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Abstract

Purpose This research aims to develop Nose-to-Brain Delivery of Dalfampridine (4-Aminopyridine) Chitosan—Lecithin
Nanoparticles (DFP-CSLCNPs) to improve DFP delivery to the Central Nervous System in multiple sclerosis (MS).
Methods In silico molecular docking studies were performed to evaluate drug-target interactions. Nanoparticles were for-
mulated using a chitosan-lecithin system and optimized through a Box-Behnken experimental design. Key parameters such
as particle size, zeta potential, and entrapment efficiency were analyzed. Ex vivo permeation studies were performed using
excised nasal mucosa.

Results In-silico docking confirmed CNS relevance, with the strongest binding to 6H24 (—11.2 kcal/mol) and favourable
Swiss ADME properties. DFP-CSLCNPs were optimized using a 3-factor Box—Behnken experimental design, which pre-
dicted an optimal formulation with a particle size of approximately 142 nm, zeta potential of +24 mV, and entrapment
efficiency exceeding 80%, supported by statistically significant quadratic models (R? = 0.9759-0.9878). The optimized for-
mulation (F13) was subsequently prepared and experimentally validated, exhibiting a particle size of 182.8+44.2 nm, PDI
0f 0.36+0.01, and zeta potential of +30.1 mV, confirming nanoscale dimensions and electrostatic stability. In vitro release
demonstrated sustained kinetics over 24 h, following Korsmeyer—Peppas (R? = 0.9699, n=0.4183; Fickian diffusion). Ex
vivo across excised nasal mucosa, DFP-CSLCNPs achieved higher cumulative permeation (1047.01 vs. 611.46 pg/cm?),
greater flux Jss (68.18+£3.41 vs. 37.22+1.86 pg/cm?-h), and higher Papp (68.16+0.36 vs. 37.24+£2.12x 103 cm/h) than
plain solution. Safety evaluations indicated no clinical toxicity over 28 days in Wistar rats.

Conclusion The optimized DFP-CSLCNPs show promise as a safe and effective formulation for intranasal nose to brain
targeting of potassium channel blockers for the management of MS.
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Although decades of investigation have advanced under-
standing of MS, its precise pathogenesis remains elusive.
Current evidence suggests that genetic predisposition, envi-
ronmental exposures, notably viral infections and immune
system dysregulation collectively contribute to disease
onset and progression [1]. One of the most debilitating fea-
tures of MS is demyelination. Myelin is a fatty substance
that protects the nerves and produces efficient electrical
impulse transmission. Loss of myelin disrupts communica-
tion between neurons, resulting in the clinical manifesta-
tions of the disease. Current therapeutic strategies for MS
aim to modulate the immune response, reduce the frequency
of relapses, delay disease progression, and alleviate specific
symptoms. However, many conventional treatments come
with limitations, including poor CNS bioavailability, sys-
temic side effects, and the inability to reverse neurodegener-
ation [2]. DFP is the first medication approved by the FDA.
DFP, also known by its chemical name 4-aminopyridine, is a
voltage-gated potassium channel blocker that plays a crucial
role in improving nerve conduction in demyelinated axons.
It is among the few medications specifically approved to
enhance walking speed in individuals with MS [3, 4]. Itis a
small, water-soluble molecule (molecular weight of approx-
imately 94.11 g/mol) with high aqueous solubility because
of the presence of a primary amine group, which increases
its ionization at physiological pH. Although it has a favor-
able solubility profile, DFP has a low therapeutic index and
dose-dependent adverse reactions, such as seizures, at higher
plasma concentrations. The drug is marketed as an oral
extended-release tablet (10 mg), usually given twice a day
(total daily dose of 20 mg). The drug functions by blocking
potassium efflux from demyelinated neurons, thereby pro-
longing the action potential and enhancing synaptic trans-
mission. Clinically, DFP has been shown to produce modest
but significant improvements in motor function and gait in
a subset of MS patients [5]. However, DFP presents several
pharmacological challenges. Orally administered, it has a
short half-life (3—6 h), necessitating frequent dosing, which
increases the risk of side effects such as dizziness, insom-
nia, seizures, and urinary tract infections. Furthermore, the
drug has limited ability to permeate the blood-brain bar-
rier (BBB), thereby reducing its effectiveness in targeting
pathways specific to the CNS. Such limitations emphasize
the importance of developing novel delivery platforms that
facilitate precise CNS localization and minimize off-target
systemic distribution [6].

The intranasal route offers a promising alternative for
delivering therapeutics to the CNS due to its unique ana-
tomical and physiological features. Unlike the oral and
intravenous routes, which are limited by first-pass metabo-
lism and restricted drug permeability across the BBB, intra-
nasal administration enables direct nose-to-brain transport
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via the olfactory and trigeminal neural pathways, thereby
improving CNS drug targeting efficiency [7, 8]. The nasal
cavity provides a large surface area, rich vascularization,
and relatively low enzymatic activity, facilitating rapid and
efficient drug absorption. Extensive research indicates that
intranasal administration can successfully transport various
therapeutic agents, including small molecules, peptides, and
nanoparticles, directly to the brain. The non-invasive nature
of this route also improves patient compliance, particu-
larly for chronic conditions like MS. However, intranasal
administration has its own set of problems, including short
residence duration in the nose, enzyme breakdown, and
clearance of the mucociliary tract. The challenges associ-
ated with conventional delivery can be addressed through
the application of nanotechnology-based carriers, which
enhance mucoadhesive interaction, preserve the stability of
therapeutic molecules against enzymatic degradation, and
facilitate regulated, sustained drug release to improve over-
all delivery efficiency [9]. Nanotechnology has revolution-
ized drug delivery by enabling the design of carriers that
improve solubility, bioavailability, and targeting of thera-
peutic substances. Increased surface area for interaction
with biological tissues, novel and prolonged drug release
profiles, protection of encapsulated medications from enzy-
matic degradation, and the possibility of surface modifica-
tion to enable targeted delivery are just a few benefits of
nanoparticles, which are generally between 1 and 1000
nanometres in size [10]. Polymeric nanoparticles made from
biocompatible and biodegradable materials like chitosan
and lecithin are particularly useful for intranasal adminis-
tration because they are non-toxic, FDA-approved, and pos-
sess intrinsic properties suitable for mucosal delivery [11,
12]. Lecithin was selected to form a lipid-based nanostruc-
ture that provides a diffusional barrier and facilitates inter-
action with biological membranes, thereby contributing to
sustained drug release. Although DFP is hydrophilic, it can
still be incorporated within the aqueous domains and at the
lipid—water interface of the nanostructure, enabling effec-
tive drug accommodation within the carrier system. Chito-
san, a naturally derived polysaccharide from chitin, offers
excellent mucoadhesive and permeation-enhancing proper-
ties, can transiently open tight junctions in epithelial layers
of paracellular transport, is biodegradable, and exhibits low
immunogenicity, making it ideal for repeated intranasal use.
Lecithin, a phospholipid, is another valuable excipient that
enhances nanoparticle stability and biocompatibility and
facilitates the incorporation of lipophilic drugs. Previous
studies have demonstrated the successful use of chitosan
and lecithin in nanoparticle formulations for nose-to-brain
drug delivery [13].

The rationale for this study is based on the limita-
tions of current DFP formulations and the unmet need
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for targeted CNS delivery strategies in MS. A Chitosan-
Lecithin nanoparticle system administered via the intra-
nasal route offers a multifaceted solution: it bypasses the
BBB, minimizes systemic exposure, provides sustained
drug release, and improves patient compliance [14]. Fur-
thermore, prior studies have demonstrated the feasibility
of intranasal delivery of neurotherapeutics using similar
nanoparticle platforms. However, no comprehensive studies
have been reported on the formulation, optimization, and in
vivo evaluation of intranasal DFP nanoparticles using a Chi-
tosan-Lecithin matrix [15]. This research primarily aimed
to formulate and characterize Chitosan—Lecithin-based
DFP nanoparticles for intranasal delivery to improve drug
targeting in the CNS for the management of MS. The spe-
cific aims included conducting an in-silico study to assess
DFP’s pharmacodynamic and pharmacokinetic profile and
its interaction with CNS targets, performing preformulation
studies to assess compatibility between DFP, Chitosan, and
Lecithin, formulating nanoparticles using solvent injection
approach, and optimizing formulation variables using a
Box-Behnken experimental design to achieve desired Par-
ticle Size, Zeta Potential, and Encapsulation Efficiency. This
work moves the field of CNS drug delivery in MS forward
by integrating a biocompatible nanoparticle platform with a
non-invasive nose-to-brain delivery strategy. This approach
improves the brain bioavailability of DFP, minimizes sys-
temic side effects, and offers controlled drug release. The
use of advanced optimization techniques and in vivo assess-
ment ensures scientific validity.

