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Abstract

Background: Herpes labialis is a recurrent orofacial
infection caused predominantly by herpes simplex
virus type 1. Conventional acyclovir cream often
provides limited penetration through the lip and
perioral skin and requires frequent application.
Microemulsion-based systems are attractive because
they improve solubilization, spreading, and
interfacial contact, while neem oil may contribute
additional penetration-enhancing, anti-inflammatory,
and antiviral effects.

Objective: To formulate and evaluate an acyclovir-
loaded microemulsion-based gel containing neem oil
for the topical management of herpes labialis.
Methods: Acyclovir and excipients were examined
by organoleptic evaluation, melting point
determination,  solubility =~ screening, = FTIR
compatibility studies, and UV spectrophotometric
calibration. Pseudoternary phase diagrams were
constructed to identify the microemulsion region, and
formulation variables were optimized using design-
of-experiments  approaches. = The  optimized
microemulsion was incorporated into Carbopol 934
gel and assessed for pH, spreadability, drug content,
viscosity, in vitro drug release, kinetic modeling, and
accelerated stability.

Results: The optimized microemulsion batch F9
showed the most desirable transmittance and drug
loading profile and was selected for gel development.
The optimized gel batch G4 had a pH suitable for
topical use, good spreadability, acceptable viscosity,
high drug content, and sustained drug release over 12
hours. Release kinetics indicated the best fit to the
Korsmeyer-Peppas model with super case II
transport behavior. Stability testing showed no

meaningful  deterioration in appearance or
performance over the study period.
Conclusion: Acyclovir could be successfully

incorporated into a neem oil-based microemulsion
gel, yielding a patient-friendly topical platform with
improved formulation attributes and sustained drug

release. The system represents a promising approach
for site-specific management of herpes labialis and
warrants further preclinical and clinical evaluation.

Keywords: Acyclovir, Neem oil, Microemulsion-
based gel, Herpes labialis, Topical drug delivery

I.  Introduction

Herpes labialis, commonly known as cold
sores, is a recurring infection of the orolabial region
caused mainly by herpes simplex virus type 1 (HSV-
1). Following primary exposure, the virus establishes
latency in sensory ganglia and can be reactivated by
ultraviolet radiation, stress, fever, trauma, or
immunosuppression. Although the lesions are usually
self-limiting in immunocompetent individuals, their
visible location and associated pain frequently lead to
cosmetic concern, social embarrassment, and a strong
need for rapid symptom relief [11,17].

The therapeutic challenge in herpes labialis
is not only viral suppression but also efficient drug
delivery to the epidermal and dermal sites where
reactivation and replication occur. Acyclovir remains
a first-line antiviral because of its selectivity for
HSV-infected cells, but its hydrophilic nature and
low partitioning into the lipid-rich stratum corneum
limit topical penetration. Conventional acyclovir
cream therefore provides only modest clinical benefit
and often requires repeated application during the
short treatment window [8-10].

Microemulsion technology offers a rational

formulation  strategy = for  this  problem.
Microemulsions are thermodynamically stable,
optically clear, and spontaneously formed

dispersions of oil, water, surfactant, and usually
cosurfactant. Their nanoscale domains, ultralow
interfacial tension, and high solvent capacity can
improve drug loading and dermal contact while also
enhancing cutaneous permeation [1-6]. In topical
delivery, the same properties that improve
solubilization can also increase thermodynamic
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activity and promote diffusion into the stratum
corneum [6,7].

Neem oil was selected in this study for two
complementary reasons. First, it serves as a
pharmaceutically acceptable oil phase that can
support microemulsion formation. Second, neem oil
contains fatty acids and bioactive constituents with
reported penetration-enhancing, anti-inflammatory,
and antiviral properties. The high oleic acid content
of neem oil can disrupt ordered lipid domains in the
stratum corneum, while neem-derived
phytoconstituents have been associated with activity
against HSV-1 and other viral targets [12-14].

Converting a liquid microemulsion into a
gel addresses a key limitation of topical
microemulsions, namely low viscosity and poor

residence time on the application site.
Microemulsion-based gels or microemulgels
combine the solubilization and permeation
advantages of the microemulsion with the handling,
spreadability, and cosmetic acceptability of a
semisolid dosage form. Carbopol 934 is widely used
for this purpose because it forms a clear, shear-
thinning gel at low concentrations and is compatible
with many topical systems [14-16].

The present article summarizes the
formulation, optimization, and evaluation of an
acyclovir-loaded neem oil microemulsion based gel.
The work links disease biology, carrier design, and
performance testing to show how a rationally
developed topical system may improve local therapy
for herpes labialis.

