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Comparative Development and Characterization of Itraconazole-Loaded Solid Lipid
Nanoparticles Incorporating Myristic Acid and Pluronic F127 for Oral Delivery

This study developed itraconazole-loaded solid lipid nanoparticles (SLNs) to enhance the solubility of this
poorly water-soluble antifungal drug and evaluate key physicochemical properties. SLNs were prepared using
the microemulsion technique with solid lipids stearic acid, palmitic acid, and myristic acid, and surfactants
Tween 80 and Pluronic F127. The synthesized SLNs were characterized using dynamic light scattering (DLS)
and electrophoretic light scattering (ELS) for size and zeta potential determination, while transmission elec-
tron microscopy (TEM) and field emission scanning electron microscopy (FESEM) were employed to exam-
ine surface morphology. Furthermore, the structural and thermal properties of the formulation were analyzed
via Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and differential scanning
calorimetry (DSC). Among the formulations, SLN3 (containing stearic acid—Pluronic F127) and SLN9 (con-
taining myristic acid—Tween 80) exhibited the smallest particle sizes and lowest polydispersity indices. En-
capsulation efficiency was 97.04 +0.004 % for SLN3 and 42.69 +0.02 % for SLN9, with drug loading capac-
ities of 3+ 0.1 % and 1.8 £0.17 %, and yields of 50.03 +3.55 % and 57.9 + 6.6 %, respectively. Solubility of
ITZ increased to 2900 pg/mL (SLN3) and 3369 pg/mL (SLN9). In vitro release studies demonstrated con-
trolled and sustained drug release, with SLNs exhibiting formulation- and pH-dependent behavior; SLN3
provided more prolonged release under acidic conditions, whereas SLN9 showed relatively higher release at
intestinal pH, reflecting differences in lipid chain length and surfactant type. These results indicate that the
optimized SLNs improve ITZ solubility and exhibit favorable physicochemical characteristics, supporting
their potential as oral delivery systems for poorly soluble antifungal agents.

Keywords: itraconazole, solid lipid nanoparticles, solubility enhancement, stearic acid, myristic acid, Pluronic
F127, Tween 80, controlled drug release

Introduction

Itraconazole (ITZ) is a triazole antifungal agent with a broad spectrum of activity against a wide range
of dermal and systemic fungal infections. It is commonly prescribed for both immunocompromised and non-
immunocompromised patients and is often preferred in cases where amphotericin B therapy is contraindicat-
ed due to its comparatively favorable safety profile [1]. Despite its clinical efficacy, the therapeutic perfor-
mance of ITZ following oral administration is limited by significant formulation-related challenges [2]. One
major limitation of ITZ is its poor aqueous solubility, which results from its highly lipophilic nature. Accord-
ingly, ITZ is classified as a Biopharmaceutics Classification System (BCS) class Il drug, characterized by
low solubility and high membrane permeability. This poor solubility leads to slow and incomplete dissolu-
tion in gastrointestinal fluids, contributing to low and highly variable oral bioavailability among patients. [3].
In addition to solubility-related issues, uncontrolled or rapid drug release from certain oral formulations may
result in high peak plasma concentrations, which have been associated with concentration-dependent adverse
effects, including hepatotoxicity, elevations in hepatic enzymes and cardiotoxicity. ITZ is a potent inhibitor
of cytochrome P450 3A4 (CYP3A4), and concomitant use with other CYP3A4 substrates can lead to elevat-
ed plasma concentrations of co-administered drugs, significantly increasing the risk of serious toxicities in-
cluding QT prolongation [4]. Thus, while enhancing solubility is necessary to improve oral absorption, ex-
cessive or rapid release of ITZ can increase the risk of systemic toxicity. Therefore, an optimal oral formula-
tion should not only improve solubility and dissolution but also provide controlled drug release to maintain
plasma concentrations within the therapeutic window [5]. Therefore, the development of novel delivery sys-
tems with features such as reduced particle size, protection of the drug from degradation, improved drug sol-
ubility and the ability to provide sustained drug release is essential for the successful administration of ITZ.
Nanoparticulate drug delivery systems have emerged as promising approaches to overcome the limitations
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associated with conventional formulations. Example includes solid lipid nanoparticles (SLNs), colloidal car-
riers with particle size ranging from 50-1000 nm, first developed at the beginning of 1990s [6]. SLNs-based
formulations have since been investigated for several routes of administration, including parenteral, oral, oc-
ular, pulmonary, and rectal [7]. SLNs have attracted considerable attention as a potential drug carrier as they
offer many advantages compared to other carrier systems. Compared with polymeric nanoparticles, SLNs are
generally prepared from physiological lipids, which are biodegradable and biocompatible, reducing concerns
of long-term toxicity [8]. Unlike liposomes, SLNs exhibit greater physical stability and lower risk of rapid
leakage of incorporated drug [9]. Compared with nanoemulsions, SLNs are typically composed of solid li-
pids (e.g., fatty acids, waxes, or triglycerides) stabilized with surfactants and co-surfactants. The solid lipid
matrix can improve drug stability, which in some cases, enables sustained or controlled drug release [10].
Despite the advantages of SLNs, ITZ has not been comprehensively investigated in such formulations. Pre-
vious attempts have largely been limited to general SLN systems without systematic evaluation of lipid type
and surfactant composition. Although previous studies focused on topical and ocular delivery of ITZ-loaded
SLNs, their potential for oral delivery has not been explored [11]. In particular, there is a lack of detailed
studies examining the effects of different long-chain fatty acids such as stearic acid, palmitic acid, and
myristic acid as lipid matrices, in combination with surfactants like Tween 80 and Pluronic F127, on the
physicochemical properties, the solubility of ITZ, and release behavior of ITZ-loaded SLNs. This gap limits
the ability to optimize formulations for enhanced solubility and stability of 1TZ-loaded SLNs. Although
Mukherjee et al. [12] demonstrated the feasibility of encapsulating ITZ into SLNs using palmitic acid as the
lipid matrix and a combination of Pluronic F127 and Tween 80 as surfactants, systematic studies exploring
alternative lipid matrices and surfactant systems for 1TZ-loaded nanoparticles remain limited. In this study,
we report the formulation and characterization of 1TZ-loaded SLNs prepared using stearic acid, palmitic ac-
id, and myristic acid as lipid carriers, stabilized with Tween 80 and Pluronic F127. Stearic acid, palmitic ac-
id, and myristic acid were selected as solid lipids based on their well-established safety, biocompatibility,
and suitability for oral drug delivery [13]. These lipids are naturally occurring saturated fatty acids that are
widely used as pharmaceutical excipients and are metabolized through normal lipid metabolic pathways [14].
The selected lipids possess melting points above physiological temperature, ensuring that the lipid matrix
remains in the solid state after administration, which is essential for the structural integrity and controlled
drug release behavior of SLNs. Additionally, their hydrophobic nature promotes efficient drug incorporation
and contributes to high entrapment efficiency [15]. To the best of our knowledge, this is the first comprehen-
sive study systematically comparing the influence of different lipid, surfactant and cosurfactant combinations
on the physicochemical properties of the ITZ SLNs including the particle size, polydispersity index, zeta po-
tential, entrapment efficiency, and in vitro drug release of ITZ-loaded SLNs. Additionally, although myristic
acid offers a favorable melting point, biocompatibility, and the potential to form stable lipid matrices, its use
as a lipid matrix in combination with Pluronic F127 as a nonionic surfactant in ITZ SLNs has not been re-
ported previously. By addressing this gap, this study provides important insights into the rational design of
lipid-based nanocarriers for enhancing the solubility, stability and controlled release behavior of ITZ.

