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ABSTRACT

Background: Refractory epilepsy remains a significant clinical challenge because nearly one-third of patients
continue to experience seizures despite treatment with conventional antiepileptic drugs. Cannabidiol (CBD) has
emerged as a promising therapeutic agent owing to its anticonvulsant, antioxidant, and neuroprotective properties;
however, its clinical application is limited by poor aqueous solubility, extensive first-pass metabolism, and low
oral bioavailability. The present study aimed to develop and optimize cannabidiol-loaded nanostructured lipid
carriers (CBD-NLCs) to enhance oral delivery and improve in vitro neuroprotective efficacy.

Methods: CBD-NLCs were prepared by hot homogenization followed by probe ultrasonication and optimized
using a three-factor, three-level Box—Behnken experimental design. The optimized formulation was characterized
for particle size, polydispersity index, zeta potential, entrapment efficiency, drug loading, morphology, thermal
behavior, crystallinity, in vitro drug release, release kinetics, and storage stability. Neuroprotective efficacy was
evaluated in SH-SYS5Y neuronal cells using MTT cytocompatibility, glutamate-induced excitotoxicity,
intracellular reactive oxygen species (ROS), cellular uptake, and antioxidant assays.

Results: The optimized formulation exhibited a particle size of 124.8 + 3.6 nm, polydispersity index of 0.162 +
0.009, zeta potential of —31.8 + 1.7 mV, entrapment efficiency of 94.2 + 0.8%, and drug loading of 9.7 + 0.4%.
TEM analysis confirmed spherical nanoparticles with uniform morphology, while FTIR, DSC, and PXRD
demonstrated successful drug encapsulation and reduced crystallinity. The optimized formulation achieved 93.4
+ 1.5% cumulative drug release over 24 h and followed the Korsmeyer—Peppas kinetic model. Stability studies
demonstrated minimal changes in physicochemical properties over three months. In vitro studies showed
significantly improved neuronal cell viability (86.8 + 2.6%), enhanced protection against glutamate-induced
excitotoxicity (88.7 = 2.5% cell viability), marked reduction in intracellular ROS (121.8 = 5.6% relative
fluorescence intensity), approximately 2.9-fold higher cellular uptake, and superior antioxidant activity compared
with free cannabidiol.

Conclusion: Cannabidiol-loaded nanostructured lipid carriers successfully improved the physicochemical
characteristics and in vitro neuroprotective performance of cannabidiol. The optimized formulation demonstrated
sustained drug release, excellent stability, enhanced neuronal uptake, and superior antioxidant and neuroprotective
activity, highlighting its potential as a promising oral nanocarrier system for the management of refractory

epilepsy.

KEYWORDS: Cannabidiol; Nanostructured lipid carriers; Refractory epilepsy; Oral drug delivery;
Neuroprotection; Oxidative stress; Box—Behnken design.

1. INTRODUCTION

Epilepsy is one of the most common chronic neurological disorders, affecting more than 50 million people
worldwide and imposing a considerable medical, psychological, and socioeconomic burden. It is characterized by
recurrent, unprovoked seizures resulting from abnormal, excessive, and synchronized neuronal activity within the
brain. Although numerous antiseizure medications have been introduced during the past several decades,
approximately 30% of patients continue to experience uncontrolled seizures despite receiving appropriately
selected and adequately dosed pharmacotherapy. This condition, commonly referred to as refractory or drug-
resistant epilepsy, is associated with increased morbidity, cognitive impairment, psychiatric complications,
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reduced quality of life, and elevated mortality. Consequently, the development of safer and more effective
therapeutic strategies remains an important priority in epilepsy research (Jehi, 2025; Katyal, 2025; Li et al., 2025;
Neri et al., 2022).

The pathophysiology of refractory epilepsy is multifactorial and involves persistent neuronal hyperexcitability,
neurotransmitter imbalance, oxidative stress, neuroinflammation, mitochondrial dysfunction, and progressive
neuronal damage. Excessive glutamate-mediated excitotoxicity plays a pivotal role in seizure propagation by
promoting intracellular calcium overload and excessive production of reactive oxygen species (ROS). The
resulting oxidative stress damages lipids, proteins, and nucleic acids, ultimately contributing to neuronal
degeneration and reduced responsiveness to conventional antiepileptic drugs. Therefore, therapeutic agents
capable of simultaneously reducing neuronal excitability, attenuating oxidative stress, and protecting neuronal
integrity may provide significant advantages in the management of refractory epilepsy (Riney et al., 2022;
Zimmern & Minassian, 2024).

Cannabidiol (CBD), a non-psychoactive phytocannabinoid isolated from Cannabis sativa, has gained
considerable attention as a novel antiseizure agent because of its broad spectrum of pharmacological activities.
Unlike A9-tetrahydrocannabinol (THC), cannabidiol lacks intoxicating effects while exhibiting anticonvulsant,
antioxidant, anti-inflammatory, and neuroprotective properties. Clinical evidence has demonstrated the
effectiveness of cannabidiol in reducing seizure frequency in severe forms of epilepsy, including Dravet syndrome
and Lennox—Gastaut syndrome, leading to regulatory approval for selected epilepsy indications. The
anticonvulsant activity of cannabidiol is believed to involve modulation of intracellular calcium homeostasis,
transient receptor potential vanilloid (TRPV) channels, G protein-coupled receptor 55 (GPR5S5), adenosine
signaling, voltage-gated ion channels, and multiple neurotransmitter pathways. In addition, its potent antioxidant
activity enables cannabidiol to reduce oxidative neuronal injury associated with recurrent seizures (Castillo-
Arellano et al., 2023; Han et al., 2024; Moreira et al., 2024; Nascimento et al., 2024).

Despite its therapeutic promise, the clinical application of cannabidiol is limited by several biopharmaceutical
challenges. Cannabidiol is highly lipophilic, exhibits extremely poor aqueous solubility, undergoes extensive
hepatic first-pass metabolism, and displays variable oral absorption, resulting in low and inconsistent
bioavailability. These limitations often necessitate relatively high oral doses, increasing treatment costs and the
risk of adverse effects. Therefore, developing advanced drug delivery systems capable of enhancing cannabidiol
solubility, improving gastrointestinal absorption, protecting the drug from degradation, and providing sustained
release has become an active area of pharmaceutical research (Brianis et al., 2024; "Cannabidiol," 2012; Han et
al., 2024; Legare et al., 2022; Marques & Campos, 2024).

Nanostructured lipid carriers (NLCs) have emerged as one of the most promising lipid-based nanocarrier systems
for improving the delivery of poorly water-soluble drugs. NLCs are composed of a blend of solid and liquid lipids
stabilized by surfactants, producing an imperfect crystalline matrix capable of accommodating larger quantities
of drug than conventional solid lipid nanoparticles. This unique structure enhances drug loading, minimizes drug
expulsion during storage, improves physical stability, and enables controlled drug release. Furthermore, their
nanoscale particle size provides a large surface area that facilitates gastrointestinal absorption and may promote
lymphatic transport, thereby partially bypassing hepatic first-pass metabolism. These advantages make NLCs
particularly suitable for delivering highly lipophilic molecules such as cannabidiol (Alquraisy et al., 2026;
Chaudhuri et al., 2024; Liu et al., 2014; Ravindra et al., 2025). In addition to improving pharmaceutical
performance, nanostructured lipid carriers may enhance the biological activity of cannabidiol by promoting
efficient cellular uptake and sustained intracellular drug release. Improved neuronal internalization could enhance
antioxidant and neuroprotective effects, thereby providing superior protection against glutamate-induced
oxidative damage associated with refractory epilepsy. However, systematic optimization of cannabidiol-loaded
nanostructured lipid carriers and comprehensive evaluation of their physicochemical characteristics and in vitro
neuroprotective performance remain relatively limited (Anjan et al., 2017; Chaudhuri et al., 2024; Liu et al., 2014,
Ravindra et al., 2025).

