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ABSTRACT

Objectives: This study aimed to develop and optimize posaconazole-loaded nanosponges to enhance the solubility,
stability, and therapeutic efficacy of posaconazole for improved treatment of invasive fungal infections, addressing the
limitations of conventional formulations including poor bioavailability and variable tissue penetration.

Methods: Posaconazole nanosponges were prepared using the emulsion solvent evaporation method and optimized
through a 32 full factorial design. Critical formulation variables (ethyl cellulose concentration and polyvinyl alcohol
percentage) were evaluated for their effects on drug content, particle size, and dissolution behavior. The optimized
formulation was characterized using FTIR spectroscopy, X-ray diffraction, field emission scanning electron microscopy,
and in vitro release studies.

Results: The optimized formulation (PF7) demonstrated superior physicochemical properties with high drug content
(97.58+0.82%), small particle size (142.3+3.76 nm), low polydispersity index (0.216+0.012), and excellent cumulative
drug release (96.53+0.04% at 12 hours). XRD analysis confirmed successful amorphization of posaconazole within the
nanosponge matrix. Release kinetics followed the Korsmeyer-Peppas model (R*=0.9874) with non-Fickian transport
mechanisms. PVA concentration emerged as the most significant factor influencing formulation characteristics as
evidenced by its strong effect on drug content (F-value=9.37, p=0.0222) and particle size (F-value=29.07, p=0.0125).
Conclusion: The developed posaconazole nanosponges offer a promising approach to overcome the limitations of
conventional antifungal therapy, potentially enabling enhanced bioavailability, improved tissue penetration, and reduced
dosing frequency. This optimized formulation represents a clinically significant advancement for the management of
invasive fungal infections, particularly for immunocompromised patients, and warrants further in vivo evaluation for

potential clinical translation.
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INTRODUCTION

Invasive fungal infections are globally important human
pathogens with more than 300 million infections every year
and approximately 1.6 million deaths. The recent decades
have seen an increase in the prevalence of these infections,
especially among immunocompromised patients: people
with HIV/AIDS and cancer, as well as organ transplant
recipients. The development of current therapeutic
approaches is limited by poor bioavailability, severe side
effects, and increasing antimicrobial resistance!. Antifungal
formulations are conventionally high in doses that have to
be achieved to get therapeutic concentration; this can be
hepatotoxic and nephrotoxic. The global impact on the
socio economic burden of fungal infections is in the region
of $7.2 billion direct healthcare costs, but substantial
indirect costs from productivity losses. However, recent
epidemiological trends point towards disturbing shift
towards resistant strains, especially Candida auris and
Aspergillus species, with mortality rates higher than 50
percent of the patients in certain patient populations.

Therefore, these challenges underscore the urgent need for
novel therapeutic strategies which improve drug efficacy
without aggravating toxicity?.

A broad-spectrum agent of potent triazole antifungal
activity, posaconazole, has been increasingly used.
Chemically, it has a modified triazole ring attached to a
lipophilic side chain with an enhanced binding affinity to
fungal cytochrome P450 dependent enzyme 14a-
demethylase (Figure 1). This inhibition inhibits ergosterol
biosynthesis, an essential part of fungal cell membranes that
ultimately causes membrane instability and death of the
cell. Pacanazole is one of highly active antifungal against
Cryptococcus, Cansa, Aspergillus , including strains
resistant to other 3. The efficacy in prophylaxis and
treatment of invasive fungal infections has been established
in clinical studies and it is superior to fluconazole and
itraconazole in high risk patients. However, aqueous
solubility of posaconazole is limited (< 1 pg/mL), and
bioavailability of the compound is highly variable, which
greatly limits its clinical utility. Furthermore, conventional
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formulations exhibit poor tissue penetration in cerebral
infections where bioavailability is less than 50% of the
plasma concentrations *.

F

Figure 1: Chemical structure of posaconazole
Three dimensional, cross linked polymer networks used as
drug loading platforms are nano and micro sponges. These
nanoscale vehicles(100-500 nm) are usually made in
biocompatible polymers like cyclodextrins, polyesters, or
polyamides to form a mesh like architecture for drug
solubility and stability. Specific advantages of nanosponges
for posaconazole delivery include improved aqueous
solubility, prolonged release kinetics and increased tissue
penetration especially in the central nervous system (blood
brain barrier) °. This has resulted in recent advances in
nanosponge technology showing substantial improvement
in bioavailability by 10 fold or more for similar antifungals.
In addition, encapsulated drug is protected from

y=0.0706x-0.011
0.8 R?=0.9974

Absorbance

Concentration (pg/ml)

Figure 2: Calibration curve of posaconazole

Table 1: List of Independent and Dependent variables in
Central Composite Design

Factors LOW (-1)  HIGH (-1)
INDEPENDENT VARIABLE

Ethyl cellulose 250 750

(mg)

Polyvinyl alcohol 0.5 1

(%)

DEPENDENT VARIABLE Constraints
Y! Drug Content (%) Maximize
Y? Particle size(nm) Maximize
Y? Drug release (%) Maximize

degradation in a biological environment, with the increase
in circulation time and decreased dosing frequency. These
systems are versatile and can be modified with targeting
ligands in anticipation of site specific delivery to fungal
reservoirs in tissues that are notoriously unaccommodating
to conventional formulation &7,

The main focus of the present study was to develop and
optimize the posaconazole loaded nanosponges, which
would have enhanced antifungal efficacy against resistant
fungal strains. This research will specifically look at how
polymer composition, crosslink density and surface
modification affects drug loading efficiency, release
kinetics, and antibiofgnal in vitro and in vivo. Moreover,
formulation of the proposed vectors is expected to show
promise in overcoming barriers affecting conventional
posaconazole therapy, including bioavailability and tissue
penetration.