Experimental

Materials

ITZ was purchased from Kemprotec Limited (UK). Stearic acid, palmitic acid, myristic acid, Pluronic
F127 (MWt = 12,600 g/mol) and Tween 80 were purchased from Sigma-Aldrich (UK). Dimethyl sulfoxide
(DMSO) was purchased from BIOCHEM Chemopharma (France). All other chemicals were of analytical
grade and were used as received.

Methods

Solubility of ITZ in Lipids

The solubility of ITZ in three lipids — stearic acid, palmitic acid, and myristic acid — was determined
guantitatively using a lipid-addition method according to Kumar and Goindi [11] with some modifications.
Briefly, 10 mg of pure ITZ was placed in a tube, and 200 mg of molten lipid was added under continuous
stirring at 70-75 °C using a hotplate stirrer (IKA® RCT Basic, Germany). Additional portions of lipid were
sequentially added with continuous stirring until the mixture became turbid, indicating saturation. The total
weight of lipid required to completely solubilize 1TZ was recorded. A fixed amount of ITZ (10 mg) was se-
lected to allow comparative evaluation of the lipid solubilization capacity under standardized conditions. The
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initial amount of molten lipid (200 mg) was chosen to ensure complete immersion and adequate mixing of
the drug at elevated temperature. Additional lipid was incrementally added until turbidity was observed, in-
dicating the solubility limit had been reached. Solubility was calculated based on the total mass of lipid re-
quired to dissolve the fixed amount of ITZ and was expressed as mg of drug per gram of lipid. All experi-
ments were performed in triplicate to ensure reproducibility and accuracy.

Preparation of ITZ Loaded SLN

Blank and 1TZ loaded SLNs were prepared by a microemulsion technique as described by Gasco (1997)
[16] with some modifications. The composition of the formulations is shown in Table 2 and Table S1. Solid
lipids (stearic acid, palmitic acid and myristic acid) were melted at 70—75 °C by placing the solid lipid in a
beaker within a water bath. Then ITZ was added to the molten lipid and stirred using a magnetic stirrer at
800 rpm until the drug was dispersed in the molten lipid. Then, to prepare aqueous phase, the surfactant
(Tween 80 or Pluronic F127) was added to 4 mL distilled water and stirred until completely dispersed or dis-
solved in distilled water at the same temperature as the lipid phase. Following the preparation of both phases,
the hot aqueous phase was added to the hot lipid phase and stirred at 800 rpm until an optically transparent
system (warm microemulsion) was obtained. The warm microemulsion was immediately dispersed in cold
water (15 °C), under high-speed homogenization (Ultra-Turrax T25 basic, Germany) at 8000 rpm for 15 min
to trigger the SLNs formation. The volume ratio of warm microemulsion to cold water was 1:20.

Table 1
Composition of ITZ loaded SLNs formulations
. Palmitic Myristic | Tween 80,| Pluronic Ethanol, Distilled
5. No. ITZ, mg | Stearic acid, g acid, g acid, g % F127, % mL water, mL
SLN 1 25 1 1 4
SLN 2 25 1 1.5 4
SLN 3 25 1 1 4
SLN 4 25 1 1.5 4
SLN 5 25 1 1 4
SLN 6 25 1 1.5 4
SLN 7 25 1 1 4
SLN 8 25 1 1.5 4
SLN9 25 1 1 4
SLN10 25 1 1.5 4
SLN11 25 1 1 4
SLN12 25 1 1.5 4
SLN13 25 1 1.5 0.5 4
SLN14 25 1 1.5 0.5 4
SLN15 25 1 1.5 0.5 4
SLN16 12.5 1 1.5 0.5 4
SLN17 25 0.5 0.5 1.5 4

Turbidimetric Analysis

The turbidity of the ITZ-SLNs dispersions was measured at room temperature using a UV/visible spec-
trophotometer (PharmaSpec, UV-1700, Japan) at a maximum wavelength (Amax) Of 600 nm. The turbidity
was determined from the absorbance of the dispersions, with distilled water was used as a blank.

pH Analysis

The pH of all ITZ-SLNs formulations was measured using a calibrated digital pH meter (Eutech in-
strument pH 700, Singapore). The electrode was directly immersed in each SLN dispersion, and the pH value
was recorded upon stabilization. Measurements were performed at ambient temperature, and each formula-
tion was assessed in triplicate.

Size, Size Distribution and Zeta Potential

A Zetasizer Nano ZS (Malvern Instruments Ltd., UK) was used to determine the particle size and size
distribution of the SLNs by dynamic light scattering (DLS), and zeta potential by the electrophoretic light
scattering (ELS). The SLNs dispersions were diluted with distilled water at a 1:100 ratio. Particle size meas-
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urements were performed at a constant scattering angle of 90° and a controlled temperature of 25 °C. Each
sample was analyzed in triplicate, with a 60-second equilibration period preceding measurement, utilizing 12
pL quartz cuvettes. The polydispersity index (PDI), indicating the measure of the distribution of nanoparticle
population (size distribution), was also determined. Zeta potential measurements were conducted utilizing a
disposable cell packed with carbon-coated electrodes. The electrophoretic mobility data were transformed
into zeta potential utilizing the Smoluchowski model (Fxa = 1.5).

Effects of SLNs on I1TZ Solubility

After preparing and evaluating all ITZ-SLN formulations, SLN3 and SLN9 were determined to be the
optimum formula based on particle size and PDI data acquired using DLS. To evaluate the effect of SLN
encapsulation on the aqueous solubility of ITZ, the solubility of the chosen formulations was measured using
the shake-flask method.

An excess amount of pure ITZ and ITZ-loaded SLNs (SLN3 and SLN9) was individually introduced to
0.1 M simulated gastric fluid (SGF, pH 1.2; consisted of NaCl and HCI) and 0.1 M phosphate-buffered saline
(PBS, pH 6.8; formulated from NaOH and KH,PQO,). Each sample was made in three replicates. The suspen-
sions were agitated continuously at 100 rpm for 48 hours at ambient temperature to achieve equilibrium. Fol-
lowing incubation, the mixtures were subjected to filtration through a 0.22 pum syringe filter to eliminate un-
dissolved drug/particles. The filtrates were spectrophotometrically examined at a wavelength of 265 nm uti-
lizing a UV-Visible spectrophotometer (PharmaSpec, UV-1700, Japan). The concentration of ITZ in each
sample was determined using a standard calibration curve established in ethanol and distilled water, spanning
a concentration range of 0.78-100 pg/mL.

