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dose-related adverse effects. Nanoemulsion-based systems offer a promising strategy for drug delivery
and therapeutic performance. The objective of this work was to develop and optimize a flucytosine-
loaded nanoemulsion using a Quality by Design (QbD) approach based on the Box-Behnken design, and

Keywords to evaluate its physicochemical characteristics. Methodology: A Box-Behnken design (BBD) was used

Pathogenic fungi, to optimize formulation factors, including lipid concentration, Smix (surfactant-to-cosurfactant) ratio,
Nanoemulsion, Box-Behnken

design (BBD), Antifungal
drugs, Bioavailability. polydispersity index, and entrapment efficiency (EE) were investigated. UV-visible spectroscopy,

and homogenization time, using high-speed homogenization. The impacts on particle size,

Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) were used to assess the
compatibility and stability of the improved formulation (F11) with the chosen excipients. Results and
Discussion: The optimized formulation (F11) had a particle size of 318.18 nm and a PDI of 0.136, a
zeta potential of -22.2 mV, and high entrapment efficiency (96.36%), indicating good stability and
uniformity. Preformulation and compatibility studies confirmed the absence of drug-excipient
interactions. Statistical analysis demonstrated that formulation variables significantly influenced critical
quality attributes. Conclusion: The study demonstrates that QbD-driven optimization can successfully
develop a stable and efficient flucytosine nanoemulsion with enhanced drug-loading capacity and
potential to improve antifungal therapy. However, further studies, including in vitro drug release, in vivo
evaluation, long-term stability, and clinical validation, are required to confirm its performance in drug

delivery applications.

INTRODUCTION as blastomycosis and histoplasmaosis are commonly treated with
The emergence of pathogenic fungi capable of infecting humans  several medications available on the market, including topical
is a significant public health concern [1]. Fungal diseases such 544 oral options. However, oral medications have low
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bioavailability, which reduces their effectiveness [2].
Flucytosine, an antifungal agent with potent activity against
Cryptococcus and Candida species, has been a pivotal
component in the treatment of severe fungal infections for
decades [3]. Despite its efficacy, access to flucytosine remains
limited in many regions, hindering its widespread use in
combating invasive fungal diseases [4]. The synergistic effect of
flucytosine in  combination therapy, particularly with
amphotericin B, has shown promising results in improving
survival rates in cryptococcal meningitis and reducing mortality
in Candida meningitis, emphasizing its crucial role in managing
these life-threatening infections [5]. However, challenges such
as the emergence of resistance during monotherapy for certain
fungal infections underscore the importance of further research
and efforts to enhance access to flucytosine, especially in low-
income countries, to mitigate the impact of invasive fungal
diseases [6].

Flucytosine, an antifungal agent effective against Cryptococcus
and Candida species, exerts its action by inhibiting fungal DNA
and RNA synthesis [7]. This mechanism hinders nucleic acid
metabolism, impairs protein synthesis, and ultimately leads to
fungal cell death. Due to its high water solubility, flucytosine
can readily enter several parts of the body, including the eye,
urinary tract, central nervous system, and cardiac vegetations.
This ability enhances its effectiveness in treating fungal
infections. When flucytosine is co-administered with
amphotericin B, it demonstrates early fungicidal efficacy against
Cryptococcus species, leading to improved survival in
cryptococcal meningitis [8]. The synergistic effect of flucytosine
with amphotericin B has been particularly beneficial in reducing
mortality in Candida meningitis and neonatal candidiasis,
underscoring its importance in the management of severe fungal
infections [9]. After being absorbed by susceptible fungal cells,
flucytosine is converted into 5-fluorouracil (5-FU), which
subsequently suppresses the synthesis of fungal RNA and DNA.
Following oral administration, flucytosine is well absorbed,
efficiently penetrates tissues, and is primarily eliminated by the
kidneys [3].

Despite flucytosine's high water solubility and efficient
absorption, its therapeutic application is limited by rapid
systemic clearance and dose-dependent toxicity, driven by
elevated peak plasma concentrations and renal excretion.
Nanoemulsion-based delivery technologies provide benefits that
extend beyond mere solubility augmentation. Integrating

flucytosine into a nanoemulsion facilitates controlled, prolonged
drug release, thereby reducing plasma concentration fluctuations
and minimizing peak-associated side effects. Nanoemulsions
can enhance tissue distribution and cellular absorption,
potentially improving antifungal activity at the site of infection.
Encapsulation within the lipid phase may reduce rapid exposure
of free medication to the systemic circulation, thereby reducing
renal burden and toxicity. The application of nanoemulsion
systems for flucytosine is warranted not for enhancing solubility,
but for pharmacokinetic modification, targeted delivery, and an
enhanced safety profile. To address these pharmacokinetic and
toxicity-related limitations, nanoemulsions (NES) are being
explored as advanced drug delivery systems consisting of two
immiscible liquids, usually oil and water, that are stabilized by
surface-active agents known as surfactants [10]. Surfactants play
a role in emulsification by reducing the likelihood of
coalescence through adsorption at the oil-water interface,
thereby lowering surface tension. Surfactants aid in the
separation or disruption of dispersed phases by forming a film at
the oil-water interface, thereby slowing destabilization
processes. The selection of surfactants is crucial for developing
NEs with  precise  physicochemical  characteristics.
Nanoemulsions have droplet sizes ranging from 10 to 1000 nm,
which render them kinetically stable but thermodynamically
unstable [11]. This instability arises from the increased free
energy of the system relative to that of the individual phases
[12].

Experimental design is commonly used to optimize
nanoparticles due to its benefits, including reducing the number
of experiments required, creating mathematical models to
evaluate the importance and statistical significance of factor
effects, and assessing the interaction effects between factors
[13]. Box-Behnken designs are useful tools for optimizing
process response surfaces. They originate from a 3-level
incomplete factorial design. These designs enable the detection
of model fit problems, the generation of sequential designs, and

the estimation of quadratic model parameters.

The Box-Behnken design omits combinations in which all
elements are simultaneously set to their highest and lowest
levels. This hinders testing in extreme conditions, potentially
leading to disappointing outcomes. A design matrix including 17
experimental runs was created for the present inquiry. The given
design matrix was utilized to generate a quadratic model,
expressed by the equation-
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+ by3X,X3 + b11X12 + b2 X5, + b33X3,

The observed outcome for each combination of factor levels is
denoted by Y. The intercept is denoted as b0, whilst the
regression coefficients derived from experimental runs are
denoted as bl to b33. The independent variables are coded as
X1, X2, and X3 [14].