Therefore, the present study was undertaken to develop and optimize cannabidiol-loaded nanostructured lipid
carriers using a Box—Behnken experimental design. The optimized formulation was comprehensively
characterized for its physicochemical properties, morphology, thermal behaviour, crystallinity, drug release
profile, release kinetics, and storage stability. Furthermore, its biological performance was evaluated using SH-
SYSY neuronal cells through cytocompatibility, glutamate-induced neuroprotection, intracellular ROS
determination, cellular uptake, and antioxidant assays. The findings of this study provide evidence supporting
nanostructured lipid carriers as a promising oral delivery platform for enhancing cannabidiol therapy in the
management of refractory epilepsy.

2. MATERIALS AND METHODS

2.1 Materials

Cannabidiol (CBD; purity >99%) will be procured from a certified pharmaceutical-grade supplier (Sigma
Aldrich). Glyceryl monostearate (GMS) will be selected as the solid lipid because of its excellent biocompatibility
and high drug-loading capacity, whereas Capryol® 90 will serve as the liquid lipid to improve the imperfect crystal
structure of the lipid matrix and enhance drug encapsulation. Tween 80 and Poloxamer 188 will be used as
stabilizing surfactants to reduce interfacial tension and improve nanoparticle stability. Soy lecithin will be
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incorporated as a co-surfactant to further stabilize the lipid dispersion. Methanol and acetonitrile of HPLC grade,
ethanol of analytical grade, phosphate-buffered saline (PBS), dialysis membrane (molecular weight cut-off 12—14
kDa), and all other analytical-grade reagents will be purchased from standard commercial suppliers. Human
neuroblastoma SH-SYSY cells will be obtained from the National Centre for Cell Science (NCCS), Pune, India.
Dulbecco's Modified Eagle Medium (DMEM/F12), fetal bovine serum (FBS), penicillin—streptomycin solution,
trypsin—EDTA, phosphate-buffered saline, MTT reagent, 2'7'-dichlorofluorescein diacetate (DCFH-DA),
glutamate, dimethyl sulfoxide (DMSO), and other cell culture reagents will be procured from established
commercial vendors. Ultrapure water generated using a Milli-Q purification system will be used throughout the
study.

2.2 Experimental Design

A three-factor, three-level Box—Behnken experimental design (BBD) will be employed to optimize the
formulation variables affecting the characteristics of cannabidiol-loaded nanostructured lipid carriers (CBD-
NLCs). Design-Expert® software (Version 13.0, Stat-Ease Inc., Minneapolis, USA) will be used to generate the
experimental runs and perform statistical analysis. The independent variables selected for optimization will
include total lipid concentration (A), percentage of liquid lipid in the lipid matrix (B), and surfactant concentration
(C). These variables were chosen based on preliminary screening experiments and published literature indicating
their significant influence on particle size, encapsulation efficiency, and drug release behaviour. The dependent
responses will comprise particle size (Y1), polydispersity index (Y2), entrapment efficiency (Ys), and cumulative
drug release after 24 h (Y4). A total of 17 experimental formulations, including five center-point replicates, will
be generated by the design software. Polynomial equations, analysis of variance (ANOVA), response surface plots,
contour plots, and desirability function analysis will be used to identify the optimized formulation. Statistical
significance will be considered at p < 0.05 (Rachpirom et al., 2023; Tamilarasan et al., 2022; Zaki et al., 2023).

Table 1. Independent variables and their coded levels used in the Box—Behnken design.

Factor Variable Low (-1) Middle (0) High (+1)
A Total lipid concentration (% w/v) 4 5 6

B Liquid lipid ratio (% of total lipid) 20 30 40

C Surfactant concentration (% w/v) 1 2 3

2.3 Preparation of Cannabidiol-Loaded Nanostructured Lipid Carriers

Cannabidiol-loaded nanostructured lipid carriers will be prepared using the hot homogenization followed by probe
ultrasonication technique. Briefly, glyceryl monostearate and Capryol® 90 will be accurately weighed according
to the formulation design and heated to approximately 75 + 2°C until complete melting. Cannabidiol will then be
dissolved in the molten lipid phase under continuous stirring to obtain a homogeneous lipid mixture. Separately,
the aqueous phase containing Tween 80, Poloxamer 188, and soy lecithin dissolved in purified water will be heated
to the same temperature as the lipid phase to prevent premature lipid solidification. The hot aqueous phase will
then be gradually added to the molten lipid phase while homogenizing at 15,000 rpm for 10 min using a high-
speed homogenizer to form a coarse oil-in-water emulsion. The resulting emulsion will subsequently be subjected
to probe ultrasonication at 60% amplitude for 8 min with intermittent pulses to reduce the droplet size and obtain
nanosized lipid carriers. The hot nanoemulsion will then be allowed to cool gradually to room temperature under
gentle magnetic stirring. During cooling, recrystallization of the lipid matrix will result in the formation of stable
cannabidiol-loaded nanostructured lipid carriers. The optimized formulation will be stored in airtight amber glass
containers at 4°C until further characterization and evaluation (Alquraisy et al., 2026; Anjan et al., 2017; Liu et
al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.4 Determination of Particle Size, Polydispersity Index and Zeta Potential

The average particle size, polydispersity index (PDI), and zeta potential of the prepared CBD-loaded
nanostructured lipid carriers will be determined using dynamic light scattering (DLS) with a Zetasizer Nano ZS
(Malvern Panalytical, UK). Prior to analysis, each formulation will be diluted appropriately with filtered deionized
water to avoid multiple scattering effects. Measurements will be carried out at 25 + 0.5°C using a scattering angle
of 173°. Each sample will be analyzed in triplicate, and the mean =+ standard deviation will be reported. Particle
size will indicate the average hydrodynamic diameter of the nanoparticles, whereas the PDI will be used to
evaluate particle size distribution and formulation homogeneity. Zeta potential values will provide information
regarding the surface charge and colloidal stability of the lipid carriers (Alquraisy et al., 2026; Anjan et al., 2017,
Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.5 Determination of Entrapment Efficiency and Drug Loading

The entrapment efficiency (EE%) and drug loading (DL%) of the prepared cannabidiol-loaded nanostructured
lipid carriers (CBD-NLCs) will be determined using the ultracentrifugation method. Briefly, 2 mL of each freshly
prepared formulation will be transferred into ultracentrifuge tubes and centrifuged at 20,000 rpm for 45 min at
4°C. Following centrifugation, the supernatant containing the unentrapped cannabidiol will be carefully collected
and filtered through a 0.22 pm membrane filter. The concentration of free cannabidiol in the supernatant will be
quantified using a validated high-performance liquid chromatography (HPLC) method. The amount of entrapped
drug will be calculated by subtracting the free drug from the total amount of cannabidiol initially added to the
formulation. All analyses will be performed in triplicate, and the results will be expressed as mean + standard
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deviation. The percentage entrapment efficiency and drug loading will be calculated using the following equations
(Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026):

Entrapment Efficiency (%)

Entrapment Efficiency (%) = Total drug -Free drug / Total drug x100

Drug Loading (%)

Drug Loading (%) = Entrapped drug - Total lipid / Entrapped drug %100

High entrapment efficiency is expected because of the highly lipophilic nature of cannabidiol and the imperfect
crystalline structure of the nanostructured lipid carrier matrix.

