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Abstract

Background: Itraconazole (ITZ) is a potent antifungal drug limited by poor water solubility and systemic side effects when taken orally.
Topical administration offers a safer approach; however, efficient penetration through the stratum corneum remains a challenge.
Objective: To develop and optimize ITZ-loaded PLGA nanoparticles (NPs) by investigating the effects of polymer type (PLGA 50:50
and 75:25) and stabilizers (Tween-80 and PVA) on the NPs size, PDI, and zeta potential, and to evaluate in vitro drug release of free ITZ
and NPs. Methods: NPs were prepared by the nanoprecipitation method and were characterized using DLS for particle size, PDI, and
zeta potential; FTIR spectroscopy for confirmation of drug encapsulation; FESEM and TEM for morphological assessment; and in vitro
drug release studies. Results: All NP formulations were in the nano-size range. The optimal formulation, containing PLGA 75:25 and
1% Tween-80, had the smallest particle size and lowest PDI, with an encapsulation efficiency of 54.74%, a drug loading capacity of
8.46%, and a yield of 58.77%. FTIR spectroscopy confirmed successful incorporation of ITZ into the PLGA matrix, whereas FESEM
and TEM revealed smooth, spherical NPs with uniform distribution and no aggregation. In vitro drug release studies of the NPs
demonstrated a biphasic profile: an initial burst followed by a controlled release, as opposed to the rapid release of free ITZ. Conclusions:
The NPs were successfully prepared. The optimized ITZ-loaded PLGA nanoparticles showed favorable physicochemical characteristics,
efficient encapsulation, and controlled drug release, highlighting potential as a topical delivery system for antifungal therapy.
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INTRODUCTION clinical performance [3]. Moreover, systemic

administration of itraconazole has been associated with
Itraconazole is a broad-spectrum antifungal agent adverse effects such as  hepatotoxicity and
extensively used for the treatment of superficial and gastrointestinal ~ disturbances [4].  Consequently,
systemic fungal infections, including dermatophytosis alternative strategies, particularly topical skin delivery
and candidiasis [1,2]. Despite its therapeutic efficacy, systems, have gained interest for enhancing localized
itraconazole is characterized by poor aqueous solubility drug concentrations at the site of infection while
and incomplete oral bioavailability, which can limit its minimizing systemic exposure. Topical drug delivery
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offers several advantages, including site-specific
targeting, improved patient compliance, and reduction of
systemic side effects [S5]. However, effective topical
delivery of itraconazole remains challenging due to the
highly effective barrier function of the stratum corneum,
the outermost layer of the skin [6,7]. Additionally,
itraconazole doesn't dissolve well in either water or fat,
which makes it harder for it to get through the skin layers.
To make itraconazole work well when applied topically,
scientists need to come up with new delivery systems that
have features like smaller particles that can get deeper
into the skin, keeping the drug from breaking down, and
being able to provide sustained drug release.
Nanoparticulate drug delivery systems have emerged as
promising approaches to overcome the limitations
associated with conventional topical formulations.
Nanoparticles (NPs) have many benefits, such as making
drugs more soluble, protecting them from breaking
down, releasing them slowly and steadily, and making it
easier for them to pass through the stratum corneum [8—
10]. There are many types of nanoparticle systems, but
poly(lactic-co-glycolic acid) (PLGA) nanoparticles have
gotten a lot of attention because they are biocompatible
and biodegradable, and the FDA has approved them for
use in pharmaceutical products. When PLGA
nanoparticles are used to hold hydrophobic drugs like
itraconazole, they can provide a controlled release profile
that could improve the effectiveness of topical antifungal
therapy [11-14]. In the development of nanoparticulate
systems for topical delivery, it is critical to optimize key
formulation parameters that govern stability, skin
interaction, and drug release behavior. Particle size and
polydispersity index (PDI) influence the uniformity and
penetration ability of nanoparticles, while zeta potential
affects colloidal stability [15]. Moreover, understanding
the drug release profile and releasing kinetics from
nanoparticles is fundamental to predicting in vivo
performance. So, systematic optimization and
physicochemical characterization of itraconazole-loaded
PLGA nanoparticles are important first steps toward
making a system that can effectively deliver itraconazole
to the skin. Although nanoparticle-based strategies have
been explored for itraconazole delivery, previous studies
have been limited to the use of PLGA 50:50 as the
polymeric carrier, with minimal investigation into the
effects of varying polymer and stabilizer types [16,17].
In contrast, the present study systematically evaluates
itraconazole-loaded PLGA nanoparticles prepared with
both PLGA 50:50 and PLGA 75:25, providing a
comparative assessment of their physicochemical
properties. Furthermore, while polyvinyl alcohol (PVA)
has been commonly used as a stabilizer in earlier
formulations, the incorporation of Tween 80 at varying
concentrations (1% and 2%) represents a novel approach
to modulating nanoparticle characteristics. Not only does
this study find the best mixture of PLGA 75:25 and
Tween 80, but it also gives a full description of the
particle size, surface shape, ability to encapsulate, and
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drug release behavior in vitro. To the best of our
knowledge, this is the first systematic investigation to
explore the combined effects of polymer and stabilizer
types on the properties of itraconazole-loaded PLGA
nanoparticles, offering new insights for the design of
topical antifungal delivery systems. The present study
aims to formulate and optimize itraconazole-loaded
PLGA nanoparticles and to characterize their
physicochemical properties, including particle size, PDI,
and zeta potential. The optimized nanoparticles' ability to
encapsulate drugs, in vitro drug release behavior, and
their release kinetics were also studied. The effects of
polymer type (PLGA 50:50 versus PLGA 75:25) and
stabilizer type and concentration (PVA and Tween 80) on
the formulation characteristics are systematically
investigated to identify an optimized nanoparticle system
for potential topical skin delivery. The findings of this
study will pave the way for future research on the use of
these nanoparticles in topical antifungal therapy.

