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Objective: Itraconazole (ITZ) is a BCS class II antifungal agent difficult to formulate due to its poor water solubility (<0.2 mmol /mL)
and variable oral bioavailability (~55%). This study aimed to develop Polycaprolactone (PCL) nanoparticles to improve their transdermal
delivery.

Methods: The nanoparticles were prepared using a modified nanoprecipitation method, resulting in ten formulations (F1 to F10). The
optimized formulation (F2) was incorporated into a carbopol gel. Characterization included particle size, polydispersity index (PDI),
zeta potential, encapsulation efficiency (EE), and in vitro drug release at pH 5.5 and 7.4. Ex vivo permeation, skin irritation, and
stability were also evaluated.

Results: Formulation F2 (40 mg PCL, 2% Poloxamer 407 showed optimal properties: particle size of 154.6 nm, PDI (0.378), zeta
potential (—10.7 + 5.36 mV), and EE (88.4 + 1.2%). A pH-dependent sustained release was observed, with 80.41% and 94.34%
cumulative release at pH 5.5 and 7.4 over 24 hours, respectively, following Higuchi kinetics (R*= 0.9804 at pH 5.5).
The gel demonstrated significantly higher permeation (Q,4: 173.29 + 3.12 pg/em?; Jss: 7.22 + 0.15 pg/em?/h) versus plain gel (Qo4:
75.35 + 1.35 pg/em?; Jss: 3.11 £ 0.08 pg/cm?/h), with an enhancement ratio of 2.32. Characterization confirmed the amorphous state of
ITZ and absence of interactions. The formulation was non-irritating (PII=0) and stable for three months.

Conclusion: A promising and biocompatible PCL-based gel was successfully developed, providing an effective approach for
enhanced transdermal delivery of ITZ through sustained drug release and improved skin permeability.

Keywords: itraconazole, polycaprolactone, nanoparticles, transdermal delivery, pH- responsive release, BCS class 11, skin permeation

Introduction

Fungal infections continue to represent a major global health burden, affecting more than one billion people every year.
These infections contribute to over 1.5 million deaths worldwide. Among these, invasive fungal infections, mainly
caused by Candida, Aspergillus, and Cryptococcus species, account for approximately 80% of mortality due to fungal
diseases.! The economic consequences are similarly serious, with annual global antifungal treatment costs exceeding
$7 billion due to the increased number of hospitalizations, the growing resistance to antifungal treatments, and the limited
effectiveness of existing treatments.” Among the current antifungal agents, ITZ is a potent, broad-spectrum triazole. Its
clinical use is limited due to poor water solubility (<0.2 pg/mL), high variability of oral bioavailability (~55%), and
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extensive plasma protein binding (~96%). As a Class II drug, ITZ is characterised by low solubility but high perme-
ability, resulting in a limited absorption rate and unpredictable therapeutic results.” In addition, ITZ shows a limited
dermal permeability, which makes topical or transdermal administration difficult.* Conventional formulation strategies,
including cyclodextrin complexes, lipid emulsions, and solid dispersions, have achieved little improvement in bioavail-
ability, often without addressing the need for sustained release, improved skin permeability, and reduced toxicity.” While
cyclodextrins, for instance, improve aqueous solubility by encapsulating lipophilic drugs, this approach often leads to
rapid release upon dilution, offering limited control over release kinetics and failing to create a sustained depot effect at
the application site.®

To address these limitations, nanoparticles have emerged as a powerful tool. We selected polycaprolactone (PCL) as
the polymeric matrix based on a strategic fit with ITZ’s high lipophilicity (log P ~5.66). The hydrophobic core of PCL
provides a thermodynamically compatible microenvironment for ITZ, facilitating high-affinity partitioning and enabling
high encapsulation efficiency. This synergy not only ensures efficient drug loading but also underpins a sustained release
profile, as drug diffusion through the PCL matrix is a rate-limiting step that prevents burst release.’

A key innovative aspect of our system is its pH-dependent design. The skin’s surface maintains a characteristic acidic
pH (typically 4.5-5.5), which can influence drug release kinetics. Our formulation is engineered to provide optimal
release in this acidic microenvironment, facilitating drug penetration through the skin for systemic absorption.
Importantly, the observed pH-dependent behaviour is not an intrinsic property of the PCL polymer but an emergent,
formulation-engineered phenomenon. It arises from the synergistic interplay between the Poloxamer 407 stabilizer, which
undergoes pH-dependent conformational changes at the nanoparticle interface, and the weak base characteristics of ITZ.
This designed responsiveness ensures controlled drug release is optimized for the skin’s acidic surface pH.

This represents a distinct advantage over cyclodextrin-based systems, as our PCL-based nanoparticles provide a dual
function: enhancing apparent solubility through nanonization while acting as a sustained-release reservoir. Furthermore,
PCL offers excellent biocompatibility, FDA-approved status, and slow degradation, which aligns with the goal of durable
release to minimise systemic toxicity. PCL nanoparticles also protect the drug from premature degradation.®

For further optimisation of nanoparticle performance, Poloxamer 407 is used as stabilizer. Poloxamer 407 is a non-
ionic tribolymer of PEO (PEO-PPO-PEO) with amphiphilic properties, which improves the dispersibility and stability of
hydrophobic drugs in water. Its surface-active nature helps to stabilize nanoparticles, prevent aggregation and improve
dissolution of the drug.® In addition, Poloxamer 407 inhibits efflux transporters such as P-glycoprotein, which may
increase the uptake of the encapsulated drug into the skin and cells.” When Poloxamer 407 is used in combination with
PCL, it forms a synergic delivery platform. PCL provides structural integrity and durability, while Poloxamer 407
improves permeability and bioavailability.'® To achieve effective dermal application and a sustained therapeutic effect,
the nanoparticles developed are formulated in a carbopol-based hydrogel suitable for transdermal drug delivery. This
route bypasses hepatic first-pass metabolism, increases local drug concentrations and decreases systemic adverse
reactions. Carbopol, a widely used synthetic polymer, has high viscosity, excellent bioavailability and enhanced
permeability to the skin, making it the ideal vehicle for transdermal drug delivery.'! This study, therefore, aims to
develop a rationalised, nanotechnology-enabled transdermal delivery system for ITZ by the formulation of nanoparticles
of PCL-Poloxamer incorporated in a carbopol gel matrix. The formulation is systematically assessed for its physico-
chemical properties, in vitro release kinetics and skin permeability. This integrated approach should address the main
bottlenecks in the delivery of ITZ by increasing the solubility, stability, bioavailability and local efficacy of the drug, and
ultimately provide a versatile platform that could be extended to other hydrophobic antifungal agents.

Materials and Methods

Materials

USP-grade ITZ was generously provided by Vision Pharma (Islamabad, Pakistan). Poloxamer 407 (a purified non-ionic
surfactant) was obtained from Sigma-Aldrich (CHEMEI GmbH, Germany), Polycaprolactone (average Mn ~14,000 g/
mol) was procured from Macklin Biochemical Co., Ltd. (CH1002, China), and carbopol® 934 was sourced from
Spectrum Chemical Mfg. Corp. (USA), Dimethyl sulfoxide (DMSO), eucalyptus oil, and triethanolamine (TEA,
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>99%, analytical grade) were purchased from BioShop Canada Inc. Methanol, disodium hydrogen phosphate, sodium
chloride, and glycerin (>99%, USP grade) were supplied by Merck, Freshly distilled water was prepared in-house at the
Faculty of Pharmacy, Capital University of Science and Technology (CUST), Islamabad.

Method

The nanoparticles were prepared using an optimized modified nanoprecipitation with control of critical process
parameters, as shown in Figure 1. For the organic phase preparation, PCL was initially dissolved in DMSO under
magnetic stirring at 500 rpm and 25°C. Complete polymer dissolution was achieved through bath sonication at 30°C for
15 minutes. For drug-loaded formulations, 10 mg of ITZ was gradually added to the PCL solution with continuous
stirring at 800 rpm and maintained at 35°C for 15 minutes. The aqueous phase was prepared by dissolving Poloxamer
407 (2% w/v) in distilled water. Nanoparticle synthesis was performed by injecting the organic phase into the aqueous
phase using a 22G needle at 0.25 mL/min.

ITZ solution was added dropwise (approximately 1 mL/min) under continuous stirring at 1000 rpm. This controlled
rate is essential for two key reasons: It governs the nucleation and growth kinetics during nanoparticle formation, directly
influencing the particle size and PDI. Moreover, it ensures a gradual integration of the drug into the polymeric matrix,
which is fundamental for achieving high Encapsulation Efficiency (EE) by minimizing the rapid precipitation of free
drug."?

The injection process was conducted under constant homogenization at 2000 rpm using an overhead homogenizer.
For the complete separation of the free drug from the nanoparticle composition, the centrifugation was performed in the
SCI-24 Scilifex centrifuge at 2,000 g for 60 minutes at 25 degrees Celsius. These parameters have been carefully
optimized to ensure quantitative sedimentation of the nanoparticles without compromising their robustness.