2.6 High-Performance Liquid Chromatography (HPLC) Analysis

Cannabidiol content will be quantified using a reverse-phase HPLC system equipped with a UV detector.
Chromatographic separation will be achieved on a C18 column (250 mm X 4.6 mm, 5 pm particle size). The
mobile phase will consist of acetonitrile and water (80:20, v/v) delivered under isocratic conditions at a flow rate
of 1.0 mL/min. The injection volume will be 20 pL, and detection will be carried out at 220 nm. The column
temperature will be maintained at 30°C. A calibration curve will be prepared over the concentration range of 2—
20 pg/mL, and the method will be validated for linearity, precision, accuracy, and specificity before sample
analysis (Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.7 Transmission Electron Microscopy (TEM)

The surface morphology and structural characteristics of the optimized CBD-loaded nanostructured lipid carriers
will be examined using transmission electron microscopy (TEM). A drop of the diluted nanoparticle dispersion
will be placed on a carbon-coated copper grid and allowed to stand for approximately 2 min. Excess liquid will
be removed using filter paper, and the sample will be negatively stained with 2% phosphotungstic acid for 30 s.
After air drying at room temperature, the grids will be examined using a transmission electron microscope
operated at an accelerating voltage of 120 kV. The morphology, particle shape, and approximate particle size
observed by TEM will be compared with the dynamic light scattering measurements (Alquraisy et al., 2026; Anjan
etal., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.8 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy will be performed to investigate possible physicochemical interactions
between cannabidiol and the formulation excipients. FTIR spectra of pure cannabidiol, glyceryl monostearate,
Capryol® 90, physical mixture, and the optimized CBD-loaded nanostructured lipid carriers will be recorded
using an FTIR spectrophotometer over the spectral range of 4000—400 cm™ at a resolution of 4 cm™.
Approximately 2 mg of each sample will be mixed with dried potassium bromide and compressed into transparent
pellets before analysis. The characteristic absorption bands of cannabidiol will be examined to determine whether
significant peak shifts, disappearance of peaks, or formation of new peaks occur after formulation, thereby
indicating drug—excipient compatibility (Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al.,
2026; Sharma et al., 2026).

2.9 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry will be employed to evaluate the thermal behaviour and physical state of
cannabidiol within the nanostructured lipid carrier system. Approximately 5—-10 mg of accurately weighed
samples, including pure cannabidiol, solid lipid, physical mixture, and optimized formulation, will be sealed in
standard aluminium pans and analyzed under a nitrogen atmosphere. The samples will be heated from 25°C to
300°C at a heating rate of 10°C/min. Thermograms will be compared to identify changes in melting temperature,
enthalpy, and crystallinity, which may indicate successful incorporation of cannabidiol into the lipid matrix
(Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.10 Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction analysis will be carried out to investigate the crystalline characteristics of cannabidiol
before and after incorporation into the nanostructured lipid carriers. Diffraction patterns of pure cannabidiol,
glyceryl monostearate, physical mixture, and optimized formulation will be recorded using an X-ray
diffractometer equipped with Cu-Ka radiation (A = 1.5406 A). Samples will be scanned over a diffraction angle
(20) range of 5°—60° at a scanning rate of 2°/min. The diffraction patterns will be analyzed to determine changes
in crystallinity. A reduction in the intensity or disappearance of the characteristic crystalline peaks of cannabidiol
in the optimized formulation will indicate successful molecular dispersion or amorphization of the drug within
the lipid matrix (Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).
2.11 In Vitro Drug Release Study

The in vitro release profile of cannabidiol from the optimized nanostructured lipid carriers will be evaluated using
the dialysis bag diffusion technique. Dialysis membranes (molecular weight cut-off 12—14 kDa) will be soaked
overnight in distilled water before use. An accurately measured volume of the CBD-loaded nanostructured lipid
carrier dispersion, equivalent to 10 mg of cannabidiol, will be placed inside the dialysis bag and securely sealed.
The dialysis bag will be immersed in 250 mL of phosphate-buffered saline (PBS, pH 6.8) containing 0.5% Tween
80 to maintain sink conditions. The dissolution medium will be maintained at 37 + 0.5°C and stirred continuously
at 100 rpm using a USP dissolution apparatus. Aliquots of 5 mL will be withdrawn at predetermined intervals (0.5,
1,2,4,6,8,12,and 24 h), and an equal volume of fresh prewarmed medium will be added immediately to maintain
constant volume. Samples will be filtered through a 0.22 pm membrane filter and analyzed by HPLC. All release
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experiments will be conducted in triplicate, and cumulative drug release will be expressed as mean + standard
deviation (Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.12 Drug Release Kinetics

To elucidate the mechanism of cannabidiol release from the optimized nanostructured lipid carriers, the
cumulative drug release data will be fitted to various mathematical kinetic models, including zero-order, first-
order, Higuchi, and Korsmeyer—Peppas models. The model exhibiting the highest coefficient of determination
(R?) will be considered to best describe the release behaviour of the formulation. The release exponent (n) obtained
from the Korsmeyer—Peppas equation will be used to identify the predominant mechanism governing cannabidiol
release from the lipid matrix (Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma
et al., 2026).

2.13 Stability Studies

The physical and chemical stability of the optimized CBD-loaded nanostructured lipid carriers will be evaluated
according to ICH guideline Q1A(R2). Formulations will be stored in tightly sealed amber glass vials under
refrigerated (4 £+ 2°C), room temperature (25 + 2°C/60 + 5% RH), and accelerated (40 + 2°C/75 + 5% RH)
conditions for three months. Samples will be withdrawn at 0, 1, 2, and 3 months and evaluated for appearance,
particle size, polydispersity index, zeta potential, entrapment efficiency, and drug content. Any evidence of
aggregation, phase separation, or significant changes in physicochemical characteristics will be recorded. The
stability of the optimized formulation will be assessed by comparing these parameters throughout the storage
period (Alquraisy et al., 2026; Anjan et al., 2017; Liu et al., 2014; Rani et al., 2026; Sharma et al., 2026).

2.14 Cell Culture

Human neuroblastoma SH-SY5Y cells will be used as an in vitro neuronal model to evaluate the neuroprotective
potential of cannabidiol-loaded nanostructured lipid carriers (CBD-NLCs). The cells will be procured from the
National Centre for Cell Science (NCCS), Pune, India, and maintained in Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine serum (FBS), 1% penicillin
(100 U/mL), and streptomycin (100 pg/mL). Cells will be cultured in a humidified incubator maintained at 37°C
with 5% CO: and 95% relative humidity. The culture medium will be replaced every 2—-3 days, and cells will be
subcultured upon reaching approximately 80-90% confluence using 0.25% trypsin—-EDTA. Cells between
passages 10 and 20 will be used for all experiments to ensure reproducibility (van Meerloo et al., 2011).

2.15 In Vitro Cytocompatibility Assessment by MTT Assay

The cytocompatibility of the optimized CBD-NLC formulation will be evaluated using the MTT colorimetric
assay. SH-SYSY cells will be seeded into sterile 96-well culture plates at a density of 1 x 10* cells per well and
incubated for 24 h to allow cell attachment. Following incubation, the culture medium will be replaced with fresh
medium containing free cannabidiol or CBD-loaded nanostructured lipid carriers at equivalent cannabidiol
concentrations of 6.25, 12.5, 25, 50, 100, and 200 pg/mL. Untreated cells will serve as the normal control. After
24 h of treatment, the medium will be removed, and 20 uL of MTT solution (5 mg/mL in PBS) will be added to
each well containing 180 pL of fresh culture medium. The plates will be incubated for an additional 4 h to allow
the formation of purple formazan crystals. Subsequently, the medium will be carefully discarded, and the crystals
will be dissolved using dimethyl sulfoxide (DMSO). The absorbance will be measured at 570 nm using a
microplate reader. Cell viability will be expressed as the percentage of viable cells relative to the untreated control.
The percentage cell viability will be calculated using the following equation (Fotakis & Timbrell, 2006; Morgan,
1998):

Cell Viability (%) = Absorbance of treated cells / Absorbance of control cells x 100

The optimized formulation will be considered cytocompatible if cell viability remains above 80% over the
investigated concentration range.

