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ABSTRACT

Objective: This study aims to develop Acyclovir-Loaded Solid Lipid Nanoparticles (ASLN) prepared through homogenisation and evaluate their
efficacy.

Methods: ASLN were formulated using Gelucire 43/01, Polyvinylpyrrolidone (PVP), Tween 80, and Stearic acid in varying ratios through solvent
evaporation and homogenisation. Lipids and Acyclovir were melted together and then emulsified using a homogeniser. Particle size distribution
was assessed by Dynamic Light Scattering (DLS), and Zeta Potential was measured using electrophoretic mobility. The cumulative drug release
profile was analyzed to determine sustained release characteristics. Zero-order kinetic modelling was applied to elucidate the release mechanism,
indicating diffusion rate-limited drug release. Comparative studies with marketed Acyclovir formulations were conducted to assess efficacy and
performance.

Results: All formulations exhibited satisfactory characteristics: Particle size of 185.6+4.28 nm, Zeta potential of-24.15+5.43 mV, Polydispersity
Index of 0.192+3.11, and Drug Entrapment Efficiency of 77.06+4.3%. In vitro release studies of ASLN formulation F12 showed prolonged drug
release (90.88% cumulative release by the 8th hour), in sustained drug availability. Comparative studies highlighted the efficacy of ASLN compared
to commercial acyclovir products. The kinetic analysis confirmed zero-order kinetics and diffusion rate-limited drug release for all formulations.

Conclusion: In conclusion, the formulation of ASLN using Gelucire 43/01, Polyvinylpyrrolidone (PVP), Tween 80, and Stearic acid produced
nanoparticles with favourable characteristics. These included appropriate particle size, zeta potential, and high drug entrapment efficiency. In vitro

studies demonstrated sustained drug release, suggesting ASLN as promising carriers for enhancing Acyclovir's therapeutic efficacy.
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INTRODUCTION

Herpes Simplex Virus (HSV) infections are a significant global health
concern, affecting millions of individuals worldwide and
necessitating effective antiviral therapies. Among the treatments
available, acyclovir has been a cornerstone due to its potent antiviral
activity against HSV. However, the clinical efficacy of Acyclovir is
hampered by challenges such as low bioavailability and poor
aqueous solubility, leading to suboptimal therapeutic outcomes and
necessitating frequent dosing regimens [1]. Solid lipid nanoparticles
(SLN) have emerged as promising nanocarriers for improving the
delivery and efficacy of poorly soluble drugs like SLN. These offer
several advantages, including enhanced drug stability, sustained
release kinetics, and improved pharmacokinetic profiles. These
attributes make SLN an attractive platform for overcoming the
limitations of conventional acyclovir formulations. The formulation
of Acyclovir-loaded Solid lipid Nanoparticles (ASLN) involves
encapsulating acyclovir within a lipid matrix composed of
biocompatible materials such as Gelucire 43/01,
Polyvinylpyrrolidone (PVP), Tween 80, and Stearic acid [2]. This
approach improves drug solubility and bioavailability and enables
sustained release of Acyclovir, potentially reducing dosing frequency
and enhancing patient compliance. Moreover, SLN can protect
acyclovir from enzymatic degradation and systemic clearance,
thereby prolonging its therapeutic effect. Previous studies have
demonstrated the efficacy of SLN in enhancing the therapeutic
outcomes of various drugs by improving their pharmacokinetic and
pharmacodynamic profiles. In the following research on antiviral
drugs, SLN offer a promising strategy to improve the effectiveness of
acyclovir against HSV infections. By optimizing the formulation
parameters and characterizing the physicochemical properties of
ASLN, this study aims to contribute to the development of advanced
drug delivery systems that can address the current challenges in
HSV treatment [3-5]. This study shows the formulation and
characterisation of ASLN, a novel approach that promises to

significantly advance antiviral therapy. While acyclovir has been a
cornerstone in treating HSV infections, its effectiveness is often
limited by poor drug bioavailability and rapid drug clearance. By
incorporating acyclovir into SLN, this research introduces a cutting-
edge strategy designed to overcome these limitations. SLNs offer a
unique combination of controlled release, enhanced stability, and
improved drug permeability, which are not fully exploited in current
acyclovir formulations. This study's focus on ASLN represents an
innovative shift from traditional delivery methods, aiming to
enhance therapeutic efficacy and patient outcomes in HSV
treatment. The study has implications for HSV infections and the
limitations of current acyclovir treatments.