METHODS
Materials

PLGA 50:50, PLGA 75:25, and itraconazole were
purchased from Kemprotec Limited (UK). Tween 80
(Sigma-Aldrich, UK); PVA (BIOCHEM Chemopharma,
France); acetone (Carlo Erba Reagents, Italy); ethanol
(Merck, Germany); cellulose dialysis membrane
(MWCO 14 kDa, Membra-Cell, USA); acetonitrile
(Merck, Germany); and dimethyl sulfoxide (DMSO,
BIOCHEM Chemopharma, France) were also used.

Preparation of ITZ-loaded nanoparticles

PLGA nanoparticles, both ITZ-loaded and blank
(without ITZ), were prepared using the nanoprecipitation
method. This technique consists of two basic steps: the
first step is the preparation of the organic and aqueous
phases, and the second step is the controlled addition of
the organic phase into the aqueous phase that allows
nanoparticle production. The identical process was
performed for blank nanoparticles, except that ITZ was
eliminated from the formulation. To appropriately wet
and swell the polymer, 100 mg of PLGA was precisely
measured and dissolved in 10 mL of acetone while being
stirred at 600 rpm for 15 minutes. After that, the solution
was stirred for a further 15 minutes while 10 mg of ITZ
was added. The identical process was used for the blank
nanoparticles, with the exception that the formulations
did not contain ITZ. A stabilizer (Tween 80 or PVA) was
added to 20 mL of 10 mM citrate buffer (pH 5) and stirred
for 15 minutes prior to the addition of the organic phase.
Two different stabilizer concentrations were employed,
including Tween 80 at 1% and 2% and PVA at 0.3% and
1%, depending on the formulation's requirements.
Following the preparation of both phases, an infusion
pump was used to add the organic phase dropwise into
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the aqueous phase at a predetermined rate of 0.5 mL/min.
To aid in the fabrication of nanoparticles, the mixture was
stirred for 4 hours at 300 rpm. Then the resultant
nanoparticles were kept at 2 to 8 °C until further analysis.

Formulation development and optimization

Several preliminary formulations were prepared by
varying the drug-to-polymer ratio, different stabilizer
concentrations (Tween 80 and PVA), and the organic-to-
aqueous phase ratio. These formulations were evaluated
visually to assess general appearance and physical
stability, including clarity, homogeneity, and phase
separation. The results were then used to determine
optimal formulation parameters for the preparation of
samples intended for further studies. Following the
determination of the optimal formulation parameters,
several main formulations were prepared, and among
them the optimal formulation was selected based on the
smallest particle size and PDI. The optimal formulation
was then used for further characterization studies,
including encapsulation efficiency, drug loading, yield,
Fourier transform infrared spectroscopy (FTIR), field
emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM), and in vitro
drug release behavior.