The current study employed an experimental design to develop
and optimize a flucytosine nanoemulsion to improve drug
delivery against fungal infections. However, the evaluation of
biological antifungal activity is not included in the current work,
which is restricted to formulation development and
physicochemical characterization.

MATERIALS AND METHODS
Material

The materials listed below were obtained from the indicated
sources without undergoing additional purification. Flucytosine
was obtained from BLD Pharma in Hyderabad, India. The
remaining chemicals used were of analytical reagent grade.

Methods

PRE-FORMULATION STUDIES

Solubility Studies

Solubility studies were performed to identify suitable oil,
surfactant, and cosurfactant for nanoemulsion formulation.
Excess flucytosine was added to various oils (castor oil, liquid
paraffin), surfactants (Tween 80), and cosurfactants (propylene
glycol), then vortexed and shaken for 48 hours at room
temperature to achieve equilibrium. The mixtures were
centrifuged, and the supernatant was analyzed using UV
spectrophotometry at 285 nm. The components exhibiting the
highest solubility in flucytosine were selected for further
formulation development.

Spectrophotometric analysis of flucytosine

A weighed amount of 100 mg of flucytosine was dissolved in a
100 mL volumetric flask using a diluent of 0.1N HCI (having an
exactly known concentration). 10 mL of the stock solution (1000
pg/mL) was transferred to a 100 mL volumetric flask. The
sample was dissolved and diluted with diluent (0.1N HCI) until
the flask was filled to the mark. The solution was analyzed using
a UV-Visible Spectrophotometer (UV-1900i, Shimadzu) over
the wavelength range of 200-400 nm. The absorption maximum

was identified and compared with the value of 285 nm reported
in an official monograph [15].

Fourier Transform Infra-Red Spectroscopy (FT-IR)

The FT-IR technique is highly valuable for identifying both
organic and inorganic substances. This tool can be used to
evaluate solids, liquids, and gases, as well as to quantify certain
components of an unidentified mixture [16]. Fourier Transform
Infrared Spectroscopy (FT-IR) determination of flucytosine was
performed using PerkinElmer Spectrum IR version 10.7.2. The
spectra were produced using the KBr pellet technique, and the
reference standard peaks were compared with those obtained. 10
mg of flucytosine was combined with KBr under high
compaction pressure. The spectra of the dried mixture of drug
and polymers were recorded after baseline adjustment and were
obtained by scanning.

Drug - excipients compatibility studies

Any chemical or physical interaction between a drug and its
excipients can affect the drug's stability and bioavailability. A
physical mixture of drug and excipients (1:1) was prepared and
stored under ambient conditions for 4 weeks to evaluate
compatibility using FTIR analysis [17].

X-ray diffraction (XRD) study

X-ray diffraction (XRD) is a highly effective and widely used
technique in both research and industry. Although XRD is
commonly recognized for its ability to qualitatively and
guantitatively assess crystalline phases in materials, a
meticulous examination of the diffraction patterns can yield a
wealth of other information. An XRD analysis was conducted on
the pure medication to determine its diffraction pattern [18]
guantitatively.

Formulation Development
Selection of Excipients
The selection of formulation components was based on

solubility studies, emulsification efficiency, and literature
reports. Castor oil and liquid paraffin were selected as the oil
phase due to their ability to solubilize the drug and their
biocompatibility. Tween 80 was selected as a surfactant owing
to its non-ionic nature, high hydrophilic-lipophilic balance
(HLB ~15), and ability to stabilize oil-in-water nanoemulsion.
Propylene glycol was used as a cosurfactant to enhance
interfacial fluidity and improve drug solubilization. These
excipients are widely reported in nanoemulsion formulations
and provide stability and improved drug-delivery performance.
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Preparation of Nanoemulsion as per Experimental Design

Box-Behnken design (BBD) is a well-recognized and commonly
adopted method for optimizing nanoemulsion formation. The
implementation and interpretation of this method involve
experimental techniques, which were compared with other
approved methods [19]. Our preliminary study employed
statistical methods to identify the independent and dependent
variables and their respective limits. A Box-Behnken design
(BBD) was implemented to ascertain the [amount of lipid (X1),
Smix (X2), and optimal homogenization time (X3)] to facilitate

the formulation process [21]. The nanoemulsion containing
Flucytosine was analyzed using Design-Expert software®
version 12.0.3.0 (Stat-Ease Inc., Minneapolis, MN, USA) [22].
The investigation demonstrated that by employing three distinct
center locations, it was possible to generate 17 unique formulas.
The response surface method commonly uses a complete
quadratic equation to estimate the correlation function. Table 2
displays the formulation parameters and the corresponding
observations for these dependent variables.

Table 1: Variables in Box-Behnken design.

the advancement of nanoemulsion. Table 1 delineates the Factor Levels used
response parameters, which include particle size (Y1), = Inde?e??er_g v;ri;able)s( - 1(13 125 151)
. . mount of lipid (%v/v .
pol'yfilspersny index (PDI) (Y2), and percentage entrapmfant S, (rFr)1L)((X2) ) (X1) 100 1125 1 150
efficiency (Y3), to assess a broad spectrum of prospective Homogenization Time (min) (X3) 15 20 o5
outcomes. The response surface approach is a statistical method Dependent variables Constraints
that was used to investigate the direct effects of different Particlt;éife\((r;m) (Y1) mm!mize
. . inimize
formulatlons and/or proces-smg facto.rs on one or more resg')or?se % Entrapment Efgicie)ncy %) (Y3) Maximize
variables [20]. The most suitable design was selected to optimize
Table 2: Composition and observed responses in Box-Behnken design.
Independent variables Dependent variables
Batch Drug | Amount of lipid Smix Homogenization | Particle Size PDI %EE
(% viv) (X1) (mL) (X2) Time (min) (X3) (nm) (%)
1 10 15 1.25 25 516 0.197 93.81
2 10 12.5 1.25 20 334 0.126 96.51
3 10 15 1.5 20 398 0.143 90.12
4 10 12.5 1.25 20 329 0.132 98.89
5 10 10 15 20 757 0.118 91.89
6 10 12.5 1 15 561 0.137 89.45
7 10 15 1 20 583 0.147 93.31
8 10 12.5 1.25 20 343 0.135 97.93
9 10 12.5 1.25 20 347 0.136 96.89
10 10 10 1.25 15 317 0.139 89.43
11 10 12.5 1.25 20 325 0.131 98.87
12 10 12.5 15 25 585 0.158 93.16
13 10 15 1.25 15 471 0.159 88.57
14 10 10 1 20 398 0.154 90.19
15 10 12.5 15 15 512 0.165 87.51
16 10 10 1.25 25 468 0.178 91.64
17 10 12.5 1 25 729 0.214 92.21

*Footnote: Batch 11 represents an experimental Box-Behnken run; optimized formulation F11 discussed in the optimization

section refers to the model-predicted optimum.