MATERIALS AND METHODS
Chemicals involved

Acyclovir was obtained as a gift sample from GlaxoSmith (Mumbai),
PVP, Dimethyl Sulfoxide (DMSO), and Stearic acid were obtained as a
gift sample from Sisco Research Laboratories Pvt. Ltd, Gelucire
43/01 was obtained as a gift sample from Gattefosse Indian Pvt. Ltd,
Tween 80, and Oleic acid were obtained as a gift sample from Nice
Chemical Pvt. Ltd.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) curves of pure Acyclovir,
Acyclovir with Gelucire 43/01, and Acyclovir with PVP were
generated using a Perkin Elmer thermal analysis instrument. The
samples weighed 9.58 mg, 7.700 mg, and 5.150 mg, respectively. The
temperature was ramped from 30 °C to 400 °C at a rate of 10 °C/min
during the analysis [6].

Fourier transform infrared spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) analysis was
conducted to investigate the interactions between Acyclovir and
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polymers (Gelucire 43/01 and PVP). The FT-IR studies were
performed using a PerkinElmer FT-IR spectrometer with a spectral
range. The absorption peaks of the drug and excipients were
observed within the range [7]. The spectra were recorded and
analyzed using FT-IR BRUKER software.

Designing of acyclovir loaded SLN using box-behnken design
software

Optimization studies

It is a systematic approach used to plan experiments, control
variables, and analyze data to optimize processes or products. The
Box-Behnken design is a specific type of DOE where multiple factors
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are varied simultaneously to observe their effects and interactions
on the response variable. This methodology enables efficient
experimentation and helps draw robust conclusions about the
factors influencing the outcome [8-11].

Procedure for factorial design in DOE
Defining factors and levels

The investigation focused on different concentrations of the drug
and polymer, with each factor assigned a name (e.g., Factor A -
Tween 80, Factor B - PVP, Factor C - Gelucire 43/01. These factors
were considered independent variables. Two levels were specified
for each factor, denoted as "low" (-1) and "high" (+1).

Table 1: Formulation of ASL nusing DOE software

Formulations/ingredients  Acyclovir (mg) Tween 80(ml)  Pvp (mg) Gelucire43/01 (mg)  Stearic acid (mg) Water (ml)
F1 200 0.35 20 80 80 Qs
F2 200 0.35 22.5 70 80 Qs
F3 200 0.5 25 70 80 Qs
F4 200 0.2 20 70 80 Qs
F5 200 0.35 20 60 80 Qs
Fé 200 0.35 25 80 80 Qs
F7 200 0.35 25 60 80 Qs
F8 200 0.2 25 70 80 Q.s
F9 200 0.2 22.5 80 80 Qs
F10 200 0.5 22.5 80 80 Qs
F11 200 0.5 22.5 60 80 Q.s
F12 200 0.5 20 70 80 Q.s
F13 200 0.2 22.5 60 80 Q.s
Analyzing the design supernatant was measured at 254 nm using a UV

Built-in analysis tools were utilized for visualizing or calculating
effects, including second-order polynomial equations to account for
interactions and quadratic terms. The model fit, P-values, ANOVA,
and diagnostic graphs for the responses were examined. The model
was confirmed by comparing predicted and observed values using
the 95% confidence interval and P-value [12].

SLN were prepared using the homogenization and solvent
evaporation method. The solid lipid and aqueous phase, consisting
of deionized water and Tween 80, were heated to 65 °C and then
combined to form a coarse emulsion under magnetic stirring at 600
rpm. For ASLN, 10 mg of Acyclovir was dispersed into the molten
lipid phase. A homogenizer operated at 1000 rpm for 1 h was used
to emulsify the mixture. Subsequently, the formulation was cooled to
room temperature (25 °C) for at least an hour to allow SLN to form
and then stored in amber-colored bottles for further analysis.

Characterization studies for ASLN

Characteristic studies of Particle size, Zeta potential, Polydispersity
index (PDI) and Drug determined by Malvern Zeta sizer by using the
dynamic light scattering approach and a (Malvern Zeta sizer Par
analytical) outfitted with Zeta sizer software, particle size and PDI
were determined [13]. The measurements were conducted at a
constant 90° degree light scattering angle. Before each measurement,
distilled water was diluted in a ratio of 1:100 and utilized as a
dispersion solvent. The identical cuvette cells were used for zeta
potential and particle size measurements. Since the particles are
scattered throughout the aqueous media. A constant temperature of
25 °C was used for all the measurements. For every sample, a total of
13 formulation measurements were made [14]. All data are shown
as mean+SD (n = 3), where n is the number of observations.