Determination of Yield, Encapsulation Efficiency (EE), and Loading Capacity (LC)

To precipitate the SLNs and separate them from free ITZ, samples of the optimized formulations were
centrifuged for 1 hour using a (Maanlab, HC 02R, Sweden, at 25 °C and 15,000 rpm). The resultant precipi-
tates were collected, moved to a round-bottom flask with a thin neck, and then lyophilized using a Biobase
BK-FD10P freeze dryer (China). The lyophilized SLNs were then collected, weighed and stored for further
studies. Then the yield, encapsulation efficiency and drug loading capacity of the nanoparticles were calcu-
lated as follows:

The yield of the NPs was calculated using equation (1):

Weight of dried SLNs obtained
Total weight of drug+lipid+surfactant used

Yield (%)= x100%, Q)

After collecting the precipitated SLNs, the supernatant obtained from centrifugation (15,000 rpm,
1 hour, 25°C) was analyzed spectrophotometrically using a UV/visible spectrophotometer at 265 nm
(PharmaSpec, UV-1700, Japan) to quantify the amount of free ITZ based on a calibration curve prepared in
ethanol/water (0.78-100 ug/mL). The encapsulated ITZ was then determined indirectly by subtracting the
free drug in the supernatant from the total drug initially added. Encapsulation efficiency (EE%) and drug
loading (DL%) were subsequently calculated using Equations (2) and (3).

EE (%) = Total drug-Free drug %100 % | @)
Total drug
DL (%) _ Amount of drug encapsulated <100 % 3)

Total weight of SLNs

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was conducted using a Shimadzu FTIR-8400S spectrometer (Shimadzu Corpora-
tion, Japan). The analysis was performed on the pure ITZ, stearic acid, myristic acid, SLN3 and SLN9. The
materials were mixed with potassium bromide (KBr) pellets using a mortar and pestle and then compressed
using a hydraulic press to form a transparent pellet. The FTIR spectra were collected over the wavenumber
range of 4000-400 cm*, using 3 scans with a resolution of 2 cm ™.

Transmission Electron Microscopy (TEM)

TEM was used to examine the morphology of the ITZ-loaded SLNs at a 100 kV accelerating voltage
using a transmission electron microscope (Carl Zess EM10C, Germany). One drop of SLN dispersions was
applied on a copper grid coated with carbon and allowed to dry at room temperature for one minute. The
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sample was then stained with uranyl acetate solution and left to air dry. Then, TEM imaging was conducted,
and the particle size was measured from the TEM images using ImageJ 1.54 g software. The size distribution
graphs were plotted using OriginPro software (version 2018 SR1, b9.51.195, OriginLab Corporation, North-
ampton, MA, USA).

Field Emission Scanning Electron Microscopy (FESEM)

The shape and surface texture of the SLNs were studied using a scanning electron microscope
(TESCAN MIRA3 FESEM, Brno, Czech Republic). One drop of the optimized SLN dispersion 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 ar-
gon atmosphere for 60 seconds. Imaging was conducted at an accelerating voltage of 15 kV, with magnifica-
tions of between 5000x and 135,000%, and a working distance of 4.91 mm.

Powder X-Ray Diffraction (PXRD)

The X-ray diffraction patterns for ITZ, stearic acid, myristic acid, SLN3 and SLN9 were recorded using
an X-ray diffractometer (Bruker, Model No: D8 advance, Germany). The investigation was conducted using
a diffractometer with a Cu Ka radiation source (A = 1.5406 A for Kal and A = 1.5444 A for Ko2), operating
at 35 kV and 30 mA. The diffraction patterns were obtained between the 20 range of 5° to 80°, with a step
size of 0.02° and a scan speed of 411.2 seconds per step in continuous mode. The goniometer radius meas-
ured 240 mm, while the specimen length was kept at 10 mm. A fixed turning slit of 1.0° and a receiving slit
of 0.1 mm were employed.

Differential Scanning Calorimetry (DSC)

The thermal characteristics of ITZ, stearic acid, myristic acid, SLN3 and SLN9 were determined using a
DSC instrument (DSC TA, Q600, USA). Samples were crimped in a standard aluminum pan and heated
from 40 to 400 °C at a heating rate 10 °C/min under constant purging of nitrogen at 20 mL/min.

Stability Study

Physical stability of the optimized 1TZ-loaded SLNs was evaluated by assessing both the visual appear-
ance of the nanoparticle formulation for the freshly prepared nanoparticles and those stored at room tempera-
ture (25 °C) for one month to detect any changes in physical appearance, such as color change or precipita-
tion. In addition, the size and PDI of the optimized formulations were measured using DLS (Malvern In-
struments, UK) for both the fresh and stored formulations to assess any potential changes in size distribution
over time.

Drug Release Study

The in vitro drug release from free ITZ solution, and the freeze-dried SLN3 and SLN9 was performed
using a dialysis membrane method. An amount of the freeze-dried SLN3 and SLN9 (66.6 mg and 111 mg,
respectively) was dispersed in 2 mL of a 1:1 mixture of DMSO and 0.1 M simulated gastric fluid (SGF,
pH 1.2) or 0.1 M phosphate-buffered saline (PBS, pH 6.8) containing 1 % v/v Tween 80, which was equiva-
lent to 2 mg/mL of free ITZ solution. The nanoparticles dispersion was then placed in a cellulose dialysis
membrane (MWCO 14 kDa, Membra-Cell, USA), which had been pre-soaked overnight in water and
washed repeatedly with the release medium before use. The dialysis membrane was firmly tied at both ends
using a clamp, and its center part was immersed in 40 mL of the release medium (1:1 DMSO and 0.1 M
SGF, pH 1.2 or PBS, pH 6.8, with 1 % Tween 80), kept at 37 = 1 °C under constant stirring at 100 rpm. At
predetermined time intervals, 5 mL of the external dialysis medium was removed and replaced with an equal
amount of fresh release medium to keep sink conditions. The concentration of ITZ in the collected samples
was measured using UV-visible spectrophotometry at a maximum wavelength (Amax) Of 265 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 ug/mL. An ITZ solution at 2 mg/mL in a liquid mixture of water and DMSO (1:3 v/v) was used as a
reference. The experiment was performed in triplicate. The in vitro drug release patterns of solid lipid nano-
particles formulations were compared quantitatively using the similarity factor (f,). The f, value is a loga-
rithmic equivalent square root transformation of the sum of squared differences between two dissolution pro-
files, as specified by the following equation:

f, =50*log{{1+%2:_1(R1 —Tt)ZI *100}, 4)
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where n is the number of sampling time points; R; is the cumulative percentage of drug released from the
reference formulation at time t; and T, is the cumulative percentage of drug released from the test formulation
at the same time point. An f, value between 50 and 100 shows similarity between two release patterns, but
values below 50 suggest dissimilarity [17].

Statistical Analysis

All tests were performed 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
one-way ANOVA with post hoc Tukey test using IBM SPSS Statistics (version 25). When comparisons in-
volved two independent groups, statistical differences were evaluated using an independent-samples t-test.
A p-value of < 0.05 was considered statistically significant.

Ethical Approval

This study was performed according to the standard procedures and institutional guidelines, and the
study protocol was reviewed and approved by the Ethics and Research Registration Committee at the Col-
lege of Pharmacy, University of Sulaimani (approval number PH143-24, Kurdistan Region, Iraq).