Microemulsion-based Gel Drug Delivery into Skin: A Step-by-Step Process Diagram

Step 1 — Drug diffuses from Step 2 — Drug diffuses
microemulsion droplet into through polymeric gel
gel continuous phase matrix

Step 3 — Drug partitions
from gel onto stratum
corneum surface

| Stratum
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:
\
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Epidermis
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from microemulsion through polymeric gel

Step 1 — Drug diffuses Step 2 — Drug diffuses
gel continuous phase matrix

Step 4 — Drug permeates through
through stratum corneum into viable
epidermis and dermis

Figure 1. Sequential steps of drug release from a microemulsion-based gel into skin

Figure 1 highlights the sequential diffusion
pathway after topical application: drug release from
the microemulsion droplets, movement through the
gel matrix, partitioning into the stratum corneum, and

permeation to the viable epidermis and dermis. This
multi-step behavior explains why formulation
composition and gel rheology are both critical for
therapeutic success.
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Figure 2. Winsor classification system for microemulsion phase equilibria

Figure 2 places the formulation work within the classic Winsor framework. Screening the microemulsion
region by pseudoternary phase diagram construction is essential because the final phase behavior strongly depends

on the ratio of oil, Smix, and aqueous phase.

Table 1. Rationale for key formulation components in the article

Component Role in the system Why it was selected
Acyclovir Antiviral active ingredient Selectively inhibits HSV DNA
polymerase after phosphorylation
in infected cells.
Neem oil Oil phase and functional excipient | Supports microemulsion formation
and may enhance skin penetration
and local anti-inflammatory
action.
Tween 80 / Span 20 Surfactant system Promotes spontaneous
emulsification and stabilizes
nanoscale domains.
Dimethyl sulfoxide Cosolvent / penetration support Helps solubilize ingredients and
assists transport across skin
barriers.
Carbopol 934 Gelling polymer Converts the liquid microemulsion
into a convenient topical gel with
better residence time.
II.  Materials and Methods stirrer, mechanical stirrer, sonicator, weighing
The study used a formulation-development balance, and standard analytical equipment [16,17].
workflow based on preformulation screening, phase- Preformulation analysis included
diagram mapping, optimization of the organoleptic examination, melting point
microemulsion, conversion to gel, and final product determination, solubility profiling in several

evaluation. The article follows the logic of the
dissertation, but condenses the technical work into a
journal-style format.

Acyclovir, neem oil, Tween 80, Span 20,
Carbopol 934, triethanolamine, and dimethyl
sulfoxide were employed as key materials. The thesis
documentation identified the excipients and
instruments used for the work, including a magnetic

solvents, FTIR compatibility assessment, and UV
spectrophotometric calibration. These steps were
used to verify the identity of acyclovir, identify
suitable solvent systems, and check whether the drug
remained compatible with the selected excipients.

Microemulsion screening was performed by
constructing pseudoternary phase diagrams with oil,
Smix, and aqueous phase. On the basis of the thesis
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design  space, the composition of oil,
surfactant/cosurfactant blend, and water:DMSO
fraction was varied to identify formulations with
acceptable clarity, transmittance, and drug
loading. The most promising batch was selected as
the optimized microemulsion.

The optimized microemulsion was then incorporated
into a Carbopol 934 gel base. Neutralization with
triethanolamine produced a semisolid system
suitable for perioral application. The gel batches

content, viscosity, in vitro drug release through
Franz diffusion cells, kinetic modeling, and
accelerated stability.

The statistical design strategy used by the thesis
included response optimization for transmittance and
drug loading in the microemulsion stage and response
optimization for release and viscosity in the gel stage.
This approach allowed simultaneous control over
critical quality attributes rather than relying on one-
factor-at-a-time experimentation.

were evaluated for pH, spreadability, drug

Table 2. Selected optimization outcomes for the microemulsion and gel stages

Stage Optimized batch Key outcome Interpretation
Microemulsion F9 Highest transmittance and Best balance of clarity
drug loading profile; selected and solubilization
for gel development
Gel G4 Viscosity 19,570 cP; Suitable semisolid
spreadability 15.42 + 0.90 consistency for lip
g-cm/s; drug content 95.30% application
Release G4 73.30% cumulative release at | Controlled and sustained
12h delivery
Stability G4 Minimal change after 1 Formulation remained
month at accelerated physically stable
conditions

III.  Results and Discussion

The article is centered on two linked
optimization stages. At the first stage,
microemulsion batches were screened and the thesis
identified batch F9 as the optimized system
because it satisfied the desired profile for clarity and
drug loading. In the dissertation text, this batch was
reported to have the most favorable transmittance,
and it was therefore carried forward into the gel
phase.