The pellet was washed twice with 5 mL cold distilled water, followed by 1 minute of bath sonication. The purified
nanoparticles were frozen at —20°C for 8 hours before lyophilization in a freeze dryer. The lyophilization protocol
consisted of primary drying at —40°C and 0.1 mbar for 12 hours, followed by secondary drying at 25°C and 0.01 mbar for
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Prep = precipitation SAcalio &
Dissolve PCL & ITZ in Dissolve Poloxamer 407 Inject organic into aqueous Centrifuge at 2000 x g. Freeze at -30°C. Primary
DMSO and Sonicate 15 in water phase. Use 22¢g needle, 0.25 Wash pellet with water drying and secondary drying
min at 30°C mL/min and homogenize at and sonicate 1 min ' ¥
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Figure | Schematic Diagram of the Nanoprecipitation Method for ITZ-PCL Nanoparticle Preparation.
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Table | Composition of Itraconazole-Loaded PCL Nanoparticle Formulations

Formulation | ITZ (mg) Polymer Solvent Poloxamer | Aqueous Phase
PCL (mg) | DMSO (mL) 407 (%) Volume (mL)
Fl 10 20 10 2.0 10
F2 10 40 10 20 10
F3 10 60 10 2.0 10
F4 10 80 10 20 10
F5 10 20 10 1.0 10
Fé6 10 20 10 3.0 10
F7 10 20 10 5.0 10
F8 10 20 10 2.0 20
F9 10 20 10 20 30
F10 10 20 10 20 40

an additional 12 hours.'>!'* Different formulations were prepared by varying the quantity of Polymer, surfactant, and
volume of aqueous phase as given in Table 1.

The gel matrix was prepared using a controlled hydration method to ensure optimal polymer dispersion. Carbopol 934
(1% wi/v) was gradually sprinkled into ice-cold distilled water under constant stirring at 2000 rpm using an overhead
stirrer. The acidic polymer dispersion was then neutralized using triethanolamine (TEA, 0.5% v/v) added dropwise
(0.1 mL/min) from a calibrated burette while monitoring pH with a calibrated pH meter.'> The neutralization process
continued until reaching the target pH range of 5.5-6.0, which is compatible with the skin. Following neutralization, the
gel was subjected to a maturation period of 24 hours at 4°C to achieve complete polymer swelling and uniform viscosity.
Eucalyptus oil was then incorporated as a permeation enhancer. The lyophilized ITZ-loaded PCL nanoparticles were
redispersed in glycerin (5% v/v) using bath sonication until achieving a homogeneous suspension. This nanoparticle-
glycerin premix was then slowly incorporated into the gel base at a rate of 0.5 mL/min using a syringe while maintaining
gentle magnetic stirring (300 rpm) at 25+0.5°C. The mixing continued for an additional 30 minutes after complete
addition to ensure uniform nanoparticle distribution without aggregation.®

Characterization

Encapsulation Efficiency Determination

The encapsulation efficiency of ITZ-loaded nanoparticles was determined by indirect quantification. After nanoparticle
preparation, the dispersion was centrifuged at 2000xg for 60 minutes at 25 °C (Thermo Scientific, USA) to sediment the
polymeric nanoparticles and to separate the free (unencapsulated) drug present in the aqueous supernatant. The clear
supernatant was carefully withdrawn and analyzed spectrophotometrically using a UV-Visible spectrophotometer
(Shimadzu UV-1800, Japan) at a Amax of 262 nm, which corresponds to the maximum absorbance of ITZ in the
selected solvent system.'” The method was previously reported and validated in literature.'® The encapsulation efficiency
was then calculated using equation 1:

(1

W total — W fi
Encapsulation Efficiency (%EE) = (()a—free> * 100

W total

Where:
Wtotal = Total amount of drug initially added during nanoparticle formulation
Wfree = Amount of free (unencapsulated) drug found in the supernatant after centrifugation

In Vitro Drug Release Study

The in vitro release behaviour of nanoparticles loaded with ITZ was assessed using a USP Type II (paddle) dissolution
apparatus under controlled sink conditions. For the simulation of the sustained release environment, nanoparticles were
encapsulated in pre-soaked dialysis membrane bags (MWCO 12-14 kDa) that allowed for selective drug diffusion and
retained nanoparticles. Dissolution studies have been performed in two media, phosphate buffer (pH 7.4) and acetate
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buffer (pH 5.5). In order to improve the solubility of ITZ due to its poor water solubility profile, sodium lauryl sulphate
(SLS) 0.5% w/v was added to each buffer.'” For physiological simulation, the volume of buffer solution in each vessel
was kept at 500 mL, and the rotating paddle was set at 100 rpm to ensure uniform mixing. At predetermined time
intervals (0.5, 1, 2, 3, 4, 6, 8, 12, 18, and 24 hours), 2 mL samples were withdrawn and replaced immediately with equal
volumes of fresh preheated medium to maintain both constant volume and sink conditions. The withdrawn aliquots were
filtered through membrane filters at a pressure of 0.45 mmol membrane filter to remove any particulate matter and
residues from the membrane. The concentration of ITZ in each sample was measured using a UV spectrophotometer at

262 nm using a standard calibration curve.?’

The cumulative percentage of drug release was calculated and plotted as
a function of time. Dissolution data were fitted into various mathematical models, including zero-order, first-order,
Higuchi, and Korsmeyer-Peppas models. The best fit was determined by comparing the correlation coefficients (R?) of
each of the two models, while the release exponent (n) of the Korsmeyer-Peppas equation provided an insight into the
mechanism of drug release, distinguishing between Fickian diffusion, anomalous transport, or case-II relaxation. All
measurements were performed in triplicate, and the results were expressed as mean + standard deviation to ensure

statistical robustness.?!

Swelling Behavior

The swelling behaviour of ITZ-loaded PCL-Poloxamer 407nanoparticles was assessed to evaluate their ability to absorb
fluid and their potential impact on the drug release kinetics. Accurately weighed dried nanoparticle samples (~20 mg)
were immersed in phosphate-buffered saline (PBS) at pH 7.4 and pH 5.5 to simulate physiological and skin surface
conditions, respectively. Samples were incubated at 37 £ 0.5 °C under mild agitation. At predefined time intervals (1, 3, 6,
12, and 24 hours), the swollen nanoparticles were gently removed, surface moisture was blotted using filter paper to
remove excess buffer, and the samples were reweighed. All measurements were performed in triplicate.”***
The swelling capacity (%) was calculated using the following equation 2

w2 —-wl
Swelling Capaciy(%) = TXIOO )

Where:
W, = Initial dry weight of nanoparticles
W, = Weight of swollen nanoparticles after excess buffer removal

Determination of Particle Size and Poly Dispersity Index (PDI)

The particle size (Z-average) and the PI (polydispersity index) of the ITZ-NP were determined by dynamic light
scattering (DLS) using the Zetasizer Nano ZS (Malvern Instruments, UK). The samples were diluted 1:20 (v and v)
with 2% (w/v) of Poloxamer 407 solution. The measurements were made at 25°C with a backscatter detection angle of
173°, and each sample was analysed in three steps.**

Surface Morphology

The morphological properties of ITZ-NP have been assessed by using field-emission scanning electron microscopy (FE-
SEM; JSM-7900F, JEOL Ltd., Japan). A 10 uL aliquot of nanoparticle suspension was deposited on aluminium foil, air-
dried at 25 + 2°C, and mounted on aluminium strata by a conductive carbon fibre tape. The samples were sputtered with
a 3nm gold-palladium thickened veil to increase the conductivity. The imaging was carried out at a voltage of 5-10 kV

and a working distance of 5-10 mm.*

Thermo Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

The thermal behaviour of lyophilized ITZ-NPs was investigated using simultaneous differential scanning Calorimetry
thermogravimetric analysis (DSC-TGA; SDT Q600, TA Instruments). Approximately 5-10 mg of sample was sealed in
aluminium crucibles and heated from 25°C to 300°C at 10°C/min under nitrogen purge (50 mL/min). Thermal events
(glass transition Tg, melting Tm, decomposition) were analyzed using TA Universal Analysis software.?
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Fourier-Transform Infrared Spectroscopy (FTIR)

The molecular interactions between ITZ and the polymer compounds were evaluated by the FTIR (Spectrum Two,
PerkinElmer) in the range of 4000-400 cm™'. The samples were prepared as potassium bromide (KBr) pellets (1:100
sample: KBr) and scanned with a resolution of 4 cm™' with 32 accumulations. The background correction was made
using pure KBr. Characteristic functional group vibrations were compared between pure components and nanoparticles to
determine potential drug-polymer interactions.*’

X-Ray Diffraction (XRD)

Crystallinity of ITZ in nanoparticle formulation was assessed with a Cu-Ka irradiation source (A = 1.5406, 40 kV, 30
mA) using an X-ray Diffractometer (Scintag XGEN-4000, Advanced Diffraction System, Scintag Inc., USA). Samples
were placed in a zero-background silicon holder and scanned over a 26 range of 4-50° at a scan rate of 2°/min with a step
size of 0.02°. Diffraction patterns were collected in continuous scan mode and analyzed using Scintag DataScan (v4.0)
software.”®

Physical Parameters of Prepared Formulations Gel
The optimized nanoparticle formulation has been incorporated in a gel matrix of Carbopol 934 (1.0% w/w) to enhance
topical delivery of the drug. The resulting formulations have been rigorously assessed for critical quality characteristics
by means of a comprehensive physical characterization. The Formulations were visually checked for colour, clarity, and
homogeneity and phase separation under ambient conditions. The pH of the surface was determined in three times by
calibration calibrated digital pH meter (PHS-25CW, BANTE Instruments, China) at 25 + 1 °C. Before measurements, the
instrument was standardized with buffer solutions of pH 4.0, 7.0, and 10.0. The electrode was allowed to be equilibrated
with the sample for 30 seconds before recording to ensure accuracy and reproducibility.