Drug entrapment efficiency (DEE)

Using the ultrafiltration-centrifugation technique, the concentration
of free drug from SLN was found, and the Percentage Entrapment
Efficiency (%EE) was computed. Three separate preparations of
ASLN samples were centrifuged for ten minutes at 5000 rpm using a
fixed 23° angle rotor after being filtered via centrifugal filter devices
[15, 16]. The concentration of acyclovir found in the entrapped

spectrophotometer. The following formula was used to calculate EE:

All data are shown as mean+SD (n = 3), where n is the number of
observations.

EE (%) = Total amount of drug —
Entrapped drug/Total amount of drug x 100

In vitro dissolution studies using 6.8 pH phosphate buffer

An in vitro drug release profile was obtained using the Franz diffusion
cell method to elucidate the effect of the SLN system on the release
kinetics of Acyclovir. Gather a magnetic stirrer with beads, a Franz
diffusion cell, a burette stand, a syringe, phosphate buffer, and a cellulose
sheet. First, soak the cellulose sheet in phosphate buffer for 24 h in a
petri dish. Then, fill the diffusion cell-receptor compartment with the
buffer and then place the cellophane membrane. Then place the
cellophane membrane in both the donor compartment and diffusion cell
and tie it with the rubber band [17]. Place the SLN formulation on top of
the diffusion cell. Take 2 ml of sample from the donor compartment and
replace the buffer with the donor compartment at the time interval of 1-
8 h. Add the sample to the test tube and check the absorbance for each
sample in UV spectrophotometry at 254 nm.

All data are shown as mean#SD (n = 3), where n is the number of
observations.

Stability studies

The stability study of the ASLN formulation was done at 40° C+2
°C/75% RH *#5%RH. As per ICH Q1A guidelines, the samples for
stability analysis must be exposed to an environment of 40 °C+2
°C/75% RH *5%RH for 90 days. As per the standard protocol, the
samples must be analyzed ata 0,30,45 and 90-time point [19-21].

RESULTS AND DISCUSSION
Differential scanning calorimetry (DSC)

The DSC thermogram of pure Acyclovir exhibited a sharp melting peak
at 259 °C, indicating its high thermal stability. Formulating acyclovir
with Gelucire 43/01, a commonly used solid lipid, slightly reduced the
melting peak temperature to 257 °C, suggesting a minimal impact on
Acyclovir's thermal stability. Incorporating PVP further decreased the
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melting peak temperature to 256 °C. These results indicate that
Acyclovir maintained its thermal stability during SLN formulation with
Gelucire 43/01 and PVP. The observed reduction in melting peak
temperature with PVP suggests potential interactions between
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Acyclovir and the lipid matrix, highlighting PVP role as a stabilizer and
solubilizer in nanoparticle formulations. This indicates careful
consideration of drug-excipient compatibility in formulation design.
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A - Acyclovir.
B - Acyclovir + Gelucire 43\01.
C - Acyclovir + PVP

Fig. 1: Endometricpeaks of DSC

Table 2: Melting point analysis of acyclovir and excipients

Sample Drug

Drug+Gelucire 43/01

Drug+PVP

Temperature 259 °C 257 °C
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A -Spectrum of Acyclovir
B-Spectrum of Acyclovir + Gelucire 43/01
C - Spectrum of Acyclovir + PVP

Fig. 2: Spectrum analysis of FT-IR

FTIR spectrum of drug and excipients

The FT-IR spectrum of pure Acyclovir exhibits characteristic peaks
at 3436 cm for O-H stretching, 3174 cm for N-H stretching,
1705.94 cm for C=0 stretching, 2855 cm for C-H stretching, 1631
cm for R-NH bending, and 1041 cm for C-N stretching. When
Acyclovir is formulated with Gelucire 43/01, the FT-IR spectrum
shows characteristic peaks at 1632.33 cm for C=0 stretching,
2916.81 cm for C-H stretching, and 3438.35 cm for N-H stretching.
Formulating Acyclovir with PVP results in characteristic peaks at