MATERIALS AND METHODS

Materials

Posaconazole was obtained as a gift sample from Laurus
Labs Limited (Hyderabad, India). Ethyl cellulose, f-
cyclodextrin, and polyvinyl alcohol were purchased from
Loba Chemie Pvt. Ltd. (Mumbai, India). Dichloromethane,
potassium bromide, and all other analytical grade chemicals
were procured from S.D. Fine Chemicals (Mumbai, India).
Double distilled water was used throughout the experiment.
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Figure 3: FTIR Spectra of Pure Drug (Posaconazole) (Peak- 3340.82, 1589.40, 1225.77, 1134.18, 833.28)
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Methods

Calibration Curve of Posaconazole

Pacosanazole stock solution was prepared using 1 mg/ml of
drug dissolved in methanol in a volumetric flask containing
100 mg accurately weighed drug. Concentrations of 2 to 20
micro g ml were produced by making serial dilutions. These
solutions were later measured for the absorbance record at
210 nm using a UV visible spectrophotometer (Jasco UV
630, Jasco India Pvt. Ltd., Mumbai, India). All these were
performed triplicately (n=3) at room temperature (25 +
2°C). Absorbance was plotted against concentration, and a
calibration curve was constructed, which involved plotting
concentration against absorbance, and a linear regression
equation was obtained (y = mx + c) and correlation
coefficient (r?). Within the concentration range 2-20 ug/ml,
Beer—Lambert law was confirmed and the correlative
coefficient was higher than 0.999 8°,

Experimental Design

The formulation variables were optimized using a Response
Surface Methodology (RSM) approach and Central
Composite Design (CCD) using Design Expert® software,
Version 13.0, Stat-Ease Inc., Minneapolis, MN, USA. In
this experiment, amount of ethyl cellulose (A: 250-750 mg)
and concentration of polyvinyl alcohol (B: 0.5-1%) are used
as two independent variables. The responses were drug
content (%), particle size (nm), and drug release (%), and
they are dependent variables. The factorial points, center
point and those axial points provided 9 experimental runs.

For this two factor equation we generate polynomial
equation as shown below.

Y = o+ B1A + B2B + B12AB + B11A? + 22B? (1
Where Y is the predicted response, o is the intercept, i and
B> are the linear coefficients, Pi2 is the interaction
coefficient, and P11 and 22 are the quadratic coefficients '°.
Preparation of Posaconazole Nanosponges
Nanosponges were prepared using the emulsion solvent
diffusion method with posaconazole loaded in them. They
were separately prepared in two phases, organic and
aqueous. In case of the organic phase, posaconazole (0.6 g)
in 20 ml dichloromethane and the added ethyl cellulose
(according to experimental design) was stirred continuously
using a magnetic stirrer (Remi Equipment, Mumbai India)
at 500 rpm for 30 mins. The aqueous phase was made by
dissolving 100 ml of distilled water over 15 min, at room
temperature (25 + 2°C and 500 rpm) using polyvinyl
alcohol (as per experimental design) with continuous
stirring. The aqueous phase was then slowly added to the
organic phase (dropwise) using a syringe equipped with a
22G needle and a continuous stirring of 1000 rpm by high
speed homogenizer (Remi Equipment, Mumbai, India) !!. 2
hours of stirring was applied to the resulting emulsion to
ensure diffusion of the organic solvent into the aqueous
phase. Polyvinyl alcohol was then removed from the
formed nanosponges by filtration through Whatman filter
paper No. 1 and then washing with four portions of distilled
water. The product was dried at room temperature (25 +
2°C) for 24 hours and is further vacuum dried (Vacuum
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Figure 4: Diffractogram of (A) posaconazole and (B) optimized batch PF7
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Table 2: Experimental batches as per Central Composite Design (CCD)

F. Posaconazole  Ethyl cellulose Beta - Polyvinyl alcohol ~ Dichloromethane  Distilled
code (PCZ2) (g) (mg) Cyclodextrin (mg) (%) (ml) water (ml)
PF1 0.6 853.553 20 0.75 20 100

PF2 0.6 146.447 20 0.75 20 100

PF3 0.6 250 20 1 20 100

PF4 0.6 750 20 0.5 20 100

PF5 0.6 500 20 0.75 20 100

PF6 0.6 500 20 1.10355 20 100

PE7 0.6 750 20 1 20 100

PF8 0.6 250 20 0.5 20 100

PF9 0.6 500 20 0.396447 20 100

Oven, Bio-Techno Lab, Mumbai, India) at 40°C for 4 hours.
They were stored in airtight containers for further
evaluation, and the dried nanosponges. Also, triplicate
(n=3) preparation of each formulation was done '%'3,
Evaluation of Posaconazole Nanosponges