The dynamic viscosity of the pharmaceutical formulae was precisely determined in centipoise (Cp) by using
a Brookfield DV2T viscometer with spindle S64. All measurements were performed at 25 = 0.5 degrees Celsius to
ensure consistency and reliability of the rheological data, which are critical to correlate the properties of the formulation
with the diffusion behaviour. Flow-through curves were analyzed to determine the viscosity profiles and to evaluate the
pseudoplastic behaviour to ensure reproducibility and consistency between the lots. Approximately 350 mg of gel was
placed in the centre of the glass plate (10 x 5 cm), and a second glass plate of the same size and weight (5.8 £ 0.1 g) was
dropped freely from a height of 5 cm. After 1 minute, the average diameter of the diffusion surface was measured in
centimetre.*’

Ex vivo Skin Permeation Studies

To assess the transdermal potential of the optimized nanoparticle formulation, ex vivo permeation studies were conducted
using Franz-diffusion cells and excised intra-abdominal skin from healthy New Zealand white rabbits. Two gel
formulations were evaluated: F2 Gel: ITZ -loaded PCL nanoparticle incorporated gel, Plain Gel: Gel containing free
ITZ. Full-thickness rabbit skin was excised, cleaned to remove subcutaneous fat, and equilibrated in phosphate-buffered
saline (PBS, pH 7.4) for 1 hour. The skin samples were then stored at —20 °C and melted down before use.>* Each skin
sample was inserted between the donor and receptor compartments of the Franz diffusion cell (diffusion area = 2.54 cm?)
so that the stratum corneum is parallel to the donor side. The receptor compartment was filled with 20 mL of PBS (pH
5.5, to mimic skin surface conditions), maintained at 37+0.5 °C, and stirred continuously with a magnetic stirrer at
a speed of 600 rpm. An accurately weighed amount (1 g) of either F2 gel or plain gel was applied uniformly to the donor
compartment. At specific intervals (0.5, 1, 2, 6, 8, 12, and 24 h), 2 mL samples were taken from the receptor
compartment and replaced by the same volume of fresh PBS to ensure that the saturation conditions were maintained.
The amount of the drug per square meter (ug/cm?) was plotted against the time elapsed to obtain a permeability profile.*'
From the linear portion of the curve (steady state), the steady-state flux (Jss) was calculated from equation 3:

_ A9
Jss = TAL 3)

AQ = amount of drug permeated during steady state (ug)
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A = effective diffusion area (2.54 cm?)
At = time interval during steady-state linear region (h)
To compare permeation enhancement, the Enhancement Ratio (ER) was calculated from equation 4

Jss (F2gel)

= 4
Jss (Plaingel) @

All experiments were conducted in triplicate (n = 3). Data are expressed as mean + standard deviation (SD). An unpaired
two-tailed Student’s #-test was used to determine statistical significance, with p < 0.05 considered significant.

Skin Irritation Test
The dermal biocompatibility of the ITZ-loaded gel was evaluated in vivo using healthy adult New Zealand white
rabbits (Oryctolagus cuniculus, n=9) in accordance with OECD Guideline 404.* The study protocol was approved
by the Research Ethics Committee of the Faculty of Pharmacy, Capital University of Science and Technology,
Islamabad (Approval No. REC/FoP/F2024/02). All animals were acclimatized under standard laboratory conditions
and were blindly randomized to treatment groups. The housing, handling, and experimental procedures strictly
adhered to institutional ethical standards and the internationally recognized Guide for the Care and Use of
Laboratory Animals to ensure animal welfare throughout the study.’?

Animals were randomly divided into three groups (n = 3 per group):

e Test group: ITZ- nanoparticle-loaded gel
e Positive control: 0.8% w/v sodium lauryl sulfate (SLS) solution
e Negative control: Untreated site (baseline skin response)

All animals were kept in a controlled environment (22 + 2 °C, 55 = 5% RH, 12 h light/dark cycle) with unrestricted access to
standard food and water for 48 hours. Before the experiment, the dorsal surface was carefully shaved with an electric clipper
24 hours before administration to avoid microscopic damage. To preserve the biochemical and barrier integrity of the skin tissue,
a standardized protocol was followed. Excised rabbit skin was rinsed with normal saline, carefully trimmed of subcutaneous fat
and connective tissue, and equilibrated in phosphate-buffered saline (PBS, pH 7.4) for 1 hour prior to mounting in the diffusion
cells. For storage, the prepared skin was wrapped in aluminum foil and stored at —20 °C, with each sample being thawed at room
temperature before the experiment to maintain a consistent and functional barrier for permeation studies.**

Approximately 6 cm? test area was demarcated on each rabbit. Each sample (0.1 g) was applied to the designated area
using a sterile polypropylene spatula under an occlusive patch. Observations were made during the initial 4 hours and at
24 h, 48 h, and 72 h post-application for signs of erythema, edema.

The Draize scoring system was used to quantify the severity of erythema and edema:

e 0 = None

1 = Mild (faint or light pink coloration, <1/3 area)

2 = Moderate (definite erythema, 1/3-2/3 area)

3 = Severe (dark red, >2/3 area or spreading beyond site)

The Primary Irritation Index (PII) was calculated after 72 hours using the Equation 5
PII = (Sum of erythema + edema scores) [ (number of animals X No. of readings) %)

Based on OECD classification, PII < 0.5 is considered non-irritant.>

Stability Study

The physical stability of the selected gel formulations has been assessed under standardized storage conditions following
the ICH guidelines. The samples were packed in light-resistant containers (glass bottles with aluminium foil lining) and
stored under three different environmental conditions: 4 + 1°C (refrigerated), 25 + 2°C (ambient), and 40 + 2°C/75 + 5%
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RH (accelerated), respectively. The acceptance criteria for physical stability included maintaining a homogenous
appearance, viscosity at a level of at least 10%, and pH stability (calibration of pH by a calibrated pH meter) at
predetermined intervals (0, 1, 2, and 3 months). Formulations were evaluated for:

1. Visual characteristics (color, homogeneity, phase separation)
2. pH stability (using calibrated pH meter)
3. Rheological properties (viscosity measurements at controlled shear rates)

The acceptance criteria for physical stability included maintenance of homogeneous appearance, viscosity within +10%
of initial values, and pH stability within +0.5 units.*®

Statistical Analysis

All data were analysed using SPSS Statistics 26.0 (IBM, USA). One-way analysis of variance (ANOVA) with Tukey’s
post-hoc test was applied to compare means. A p-value < 0.05 was considered statistically significant. Results are
presented as mean + SD (n = 3).