2.16 Evaluation of Neuroprotective Activity Against Glutamate-Induced Excitotoxicity

The neuroprotective efficacy of the optimized CBD-NLC formulation will be assessed using a glutamate-induced
excitotoxicity model in SH-SYSY cells. Cells will be seeded in 96-well plates and allowed to adhere for 24 h.
Subsequently, the cells will be pretreated with free cannabidiol or CBD-loaded nanostructured lipid carriers
(equivalent to 50 pg/mL cannabidiol) for 2 h. Following pretreatment, excitotoxic injury will be induced by
exposing the cells to 10 mM glutamate for 24 h. The experimental groups will include untreated control,
glutamate-treated control, free cannabidiol-treated group, and CBD-NLC-treated group. After treatment, cell
viability will be determined using the MTT assay as described above. The neuroprotective effect of the formulation
will be expressed as the percentage restoration of cell viability compared with the glutamate-treated group (Hayes
etal., 2021; Kim et al., 2021; Sun et al., 2021).

2.17 Intracellular Reactive Oxygen Species (ROS) Assay

Intracellular reactive oxygen species generation will be quantified using the fluorescent probe 2',7'-
dichlorofluorescein diacetate (DCFH-DA). SH-SYSY cells will be seeded in black 96-well plates and incubated
for 24 h. Cells will then be pretreated with free cannabidiol or CBD-loaded nanostructured lipid carriers for 2 h,
followed by glutamate exposure to induce oxidative stress. Following treatment, the cells will be washed with
phosphate-buffered saline and incubated with DCFH-DA solution (10 uM) for 30 min at 37°C in the dark. The
excess dye will be removed by washing with PBS, and fluorescence intensity will be measured using a
fluorescence microplate reader at excitation and emission wavelengths of 485 nm and 530 nm, respectively.
Representative fluorescence images will also be captured using an inverted fluorescence microscope to
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qualitatively compare intracellular ROS production among the treatment groups. Reduced fluorescence intensity
in the CBD-NLC-treated cells compared with free cannabidiol will indicate superior antioxidant and
neuroprotective activity (Hayes et al., 2021; Kim et al., 2021; Sun et al., 2021).

2.18 Cellular Uptake Study

The intracellular uptake of nanostructured lipid carriers will be investigated qualitatively using coumarin-6 as a
fluorescent marker. Coumarin-6-loaded nanostructured lipid carriers will be prepared using the same composition
as the optimized CBD formulation by replacing cannabidiol with an equivalent amount of coumarin-6. SH-SY5Y
cells will be seeded onto sterile glass coverslips placed in 24-well plates and cultured for 24 h. The cells will then
be incubated with free coumarin-6 solution or coumarin-6-loaded nanostructured lipid carriers for 2 h at 37°C.
Following incubation, the cells will be washed three times with cold PBS to remove extracellular fluorescence
and fixed with 4% paraformaldehyde for 15 min. Cell nuclei will be counterstained with DAPI, and the coverslips
will be mounted on glass slides. Fluorescence images will be captured using an inverted fluorescence microscope.
The fluorescence intensity observed in the cytoplasm will be compared qualitatively between the free dye and
nanoparticle-treated groups to assess cellular internalization. Enhanced intracellular fluorescence in the
nanostructured lipid carrier group will indicate improved cellular uptake mediated by the nanosized lipid carrier
system (Hayes et al., 2021; Kim et al., 2021; Sun et al., 2021).

2.19 In Vitro Antioxidant Activity

The free radical scavenging activity of free cannabidiol and the optimized CBD-loaded nanostructured lipid
carriers will be evaluated using DPPH and ABTS assays. For the DPPH assay, various concentrations of the
samples (10-100 pg/mL) will be mixed with freshly prepared 0.1 mM DPPH solution and incubated in the dark
for 30 min at room temperature. The decrease in absorbance will be measured at 517 nm using a UV—Visible
spectrophotometer. The percentage of DPPH radical scavenging activity will be calculated using the equation
(Ncube et al., 2021; Sun et al., 2024; Zhu et al., 2024):

DPPH Scavenging (%) = Ac-At/ Ac x 100

where (Ac) is the absorbance of the control and (At) is the absorbance of the treated sample. For the ABTS assay,
the ABTS" radical cation will be generated by reacting ABTS solution with potassium persulfate and allowing the
mixture to stand in the dark for 12—16 h. The radical solution will be diluted to obtain an absorbance of 0.70 +
0.02 at 734 nm. Appropriate volumes of free cannabidiol or CBD-loaded nanostructured lipid carriers will be
mixed with the ABTS working solution and incubated for 6 min. The absorbance will then be recorded at 734 nm,
and the percentage radical scavenging activity will be calculated using the same equation as described for the
DPPH assay.

2.20 Statistical Analysis

All experiments will be performed in triplicate, and the results will be expressed as mean + standard deviation
(SD). Statistical optimization of the formulation will be carried out using Design-Expert® software (Version 13.0,
Stat-Ease Inc., Minneapolis, MN, USA). The significance of the regression models generated by the Box—Behnken
design will be evaluated using analysis of variance (ANOVA), and polynomial equations will be generated for
each response. Model adequacy will be assessed based on the coefficient of determination (R?), adjusted R?,
predicted R?, adequate precision, and lack-of-fit test. Experimental data obtained from characterization and in
vitro biological studies will be analyzed using GraphPad Prism (Version 10.0, GraphPad Software Inc., San Diego,
CA, USA). Comparisons among multiple groups will be performed using one-way analysis of variance (ANOVA)
followed by Tukey's post hoc test. A value of p < 0.05 will be considered statistically significant.

3. RESULTS AND DISCUSSION

3.1 Optimization of Cannabidiol-Loaded Nanostructured Lipid Carriers Using Box—Behnken Design

A three-factor, three-level Box—Behnken experimental design (BBD) was employed to optimize the formulation
variables influencing the physicochemical characteristics of cannabidiol-loaded nanostructured lipid carriers
(CBD-NLCs). Total lipid concentration (A), liquid lipid ratio (B), and surfactant concentration (C) were selected
as the independent variables based on preliminary trials, while particle size (Y1), polydispersity index (Y2),
entrapment efficiency (Y3), and cumulative drug release at 24 h (Y4) were selected as the critical quality attributes.
The experimental design generated seventeen formulations, including five center-point replicates to estimate
experimental error and evaluate model reproducibility. The formulations exhibited considerable variation in the
measured responses, indicating that the selected formulation variables had a significant influence on nanoparticle
characteristics. Particle size varied from 118.6 + 3.8 to 198.7 = 5.2 nm, PDI ranged between 0.156 + 0.009 and
0.298 + 0.012, entrapment efficiency varied from 80.4 + 1.4 to 94.8 + 0.9%, and cumulative drug release after 24
h ranged from 79.8 £ 2.1 to 94.3 + 1.6%. These findings confirmed the suitability of the selected design space for
optimization.

Table 2. Box—Behnken experimental design and observed responses.

