an optimal membrane environment for retaining
acyclovir within the vesicular structure. However, further increasing the cholesterol concentration to a 1:1
molar ratio (I'5) resulted in a decrease in entrapment efficiency. This reduction may be attributed to excessive
cholesterol incorporation within the bilayer, which can compete with drug molecules for space within the
vesicular membrane and reduce the available volume for drug entrapment. Although F4 exhibited the highest
EE%, formulation F3 demonstrated a comparable entrapment efficiency (79.620.1%) while maintaining the
smallest particle size, lowest PDI, and satisfactory zeta potential. Therefore, considering all physicochemical
characteristics collectively, I3 was selected as the optimized formulation for subsequent studies. The obtained
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results indicate that cholesterol concentration plays a crucial role in determining the drug encapsulation
capacity of nanoniosomes, and an appropriate balance between membrane rigidity and vesicle organization is
essential for achieving efficient drug loading.

3.4|In Vitro Drug Release Study

The in vitro release behavior of acyclovir from different nanoniosomal formulations was investigated using
the dialysis bag diffusion method in phosphate-buffered saline (PBS, pH=7.4) at 37°C. The cumulative
percentage of drug release was determined at predetermined time intervals, and the results are presented in
Fig. 3.
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Fig. 3. Cumulative release percentage of acyclovir from nanoniosomal formulations.

The obtained results demonstrated a sustained release behavior of acyclovir from all nanoniosomal
formulations compared with rapid drug diffusion from conventional drug solutions. The release rate was
influenced by the composition of the vesicular bilayer, particulatly the cholesterol concentration. Formulation
F1 showed the highest drug release after 24 h (91.220.1%), which may be related to the lower cholesterol
content and higher membrane fluidity, resulting in faster drug diffusion through the vesicular membrane.
Increasing cholesterol concentration resulted in a gradual reduction in the release rate. Formulation F3
showed a controlled release profile with approximately 78.4£0.2% drug release after 24 h. The slower release
from F3 may be attributed to improved bilayer organization and increased membrane rigidity caused by
cholesterol incorporation. Although F4 demonstrated slightly slower release compared with F3, its larger
particle size and higher PDI suggested lower overall formulation homogeneity. Therefore, F3 was considered
the optimized formulation due to its balanced physicochemical properties and sustained drug release
behavior. The controlled release pattern observed for the optimized nanoniosomal formulation may improve
drug residence time at the application site and potentially enhance the therapeutic efficiency of topical
acyclovir delivery.

3.5| Drug Loading Capacity

The drug loading capacity of acyclovir-loaded nanoniosomal formulations was determined to evaluate the

amount of acyclovir incorporated within the nanoniosomal system. The obtained results are presented in Fg.
4.
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Fig. 4. Drug loading capacity of acyclovir-loaded nanoniosomal formulations.

The obtained results showed that the drug loading capacity, increased with increasing cholesterol
concentration up to formulation F4. The improvement in LC% may be attributed to the enhanced
organization and rigidity of the nanoniosomal bilayer caused by cholesterol incorporation, which improves
the ability of the vesicles to retain acyclovir. The lowest LC% was observed in formulation F1 (8.6+0.5%),
which may be related to the lower cholesterol content and reduced vesicle stability, resulting in lower drug
incorporation capacity. Formulation F4 exhibited the highest drug loading capacity (14.1+0.8%), suggesting
a greater ability of the vesicular structure to accommodate acyclovir. However, excessive cholesterol
concentration in F5 resulted in a reduction in LC%, which may be due to decreased available space within
the bilayer structure and alteration of vesicle composition. Although F4 showed the highest LC%, formulation
F3 demonstrated a more balanced physicochemical profile with a smaller particle size, lower PDI, acceptable
zeta potential, and high drug encapsulation efficiency. Therefore, F3 was selected as the optimized
nanoniosomal formulation. The results indicate that an appropriate Span 60-to-cholesterol ratio is essential

for achieving optimal drug loading and maintaining stable nanosized vesicles.
3.6| pH Stability Study

The pH stability of acyclovir-loaded nanoniosomal formulations was evaluated during storage to investigate
possible changes in formulation stability. The pH values of the prepared formulations were measured at
predetermined time intervals under different storage conditions. The obtained results are presented in Tuble
2.