Characterization of PLGA-NPs

To find out the nanoparticles' diameter and zeta potential,
a Zetasizer Nano ZS (Malvern Instruments Ltd., UK) was
used in a dynamic light scattering (DLS) study. The
nanoparticles were diluted in distilled water at a 1:100
ratio, which was used as the dispersion medium. Particle
size measurements were performed at a constant
scattering angle of 90° and a controlled temperature of
25°C. Each sample was analyzed in triplicate. Zeta
potential measurements were conducted utilizing a
disposable  cell  packed  with  carbon-coated
electrodes. The electrophoretic mobility data were
transformed into zeta potential using the Smoluchowski
model (Fka= 1.5). The shape and surface texture of the
nanoparticles were studied using a TESCAN MIRA3
FESEM (Brno, Czech Republic). One drop of the
nanoparticle suspension was placed on an aluminum stub
(TAAB Laboratories Equipment, Aldermaston, UK)
utilizing a double-sided sticky tab (TAAB Laboratories
Equipment) and, following drying, was vacuum-coated
with gold—palladium in an argon atmosphere for 60
seconds. Imaging was conducted at an accelerating
voltage of 15 kV. Particle size was measured from
FESEM images using Image] 1.54¢g software, and the
particle size distribution graphs were generated using
OriginPro software (version 2018 SRI1, b9.51.195,
OriginLab Corporation, Northampton, MA, USA). TEM
(Carl Zess EM10C, Germany) was used to examine the
morphology of the ITZ-loaded PLGA NPs at a 100 kV
accelerating voltage. One drop of NP suspensions was
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applied on a copper grid coated with carbon and allowed
to dry at room temperature for one minute. The sample
was then stained with uranyl acetate solution and left to
air dry. Then, TEM imaging was conducted. Particle size
was measured from the TEM images using Imagel
software (version 1.54g). For yield, encapsulation
efficiency, and drug loading, first, the nanoparticles were
precipitated and separated from free ITZ, and samples of
the optimized formulation were centrifuged. A Maanlab
HC 02R centrifuge (Sweden) was used to conduct
centrifugation for 40 minutes at 2 °C and 15,000 rpm.
The resultant precipitates were freeze-dried using a
Biobase BK-FD10P lyophilizer (China) for 48 hours at -
20 °C.

The yield of the NPs was calculated using equation 1
[18].

Mass of the nanoparticles recovered x100 ( )

Yield % =

Mass of polymeric material and drug in the formulation

A weighed quantity of lyophilized NPs was dissolved in
ACN, vortexed for 5 min, and then stirred for 1 hr to
ensure a full and complete dissolution. Then a UV/visible
spectrophotometer (PharmaSpec, UV-1700, Japan) was
used to detect the ITZ absorbance at a wavelength (Amax)
0of 265 nm. An ITZ calibration curve in ACN solution was
used to calculate the concentration of ITZ over the
concentration range of 100 to 0.78 pg/mL. The EE% and
DL% were calculated using equations 2 and 3 [16].

Amount of ITZ loaded in NPs(mmg)
Total amount of ITZ used (mg)

EE%=

x 100 (2)

Amount of ITZ loaded in NPs(mg)

Total amount of formulation (mg)

DL%=

x 100 (3)

FTIR spectroscopy was conducted using a Shimadzu
FTIR-8400S spectrometer (Shimadzu Corporation,
Japan). The analysis was performed on the pure ITZ,
polymers, and the lyophilized nanoparticles. The
materials were mixed with potassium bromide (KBr)
pellets using a mortar and pestle. The FTIR spectra were
collected over the wavenumber range of 4000-400 cm™,
3 scans with a resolution of 2 cm™.

In vitro drug release

The dialysis membrane method was used to study the
drug release of ITZ and ITZ-loaded PLGA nanoparticles
in a lab setting. Thirty grams of freeze-dried
nanoparticles were mixed with two milliliters of a 1:1
mixture of DMSO and 0.005 M phosphate-buffered
saline (PBS, pH 5) with 1% v/v Tween 80. This was the
same as adding 1.25 mg/mL of ITZ. It was put into a
cellulose dialysis membrane (MWCO 14 kDa, Membra-
Cell, USA) that had been soaked in water overnight and
washed several times with the release medium before it
was used. The dialysis membrane was firmly tied at both
ends using a clamp, and its center part was immersed in
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40 mL of the release medium (1:1 DMSO and 0.05 M
PBS, pH 5, with 1% Tween 80) kept at 32 + 1°C under
constant stirring at 100 rpm. At predetermined
time intervals, 5 mL of the external dialysis medium was
removed and quickly replaced with an equal amount of
fresh release medium to keep sink conditions. An ITZ
solution at 1.25 mg/mL in a liquid mixture of water and
DMSO (1:3 v/v) was used as a reference [19]. The
concentration of ITZ in the collected samples was
measured using UV-visible spectrophotometry at a
maximum wavelength (Amax) of 262 nm, based on a
calibration curve constructed using a 3:1 ethanol:water
mixture over the concentration range of 100 pg/mL to
0.78 pg/mL. The experiment was performed in triplicate.

Drug release kinetics

The in vitro release kinetics of PLGA NPs were analyzed
using the DDSolver software program [20, 21]. The
DDSolver program uses a built-in library of 40
dissolution models to examine release data through
nonlinear optimization methods. Model performance and
goodness of fit were measured based on the coefficient
of determination (R?), Akaike Information Criterion
(AIC), and Model Selection Criterion (MSC). Due to its
high R? value, low AIC, and high MSC score, the model
that best describes how ITZ-loaded PLGA nanoparticles
are released was chosen. In addition, the DDSolver
software was used to determine the similarity factor (f2),
which was used to analyze the difference between ITZ
released from PLGA NPs and free ITZ. An f> value
greater than 50 usually shows no significant difference
between the two release profiles (p > 0.05), whereas an fa
value less than 50 indicates a statistically significant
difference (p < 0.05) [20, 22].