Results and Discussion

Solubility of ITZ in Lipids

Lipid solubility is crucial in the development of lipid-based nanoparticles, especially for hydrophobic
drugs like ITZ. Solubility of drug in lipid is one of the most important factors for determining drug loading
capacity of the SLNs as well as influencing their release characteristics and bioavailability. Therefore, prior
to the formulation of the nanoparticles, the solubility of ITZ in the selected lipids was determined. The re-
sults of the solubility studies are shown in Table 2.

Table 2

Solubility of pure ITZ in different solid lipids used to prepare the ITZ loaded SLNs
Data are expressed as mean £SD, n=3

Lipids Solubility (mg/g)
Stearic acid 8.72+0.04
Palmitic acid 8.38+0.28
Myristic acid 8.40 + 0.36

ITZ exhibited comparable solubility in all tested lipids. Stearic acid showed a marginally higher
solubilization capacity; however, the differences among the lipids were minimal, indicating a broadly similar
affinity of ITZ toward saturated fatty acids with varying carbon chain lengths. Overall, all three lipids appear
suitable for ITZ incorporation, with stearic acid offering a slight advantage. Previous research has shown that
increased drug solubility in the lipid phase correlates with enhanced encapsulation efficiency and prolonged
release capability [18].

Turbidimetric Analysis

The turbidity measurements were used as a rapid and indirect indicator of particle size, aggregation be-
havior, and dispersion stability of the 1TZ-loaded SLNs. Changes in turbidity reflect differences in lipid
chain length, surfactant type, and concentration, thereby supporting and complementing the particle size and
dispersion stability of the SLNs. Figure 1 showed the results of the turbidity measurements for the prepared
ITZ —loaded SLNs. Formulations contained stearic acid with Tween 80 (SLN1, SLN2) exhibited highest tur-
bidity, which can be related to the stiff structure of long-chain lipids (C18) and limited stabilization, resulting
in large aggregates [19]. The substitution with Pluronic F127 (in SLN3, SLN4) significantly diminished tur-
bidity, indicating improved steric stability and the production of smaller particles [20]. Palmitic acid formu-
lations exhibited moderate turbidity, with Pluronic F127 (SLN7, SLN8) exceeding Tween 80 (SLN5, SLNG6).
Myristic acid nanoparticles (SLN9-SLN12) demonstrated the least turbidity due to their shorter chain length
(C14) and reduced melting point, which facilitated the formation of smaller, more translucent dispersions,
especially in conjunction with Pluronic F127. The increase in surfactant quantity from 1 % to 1.5 % typically
reduced turbidity in all formulations [21]. These data collectively indicate that shorter-chain lipids, high sur-
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factant concentrations, and the application of Pluronic F127 improve particle dispersion and stability reflect-
ed by the reduced turbidity.
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Figure 1. Turbidimetric analysis of ITZ-loaded solid lipid nanoparticle formulations

pH Analysis

Figure 2 showed the pH of the prepared ITZ-loaded SLN formulations. The measured pH values of the
formulations varied from 4.7 to 6.1, indicating the impact of lipid and surfactant content. Formulations con-
taining stearic acid (SLN1-SLN4) demonstrated slightly higher pH values. This finding corresponds with the
decreased water solubility and increased hydrophobicity of stearic acid, resulting from its long-chain saturat-
ed fatty acid structure (C18), which reduces the ionization of its carboxyl groups into the aqueous phase [22].
Conversely, formulation containing myristic acid (C14) SLN9-SLN12 showed the lowest pH values (SLN11
and SLN12, below 4.8), likely due to the increased release of carboxylate ions caused by higher solubility
and shorter chain length. Formulations including palmitic acid (C16; SLN5-SLN8) showed intermediate pH
values in comparison with stearic and myristic acid-based systems, often varying between 5.2 and 5.8. The
pH range indicates a moderate ionization of the carboxyl groups into carboxylate ions in agueous media,
which is associated with the chain length and solubility of palmitic acid in water. Palmitic acid, a medium-
chain saturated fatty acid, exhibits lower solubility than myristic acid but higher solubility than stearic acid,
resulting in moderate acidity of the dispersion [23].

The type and concentration of surfactants considerably influenced the pH. In all lipid matrices, formula-
tions containing Tween 80 (SLNL1, 2, 5, 6, 9, 10) consistently exhibited higher pH values relative to those
containing Pluronic F127 (SLN3, 4, 7, 8, 11, 12). Tween 80, a non-ionic surfactant characterized by a
polyoxyethylene structure, is recognized for sustaining a relatively neutral pH and facilitating emulsion sta-
bilization without inducing acidification. Conversely, Pluronic F127, a block copolymer of polyethylene and
polypropylene oxide, may facilitate the solubilization of lipid components, hereby promoting the ionization
of fatty acid carboxyl groups into the aqueous phase and consequently lowering the pH [24]. Additionally, a
slight concentration-dependent impact was also observed. In Tween 80 formulations, elevating the content
from 1 % to 1.5 % slightly raised the pH, likely due to enhanced micelle formation that sequesters free fatty
acids. In contrast, within Pluronic F127 systems, elevated concentrations sometimes resulted in reduced pH
values, particularly when combined with myristic acid (SLN 12), which may adversely affect acid-labile
drugs [25].

All formulations consistently maintained pH values within the appropriate physiological range for oral
administration (pH 4.5-7), indicating their compatibility with the gastrointestinal tract and suggesting a re-
duced risk of mucosal irritation [22]. Furthermore, formulations with a pH around neutrality are seen as more
stable, particularly for pH-sensitive pharmaceuticals such as 1TZ, which demonstrates pH-dependent solu-
bility and dissolution [26].
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Figure 2. pH of the prepared ITZ-loaded solid lipid nanoparticle formulations

Particle Size, PDI, and Zeta Potential

The particle size and polydispersity of SLNs were significantly affected by the type of lipid, surfactant,
and their concentrations. Table 3 shows the Z-average, PDI and zeta potential of the SLN formulations. For-
mulations based on stearic acid (SLN1-4) produced comparatively smaller particles (550-975 nm) with
moderate uniformity, attributed to the rigid crystalline nature of stearic acid, leading to restricted molecular
rearrangement during particle formation and thereby limiting particle coalescence and growth. Increased
Tween 80 concentration (in SLN2) enhanced size homogeneity, whereas Pluronic F127 (SLN4) produced
wider distributions, indicating diminished stabilization with stearic acid [26]. Palmitic acid formulations
(SLN5-8) produced larger particles (up to approximately 1975 nm), with Tween 80 resulting in narrower
peaks compared to Pluronic F127, especially at a concentration of 1.5 %. Myristic acid-containing SLNs
(SLN9-12) exhibited enhanced emulsification with Tween 80 at 1.5 % (SLN10), whereas Pluronic systems
maintained greater polydispersity [27]. Figure 3-Panel A shows stearic acid-based SLNs (SLN1-4) exhibited
moderately uniform size distributions ranging from 550-975 nm. Figure 3-Panel B shows myristic acid-
based SLNs (SLN9-12) displayed slightly broader but well-defined peaks between 600—1500 nm which
highlights the influence of lipid type on particle size distribution, allowing direct comparison of lipid-
dependent effects. The post-hoc analysis indicated substantial differences in the particle size of different li-
pid-based SLNs (p = 0.002). Independent samples t-tests indicated a significant effect of surfactant type on
the particle size, with Tween 80- and Pluronic F127-stabilized systems having statistically different particle
sizes (p = 0.042), indicating changes in interfacial adsorption behavior. SLN13 which contained stearic acid
and ethanol remained significantly polydisperse, while SLN14 which contained palmitic acid and ethanol
attained monomodal distributions, thereby indicating ethanol's efficacy in improving dispersion. Based on
these data, the optimum formulations were determined primarily for having the smallest particle size and the
lowest PDI of all formulations, showing excellent nanoscale features and size homogeneity. These formula-
tions were thus regarded the best candidates for further physicochemical and performance evaluation.