Preparation of Nanoemulsion

A high-speed homogenizer (JHG-54-P100, Shanghai Pulisheng
Fusion Machinery Co., Ltd., China) was used to make the
nanoemulsion [23]. To create a homogeneous oil phase, castor
oil (10 mL) and liquid paraffin (15 mL) were combined with
flucytosine in a clean, dry beaker. This mixed lipid system

(10:15) was chosen for its complementary physicochemical
properties: castor oil enhances drug solubilization and interfacial
film formation. At the same time, liquid paraffin improves the
stability of the hydrophobic core and reduces Ostwald ripening.
In another beaker, Smix consisting of Tween 80 and propylene
glycol at a 1:1 ratio was prepared, selected based on preliminary
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emulsification screening and pseudo-ternary phase diagram
studies. Distilled water was added to the mixture, and the
mixture was stirred until a homogeneous solution formed. The
oil phase was then slowly added to the water phase (30:70 %
v/v) with continuous stirring. Then the formed emulsion was
agitated at 15000 rpm for 20 min. After that, the solution was
sonicated (probe sonication) for 10 min to ensure that all
ingredients were thoroughly mixed and that the nanoemulsion
was formed [24,25].

CHARACTERIZATION OF NANOEMULSION
Particle size and Particle size distribution (PDI)
The size of the nanoemulsion particles was measured using the

Zetasizer Ver 7.13 (Malvern Instruments, Ltd, UK) in three
separate measurements. An aliquot of approximately 1 mL was
extracted and transferred into a cuvette. The mean particle
diameter and polydispersity index (PDI) were determined at a
temperature of 25+2°C using a light scattering angle of 90°. The
polydispersity index (PDI) was used to assess the distribution
and uniformity of the globules. A PDI value less than 0.3 was
deemed indicative of monodispersity [26].

Zeta potential

Zeta potential measurements were used to determine the strength
of repulsion and attraction between nanoemulsion globules by
detecting the electric charges on their surfaces [27]. A Malvern
Zetasizer (Malvern Instruments, Worcestershire, UK) was used
to evaluate the zeta potential of every formulation. The sample
was diluted with distilled water from 50 ul up to 10 mL, and the
measurement was carried out at a temp. of 25+2°C.

Morphology study by transmission electron microscopy
(TEM)

The nanoemulsion's morphology was examined via transmission
electron microscopy (TEM), an essential method for confirming
particle size and structural attributes. A minimal amount of the
nanoemulsion was first placed on wax paper and then transferred
to a circular copper grid (300-mesh). The specimen was stained
with a 2% wi/v phosphotungstic acid solution, air-dried under
ambient circumstances, and subsequently analyzed using a
Morgagni 268D transmission electron microscope (FEI, USA)
at an accelerating voltage of 70 kV [28].

pH and conductivity measurement

The pH of the nanoemulsion formulations was measured with a
digital pH meter (EUTECH Instruments, Singapore) at a
controlled temperature of 25+2°C, with triplicate measurements

to ensure precision. Electrical conductivity was assessed by
passing an electric current through a 20 mL sample at the same
temperature using a conductivity meter (Model No. DB-1038,
Decibel, India) fitted with Pt/platinised electrodes to evaluate
formulation characteristics and phase behavior [29].

% Entrapment efficiency (% EE)
The entrapment efficiency of flucytosine nanoemulsion was
quantitatively assessed by measuring the amount of unbound
flucytosine in the dispersed aqueous phase. Briefly, a 2 mL
sample of flucytosine nanoemulsion dispersion was centrifuged
in an Eppendorf tube for 20 min at 12000 rpm using a cooling
centrifuge manufactured by REMI Instruments Ltd., India. The
centrifugation was carried out at 4 °C. After appropriate dilution
with methanol, the supernatant was filtered. Flucytosine was
then quantified using UV spectroscopy at a wavelength of 285
nm [30]. The %EE was determined using the following
equation-

Totel quantity of — Free quantity of flucytosine

flucytosine in supernatant
%EE = - -
Total quantity of flucytosine
x 100
RESULTS

Pre-formulation studies

Solubility Study

The solubility of flucytosine was evaluated
formulation components to identify suitable excipients. Among
the tested oils, castor oil exhibited a higher solubilization
capacity than liquid paraffin. Tween 80 showed excellent
solubilizing and emulsifying ability among surfactants, while
propylene glycol demonstrated good solubility enhancement as
a cosurfactant. Based on these findings, castor oil, Tween 80 &
propylene glycol were selected for nanoemulsion formulation.

in various

UV-visible spectroscopy
Absorption maxima (Amax) Of flucytosine were determined in
0.1N HCI. It was found to be 285 nm, as shown in Figure 1A.

Fourier Transform Infra-Red Spectroscopy (FTIR)

The FTIR spectrum of Flucytosine showed distinctive
absorption bands that matched its functional groups, verifying
the compound's identity. The main amino group's (-NHz) N-H
stretching vibration is responsible for a wide absorption band
seen in the 3400-3200 cm™ range. The pyrimidinone carbonyl
group's C=0 stretching vibration is responsible for the
significant absorption at 1700-1650 cm™'. Bands in the 1620-
1550 cm™ range are attributed to the pyrimidine ring's C=N
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stretching and N-H bending vibrations. The heterocyclic ring's
skeletal vibrations and C—N stretching are linked to the peaks
between 1500 and 1200 cm™. Additionally, the presence of the
fluorine substituent is confirmed by the absorption bands in the
1150-1000 cm™ and 700-500 cm™" area, which are typical of C—
F stretching and bending vibrations. Substituted pyrimidine
compounds typically exhibit ring deformation and out-of-plane
A

bending vibrations, which are represented by multiple separate
peaks in the fingerprint area below 1000 cm™.

Overall, the reported spectral properties of flucytosine and the
observed FTIR spectrum coincide well, demonstrating the
sample's purity and structural integrity as well as the existence
of the anticipated functional groups (Table 3 and Figure 1B).