Drug Content Determination

Nanosponges were prepared using the emulsion solvent
diffusion method with posaconazole loaded in them. They
were separately prepared in two phases, organic and
aqueous. In case of the organic phase, posaconazole (0.6 g)
in 20 ml dichloromethane and the added ethyl cellulose
(according to experimental design) was stirred continuously
using a magnetic stirrer (Remi Equipment, Mumbai India)
at 500 rpm for 30 mins. The aqueous phase was made by
dissolving 100 ml of distilled water over 15 min, at room
temperature (25 + 2°C and 500 rpm) using polyvinyl
alcohol (as per experimental design) with continuous
stirring. The aqueous phase was then slowly added to the
organic phase dropwise using a syringe equipped with a
22G needle and a continuous stirring of 1000 rpm by high
speed homogenizer (Remi Equipment, Mumbai, India). 2
hours of stirring was applied to the resulting emulsion to
ensure diffusion of the organic solvent into the aqueous
phase.

Polyvinyl alcohol was then removed from the formed
nanosponges by filtration through Whatman filter paper No.
1 and then washing with four portions of distilled water. The
product was dried at room temperature (25 + 2°C) for 24
hours and is further vacuum dried (Vacuum Oven, Bio-
Techno Lab, Mumbai, India) at 40°C for 4 hours. They were

.
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stored in airtight containers for further evaluation, and the
dried nanosponges. Also, triplicate (n=3) preparation of
each formulation was done '*.
% Drug Content

= (Actual drug content

/ Theoretical drug content) X 100
Particle Size Analysis
Nanosponges prepared were particle size analyzed using
dynamic light scattering, under the particle size analyzer
(Malvern Zetasizer Nano ZS, Malvern Instruments,
Malvern, UK). To this end, 3 to 5 mg of nanosponges were
dispersed in 10 ml of double distilled water and sonicated
for 30 minutes to allow proper dispersion of the sample. At
25°C, with 1.330 refractive index at a fixed angle of 90°,
the analysis was performed. The results were expressed as
mean particle size (nm) =+ standard deviation of
measurements performed in triplicate (n=3) on each
sample. We also recorded the polydispersity index (PDI)
with a PDI less than 0.3 indicating a ‘monodisperse’ system
due to the homogenous particle size '°.
In-vitro Dissolution Study
The dissolution study was performed using USP Type II
(paddle) device with a dissolution apparatus apparatus
(Electrolab TDT-08 L, Electrolab India Pvt. Ltd., Mumbai,
India). Equivalent to 0.6g of posaconazole, nanosponge
formulations were placed in dissolution vessels ( containing
900 ml phosphate buffer pH 7.4 at 37 + 0.5°C, and 50 rpm
paddle rotation speed). A predetermined aliquot volume of
5 ml was withdrawn at selected time intervals (15, 30, 45,
60, 90, 120, 180, 240, 360, 480, 600, and 720 mt) and

det HV
ETD  5.00 kv
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Table 3:  Physicochemical = Characteristics  of
Posaconazole Nanosponge Formulations

F. Drug Content  Particle Size PDI

Code (%) (nm)

PF1 89.56 £1.24 186.3+4.82 0.295+0.018
PF2 91.23+1.36 1452 +3.94 0.420+0.025
PF3 88.56 £ 1.52 156.8+5.17 0.385+0.021
PF4 90.26 + 1.18 316.3+7.63 0.362+0.023
PF5 91.89£0.98 2403 +£6.22 0.372+0.019
PF6 94.14 + 1.46 233.6+541 0.322+0.016
PF7 97.58 +0.82 1423+3.76 0.216+0.012
PF8 86.31+1.74 2053 +£6.89 0.424+0.024
PF9 81.00 £2.05 278.6+7.21 0.463+0.031

Each value represents mean + standard deviation (n=3)

replaced with an equal volume of fresh dissolution medium
to maintain sink conditions. The samples were filtered with
0.45 pm membrane filter and absorbance was recorded at
210 nm through UV visible spectrophotometer (Jasco UV-
630 Jasco India Pvt. Ltd., Mumbeai, India). The drug release
was calibrated using the calibration curve and the
cumulative percentage drug release was calculated. The
experiment was done in triplicata (n=3) and results
presented as mean + standard deviation. Different kinetic
models (zero order, first order, Higuchi and Korsmeyer
Peppas) were used to analyze the dissolution profiles to try
and find the mechanism of drug release %!

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was performed to identify potential
drug-polymer interactions using an FTIR
spectrophotometer (Jasco FTIR-4600, Jasco India Pvt. Ltd.,
Mumbai, India). Samples of pure posaconazole and the
optimized nanosponge formulation were individually
mixed with potassium bromide in a 1:100 ratio and
compressed into transparent pellets using a hydraulic press
at 10 tons pressure for 5 minutes. The FTIR spectra were
recorded in the wavenumber range of 4000-400 cm™ with a
resolution of 4 cm™ and 32 scans per sample. The
characteristic peaks of the drug and formulation were
identified and compared to assess any chemical interactions
or compatibility issues. The experiment was performed in
triplicate (n=3) to ensure reproducibility '3,

Powder X-ray Diffraction (PXRD)