Zeta potential analysis demonstrated consistently negative surface charges (—14.4 to —23.5 mV), indi-
cating colloidal stability. Stearic acid-based SLNs demonstrated the greatest negative values, indicating en-
hanced surface packing and ionization. Tween 80 generally revealed a greater number of charged groups
compared to Pluronic F127, hence augmenting surface charge in certain instances (e.g., SLN1 versus SLN3).
Increasing surfactant concentration occasionally diminished zeta potential, presumably due to adsorption
masking lipid head groups [28]. The addition of ethanol marginally reduced the magnitude of zeta potential,
which is ascribed to alterations in interfacial organization. Formulations attaining zeta potentials of approxi-
mately —20 mV or lower, specifically stearic acid—Tween 80 and myristic acid—Pluronic F127 systems, ex-
hibited advantageous electrostatic stabilization. Overall, although the absolute zeta potential values were
moderate, the presence of non-ionic surfactants indicated that steric stabilization, in addition to electrostatic
repulsion, helped to preserve colloidal stability. Surface-adsorbed surfactant chains create a hydrated barrier
that reduces particle—particle interactions and helps stabilize nanoparticles, even when zeta potentials are
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below £30 mV. As a result, the observed stability of selected formulations is most likely due to a mixed elec-
trostatic-steric stabilization mechanism, similar to that described for SLNs stabilized with Tween 80 or
Pluronic surfactants [29].

Table 3
Physicochemical properties of the prepared ITZ loaded SLNs. Data are expressed as mean £SD, n = 3

Formulation Size (Z-average), nm PDI Zeta potential, mV
SLN1 591 £ 40 0.680 = 0.120 —23.53+£0.85
SLN2 676 +7 0.497 +0.039 -16.83 £0.37
SLN3 550+ 30 0.615+0.075 —14.56 £ 0.41
SLN4 975+ 52 0.759 £0.036 —21.40£0.70
SLN5 1763 + 350 0.922 +£0.134 —20.46 = 0.80
SLN6 1975 £ 66 0.606 = 0.030 —16.96 + 0.68
SLN7 1054 + 33 0.522 +0.037 -15.36 £0.56
SLN8 955+13 0.558 £ 0.075 —17.26 £0.37
SLN9 664 + 78 0.634 + 0.069 -20.20+£0.36
SLN10 1562 £ 161 0.705 £0.021 —19.76 £ 0.49
SLN11 1546 £ 71 0.705 £0.021 —21.76 £0.15
SLN12 1403 + 35 0.490 £ 0.051 —21.46 £0.55
SLN13 939 + 34 0.575+£0.030 -16.10£0.26
SLN14 4008 + 517 0.755+0.147 —-14.40 £0.43
SLN15 1748 £ 185 1+£0.000 —18.13 £0.41
SLN16 2745 £ 131 1+£0.000 —17.26 £0.57
SLN17 968 + 42 0.371 £0.036 —17.50 £0.55
30 1 ——SLN1 30 - —SINg
< 2 o ° ;Z ] ——SIN10
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Figure 3. Dynamic light scattering size distribution curves of the ITZ loaded SLNs.
(A) SLN 1, 2, 3 and 4 were formulated with stearic acid as the lipid carrier;
(B) SLN 9, 10, 11, and 12 were formulated with myristic acid as the lipid carrier

Among the prepared 1TZ-loaded SLN formulations, SLN3 and SLN9 were selected as the optimum
formulations based on their smaller particle size as determined by DLS and the lowest PDI indicating uni-
form and stable nanoparticles. Notably, SLN9 incorporated myristic acid, an unexplored lipid for ITZ SLNSs,
highlighting its potential as a novel lipid matrix for enhancing formulation performance, warranting further
in-depth evaluation as a promising oral delivery system for ITZ.

Effects of SLNs on I1TZ Solubility

ITZ exhibits poor aqueous solubility, which is further influenced by its pH-dependent ionization behav-
ior. As show in Figure 4, the shake-flask solubility study demonstrated extremely low solubility for pure ITZ
at both pH 1.2 and pH 6.8, with concentrations remaining in the range of 67.067 pg/mL at pH 1.2 and
0.306 png/mL at pH 6.8. The solubility was slightly higher under acidic conditions, consistent with ITZ being
a weakly basic drug (pKa = 3.7), which favors protonation and partial dissolution in gastric-like environ-
ments [30]. However, even at pH 1.2, the solubility of pure ITZ was negligible compared to its therapeutic
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requirements, confirming the need for solubility-enhancing formulations. Encapsulation of ITZ into SLNs
markedly enhanced its solubility at both tested pH conditions. At pH 1.2, SLN3 achieved solubility values
close to 2900 pg/mL, while SLNO9 reached 3369 pg/mL. At pH 6.8, the solubility improvement was even
more remarkable compared to the pure drug. SLN3 achieved 10.59 ug/mL, and SLN9 showed the highest
solubility 26.94 ng/mL. These enhancements reflect a multifactorial effect of lipid type and surfactant char-
acteristics. The superior performance of SLN9 over SLN3 may be attributed to the formulation differences
which are the lipid chain length; Myristic acid (C14) in SLN9 possesses a shorter hydrocarbon chain than
stearic acid (C18) used in SLN3. Shorter-chain fatty acids generally form less-ordered crystalline lattices
with lower melting points, enhancing solubilization of lipophilic drugs within the lipid matrix [31]. Tween
80 in SLNO9 is a nonionic surfactant with a high hydrophilic-lipophilic balance (HLB =~ 15), facilitating
stronger interfacial stabilization and promotes solubilization of poorly water-soluble drugs. In contrast,
Pluronic F127, a block copolymer, often stabilizes particles through steric mechanisms but may provide low-
er solubilization capacity in the aqueous phase [11]. These differences likely explain the higher solubility
observed for SLN9 at both acidic and near-physiological pH.
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Figure 4. Saturation solubility of ITZ in its pure form as well as in SLN formulations (SLN3 and SLN9) (A)
in simulated gastric fluid (pH 1.2) and (B) in phosphate-buffered saline (pH 6.8).
*** indicates statistically significant difference in solubility (p < 0.001). Statistically significant differences
were observed between pure ITZ and SLN3, pure ITZ and SLN9, as well as between SLN3 and SLN9
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Determination of Yield, Encapsulation Efficiency (EE), and Loading Capacity (LC)