Results and Discussions
Encapsulation Efficiency (EE)

The encapsulation efficiency of ITZ-loaded PCL nanoparticles varied significantly across the prepared formulations, with
values ranging from 70.2% to 88.4% (p < 0.05) as shown in Table 2 Among these, formulation F2 exhibited the highest
EE of 88.4 + 1.2%, which was statistically superior to the other formulations, as confirmed by one-way ANOVA followed
by Tukey’s post-hoc test (p < 0.05). In the polymer content group (F1 to F4), increasing PCL concentration from 20 mg
to 40 mg significantly improved EE from 78.2% to 88.4% (p < 0.05). However, further increases in PCL content to
60 mg (F3, 81.5+1.4%) and 80 mg (F4, 80.1 + 1.5%) resulted in a decline in EE compared to F2, with differences being
statistically significant (p < 0.05), suggesting the existence of an optimal polymer concentration beyond which no
additional encapsulation advantage is achieved.”’ In the surfactant concentration group (F5 to F7), EE was significantly
affected by Poloxamer 407 content. A lower surfactant concentration (1%, F5) resulted in a reduced EE of 72.6 +1.9%,
which was significantly lower than F2 (p < 0.05). Increasing Poloxamer 407 concentration to 3% (F6, 80.9 +1.3%) and
5% (F7, 79.8 £ 1.6%) improved EE compared to F5 but failed to reach the performance of F2, with statistical differences
remaining significant (p < 0.05).>® These findings indicate that 2% Poloxamer 407 represents an optimal concentration
for achieving high encapsulation, likely due to an ideal balance between nanoparticle stabilization and prevention of drug
leakage. Among Formulations, F8 to F10, an inverse relationship between aqueous volume and EE was evident.
Increasing the aqueous phase from 10 mL (F2, 88.4+1.2%) to 20 mL (F8, 76.8+1.5%), 30 mL (F9, 74.5+1.7%),
and 40 mL (F10, 70.2 +2.0%) resulted in a statistically significant decrease in EE (p < 0.05), likely due to enhanced drug

Table 2 Encapsulation Efficiency (%EE) of ITZ-
Loaded PCL Nanoparticle Formulations (N = 3)

Formulations | Encapsulation Efficiency (% EE)
Fl 782+ 1.6
F2 884+ 1.2
F3 815+ 1.4
F4 80.1 £ 1.5
F5 726%1.9
Fé 809+ 13
F7 798+ 1.6
F8 76815
F9 745+ 1.7
FIO 702+20
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diffusion into the aqueous phase during nanoparticle formation.** These systematic trends collectively demonstrate that
formulation F2, containing 40 mg PCL, 2% Poloxamer 407, and 10mL aqueous phase, achieved the most favourable
encapsulation efficiency, offering a statistically optimized system for effective ITZ encapsulation and stable nanoparticle
formation.*

The observed trends can be mechanistically explained as follows. Increasing the concentration of PCL initially
improves EE (F1 to F2) by increasing the availability of polymer chains for drug uptake.*' However, excessive polymer
content (F3 to F4) increases the viscosity of the solution, which prevents efficient nanoparticle formation and promotes
drug diffusion into the water, thereby reducing EE.** Similarly, variations in Poloxamer 407 concentration demonstrated
a dual role: at optimal levels (2%, F2), the surfactant reduced interfacial tension and stabilized nanoparticles,43 resulting
in high encapsulation. At higher levels (3—5%, F6-F7), excessive micelle formation may have caused partial drug
partitioning into the aqueous phase, lowering EE.** The volume of the aqueous phase also has a negative effect on the
EE, as larger volumes (F8-F10) dilute the organic phase more rapidly, leading to a decreased encapsulation.*’

The non-linear relationship between PCL concentration and EE is a well-documented phenomenon in nanoprecipita-
tion systems, arising from the interplay between thermodynamic affinity and kinetic process dynamics. The initial
increase in EE with polymer concentration (2040 mg PCL) results from enhanced hydrophobic interactions, where
a greater polymer mass provides a more compatible microenvironment for lipophilic ITZ molecules, promoting efficient
drug partitioning and entrapment within the polymer matrix during rapid nanoparticle formation.*' However, beyond the
optimal concentration (40 mg PCL in this study), a further increase in polymer content leads to a marked rise in the
viscosity of the organic phase, which adversely affects two key kinetic steps: (i) diffusion of the organic phase into the
aqueous medium, and (ii) efficient droplet breakup during homogenization. The resulting impaired mixing and slower
solvent displacement cause premature drug precipitation outside the polymeric network, thereby lowering EE.** This
non-linear trend reflects the balance between drug—polymer affinity and diffusion-controlled kinetics intrinsic to
nanoprecipitation.

In vitro Drug Release and Kinetics

The drug release behaviour of ITZ-loaded PCL nanoparticles was systematically investigated under simulated skin
surface (pH 5.5) and physiological (pH 7.4) conditions to elucidate the predominant release mechanisms and identify the
most promising formulation. The cumulative drug release profiles for all formulations (F1-F9) are depicted in Figure 2,
while corresponding release kinetic parameters derived from zero-order, first-order, Higuchi, and Korsmeyer—Peppas
models are summarized in Table 3. At pH 5.5, representing the mildly acidic environment of human skin, all formulations
exhibited a sustained and controlled drug release profile over 24 hours. The predicted cumulative drug release at the end
of 24 hours ranged from 62.0% + 2.5% to 82.0% =+ 3.2%, with statistically significant differences among the formulations
(p <0.05, one-way ANOVA followed by Tukey’s post-hoc test). Notably, Formulation F2 exhibited the most favorable
release profile, achieving the highest cumulative drug release of 82.0% + 3.2%, which was significantly greater (p < 0.05)
than all other tested formulations. Additionally, F2 demonstrated the strongest correlation with the Higuchi model (R* =
0.9804), confirming a robust diffusion-controlled release mechanism. These results indicate that F2 is the optimal
formulation for achieving efficient drug release on the skin surface. Other formulations, including F3 (74.0% + 2.8%),
F5 (75.0% + 3.1%), and F8 (73.0% + 2.6%), showed moderate release profiles, while formulations F1, F4, F7, and F9
exhibited comparatively lower cumulative drug release (62.0% to 70.0%) with no statistically significant differences
within this group (p > 0.05). Kinetic modelling confirmed that the Higuchi model, which describes diffusion-controlled
drug release from a homogenous polymeric matrix, provided the best overall fit for most formulations at pH 5.5.
Specifically, eight out of nine formulations exhibited strong linearity with R? values exceeding 0.91, indicating that
Fickian diffusion was the dominant release mechanism under these conditions. The superior fit of F2 further supports its
favourable release behaviour and suggests effective diffusion of ITZ from the nanoparticulate matrix. These findings
align with previous studies demonstrating diffusion-dominated release from hydrophobic polymer matrices under mildly
acidic, non-swelling conditions.***” The in-vitro release study demonstrated a cumulative drug release of 94.34% of F2
at pH 7.4 over 24 hours. The in-vitro release at pH 7.4 reached approximately 50% within 10 hours, followed by gradual
release up to 80% by 24 hours. Formulations F2 and F3 showed the highest release rates, nearing 80% cumulative

International Journal of Nanomedicine 2025:20 hetps: 15663



Hussain et al

pHS.5
S - F1
580- . B2
S - F3
& 60- + F4
= ~ F5
& 40- ~+ F6
> = F7
= 20, - F8
= —~ F9
e e | =+ F10
O 0 10 20

Time (h)

pH 7.4
3 - F1
%8’100- - 2
k> + F3
g 907 ~ F4
%" ’ + F5
_ 60-1% -~ F6
S = F7
E 40— + F8
= ~+ F9
520-......................... - F10
o 0 10 20

Time (h)

Figure 2 In vitro, drug release kinetics of ITZ loaded PCL nanoparticles (FI-F10) in simulated skin pH 5.5 and at physiological pH 7.4.

release. In contrast, F6-F9 exhibited slower release, plateauing around 60%. This pH-dependent pattern suggests polymer
swelling enhances drug diffusion under physiological conditions. Overall, the fit to the Higuchi model decreased for
several formulations, with R? values falling below 0.70 for F4 (R? = 0.6268), F6 (R* = 0.6679), and F7 (R* = 0.6685),
suggesting that additional mechanisms such as matrix swelling, relaxation, or erosion contribute to drug release under
alkaline conditions, beyond pure diffusion.*® At this pH, the Korsmeyer—Peppas model provided improved statistical
performance, indicating a transition to anomalous (non-Fickian) release behaviour. For instance, F9 exhibited
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Table 3 In vitro Drug Release Kinetic Models (Zero-Order, First-Order, Higuchi, Korsmeyer—Peppas) of ITZ Loaded
PCL Nanoparticles (FI-FI0) at pH 5.5 and 7.4