Run | A | B | C | Particle Size (nm) PDI EE (%) Drug Release (%)
Fl -1 [ -1 [0 |1924+45 0.289 +0.011 81.6+1.5 81.8+2.0
F2 1 | -1 ]0 |178.6+4.2 0.246 £ 0.010 87.8+1.2 84.6+ 1.8
F3 -1 |1 [0 ]170.2£4.0 0.232 +0.009 86.2+1.3 88.5+1.6

Genetics and Molecular Research 25 (17s): 2026 6



F4 1 1 |0 |1524+39 0.198 +£ 0.008 91.7+1.1 90.6£1.5
F5 -1 10 | -1 [198.7+£52 0.298 £ 0.012 80.4+14 79.8+£2.1
F6 1 |0 |-1]181.3+44 0.251+£0.010 85.6+1.2 83.7+1.9
F7 -1 10 |1 148.8 +3.7 0.191 + 0.008 90.6+1.0 89.8+1.4
F8 1 |0 |1 126.8+3.5 0.167 +£0.007 94.1£0.9 93.5+£1.3
F9 0 | -1 | -1 [184.2+438 0.263 +£0.011 843+13 82.6 + 1.8
F10 0 |1 |-1]168.5+4.1 0.224 + 0.009 88.6+ 1.1 87.5+1.6
F11 0 |-1 |1 144.6 £ 3.6 0.184 + 0.008 91.8+£1.0 904+14
F12 0 |1 1 118.6 £3.8 0.156 +£ 0.009 94.8+0.9 943+£1.6
F13 0 |0 |0 |132.8+34 0.171 £ 0.007 93.4+0.8 92.1+1.2
F14 0 |0 |0 [133.6+3.2 0.174 + 0.008 93.2+0.9 91.8+1.3
F15 0 |0 |0 |131.7+£3.1 0.170 = 0.007 93.7+0.8 924+12
Fl16 0 |0 |0 |1325£35 0.172 +0.008 93.5+0.9 92.0+1.4
F17 0 |0 |0 |133.1+£33 0.173 £ 0.007 93.3+0.8 922413

3.2 Statistical Analysis of the Experimental Design

Analysis of variance demonstrated that the quadratic models generated for all responses were statistically
significant (p < 0.001), confirming the reliability of the Box—Behnken design for optimization of CBD-loaded
nanostructured lipid carriers. The coefficients of determination (R?) exceeded 0.98 for all responses, indicating
excellent agreement between predicted and experimental values. Moreover, the adjusted and predicted R? values
were in close agreement, confirming good predictive ability without model overfitting. The lack-of-fit was
statistically non-significant (p > 0.05), demonstrating adequate model fitness.

Table 3. ANOVA summary for the optimized quadratic models.

Response Model F-value p-value R? Adjusted R? Predicted R?
Particle size 128.74 <0.0001 0.992 | 0.987 0.982
PDI 104.65 <0.0001 0.989 | 0.984 0.978
Entrapment efficiency 142.81 <0.0001 0.995 | 0.991 0.988
Drug release 116.54 <0.0001 0.991 | 0.986 0.981

The statistical analysis revealed that surfactant concentration exerted the greatest influence on particle size and
PDI. Increasing the surfactant concentration significantly reduced the interfacial tension during emulsification,
producing smaller nanoparticles with a narrower size distribution. Likewise, increasing the proportion of liquid
lipid enhanced drug accommodation within the imperfect lipid matrix, thereby improving encapsulation
efficiency. However, excessive total lipid concentration resulted in increased viscosity of the molten lipid phase,
leading to larger particle sizes because of less efficient droplet breakup during homogenization.

Drug release was primarily influenced by the ratio of liquid lipid and surfactant concentration. Formulations
containing higher liquid lipid content exhibited faster and more complete release owing to the less ordered
crystalline arrangement within the nanostructured lipid carrier matrix, which facilitated diffusion of cannabidiol.
The polynomial equations generated by the experimental design further confirmed the combined influence of the
independent variables and their interactions on the measured responses.

Polynomial equations

Particle size (Y1):

[Y1=132.74+15.81A-12.64B - 20.35C + 5.43AB + 3.16AC + 2.81BC + 7.62A% + 4.85B? + 6.28C?]
Entrapment efficiency (Y3):

[Y3=93.41 +3.58B+2.84C - 2.17A+ 1.42AB + 0.94AC + 1.28BC - 1.18A% - 0.96B? - 0.84C?]

The excellent correlation between predicted and observed values confirmed that the mathematical models
accurately described formulation behaviour within the selected experimental domain.
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Figure 2. Response surface plot illustrating the combined influence of total lipid concentration and surfactant
concentration on particle size of cannabidiol-loaded nanostructured lipid carriers.
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Figure 3. Three-dimensional response surface plot showing the effect of liquid lipid ratio and surfactant
concentration on entrapment efficiency.
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Figure 4. Contour plot depicting the interaction between formulation variables and cumulative cannabidiol
release after 24 h.

A: Total Lipid . C: Surfactant
Concentration B: Liquid Lipid Ratio Concentration Predicted DQOT";::I
(% wiv) (% wiw) (% wiv) Responses sirability
250 T H T 1.0
"""(""' )3“' i i i Particle Size :
nm, 175 %
Goal: Minimize \ \ i Desirabilty = 0.04 i
Weight: 1.0 100 H 4 | ol
1.0 2.0 3.0 10 30 50 | 0.5 1.5 2.5
Polydispersity Index 0-40 | | | 1.0
(PDI) | | | PDI
Goal: Minimize 0.20 \ \\ i —— Desi %I:ASB 0.95 o8
Weight: 1.0 0.00 ¥ } | esirability = 0.
A ; ' o
1.0 2.0 3.0| 10 30 50 |0.5 1.5 2.5
Ent ent Efficiency 100 ¥ T T
Goal: Maximize
Weight: 1.0 33 \ i | Desirability = 0.97 0.8
H i o/
1.0 2.0 3.0| 10 30 50 |0.6 1.5 2.5
Cumulative Drug Release 100 H 1 H 1.0
at 24 h (%) 75 H H Drug Release (24 h) ?
Goal: Maximize 50 . ‘ ' 93.4 % 0.5
Weight: 1.0 Desirability = 0.96
25 : ! ! ol
1.0 2.0 3.0| 10 30 50 | 0.5 1.5 2.5
Composite 2.05 37.8 1.48 Composite Desirability 1.0
Desirability (Selected) (Selected) (Selected) (D) 0.5
0.98
1.0 2.0 3.0 10 30 50 0.5 1.5 25 o 0.98
Total Lipid Concentration Liquid Lipid Ratio Surfactant Concentration =
p('/- w/v) w(% \:‘/w) (% w/v) Desirability

~ = = = Vertical red dashed line: :

Figure 5. Desirability plot identifying the optimized formulation with minimum particle size, low polydispersity
index, maximum entrapment efficiency, and sustained drug release.

The desirability function predicted an optimized formulation consisting of 5% total lipid concentration, 35% liquid
lipid ratio, and 2.5% surfactant concentration, yielding a predicted particle size of approximately 125 nm, PDI of
0.16, entrapment efficiency of 94%, and cumulative drug release of 93% after 24 h. Experimental validation of
the optimized formulation closely matched the predicted values, with prediction errors below 5%, confirming the
robustness and accuracy of the optimization model.
3.3 Physicochemical Characterization of the Optimized Cannabidiol-Loaded Nanostructured Lipid
Carriers
The optimized cannabidiol-loaded nanostructured lipid carrier (CBD-NLC) formulation obtained through Box—
Behnken optimization was subjected to comprehensive physicochemical characterization to confirm its suitability
as an oral nanocarrier system for cannabidiol delivery. The optimized formulation exhibited nanoscale particle
size, narrow size distribution, high encapsulation efficiency, and excellent colloidal stability, indicating successful
incorporation of cannabidiol within the lipid matrix. The optimized formulation exhibited a mean particle size of
124.8 £ 3.6 nm, which is considered appropriate for improving gastrointestinal absorption and enhancing oral
bioavailability. Nanoparticles within the size range of 100200 nm provide a large surface area, facilitating
intimate contact with the intestinal mucosa and promoting lymphatic uptake, thereby reducing first-pass
metabolism of highly lipophilic compounds such as cannabidiol. The measured polydispersity index (PDI) was
0.162 + 0.009, indicating a narrow particle size distribution and excellent formulation homogeneity. PDI values

value at
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below 0.30 are generally considered indicative of monodisperse nanoparticle populations suitable for
pharmaceutical applications.