Stability study

Physical stability of the optimized ITZ-loaded PLGA
nanoparticles was evaluated by assessing both the visual
appearance of the nanoparticle formulation for the
freshly prepared nanoparticles and those stored in the
fridge at 4°C for a month to detect any changes in
physical appearance, such as color change or
precipitation. In addition, the size and PDI of the
optimized formulation were measured using DLS
(Malvern Instruments, UK) for both the fresh and stored
formulations to assess any potential changes in size
distribution over time.

Ethics considerations

This study was performed according to the standard
procedures and institutional guidelines, and the study
protocol was reviewed and approved by the Ethics and
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Research Registration Committee at the College of
Pharmacy, University of Sulaimani (approval number
PH144-24).

Statistical analysis

All tests were done in triplicate, and the results are
reported as mean =+ standard deviation, which were
calculated using Microsoft Excel software 2021 (version
2503). Statistical analysis was carried out with the
independent t-test by utilizing IBM SPSS Statistics
(version 25) software together with the DDSolver
program. A p-value of < 0.05 was considered statistically
significant.

RESULTS
Drug-free nanoparticles and non-optimized and
optimized nanoparticles were prepared, and their

physical appearance as well as their size was evaluated.
Figure 1 shows the general appearance and comparative
size and PDI of the blank, non-optimized, and optimized
formulations. Based on physical appearance, drug-free
nanoparticles showed no precipitation. The non-
optimized NPs showed a relatively large volume of
precipitation, while the optimized NPs showed almost no
or minimum precipitation. The particle size of the blank
NPs was 132 nm, non-optimized ITZ-loaded PLGA NPs
was 104 nm, and optimized ITZ-loaded PLGA NPs was
135 nm. The optimal parameters for the main
formulations consisted of a drug-to-polymer ratio of
1:10, Tween 80 concentrations of 1% and 2%, PVA
concentrations of 0.3% and 1%, and an organic solvent-
to-aqueous phase ratio of 1:2.

g

Non-optmized ITZ- ~ Blank PLGA NPs
loaded PLGA NPs

Optimized ITZ-
loaded PLGA NPs

ODiameter (nm) BPDI

Figure 1: a) General appearance, and b) particle size and PDI of the
blank PLGA NPs, non-optimized ITZ-loaded PLGA NPs and
optimized ITZ-loaded PLGA NPs formulation.

To assess the influence of polymer type on nanoparticle
formulations, one set of formulations was created with
PLGA 50:50, while the other set employed PLGA 75:25.
The components of the main formulations are shown in
Table 1.
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Table 1: Composition of the Main ITZ-Loaded PLGA Nanoparticle Formulations

17 PLF}A PLF}A Tween-80 PVA Organic phase Aqueous phase
Formula i) 50:50 75:25 (%) (%) (mL) (mL)
(mg) (mg)
o 0.0 100 1 10 20
Fl 10 100 I 10 20
2 10 100 2 10 20
F3 10 100 0.3 10 20
F4 10 100 ! 10 20
Fs 10 100 1 10 20
Y6 10 100 2 10 20
7 10 100 0.3 10 20
F8 10 100 1 10 20

The DLS results (size, PDI, and zeta potential) for all
main formulations are presented in Table 2. All the
nanoparticle formulations were in the nano size range,
ranging from 135 £ 1.6 to 252 + 2.2 nm. The PDI value
of formulations was between 0.088 + 0.013 and 0.306 +
0.03, which indicates a good uniformity of the
formulations and was considered acceptable.
Considering zeta potential, most formulations revealed a
value around -10 mV.

Table 2: Physicochemical properties of the main ITZ-loaded PLGA
nanoparticles (n=3)

Z-average Zeta potential
Formula ) PDI (mV)
F1 156+2.9 0.108+0.016 -10£1.07
F2 163+4.6 0.163+0.02 -7+0.2
F3 170£1.9 0.128+0.01 -8.9+0.3
F4 252422 0.178+0.02 -18.8+0.7
F5 135+1.6 0.088+0.013 -11£1.1
F6 138+6.7 0.137+0.008 -7+0.6
F7 201+9.9 0.306+0.03 -17+4.3
F8 141+5.9 0.103+0.006 -16+2.0

Values are expressed as mean+SD.