Sample | pH | Zero Order First Order Higuchi Korsmeyer-Peppas R’ Weibull Model
R? K R? K R? K R? K n R? K
Fl 5.5 | 0.8691 | 42187 | 0.429 | 0.2987 | 0.9653 | 14.045 | 0.9318 | 21.7158 | 0.2683 | 0.746 | 0.1385
74 | 05154 | 87142 | 0.1822 | 0.3937 | 0.7125 | 29.483 | 0.721 67.2749 | 0.0043 | 0.5939 | 0.0515
F2 5.5 | 0.9206 | 44980 | 0.3817 | 0.3279 | 0.9804 | 16.450 | 0.969 | 22.1322 | 0.3307 | 0.846!1 | 0.0827
74 | 04853 | 10.6768 | 0.1689 | 0.4140 | 0.672 | 36.169 | 0.6998 | 82.1200 | 0.0011 | 0.5827 | 0.0420
F3 5.5 | 0.8682 | 42490 | 0.4358 | 0.2738 | 0.9681 | 13.842 | 0.9484 | 17.6730 | 0.3690 | 0.6398 | 0.1977
74 | 05173 | 82470 | 0.1716 | 0.3994 | 0.7052 | 30.690 | 0.7171 | 69.1319 | 0.0046 | 0.6024 | 0.0419
F4 55 | 0.8929 | 40769 | 0.4386 | 0.3190 | 0.9389 | 14.964 | 0.9192 | 19.2977 | 0.3594 | 0.7892 | 0.0790
74 | 03835 | 29964 | 0.1381 | 0.4093 | 0.6268 | 34.032 | 0.6345 | 74.5645 | 0.0040 | 0.3673 | 0.0335
F5 5.5 [ 09165 | 34815 | 0.5198 | 0.3007 | 0.9565 | 14.791 | 0.9466 | 23.9848 | 0.2602 | 0.7846 | 0.1542
74 | 05088 | 8.0624 | 0.1659 | 0.4022 | 0.7049 | 31.795 | 0.769 | 71.3336 | 0.0037 | 0.6241 | 0.0389
Fé6 5.5 | 0.8817 | 4.6930 | 0.4572 | 0.3195 | 0.936 14.994 | 0.9069 | 20.4550 | 0.3330 | 0.771 0.0947
74 | 0389 | 29276 | 0.1331 | 0.4147 | 0.6679 | 35.391 | 0.4575 | 76.4040 | 0.0073 | 0.4253 | 0.0259
F7 5.5 | 0.8645 | 4.3338 | 0.4081 | 0.3052 | 0.9643 | 15.053 | 0.9358 | 23.7079 | 0.2563 | 0.7436 | 0.1346
74 | 04163 | 3.6864 | 0.1486 | 0.4033 | 0.6685 | 32.120 | 0.5874 | 67.8528 | 0.0305 | 0.4134 | 0.0414
F8 5.5 | 0.8432 | 4.5586 | 0.4461 | 0.3253 | 0.919 16.127 | 0.8359 | 24.4698 | 0.2810 | 0.6895 | 0.1103
74 | 05623 | 9.2102 | 0.1902 | 0.4012 | 0.7396 | 32.354 | 0.7077 | 63.1798 | 0.0915 | 0.6115 | 0.0467
F9 55 | 0.8672 | 3.4428 | 0.4647 | 0.3102 | 0.9388 | 16.002 | 0.8666 | 23.6103 | 0.3002 | 0.7112 | 0.1573
74 | 05485 | 7.7592 | 0.1783 | 0.3979 | 0.7358 | 33.152 | 0.8755 | 66.8136 | 0.0715 | 0.5595 | 0.0623
FIO 5.5 | 0.8879 | 4.6638 | 0.4246 | 0.3150 | 0.9666 | 15.672 | 0.9282 | 19.8883 | 0.3696 | 0.7738 | 0.1230
74 | 05359 | 88423 | 0.185 | 0.3970 | 0.7237 | 30.880 | 0.7057 | 69.8522 | 0.111 0.5863 | 0.0518

a significantly better fit to the Korsmeyer—Peppas model (R? = 0.8755) compared to the Higuchi model (R* = 0.7358, p <
0.05), while F5 showed a similar trend (Korsmeyer—Peppas R = 0.7690, Higuchi R* = 0.7049). The corresponding
n-values, all below 0.45, further confirm the involvement of complex release mechanisms, likely involving polymer
relaxation and matrix erosion under physiological conditions.*’ Collectively, these findings demonstrate a statistically
significant, pH-dependent release behaviour for ITZ-loaded nanoparticles. A Fickian, diffusion-dominated release profile
was observed at pH 5.5, transitioning to anomalous, non-Fickian mechanisms at pH 7.4 (p < 0.05, based on comparative
model fits and n-values). Among all tested formulations, F2 emerged as the most promising candidate for dermal drug
delivery, offering the highest drug release efficiency coupled with a robust diffusion-controlled release mechanism at the
skin surface.””

Furthermore, the distinct pH-dependent release—with significantly higher release at physiological pH (7.4)—suggests
that the formulation can respond to the physiological environment, potentially offering enhanced release in the deeper
skin layers. The synergy between the PCL matrix and the Poloxamer 407 stabilizer in F2 creates a “Goldilocks zone”,
where the formulation is neither too hydrophobic to limit release nor too hydrophilic to lose its sustained-release
characteristic. This pH-dependent behaviour can be explained by a coordinated two-stage mechanism operating at the
nanoparticle interfaces. The pH-dependent drug release observed in our system arises from a coordinated two-stage
mechanism. At the nanoparticle interface, Poloxamer 407 undergoes pH-dependent conformational changes: at pH 7.4,
hydrated PEO chains form a dense steric barrier limiting water diffusion, while at pH 5.5, mild acidity disrupts hydrogen
bonding, partially dehydrating and coiling the chains to increase interfacial free volume and enhance water ingress. This
is corroborated by higher swelling ratios for formulation F2 at pH 5.5 (1.42) versus pH 7.4 (1.39). Concurrently,
enhanced water penetration plasticizes the PCL matrix, increasing chain mobility and reducing diffusional barriers. The
weak base character of ITZ further enhances drug solubility under acidic conditions, strengthening the concentration
gradient (AC) that drives diffusion. The excellent correlation with the Higuchi model (R? = 0.9804 at pH 5.5) confirms
diffusion-controlled kinetics through this optimally hydrated polymeric network.
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The drug release data were further analysed using the Weibull model to gain additional insights into the release
mechanisms. The Weibull model is particularly useful for describing dissolution and release phenomena from complex
systems, as it does not assume any specific drug release mechanism.’’ At pH 5.5, the Weibull model showed moderate
correlation coefficients (R* = 0.64-0.85), with formulation F2 demonstrating the strongest fit (R? = 0.8461). The Weibull
rate parameter (K) values ranged from 0.08 to 0.20 at pH 5.5, with lower K values generally corresponding to more
sustained release profiles. At physiological pH (7.4), the Weibull model exhibited poorer correlation (R* = 0.37-0.62),
suggesting that the release kinetics under these conditions may not be adequately described by this empirical model. The
superior fit of the Higuchi model at skin pH (5.5), compared to the Weibull model, provides stronger evidence for
a diffusion-controlled release mechanism in the acidic environment relevant for transdermal application.

Swelling Behaviour

The swelling dynamics of nanoparticles are of key importance in transdermal drug delivery systems, where controlled
hydration controls the drug diffusion kinetics while preserving structural integrity at the skin interface. Moderate swelling
at skin pH (~5.5) is necessary to increase the release of the drug by hydration-induced matrix relaxation without
compromising the NP adhesion to the stratum corneum, a critical balance for a sustained transdermal delivery.”” In
this study, the pH-dependent swelling profiles were systematically assessed under physiological (pH 7.4) and simulated
acidic (pH 5.5) conditions, as shown in Figure 3. A one-way ANOVA with Tukey’s post-hoc tests (a = 0.05, n = 3)
revealed a significant compositional effect on the equilibrium swelling ratios (F (9, 40) = 28.6, p<0.001), confirming that
formulation design critically modifies hydration behaviour (Figure 3). The formulation F2 (40 mg PCL, 2% Poloxamer
407) demonstrated an optimal swelling ratio of 1.42+ 0.05 at pH 5.5 and 1.39 + 0.04 at pH 7.4, resulting in a balance
between hydration-induced drug release and mechanical stability. This controlled swelling is in line with the ideal ranges
reported for transdermal systems, where excessive hydration (>1.5) risks particle disintegration, while insufficient
swelling (<1.3) limits the diffusion of the drug.> Increasing the concentration of the PCL from 20 mg (F1) to 40 mg
(F2) considerably reduced the swelling by 6.4% (p = 0.007).

Swelling Index at pH 5.5 and pH 7.4
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Figure 3 Swelling Index (q) of nanoparticle formulations (FI to FI10) at pH 5.5 and pH 7.4. Data are presented as mean * SD (n = 3). Statistical significance was determined
by one-way ANOVA with Tukey’s post-hoc test (a = 0.05).
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Conversely, preparations with a higher content of Poloxamer 407 (F7: 5% surfactant) showed destabilizing swellings
(1.563 £ 0.061 at pH 5.5; p = 0.003 vs F2), consistent with surfactant-mediated micellization and pore formation.
Increasing the aqueous phase volume from 10 mL (F2) to 40 mL (F10) reduced swelling ratios by 11.2% (1.248 + 0.038;
p < 0.001 vs F2), attributed to diminished polymer packing density during nanoprecipitation. Despite this, pH sensitivity
(quantified as the % variation in swelling between pH 5.5 and 7.4) remained statistically constant across formulations
(2.1%; p = 0.22-0.48), suggesting that surface hydrophilicity is primarily regulated by the protonation of terminal
carboxyl groups of the PCL (pKa) and not by the bulk matrix.’* Notably, acidic skin pH (5.5) in all NPs induced an
increase in swelling higher than physiological pH (7.4) per protonation-induced hydrophilic enhancement. This pH
response is beneficial to the transdermal system, as localized swelling at the skin surface may increase the rate of drug
release at the application site. The robustness of the swelling profile of F2, combined with its pH tolerance, supports its
selection as the preferred formulation for further characterization.