1711.50 cm for C=0 stretching, 2861 cm for C-H stretching, and
1631 cm for C-N stretching. The distinct differences in peak
positions and intensities between the spectra of Acyclovir alone
and its formulations with Gelucire 43/01 and PVP suggest that the
drug and excipients may not be fully compatible. These differences
in FT-IR spectra indicate potential interactions between Acyclovir
and the excipients, particularly affecting functional groups
involved in stretching and bending vibrations [21]. Therefore,
careful consideration of compatibility is crucial in the formulation
process.
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Table 3: Infrared spectral data of individual drugs and excipients

Sample Functional group Wave number (cm1) Vibration
Drug OH 3436 O-H Stretching
NH 3174 N-H Stretching
C=0 1705.94 C=0 Stretching
CH 2855 C-H Stretching
R-NH 1631 R-NH Bending
C-N 1041 C-N Stretching
Drug+gelucire43/01 C=0 1632.33 C=0 Stretching
CH 2916.81 C-H Stretching
N-H 3438.35 N-H Stretching
Drug+PVP C=0 1711.50 C=0 Stretching
C-H 2861 C-H Stretching
C-N 1631 C-N Stretching
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Table 4: Characterization of ASLN by using DOE software

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4

A: Tween 80  B: PVP C: Gelucire 43/01 Particle size PDI Zeta potential Entrapment efficiency
ml mg mg nm mv %

0.35 20 80 197.2+6.31 0.421+1.45 -20.23%2.12 72.58+1.3

0.35 22.5 70 195.3+7.45 0.395+3.75 -26.34+3.24 73.81£2.5

0.5 25 70 191.9+8.32 0.347+3.23 -25.93+3.42 71.32+3.6

0.2 20 70 219.3+3.25 0.23+2.74 -30.92+4.23 75.43+2.6

0.35 20 60 252.7+5.43 0.362+3.26 -19.41+2.54 76.80£3.1

0.35 25 80 213.5+3.53 0.227+4.12 -32.47+3.53 71.11+£1.3

0.35 25 60 320.6+6.48 0.377+2.16 -36.37+1.34 76.42+3.2

0.2 25 70 306.5+5.23 0.358+2.75 -31.51+2.84 73.04+2.7

0.2 22.5 80 323.14£3.32 0.432+3.23 -34.14+1.45 75.78+5.2

0.5 22.5 80 289.9+4.23 0.497+2.65 -15.72+1.56 72.03+£2.1

0.5 22.5 60 208.4+3.65 0.208+3.25 -23.48+2.12 76.42+3.2

0.5 20 70 185.6+4.28 0.192+3.11 -24.15+5.43 77.06+£4.3

0.2 22.5 60 197.3+4.71 0.232+1.21 -28.34+3.13 73.89+6.4

All data are shown as mean+SD (n = 3), where n is the number of observations.

Response 1: Particle size Release (Y3) =+0.4020A-0.044B-0.02C-0.02AC-0.05BC-0.06A%-

Final equation in terms of coded factors

Release (Y3) =+195.30-5.63A+22.17B-40.82C-20.22AB-10.98AC-
12.98BC+19.64A2+10.89B2+39.64C2+92.75A2C-31.45AB%+0.0000AC?
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The equation in terms of coded factors can be used to make
predictions about the response for given levels of each factor. By
default, the high levels of the factors are coded as+1 and the low
levels are coded as-1. The coded equation is useful for identifying
the relative impact of the factors by comparing the factor
coefficients [22, 23].
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Response 3: Zeta potential
Final equation in terms of coded factors

Release  (Y3) =-26.34+8.33A-3.55B-2.01C+5.20AB+2.43BC-1.67
A%+2.88 B2+5.09 C%-4.04 A?B-9.74 AB?+9.02 B2C

The equation in terms of coded factors can be used to make
predictions about the response for given levels of each factor. By
default, the high levels of the factors are coded as+1 and the low
levels are coded as-1. The coded equation is useful for identifying
the relative impact of the factors by comparing the factor
coefficients.

Response 4: Entrapment efficiency
Final equation in terms of coded factors
Release (Y3) = 74.28-0.163A+0.25-B1.50C+2.16AB-1.57AC-0.27BC

ASLN underwent comprehensive characterization for Particle size
(nm), Polydispersity index (PDI), Zeta potential (-mV), and DEE.
Among the formulations tested, F12 was identified as the optimal
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formulation, with a particle size of 185.6 nm, which enhances
permeability characteristics. The PDI value of 0.192 indicates
narrow particle size distribution, reflecting the high uniformity and
quality of the SLN system.