® W B W

i b m -1 20 -1 W S0
I

Figure 1: A. UV Spectrum of flucytosine. B. FTIR Spectrum of flucytosine
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Figure 2: FTIR spectrum: A. Liquid Paraffin with drug, B. Castor Oil with drug, C. Propylene glycol 400 with drug and D.
Tween 80 with drug

Drug-excipient compatibility studies

The FTIR spectra (Figure 2 and Table 3) demonstrate the
presence of the distinctive peaks of flucytosine in all four
combinations, with some shifts, suggesting the absence of any
potential interactions. Nevertheless, no further peaks or notable

alterations were detected, indicating that flucytosine is
compatible with castor oil, liquid paraffin, propylene glycol, and
Tween 80. The observed alterations in excipient-drug
interactions are within acceptable limits, suggesting no
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significant chemical incompatibilities between flucytosine and
the excipients studied.

X-ray diffraction (XRD) study

The X-ray diffraction (XRD) pattern of flucytosine, seen in
Figure 3, ranges from 0 to 80° on the 20 axis. The count-based
intensity of diffraction peaks is plotted as a function of 28. The
prominent peaks detected in the pattern occur at around 10°, 12°,
15°, 200, 22°, and 26°. The peak with the highest strength reaches
approximately 1500 counts, indicating a significant diffraction

1000

Intensity {counts)

500

0__J W

20

40
Z-theta (deg)

signal at that particular angle. The distinct, well-defined peaks
indicate that the flucytosine sample is in a crystalline state.

Table 3: Major peaks observed in the FTIR Spectrum in
drug excipient compatibility studies

S. Groups Reported Observed
No. peak (cm™) peak (cm™)
1 NH stretching 3350 3418.16
2 CH stretching 3040 3088.73
3 C=C stretching 1675 1653.28
4 C=0 stretching 1725 1731.69
5 C-H bending 1482 1458.45
6 C-N 1270 1270.10

Meas. data:DRUG-F
60 80

Figure 3: XRD spectrum of flucytosine

FORMULATION DEVELOPMENT

Experimental Design for the Formulation of Nanoemulsion

Nanoemulsion containing flucytosine was prepared using the
high-speed homogenizer (8000-30000 rpm) and optimized using
the BBD approach [31,32]. The research indicated that essential
independent variables—specifically lipid concentration, Smix
ratio, and homogenization duration—substantially affected key
response measures, including particle size, polydispersity index
(PDI), and entrapment efficiency. Principles of experimental
design were methodically applied, encompassing hypothesis
formulation, control of variability, and the judicious selection of
variables and conditions. The observed responses were analyzed
using first-order, second-order, and quadratic models, with the
quadratic model demonstrating the optimal fit for all parameters.
The elevated coefficients of determination (R?) for particle size
(0.9965), PDI (0.9866), and entrapment efficiency (0.9770)
validated the model's resilience and predictive accuracy. The
ANOVA findings, including sums of squares, degrees of
freedom, mean squares, F-values, and p-values for each model

term, are presented in Tables 5-7. Moreover, analysis of
variance (ANOVA) confirmed the statistical significance of the
models (p < 0.05), with elevated F-values demonstrating the
substantial impact of formulation factors on the responses. The
non-significant lack-of-fit values (p > 0.05) further validated the
models' ability to depict the experimental data accurately.

Effect of formulation variables on particle size

The particle size of the prepared flucytosine-loaded
nanoemulsion [33] is shown in Table 2. Table 2 shows that all
nanoemulsion formulations had small particle sizes. The
response surface and cube plots in Figure 4A illustrate how the
flucytosine concentration in the quantity of lipid (X1), Smix (X2),
and homogenization time (X3) affects the particle size. The two-
factor interaction model was statistically significant and
accurately represented the observed particle size data, as shown
by the ANOVA results. The following equation was produced
using coded values:
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Particle size = 2827.68 + 246.5(X;) —4152.5(X,)
—154.945(X3) — 57.6(X{)(X,)
— 2.12(X1)(X3) — 19(X2)(X3) — 4.428(X;)?
+2017.2(X;)% + 5.403(X3)? — — — (2)
The sign of the coefficient determines whether a factor has an
increasing or decreasing effect on the nanoemulsion’s particle-
size range. Positive (+) values (e.g., +246.5(X1), +2017.2(X2)?)
indicate that an increase in the corresponding variable results in
an increase in particle size. Conversely, negative (-) values (e.g.,
-4152.5(X2), -154.945(X3)) indicate that an increase in the
corresponding variable leads to a decrease in particle size. The
statistical significance of the model and its terms is further
supported by the ANOVA results presented in Table 4.

Effect of formulation variables on Polydispersity index (PDI)
The polydispersity index of the nanoemulsion loaded with
flucytosine that was synthesized is indicated in Table 2. Table 2
shows that every nanoemulsion formulation had a low
polydispersity index (PDI). The effects of flucytosine
concentration (X1), Smix (X2), and homogenization time (X3)
on PDI are illustrated by the response surface and cube plots in
Figure 4 B. The two-factor interaction model was statistically
significant and accurately represented the observed PDI data, as
indicated by the ANOVA results [34]. The following was the
final equation in terms of coded values:-

PDI = 0.566875 — 0.02925(X) — 0.033(X;)
—0.026475(X3) +0.0128(X)(X;)
—0.000020(X,)(X3) — 0.0168(X,)(X3)
+0.00066(X1)2 + 0.07(X3)?
+0.001285(X3)% — — — —(3)

This equation indicates that positive (+) values (e.g.,
+0.0128(X1)(X2), +0.07(X2)2, +0.001285(X3)?) signify that an
increase in the corresponding variable leads to an increase in the
polydispersity index (PDI). Conversely, negative (-) values (e.g.,
-0.02925(X1), -0.033(X2), -0.026475(X3), -0.0168(X2)(X3))
indicate that an increase in the corresponding variables results in
a decrease in PDI. The ANOVA results for the PDI model are
summarized in Table 6.

Effect of Formulation Variables on Percent Entrapment
Efficiency (%EE)

Table 2 shows the percentage EE of the prepared flucytosine-
loaded nanoemulsion. Every nanoemulsion formulation showed
a high %EE (Table 2). Figure 4C shows the cube plots and
response surface for the effects of homogenization time (X3),
Smix (X2), and flucytosine concentration on the lipid amount

(X1) on the percentage entrapment efficiency (%EE). The
results of the ANOVA test demonstrate that the two-factor
interaction model was both significant and well-fitting to the
observed PDI data. In terms of coded values, the resulting
equation was as follows:
% EE = 134.203 + 13.687(X,) + 146.06(X;) + 5.1169(X3)
—1.956(X1)(X3) + 0.0606(X,)(X3)
+0.578(X,)(X3) — 0.49284(X,)?
—53.764(X;)? — 0.15501(X5)> — — — —(4)
This equation demonstrates that positive (+) values (e.g.,
+13.687(X1), +146.06(X2), +5.1169(X3), +0.0606(X1)(X3),
+0.578(X2)(X3)) contribute to an increase in % EE as the corres-
ponding variables increase. In contrast, negative (-) values (e.g.,
-1.956(X1)(X2), -0.49284(X1)?, -53.764(X2)2, -0.15501(X3)?)
indicate that an increase in the respective variables results in a
decrease in %EE. This highlights the factors, i.e.,
homogenization time, Smix, and lipid amount, that significantly
influence encapsulation efficiency. The ANOVA results
confirming model significance for %EE are shown in Table 7.