The optimized microemulsion had a topical
pH of 6.1, which falls within the comfortable skin-
compatible range for perioral use. Visual evaluation
described the system as clear, translucent, and
homogeneous. These properties matter because
lesions at the vermilion border are sensitive and
require a vehicle that is cosmetically acceptable, non-
gritty, and easy to apply.

Dynamic light scattering data showed a
narrow particle distribution with a polydispersity
index of 0.176, indicating a fairly monodisperse
system. The zeta potential was close to neutral, but
the distribution was narrow and single-peaked,
suggesting uniform surface characteristics. In
practical terms, the microemulsion was sufficiently
well organized to serve as a stable precursor for the
gel stage [1-7].

The  photographic record of the
formulations, shown in Figure 3, demonstrates the
stepwise progression from individual microemulsion
batches to the optimized batch. Visual clarity and
homogeneity are especially important in a topical
antiviral product because the patient will judge the
product immediately by its appearance and ease of
use.
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thure 3. Prepared microemulsion formulation batches and the optimized batch

Figure 3 shows the prepared batches (G1-G9) used in the gel stage, together with the selected optimized batch.
The visual record supports the text-based optimization criteria and shows the final semisolid appearance achieved

after incorporation into the gel base.

Table 3. Representative optimization data for the microemulsion stage

Batch 0Oil (X1) Smix (X2) Water:DMSO (X3) | Responses (Y1/Y2)
F1 25 60 25 82 /68
F2 15 60 55 96 /93
F4 5 60 40 98 /84
F9 5 50 40 97/96

The table summarizes the key experimental outputs
that guided optimization. Batch F9 was selected
because the response pattern offered high clarity and
strong drug loading, indicating an efficient balance
between solubilization and thermodynamic behavior.

3.1 Gel performance

When the optimized microemulsion was
incorporated into Carbopol 934, the gel acquired the
handling properties needed for a labial dosage form.
The optimized batch G4 showed a viscosity of
19,570 cP, which is sufficiently high to prevent run-
off from the lip area while still allowing comfortable
spreading during application.

Spreadability testing produced a mean value of
15.42 + 0.90 g-cm/s. This is important because a

product intended for cold sores must spread easily
over a painful and delicate lesion without requiring
excessive finger pressure or repeated rubbing.

Drug content analysis showed that the optimized gel
contained 95.30% acyclovir, while the batch range
extended from 57.48% in the lowest batch to
95.30% in the optimized one. This spread reflects the
importance of the polymer concentration and
microemulsion loading in maintaining drug
homogeneity after gelification.

The gel was also reported to have a topical pH close
to physiological skin pH, which supports better local
tolerability. For a self-applied product used around
the mouth, this is a critical quality attribute.
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Figure 4. Size distribution by intensity of the optimized microemulsion formulation

Figure 4 illustrates the droplet size distribution obtained by dynamic light scattering. The plot shows a distinct

dominant peak and supports the claim that the optimized microemulsion is uniform rather than broadly dispersed.
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Figure 5. Zeta potential distribution plot of the optimized microemulsion formulation

Figure 5 shows the zeta-potential distribution with a
sharp central peak, consistent with a narrow charge
distribution across the droplet population. Together
with the PDI value, this supports the physical
uniformity of the optimized system.

3.2 Drug release and kinetics

In vitro release through Franz diffusion cells
showed progressive release across the study period.
The optimized batch G4 achieved 73.30%
cumulative release at 12 h, which is sufficiently
sustained for a perioral antiviral product. The
release profile is compatible with the idea that the
microemulsion droplets act as a reservoir while the
Carbopol matrix slows diffusion from the vehicle.
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Table 4. Selected in vitro release profile of optimized batch G4
Time (h) Cumulative release (%)

0 0

1 5.7

2 10.6

4 19.3

6 26.9

8 35.7
10 57.43
12 733

The kinetic analysis of batch G4 indicated that the Korsmeyer-Peppas model gave the best fit with R = 0.9765,
followed by the zero-order model with RZ= 0.9599. The release exponent n was 1.01, which is consistent with
super case I transport in a swellable polymeric matrix.