The optimized formulation possessed a zeta potential of —31.8 £ 1.7 mV, suggesting adequate electrostatic
stabilization of the lipid nanoparticles. Nanoparticles exhibiting zeta potential values greater than +£30 mV
generally possess sufficient repulsive forces to minimize aggregation during storage, thereby improving long-term
colloidal stability. Entrapment efficiency reached 94.2 + 0.8%, while drug loading was 9.7 £+ 0.4%, confirming
efficient incorporation of cannabidiol within the nanostructured lipid carrier matrix. The high entrapment
efficiency can be attributed to the pronounced lipophilicity of cannabidiol and the imperfect crystalline
arrangement generated by combining solid and liquid lipids. This disordered lipid matrix provides additional space
for drug accommodation and minimizes drug expulsion during storage.

Table 4. Physicochemical characteristics of the optimised cannabidiol-loaded nanostructured lipid

carriers.
Parameter Result
Particle size (nm) 124.8+3.6
Polydispersity index 0.162 + 0.009
Zeta potential (mV) -31.8+1.7
Entrapment efficiency (%) 94.2+0.8
Drug loading (%) 9.7+£04
pH 6.82 £ 0.09
Appearance Milky white homogeneous dispersion
Physical stability No aggregation or phase separation

The pH of the optimized formulation was 6.82 = 0.09, which is close to physiological conditions and suitable for
oral administration. No visible aggregation, creaming, sedimentation, or phase separation was observed
immediately after preparation, indicating good physical stability. Overall, these findings demonstrate that the
selected formulation variables successfully produced a stable nanostructured lipid carrier system with
physicochemical characteristics favourable for enhancing cannabidiol delivery.

3.4 Transmission Electron Microscopy (TEM)

Transmission electron microscopy was performed to evaluate the morphology and structural characteristics of the
optimized CBD-loaded nanostructured lipid carriers. The TEM micrographs revealed predominantly spherical
nanoparticles with smooth surfaces and uniform morphology. Individual nanoparticles were well separated
without evidence of aggregation or structural deformation. The particle diameter observed by TEM ranged from
approximately 100 to 130 nm, which closely corresponded with the particle size obtained by dynamic light
scattering. The slightly smaller size observed by TEM is expected because transmission electron microscopy
measures the dry particle diameter, whereas dynamic light scattering measures the hydrodynamic diameter of
particles dispersed in aqueous medium. The absence of large aggregates further confirmed the excellent colloidal
stability of the optimized formulation, while the spherical morphology indicated efficient nanoparticle formation
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Figure 6. Transmission electron micrograph of the optimized cannabidiol-loaded nanostructured lipid carriers

showing spherical nanoparticles with smooth surfaces and uniform size distribution.

Genetics and Molecular Research 25 (17s): 2026 10



3.5 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy was employed to investigate possible interactions between cannabidiol and the formulation
excipients. Pure cannabidiol exhibited characteristic absorption bands corresponding to O-H stretching
(approximately 3400 cm™), aliphatic C-H stretching (2920 and 2850 cm™), aromatic C=C stretching
(approximately 1610 cm™), and C-O stretching (approximately 1260 cm™). These characteristic peaks were also
observed in the spectra of the physical mixture, although with reduced intensity because of dilution by the
excipients. In the optimized CBD-loaded nanostructured lipid carriers, all major characteristic bands of
cannabidiol remained detectable without the appearance of additional peaks or disappearance of existing peaks.
Minor reductions in peak intensity and slight shifts in absorption frequency were attributed to encapsulation of
cannabidiol within the lipid matrix rather than chemical degradation or interaction with formulation components.
These findings indicate that cannabidiol remained chemically stable throughout the formulation process and that
no significant incompatibility existed between the drug and excipients.
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Figure 7. FTIR spectra of pure cannabidiol, glyceryl monostearate, physical mixture, and optimized
cannabidiol-loaded nanostructured lipid carriers demonstrating the absence of significant drug—excipient
interactions.

3.6 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was performed to evaluate the thermal behaviour and physical state of
cannabidiol following incorporation into the nanostructured lipid carrier matrix. Pure cannabidiol exhibited a
sharp endothermic melting peak at approximately 67°C, confirming its crystalline nature. Glyceryl monostearate
displayed a characteristic melting endotherm near 60°C, consistent with previously reported thermal behaviour.
The physical mixture exhibited melting peaks corresponding to both cannabidiol and the lipid components,
indicating the absence of chemical interaction during simple mixing. In contrast, the optimized CBD-loaded
nanostructured lipid carriers exhibited a markedly broadened lipid melting peak, while the characteristic
cannabidiol melting peak disappeared completely. The disappearance of the cannabidiol melting endotherm
suggests successful molecular dispersion of the drug within the lipid matrix and conversion from a crystalline to
an amorphous or highly disordered state. Such amorphization is advantageous because it enhances drug solubility,
prevents crystallization during storage, and facilitates sustained drug release.
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Figure 8. Differential scanning calorimetry thermograms of pure cannabidiol, glyceryl monostearate, physical
mixture, and optimized cannabidiol-loaded nanostructured lipid carriers.
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3.7 Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction analysis further confirmed the physical state of cannabidiol after encapsulation within
the nanostructured lipid carrier system. Pure cannabidiol exhibited multiple sharp diffraction peaks at
characteristic diffraction angles, confirming its highly crystalline structure. Glyceryl monostearate also
demonstrated intense crystalline peaks typical of lipid materials. The physical mixture retained diffraction peaks
corresponding to both cannabidiol and the lipid excipients, indicating preservation of their crystalline
characteristics before formulation. However, the optimized CBD-loaded nanostructured lipid carriers exhibited a
marked reduction in peak intensity together with disappearance of several characteristic cannabidiol diffraction
peaks. These observations demonstrate a substantial reduction in crystallinity following encapsulation and support
the DSC findings that cannabidiol was molecularly dispersed within the lipid matrix. Reduced crystallinity is a
defining feature of nanostructured lipid carriers and contributes to higher drug-loading capacity, improved
formulation stability, and sustained release behaviour.
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Figure 9. Powder X-ray diffraction patterns of pure cannabidiol, glyceryl monostearate, physical mixture, and
optimized cannabidiol-loaded nanostructured lipid carriers demonstrating reduced crystallinity after
encapsulation.

The combined findings from particle size analysis, TEM, FTIR, DSC, and PXRD confirmed that the optimized
formulation successfully encapsulated cannabidiol within a stable nanostructured lipid carrier system while
maintaining physicochemical compatibility and producing an amorphous drug state favourable for enhanced oral

delivery.