Materials and Methods
Materials

DFP (purified grade) was kindly provided by Hetero Phar-
maceuticals Pvt. Ltd., Hyderabad, India. Chitosan (medium
molecular weight), lecithin (=98% phosphatidylcholine),
and Poloxamer 407 were procured from Sigma-Aldrich. All
other chemicals and reagents used in this study were of ana-
lytical grade and were employed without further purifica-
tion. Ultrapure water was used throughout all experimental
procedures.Fresh goat nasal mucosa was obtained from a
local registered slaughterhouse through Cape Bio Lab, Mar-
thandam, Tamil Nadu, India, immediately after animal sac-
rifice. The tissue was transported to the laboratory in cold
phosphate buffer solution (pH 6.4) within 1 h of collection
and was used for ex vivo permeation studies. Animals were
provided with standard pellet feed procured from Krishna
Valley Agrotech, Pune, India, and bedding materials sup-
plied by Cape Bio Lab and Research Centre, Marthandam,
Tamil Nadu, India.

In Silico Evaluation of DFP

The crystal structures of MSBI1.176 WH1 domain (replica-
tion protein derived from a MS patient; PDB ID: 6H24),
RNA G2C4 repeats in both native form (PDB ID: 8QMI)
and complex with the synthetic ligand ANP77 (PDB ID:
8QMH), human WDRS associated with PTEN (PDB ID:
8x3 S), and human tyrosine—protein kinase C-SRC (PDB
ID: 1FMK) were obtained from the RCSB Protein Data
Bank (www.rcsb.org). Only structures with a resolution
below 3 A were considered, and all were downloaded in
PDB format for further analysis. The ligand DFP was down-
loaded from the PubChem database in SDF format. Bind-
ing affinity prediction was performed using PyRx software.
Since PyRx requires the receptor and ligand in PDB format,
the ligand was converted from SDF to PDB format using
Open Babel GUI software. Both the receptor and ligand
were imported into PyRx software. A grid box was devel-
oped, and the binding affinity was predicted. Protein-ligand
interactions were analyzed using Biovia Discovery Studio
2021. The protein and ligand were imported, defined, and
interactions were visualized by clicking “Ligand Interac-
tion.” The resulting 3D and 2D interaction images were
saved as image files. Protein interactions were then pre-
dicted using the 2D interaction image. The Swiss ADME
portal was utilized for the ADMET study of the selected
ligand. By pasting the ligand’s SMILES notation into the
portal and clicking “Run,” the ADMET report was gener-
ated. Additionally, Ramachandran plot analysis was per-
formed for structural validation, the BOILED-Egg model
was used to predict BBB permeability, and hydrophobicity
assessments were conducted to characterize the compound’s
physicochemical properties. The in silico analysis was not
conducted to reconfirm the established pharmacological
activity of DFP, but rather to explore its potential molecular
interactions with neuronal targets associated with demye-
lination and to provide mechanistic insight supporting the
rationale for intranasal brain-targeted delivery.

Preparation of DFP-CSLCNP

The DFP-CSLCNP formulation was prepared using the
solvent injection technique. In this method, 5 mg of DFP
and lecithin (LC) were dissolved in approximately 1-5 mL
of ethanol to form an ethanolic mixture of DFP and LC,
as shown in Fig. 1 [16]. A glacial acetic acid-prepared
aqueous acidic solution was used to dissolve Chitosan
(CS) and Poloxamer 407. Poloxamer was incorporated as
a steric stabilizer to prevent particle aggregation, reduce
polydispersity, and enhance overall colloidal stability.
Chitosan was included to confer a positive surface charge
and improve mucoadhesive properties, thereby prolonging

@ Springer


http://www.rcsb.org

415 Page 4 of 24

Journal of Pharmaceutical Innovation (2026) 21:415

DFP Lecithin

/\L ipid phase

DFP and
lecithin
ethanolic
solution

Solvent

Chltosan and
poloxamer

High-shear
homogenization

evaporatlon - u

| DFP-CSLCNPs

s —=

e Rotavapor o Centrifuge

Fig. 1 A schematic representation of the preparation of DFP-loaded Chitosan Lecithin Nanoparticle (DFP-CSLCNPs) by the solvent injection

method

nasal residence time and potentially enhancing paracellular
transport through transient modulation of tight junctions.
An ethanolic solution was injected into the aqueous phase
using a polypropylene syringe fitted with a 22G needle. The
process was performed under high-speed homogenization
(12,000 rpm) for five minutes. The organic solvent from the
resulting nano-dispersion was removed using a Rotavapor
for ten minutes. Following solvent removal, the dispersion
was centrifuged for 1 h at 45,000 rpm at 4 °C to obtain the
DFP-CSLCNP pellet. After carefully discarding the super-
natant, the pellet was collected for further use [17-20]. In
addition, DFP-CSLCNP pellets were cleaned three times
using Milli-Q water to get rid of any remaining free drug
residue. For lyophilisation, the final pellet of DFP-loaded
Chitosan—Lecithin Nanoparticles (DFP-CSLCNPs) were re-
dispersed in a 10% w/v mannitol solution, with mannitol
serving as a cryoprotectant. The prepared dispersion was
freeze-dried, and the resulting lyophilized DFP-CSLCNPs
powder was stored at refrigerated conditions (2—8 °C) until
further use [21].

Experimental Design
Optimization of DFP-loaded Chitosan—Lecithin Nanopar-
ticles (DFP-CSLCNPs) was carried out through a Box—

Behnken response surface design involving three key
factors. The design was generated and analyzed using
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Design Expert® software (version 23.1.8.0, Stat-Ease
Inc., Minneapolis, MN, USA). Three formulation factors,
namely Chitosan, Lecithin, and Poloxamer 407 concentra-
tions, were used as independent variables and assessed at
three coded levels (— 1, 0, + 1). The design was structured
to assess their influence on the critical dependent responses,
including Particle Size, Zeta Potential, and Entrapment Effi-
ciency of DFP-CSLCNPs. The suitability of the model was
verified through ANOVA analysis, and optimization was
achieved by selecting conditions that produced the small-
est particle size, highest drug entrapment, and consistent
zeta potential. The finalized formulation was then subjected
to comprehensive physicochemical and biological assess-
ments [22].

The ranges of formulation variables explored through the
Box—Behnken design are listed in Table 1, with factors coded
at three levels (-1, 0, and + 1). The amounts of Chitosan (A),
Poloxamer 407 (B), and Lecithin (C) were chosen as the

Table 1 Experimental levels of independent variables in Box-Behnken
design for DFP- CSLCNPs optimization

Independent Variables Levels

-1 0 +1
Chitosan (mg) 0.5 2.75 5
Poloxamer 407 (mg) 0.5 5.25 10
Lecithin (mg) 20 59 98

-1 represents low level, 0 represents center point, + 1 represents high
level
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independent variables based on their significant influence on
the formulation process. The dependent responses selected
for the study were particle size (Y1), zeta potential (Y2), and
entrapment efficiency (Y3). According to the Box—Behnken
Design, a total of seventeen formulations, including five
center points, were developed. For each DFP-CSLCNPs
formulation, the response variables, including particle size,
zeta potential, and entrapment efficiency (%EE), were sys-
tematically determined. All measurements were carried out
in triplicate, and the data are reported as mean values with
standard deviation (mean+ SD). The adequacy of the model
was evaluated using statistical parameters, with a particu-
lar emphasis on achieving higher R? values. The equations
obtained from Design-Expert® software were employed to
generate 2D contour and 3D response surface plots, enabling
visualization of the relationships between the independent
and response variables. A three-factor, seventeen-run Box-
Behnken design was used in the present investigation, and
this design was employed to study the effect of formulation
variables, including chitosan (A), poloxamer 407 (B), and
lecithin (C), on the particle size (Y1), zeta potential (Y2), and
entrapment efficiency (Ys3) of DFP-loaded chitosan-lecithin
nanoparticles (DFP-CSLCNPs). The independent variables
were evaluated at different levels, and the corresponding
response values obtained showed significant variation in all
three dependent responses. Particle size ranged from 18 to
170 nm, zeta potential varied between 8 and 49 mV, and
entrapment efficiency was found to be between 20% and
90% for different runs. This experiment proves that by alter-
ing the concentration of chitosan, poloxamer 407, and leci-
thin, the responses are highly variable, indicating a strong
influence of formulation composition on the characteristics
of nanoparticles. Thus, the design clearly demonstrates that
the responses are dependent and significantly affected by the
selected formulation parameters, helping in understanding
and prediction of optimum levels required to achieve desir-
able DFP-CSLCNP characteristics.

Particle Size and Surface Charge (Zeta Potential)

Particle size and polydispersity index (PDI) were deter-
mined by Dynamic Light Scattering (DLS), while Zeta
Potential was evaluated through Electrophoretic Light
Scattering (ELS) using a HORIBA SZ-100 Nanoparticle
Analyzer (Model SZ-100V2, HORIBA Scientific, Kyoto,
Japan). Measurements were conducted with SZ-100 soft-
ware (version 2.42) at a controlled temperature of 25+ 1 °C.
Samples were suitably diluted with deionized water to mini-
mize multiple scattering effects. Each analysis was carried
out in triplicate, and results are presented as mean+standard
deviation (SD).

Scanning Electron Microscopy (SEM)

The surface character and size of DFP-CSLCNPs were
evaluated by SEM (ZEISS EVO 18, Carl Zeiss, Germany).
Samples were centrifuged, washed, dried, mounted on alu-
minium stubs, sputter-coated with gold, and imaged under
high vacuum at 5-10 kV. Particle dimensions were deter-
mined from >100 measurements using SmartSEM soft-
ware, and data are expressed as mean+SD.