Formulation optimization and analysis of the Box-Behnken
design (BBD)

The experimental trials were methodically structured and
evaluated using the Box—Behnken design (BBD), which requires
fewer experimental runs than a full-factorial design while still
delivering dependable optimization results. The model's
adequacy and precision were assessed using the signal-to-noise
ratio, with all responses exceeding 4, indicating an appropriate
degree of model reliability. Additionally, the anticipated R2
values were computed to assess the model's predictive
performance, and their close alignment with the adjusted R2
values (within +0.20) validated the model's robustness and
validity [35].

An optimized formulation with an overall desirability of 0.754
was established using Design-Expert software by imposing
limits on particle size, polydispersity index (PDI), and
entrapment efficiency. The optimized formulation parameters
were a homogenization duration of 20.85 minutes, a lipid
concentration of 10.95% v/v, and a Smix ratio of 1.205. This
formulation was empirically developed and verified. Batch 11
served as an experimental run with a particle size of 325 nm and
a PDI of 0.131. In contrast, the optimized formulation (F11), as
predicted by the desirability function, exhibited enhanced
properties with a particle size of 318.18 nm and a PDI of 0.136,
thereby validating the optimization strategy.

Journal of Applied Pharmaceutical Research (JOAPR)| July — August 2026 | Volume 14 Issue 4 | 86



Journal of Applied Pharmaceutical Research 14 (4); 2026: 79 — 96

Srivastava et al.

CHARACTERIZATION OF NANOEMULSION

Globule size and Particle size distribution [36]

A narrow, consistent distribution of the nanoemulsions was
confirmed by DLS particle-size distribution analysis (Figure

5B). The formulated preparations demonstrated particle sizes
between 317 & 729 nm, with PDI values ranging from 0.118 to
0.214. The optimized formulation (F11) exhibited a particle size
of 318.18 nm and a low PDI of 0.136, indicating a homogeneous,
monodisperse system suitable for topical application.

Particle
size

A (8) ;

(8) .

PDI

(8)

B:Smix X2)

Overlay Plot

A: Amount of lipid (X1) (% v/v)

Figure 4: Response surface plots and cube plots illustrating the effect of lipid concentration (X1), Smix (X2), and
homogenization time (X3) on (A) particle size, (B) polydispersity index, (C) entrapment efficiency, and (D) overlay plot
showing optimized formulation region

Table 4: Results of regression analysis for responses Y1 (Particle size), Y2 (PDI) and Y3 (%EE).

Response Model Adequate precision R? Adjusted R? | Predicted R? SD %CV | p-values
Y1 (PS) Quadratic 50.97 0.9965 0.9921 0.9659 10.72 2.41 <0.001
Y2 (PDI) Quadratic 28.88 0.9866 0.9693 0.8701 0.0045 | 297 <0.001
Y3(%EE) Quadratic 15.83 0.9770 0.9474 0.9543 0.84 0.90 <0.001
Table 5: ANOVA for Particle Size (Y1)
Source Sum of Squares | df | Mean Square F-value p-value
Model 2.314E+05 9 25712.64 223.74 <0.0001 significant
A-Amount of lipid (X1) 22898.00 1 22898.00 199.25 <0.0001
B-Smix (X2) 21945.12 1 21945.12 190.96 <0.0001
C-Homogenization Time (X3) 23871.13 1 23871.13 207.72 <0.0001
AB 5184.00 1 5184.00 45.11 0.0003
AC 2809.00 1 2809.00 24.44 0.0017
BC 2256.25 1 2256.25 19.63 0.0030
A2 3224.87 1 3224.87 28.06 0.0011
B2 66925.92 1 66925.92 582.36 <0.0001
C? 76822.13 1 76822.13 668.48 <0.0001
Residual 804.45 7 114.92
Lack of Fit 461.25 3 153.75 1.79 0.2880 not significant
Pure Error 343.20 4 85.80
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Table 6: ANOVA for PDI (Y2)

Source Sum of Squares | df | Mean Square F-value p-value
Model 0.0104 9 0.0012 57.08 <0.0001 significant
A-Amount of lipid (X1) 0.0004 1 0.0004 20.13 0.0028
B-Smix (X2) 0.0006 1 0.0006 28.64 0.0011
C-Homogenization Time (X3) 0.0027 1 0.0027 133.86 <0.0001
AB 0.0003 1 0.0003 12.69 0.0092
AC 2.500E-07 1 2.500E-07 0.0124 0.9145
BC 0.0018 1 0.0018 87.42 <0.0001
A? 0.0001 1 0.0001 3.55 0.1015
B2 0.0001 1 0.0001 3.99 0.0858
C? 0.0043 1 0.0043 215.34 <0.0001
Residual 0.0001 7 0.0000
Lack of Fit 0.0001 3 0.0000 1.70 0.3030 not significant
Pure Error 0.0001 4 0.0000
Table 7: ANOVA for %EE (Y3)
Source Sum of Squares | df | Mean Square F-value p-value
Model 211.68 9 23.52 33.01 <0.0001 significant
A-Amount of lipid (X1) 0.8845 1 0.8845 1.24 0.3020
B-Smix (X2) 0.7688 1 0.7688 1.08 0.3334
C-Homogenization Time (X3) 31.44 1 31.44 44.13 0.0003
AB 5.98 1 5.98 8.39 0.0231
AC 2.30 1 2.30 3.22 0.1157
BC 2.09 1 2.09 2.93 0.1306
A? 39.95 1 39.95 56.07 0.0001
B2 47.54 1 47.54 66.73 <0.0001
C? 63.23 1 63.23 88.75 <0.0001
Residual 4.99 7 0.7124
Lack of Fit 0.1466 3 0.0489 0.0404 0.9876 not significant
Pure Error 4.84 4 1.21