Table 2. pH changes of acyclovir-loaded nanoniosomal formulations during storage.

Formulation  Initial pH After 1 Month After 3 Months
F1 6.42%0.06 6.3510.08 6.28%0.07
F2 0.48%0.05 6.43£0.06 0.36£0.08
F3 0.51£0.04 6.48%0.05 0.44£0.06
F4 6.54£0.05 6.49£0.06 6.43£0.07

F5 6.47%0.06 6.381+0.07 6.30£0.09
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The obtained results showed that all nanoniosomal formulations maintained relatively constant pH values
during the storage period, indicating acceptable physicochemical stability of the prepared vesicular systems.
A slight decrease in pH was observed in all formulations after three months of storage, which may be related
to minor chemical changes or drug—vesicle interactions during storage. However, the observed variations
were not significant. The optimized formulation (F3) showed minimal pH variation, changing from 6.51 £
0.04 to 6.44 £ 0.06 after three months. The maintained pH value within a skin-compatible range suggests that
the formulation is suitable for topical application. The low changes in pH values confirm the stability of the
nanoniosomal system and support the suitability of the optimized formulation for acyclovir topical delivery.

4| Conclusion

In the present study, acyclovir-loaded nanoniosomes were successfully developed as a nano-based vesicular
drug delivery system using the thin-film hydration method. Different formulations were prepared by changing
the Span 60-to-cholesterol molar ratio in order to investigate the influence of vesicle composition on the
physicochemical properties and performance of the nanoniosomal system. The obtained results demonstrated
that the incorporation of cholesterol had a significant effect on the characteristics of the prepared
formulations. All prepared formulations showed nanoscale particle sizes, confirming the successful formation
of nanoniosomal vesicles. Among the investigated formulations, F3 with a Span 60 molar ratio of 2:1
exhibited the most favorable particle characteristics, including the smallest particle size (185.620.4 nm) and
the lowest PDI (0.24%0.03), indicating the formation of a homogeneous nanosized system with a relatively
narrow size distribution. The surface charge analysis showed that all formulations possessed negative zeta
potential values, which contributed to the stability of the vesicular dispersions by providing electrostatic
repulsion between particles. The optimized formulation (F3) showed a zeta potential of —31.4+0.1 mV,
suggesting acceptable colloidal stability and reduced tendency toward particle aggregation during storage. The
drug encapsulation studies revealed that increasing cholesterol concentration improved acyclovir entrapment
efficiency by enhancing bilayer organization and reducing drug leakage. Although formulation F4
demonstrated the highest entrapment efficiency, F3 provided a better overall balance between drug
incorporation, particle size, size uniformity, and surface charge. The optimized formulation showed high
entrapment efficiency (79.6 £0.1%) and suitable drug loading capacity, confirming the ability of the
nanoniosomal system to effectively incorporate acyclovir. The in vitro release study demonstrated that the
nanoniosomal formulation provided a controlled and sustained release pattern compared with rapid drug
diffusion from conventional formulations. The optimized formulation showed a prolonged release profile,
which may improve drug residence time at the application site and enhance the efficiency of topical acyclovir
delivery. Furthermore, the stability evaluation showed minimal changes in pH values during storage, indicating
acceptable physicochemical stability of the prepared nanoniosomes. The maintained pH within a skin-
compatible range supports the potential suitability of the formulation for topical administration. The
developed acyclovir-loaded nanoniosomal system successfully combined nanoscale size, good physical
stability, high drug encapsulation efficiency, and controlled drug release characteristics. The optimized F3
formulation (Span 60 ratio of 2:1) demonstrated the most balanced physicochemical properties and could be
considered a promising nano-based carrier for improving the topical delivery of acyclovir.
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