Transmission Electron Microscopy (TEM)

The morphology and internal structure of DFP-CSLCNPs
were analysed using TEM (Thermo Scientific™ Talos
F200C, USA) operated at 120-200 kV in bright-field mode.
Diluted and sonicated samples were placed on glow-dis-
charged carbon-coated copper grids, air-dried, and imaged
with a Ceta 4k x 4k CMOS camera. Particle dimensions
were determined from >150 measurements using Velox
software and compared with DLS data.

Entrapment Efficiency

The amount of DFP (Wg,.. prp) that was not entrapped was
used to calculate the entrapment efficiency (%EE). The DFP
suspension was isolated from the free DFP by centrifuging
it for one hour at 5,000 rpm. The proven UV-visible spec-
troscopy analytical method at Amax 262 nm was used to
detect free DFP (Wg,. pp) in the supernatant. Entrapment
efficiency (%EE) of DFP-CSLCNPs was estimated using
the equation below

Total DFP — F DFP
GEE — (W ota W Free )*100

W Total DF P

W e prp 1S the unentrapped DFP, and Wy, DFP is the
entire amount of DFP needed to create DFP- CSLCNP.

Release Kinetics of DFP from CSLCNPs

The in vitro release profile of DFP from the optimized
DFP-CSLCNPs and plain drug solution (DFP-SOLN) was
evaluated using the dialysis bag diffusion method (molec-
ular weight cut-off: 12—14 kDa, Spectra®, USA). A 2 mL
aliquot of each formulation, equivalent to 1 mg of DFP,
was loaded into pre-soaked dialysis membranes, securely
sealed, and immersed in 500 mL of phosphate buffer (pH
7.4) containing 5% ethanol. The addition of ethanol was
not to enhance solubility, but to help maintain consistent
sink conditions and reduce potential drug adsorption to
the dialysis membrane during the prolonged release study.
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The large dissolution volume ensured that the drug con-
centration remained well below saturation throughout the
experiment. The setup was maintained at 37+0.5 °C under
continuous stirring at 100 rpm. At predetermined intervals
over 24 h, 5 mL of the release medium was withdrawn and
replaced with an equal volume of fresh buffer to maintain
sink conditions. The concentration of DFP in the collected
samples was determined using UV—Vis spectrophotometry
at 262 nm following appropriate dilution. Drug release
data were analyzed according to zero-order, first-order,
Higuchi, Korsmeyer—Peppas, and Hixson—Crowell kinetic
models, with correlation coefficients (R?) used to determine
the best-fitting model. The diffusion exponent (n) from the
Korsmeyer—Peppas equation was employed to elucidate the
release mechanism, where 7<0.45 indicates Fickian diffu-
sion. All model fitting and kinetic calculations were per-
formed using Microsoft Excel.

Ex Vivo Nasal Drug Permeation

The nasal mucosa of a goat’s nose was obtained from a
nearby slaughterhouse. With a diffusion area of 0.785 cm?,
the Franz diffusion cell (Orchid Scientific, Nasik, India)
was employed. A 1 mL aliquot of the developed formula-
tion, equivalent to 1 mg of DFP, was placed in the donor
compartment of the Franz diffusion cell (effective diffu-
sion area: 0.785 cm?). The receptor compartment was filled
with 5 mL of phosphate-buffered saline (PBS, pH 6.4) and
maintained at 33+ 1 °C to simulate nasal physiological con-
ditions. After lyophilization, the nanoparticles were recon-
stituted with 1 mL of distilled water to restore the original
dispersion concentration prior to experimentation. Samples
were centrifuged at 15,000 rpm for 15 min at 4 °C using
an Eppendorf® centrifuge (Hamburg, Germany) to separate
residual nanoparticulate matter from the permeated drug
before RP-HPLC analysis, thereby ensuring accurate quan-
tification of the free drug.

Naso Ciliotoxicity and Biocompatibility of DFP
-CSLCNPs

Freshly excised goat nasal mucosa was used to perform
an 8-h nasal ciliotoxicity study. Untreated mucosa acted
as the negative control, whereas tissues treated with DFP-
CSLCNPs for 8 h comprised the test group. During the
experiment, care was taken to preserve the viability of the
nasal membrane. After treatment, the tissues were fixed
in 10% neutral-buffered formalin, processed for paraffin
embedding, sectioned, and stained with Haematoxylin and
Eosin (H&E). Histopathological examination under a light
microscope was performed to evaluate tissue architecture
and identify any evidence of ciliotoxicity or pathological
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changes, thereby confirming the biocompatibility and safety
of the formulation [23].

Stability Study of DFP-CSLCNPs

Accelerated stability studies were conducted over a 45-day
period under controlled environmental conditions of
40+2 °C and 75+ 5% relative humidity (RH), in accordance
with ICH guidelines. The nanoparticle formulations were
stored in airtight amber glass vials and examined at prede-
termined intervals (0, 7, 14, and 45 days) to assess particle
size, zeta potential, drug content, and physical appearance.

Toxicological Assessment of DFP-CSLCNPs
Formulation

To assess the safety profile of the optimized DFP-CSLCNPs
formulation, a 28-day sub-acute toxicity study was con-
ducted using male Wistar rats (2—3 months old, 150-250 g),
depicted in Fig. 2. The study protocol complied with the
guidelines of the Committee for Control and Supervision
of Experiments on Animals (CPCSEA) and was approved
by the Institutional Animal Ethics Committee of Cape Bio
Lab and Research Centre, Tamil Nadu, India (approval no.
CBLRC/TAEC/03/01-2025). Animals were randomly allo-
cated into four groups (n=6 each): a control group treated
with vehicle alone, and three test groups receiving intranasal
DFP-CSLCNPs at doses of 1, 2, and 4 mg/kg body weight,
respectively. Animals were anesthetized with ether before
intranasal administration, which was carried out using a
polyethylene cannula (10-15 mm insertion) attached to a
calibrated micropipette (Eppendorf India Ltd).

Under standardized laboratory conditions, animals were
kept at 22 + 2 °C with 55 £ 5% Relative Humidity and a
12-hour light/dark cycle, with continuous access to food
(standard pellet diet) and water [24]. During the 28-day
study period, the rats were closely observed for any patho-
logical alterations, such as nasal discharge, bleeding, twitch-
ing, irritation of the nostrils, excessive blinking, ocular
discomfort, erythema, or unusual behavioural movements
both inside and outside the cage before and after intrana-
sal dosing. Systemic toxicity and mortality were evaluated
through direct visual inspection, and any abnormal clinical
signs were documented. Animals were monitored daily for
clinical signs, body weight changes, and food intake [25].

On days 14 and 28, blood samples were collected from
anesthetized animals following intraperitoneal administra-
tion of ketamine (75 mg/kg) and xylazine (5 mg/kg). The
samples were drawn from the retro-orbital plexus using
EDTA-coated tubes to prevent coagulation. Samples were
centrifuged at 10,000 rpm for 20 min at 4 °C, and the
obtained serum was refrigerated until biochemical analysis.
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Fig. 2 A schematic representation of the toxicological assessment of DFP-loaded Chitosan Lecithin Nanoparticle (DFP-CSLCNPs)

Serum was assessed for liver function markers (AST, ALT,
ALP, Direct Bilirubin, and glucose), kidney function indices
(Urea and Creatinine), and lipid profile parameters (Cho-
lesterol, Triglycerides, VLDL) using commercial diagnostic
kits. Hematological parameters, including hematocrit, total
WBC, Lymphocytes, Polymorphs, Eosinophils, RBC count,
platelet count, Mean Cell Volume, Mean Cell Hemoglobin,
Hemoglobin, and Mean Erythrocyte Volume, were also
evaluated [26].

Immediately after sacrifice, the major organs (Brain,
Liver, Kidney, Spleen, Heart, Lungs, and Pancreas) were
carefully dissected, rinsed with sterile Phosphate-Buffered
Saline (PBS) to remove residual blood, and weighed using
an analytical balance. Both absolute and relative organ
weights were recorded prior to histopathological evaluation.
The excised tissues were trimmed into small sections and
fixed in 10% neutral-buffered formalin. Standard histopath-
ological procedures were followed, including dehydration
in graded isopropyl alcohol, clearing in xylene, and paraf-
fin embedding for approximately 2 h. Paraffin-embedded
L-shaped blocks were prepared, and thin tissue sections
were obtained using a rotary microtome. The sections were
stained with Haematoxylin and Eosin (H&E) and examined
under a light microscope equipped with a digital imaging
system to evaluate structural and cellular alterations [23,
27].

Statistical Analysis

All quantitative evaluations, including particle size, zeta
potential, and encapsulation efficiency, were conducted in

triplicate, and the results are presented as mean=standard
deviation (SD). Statistical analyses were carried out using
GraphPad Prism software (version 10.4.2). Comparisons
between the control and treatment groups were made using
one-way analysis of variance (ANOVA) followed by Dun-
nett’s post hoc test, with a p-value<0.05 considered statisti-
cally significant.