Zeta Potential

Figure 5C demonstrates that the optimized flucytosine
nanoemulsion displayed a zeta potential of -22.2 mV, signifying
moderate electrostatic stabilization. While zeta potential values
exceeding +30 mV are often associated with highly
electrostatically stabilized dispersions, this nanoemulsion
system achieves Kkinetic stability through a synergistic
electrostatic and steric stabilization mechanism. The negative
surface charge, presumably originating from free fatty acid
residues in the lipid phase, induces repulsive interactions
between droplets. In contrast, the non-ionic surfactant/co-
surfactant system (Tween80 & propylene glycol) provides steric
hindrance that mitigates droplet aggregation and coalescence.
Moreover, the low PDI (0.136) & homogeneous nanosized
droplet distribution indicate excellent colloidal stability. The
measured zeta potential of -22.2 mV was deemed adequate to
provide long-term Kinetic stability in this particular surfactant-
stabilized nanoemulsion system.

pH and conductivity measurement

At 25+2°C, the pH of the nanoemulsion formulation was
determined. Within the typical pH range (5 to 6.5) of human
skin, the nanoemulsion that was produced maintained a
consistent pH of 6.10+0.16. This suggests that the nanoemulsion
is non-irritating. This confirms that the formulation is O/W-type,
as the optimized flucytosine nanoemulsion exhibited a
conductivity of 249.48+2.14 uS/cm.

Morphology study by TEM

The optimized flucytosine nanoemulsion TEM (Figure 5A)
showed mostly spherical and distinct globules with smooth
surfaces and uniform distribution. Surfactants stabilized
nanoemulsion droplets, which were well dispersed and did not
aggregate. Most globules were nanometric, consistent with DLS
particle-size analysis. The optimized formulation’s homogeneity
and stability were confirmed by its consistent shape and
restricted size distribution.
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Figure 5: (A) TEM image of optimized flucytosine nanoemulsion (F11) showing spherical morphology; (B) Particle size
distribution obtained by Dynamic Light Scattering (DLS); (C) Zeta potential of optimized nanoemulsion

% Entrapment efficiency (Y%6EE)

The %EE of prepared flucytosine nanoemulsions (F1-F17) was
found to be in the range of 87.51-98.89% (Table 2). Based on
the results, flucytosine nanoemulsion (F11) was optimized with
% EE (96.36%).

DISCUSSION
PRE-FORMULATION STUDIES

Solubility Study

Solubility screening is a critical step in nanoemulsion
development, as it directly influences drug loading and
formulation stability. In this study, castor oil demonstrated
superior solubilization of flucytosine, which may be attributed
to its long-chain fatty acid composition. Tween 80, due to its
high HLB value, facilitated the formation of a stable oil-in-water
nanoemulsion by reducing interfacial tension. Propylene glycol
enhanced drug solubility and improved interfacial flexibility,
promoting better dispersion of the oil phase. The selection of
these excipients ensured efficient drug incorporation and
contributed to the stability and performance of the optimized
nanoemulsion.

UV-Visible Spectroscopy
The UV spectroscopy graph provides vital insights into the
absorption spectrum of flucytosine. The distinct peaks observed

at a particular wavelength (285 nm) aid in the identification &
quantification of flucytosine in a given sample.

Fourier Transform Infra-Red Spectroscopy(FTIR)

The FTIR spectrum of flucytosine exhibits distinct peaks that
correlate to its functional groups, such as N-H stretching,
aromatic C-H stretching, aliphatic C-H stretching, C=0
stretching, C=C stretching, N-H bending, C-H bending, N-O
stretching, C-N stretching, and C-O stretching. These combined
peaks confirm the presence of the relevant functional groups and
the structural integrity of flucytosine. The fingerprint region
further provides unique vibrational modes that can be used for
identification and to confirm purity [37].

Drug Compatibility Study

We used FTIR spectra to demonstrate the presence of the
distinctive peaks of flucytosine in all four combinations, with
some shifts, suggesting the absence of any potential interactions.
Nevertheless, no further peaks or notable alterations were
detected, indicating that flucytosine is compatible with castor
oil, liquid paraffin, propylene glycol, and Tween 80. The
observed alterations in excipient-drug interactions are within
acceptable limits, suggesting no significant chemical
incompatibilities between flucytosine and the excipients studied.
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X-ray diffraction (XRD) study

The XRD pattern of flucytosine confirms its crystalline
structure, with distinct peaks at specific 20 angles indicating
diffraction from specific crystallographic planes within the
sample. The high-intensity peaks suggest a high concentration
of atoms or favorable diffraction orientation. The most
prominent peaks at 10°, 12°, 15°, 20°, 22°, and 26° indicate well-
defined crystallographic planes. The highest peak, at nearly 1500
counts, indicates a significant crystallographic plane under
optimal diffraction conditions. The XRD analysis confirms the
crystalline state of flucytosine, showcasing the ordered atomic
arrangement within the sample. This crystallinity is crucial for
understanding the material's physical properties, which can
impact its performance and stability in pharmaceutical
formulations. The data is critical for further applications and
characterization in the development of pharmaceutical products.

FORMULATION DEVELOPMENT
Excipients Justification
The rational selection of excipients based on solubility and

emulsification behavior plays a significant role in nanoemulsion
formulation. The combination of castor oil, Tween 80, and
propylene glycol provided an optimal balance between drug
solubilization, emulsification efficiency, and stability. Similar
excipient systems have been widely reported in the literature for
enhancing drug bioavailability via nanoemulsions, supporting
the suitability of the selected components in this study.

Experimental Design for the Formulation of Nanoemulsion
The Box-Behnken Design (BBD) methodology was employed
to optimize and characterize a flucytosine-loaded nanoemulsion.
The objective of the study was to assess the influence of three
separate  factors, namely lipid quantity, Smx, and
homogenization duration, on important quality characteristics
such as particle size, polydispersity index (PDI), and entrapment
efficiency. The BBD tool detected significant correlations
between the independent and dependent variables, indicating
that changes in these variables led to substantial alterations in
particle size, PDI, and entrapment efficiency. The quadratic
model yielded the most accurate fit for all response parameters,
suggesting intricate interplay among variables. The high R2
values for particle size, PDI, and entrapment efficiency confirm
the model's predictive power and accuracy. The results indicate
that precise manipulation of these factors can effectively
regulate the characteristics of the flucytosine nanoemulsion,
yielding a nanoemulsion with the required particle size and

uniform distribution. This approach also maximizes the amount
of drug trapped in the nanoemulsion, thereby improving its
therapeutic effectiveness. This study emphasizes the importance
of optimization techniques in nanoemulsion formulation and
highlights their potential for medication delivery systems.