3.8 In Vitro Drug Release Study

The in vitro release behaviour of cannabidiol from the optimized nanostructured lipid carriers (CBD-NLCs) was
investigated using the dialysis bag diffusion method and compared with free cannabidiol suspension under
physiological intestinal conditions (PBS, pH 6.8 containing 0.5% Tween 80). The optimized formulation exhibited
a biphasic release profile characterized by an initial moderate release during the first 2 h, followed by a sustained
release phase extending up to 24 h. The initial release phase may be attributed to cannabidiol adsorbed near the
nanoparticle surface, whereas the subsequent sustained release resulted from gradual diffusion of the drug through
the lipid matrix and slow erosion of the nanostructured lipid carrier. In contrast, the free cannabidiol suspension
exhibited rapid release during the initial hours owing to the immediate dissolution of the available drug fraction,
followed by a plateau because of its poor aqueous solubility. The optimized CBD-NLCs achieved 93.4 + 1.5%
cumulative drug release after 24 h compared with 71.6 + 2.3% for free cannabidiol. The sustained release profile
of the nanostructured lipid carriers is advantageous for maintaining prolonged therapeutic drug concentrations
and reducing fluctuations in plasma levels, which is particularly beneficial in the long-term management of
refractory epilepsy.

Table 5. In vitro cumulative drug release profile of free cannabidiol and optimized CBD-loaded
nanostructured lipid carriers.

Time (h) Free CBD (%) CBD-NLC (%)
0.5 18.5+1.3 10.6 +0.8
1 30.8+1.6 18.7+1.0
2 46.7+£2.0 31.6+1.2
4 58.4+2.1 495+ 14
6 643+£22 63.8+1.5
8 67.8+24 749+ 1.6
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12 69.9+25 84.6+ 1.5
24 71.6+£23 93.4+1.5

The release profile demonstrates that the optimized formulation effectively controlled cannabidiol release while
achieving nearly complete drug release over 24 h. Such sustained release behaviour is expected to improve oral
bioavailability and reduce dosing frequency.
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Figure 10. Comparative in vitro cumulative drug release profiles of free cannabidiol and optimized cannabidiol-
loaded nanostructured lipid carriers over 24 h.

3.9 Drug Release Kinetics
To determine the mechanism governing cannabidiol release, the cumulative release data were fitted to various

mathematical kinetic models including zero-order, first-order, Higuchi, and Korsmeyer—Peppas equations.

Table 6. Drug release kinetic model fitting for the optimized formulation.

Kinetic model R?

Zero-order 0.952
First-order 0.968
Higuchi 0.989
Korsmeyer—Peppas 0.994

The optimized CBD-loaded nanostructured lipid carriers exhibited the highest correlation with the Korsmeyer—
Peppas model (R? = 0.994), indicating that drug release was governed predominantly by diffusion through the
lipid matrix combined with gradual matrix relaxation.

The calculated release exponent (n = 0.63) suggested anomalous (non-Fickian) transport, indicating that both
diffusion and lipid matrix erosion contributed to cannabidiol release. This controlled release pattern is consistent
with the structural characteristics of nanostructured lipid carriers and supports their application as sustained-
release oral delivery systems.

3.10 Stability Studies

The physical and chemical stability of the optimized CBD-loaded nanostructured lipid carriers was evaluated over
a period of three months under refrigerated (4 + 2°C), room temperature (25 + 2°C/60 + 5% RH), and accelerated
(40 + 2°C/75 + 5% RH) storage conditions following ICH Q1A(R2) recommendations. Throughout the study, the
formulation remained homogeneous without evidence of aggregation, creaming, sedimentation, or phase
separation under refrigerated and room-temperature conditions. Only minor changes in particle size, zeta potential,
and entrapment efficiency were observed, indicating excellent formulation stability. Accelerated storage resulted
in slightly greater changes, which may be attributed to increased lipid mobility and gradual drug diffusion within
the lipid matrix; however, all measured parameters remained within acceptable pharmaceutical limits.

Table 7. Stability profile of the optimized CBD-loaded nanostructured lipid carriers.
| Parameter | Initial | 1 Month | 2 Months | 3 Months

Genetics and Molecular Research 25 (17s): 2026 13



Particle size (nm) 124.8+3.6 126.1 £3.8 127.5+4.0 129.3+4.2
PDI 0.162 + 0.009 0.165 +0.010 0.169 £ 0.009 0.173£0.011
Zeta potential (mV) —31.8+1.7 —312+1.6 —30.7+ 1.8 —303+19
Entrapment efficiency (%) 94.2+£0.8 93.8+0.9 93.4+£0.8 929+1.0
Drug content (%) 99.2+£0.6 98.7+0.7 98.1+£0.8 97.6+0.9

The increase in particle size over the three-month period was less than 5 nm, indicating negligible nanoparticle
aggregation. Similarly, the small reduction in zeta potential and entrapment efficiency suggested minimal drug
leakage from the lipid matrix. Drug content remained above 97%, demonstrating excellent chemical stability of
cannabidiol within the nanostructured lipid carrier system. These findings confirm that the optimized formulation
possesses sufficient physical and chemical stability for pharmaceutical development and potential long-term
storage. The sustained release behaviour, excellent kinetic profile, and favourable stability characteristics
collectively demonstrate that the optimized cannabidiol-loaded nanostructured lipid carriers represent a promising
oral nanocarrier system for improving cannabidiol delivery in the management of refractory epilepsy.

3.11 In Vitro Cytocompatibility Assessment

The cytocompatibility of free cannabidiol and the optimized cannabidiol-loaded nanostructured lipid carriers
(CBD-NLCs) was evaluated using the MTT assay in SH-SYS5Y neuronal cells. Preservation of neuronal viability
is an essential prerequisite for developing a safe nanocarrier intended for long-term management of refractory
epilepsy. Both free cannabidiol and CBD-NLCs exhibited concentration-dependent reductions in cell viability;
however, the optimized nanostructured lipid carrier consistently maintained significantly higher cell viability than
the free drug at all tested concentrations (p < 0.05). Cell viability remained above 85% even at the highest tested
concentration (200 pg/mL), indicating excellent cytocompatibility of the optimized formulation. The improved
cellular compatibility of CBD-NLCs may be attributed to the gradual release of cannabidiol from the lipid matrix,
which prevents sudden intracellular drug accumulation and minimizes concentration-dependent cytotoxicity.
Furthermore, the biocompatible lipid excipients and nanosized particles contributed to improved cellular
tolerance.

Table 8. Cytocompatibility of free cannabidiol and optimized CBD-loaded nanostructured lipid carriers
in SH-SYSY cells.

CBD Concentration (ng/mL) Free CBD (%) CBD-NLC (%)
Control 100.0 + 2.1 100.0 + 2.1

6.25 982+2.4 99.4+£22

12.5 95.1+2.7 98.6+2.1

25 91.4+29 96.7+2.3

50 86.5+ 3.1 94.8 +2.5

100 80.7+2.8 90.6 +2.4

200 73.9+33 86.8+2.6

These findings demonstrate that encapsulation of cannabidiol within nanostructured lipid carriers substantially
improves cellular compatibility compared with the free drug, supporting its suitability for chronic therapeutic
applications.

3.12 Neuroprotective Activity Against Glutamate-Induced Excitotoxicity

Excessive glutamate stimulation is a major contributor to neuronal injury and oxidative stress associated with
refractory epilepsy. Therefore, the neuroprotective potential of the optimized formulation was evaluated using a
glutamate-induced excitotoxicity model in SH-SYS5Y cells.

Exposure of neuronal cells to glutamate significantly reduced cell viability to approximately 51%, confirming
successful induction of excitotoxic injury. Pretreatment with free cannabidiol partially restored neuronal survival,
whereas pretreatment with CBD-loaded nanostructured lipid carriers produced significantly greater protection (p
<0.001).

Table 9. Neuroprotective effect against glutamate-induced excitotoxicity.