Results and Discussion
In Silico Evaluation of DFP

The docking results of DFP with various protein targets
reveal significant insights into its potential as a therapeu-
tic agent for MS. The 6H24 receptor, which represents
the WH1 domain associated with MS, showed the maxi-
mum interaction strength with DFP, recording a docking
energy of —11.2 kcal/mol, as detailed in Table 2. This
strong interaction, mediated by critical amino acids such
as Isoleucine (ILE), Asparagine (ASN), Proline (PRO),

Table 2 Binding affinity values (kcal/mol) and interacting amino acid
residues are listed for each protein—ligand DFP complex

Proteins Ligand  Binding affinity Amino acid
(Kcal/mol) interaction

6H24 DFP -11.2 ILE, ASN, PRO, ASP,
HOH

8QMI DFP -8.2 -

8QMH DFP -1.7 HOH

8x3 8 DFP -12 LYS, SER, HIS, HOH

1FMK DFP -7.6 LEU, ALA, SER
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Aspartic acid (ASP), and water molecules (HOH), sug-
gests that this protein could be a relevant target in modulat-
ing MS-related pathways. The WH1 domain plays a key
role in signal transduction and cellular regulation, and its
interaction with a high-affinity ligand such as DFP could
potentially modulate neural signaling and immune activity,
thereby influencing disease progression in MS. The other
protein targets—8QMI (RNA G2C4 repeats), SQMH (RNA
G2C4 complexed with ANP77), 8x3 S (WDRS complexed
with PTEN), and 1FMK (human tyrosine-protein kinase
C-SRC)—showed comparatively lower binding energies.
However, these results still indicate that DFP establishes
stable and favorable interactions with these proteins, as
presented in Fig. 3. These proteins play roles in cellular
processes such as RNA regulation, epigenetic modifica-
tions, and kinase signaling, all of which are potentially
implicated in the inflammatory and neurodegenerative
aspects of MS. The high binding affinity of DFP to 6H24, a
protein relevant to MS, aligns with its known clinical use as
a symptomatic treatment for the disease, where it improves
walking ability in patients by blocking potassium chan-
nels in demyelinated neurons, restoring neural conduction.
This molecular docking analysis further supports the idea
that DFP may exert broader effects on MS through interac-
tions with multiple proteins involved in neurological and
immunological functions. Further research is warranted to
explore these interactions at the cellular level, which could
open new avenues for therapeutic interventions in MS

1FMK with Dalfampridine

beyond symptomatic relief, potentially addressing the dis-
ease’s underlying pathology.

The Swiss ADME analysis of DFP provides significant
insights into its suitability as a therapeutic agent, particu-
larly for neurological conditions like MS. DFP is a small,
rigid molecule with a molecular weight of 94.11 g/mol and
no rotatable bonds, indicating a stable structure. The com-
pound exhibits moderate polarity, as evidenced by a TPSA
of 38.91 A2, which favors its transmembrane permeability
and thereby supports its potential to exert CNS activity, as
illustrated in Fig. 4a.With a consensus log P of 0.47, the
compound demonstrates moderate lipophilicity, which sup-
ports its ability to penetrate the BBB—a critical requirement
for agents developed to act on the CNS. Additionally, DFP
shows high water solubility across multiple solubility mod-
els, which enhances its oral bioavailability and systemic
absorption. The pharmacokinetics profile is particularly
favorable, as DFP demonstrates high gastrointestinal (GI)
absorption and the ability to cross the BBB. Notably, it is
not a substrate for P-glycoprotein (P-gp), reducing the risk
of efflux out of the brain, which could otherwise limit its
efficacy. Notably, the compound shows no inhibitory effect
on key cytochrome P450 isoenzymes (CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4), which reduces the risk
of metabolic drug—drug interactions and enhances its suit-
ability for patients receiving combination therapies.

DFP satisfies all criteria of Lipinski’s Rule of Five
without any violations, indicating favorable properties for

6H24 with Dalfampridine

3
A% o

Fig. 3 Molecular docking 3D poses (a) and 2D interaction (b) diagrams of Ligand DFP with CNS-relevant Potassium Channel protein targets.
(green for hydrophobic contacts, red for hydrogen bond acceptors, blue for hydrogen bond donors, and purple for other interactions)
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Fig.4 a. ADMET profile of (b) Ramachandran plot, (¢) Molecular hydrophobicity surface plot, (d) Swiss Boiled Egg model of DFP

development as an orally active drug. However, it does
have some Ghose filter violations due to its small size and
molecular refractivity, which are not uncommon in highly
potent CNS-active drugs. The compound has a bioavail-
ability score of 0.55, further reinforcing its potential for
efficient oral dosing. Additionally, the absence of PAINS
or Brenk alerts highlights the absence of problematic func-
tional groups, while its synthetic accessibility score of 1.00
suggests ease of chemical synthesis. In summary, DFP’s
physicochemical and pharmacokinetic properties, along
with its compliance with most drug-likeness filters, support
its effectiveness as an oral drug for managing MS. Its ability
to cross the BBB, combined with high solubility and mini-
mal risk of drug interactions, positions it as a well-suited
candidate for targeting neurological symptoms in patients
with MS [28-31].

The Ramachandran plot of the X-ray crystal structure
of the MSBI1.176 WH1 domain (PDB ID: 6H24), a rep-
lication-associated protein identified in a MS patient, illus-
trates the distribution of backbone dihedral angles (® and
¥) for individual residues. The majority of the residues are
situated within the most favorable regions, represented by
green dots, indicating that these residues adopt stable con-
formations typically found in alpha-helices and beta-sheets.
The blue contour regions correspond to residues in allowed
conformations, which are slightly less energetically favor-
able but still free from steric clashes. Meanwhile, the pink

contour lines denote regions with potential steric overlap,
suggesting less favorable or strained backbone conforma-
tions. The few red dots and triangles indicate outliers that
fall into disallowed regions of the plot. These residues
might be located in flexible or loop regions of the protein,
where unusual dihedral angles are more common, or could
be crystallographic artifacts. Overall, the plot demonstrates
a well-folded protein structure, with the majority of resi-
dues conforming to expected secondary structural elements.
The presence of a small number of outliers warrants further
investigation to confirm whether these are biologically rel-
evant or due to structural refinement issues. The plot indi-
cates that the protein adopts a characteristic fold typical of
replication-associated proteins, aligning with its proposed
function in DNA binding, as shown in Fig. 4b.

The hydrophobicity plot for the X-ray crystal structure
of the MSBI1.176 WH1 domain (PDB ID: 6H24) illustrates
the variation in hydrophobicity along the sequence of the
replication protein. The plot is based on a 5-residue run-
ning average of hydrophobicity, which smooths out fluctua-
tions to reveal patterns in hydrophobicity across the protein.
Figure 4c, in this plot, regions with higher hydrophobicity
(positive values) are likely to be involved in forming the
protein’s hydrophobic core, crucial for maintaining the
structural stability of the folded domain. These hydropho-
bic stretches may be buried within the protein or interacting
with other hydrophobic regions, contributing to the compact
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and stable tertiary structure. On the other hand, regions with
lower or negative hydrophobicity values correspond to
hydrophilic residues, which are more likely to be exposed
to the solvent and contribute to interactions with water or
other polar molecules. The fluctuations between hydropho-
bic and hydrophilic regions suggest a typical pattern for
globular proteins, where hydrophobic residues are seques-
tered in the interior, and hydrophilic residues are located on
the surface. Peaks in the positive hydrophobicity regions
might represent sections involved in secondary structure
elements like alpha-helices or beta-sheets, contributing to
the protein’s functional domains. Meanwhile, troughs in the
plot, particularly those that dip below zero, may correspond
to flexible loop regions or areas with polar or charged resi-
dues that are solvent-exposed. This hydrophobicity profile
provides insights into the structural arrangement of the pro-
tein, indicating how hydrophobic and hydrophilic residues
are distributed to form a stable and functional domain [32—
34]. In Fig. 4d, the swissBOILED-Egg model shows that
DFP lies within the BBB-permeant region, indicating strong
potential for brain penetration. With a TPSA of 38.91 A2
and WLOGP of ~ 1.2, DFP exhibits moderate polarity and
optimal lipophilicity, favoring membrane permeability. Its
PGP- classification suggests it is not a substrate for efflux
transporters, further supporting its suitability for CNS deliv-
ery and therapeutic action in MS.

Optimization of DFP-CSLCNPs Using Box-Behnken
Design

To optimize the formulation, a three-factor, three-level
Box—Behnken design was adopted, enabling the assessment
of interactions between independent formulation variables
and their impact on dependent responses for DFP-loaded
Lecithin—Chitosan nanoparticles.

The general form of the quadratic polynomial model
used for optimization is given by:

Y =0+ 1A+ 2B +3C+ 12AB + 13AC + 23BC + 11A% + 5,B? + 33C?

In the developed quadratic model, Y denotes the measured
response variable, such as particle size, zeta potential, or
entrapment efficiency. The constant term o represents
the intercept, while B1, B2, and s correspond to the linear
effects of the independent variables. The interaction effects
between the factors are expressed by Piz, i3, and P23, and
the curvature or quadratic effects are defined by Bii, B2z,
and Bss. Here, A, B, and C represent the concentrations of
chitosan, poloxamer 407, and lecithin, respectively. This
model structure enables the evaluation of both individual
and interactive influences of formulation variables on the
desired nanoparticle characteristics.