The type of PLGA used in the formulation of the
nanoparticles had a statistically significant effect (p<
0.041) on the size of the NPs. Similarly, the type of
stabilizer (Tween 80 vs. PVA) significantly (p< 0.003)
influenced the size of the NPs. However, the difference
in NP size between the two concentrations of Tween 80
(1% vs. 2%) was not statistically significant (p> 0.544),
nor was the difference between the two concentrations of
PVA 0.3% vs. 1% (p> 0.678). No significant difference
in zeta potential value between different PLGA types (p>
0.415) and also two different PVA concentrations (0.3%
and 1%) (p> 0.057) was observed. However, different
stabilizer types (Tween 80 and PVA) and also different
Tween 80 concentrations (1% and 2%) had significantly
affected zeta potential (p< 0.0001 and p< 0.0002,
respectively). Particle size distributions for formulations
F1 to F8 showed a uniform distribution of the particles,
as shown in Figure 2. The optimal formulation was
determined based on the parameters of the smallest
nanoparticle size and the lowest PDI, both
indicating greater uniformity and stability. Among the
evaluated formulations, F5 displayed the most desirable
features, having a size of 135+ 1.6 nm and the lowest
PDI of 0.088. Therefore, further investigations were
performed on the optimal formulation to evaluate its
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performance and stability. Figure 3 shows the FTIR
spectrum of pure ITZ. It had distinctive peaks at about
3000 cm™3, which means the -NH: stretching, and at 2974
cm 3, which means the =C—H stretching of the aromatic
ring. Additionally, a peak at 1700 cm™ was identified for
C=0 stretching, while two peaks at 1614 cm™ and 1500
cm ! related to C=C stretching of the aromatic ring.

18
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£z b p—y |
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T 8 F —F2
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= 6} —F3
4 p —F4
2k
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1 10 100 1000 10000
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18
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= 12 b
=2
£°10 }
‘?
g 8
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= 6 F
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2 F
0
1 10 100 1000 10000

Diameter {d.nm)

Figure 2: DLS size distribution of the main ITZ-loaded PLGA
nanoparticle formulations, A): F1 to F4 prepared using PLGA 50:50,
and B): F5 to F8 prepared using PLGA 75:25.

A peak at 1045 cm™ was also found, corresponding to the
C-O functional group in ITZ. The FTIR spectrum of
PLGA polymer showed a signal at around 3500 cm,
which was caused by —OH stretching, and a peak at 1750
cm 3, which showed the presence of a carbonyl (C=0)
group. The FTIR spectrum of PLGA nanoparticles
loaded with ITZ showed clear peaks from both ITZ and
PLGA. This spectrum exhibited a peak at 3500 cm™ for
the —OH stretching of PLGA, alongside a doublet peak
around 3100 cm™, corresponding to the —-NH: stretching
of ITZ. In addition, a peak at 1750 cm™ was detected,
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showing the C=O stretching of both ITZ and PLGA. A
signal at 1080 cm™ was also observed, corresponding to
C—O stretching of ITZ.

a)ITz

,7'/ (“amoo N\
N . (=0~
|\ B /2074 O\ - T
~_ 7 [ =cH ) [Toas
NS - . co
/1614 1500 x\‘ o
|_c=C Aromatic/

b) PLGA (75:25)

% Transmittance

\ -on ) \ c=0 /)
. L

c) ITZ Loaded PLGA NPs
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\ J / N\
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Figure 3: FTIR spectrum. a) ITZ, b) PLGA 75:25, and ¢) ITZ-loaded
PLGA nanoparticles.

The yield of the nanoparticles was 58.77% =+ 0.75%. The
encapsulation efficiency (EE %) and drug loading (DL
%) were found to be 54.74% + 0.52% and 8.46% =+
0.05%, respectively. The FESEM images (Figure 4a)
illustrate the morphological characteristics and surface
properties of nanoparticles. The results demonstrate a
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homogeneous distribution of particles over the area with
a relatively narrow  distribution. Most of the
nanoparticles appeared distinct, approximately spherical
in shape, and displayed a smooth surface appearance. No
apparent aggregation was detected, which indicates
a stable dispersion.

.
WD: 431 mm
SEMHV: 150K 2000

SEMMAG: 135 kx MIRAS TESC:

=
[Date(midy: 211225

Figure 4: a) Field Emission Scanning Electron Microscopy (FESEM)

SUT- FESEM

images of the optimal ITZ-loaded PLGA nanoparticles; b)
Transmission Electron Microscopy (TEM) images of the optimized
ITZ-loaded PLGA formulation.

Figure 5a shows that the best-sized ITZ-loaded PLGA
NPs were 73.24 + 32.4 nm, which was found in the
FESEM study. The TEM images (Figure 4b) show the
morphological and surface characteristics of the
nanoparticles. Similar to the FESEM data, the results
showed that most of the particles were nearly spherical
and looked separate. The particles were spread out evenly
across the area with a fairly narrow distribution, and they
didn't seem to be sticking together, which suggests that
the particles were spread out steadily. We did TEM
analysis (Figure 5b) along with FESEM and got similar
results. The particle size from TEM was 76.27 = 26.4 nm,
while the particle size from FESEM was 73.24 +32.4 nm.