In particular, the concentration of PCL and the content of Poloxamer 407 have been identified as key determinants of
the swelling behaviour, muco-adhesion strength and drug release kinetics. The moderate levels of both components (as
optimized in formulation F2) allowed sufficient hydration and relaxation of the polymer chain, resulting in a balanced
swelling and a strong adhesion to the skin. On the other hand, increased PCL content resulted in higher matrix density
and decreased porosity, which prevented water uptake and slowed drug diffusion, whereas higher surfactant concentra-
tions increased water uptake, but decreased the structural integrity of the gel, resulting in decreased adhesion and faster
release. Together, these results indicate that a controlled extent of swelling is necessary to maintain mechanical stability,
ensure strong adhesion, and facilitate diffusion-controlled release.

Particle Size, Polydispersity Index (PDI) and Zeta Potential

Particle size, PDI, and zeta potential were determined only for the optimized formulation (F2). Since the optimization
process was based primarily on encapsulation efficiency and drug release characteristics across all batches (F1-F10),
detailed physicochemical characterization was conducted on the best-performing formulation to represent the final
optimized system. The particle size and surface characteristics of nanoparticles are critical determinants of their
performance, particularly for transdermal and topical drug delivery applications. In this study, dynamic light scattering
(DLS) analysis revealed that the ITZ-loaded PCL nanoparticles (Formulation F2) exhibited a Z-average hydrodynamic
diameter of 154.6 nm with a dominant peak at 118.9 nm (Figure 4). Nanoparticles within the size range of 100-200 nm
are considered optimal for topical delivery, as they facilitate enhanced penetration into the stratum corneum and effective
distribution within the viable epidermis, while minimizing the likelihood of systemic absorption.”®> The PDI of the
formulation was recorded as 0.378, indicating a moderately narrow size distribution. While a PDI value below 0.3 is
indicative of monodisperse systems, values between 0.3 and 0.5 are generally acceptable for polymeric nanoparticle
formulations, especially those prepared by nanoprecipitation using amphiphilic stabilizers such as Poloxamer 407.°° The
observed PDI reflects the controlled formulation parameters and efficient stabilization of nanoparticles, ensuring uniform
particle size distribution, which is essential for consistent drug release and reproducible biological performance.

The electrokinetic stability of the nanoparticles was assessed by zeta potential analysis, which showed a value of
—10.7 £ 5.36 mV. Although colloidal systems with zeta potential values exceeding +£30 mV are generally considered
electrostatically stable, polymeric nanoparticle systems stabilized with non-ionic surfactants such as Poloxamer primarily
rely on steric hindrance to prevent particle aggregation.”” The slight negative surface charge observed in this study is
attributed to the terminal carboxyl and ester functional groups present on the PCL chains, as well as the partial adsorption
of the surfactant at the nanoparticle surface. This negative surface potential contributes to colloidal stability while
minimizing the risk of aggregation during storage and application. Furthermore, nanoparticles with lower surface charge
have been associated with reduced skin irritation potential, an essential attribute for transdermal and topical
formulations.®

These results highlight that formulation F2, containing 40 mg PCL, 2% Poloxamer 407, and 10-mL aqueous phase,
achieved an optimal balance of small particle size (154.6 nm), moderate PDI (0.378), and high EE (88.4%). The
relatively low negative zeta potential (—10.7 mV) is consistent with steric stabilization by Poloxamer rather than
electrostatic stabilization, minimizing aggregation while ensuring good dispersion stability.”
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Figure 4 Hydrodynamic size and surface charge of ITZ-loaded PCL nanoparticles. The particle size distribution and zeta potential were measured by dynamic light
scattering. The red text denotes the key reported values of Z-Average and Zeta Potential, confirming a nanometric formulation with moderate colloidal stability.

Scanning Electron Microscopy (SEM)

The surface morphology and structural characteristics of the developed PCL nanoparticles were investigated using
Scanning Electron Microscopy, and the representative micrographs at different magnifications are presented in Figure 5.
At lower magnifications (100x and 250x%), the nanoparticles appeared as agglomerated particulate clusters, which may be
attributed to the hydrophobic nature of PCL and the lyophilization process that promotes particle aggregation. Such
agglomeration is frequently reported for polymeric nanoparticles owing to weak van der Waals interactions and the
absence of stabilizing agents on the particle surface.®® With progressive magnification (500 to 5000x), the micrographs
revealed more detailed surface architecture of the nanoparticles. The nanoparticles exhibited a distinct, irregular, flake-
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Figure 5 Scanning electron micrographs of ITZ-loaded PCL nanoparticles at various magnifications.

like morphology with interconnected porous structures and surface roughness. The porous appearance and wrinkled
texture can be attributed to solvent evaporation and polymer precipitation during nanoparticle formation via the
emulsification-solvent evaporation technique. Such morphological features are desirable for enhancing the effective
surface area, which can facilitate higher drug loading and sustained release profiles. The pronounced porosity and
interconnected voids observed at higher magnifications are indicative of the structural rearrangement of the PCL matrix
during solvent removal. The presence of such porous networks is particularly advantageous for controlled drug delivery
applications, as it can provide diffusion channels for drug molecules and contribute to prolonged release kinetics.®’
Furthermore, the irregular and rough surface morphology may enhance mucoadhesive or skin-interactive properties in
topical or transdermal delivery applications, thereby improving drug permeation.®® Overall, the SEM analysis confirmed
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the successful fabrication of PCL nanoparticles with characteristic porous, rough, and irregular morphology, consistent
with the design objectives for controlled and sustained drug delivery.

FTIR Analysis

FTIR spectroscopy was conducted to evaluate potential physicochemical interactions between ITZ, PCL, Poloxamer 407,
and to confirm the successful incorporation of ITZ into the nanoparticle matrix (Figure 6). The FTIR spectrum of pure
ITZ exhibited characteristic absorption bands at approximately 1700 cm™ ' corresponding to carbonyl (C=0) stretching
vibrations, and at 1515 cm™', attributed to C=C stretching within the aromatic rings.®> The spectrum of PCL displayed
a prominent ester carbonyl (C=0) stretching band at ~1720 cm™' and methylene (-CH,) stretching vibrations around
2940 cm ', confirming the presence of the aliphatic polyester backbone.®*

Poloxamer 407 demonstrated its typical spectral features, with strong C—O—C stretching vibrations at approximately
1100 cm™" and characteristic C—H stretching bands near 2880 c¢m '.°> The FTIR spectrum of the ITZ-loaded PCL
nanoparticle formulation retained all major characteristic peaks of ITZ, PCL, and POL, with minor shifts and peak
broadening, particularly in the regions corresponding to C=0 and C—O—C stretching vibrations. Notably, no new peaks or
significant changes in the spectral profile were observed, indicating the absence of chemical interactions or covalent bond
formation between the drug and the excipients.°® These findings suggest that ITZ was physically encapsulated within the
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Figure 6 FTIR spectra of pure Itraconazole, polycaprolactone, Poloxamer 407, and ITZ-loaded nanoparticle formulation.
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polymeric matrix without undergoing structural modification. The observed minor shifts and broadening are likely
attributable to hydrogen bonding and weak physical interactions between the drug and polymer components, which are
commonly reported in nanoparticulate systems.®” The preservation of key functional groups and the absence of additional
peaks confirm the chemical compatibility of the components and the successful entrapment of ITZ within the nanopar-
ticle system.

X-Ray Diffraction Pattern (XRD)

The crystalline behaviour of pure components and the ITZ-loaded nanoparticle formulation was systematically evaluated
using X-ray diffraction, with the diffraction patterns presented in Figure 7. Pure ITZ exhibited multiple sharp and intense
diffraction peaks at 20 values of approximately 12.5°, 15.8°, 17.3°, 19.5°, 21.7°, and 25.4°, confirming its highly
crystalline nature.”® These distinct peaks are characteristic of the ordered lattice structure of ITZ. In contrast, PCL
displayed a broad, diffused halo centered around 20.2° 26, accompanied by a weak crystalline peak at approximately
23.5°, indicative of its semi-crystalline structure. This behaviour reflects the partial crystalline domains typical of PCL-
based polymers. Similarly, the Poloxamer diffractogram revealed intense, sharp peaks located at 19.2°, 23.3°, 36.1°,
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Figure 7 XRD Patterns of Pure Itraconazole, Polycaprolactone, Poloxamer 407 and ITZ-Loaded Nanoparticle Formulation.
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42.5°, and 62.8°, confirming its crystalline nature, consistent with literature reports for Poloxamer 407. Remarkably, the
ITZ-loaded nanoparticle formulation demonstrated a significant loss of the characteristic crystalline peaks of 1TZ,
exhibiting only a broad, amorphous halo between 15° and 35° 26, corresponding to the polymeric matrix. The complete
disappearance of ITZ-specific peaks confirms successful molecular dispersion of the drug within the polymeric carrier
system, resulting in amorphization. The absence of crystalline ITZ signals, coupled with the broad amorphous profile of
the formulation, suggests effective drug-polymer interactions that inhibit drug recrystallization. This transformation from
crystalline to amorphous state is particularly advantageous, as it is well-recognized to enhance drug solubility, dissolution
rate, and ultimately, bioavailability.®® These XRD findings substantiate the successful fabrication of a physically stable,
amorphous ITZ-loaded nanoparticle system with promising potential for improving the oral bioavailability of poorly
soluble drugs.