The outcomes of the ANOVA test validated the robust-
ness of the quadratic model in explaining variations in Par-
ticle Size, Zeta Potential, and Entrapment Efficiency, as
evidenced by highly significant p-values (<0.0001) across
all three responses. Table 3 shows the R? values, which
were 0.9759 for Particle Size, 0.9878 for Zeta Potential,
and 0.9820 for Entrapment Efficiency, indicating a good
fit of the model to the experimental data. The adjusted R?
values (0.9449 for Particle Size, 0.9721 for Zeta Potential,
and 0.9588 for Entrapment Efficiency) and predicted R?
values (0.8744 for Particle Size, 0.8666 for Zeta Potential,
and 0.9222 for Entrapment Efficiency) were in reasonable
agreement, suggesting the model’s predictive capabil-
ity. The model demonstrated strong statistical validity, as
reflected by Adequate Precision values of 17.7152, 23.8378,
and 21.9565 for Particle Size, Zeta Potential, and Entrap-
ment Efficiency, respectively. These values, being far higher
than the minimum requirement, indicate an excellent signal-
to-noise ratio and confirm that the model is capable of effec-
tively guiding optimization within the design space.

Table 4 represents the model F-values of 31.51 for particle
size, 62.95 for zeta potential, and 42.37 for entrapment effi-
ciency, further confirming their significance. Furthermore,
the lack of fit p-values (0.2133 for Particle Size, 0.6216 for
Zeta Potential, and 0.9902 for entrapment efficiency) being
greater than 0.05 indicated that the lack of fit was not sig-
nificant, which is desirable for a well-fitting model.

Table 3 Best-Fitting Model for the Dependent Responses: Particle Size, Zeta Potential, and Entrapment Efficiency of DFP-CSLCNPs

Response Model R-Squared (r2) Adjustedr2  Predictedr2  Std. Dev  %CV  Adequate Precision  Remarks
Particle size (nm) Linear 0.1498 -0.0464 -0.5393 50.77 - - -
2F1 0.2248 -0.2403 -5.5794 55.27 - - -
Quadratic  0.9759 0.9449 0.8744 11.65 13.07 17.7152 Suggested
Zeta potential (mV) Linear 0.2014 0.0171 -0.4896 13.15 - - -
2FI 0.2357 -0.2229 -9.0226 14.67 - - -
Quadratic  0.9878 0.9721 0.8666 2.22 7.88 23.8378 Suggested
Entrapment Efficiency  Linear 0.1078 -0.0981 -0.6286 21.47 - - -
(%EE) 2FI 0.3657 -0.0149 -2.7473 20.64 - - -
Quadratic  0.9820 0.9588 0.9222 4.16 7.15 21.9565 Suggested
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Table 4 Data fitting and model selection using Box—Behnken design

Source Sum of Squares df Mean Square F-value p-value

Particle size -Y, (nm)

Model- Quadratic 38464.41 9 4273.82 31.51 <0.0001 Significant
A-Chitosan 20837.37 1 20837.37 153.64 <0.0001

B-Poloxamer 407 5727.19 1 5727.19 42.23 0.0003

C-Lecithin 717.46 1 717.46 5.29 0.0550

AB 3821.17 1 3821.17 28.18 0.0011

AC 584.00 1 584.00 431 0.0766

BC 2583.93 1 2583.93 19.05 0.0033

A? 21456.11 1 21456.11 158.20 <0.0001

B2 1790.29 1 1790.29 13.20 0.0084

c? 147.08 1 147.08 1.08 0.3323

Residual 949.36 7 135.62

Lack of Fit 936.86 6 156.14 12.49 0.2133 Not Significant
Pure Error 12.50 1 12.50

Cor Total 39413.76 16 -

Zeta potential- Y, (mV)

Model- Quadratic 2781.40 9 309.04 62.95 <0.0001 Significant
A-Chitosan 876.18 1 876.18 178.46 <0.0001

B-Polaxamer 407 897.81 1 897.81 182.87 <0.0001

C-Lecithin 285.11 1 285.11 58.07 0.0001

AB 10.63 1 10.63 2.16 0.1847

AC 522.67 1 522.67 106.46 <0.0001

BC 13.36 1 13.36 2.72 0.1430

A? 1172.33 1 1172.33 238.78 <0.0001

B 558.25 1 558.25 113.71 <0.0001

C? 455.48 1 455.48 92.77 <0.0001

Residual 34.37 7 491

Lack of Fit 29.87 6 4.98 1.11 0.6216 Not Significant
Pure Error 4.50 1 4.50

Cor Total 2815.76 16

Entrapment Efficiency-Y; (%EE)

Source Sum of Squares df Mean Square F-value p-value

Model Quadratic 6592.74 9 732.53 42.37 <0.0001 Significant
A-Chitosan 362.27 1 362.27 20.95 0.0026

B-Polaxamer 407 480.68 1 480.68 27.80 0.0012

C-Lecithin 369.39 1 369.39 21.37 0.0024

AB 813.38 1 813.38 47.05 0.0002

AC 48.45 1 48.45 2.80 0.1381

BC 572.63 1 572.63 33.12 0.0007

A? 386.76 1 386.76 22.37 0.0021

B2 1113.50 1 1113.50 64.41 <0.0001

C? 1125.83 1 1125.83 65.12 <0.0001

Residual 121.02 7 17.29

Lack of Fit 36.52 6 6.09 0.0720 0.9902 Not Significant
Pure Error 84.50 1 84.50

Cor Total 6713.76 16

Impact of Independent Variables and their

Interactions on Response Parameters

The Box—Behnken design analysis indicated that the qua-
dratic model was the most appropriate for interpreting
the experimental outcomes, with the derived polynomial

equations demonstrating the effects of formulation param-
eters on particle size (Y1), zeta potential (Y2), and entrap-
ment efficiency (Y3).

Factor A demonstrated a positive effect on response Y1,
while factors B and C exerted negative effects on Y1 in the
DFP-CSLCNPs formulation. The combined interactions of
A with B resulted in a negative impact on Y1. In contrast,
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the interaction between A with C and B with C showed a
positive influence on this response.

Y, = 45.72 + 142.41A — 66.53B — 13.81C — 10.57AB
+5.33AC + 9.28BC — 31.54 A% + 12.36B2 + 7.34 C?

Y, = 26.06 + 29.20A — 26.34B + 8.71C + 0.5576AB
+5.04AC — 0.6672BC — 7.37A% + 6.90B% — 12.91C?

In the optimization of DFP-CSLCNPs, response Y2 was
positively influenced by both factors A and C, while factor
B had an adverse impact. Synergistic interactions of A with
B and A with C influenced Y2, but the B & C combination
negatively affected the response.

Y; = 53.33 + 18.78A + 19.27B — 9.91C — 4.88AB
—1.53AC — 4.37BC — 4.23A% — 9.75B2 + 20.30C?

For the DFP-CSLCNPs, factors A and B demonstrated a
positive effect on response Y3, whereas factor C exerted
an adverse influence. The combined interactions of A with
B, A with C, and B with C all negatively affected Y3. The
influence of the independent formulation variables chitosan
concentration, Poloxamer 407 concentration, and Lecithin
concentration on Particle Size, Zeta Potential, and Entrap-
ment Efficiency is depicted in Figs. 5 and 6 through Three-
Dimensional response surface plots and Two-Dimensional
contour plots.