The samples were evaluated with respect to whether they
possess a crystalline or an amorphous nature by PXRD
analysis using an X-ray diffractometer (Bruker D8
Advance, Bruker AXS GmbH, Karlsruhe, Germany) using
a Cu-Koa radiation source. The sample holder was placed
with the samples (pure posaconazole and optimized
nanosponge formulation) and scanned at a 2 6 range 10-90°
with a step size of 0.02° at rate of 2°/min. It was analysed
at 40 kV voltage, 30 mA current. Characteristic peaks were
determined in the diffractograms for analysis of the physical
state of the drug in the formulation '*%°,
Field Emission Scanning Electron
(FESEM)

Surface morphology and particle size of pure drug as well
as the optimized nanosponge formulation were investigated
using the field emission scanning electron microscope
(JEOL, JSM-7600F, JEOL Ltd., Tokyo, Japan) operated at

Microscopy

the accelerating voltage of 15 kV. Double sided adhesive
carbon tape was used to mount samples on aluminum stubs
and a thin layer of gold was sputter coated on top (20 nm
thickness) under the vacuum condition (0.1 Torr) for 100 s
at the current 10 mA. In order to observe surface
characteristics and shape of the particles, the samples were
observed at various magnification (1000%, 5000x, 10000x%,
and 30000x). Imaging was made in multiple fields and the
micrographs which were the most representative of the
imaging were captured and then analyzed with image
software (Zen 2 image software (Zen 2, Carl Zeiss,
Germany), or Image] (Image J, National Institutes of
Health, USA)). The experiment was run in triplicate (n = 3)
to be reproducible 2!.

Statistical Analysis

All experiments were performed in triplicate (n=3), and the
results were expressed as mean * standard deviation.
Statistical analysis was performed using one-way analysis
of variance (ANOVA) followed by Tukey's post hoc test
using GraphPad Prism software (Version 8.0, GraphPad
Software Inc., San Diego, CA, USA). A p-value less than
0.05 was considered statistically significant. For the
experimental design, statistical analysis was performed
using Design Expert® software (Version 13.0, Stat-Ease
Inc., Minneapolis, MN, USA) 2223,

RESULTS

Calibration Curve of Posaconazole

As shown in figure 2, posaconazole is well calibrated in the
studied concentration range thus the calibration curve
shows excellent linearity. Strong positive correlation of
complex concentration and absorbance is evident from the
regression equation y = 0.0706x - 0.011 with R? = 0.9974
well exceeds required limit of 0.99. This close to perfect
linearity supports the accuracy of the analytical method for
quantification of posaconazole in subsequent formulation
studies. The sensitivity slope value (0.0706) and the
minimal y interce (—0.011) indicate a good sensitivity of the
method, and a minimal systematic error, validating the
method's suitability to determine drug content precisely in
nanosponge formulations.

FTIR Analysis

The FTIR spectrum in Figure 3 displays the characteristic
fingerprint of pure posaconazole, confirming its chemical
identity. The spectrum exhibits distinctive absorption bands
at 3340.82 cm™ (representing O-H stretching vibrations),
1589.40 cm™ (C=N stretching), 1225.77 cm™ (C-O
stretching), 1134.18 cm™ (C-F stretching), and 833.28 cm™
(aromatic C-H bending). These peaks represent the key
functional groups of the posaconazole molecule, including
the triazole ring, hydroxyl group, and fluorinated aromatic
moiety. The sharp, well-defined peaks indicate the high
purity and crystalline nature of the drug substance, which
aligns with the XRD findings presented in Figure 4.

X-ray Diffraction (XRD) Diffractogram

Figures 4 shows significant differences between pure
posaconazole and the optimized nanosponge formulation
(PF7); large scale X-ray diffraction patterns. Pure
posaconazole diffractogram (A) shows multiple sharp
intense and high intensity peaks between 20 values of 10-
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Figure 6: Effect of formulation variables on critical quality attributes of posaconazole-loaded nanosponges. (A) 2D
Contour plot and (B) Response surface plot illustrating the influence of ethyl cellulose concentration and polyvinyl
alcohol percentage on drug content (%); (C) 2D Contour plot and (D) Response surface plot demonstrating the effect of
formulation variables on particle size (nm); (E) 2D Contour plot and (F) Response surface plot showing the impact of

formulation variables on drug release (%).

30° mainly due to its highly crystalline structure. On the
contrary, the formulation B has narrow and narrow peaks
and reduced peak intensities, which are consistent with
amorphization of the drug in the nanosponge matrix. The
enhanced dissolution performance observed in release

studies is most likely a result of complete molecular
dispersion and encapsulation of posaconazole within the
polymeric nanosponge structure indicated by this reduction
in crystallinity.