: ! % -
s o
0 V )

T
-] 40 &0 =0 1M 10 140 180 1%

Diameter (nm)

Figure S: a) FESEM-derived particle size distribution curve and histogram of the of the optimized ITZ-loaded PLGA nanoparticles based on FESEM
analysis; b) TEM-derived size distribution curve and histogram of the optimized ITZ-loaded PLGA nanoparticles based on TEM analysis.

The drug release profile of free drug and ITZ-loaded
PLGA NPs was determined. The percentage of
cumulative drug release from free ITZ solution and ITZ-
loaded PLGA NPs is displayed in Figure 6a. Since ITZ is
poorly soluble in PBS, Tween 80 was added to the release
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medium to assure sink conditions. The absorbance of the
samples that were collected was used to measure the drug
concentrations at different time intervals. A calibration
curve established with a 3:1 ethanol-to-water mixture
was used for quantification. The DDSolver tool was
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employed to model in vitro drug release data and to assist
the evaluation of similarities between the release profiles.
Table 3 shows the results of parameters of goodness of
fit (coefficient of determination, Akaike information
criterion, and model selection criterion), which are the
important criteria to determine the model of drug release
kinetics of the NPs. Also, the values ki and k. from the
equation of the Peppas-Sahlin model were determined to
be 0.550 and 0.026, respectively. While the m value is
0.486. As shown in Figure 6b, the predicted drug release
profile from the Peppas-Sahlin model is shown along
with the observed NPs release profile. The DDSolver tool
was used to find the similarity factor (f2) by comparing
how ITZ released from PLGA nanoparticles to how ITZ
released on its own. An f> value of 31.32 was found,
showing a significant difference in the dissolution
profiles (p< 0.05).

Table 3: DDSolver release data kinetic models to assess the release
behavior of ITZ from PLGA NPs
Parameters of Goodness of Fit

Release Data Models R? MSC AIC
(Highest) (Highest) (Lowest)
Zero-order 0.9836 3.9006 75.0974
First-order 0.9792 3.6630 78.1866
Higuchi 0.9519 2.8230 89.1067
Korsmeyer-Peppas 0.9967 5.3407 56.3771
Hixson-Crowell 0.9902 4.4094 68.4841
Peppas-Sahlin 0.9974 5.4232 55.3041

R?: Coefficient of determination; AIC: Akaike Information Criterion;
MSC: Model Selection Criterion.
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Figure 6: a) In vitro drug release profiles of free ITZ solution and ITZ-
loaded PLGA NPs; b) Predicted and observed in vitro drug release
profile of ITZ-loaded PLGA NPs.

To evaluate the physical stability of the optimized ITZ-
loaded PLGA nanoparticle formulation, visual inspection
was conducted on both the freshly prepared sample and
the same formulation after storage at 4 °C for one month.
The visual appearance showed no significant change in
color; both samples exhibited a similar light blue color.
Regarding the precipitation, the freshly prepared
optimized formula had no or minimal precipitation,
whereas slight precipitation was observed after one
month of storage. The same optimized formula was also
studied by comparing the size and PDI of the freshly
prepared NPs and after one month. The size of freshly
prepared NPs was about 135.4 nm, and it changed to
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224.5 after one-month storage. Additionally, the PDI of
freshly prepared NPs was 0.088, and it has changed to
0.315.