Applied Model Validation of the Optimized
Formulation

The optimized DFP-CSLCNPs formulation (F13) displayed
amean particle size of 182.8 +44.2 nm with a polydispersity
index (PDI) of 0.36 = 0.01, as illustrated in Fig. 7a. The low
PDI value reflects a narrow and homogeneous particle size
distribution, which ensures uniform drug release from the
nanoparticles. The nanoscale dimension of the formulation
provides a larger surface area-to-volume ratio, facilitating
improved drug diffusion and absorption through the intra-
nasal (i.n.) route. Figure 7b revealed that the zeta potential
was measured at approximately + 30.1 mV and the Electro-
phoretic Mobility Mean 0.000233 c¢cm?2/Vs, signifying ade-
quate electrostatic stability and the mucoadhesive potential
of chitosan-coated particles. The positive surface charge is
advantageous for nasal delivery due to enhanced interaction
with negatively charged mucosal surfaces. Entrapment effi-
ciency ranged from 40.2 = 1.8% to 82.3 + 0.5% depending
on formulation ratios, with the optimized batch showing the
highest efficiency. The experimentally observed values for
the dependent variables of the optimized DFP-CSLCNPs
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formulation closely matched the predicted values, demon-
strating the accuracy and reliability of the applied statistical
model. Wide consensus has been found between the opti-
mization behavior seen in this study and previously docu-
mented lecithin—chitosan nanoparticle systems, especially
the work of Walbi IA et al. 2022. Second-order polynomial
equations are suitable for characterizing the nonlinear con-
nections regulating lecithin—chitosan nanoparticle systems,
as indicated by the good statistical reliability of the qua-
dratic model produced via Box—Behnken design in both
studies. The predominance of chitosan concentration as the
primary factor controlling nanoparticle properties is a signif-
icant commonality. Regarding drug entrapment, our study’s
observed interaction effects are consistent with the earlier
findings, which found that combination variable interactions
rather than a single component-controlled entrapment effi-
ciency. The similar order of variable importance and the fit
of the quadratic model in both studies validate the reproduc-
ibility and robustness of the Box-Behnken design strategy
for optimizing lecithin-chitosan nanoparticle formulations
and also show that similar mechanisms are at play in differ-
ent drug-loaded systems using this carrier system [22].
Fourier Transform Infrared (FTIR) spectroscopy is an
essential technique for identifying the functional groups
present in a molecule. In Fig. 7c, FTIR spectra of pure DFP,
the excipients (Chitosan, Lecithin, and Poloxamer 407),
and the final DFP-CSLCNPs formulation were compared to
assess chemical compatibility and the integrity of the com-
ponents after nanoparticle preparation. The spectrum of the
pure drug displayed characteristic peaks at 3373 cm™! (N-H
stretching), 2933 cm™ (C-H stretching), and a prominent
carbonyl stretch at 1737 cm™. The chitosan—lecithin sys-
tem showed broad absorption around 3300 cm™' (O-H/N-H
stretching) and peaks at 2926 and 2856 cm™ corresponding
to aliphatic C—H groups. In the DFP-CSLCNPs formulation,
the main functional group bands of the drug were preserved,
with minor shifts and a reduction in intensity of the car-
bonyl peak, indicating successful encapsulation and poten-
tial interactions (e.g., hydrogen bonding) between the drug
and polymer matrix. The absence of any new peaks suggests
that there is no chemical incompatibility or degradation,
confirming the stability and integrity of the nanoparticles.
The surface morphology of the DFP-CSLCNPs was ana-
lyzed using Scanning Electron Microscopy (SEM), which
revealed spherical nanoparticles with smooth surfaces.
The observed particle size was approximately 182.4 nm as
shown in Fig. 7d, which closely corresponds with the values
determined through dynamic light scattering (DLS) analysis
presented in Fig. 7a. The uniform and smooth morphology
indicates a well-formed polymer matrix and suggests con-
trolled solvent diffusion during nanoparticle preparation.
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Fig. 5 3D Response Surface plots illustrating the interaction effects
of formulation variables on the characteristics of DFP-CSLCNPs. a
Chitosan and Poloxamer 407 on Particle Size (PS) (b) Chitosan and
Lecithin on PS; (¢) Poloxamer 407 and Lecithin on PS; (d) Chitosan

Such characteristics are essential for achieving consistent
particle size and promoting uniform drug release from the
nanoparticles, confirming the effectiveness of the formula-
tion process. Transmission Electron Microscopy (TEM)
was used to examine the internal structure and size distri-
bution of the optimized DFP-CSLCNPs formulation. Fig-
ure 7e, TEM images revealed spherical nanoparticles with
smooth surfaces, confirming the uniform encapsulation of
DFP within the polymer—lipid matrix and the homogeneous
distribution of the particles [35, 36].
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and Poloxamer 407 on Zeta Potential (ZP); (e) Chitosan and Lecithin
on ZP; (f) Poloxamer 407 and Lecithin on ZP; (g) Chitosan and Polox-
amer 407 on Entrapment Efficiency (EE %); (h) Chitosan and Lecithin
on EE (%); (i) Poloxamer 407 and Lecithin on EE (%)

In Vitro Drug Release and Kinetics

DFP was released from optimized NPs and plain solution
in a regulated manner for up to 24 h. As depicted in Fig.
8a, the DFP solution displayed a burst release, with 54.10 +
0.13% of the drug released within 2 h, which can be attrib-
uted to its rapid solubilization under sink conditions. Nearly
complete release was attained by 24 h. After 24 h, the per-
centage cumulative drug release (CDR) of the Form DFP-
CSLCNPs reached 82.2 + 2.71%. With an R? of 0.9699,
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PS; (¢) Poloxamer 407 and Lecithin on PS; (d) Chitosan and Polox-

the drug release from DFP-CSLCNPs best resembled the
Korsmeyer—Peppas model. The Higuchi model’s R? was
0.9547, while the first-order model was 0.9004. Based
on the curve-fitting analysis (Table 5), the release of DFP
from the optimized DFP-CSLCNPs conformed to the Kors-
meyer—Peppas model. This suggests that drug release from
the nanoparticles is primarily governed by diffusion, follow-
ing Fickian kinetics, as indicated by a release exponent (n)
below 0.45. An R? value of 0.9547 for the Higuchi model
indicates a very strong correlation between the experimental
drug release data and the model’s predictions, suggesting
that the release of DFP from the CSLCNPs predominantly
follows a diffusion-controlled mechanism, as described by
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the Higuchi equation. The observed release pattern suggests
that the initial drug release is due to surface-adsorbed DFP,
followed by a diffusion-controlled release from the polymer
matrix. Drug release kinetics were assessed using multiple
models, and the in vitro studies revealed a biphasic profile,
characterized by an initial burst release succeeded by a sus-
tained release phase. This behaviour can be attributed to the
combined effects of the drug present on the nanoparticle sur-
face and the drug encapsulated within the polymer matrix.
This dual-phase release offers clinical benefits, particularly
in MS treatment, where a rapid onset of action followed by
prolonged therapeutic levels is desirable. These findings are
particularly significant for intranasal formulations, where
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the nasal mucosa has limited residence time due to mucocil-
iary clearance [37]. The results obtained by Paramita Saha
et al. (2023), designed Rotigotine-loaded lecithin-chitosan
nanoparticles (RTG-LCNPs) for intranasal administration,
are in line with these findings. Diffusion-controlled drug
release from a self-assembled lecithin-chitosan matrix was
demonstrated by their formulation, which showed a con-
trolled release profile based on the Korsmeyer-Peppas model.
Similar to the current work, they also reported a biphasic
release profile, with a burst release at the beginning and a

T
2000

san—lecithin nanoparticles revealing internal structure and nanoscale
dimensions of the particles: Scanning Electron Microscopy (SEM)
image and Transmission Electron Microscopy (TEM) image

continuous release later on. This was ascribed to the contri-
butions of both the matrix-encapsulated and surface-bound
drug amounts. The current DFP-CSLCNP formulation dem-
onstrated a greater cumulative drug release of 82.2% in 24
h when compared to the current rotigotine LCNP formula-
tion, suggesting comparatively more effective diffusion of
the hydrophilic DFP from the nanoparticulate matrix. The
sustained release phenomenon in both systems emphasizes
the network-forming role of lecithin-chitosan interactions.
In terms of clinical applications, the biphasic release pattern
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Fig. 8 (a) Cumulative % drug release profile (b) Ex vivo nasal permeation profile of DFP from Chitosan—Lecithin Nanoparticles (CSLCNPs)

compared with plain DFP solution

Table 5 Correlation coefficient (R?) values for the in vitro drug release kinetics of the optimized DFP-CSLCNPs formulation fitted to various

mathematical models

Formulation Zero order First order Higuchi Model Hixon — Crowell Korsmeyer—Peppas
Model
R? R? R? R? R n
DFP-CSLCNPs 0.7735 0.9004 0.9547 0.8672 0.9699 0.4183
DFP -SOLN 0.6098 0.9835 0.881 0.7861 0.6556 0.8018

is beneficial for intranasal delivery in MS therapy, where a
rapid onset of action (attributable to the burst release effect)
followed by a sustained therapeutic concentration is pre-
ferred. In addition, sustained release is especially valuable
in intranasal formulations to overcome the rapid mucocili-
ary clearance and improve drug retention time at the site
of absorption. Accordingly, in comparison with the previ-
ously documented lecithin-chitosan nanoparticle delivery
systems, the current formulation shows comparable release
performance, while exhibiting promising sustained deliv-
ery properties for nose-to-brain targeting [17]. A sustained
release mechanism ensures that therapeutic concentrations
of the drug are maintained over a prolonged period, thereby
reducing the need for frequent administration.

Ex Vivo Nasal Drug Permeation of DFP-CSLCNPs

After 24 h, DFP-CSLCNPs showed a significantly higher
cumulative permeation across the nasal mucosa (1047.01
pg/cm?) than the plain drug solution (611.46 pg/cm?), as
presented in Fig. 8b. The results clearly demonstrate the
superior permeability of the nanoparticle formulation. The
steady-state flux (Jss) and apparent permeability coefficient

@ Springer

Table 6 Ex vivo nasal permeation parameters of DFP from Chitosan—
Lecithin Nanoparticles (DFP-CSLCNPs) compared with plain DFP
solution (DFP-SOLN) across excised nasal mucosa

Formulation Flux Ji (ug/ Py, (cm/hx107) Cumula-
cm?/h) tive DFP
Permeated
(ng/cm?)
DFP-CSLCNPs 68.18+3.41 68.16+0.36 1047.01
DFP -SOLN 37.22+1.86 37.24+2.12 611.46

Data are expressed as mean+SD (n=3).