The lyophilized SLNs appeared as a fine, white powder with a slightly fluffy texture, with no visible
signs of aggregation or caking immediately after freeze-drying, suggesting good preservation of particle in-
tegrity. Upon reconstitution in simulated gastric fluid (pH 1.2) and phosphate-buffered saline (pH 6.8), the
powders readily dispersed, yielding suspensions with a uniform and colloidally stable appearance. The yield
of the freeze-dried SLNs was modest, with SLN9 (57.9 + 6.6 %) indicating some higher recovery than SLN3
(50.03 £ 3.55 %), likely attributable to variations in lipid and surfactant composition influencing particle ag-
gregation and collection. SLN3 had a markedly higher encapsulation efficiency (97.04 +0.004 %) compared
to SLN9 (42.69 +0.02 %), indicating enhanced drug encapsulating capability. This can be due to the superior
compatibility of ITZ with stearic acid and the denser lipid matrix in SLN3. Additionally, SLN3 exhibited
superior drug loading (3 £0.1 %) compared to SLN9 (1.8 +0.17 %), underscoring its potential as a more ef-
fective drug delivery system for poorly water-soluble drugs. These findings correlate with prior studies indi-
cating that lipid type and surfactant concentration significantly affect EE and LC [32].

FTIR Spectroscopy

FTIR spectroscopy was utilized to examine possible interactions between ITZ and solid lipids (stearic
acid, myristic acid) in SLN3 and SLN9 formulations. As shown in Figure 5, pure ITZ displayed distinct
peaks at 3120 cm™ (aromatic C—H stretching), 2970 cm™ (aliphatic C—H stretching), 1700 cm™ (C=0
stretching), 1600 cm™ and 1500 cm™ (aromatic C=C stretching), along with a pronounced band near
1045 cm™* attributed to C—O stretching. The observed bands correlate with previously documented FTIR
spectra of ITZ, signifying its stable chemical structure [33].

Stearic acid (SA) and myristic acid (MA) exhibited significant peaks at 2850-2920 cm*, indicative of
symmetric and asymmetric C—H stretching vibrations, along with a distinct peak at approximately 1700 cm*,
corresponding to the C=0 stretching of carboxylic acid. These characteristics are indicative of long-chain
saturated fatty acids, consistent with prior research [34]. The SLN3 formulation, comprising stearic acid and
Pluronic F127, preserved the significant C—H stretching peaks at 2850 and 2920 cm™, accompanied by a
considerable expansion of the O—H stretching area (~3000-3500 cm ™), suggesting potential hydrogen bond-
ing. The C=0 peak exhibited a modest shift and diminished intensity, indicating interaction between ITZ and
the lipid matrix [34]. Likewise, SLN9 (composed of myristic acid and Tween 80) exhibited retained C-H
and C=0 peaks of the lipid; however, the ITZ peaks at 1600-1500 cm™ and 1045 cm™* were slightly re-
duced. This indicates that ITZ was molecularly diffused within the lipid matrix, resulting in an altered crys-
talline structure, as evidenced by the reduced intensity of typical ITZ peaks [35].

The lack of significant ITZ-specific peaks in the SLN spectra, along with the observation of shifted or
widened bands, suggests possible encapsulation and molecular interaction between the drug and lipids. The
alteration or absence of specific ITZ peaks during the formulation of SLNs has been documented by others
as a sign of effective drug entrapment and conversion from crystalline to amorphous state [36].
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Figure 5. FTIR spectra for ITZ, stearic acid (S.A), myristic acid (M.A), SLN3 and SLN9
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Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) was utilized to investigate the internal structure and mor-
phology of the optimized SLN3 and SLN9 formulations. The TEM micrographs of ITZ-loaded SLNs (SLN3
and SLN9) (Figure 6) reveal discrete nanoparticles with a predominantly spherical to quasi-spherical mor-
phology. Individual SLNs appear as relatively light, rounded features, consistent with the expected morphol-
ogy of lipid-based nanoparticles. The darker contrast regions observed in the images do not represent the
morphology of single nanoparticles; instead, they arise from overlapping particles and localized thickening
of the lipid matrix during sample deposition and drying on the TEM grid. Such contrast variations are inher-
ent to TEM imaging of soft lipid nanocarriers and reflect differences in electron density rather than particle
irregularity [37].

The mean particle size detected using TEM (Figure 7 and 8) were 102 nm and 244 nm for SLN3 and
SLN9, respectively and was slightly smaller than those derived from DLS measurements. The discrepancy
between particle sizes determined by DLS and TEM should be interpreted in light of the fundamentally dif-
ferent physical principles governing these techniques [38]. DLS provides an ensemble-averaged, intensity-
weighted hydrodynamic diameter, which is highly sensitive to polydispersity, minor populations of larger
particles, transient aggregation, concentration-dependent diffusion, and electrostatic double-layer effects. In
contrast, TEM yields number-based, projection-dependent particle dimensions obtained under dry-state and
high-vacuum conditions, which may underestimate soft, hydrated or low-density surface structures [39]. Fur-
thermore, particle shape anisotropy, contrast limitations, and sample-preparation artefacts can further ampli-
fy apparent size mismatches. As emphasized by Filippov et al. [39], substantial DLS-TEM size discrepan-
cies arise primarily from methodological bias rather than experimental inconsistency, and therefore the ob-
served size difference in the present study is consistent with the expected ensemble-scattering nature of DLS
compared with the single-particle visualization of TEM.

(A) (B)
Figure 6. Transmission electron microscopy (TEM) images of ITZ loaded SLNs, (A) SLN3 and (B) SLN9
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Figure 7. Transmission electron microscopy (TEM) derived size distribution curve (A)
and histogram (B) of SLN3 based on TEM analysis
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Figure 8. Transmission electron microscopy (TEM) derived size distribution curve (A)
and histogram (B) of SLN9 based on TEM analysis

Field Emission Scanning Electron Microscopy (FESEM)

Field Emission Scanning Electron Microscopy (FESEM) was employed to examine the morphological
characteristics and surface properties of SLN3 and SLN9. Figure 9 illustrates that SLN3, synthesized using
stearic acid and Pluronic F127, had primarily spherical particles with a relatively uniform distribution. The
image displayed a certain level of surface roughness, likely due to the utilization of stearic acid as the princi-
pal lipid matrix. Conversely, the FESEM images of SLN9, composed of myristic acid and Tween 80, exhib-
ited more distinct and well-separated spherical particles with smoother surfaces. This may be due to the
shorter carbon chain length of myristic acid, leading to reduced cohesive interactions within the lipid matrix,
resulting in more uniformly distributed particles. Prior research has indicated that the lipid type significantly
influences the particle morphology of SLNs [40]. The differences in SLN morphology observed between
TEM and FESEM images are mainly attributed to differences in sample preparation and imaging mecha-
nisms. TEM requires drying and high-vacuum conditions, which may induce particle deformation, aggregation,
or partial collapse of the solid lipid matrix, leading to irregular morphologies [38]. In contrast, FESEM primari-
ly provides surface-topographical information and generally preserves external morphology more effectively,
although some aggregation may still occur during solvent evaporation and conductive coating. Together, the
TEM and FESEM data provide complementary information, supporting the successful formation of nanosized,
predominantly spherical lipid nanoparticles [41]. From the FESEM study, it was revealed that the size of opti-
mal ITZ-loaded SLNs was 69 + 22 nm and 45 + 19 nm for SLN3 and SLN9, respectively. The FESEM-derived
particle size distribution curve and histogram are illustrated in Figure 10 and 11.