DISCUSSION

In the present study all the main nanoparticle
formulations were successfully prepared, where all the
nanoparticles were in the nano-sized range. In addition, a
new ITZ-loaded PLGA nanoparticle formulation was
created. The nanoparticles were then thoroughly
characterized in terms of their appearance, particle size,
shape, drug release, and stability. The size as well as zeta
potential of nanoparticles are critical physicochemical
characteristics that substantially affect formulation
stability, drug release kinetics, and cellular uptake
efficiency [15]. The blank PLGA nanoparticles, which
were prepared in the same preparation condition without
using ITZ, unsurprisingly had the smallest size (131.8
nm) compared to all main formulations. Findings from
the current study reveal that drug-loaded nanoparticle
formulations generally display greater particle sizes in
comparison to their blank counterparts. This increase in
size is mostly linked to the encapsulation of the active
pharmaceutical ingredient by high-molecular-weight
compounds, such as polymers, which leads to the overall
enlargement of the nanoparticle structure during
formulation [23]. The blank PLGA nanoparticles
exhibited a PDI of 0.135, which is close to that of most
formulations and indicates a uniform particle dispersion.
When comparing the effect of surfactants on the size of
the nanoparticles, in both PLGA 50:50 and PLGA 75:25,
the use of Tween 80 consistently resulted in the
formation of smaller particles compared to the same
formulations using PVA stabilizer. Notably, the F8 had a
smaller particle size compared to F1 and F2 but still
larger than its Tween counterpart (F5 and F6), indicating
the effect of PLGA types on the particle size alongside
surfactant types. The results revealed that the use of
Tween 80 at both concentrations and in both PLGA types
outperformed PVA in reducing the particle size. The
particle size distribution curves for all formulations
(except F7) showed a unimodal pattern, indicating a
relatively narrow and uniform size distribution centered
around a predominant peak. Regarding the PDI, the
results showed that the use of PLGA 75:25 and a lower
concentration of Tween 80 will result in a smaller PDI
value and better particle uniformity. F5 had the lowest
PDI, which suggests that Tween 80, even at a lower
concentration, was more successful in producing a more
uniform particle dispersion compared to PVA at a higher
concentration, specifically when they were used with
PLGA 75:25. Zeta potential is an important parameter for
examining the stability of the particles. A high zeta
potential enhances electrostatic repulsion and promotes
more particle stability, reducing aggregation over a
longer duration [24, 25]. F4, F7, and F8 produced the
highest zeta values among all other formulations,
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indicating better stability of particles. The zeta potential
of other formulations was around -10 mV. In the case of
F5, where the zeta potential is -11 mV and the dispersion
is stable and uniformly dispersed, this can be because of
Tween 80, which produced a protective layer around the
particles and prevented particle aggregation. The lowest
PDI and the smallest particle size of F5 among all other
formulations would further confirm that steric
stabilization had successfully stabilized the particles and
prevented their aggregation. It should be considered that
the adsorbed layer of polymers and Tween 80 would shift
the plane of shear away from the surface of the particle,
which results in a reduction of measured zeta potential.
This concludes that even in the case of highly charged
particle surfaces, a relatively low zeta potential would be
measured, beside this low zeta potential, the systems
could be physically stable [26]. Patel et al. [17] prepared
ITZ-loaded PLGA nanoparticles (size 232 nm, PDI of
0.213, and zeta value of -31.5 mV) using PLGA 50:50
and PVA 0.3% as polymer and stabilizer, respectively. In
comparison to their study, the nanoparticles prepared in
our study using slightly similar conditions (F3) were
smaller and had a lower PDI but had a lower zeta
potential. This may be due to the higher molecular weight
of PVA (used in our study compared to the PVA used in
Patel et al.’s study), which would result in a thicker steric
layer and may hinder the effective measurement of zeta
potential. Although 1% PVA with PLGA was used in
literature to form nanoparticles, there were no studies
reporting size analysis data with DLS (only with TEM
size analysis) to compare with our findings with DLS size
analysis data. To the best of our knowledge, this is the
first study that reports the use of PLGA 75:25 in
combination with Tween 80 as a stabilizer in the
formulation of the ITZ-loaded PLGA nanoparticles.
While a few studies have explored the use of different
PLGA ratios and alternative stabilizers, none have
investigated this specific combination. In our study, F5
exhibited a particle size of 135 nm and a PDI of 0.088,
which were smaller than those reported by Alhowyanah
et al. [16], who prepared PLGA nanoparticles with a
particle size of 176 nm and a PDI of 0.212 using PLGA
50:50 and  D-a-Tocopherol  polyethylene-glycol
succinate-1000 as a stabilizer. The smaller size and lower
PDI observed in our formulation may be attributed to
both the polymer composition and the choice of
surfactants. Specifically, the use of PLGA 75:25, which
is more hydrophobic than PLGA 50:50, in combination
with Tween 80, likely contributed to the reduced particle
size and improved particle dispersion uniformity
compared to previous studies. The FTIR spectrum of
ITZ-loaded PLGA nanoparticles exhibited distinctive
peaks from both ITZ and PLGA. These findings reveal
that the distinctive peaks of both ITZ and PLGA exist in
the FTIR spectrum of the nanoparticles, demonstrating a
successful formation of the nanoparticles and effective
encapsulation of ITZ into PLGA nanoparticles. The yield
of the nanoparticles indicates a relatively efficient and
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reproducible production process. This yield suggests that
the formulation and processing parameters were
appropriately optimized. And the encapsulation
efficiency of the optimal formula indicates a good
incorporation of the ITZ into the NPs. The FESEM
results prove that the negative zeta potential of the