(Papp) of DFP were evaluated using an ex vivo Franz dif-
fusion cell setup, with the results summarized in Table 6.
The flux J values for the DFP-loaded Chitosan—Lecithin
Nanoparticles (DFP-CSLCNPs) and plain DFP solution
were found to be 68.18 + 3.41 pg/cm*h and 37.22 + 1.86
ug/cm?/h, respectively. Moreover, the nanoparticulate size
(in the sub-200 nm range) ensures a larger surface area and
better interaction with the mucosal surface. The optimized
formulation showed sustained release behaviour, as evi-
denced by its controlled permeation profile over 24 h, which
is favorable for prolonged therapeutic action and reduced
dosing frequency. The limited permeation of DFP from the
pure solution may also be attributed to its poor lipophilic
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character. Overall, the significantly higher cumulative
permeation (p < 0.05) of DFP from CSLCNPs compared
to the plain solution confirms their potential in enhancing
intranasal delivery and brain targeting for the management
of MS. The permeation enhancement mechanism of DFP-
CSLCNPs can be explained by the synergistic effect of
the mucoadhesive and tight junction-opening properties of
chitosan, in addition to the nanoscale particle size, which
allows for better interaction with the nasal epithelium.
These results are in strong agreement with the study pub-
lished in Pharmaceutics by Paramita Saha et al.2023, which
showed that lecithin-chitosan nanoparticles significantly
enhanced the nasal permeability of Rotigotine compared to
the drug suspension due to the increased interaction with
the epithelium and the transient modulation of tight junc-
tions. Similar to their results, the current formulation shows
that its incorporation into a lecithin-chitosan nanocarrier
system effectively overcomes the permeability limitations
of the free drug. Moreover, the sustained permeation profile
is in agreement with previously reported lecithin-chitosan
systems, which supports the mucosal residence of the sys-
tem for a longer period of time and enhances drug absorp-
tion. The comparative analysis confirms that the permeation
enhancement mechanism of DFP-CSLCNPs is in agreement
with the established evidence for chitosan-based nose-to-
brain nanocarriers, thus reiterating their efficacy for intrana-
sal brain targeting [17].

Control (untreated)
Goat Nasal Mucosa

DFP CSLPNP (treated)
Goat Nasal Mucosa

Naso Ciliotoxicity and Biocompatibility of DFP -CSLCNPs

Nasal safety was evaluated through histopathological exami-
nation of goat nasal mucosa following exposure to the test
formulations. The intranasal route was selected to facilitate
direct nose-to-brain delivery, potentially reducing systemic
drug exposure and minimizing dose-related adverse effects.
Local nasal safety was evaluated through a nasociliotoxicity
study using goat nasal mucosa. Histopathological examination
revealed preserved epithelial architecture, intact ciliary struc-
ture, and no evidence of significant inflammatory infiltration
or mucosal erosion compared with the untreated control group.
These observations indicate that the developed formulation was
well tolerated in the nasal mucosa under the tested conditions.
Histological examination of tissues exposed to the optimized
DFP-CSLCNPs formulation demonstrated an intact epithelial
structure with well-preserved cilia and an absence of epithelial
disruption, inflammatory response, or cellular degeneration, as
shown in Fig. 9. These observations were comparable to those
in the untreated control group, confirming the absence of any
ciliotoxicity or irritant effects. In contrast, the tissue samples
from the group exposed to a higher concentration of the free
drug exhibited mild epithelial thinning and vascular conges-
tion, suggesting potential irritation at elevated doses. Collec-
tively, these results confirm the non-irritant, biocompatible, and
mucosa-safe nature of the DFP-CSLCNPs intranasal formula-
tion, supporting its suitability for nasal drug delivery without

Fig. 9 Naso Ciliotoxicity and Biocompatibility of DFP- CSLCNPs - Histopathological images of goat nasal mucosa from the control group (a &
b) and the DFP CSLCNPs group (¢ & d) showing within normal limits Haematoxylin & Eosin staining at 4X and 10X magnification
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Table 7 Stability study of DFP-CSLCNP under different storage con-
ditions

Parameter 0 Day 7th Day 15th Day 45th Day
Particle  184.23+0.38 184.73+0.15 186.87+0.25 188.2+0.26
Size (nm)
PDI (%)
Zetapo-
tential
(mV)
Entrap-
ment
Effi-
ciency
(%EE)

0.361+012 0.358+13 0.349+£002 0.378+56
30.13£0.06 30.16+0.06 31.23+0.06 32.05+0.21

82.3+£0.5 80+0.004 79+0.35 76.23+023

compromising mucosal integrity. The non-toxic and non-irritant
profile of the formulation is likely due to the use of biocompat-
ible excipients, particularly chitosan and lecithin, both of which
have been extensively studied and shown to exhibit minimal
toxicity in mucosal tissues [38, 39].

Stability Study of DFP-CSLCNP

The optimized DFP-CSLCNPs formulations were subjected
to accelerated stability testing for 45 days following ICH
guidelines. During this period, the formulations were evalu-
ated for physical appearance, particle size, zeta potential and

entrapment efficiency (%EE). No significant changes were
observed in any of the measured parameters, and all values
remained within acceptable limits, as listed in Table 7. The
DFP-CSLCNPs displayed sustained colloidal stability dur-
ing the evaluation period, showing no detectable aggregation,
precipitation, phase separation, or turbidity. This outcome
confirms that the optimized formulation possesses remark-
able stability under accelerated conditions, emphasizing its
promise for extended shelf life and prospective clinical utili-
zation. The stability profile of the optimized DFP-CSLCNPs
is comparable to previously reported lecithin—chitosan and
chitosan-coated lipid nanoparticle systems, where sustained
particle size, maintained surface charge, and minimal loss of
drug entrapment during storage were observed (Pardeike et
al., 2009; Fonte et al., 2013). These studies similarly attribute
enhanced stability to polymer—lipid interactions and electro-
static stabilization. In their research, the lyophilized nanopar-
ticles showed physicochemical stability during refrigerated
storage, with no significant change in particle size, zeta poten-
tial, and drug loading, indicating the efficient preservation of
structural integrity of the self-assembled lipid-polymer matrix.
The similar stability trend observed in the current formulation
indicates that the strong electrostatic interactions between the
positively charged chitosan and negatively charged lecithin
play a significant role in preserving the colloidal stability and

a Body Weight
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Fig. 10 Changes in body weight (a), absolute organ weights (b), and
relative organ weights (c) of Wistar rats over 28 days following intra-
nasal administration of DFP-CSLCNPs at doses of 1, 2, and 4 mg/kg
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compared with the control group. Values are expressed as mean+SD
(n=6). **p<0.01 vs. control group
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inhibiting aggregation. Additionally, the retention of entrap-
ment efficiency under stress conditions indicates the robust-
ness of the nanoparticulate core-shell structure, which resists
drug leakage over time. Compared to the conventional poly-
meric nanoparticles that are known to exhibit instability under
accelerated conditions, the lecithin-chitosan hybrid systems
consistently exhibit enhanced structural resilience. Therefore,
the current results are in good agreement with the existing
literature, confirming that the CSLCNPs exhibit sufficient
physicochemical stability for long-term storage and potential
clinical applications in intranasal delivery systems [17].

Toxicological Assessment of DFP-CSLCNPs Formulation
In a 28-day subacute study, male Wistar rats received con-

tinuous intranasal doses of DFP-CSLCNPs. Four groups
were established: one control group with a placebo and

three treatment groups receiving low (1 mg/kg), medium
(2 mg/kg), and high (4 mg/kg) doses. Throughout the
study, animals were closely monitored for mortality and
signs of toxicity. No deaths or significant adverse effects
were observed in any groups. No clinical signs of toxic-
ity, including nasal bleeding, ocular irritation, excessive
blinking, nasal secretions, respiratory distress, or abnormal
behaviours, were observed in the treated rats compared to
controls (p < 0.01). These results suggest that intranasal
administration of DFP-CSLCNPs is well-tolerated and
does not produce observable gross toxicity, supporting its
safety for nose-to-brain. During the study, food and water
intake in the DFP-CSLCNPs-treated groups differed sig-
nificantly from the control group (p < 0.01). Despite this,
body weight gain, recorded using a calibrated digital bal-
ance, was consistent across all groups (p < 0.01). Figure
10a shows that rats treated with low, medium, and high

Table 8 Haematological parameters in male Wistar rats following 28 days of continuous administration of DFP-CSLCNPs at different dose levels

Treatment Haematocrit (%) Total WBC (Cells/Cumm) Lymphocytes (%)

14th Day 28th Day 14th Day 28th Day 14th Day 28th Day
Control 27.32+0.09 25.47+0.08 5265+66.52 5666+03.6 92.17+0.08 92.8+0.098
DFP-CSLCNPs 27.15+£0.52*%* 26.3+0.58* 5515+£215.3%* 5598+215.2%* 92.20+0.05* 93.3£0.072%**
1 mg/kg
DFP-CSLCNPs 27.124+0.35%* 27.97+0.36* 5700+257.1%* 5730+258.5%* 92.9+0.58* 93.2+0.56%*
2 mg/kg
DFP-CSLCNPs 4 mg/kg 27.20£0.29%* 27.32+0.24* 5675+£183.3%* 5783+£181.1%* 93.80+0.88* 94.8+0.90**
Treatment Polymorphs (%) Eosinophils (%) RBC (Cells/Cumm)