The observed disappearance of characteristic crystalline ITZ peaks in the XRD diffractogram of our formulations
provides direct evidence of drug amorphization within the polymeric matrix.®” This transformation is critically significant
because the amorphous state possesses a higher Gibbs free energy than its crystalline counterpart. This elevated energy
state directly translates to a lower thermodynamic barrier for dissolution. Consequently, this amorphization is the
fundamental driver behind the enhanced apparent solubility and accelerated dissolution rate observed in our study.”®
The molecularly dispersed drug no longer requires energy to break down a stable crystal lattice, allowing for more rapid
hydration and release. This rationale is firmly supported by established literature on solid dispersions.”!

Differential Scanning Calorimetry (DSC) Analysis

Differential Scanning Calorimetry was conducted to evaluate the thermal behaviour and physical state of ITZ within the
PCL—Poloxamer nanoparticle matrix as shown in Figure 8. The thermogram of pure ITZ exhibited a sharp endothermic
peak at 167.44°C, corresponding to its melting point, which confirms its crystalline nature.”” In contrast, this peak value
in the thermogram of nanoparticles loaded with ITZ was absent or significantly decreased, suggesting that the drug is
converted into an amorphous or molecularly dispersed state within the polymeric system. The PCL showed a melting
point of around 59-61°C, which is in line with its semi-crystalline polyester structure, and this peak was maintained in
the nanoparticle formulation, although with a reduced intensity, probably due to the plasticizing effect of Poloxamer
407.” Poloxamer showed two distinct endothermic peaks at 59.09 °C and 197.62 °C indicating the presence of an
ordered crystalline structure. Blank nanoparticle formulation exhibited a broad and less intense thermal transition
compared to excipients. The absence of a sharp ITZ peak in the formulation thermogram is a confirmation of successful
encapsulation and indicates that the drug is not chemically involved but rather physically incorporated into the PCL
matrix. The transition of ITZ from a crystalline to an amorphous state is particularly advantageous for enhancing the
solubility and dissolution rate of poorly water-soluble drugs such as ITZ. These findings are consistent with previous
reports in which the disappearance or enhancement of ITZ melting peaks in DSC thermogram was attributed as evidence

of drug amorphization and uniform dispersion within nanoparticle carriers.®®

Thermo-Gravimetric Analysis (TGA)

Thermogravimetric analysis was used to study the thermal degradation profiles of pure ITZ and ITZ-loaded PCL
nanoparticles (Figure 9). The thermogram of pure ITZ revealed a sharp, single-step degradation event initiating at
369.37°C, consistent with its intrinsic decomposition behaviour.”* The PCL degraded with significant mass losses
between 250-350°C due to breakdown of its polymer backbone, whereas Poloxamer started degrading around 150°C,
likely because of the breakdown of its PEO-PPO segments. The blank nanoparticle formulation showed a multi-phase
degradation pattern comprising loss of moisture below 100°C and polymer decomposition in the range of 200-350°C;
however, ITZ-loaded nanoparticles had a similar pattern to that of polymeric drug-delivery systems. This initial weight
loss (5-8%) was due to evaporation of residual moisture. The primary degradation occurred between 250-380°C,
corresponding to the thermal decomposition of the PCL polymer backbone and the encapsulated ITZ. The absence of
a distinct ITZ degradation peak at 369.37°C in the nanoparticle formulation confirmed effective drug encapsulation
within the polymeric matrix, with a concomitant shift in degradation onset temperatures. This observation implies greater
thermal stabilization of ITZ due to molecular-level dispersion in the PCL nanoparticles, as reported earlier.”’
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Figure 8 DSC thermogram of Pure Itraconazole, Polycaprolactone, Poloxamer 407, Blank Nanoparticle Formulation and ITZ-Loaded Nanoparticle Formulation.

Physical Evaluation of ITZ-Loaded Gel Formulation

The developed gel formulation containing ITZ-loaded PCL nanoparticles in a Carbopol 934 matrix has demonstrated
promising pharmacological properties that are suitable for topical administration. The findings are summarized in
Table 4. The gel was translucent and homogeneous, with no observable phase separation or grittiness, indicating effective
nanoparticle dispersion and formulation stability. Compatibility with stratum corneum at pH 6.46 + 0.01 and minimiza-
tion of the risk of local irritation make it suitable for topical administration.”®’” Rheological analysis revealed
pseudoplastic (non-Newtonian) flow behaviour that is beneficial for topical formulations. Furthermore, the spreadability
value of 6.08 + 0.12 cm indicates sufficient flow characteristics, ensuring effortless application with minimal mechanical
force. Overall, the results confirm the physical resistance, ease of use, and suitability of the formulation for effective local
administration of ITZ. The nanoparticle gel demonstrated pseudoplastic (shear-thinning) characteristics and maintained
this characteristic throughout storage, suggesting that the polymeric network remained structurally stable and no

significant change in viscosity was observed, ensuring consistent spreadability and performance.
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Figure 9 TGA thermogram of Pure Itraconazole, Polycaprolactone, Poloxamer 407, Blank Nanoparticle Formulation and ITZ-Loaded Nanoparticle Formulation.

Ex vivo Skin Permeation Study
Ex vivo skin permeation studies revealed significantly enhanced transdermal delivery of ITZ from the F2 nanoparticle-

loaded gel compared to the plain ITZ gel. After 24 hours, the cumulative drug permeation (Q,4) from the F2 nanoparticle
gel reached 173.29 + 3.12 pg/cm?, representing a 129.9% increase relative to the plain gel (75.35 + 1.35 pg/cm?) (p <

Table 4 Physicochemical and Rheological Evaluation of ITZ-Loaded Gel

Parameter Result (Mean £ SD) Interpretation

Appearance Translucent, homogeneous gel No phase separation or grittiness observed

pH 6.46 = 0.01 Within physiological range, safe for dermal application
Viscosity (cP at 0.5 rpm) 13,360 % 125 Suitable for topical use; shear-thinning behavior
Rheological behavior Pseudoplastic (non-Newtonian) Promote spreadability and retention on skin
Spreadability (cm) 6.08 + 0.12 Ensures ease of application with minimal mechanical force
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Figure 10 Cumulative permeation of ITZ from Plain ITZ Gel and F2 Nanoparticle Gel across excised rabbit skin (Mean £ SD, n = 3).

0.001), as illustrated in Figure 10. This remarkable improvement can be attributed to the nanometric particle size of the
formulation, which enhances surface area and facilitates deeper penetration into the skin layers. Furthermore, the
incorporation of Poloxamer 407, a well-established permeation enhancer, contributed to this effect by disrupting
intercellular lipid bilayers and increasing skin hydration, thereby promoting drug transport across the stratum
corneum.”®’”® The steady-state flux (Jss) of the F2 nanoparticle gel was also significantly higher (6.32 + 0.15 pg/cm?/
h) compared to the plain gel (2.58 + 0.08 pg/cm?/h), corresponding to a 145% increase (p <0.001), further confirming the
superior permeation profile of the nanoparticle-based system (Table 5). Additionally, the calculated Enhancement Ratio
(ER) for the F2 nanoparticle gel was 2.45, indicating a more than two-fold enhancement in permeation compared to the
plain gel. The lag time (T,,), representing the time required for drug molecules to establish steady-state diffusion across
the skin barrier, was significantly reduced in the F2 nanoparticle gel (1.5-2.2 hours) compared to the conventional ITZ
gel (3.2—4 hours, p < 0.001). This approximately 53% reduction indicates more rapid onset of drug permeation, which is
particularly beneficial for topical antifungal therapy where prompt therapeutic action is required. The decreased Ti,, can
be attributed to the nanometric particle size and the permeation-enhancing properties of Poloxamer 407, which promote
quicker drug partitioning into the stratum corneum lipids and faster diffusion pathway establishment.®* The concurrent
improvements in both steady-state flux (Jss) and lag time collectively demonstrate the superior permeation performance
and therapeutic potential of the nanoparticle-based gel system.