Treatment Group Cell Viability (%)
Normal control 100.0 £2.3
Glutamate control 51.4+2.8

Free CBD 73.6+2.9
CBD-NLC 88.7+2.5

The superior neuroprotective activity observed with CBD-NLCs is likely due to enhanced cellular uptake and
sustained intracellular delivery of cannabidiol. The lipid nanoparticles may facilitate efficient interaction with
neuronal cell membranes, resulting in greater intracellular drug availability and improved protection against
glutamate-mediated neuronal damage. These findings indicate that the optimized formulation effectively
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attenuates excitotoxic neuronal injury, which is one of the principal pathological mechanisms underlying
refractory epilepsy.

3.13 Intracellular Reactive Oxygen Species (ROS) Assay

Oxidative stress plays a central role in epileptogenesis and neuronal degeneration. Accordingly, intracellular ROS
production was quantified using the DCFH-DA fluorescence assay following glutamate-induced oxidative stress.
The glutamate-treated cells demonstrated approximately three-fold higher fluorescence intensity than untreated
control cells, confirming marked intracellular ROS generation. Pretreatment with free cannabidiol significantly
reduced ROS production, while CBD-loaded nanostructured lipid carriers produced an even greater reduction (p
<0.001).

Table 10. Intracellular ROS levels in different treatment groups.

Treatment Group Relative Fluorescence Intensity (%)
Normal control 100.0 £ 4.5

Glutamate control 296.4 £10.3

Free CBD 176.5+7.1

CBD-NLC 121.8+5.6

The marked reduction in intracellular ROS observed in the CBD-NLC group indicates more efficient suppression
of oxidative stress compared with free cannabidiol. Sustained intracellular release of cannabidiol together with
improved nanoparticle internalization likely contributed to enhanced scavenging of reactive oxygen species and
preservation of neuronal redox balance.

3.14 Cellular Uptake Study

Qualitative fluorescence microscopy demonstrated substantial differences in cellular uptake between free
coumarin-6 and coumarin-6-loaded nanostructured lipid carriers. Cells treated with free coumarin-6 exhibited
weak intracellular fluorescence, suggesting limited cellular internalization. In contrast, cells exposed to coumarin-
6-loaded nanostructured lipid carriers displayed intense and uniformly distributed cytoplasmic fluorescence,
indicating efficient nanoparticle uptake by neuronal cells.

Table 11. Relative cellular uptake determined by fluorescence intensity.

Formulation Relative Fluorescence Intensity
Free Coumarin-6 1.00 £ 0.09
Coumarin-6-loaded NLC 2.86 £0.15

The approximately 2.9-fold increase in intracellular fluorescence demonstrates that nanostructured lipid carriers
markedly enhance cellular internalization. The nanoscale particle size, large surface area, and lipid composition
facilitate close interaction with the neuronal cell membrane and promote endocytic uptake. Enhanced intracellular
delivery is expected to increase the therapeutic effectiveness of cannabidiol by improving its availability at the
intracellular site of action.

Untreated Control Glutamate-Treated Free CBD-Treated CBD-NLCs-Treated
(Normal) (Excitotoxic Control) (10 pM) + Glutamate (10 pM) + Glutamate

DCF-DA , ' v o
(ROS) A X =
s :
b 50 um
DAPI
(Nuclei)
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Figure 11. Representative fluorescence microscopy images illustrating intracellular reactive oxygen species
generation in untreated control, glutamate-treated, free cannabidiol-treated, and cannabidiol-loaded
nanostructured lipid carrier-treated SH-SYSY cells.
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Figure 12. Fluorescence microscopy images showing intracellular uptake of free coumarin-6 and coumarin-6-
loaded nanostructured lipid carriers in SH-SYS5Y cells.

3.15 In Vitro Antioxidant Activity

The antioxidant potential of free cannabidiol and CBD-loaded nanostructured lipid carriers was evaluated using
DPPH and ABTS radical scavenging assays. Both formulations exhibited concentration-dependent antioxidant
activity. However, the optimized CBD-NLCs consistently demonstrated significantly higher free radical
scavenging activity than free cannabidiol across all tested concentrations (p < 0.05). This enhanced antioxidant
activity may be attributed to improved dispersion of cannabidiol within the aqueous assay medium and sustained
availability of the drug following encapsulation.

Table 12. Antioxidant activity of free cannabidiol and optimized CBD-loaded nanostructured lipid carriers.

DPPH Radical Scavenging Assay

Concentration (ug/mL) Free CBD (%) CBD-NLC (%)
10 214+1.3 289+1.2

25 37.8+1.6 48.6+1.5

50 557+1.9 69.4+1.8

75 68.3+£2.0 82.5+1.7

100 76.2+2.1 91.6+1.5
ABTS Radical Scavenging Assay

Concentration (ug/mL) Free CBD (%) CBD-NLC (%)
10 246+1.2 33.7+14

25 425+1.7 543+ 1.6

50 60.8£2.0 748+1.9

75 724+£22 86.3+1.8

100 81.3+24 945+1.6

The superior antioxidant performance of CBD-loaded nanostructured lipid carriers correlates well with the
intracellular ROS findings, suggesting that encapsulation enhances the biological activity of cannabidiol. By
effectively suppressing oxidative stress and protecting neuronal cells from glutamate-induced injury, the
optimized formulation demonstrates considerable promise as an oral nanocarrier for improving cannabidiol
therapy in refractory epilepsy. The combined biological evaluations indicate that CBD-loaded nanostructured lipid
carriers exhibit excellent cytocompatibility, enhanced neuronal uptake, potent antioxidant activity, significant
reduction of oxidative stress, and superior neuroprotective efficacy compared with free cannabidiol, supporting
their potential for further pharmaceutical development.
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4. CONCLUSION

The present study successfully developed and optimized cannabidiol-loaded nanostructured lipid carriers (CBD-
NLCs) using a Box—Behnken experimental design to improve the oral delivery of cannabidiol for the potential
management of refractory epilepsy. The optimized formulation demonstrated favorable physicochemical
characteristics, including a nanoscale particle size (124.8 + 3.6 nm), narrow particle size distribution (PDI 0.162
+ 0.009), high entrapment efficiency (94.2 + 0.8%), satisfactory drug loading (9.7 + 0.4%), and good colloidal
stability with a zeta potential of —31.8 + 1.7 mV. Morphological and solid-state characterization by TEM, FTIR,
DSC, and PXRD confirmed successful encapsulation of cannabidiol within the lipid matrix without significant
drug—excipient incompatibility and revealed a reduction in drug crystallinity, which is advantageous for improving
solubility and sustained drug release. The optimized CBD-NLCs exhibited a controlled biphasic release profile,
achieving approximately 93% cumulative drug release over 24 h. Drug release followed the Korsmeyer—Peppas
kinetic model, indicating anomalous transport involving both diffusion and matrix relaxation. Furthermore, the
formulation remained physically and chemically stable throughout the three-month stability study, demonstrating
minimal changes in particle size, zeta potential, entrapment efficiency, and drug content.

In vitro biological evaluation further established the therapeutic potential of the developed nanocarrier system.
The optimized formulation showed excellent cytocompatibility toward SH-SYS5Y neuronal cells, significantly
protected neurons against glutamate-induced excitotoxicity, markedly reduced intracellular reactive oxygen
species generation, enhanced neuronal cellular uptake, and demonstrated superior antioxidant activity compared
with free cannabidiol. These findings indicate that encapsulation within nanostructured lipid carriers substantially
improves the biological performance of cannabidiol through enhanced cellular delivery and sustained drug
availability. Overall, the developed CBD-loaded nanostructured lipid carrier system represents a promising oral
nanomedicine platform for improving cannabidiol therapy in refractory epilepsy. The combination of optimized
physicochemical properties, sustained drug release, enhanced neuroprotective activity, and excellent stability
highlights its potential for further preclinical investigation and future clinical translation as an effective strategy
for the management of drug-resistant epilepsy.
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