% DRUG RELEASE OF ACYCLOVIR

=g ACYCLOVIR F1 === ACYCLOVIR F2 === ACYCLOVIR F3
ACYCLOVIR F4 =¥=ACYCLOVIR F5 =@—ACYCLOVIR F6
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Time/Hour

Figure 6. Cumulative in vitro drug release profile for the microemulsion gel batches

Figure 6 compares the release profiles across the gel batches. The optimized batch remains in the mid-range rather
than giving the fastest burst, which is desirable for local therapy because it prolongs exposure at the lesion while
reducing the need for repeated application.
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Figure 7. Zero-order release kinetics of acyclovir from the optimized formulation
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Figure 8. First-order release kinetics of acyclovir from the optimized formulation
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The kinetic plots reinforce the controlled-release behavior of the formulation. The zero-order fit suggests an
approximately constant release tendency, whereas the first-order plot is less linear, supporting the superior fit of

the Korsmeyer-Peppas model described in Table 5.

Table 5. Release kinetics and stability summary for optimized batch G4

Parameter Value Meaning Practical implication
Zero-order R? 0.9599 High linearity Release approximates a
constant rate
First-order R? 0.8812 Lower linearity Not the dominant release
model
Higuchi R? 0.8906 Moderate diffusion fit Matrix diffusion contributes
Korsmeyer-Peppas R? 0.9765 Best fit Primary model for
interpretation
n value 1.01 Super case II transport Swelling and relaxation aid
release
1-month stability No major Stable under study Product retained
change conditions performance

3.3 Stability

Accelerated stability testing for one month
showed only minor changes in viscosity and drug
content, with no meaningful change in the overall
physical appearance. The thesis reported an initial
viscosity of 19,570 cP and a final viscosity of
19,585 cP, while drug content decreased only
modestly from 95.30% to 92.49%. This level of
change suggests that the formulation remained
sufficiently robust for further development.

From a translational perspective, this
stability profile is important because labial products
are likely to be stored at room temperature and used
repeatedly over short intervals. A formulation that
retains its key attributes after storage has a better
chance of being practical in real-world use.

3.4 Clinical relevance and comparative
advantages

For herpes labialis, the main clinical
objective is to deliver antiviral drug rapidly to the
affected perioral tissue while keeping the dosage
form comfortable enough for repeated self-
application. The microemulsion-based gel format is
attractive because it combines a high-solubilization

system with a residence-enhancing gel structure. In
practical terms, that means the patient gets a product
that spreads easily, stays on the lesion, and can
remain in contact with the skin long enough for
acyclovir to partition into the viable layers.

Neem oil adds another layer of rationale.
Beyond its role as the oil phase, it contributes a fatty
acid-rich environment that may loosen stratum
corneum lipids and support permeation. This is
relevant because conventional acyclovir cream is
limited by the very barrier that microemulsions are
designed to overcome. The study therefore shows an
example of formulation design in which the excipient
system itself is part of the therapeutic strategy rather
than a passive carrier.

From a development standpoint, the design-
of-experiments approach is also important. Instead of
relying on trial-and-error, the thesis used response-
guided optimization to identify the most favorable
microemulsion and gel batches. This reduces
development waste and provides a rational basis for
scale-up, since the critical quality attributes were
linked to measurable formulation variables such as
oil fraction, Smix ratio, polymer load, and
microemulsion loading.

Table 6. Comparative advantages of the microemulsion-based gel over conventional acyclovir cream

Feature

Conventional acyclovir cream

Neem oil microemulsion gel

Drug delivery

Limited skin penetration

Improved solubilization and
partitioning

Residence time

Short contact time

Gel matrix improves retention

Application feels

May require frequent rubbing

Better spreadability and smoother
use

Local support

Primarily antiviral

Potential penetration-enhancing
synergy with neem oil
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Expected outcome

Modest clinical relief

Potential for more sustained local
exposure

IV.  Conclusion

The present article shows that a neem oil-
based microemulsion can be successfully
converted into a topical gel for acyclovir delivery.
The formulation strategy addresses two major
barriers to herpes labialis therapy: limited skin
penetration of acyclovir and poor residence time of
liquid topical systems.

The optimized microemulsion batch F9

provided the best combination of clarity and drug
loading, while the optimized gel batch G4
delivered  acceptable  viscosity, excellent
spreadability, high drug content, sustained
release, and good short-term stability. The release
kinetics favored the Korsmeyer-Peppas model and
indicated super case II transport, supporting a
controlled delivery mechanism.
Overall, the formulation offers a rational, patient-
friendly, and site-specific antiviral platform for cold
sores. The study provides a strong preformulation
and formulation-development base for further
preclinical and clinical work.
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