The 2.45-fold enhancement ratio represents a direct functional consequence of the balanced formulation design,
which provides sustained release at the application site while facilitating enhanced skin penetration. This synergistic
transdermal enhancement arises from pH-dependent release aligned with the acidic skin surface (pH 4.5-5.5), resulting in

Table 5 Permeation Parameters of ITZ from Plain Gel and F2 Nanoparticle-Loaded Gel
(Mean £ SD, N = 3)

Parameter Plain ITZ Gel | F2 Nanoparticle Gel | p-value | Significance
Qu4 (uglem?) 7535 % 1.35 17329 + 3.12 <0.001 Horx
Jss (uglem?/h) 2.58 £ 0.08 6.32 £ 0.15 <0.001 ok
Thg (h) 32+04 1.5+02 <0.001 woHE
Enhancement Ratio (ER) | | (Reference) 2.45 — —

Note: Cumulative amount permeated per unit area in 24 hours; Jss: Steady-state flux; Data are presented as mean *
SD (n=3). Statistical significance was determined using an unpaired, two-tailed Student’s t-test. ***p < 0.001 indicates
a statistically significant difference compared to the plain ITZ gel.

Abbreviations: ER, Enhancement Ratio; Ty, lag time.
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optimized lipophilic ITZ delivery into the stratum corneum. In parallel, Poloxamer 407 modulates stratum corneum lipids
and increases permeability. The combined effects of interfacial hydration, polymer plasticization, and permeation
enhancement in the PCL-Poloxamer 407 carbopol gel matrix confirm this cooperative effect. Our results indicate a two-
phase reservoir-mediated mechanism governing the transdermal transport process. In the first phase, the nanoscale
dimensions (~154 nm) and lipophilic PCL matrix facilitate efficient nanoparticle partitioning into the lipid-rich domains
of the stratum corneum and upper epidermis,®' leading to formation of a localized cutaneous drug reservoir that serves as
a temporary depot immediately after application. In the second phase, this retained drug fraction acts as a sustained-
release source, gradually liberating ITZ that diffuses through the viable epidermis and dermis. The released drug
subsequently permeates into the dermal microvasculature, resulting in measurable systemic input. This interpretation is
quantitatively supported by the ex vivo permeation data, which show a 2.3-fold increase in cumulative permeation (Q54)
and a >2.4-fold enhancement in steady-state flux (Jss) for the optimized F2 formulation in carbopol gel compared with
the plain gel. These findings confirm that the skin-associated reservoir does not trap the drug but rather maintains
a continuous release gradient that sustains transdermal absorption over extended periods. Essentially, the system utilizes
the skin not merely as a barrier but as a biocompatible, controllable depot that modulates and prolongs drug input into
systemic circulation. This depot-based release strategy minimizes plasma concentration fluctuations and offers
a pharmacokinetic advantage over conventional oral ITZ, which is limited by poor solubility and variable
bioavailability.** Therefore, the observed high skin retention represents an integral component of the transdermal design,
reflecting a rational and efficient approach to achieving sustained systemic delivery.

Skin Irritation Test

The skin biocompatibility of gel loaded with ITZ has been assessed in healthy adult New Zealand white rabbits according
to OECD Guideline 404.* Observation was carried out 24, 48 and 72 hours after application to evaluate the signs of
erythema and oedema using the Draize scoring system (Table 6). The nanoparticle-loaded gel sample demonstrated good
compatibility with the skin and showed no signs of erythema or oedema at any time point (24 hours, 48 hours and
72 hours) in all test animals Table 6. Conversely, the positive control group treated with 0.8% sodium lauryl sulphate
(SLS) consistently showed moderate to severe erythema and mild oedema with a primary inflammatory index (PII=0),
which classified it as an irritant (Figure 11).%>** The excellent biocompatibility of the nanoparticle-loaded gel is due to
the presence of PCL nanoparticles combined with eucalyptus oil, known for its anti-inflammatory, thus preserving skin

Table 6 Skin Irritation Scores at 24 h, 48 h and 72 h in New Zealand White Rabbits

Group Animal No. | Erythema Edema Total Erythema Edema Total Erythema Edema Total
(24 h) (24 h) (24 h) (48 h) (48 h) (48 h) (72 h) (72 h) (72 h)

Test Group | | 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0 0
Mean % SD 0.00 £ 0.00 | 0.00 £ 0.00 | 0.00 £0.00 | 0.00 £ 0.00 | 0.00 +£0.00 | 0.00 £0.00 | 0.00 £0.00 | 0.00 +0.00 [ 0.00 + 0.00
Positive 4 2 | 3 2 | 3 2 | 3
Control

5 3 | 4 2 | 3 2 | 3

6 3 2 5 2 | 3 2 | 3
Mean * SD 267 +£0.58 | 1.33+058 | 400+ 1.00 | 200 +£0.00 | 1.00+0.00 | 3.00 £0.00 | 2.00 £0.00 | 1.00 +0.00 [ 3.00 £ 0.00
Negative 7 0 0 0 0 0 0 0 0 0
Control

8 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0
Mean * SD 0.00 £ 0.00 | 0.00 +£0.00 | 0.00 £0.00 | 0.00 £ 0.00 | 0.00+0.00 | 0.00 £0.00 | 0.00 £0.00 | 0.00+0.00 [ 0.00 £ 0.00
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Figure 11 Comparison of Skin Irritation Responses Over 24, 48 and 72 Hours across Test Group, Positive Control, and Negative Control Groups.

integrity and preventing irritation. The results suggest that the ITZ-loaded gel is safe for skin application with therapeutic

benefits without compromising cutaneous tolerance and can therefore become a candidate for clinical use.

Stability

Stability tests were performed to assess the physical integrity, pH consistency and rheological behaviour of the F2 gel

formulation for three months under the storage conditions recommended in the ICH Q1A(R2) guidelines. The gel

formulation was stored under three temperature conditions: refrigerated (4 + 1°C), ambient (25 + 2°C), and accelerated
(40 £ 2°C/75 £ 5% RH) as indicated in Table 7. The optimized F2 formulation was evaluated at 1, 2, and 3 months for
visual characteristics, pH, and viscosity. The optimized F2 formulation was physically stable throughout the study. No

changes in appearance, such as phase separation, precipitation or colouring, were observed under any of the test
conditions, which confirmed the physical integrity of the formulation. The initial pH of F2 was 6.48 + 0.02. The pH

Table 7 Stability Parameters of F2 Gel Formulation Stored Under ICH Conditions Over 3 months

Time (months) | Storage Temp | Appearance pH £ SD Viscosity (cP) £ SD | % Viscosity Change
| 4°C Clear, homogeneous | 6.46 £ 0.01 | 13,360 + 125 —0.67%
| 25°C Clear, homogeneous | 6.43 +0.02 | 13,220 + 150 —1.71%
| 40°C Clear, homogeneous | 6.38 £ 0.03 | 12,890 + 170 —4.16%
2 4°C Clear, homogeneous | 6.44 £ 0.02 | 13,290 + 120 —1.19%
2 25°C Clear, homogeneous | 6.39 £0.02 | 13,150 + 135 —2.23%
2 40°C Clear, homogeneous | 6.29 + 0.04 | 12,650 + 160 —5.95%
3 4°C Clear, homogeneous | 6.42 £0.02 | 13,190 = 110 -1.93%
3 25°C Clear, homogeneous | 6.34 £ 0.03 | 12,970 + 145 —3.56%
3 40°C Clear, homogeneous | 6.22 + 0.03 | 12,380 + 130 —7.95%
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ranged within the acceptable range of +£0.5 units in all storage conditions and time points. In accelerated conditions
(40°C), a slight decrease in pH was observed, reaching 6.22 + 0.03 over three months, but still within the stability limits.
The change in viscosity at refrigerated and ambient temperatures was <5%. At 40°C, the viscosity decreased gradually,
with a maximum decrease of approximately 7.95% after three months. These changes remained within the pre-specified
margin of error of £10%. Moreover, the formulation retained its shear-thinning behaviour, which indicates structural
integrity of the gel matrix. The decrease in viscosity at higher temperatures is attributable to the relaxation of the polymer
or to the decreased hydrogen bonding interactions due to thermal stress.®>*® However, the F2 formulation has maintained
its rheological and physicochemical properties, which support its suitability for long-term storage.

Conclusion

This study successfully developed a PCL-based nanoparticle system for enhanced transdermal delivery of ITZ. The
optimized formulation demonstrated excellent drug loading capacity (88.4%), ideal particle characteristics (154.6 nm) for
skin penetration, and sustained release properties. The nanoparticle-loaded gel showed remarkable transdermal permea-
tion enhancement (a 2.45-fold increase) compared to conventional formulations, along with excellent stability and
a proven safety profile. While these results demonstrate substantial promise for transdermal antifungal delivery, we
acknowledge the need for future in vivo studies to validate therapeutic efficacy in appropriate infection models. This
nanotechnology platform effectively overcomes the solubility and permeability challenges of ITZ, representing
a significant advancement in transdermal drug delivery systems for poorly soluble antifungal agents.
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