SEM HV: 20.0 kV WOD: 6.72 mm I SEM HV: 20.0 kV WO 6.84 mm I l

View field: 1.38 pm Det: inBeam 200 nm View field: 1.38 pm Det: InBeam 200 nm
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(4) (B)

Figure 9. Field Emission Scanning Electron Microscopy (FESEM) images
of the optimal ITZ-loaded SLNs (A) SLN3 and (B) SLN9
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Figure 10. FESEM-derived particle size distribution curve (A) and histogram (B) of SLN3
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Figure 11. FESEM-derived particle size distribution curve (A) and histogram (B) of SLN9

Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (XRD) was performed to evaluate the crystalline properties of pure ITZ, stearic
acid (SA), myristic acid (MA), and their respective solid lipid nanoparticle formulations (SLN3 and SLN9).
Figure 12 shows that pure ITZ exhibited characteristic sharp and intense peaks within the 26 range of 10° to
30°, a pattern indicative of its extremely crystalline characteristics. These results correspond with previously
documented diffractograms of pure ITZ, which often display characteristic polymorphism attributes [42].

Stearic acid and myristic acid exhibited distinct diffraction peaks around 20 = 21°-24° stearic acid
showing reflections at about 21.66° and 24.26°. Likewise, myristic acid was shown to display strong
broad-but-sharp peaks around 20.51°, 21.85°, and 24.34° [43]. Conversely, the XRD patterns of SLN3 and
SLN9 demonstrated a significant decrease in peak intensity and sharpness, with broad bands substituting the
distinct sharp peaks which could indicate a change from a crystalline to an amorphous state, signifying the
effective encapsulation of ITZ within the lipid matrix [11]. The absence or considerable attenuation of dis-
tinctive peaks in both ITZ and the lipids indicates a loss of long-range molecular order, possibly resulting
from high-energy emulsification processes followed by rapid cooling during SLN synthesis. This transition
is advantageous for poorly soluble drugs such as ITZ, as the amorphous state typically correlates with in-
creased dissolution rates and greater bioavailability [44]. PXRD results demonstrated that the crystalline
peaks of ITZ and lipids were significantly broadened or attenuated in SLN3 and SLNO9, indicating the molec-
ular embedding of ITZ within a solid lipid matrix. Importantly, the presence of broad lipid diffraction peaks
confirms that the lipid phase remained solid, which differentiates these formulations from liquid lipid-based
systems such as nanoemulsions or microemulsions, which lack solid-state diffraction patterns. The notable
change in the diffraction patterns of SLN3 and SLN9, in contrast to the pure drug and lipid components,
clearly indicates effective molecular embedding and diminished crystallinity, which is a favorable result in
nanocarrier-based drug delivery.
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Figure 12. Powder X-ray diffractograms of Pure ITZ, stearic acid (S.A), myristic acid (M.A), SLN3 and SLN9

Differential scanning calorimetry (DSC)

The DSC analysis showed that pure ITZ exhibited a sharp endothermic peak at approximately 167 °C,
corresponding to its melting point and confirming its crystalline nature [45]. Figure 13 shows that stearic ac-
id (SA) and myristic acid (MA) exhibited distinct endothermic peaks at roughly 69 °C and 54 °C, respective-
ly, indicative of their melting temperatures. These results correspond with literature values for the melting
transitions of SA and MA, signifying their pure and crystalline forms [46].

The SLN formulations (SLN3 and SLN9) demonstrated unique thermal characteristics in contrast to
their pure constituents. SLN3, consisting of stearic acid and Pluronic F127, exhibited a broad and diminished
endothermic peak at approximately 60-65 °C, whilst SLN9, comprising of myristic acid and Tween 80,
demonstrated a similarly broadened peak around 52 °C. The distinctive melting peak of ITZ was either ab-
sent or markedly diminished in the thermograms of both SLN3 and SLN9. The absence or alteration of the
drug's melting peak in the SLNs indicates that ITZ was either molecularly dispersed within the lipid matrix
or present in an amorphous state, rather than in a crystalline form. Such modifications are frequently reported
in lipid-based nanoparticle systems and signify effective drug encapsulation and amorphization, potentially
improving dissolution rates and bioavailability [47].

The observed decrease in peak intensity and enthalpy values in the lipid matrix of the SLNs may be due
to the disruption of the lipid crystal structure caused by the inclusion of drugs and surfactants. The interplay
between lipid chains and surfactants like Tween 80 or Pluronic F127 can create defects in the lipid matrix,
diminishing crystallinity and enhancing drug loading capacity [48]. DSC analysis further supported the solid
nature of the lipid nanoparticles, showing defined melting transitions of the lipids in SLN3 and SLN9, while
the characteristic melting peak of ITZ was absent or markedly diminished. These results are consistent with
the amorphization and molecular incorporation of ITZ into a solid lipid core, confirming the formation of
SLNs rather than liquid lipid-based systems. The DSC data robustly indicates a successful integration of ITZ
into the SLN systems and demonstrates a decrease in drug crystallinity, a favorable attribute for improving
solubility and release profiles of poorly soluble drugs.
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Figure 13. DSC thermograms of Pure I1TZ, stearic acid (S.A), myristic acid (M.A), SLN3 and SLN9

Stability Study

The physical stability study revealed marked differences in particle size and PDI between the two for-
mulations, SLN3 and SLN9. SLN3, composed of stearic acid and Pluronic F127, demonstrated a particle size
of 550+ 30 nm and a PDI of 0.61 +0.0367 immediately post-preparation (Table S3). After one month, the
particle size exhibited a marginal rise to 583 +£41 nm, while the PDI significantly decreased to 0.533 +0.082,
while after six months the particle size exhibited a marginal rise to 835 = 27 nm, PDI decreased to
0.519 + 0.081 indicating a relatively steady particle dispersion [49]. Conversely, SLN9, comprising myristic
acid and Tween 80, exhibited a gradual increase in particle size from 664 + 78 nm to 2856 + 102 nm during
the six month-storage, accompanied by an elevation in PDI from 0.634 +0.069 to 1, signifying some aggre-
gations and a decline in physical stability. The instability may be ascribed to the shorter carbon chain of
myristic acid, which likely results in diminished van der Waals interactions and reduced structural rigidity
relative to longer-chain fatty acids such as stearic acid [50]. The slight fluctuations in SLN3's particle size
and PDI values indicate that it preserved colloidal stability during the specified storage conditions. The ob-
served changes in SLN9 highlight the importance of lipid selection and surfactant type in formulating stable
SLNs, suggesting that shorter-chain lipids or particular surfactant type can lead to moderate alterations in
particle size and dispersion without necessarily compromising functional performance [51].