Effect of formulation variables on particle size

The coefficient of the term X1 signifies the extent to which the
lipid content has a synergistic impact on the particle size of the
manufactured nanoemulsion (p<0.0001) [38]. Optimal lipid
concentrations facilitate the formation of smaller particles, while
excessively high lipid concentrations result in larger particle
sizes. This is probably due to greater thickness and the tendency
of lipid molecules to form clusters [39]. The second-order
coefficient, X2, also demonstrated the synergistic impact of Spix
on the particle size (p<0.0001) [40]. The presence of sufficient
surfactant ensures effective emulsification and stabilization of
lipid particles, thereby reducing particle size. Inadequate
emulsification due to insufficient surfactant results in the
formation of larger particles. The coefficient of the third term,
X3, indicates that homogenization duration has a synergistic
effect on the synthesized nanoemulsion's particle size
(p<0.0001) [41]. Proper homogenization ensures complete
blending and efficient reduction in lipid particle size. Extended
homogenization durations typically reduce particle size, likely
because the increased mechanical energy required to disintegrate
particles is greater. The combined impact demonstrates that the
smallest particle sizes are observed when the surfactant
combination and homogenization duration are optimized, and
the lipid quantity is kept at an appropriate lower level [42]. This
demonstrates a synergistic phenomenon, in which each
component amplifies the impact of the others. Optimal lipid
quantity, surfactant combination, and homogenization duration
are crucial for minimizing particle size and attaining consistent,
small particles [43].

Effect of formulation variables on Polydispersity index (PDI)
The presence of a positive coefficient for the term X1 suggests
that the lipid quantity has a synergistic impact on the
polydispersity index (PDI) of the produced nanoemulsion. The
observed effect is statistically significant, as indicated by a p-
value of 0.0028. Increasing lipid concentration leads to a more
consistent distribution of particle sizes (lower PDI), potentially
because it forms a stronger framework that can efficiently
contain and control particle size.
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The second-term coefficient, X2, also demonstrated the
combined effect of Smix on the PDI (p=0.0011). The presence of
an optimal amount of surfactant ensures effective emulsification
and particle stabilization, thereby reducing polydispersity. Both
insufficient and excessive quantities of surfactant can lead to
elevated PDI. The third-order coefficient, X3, demonstrates that
the duration of homogenization had a combined effect on the
polydispersity index (PDI) of the resulting nanoemulsion
(p<0.0001). Thorough homogenization ensures complete
blending and reduces lipid droplet size, leading to a more
uniform dispersion. The combined effect reveals that the lowest
PDI values are observed when all three components are at their
optimal higher This demonstrates a synergistic
phenomenon, in which each component amplifies the impact of
the others. Optimal lipid quantity, surfactant composition, and
homogenization duration are crucial for reducing PDI &
attaining consistent particle sizes.

levels.

Effect of formulation variables on Percent Entrapment
Efficiency (% EE)

The fact that the term X1 has a positive coefficient indicates that
the lipid quantity enhances the entrapment effectiveness of the
produced nanoemulsion (p<0.0001). There may be a correlation
between the amount of lipid molecules available to form a stable
matrix surrounding the payload and the enhanced encapsulation
observed at higher lipid concentrations. Smix improved
entrapment efficiency synergistically, according to the ANOVA
results [14]. The Smix ratio plays a critical role in the formation
and stability of nanoemulsion, which in turn affects entrapment
efficiency. A balanced Smix ratio reduces interfacial tension and
promotes the formation of a stable interfacial film around the oil
droplets. High surfactant concentrations can cause rigidity or
micelle formation, reducing EE by increasing drug partitioning
into the aqueous phase. Conversely, a higher cosurfactant
proportion increases interfacial fluidity, allowing greater drug
encapsulation. The optimal EE at a specific Smix ratio is achieved
by balancing interfacial tension reduction and film flexibility to
promote efficient drug entrapment within the lipid core. The
entrapment efficiency of the generated nanoemulsion was also
synergistically influenced by the duration of homogenization, as
indicated by the coefficient of the third term, X3 (p<0.0003).
Proper homogenization ensures complete blending and reduces
lipid droplet size, thereby enhancing encapsulation. The
combined effect of these parameters indicates that the highest
entrapment efficiency is achieved when all three factors are at

their ideal maximum values. This exemplifies a synergistic
phenomenon in which each component enhances the effects of
the others. Maximizing the lipid quantity, surfactant
composition, and homogenization duration is essential for
achieving the highest achievable encapsulation efficiency.

Formulation optimization and analysis of the Box-Behnken
(BB) design

The formulation of a nanoemulsion containing flucytosine, a
highly effective antifungal agent, was optimized using the Box-
Behnken design (BBD). Conventional oral antifungal treatments
have limitations, and this study aimed to address fungal
infections, such as blastomycosis and histoplasmosis, that don't
respond to oral therapy due to poor absorption [44]. When
treating these infections, the antifungal medicine flucytosine is
essential, especially when used with amphotericin B. Particle
size, polydispersity index, and percent entrapment efficiency
were among the response metrics meticulously monitored during
the optimization process, which also included tweaking
formulation parameters. Small particle sizes, low polydispersity
index (PDI), and high encapsulation efficiency (% EE) were
desirable properties of the optimized nanoemulsion
formulations. These properties have the potential to improve
medication stability, absorption capacity, and targeted delivery.
The formulation results were much influenced by the interaction
between the Spix ratio (X2) and lipid content (X1), as visualized
in the overlay plot at a fixed homogenization time of 20.85
minutes (X3). Whereas the yellow area of the plot falls outside
the optimal range, the grey area denotes the ideal formulation
space that satisfies all desired criteria, as shown in Figure 4D.
This work emphasizes how nanotechnology could improve drug
delivery to address fungal infections.

CHARACTERIZATION OF NANOEMULSION

Particle size and Particle size distribution

Particle size plays a crucial role in delivering medications to the
skin topically. Nano-sized droplets have a larger surface area,
which promotes better drug absorption across membranes. This,
in turn, increases drug release from the nanoemulsion, ultimately
improving  bioavailability. The optimized flucytosine
nanoemulsion has a particle size of 318.18 nm. The small size
improved absorption by increasing the surface area, thereby
increasing the amount of flucytosine transported across the
epidermal membrane. As a result, the therapeutic impact was
enhanced, while the dosing frequency and the occurrence of
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adverse effects were minimized. Furthermore, this size variety
promoted even distribution due to reduced interfacial tension.
PDI is commonly used to quantify the uniformity of droplet sizes
in nanoemulsion. A smaller PDI value indicates a higher level of
uniformity in the size of dispersed phase droplets, which in turn
supports the superior stability of the emulsion [45]. The
polydispersity index (PDI) ranges from 0.0 to 1.0, representing
systems from monodisperse to highly polydisperse, with lower
values indicating a uniform particle-size distribution and values
near 1 indicating increased heterogeneity. A PDI value of 0.5
indicates a narrow size distribution, whereas higher values
indicate greater diversity in droplet size. The optimized
formulation in this investigation displayed a PDI of 0.136,
indicating a uniform, homogeneous, and well-dispersed droplet
system, hence confirming the stability & consistency of the
nanoemulsion [46].