optimal formulation probably provided adequate
repulsive forces among the particles, leading to the
stability of the system. Furthermore, the majority of
nanoparticles falling within a similar size range confirm
the low PDI value of 0.088, demonstrating the excellent
uniformity and homogeneity of the formulation. The
TEM images further confirmed both the relatively small
PDI and also the negative zeta potential of the optimal
formula, which was able to keep the particles stable and
prevented particle aggregation. However, the particle
sizes obtained from both FESEM and TEM differed from
those measured by DLS (135 £ 1.6 nm), which could be
attributed to the differing measurement principles of
these techniques. The difference in nanoparticle size
measurements is expected, since the DLS analysis was
performed on NP suspensions in a completely hydrated
and swollen condition, which normally results in greater
size values due to the inclusion of solvation layers and
possible interparticle interactions. In contrast, FESEM
and TEM analyses were performed on air-dried and
dehydrated samples, therefore representing the real solid-
state dimensions of the nanoparticles. The variation in
sample preparation and measurement procedures
accounts for the observed variability in particle size.
Similar findings have been observed in the literature,
further confirming the FESEM and TEM results found in
the present study [27]. Regarding the drug release profile
of the free ITZ and ITZ-loaded PLGA NPs. ITZ-loaded
nanoparticle formulation revealed a biphasic drug release
profile. An initial fast release phase was observed within
the first 8 hours, during which about 20% of the
encapsulated ITZ was released. This burst release is
likely attributable to the desorption of drug molecules
that were weakly attached to or near the surface of the
nanoparticles [28]. It is widely reported that the release
rate of drugs from PLGA-based systems is controlled by
the lactide-to-glycolide ratio inside the copolymer. A
larger lactic acid content enhances the hydrophobicity of
the polymer, hence limiting water penetration and
slowing down both diffusion and hydrolytic breakdown
of the matrix [29]. In the present study, PLGA with a
75:25 lactide-to-glycolide ratio was utilized, which has a
higher lipophilic nature than the typically used PLGA
50:50. As a result, a slower and more sustained release
pattern was observed, matching with the polymer’s
higher lactic acid content. After the initial burst phase, a
sustained and controlled release of ITZ was observed
during the 56 hours, with almost complete release
occurring at the 56-hour period. On the other hand, the
free ITZ solution revealed total drug release after 20
hours, possibly due to the fast diffusion of the free ITZ
molecules across the dialysis membrane. This significant
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distinction illustrates the prolonged release characteristic
of the ITZ-loaded PLGA nanoparticles compared to the
free drug. Drug release kinetics was analyzed by using
the DDSolver tool [20, 21], which identified the Peppas—
Sahlin model as the most suitable model for explaining
the release of ITZ from the PLGA nanoparticle
formulation, as it resulted in the highest R = 0.9974 and
MSC =5.4232, alongside the lowest AIC =55.3041. The
notably high value of ki (0.550) (k: and k. from the
equation of the Peppas-Sahlin model) in comparison with
k. (0.026) shows that Fickian diffusion is the primary
mechanism driving the drug release. The small
contribution of k. shows little participation of polymer
relaxation or degradation [30]. This matches the slow-
degrading and hydrophobic properties of PLGA (75:25).
Also, m=0.486, which is extremely near to 0.5, indicating
that the release mechanism is predominantly diffusion-
dominated but with a little contribution from polymer
matrix erosion [31]. The similarity factor (f2) was found
to be 31.32. This data demonstrates that the PLGA 75:25
polymer matrix considerably slows down the release of
ITZ from the PLGA nanoparticles. Finally, the visual
examination of the physical stability of the optimal
formula showed no significant change in color between
the two samples, while a slight precipitation was
observed in the sample after one month of storage, which
may be attributed to particle aggregation over time,
leading to eventual sedimentation. Also, the results of the
size and PDI of the freshly prepared NPs and after one
month showed a change in the size from 135.4 nm to
224.5, which was still in the nano-size range, which could
indicate the stability of the particles. Additionally, the
PDI of freshly prepared NPs was 0.088, and it has
changed to 0.315. The increase in PDI is related to the
aggregation of the particles and the formation of larger
particles (as the size increased) and eventually led to
some precipitation. A PDI value of 0.315 is generally
considered acceptable, indicating that the nanoparticles
have relatively uniform size distribution and potentially
good colloidal stability.

Study limitations

Although this study provides significant insights into the
formulation and optimization of novel itraconazole-
loaded PLGA nanoparticles, several features require
further study. The study focused primarily on
physicochemical characterization and in vitro release
behavior, establishing a strong base for further biological
study of itraconazole. However, further studies on long-
term stability, skin permeation, and in vivo efficacy will
help to confirm and extend the current results. Overall,
these results provide a strong foundation for the
development of an efficient topical antifungal delivery
system.

264

Novel itraconazole-loaded PLGA nanoparticles

Conclusion

ITZ-loaded PLGA nanoparticles were successfully
prepared using the nanoprecipitation method and were
systemically optimized to form a novel drug delivery
system with potential for topical delivery. Collectively,
these findings suggest that the optimized ITZ-loaded
PLGA nanoparticles have favorable characteristics and
features that make them a promising delivery system for
topical administration of itraconazole. However, future in
vivo and clinical studies are needed to confirm and
extend the current findings and the potential of the ITZ-
loaded PLGA nanoparticles for topical antifungal
therapy.
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