Drug Release Study

The in vitro release study conducted at pH 1.2, demonstrated notable variations in the release profiles of
pure ITZ, SLN3 and SLN9 (Figure 14, A). DMSO was added to the release medium due to its strong solubil-
izing ability for the highly hydrophobic drug ITZ, ensuring complete dispersion and accurate quantification.
Tween 80, a non-ionic surfactant, was included in the release medium to enhance ITZ solubility and main-
tain sink conditions. Although these conditions do not fully replicate the gastrointestinal environment, they
are commonly employed in in vitro release studies of poorly soluble drugs to provide reproducible and relia-
ble measurements of formulation performance [52]. Pure ITZ exhibited a gradual and limited release, achiev-
ing roughly 25 % after 2880 minutes. This corresponds with the established low aqueous solubility and pH-
dependent dissociation characteristics of 1TZ, which has a pKa of around 3.7, demonstrating diminished sol-
ubility at neutral pH but enhanced solubility in extremely acidic environments [31]. Nonetheless, even in
acidic environments, its crystalline structure and lipophilicity result in dissolution-limited release, explaining
the level that was seen following the initial stages [53]. Conversely, SLN3, formulated with stearic acid and
Pluronic F127, exhibited a markedly superior release profile, attaining nearly 55 % within the same
timeframe. The improved and sustained release can be attributable to important formulation features;
Pluronic F127 enhances wetting and drug stability in the medium, whereas stearic acid produces a stiff lipid
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matrix that regulates release via erosion and diffusion [27]. Notably, SLN9 containing myristic acid and
Tween 80 demonstrated a moderate release of around 22 % at 1440 minutes, which decreased marginally by
2880 minutes. The enhanced efficacy of SLN3 relative to SLN9 highlights the essential influence of lipid
composition and surfactant choice. Pluronic F127, a block copolymer with a hydrophilic-lipophilic balance,
may provide superior drug retention and extended release compared to Tween 80 in acidic environments
[27]. The data robustly indicate that SLNs, particularly those composed of stearic acid and Pluronic F127,
effectively enhance the release of poorly soluble drug such as ITZ under gastric conditions, potentially lead-
ing to increased oral bioavailability.
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Figure 14. In vitro drug release profiles of pure ITZ, SLN 3 and SLN 9 (A)
in simulated gastric fluid (pH 1.2), and (B) in phosphate buffered saline (pH 6.8), n =3 + SD

The in vitro release profile of pure ITZ, SLN3 and SLN9 at pH 6.8 (Figure 14, B), demonstrated signif-
icantly distinct behaviors relative to acidic circumstances. All formulations exhibited an initial burst release
during the first 30 minutes, subsequently transitioning to either an equilibrium or a gradual progressive re-
lease over 24 hours. Pure 1TZ exhibited an initial release of roughly 25 %, subsequently stabilizing with neg-
ligible further increase. This trend underscores the notably inadequate aqueous solubility of ITZ at neutral to
alkaline pH, which can be due to its weakly basic properties (pKa ~3.7). At pH levels exceeding 6, the drug
remains unionized and demonstrates diminished solubility, hence restricting its dissolution in the intestinal
milieu [54]. SLN3 demonstrated an initial rapid release within the first few minutes, succeeded by a gradual
decrease, indicating potential recrystallization or drug re-adsorption onto the lipid surface, a phenomenon
sometimes noted in lipid-based systems due to precipitation from supersaturation. The inadequate solubility
of stearic acid-based carriers in intestinal fluid, coupled with the reduced solubility of ITZ at this pH, may
lead to drug entrapment within the matrix and restricted diffusion [55]. Conversely, SLN9 had the largest
cumulative release at pH 6.8, with sustained release exceeding 20 % by 1500 minutes. This effect may be
ascribed to the shorter fatty acid chain of myristic acid [56]. The decrease in release at pH 6.8 can be at-
tributed to ITZ’s poor solubility under near-neutral conditions, leading to precipitation. SLN3 shows a more
pronounced decline due to the rigid stearic acid matrix, whereas SLN9 maintains higher release owing to

116 Eurasian Journal of Chemistry. 2026, Vol. 31, No. 1(121)



Comparative Development and Characterization of Itraconazole-Loaded ...

greater matrix fluidity from myristic acid [57]. Overall, the pH-responsive release reflects both 1TZ solubility
and lipid matrix properties, including crystallinity, chain length, and fluidity. Thus, the differences between
SLN3 and SLN9 arise from combined drug—matrix interactions rather than solubility alone. The disparity in
performance between SLNs and pure ITZ emphasizes the significance of lipid-surfactant synergy and pH
responsiveness. Although SLNs are typically formulated to improve solubility and extend release, their effi-
cacy at intestinal pH is significantly dependent on matrix fluidity, drug-lipid compatibility, and surfactant
activity. The data indicate that SLN9 may provide a superior release profile under intestinal conditions com-
pared to SLN3, rendering it a more suitable option for releasing the drug at intestinal pH (around 6—7.4)
which could allow drug targeting to the intestine. To assess the in vitro release behavior of lipid-based for-
mulations, a similarity factor (f,) study was done between SLN3 and SLN9. At pH 1.2, the computed f, value
was less than 50, indicating different release profiles due to lipid chain length and surfactant type. SLN3,
containing stearic acid-Pluronic F127, provided more prolonged release under acidic conditions than SLN9,
containing myristic acid-Tween 80. At pH 6.8, the f, value remained under 50, indicating formulation-
dependent and pH-responsive release behavior. The relatively larger release of SLN9 at intestinal pH may be
due to increased matrix fluidity caused by myristic acid's shorter fatty acid chain [58].

Conclusions

The successful development of ITZ-loaded SLNs illustrates their promise as a novel drug delivery tech-
nology for improving the solubility and bioavailability of ITZ. This study showed that the selection of lipids
and surfactants markedly affects the physicochemical characteristics of SLNs, such as particle size, stability,
and encapsulation efficiency. The results indicated that formulations including stearic acid and Pluronic
F127 produced smaller particle sizes and enhanced stability over time, demonstrating their appropriateness
for oral delivery. The solubility experiments indicated a significant enhancement in ITZ solubility when en-
capsulated in SLNs, with solubility efficiencies markedly above those of pure ITZ. This improvement is due
to the nanoscale dimensions of the particles, which increase the surface area for dissolving, and the estab-
lishment of a molecularly dispersed state within the lipid matrix that inhibits recrystallization. Furthermore,
the physical stability of the formulations over time demonstrates their suitability for pharmaceutical applica-
tions, with SLN3 showing negligible alterations in particle size and dispersion after one month of storage.
The research indicates that SLNs markedly improve the release of poorly soluble ITZ in different pH levels.
SLN3, comprising stearic acid and Pluronic F127, demonstrates superior performance in acidic environ-
ments, whereas SLN 9, which includes myristic acid and Tween 80, exhibits enhanced release in intestinal
circumstances. In conclusion, the study confirms the usefulness of SLNs in enhancing the solubility, control-
ling drug release and stability of ITZ while also opening the way for additional research into the in vivo per-
formance and therapeutic effectiveness of these formulations. Future studies should concentrate on refining
SLN formulations for targeted therapeutic uses and performing pharmacokinetic assessments to evaluate
their efficacy in clinical environments.
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