Zeta Potential

The zeta potential is a crucial characteristic affecting the stability
of nanoemulsion systems, as it indicates the extent of
electrostatic repulsion or attraction among dispersed droplets.
An elevated zeta potential often improves stability by inhibiting
droplet aggregation and coalescence, while diminished values
may heighten the risk of instability [47]. A zeta potential of
around +30 mV is deemed adequate for ensuring electrostatic
This analysis revealed that the optimized
nanoemulsion had a zeta potential of —22.2 mV, which, while
slightly below the standard threshold, was sufficient to maintain
stability. This results from the synergistic influence of modest
electrostatic repulsion and robust steric stabilization conferred
by the non-ionic surfactant (Tween 80). The droplets acquire a
negative charge due to the presence of free fatty acids in the lipid
phase. The low polydispersity index and homogeneous droplet
size distribution enhance the system's Kkinetic stability,
suggesting that the formulation is stable.

stabilization.

pH and conductivity measurement

The calculated pH of the nanoemulsion formulation was 25+2°C.
The stable pH values of the produced nanoemulsion were
6.10+0.18, falling within the typical range of human mucosa pH
values (5 to 6.5), indicating that the nanoemulsion is non-
irritating. To determine if an emulsion is water-in-oil (w/o) or
o/w, the conductivity parameter is used. The conductivity of w/o
type emulsions is lower than 1 pS/cm, but that of o/w type
emulsions is higher [24,48]. When oil is the continuous phase in
w/o emulsions, the formulation's conductivity is determined by

its low conductivity relative to water, resulting in low values.
The opposite is true for o/w emulsions. The optimized
flucytosine nanoemulsion's conductivity of 249.48+2.14 pS/cm
indicated that the formulation was O/W-type.

Morphology study by TEM

Transmission electron microscopy (TEM) confirmed that the
optimized flucytosine nanoemulsion comprised primarily
spherical, uniformly dispersed globules with smooth surface
morphology. The droplets exhibited uniform dispersion and low
aggregation, signifying effective steric stabilization conferred by
Tween 80 and propylene glycol. The measured nanometric
globule size aligned with DLS results; however, minor
discrepancies between TEM and DLS measurements are
anticipated, as DLS assesses hydrodynamic diameter in
dispersion while TEM analyses dried particles. The consistent
globular morphology and narrow particle-size distribution
reinforce the stability and uniformity of the formulated
nanoemulsion system, which are critical attributes for improved
drug-delivery efficacy [49].

% Entrapment efficiency (%0EE)

The study found that flucytosine nanoemulsions (F1-F17)
exhibit high entrapment efficiency (%EE) ranging from 87.51%
to 98.89%, indicating effective delivery of the active
pharmaceutical ingredient. The flucytosine nanoemulsion (F11)
was identified as the optimized formulation, achieving a %EE of
95%. This high entrapment efficiency is attributed to factors
such as particle size, choice of surfactant and co-surfactant, and
preparation method. The optimized formulation, F11, with a
%EE of 96.36 %, is particularly promising for topical drug
delivery applications. High entrapment efficiency ensures that a
higher drug dose is available at the site of application, thereby
enhancing the overall stability and efficacy of the nanoemulsion.
This can lead to improved therapeutic outcomes, as a higher
concentration of the active ingredient can penetrate the skin
barrier and reach the target site more effectively [45]. The study
successfully formulated a flucytosine nanoemulsion with high
entrapment efficiency, demonstrating a promising approach to
enhancing drug bioavailability and therapeutic efficacy.

CONCLUSION
This study successfully developed and optimized a flucytosine-

loaded nanoemulsion using a Quality by Design approach based
on the Box—Behnken design, demonstrating that formulation
variables such as lipid concentration, Smix ratio, and
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homogenization time significantly influence critical quality
attributes. The optimized formulation (F11) exhibited
advantageous physicochemical characteristics, including a
particle size of 318.18 nm, a low polydispersity index of 0.136,
a sufficient zeta potential of -22.2 mV, and a high entrapment
efficiency of 96.36%, indicating stability, uniformity, and
enhanced drug-loading capacity. Preformulation and
compatibility studies confirmed the integrity and suitability of
the drug-excipient system, while characterization results
supported the nanoemulsion's potential for improved drug
delivery efficacy.

The results highlight the effectiveness of statistical optimization
in designing nanoemulsion systems that demonstrate enhanced
bioavailability and therapeutic potential for antifungal therapy.
The study is limited by the absence of in vivo evaluations, long-
term stability assessments, and clinical validation, all of which
are essential for thoroughly establishing the safety, efficacy, and
translational significance of the product. Moreover, scalability
and practical manufacturing factors were not assessed. In the
current global context of increasing antifungal resistance and a
rising incidence of invasive fungal infections, especially in
immunocompromised patients, the development of advanced
drug delivery technologies such as nanoemulsion is critically
important. This study provides a potential basis for improving
the therapeutic effectiveness of flucytosine and supports the
further use of nanotechnology-based methods to address the
limitations of conventional antifungal therapies.

The optimized flucytosine nanoemulsion exhibited favorable
physicochemical  characteristics and improved drug
encapsulation, suggesting its potential as an efficient antifungal
delivery system. Subsequent research should concentrate on in
vitro drug release, in vivo assessment, long-term stability, and
clinical translation to substantiate its therapeutic relevance. This
method may enhance the management of resistant fungal
diseases. The current study effectively optimized and
characterized the flucytosine-loaded nanoemulsion; however, it
is limited by the absence of in vitro drug-release studies. Such
investigations are crucial for validating the drug release profile
and corroborating improved delivery efficacy.

Future research will concentrate on assessing the in vitro release
profile utilizing appropriate methodologies, including dialysis
bag techniques. Subsequent research will assess antifungal

efficacy against Candida and Cryptococcus and juxtapose the
findings with those from pure flucytosine to validate the superior
effectiveness of the nanoemulsion technology.
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