Field Emission Scanning Electron Microscopy
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The Field Emission Scanning Electron Microscopy
(FESEM) images in Figure 5 provide valuable visualization
of the posaconazole nanosponge morphology at different
magnifications. The left image (3um magnification) reveals
irregular, crystalline structures with sharp edges and
fractured surfaces typical of the pure drug substance,
showing  heterogeneous particle  distribution and
agglomeration. In contrast, the right image (100um
magnification) demonstrates the successful formulation of
spherical nanosponges with relatively smooth surfaces and
occasional porous structures. The nanosponges exhibit
uniform spherical morphology with diameters consistent
with the particle size measurements reported in Table 3.
Evaluations of Posaconazole loaded
Table 3 shows important variations of physicochemical
evaluation data of formulations. This shows a clear trend for
the formulations with higher PVA concentrations
(particularly PF6 and PF7) having better drug content of
94.14 to 97.58% while on the other hand the formulations
with lower PVA levels (PF8 and PF9) are having lower drug
loading in such ranges of 81.00 to 86.31%. Particle sizes are
very different (142.3 to 316.3 nm), with smaller sizes
normally being observed in higher PVA concentration
containing formulations. PDI values vary from 0.216 to
0.463 indicating different degree of size distribution
uniformity. These trends demonstrate an important effect on
physicochemical  properties due to  formulation
composition, with PVA concentration being a key factor
determining nanosponge characteristics.
Optimization Formulation
Effect of Variables on Drug Content (Y1)
The drug content of posaconazole nanosponge formulations
was statistically analyzed wusing Response Surface
Methodology. As shown in Table 4, a linear model was
suggested for drug content prediction with a standard
deviation of 3.25 and coefficient of variation (C.V.%) of
3.61, indicating good precision of the experimental data.
The linear model demonstrated moderate fit with an R?
value of 0.6406, adjusted R? of 0.5209, and predicted R? of
0.1421. The adequate precision ratio of 5.3010 (greater than
4) indicated adequate signal to navigate the design space.
ANOVA results presented in Table 5 confirmed the
significance of the linear model (F-value = 5.35, p-value =
0.0464), suggesting only a 4.64% chance that this large F-
value could occur due to noise.
The linear polynomial equation for drug content in terms of
coded factors was established as:

Y1 =+90.06 + 1.33A +3.52B 2)
Analysis of the polynomial equation revealed that polyvinyl
alcohol concentration (B) had a more profound effect on
drug content than ethyl cellulose concentration (A), as
evidenced by the higher positive coefficient (3.52 vs. 1.33).
This observation was further corroborated by the ANOVA
results (Table 5), where factor B was identified as
statistically significant (F-value = 9.37, p-value = 0.0222),
while factor A was non-significant (F-value = 1.33, p-value
=0.2927). The contour and response surface plots (Figures
6A and 6B) demonstrated that drug content increased with
increasing PVA concentration across all ethyl cellulose
concentrations. The highest drug content (97.58%) was

observed at the highest level of PVA (1%) combined with
high ethyl cellulose concentration (750 mg), as represented
by the dark red region in the upper right corner of the
contour plot.

Effect of Variables on Particle Size (Y2)

The particle size of posaconazole nanosponge formulations
was best described by a quadratic model as indicated in
Table 4. The model demonstrated excellent fit with an R?
value of 0.9568, adjusted R? of 0.8847, and adequate
precision of 10.7447, indicating a strong signal-to-noise
ratio. The standard deviation of 24.11 and C.V.% of 11.06
indicated acceptable precision for the particle size
measurements. ANOVA results in Table 5 confirmed the
significance of the quadratic model (F-value = 13.28, p-
value = 0.0293), indicating only a 2.93% chance that this F-
value could occur due to noise.

The quadratic polynomial equation for particle size in terms
of coded factors was established as:

Y2 =+240.30 + 19.33A - 45.97B - 31.37AB - 42.32A°
+17.28B2 )

Analysis of the polynomial equation revealed that PVA
concentration (B) had the most significant negative effect
on particle size (-45.97), indicating that increasing PVA
concentration substantially decreased particle size. This
was statistically supported by the ANOVA results (Table 5),
where factor B showed the highest significance (F-value =
29.07, p-value = 0.0125). The quadratic term A? (-42.32)
also had a considerable negative effect, suggesting a non-
linear relationship between ethyl cellulose concentration
and particle size. The interaction term AB (-31.37)
indicated a synergistic effect between the two factors in
reducing particle size. The contour and response surface
plots (Figures 6C and 6D) clearly illustrated these
relationships, showing a curved response surface with
minimum particle size (142.3 nm) at high PVA
concentration (1%) and high ethyl cellulose concentration
(750 mg). The surface plot demonstrated a saddle-point
behavior, confirming the complexity of the relationship
between formulation variables and particle size.
Effect of Variables on Drug Release at 30 min (Y3)
The drug release at 30 minutes was analyzed using a linear
model as suggested by the fit summary statistics in Table 4.
The model demonstrated moderate fit with an R? value of
0.6324, adjusted R? of 0.5098, and predicted R? of 0.1083.
The standard deviation of 3.63 and C.V.% of 4.08 indicated
acceptable precision for the dissolution data. The adequate
precision ratio of 5.2986 confirmed adequate signal for
navigating the design space. ANOVA results in Table 5
verified the significance of the linear model (F-value =5.16,
p-value = 0.0497), suggesting a marginally significant
model with only a 4.97% chance that this F-value could
occur due to noise.
The linear polynomial equation for drug release at 30
minutes in terms of coded factors was established as:

Y3 =+489.08 + 1.26A +3.93B 2)
Analysis of the polynomial equation demonstrated that PVA
concentration (B) had a substantially greater positive effect
on drug release (coefficient = 3.93) compared to ethyl
cellulose concentration (A) (coefficient = 1.26). This
observation was confirmed by the ANOVA results in Table
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Table 4: Fit Summary Statistics for Response Variables of Posaconazole Nanosponge Formulations