Zeta potential, a crucial parameter for assessing colloidal
dispersion quality, was measured at-24.15 mV. This negative value
indicates the presence of a stable colloidal system, where
repulsive forces between particles help prevent aggregation. The
DEE for ASLN was determined to be 77.06%, indicating that a
significant portion of the drug was successfully encapsulated
within the nanoparticles [24].

These findings collectively suggest that the F12 formulation of ASLN
exhibits favorable characteristics for potential applications in drug
delivery systems, highlighting its suitability for further
pharmaceutical development and studies.

In vitro dissolution studies using ph6.8 phosphate buffer

All Thirteen formulations were studied in In vitro drug release using
phosphate buffer pH 6.8.
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Fig. 5: Anova 3-dimensional graph for zeta potential
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Characterization study for ideal formulation
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Fig. 7: Response of particle size and polydispersity Index (PDI) for ideal formulation
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Fig. 9: In vitro drug release curve of nanoparticle from F1-F7. All data showed as mean (n=3); where n is the number of observations

The in vitro drug release of 7 formulated nanoparticles was
tabulated. The maximum percentage of drug release at the end of 8 h
of F1 to F7 was found to be 89.26+3.21%.

The in vitro drug release of 6 formulated nanoparticles was
tabulated. F12 exhibited the highest drug release percentage
among the formulations tested, with 90.88+2.21% of the loaded
acyclovir released by the 8th h. This sustained release behaviour
indicates that the SLN can maintain therapeutic drug levels over
an extended period, making it an ideal formulation [25]. The high
drug release efficiency of F12 at the 8th h underscores its potential
suitability for targeted therapeutic applications, where sustained
drug delivery is critical for optimizing therapeutic effects while
reducing dosing frequency and potential side effects. This
characteristic positions F12 as a promising candidate for further

development and potential clinical use in controlled drug delivery
systems.

Zero Order, Higuchi, and First Order Kinetics: These models describe
the release pattern of the drug over time. Zero-Order Kinetics: The
release of the drug is independent of time. Higuchi Kinetics: The
release of the drug is proportional to the square root of time,
indicating a diffusion-sustained release mechanism. Regression
Coefficient Values: These values from the kinetic models indicate
how well the experimental data fit each model. Higher regression
coefficients signify greater linearity and better fit of the
experimental data to the respective kinetic model. Interpretation: A
higher regression coefficient implies stronger conformity of the
experimental data to the mathematical model, indicating the model's
reliability in describing the release kinetics of the drug from the SLN.
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Fig. 10: In vitro drug release curve of nanoparticles F8-F13, all data are presented as mean (n = 3), where n is the number of observations
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Table 8: Accelerated stability studies for the ideal formulation. All data are shown as mean+SD (n = 3), where n is the number of

observations
Days Particle size (nm) Polydispersity index (PDI) Zeta potential (-mV)
0 185.6+4.28 0.192+3.11 -24.15+5.43
15 193.2+2.13 0.227+2.31 -16.48+3.12
30 206.8+1.19 0.347+1.22 -10.23+2.53

Ideal F12 Solid Lipid Nanoparticle formulated was stored at room
temperature at humidity. After the day of manufacture, the
dispersions remained stable for up to various study interval periods
at 0, 15, and 30 days of stability studies which stored, retaining their
original size, PDI, and Zeta potential.

CONCLUSION

This study successfully developed ASL Nanoparticles using gelucire
43/01, PVP, Tween 80, and stearic acid via homogenization. The

formulated SLN exhibited desirable characteristics, including a
particle size of 185.6 nm, a zeta potential of-24.15+5.43 mV, and a
high DEE of 77.06%. In vitro release studies demonstrated sustained
drug release profiles, with formulation F12 achieving
90.88+2.21%% cumulative release by the 8th h, indicative of
prolonged drug availability. Comparative studies against commercial
Acyclovir products underscored the enhanced efficacy and
performance of SLN. The kinetic analysis confirmed zero-order
kinetics and diffusion rate-limited drug release mechanisms across
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all formulations. These findings highlight the potential of SLN as
effective carriers for improving the therapeutic outcomes of
Acyclovir, promising advancements in pharmaceutical formulations
for antiviral therapy.
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