Response Parameter Suggested  Std. R? Adjusted  Predicted  Adeq. C.V. Mean
Model Dev. R? R? Precision %

Drug Content (%) Linear 3.25 0.6406 0.5209 0.1421 5.3010 3.61 90.06
Particle Size (nm) Quadratic 24.11  0.9568 0.8847 NA 10.7447 11.06 218.04
Drug Release at 30 min (%)  Linear 3.63 0.6324 0.5098 0.1083 5.2986 4.08 89.08
Table 5: ANOVA for Response Variables of Posaconazole Nanosponge Formulations
Source Sum of Squares df Mean Square F-value  p-value  Significance
Drug Content (%)
Model 113.14 2 56.57 5.35 0.0464 significant
A-Ethyl Cellulose 14.07 1 14.07 1.33 0.2927 not significant
B-PVA 99.07 1 99.07 9.37 0.0222 significant
Particle Size (nm)
Model 38596.07 5 7719.21 13.28 0.0293 significant
A-Ethyl Cellulose 2988.58 1 2988.58 5.14 0.1082  not significant
B-PVA 16904.06 1 16904.06 29.07 0.0125 significant
AB 3937.56 1 3937.56 6.77 0.0802  not significant
A? 5209.82 1 5209.82 8.96 0.0580  not significant
B2 868.78 1 868.78 1.49 0.3088 not significant
Drug Release at 30 min (%)
Model 136.06 68.03 5.16 0.0497 significant
A-Ethyl Cellulose 12.69 1 12.69 0.9630 0.3643 not significant
B-PVA 123.36 1 123.36 9.36 0.0222 significant

5, where factor B was identified as statistically significant Table 6: Criteria for Numerical Optimization of

(F-value = 9.36, p-value = 0.0222), while factor A was non-
significant (F-value = 0.9630, p-value = 0.3643). The
contour and response surface plots (Figures 6E and 6F)
further illustrated this relationship, showing a progressive
increase in drug release with increasing PVA concentration
across all ethyl cellulose concentrations. The highest drug
release at 30 minutes was observed in formulations with
high PVA concentrations (1%), with the maximum value
(23.65%) achieved in formulation PF7 which contained 750
mg ethyl cellulose and 1% PVA.

Validation of Statistical Model

The validation results demonstrate excellent predictive
capability of the statistical models developed for
posaconazole nanosponge optimization. All three critical
quality attributes show remarkable agreement between
predicted and experimental values, with minimal prediction
errors (<3%) and bias values. The drug content prediction
was exceptionally accurate (0.81% error), while particle
size and drug release predictions also showed strong
correlation with experimental outcomes. These validation
metrics confirm the robustness of the experimental design
and the reliability of the polynomial equations generated
through response surface methodology, providing
confidence in the optimization approach used for
formulation development.

In-vitro Dissolution Study Results

The in-vitro dissolution profiles of the nine posaconazole
nanosponge formulations reveal distinct release patterns
influenced by their composition. Formulation PF7
demonstrates superior drug release performance, achieving
the highest cumulative release (96.53%) at 720 minutes,
followed closely by PF6 (94.56%) and PF2 (92.36%). All
formulations exhibit a biphasic release pattern with an
initial moderate release phase followed by sustained release
over 12 hours. Notably, formulations with higher PVA

Posaconazole Nanosponge Formulation

Response Predicted Experimental Prediction Bias
Value Value* Error (%) (%)
Drug Content 96.79 97.58+0.82 0.81 0.83
(%)
Particle Size  145.68 14230+ 2.38 -
(nm) 3.76 1.64
Drug Release 97.82 99.35+3.21 1.54 1.57
(%)

concentration (PF2, PF6, PF7) consistently show enhanced
drug release rates throughout the study period, while those
with lower PVA content (PF8, PF9) display significantly
reduced release profiles (82.36% and 80.86% at 720
minutes, respectively). These results confirm that the
optimized formulation PF7 provides an ideal combination
of initial release and sustained drug delivery, essential for
maintaining therapeutic efficacy over an extended period.
Release Kinetics Analysis

The posaconazole nanosponge formulation (PF7)
optimization release kinetics analysis is shown to have
multiple release mechanisms. Both models correlate highly
to The release behavior: Korsmeyer-Peppas model (R? =
0.9874) and Higuchi model (R? = 0.9758) outcomes. It
indicates that drug release takes place predominantly by
both a diffusion and polymer chain relaxation mechanisms.
The value of the intermediate n (0.563) in the Korsmeyer-
Peppas equation in turn proves that the transport is non
Fickian (anomalous) i.e., occurring as a result of diffusion
and polymer relaxation. The very high R? values (Hixson-
Crowell 0.9512 and First Order 0.9325) are consistent with
a complex release mechanism assuming surface area
change and concentration dependent processes, which will
benefit to the sustained therapeutic effect.
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Table 7: Cumulative Drug Release (%) of Posaconazole Nanosponge Formulations (PF1-PF9)

Time PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9

(min)

15 9.56+£0.12 11.23+0.02 7.56+0.35 8.63+£0.54 11.23+0.65 13.56+0.02 14.56+0.02 7.88+0.23 6.89+0.01
30 15.26+0.01 25.36+0.24 14.56+0.03 16.53+0.02 21.33+0.01 22.36+0.03 23.65+0.01 12.56+0.13 10.46+0.05
45  24.5310.23 32.56+0.05 21.56+0.05 23.65+0.01 32.46+0.02 34.55+0.51 36.79+0.05 19.93+0.36 18.94+0.03
60  36.59+0.02 43.65+0.01 34.56+0.03 33.48+0.12 43.58+0.12 40.13+0.12 42.55+0.32 24.57+0.54 21.45+0.37
90  41.26+0.13 53.48+0.03 40.16+0.06 42.57+0.10 49.63+0.31 53.56+0.23 54.63+0.14 30.13+0.52 29.65+0.16
120 49.63+0.65 62.48+0.06 47.36+0.05 50.49+0.01 51.224+0.05 62.54+0.37 64.55+0.02 42.55+0.05 38.79+0.35
180 52.78+0.05 70.12+0.05 54.36+0.04 58.97+0.05 59.86+0.01 71.23+0.09 73.55+0.05 50.66+0.01 46.56+0.14
240  63.59+0.25 75.63+0.01 61.23+0.02 67.89+0.04 62.46+0.02 77.56+0.08 79.89+0.01 61.24+0.23 52.46+0.49
360 68.63+0.13 82.55+0.06 67.46+0.04 74.56+0.08 72.36+0.05 84.56+0.03 86.48+0.02 67.89+0.23 65.89+0.63
480  72.56+0.02 87.56+0.24 71.46+0.03 79.36+0.92 79.63+0.01 89.43+0.05 90.13+£0.06 72.38+0.15 71.59+0.55
600 82.46+0.01 90.15+0.34 77.36+0.02 80.16+0.74 84.63+0.03 91.56+0.01 93.56+0.05 79.64+0.22 78.12+0.01
720 87.96+0.03 92.36+0.37 87.324+0.01 89.45+0.01 90.36+0.05 94.56+0.03 96.53+0.04 82.36+0.45 80.86+0.02
Values represent mean =+ standard deviation (n=3)

DISCUSSION FESEM micrographs (Figure 5) also supported these

Our characterization studies for the development of
posaconazole loaded nanosponges have identified a series
of some of the most important findings of antifungal drug
delivery systems 2*. Our methodology was demonstrated to
be reliable as there was excellent linearity (R 2 = 0.9974)
for posaconazole quantification using the analytical
validation. As shown in Figure 3, FTIR spectral analysis
confirmed the preservations of key functional groups
indicating of posaconazole; 3340.82 cm™ (O-H stretching),
1589.40 cm™ (C=N stretching), and 1134.18 cm™ (C-F
stretching), and thus the structural integrity of posaconazole
throughout the formulation process 2. Figure 4 shows the
XRD diffractograms that showed a strong reduction in
crystallinity of the optimized formulation (PF7) from pure
posaconazole, indicating they are CS dispersed within the
polymeric matrix. Specifically, this transformation of
crystalline into predominantly amorphous state is
particularly important as it resembles what has been
reported previously by where they have found that
amorphization increases the dissolution rates and
bioavailability of triazole antifungals. Moreover, the
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observations, indicating that pure posaconazole showed the
irregular crystalline structures and after successful
formation of the three dimensional cross linked polymer
network, the drug encapsulating nanosponges were found
to retain the uniform spherical morphology with relatively
smooth surfaces and with some porous structures present.
Table 3 shows that physicochemical evaluation of
formulation PF7 had the optimal characteristics such as
highest drug content (97.58 = 0.82%), smallest particle size
(142.3 £ 3.76 nm) and lowest polydispersity index (0.216 =
0.012) %6,

Such finding is particularly noteworthy, and consistent with
previous research, particularly in regard to the key role of
polyvinyl alcohol (PVA) concentration in determining
nanosponge properties. This is consistent with existing
studies which have attributed PA's efficacy as a stabilizer on
the performance of drug entrapment efficiency in
nanoparticulate systems. Importantly, the observed inverse
relationship between the PVA concentration and particle
size is also important and smaller nanosponges correspond
to higher PVA levels. The reason for this trend may be

415 515 615 715 815

Time (min)
—e—PF1 ——PF2 ——PF3 ——PF4 —@—PF5 ——PF6 —@—PF7 —@—PF8 —e—PF9

Figure 7: Cumulative Drug Release (%) of Posaconazole Nanosponge (PF1-PF9)
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attributed to PVA's ability to debaunce interfacial tension
during formulation, thus assisting in preventing particle
aggregation and facilitating size reduction as documented
before ?7. Polydispersity index values (0.216 to 0.463)
indicate varying geometrical uniformity of size distribution
over the formulations, among which PF7 shows the most
uniform particle distribution. The importance of this
homogeneity to guarantee its pharmacokinetic behavior and
best therapeutic outcomes lies in the fact that heterogeneous
size distributions have been correlated with variable drug
release profiles and unpredictable biological performance
28, Taken together, these findings suggest that the optimized
formulation (PF7) represents a promising cargo for
overcoming the shortcomings of existing formulations,
including poor aqueous solubility but variable
bioavailability. Compared with currently available
posaconazole formulations, PF7 particle dimensions (142.3
nm) are of nanosized dimensions, which have been shown
to enhance penetration across biological barriers such as the
blood brain barrier, hence important for the treatment of
cerebral fungal infection where currently available
posaconazole formulations have shown limited efficacy.
The critical formulation parameters governing the
performance of posaconazole nanosponges were optimized
using Response Surface Methodology and the results
generated valuable insights into this matter. Moreover, the
statistical testing of drug content showed that ethyl
cellulose concentration had much less effect than did
polyvinyl alcohol concentration (1.33 vs. 3.52) on the
polynomial equation. This finding is in accordance with the
research reported by, which showed that PVA is a beneficial
stabilizer in polymeric nanoparticulate systems for
improving interactions of drugs and subsequently
increasing drug loading efficiency. As attested by the
splendid model fit (R*> = 0.9568), a quadratic relation was
observed between formulation variables and the particle
size which demonstrates that the formation of nanosponge
is mediated by complex interplay of factors. More
importantly, concentration of PVA was found to have the
greatest detrimental effect on particle size where increasing
concentrations of PVA resulted in reductions in particle
size. As reported previously by #°, the surface properties of
PVA lower interfacial tension at emulsification and hinder
particle aggregation during solvent evaporation; combined,
these as explained above, are responsible for this
phenomenon. The interaction term between ethyl cellulose
and PVA concentrations (-31.37) indicates synergistic effect
in the reduction of particle size and indicates that it is not
enough to focus on optimizing the concentrations of both
ethyl cellulose and PVA, but to do so in a combined way
toward achieving desired nanosponge dimensions. The
results of the predictions obtained by our statistical models
in Table 6 indicate their robustness (less than 3 % error in
prediction on all critical product quality attributes), which
suggests that our optimization approach has been verified
30

Dissolution study of PF7 in vitro showed distinct biphasic
release profile over all formulations (96.53 % cumulative
release at 720 minutes) as represented in Table 7 and Figure
7, indicating superior performance as compared to PF7.

Table 8: Release Kinetics Parameters for Optimized
Posaconazole Nanosponge Formulation (PF7)

Kinetic Model Equation R?

Zero Order Q=Qo + Kot 0.8642
First Order In(1-Q) = -kat 0.9325
Higuchi Q =knt"(1/2) 0.9758
Korsmeyer-Peppas Q =kt 0.9874

Hixson-Crowell (1-Q™1/3) = 1-kint 0.9512
Where Q is the fraction of drug released at time t, Qo is
the initial amount of drug, ko, ki, ku, k,, and ki are the
release rate constants for the respective models, and n is
the release exponent indicating the drug release
mechanism in the Korsmeyer-Peppas model.

This moderate initial burst and sustained drug release
profile is a particularly desirable biphasic delivery profile
for antifungal treatment, providing good attainment of
minimum inhibitory criteria early while maintaining
therapeutic concentrations for a prolonged period, the
period during which most fungal infections display a
prolonged subclinical stage 3!. The superior dissolution
performance of the PF2, PF6 and PF7 formulations
compared to the PF8 and PF9 formulations makes it
obvious that the use of this excipient is a critical factor that
affects the release kinetics of the drugs. The release kinetics
analysis of the optimum formulation (PF7) was found to
follow the Korsmeyer Peppas model R?=0.9874,n=0.563,
a non Fickian (anomalous) transport mechanism. This
finding implies that drug release from the nanosponges
occurs via a complicated cooperative diffusion and polymer
relaxational process rather than simple Fickian diffusion as
observed from conventional matrix systems 32. This
enhances the significant correlation to Higuchi model (R* =
0.9758) supporting the diffusion controlled release kinetics;
the reasonable fit to Hixson-Crowell model (R? = 0.9512)
suggests that changes in the surface area and diameter of the
particles also participate in release mechanism. This
multifaceted release behavior represents a huge
advancement over previously described posaconazole
formulations that exhibit immediate or delayed release
profiles but no sustained drug delivery 3. Our optimized
nanosponge formulation possesses controlled release
properties, has an improved drug loading capacity and
favorable particle size characteristics, and thus has the
potential to improve the therapeutic efficacy of
posaconazole in various fungal infections, wherein
sustained antifungal activity inside tissues with poor drug
penetration is necessary.

CONCLUSION

This study successfully developed and optimized
posaconazole-loaded nanosponges using Response Surface
Methodology, achieving a significant advancement in
antifungal drug delivery. The optimized formulation (PF7)
demonstrated  superior  physicochemical  properties,
including high drug content (97.58%), optimal particle size
(142.3 nm), and sustained drug release (96.53% over 12
hours) following non-Fickian transport mechanisms. The
critical influence of PVA concentration on formulation
performance was established, providing valuable insights
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for future nanosponge development. These posaconazole
nanosponges offer potential clinical benefits including
enhanced bioavailability, improved tissue penetration,
reduced dosing frequency, and potentially decreased side
effects compared to conventional formulations, addressing
major limitations in current antifungal therapy. The
promising results warrant further investigation through in
vivo pharmacokinetic studies, stability assessments, and
clinical trials to establish the therapeutic efficacy and safety
profile of this novel delivery system for treating invasive
fungal infections, particularly those affecting tissues with
limited drug penetration.
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