14th Day 28th Day 14th Day 28th Day 14th Day 28th Day
Control 3.03+£0.12 3.15+0.08 4.27+0.043 4.36+0.071 7.17+0.02 8.18+0.02
DFP-CSLCNPs 3.08+0.22%* 3.28+0.25* 4.08+0.20% 4.42+0.178** 7.36+0.19* 7.99+0.19%**
1 mg/kg
DFP-CSLCNPs 3.57+0.12%* 3.70+0.15%* 4.43+0.21%* 4.75+0.262%* 7.43+0.21%** 8.48+0.21%*
2 mg/kg
DFP-CSLCNPs 4 mg/kg 3.35+£0.18** 3.58+0.18** 4.78+0.19%* 4.93+0.219** 7.06+0.03** 8.98+0.02%*
Treatment Platelet Count (cells/cumm) Mean Cell Volume (f7.) Mean Cell Haemoglobin(pg)

14th Day 28th Day 14th Day 28th Day 14th Day 28th Day
Control 6.74+0.01 6.95+0.013 38.17+0.06 38.48+0.12 18.4+0.06 18.72+0.06
DFP-CSLCNPs 5.93+£0.18** 5.25+0.172%* 37.90+£0.31%* 38.05+£0.26* 18.5+0.06* 18.72£0.07**
1 mg/kg
DFP-CSLCNPs 6.42+0.01** 6.46+0.006%* 36.90+£0.41%** 37.08+£0.41%%* 18.1+0.50%** 19.0+£0.09%**
2 mg/kg
DFP-CSLCNPs 4 mg/kg 5.96+0.02** 5.46+0.006%* 38.40+0.09* 39.62+0.12%* 18.4+0.29%** 19.57+£0.21%*
Treatment Haemoglobin (gms%) Mean Erythrocyte (g/ dL) Glucose (mg/dl)

14th Day 28th Day 14th Day 28th Day 14th Day 28th Day
Control 13.07+0.14 13.35+0.05 38.55+0.17 38.85+0.16 170.2+£3.22 168.4+3.24
DFP-CSLCNPs 13.77+0.13* 13.05+£0.13** 40.08+1.67* 40.25+£1.63** 172.4+2.30% 172.6+2.28*
1 mg/kg
DFP-CSLCNPs 13.03+£0.33** 13.00+£0.32%** 39.08+0.32%* 40.10+£0.31** 170.9+1.75%* 171.3+£1.68%*
2 mg/kg
DFP-CSLCNPs 4 mg/kg 13.88+0.21* 14.05+0.18** 39.22+£0.35%* 39.95+0.32%%* 174.1+£4.27*%* 176.2+4.26%*

DFP-CSLCNPs: DFP-Loaded Chitosan Lecithin Nanoparticles

All values are expressed as mean+standard deviation (n=6).

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test.

Differences were considered statistically significant at p<0.05.

*p<0.05 vs. control group; **p<0.01 vs. control group
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Ta!)le 9 Hepatic p.roﬁle in male Treatment ALT (U/L) AST (U/L)

il

DFP-CSLCNPs at different dose Control 125.1+3.69 125.4+3.67 53.14+1.73 53.32+1.68

levels DFP-CSLCNPs 1 mg/kg 129.2+5.23* 128.2+5.21* 50.45+2.41* 52.49+2.39%*
DFP-CSLCNPs 2 mg/kg 129.8+4.28* 130.9+4.27* 58.56+1.91* 59.64+1.91*
DFP-CSLCNPs 4 mg/kg 132.2+4.34% 133.4+4.40% 53.07+0.49* 56.03+0.55*
Treatment ALP (U/L) Direct Bilirubin (mg/dl)

14th Day 28th Day 14th Day 28th Day

Control 642.6+14.56 648+14.58 10.65+0.13 10.83+0.02
DFP-CSLCNPs 1 mg/kg 601.1+21.26* 608.3+£21.25% 10.74+0.06* 10.83+0.01*
DFP-CSLCNPs 2 mg/kg 673.7+33.73* 677.8+£33.74% 10.75+0.06** 10.91+£0.03*
DFP-CSLCNPs 4 mg/kg 640.6+27.39* 648.7+27.41%* 0.53+0.03** 0.56+£0.16%*

DFP-CSLCNPs: DFP-Loaded Chitosan Lecithin Nanoparticles
All values are expressed as mean+standard deviation (n=06).

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test.

Differences were considered statistically significant at p<0.05.

*p<0.05 vs. control group; **p<0.01 vs. control group

Table 10 Lipid Profile in male Wistar rats following 28 days of continuous administration of DFP-CSLCNPs at different dose levels

Treatment Cholesterol (mg/dl) TGL (mg/dl) VLDL (mg/dl)

14th Day 28th Day 14th Day 28th Day 14th Day 28th Day
Control 41.08+1.39 46.21+£1.42 7531+1.42 77.74+1.25 14.91+0.27 15.15+£0.25
DFP-CSLCNPs 40.57+0.53* 44.66+0.37** 74.76+1.18* 79.94+1.15* 15.89+£0.28* 15.99+0.23*
1 mg/kg
DFP-CSLCNPs 40.04+£1.62%* 45.16+1.67** 75.09+£1.01%* 79.24+0.96* 16.46+0.19%** 17.51+£0.20%*
2 mg/kg
DFP-CSLCNPs 4 mg/kg 41.224+0.87** 41.39+0.72** 73.64+£2.29%* 75.00+£2.16* 15.924+0.61** 17.214£0.58**

DFP-CSLCNPs: DFP-Loaded Chitosan Lecithin Nanoparticles
All values are expressed as mean+standard deviation (n=06).

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test.

Differences were considered statistically significant at p<0.05.

*p<0.05 vs. control group; **p<0.01 vs. control group

Table 11 Renal profile in male Wistar rats following 28 days of continuous administration of DFP-CSLCNPs at different dose levels

Treatment Creatinine (mg/dl) Urea (mg/dl)

14th Day 28th Day 14th Day 28th Day
Control 0.50+0.021 0.51+0.019 37.19+0.77 37.32+0.76
DFP-CSLCNPs 1 mg/kg 0.48+0.031* 0.49+0.028* 37.17+1.59* 37.20+1.59*
DFP-CSLCNPs 2 mg/kg 0.49+0.022%** 0.47+0.019* 38.06+1.43* 38.67+1.43*

DFP-CSLCNPs 4 mg/kg

0.50+0.022**

0.52+0.023**

38.014+1.37**

39.32+1.36%*

DFP-CSLCNPs: DFP-Loaded Chitosan Lecithin Nanoparticles

All values are expressed as mean+standard deviation (n=6).

Statistical analysis was performed using one-way ANOVA followed by Dunnett’s post hoc test.

Differences were considered statistically significant at p<0.05.

*p<0.05 vs. control group; **p<0.01 vs. control group

doses (Groups II-1V) displayed steady weight gain over 28
days, indicating normal growth. As shown in Fig. 10b and
¢, both absolute and relative organ weights were compara-
ble to controls, confirming that intranasal DFP-CSLCNPs
were well-tolerated and exhibited no adverse effects on
major organs [40, 41].
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Treatment with DFP-CSLCNPs led to observable changes
in several hematological parameters, including Haematocrit
(Hct), Red Blood Cells (RBCs), total White Blood Cells
(WBCs), Lymphocytes, Polymorphs, Eosinophils, Plate-
let Count, Mean Corpuscular Volume (MCV), Mean Cell
Hemoglobin (MCH), and Mean Erythrocyte, as well as in
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Fig. 11 Histopathological examination of major organs following sub-
acute toxicity study of the DFP-CSLCNPs formulation showing Brain:
Neurons (N) and Glial cells (G), Heart: Cardiac myocytes (C) with
abundant eosinophilic cytoplasm, Kidney: Glomeruli (G) and Tubules

serum glucose and total cholesterol levels (*p<0.05 and
**p<0.01), as presented in Table 8.

Liver function markers such as AST, ALT, ALP, total
bilirubin, total protein, and albumin also showed statis-
tically significant differences in the treated groups com-
pared with controls after 14 and 28 days (*p < 0.05 and

(T), Liver: Hepatocytes (H), Spleen: Red pulp area (R), Lung: Alveoli
Wall (Aw) and Alveolar Lumen (Al), Pancreas: Exocrine (Ex) and
Islets (Is) with no significant pathological changes: Haematoxylin &
Eosin staining at 10X magnification

**p < 0.01) as summarised in Table 9. Additionally, renal
function and lipid profile analyses indicated significant
changes in serum urea and creatinine levels following
DFP-CSLCNP administration (*p < 0.05 and **p < 0.01)
as detailed in Tables 10 and 11. Importantly, all mea-
sured values remained within normal physiological limits,
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suggesting that the formulation did not cause renal or sys-
temic toxicity [31, 42].

Histological examination of major organs from rats
treated with DFP-CSLCNPs revealed no treatment-related
abnormalities compared with the control group, as evident
from Fig. 11. The brain tissue maintained normal architec-
ture, with both neurons and glial cells appearing healthy and
intact. Kidney sections showed well-preserved glomeruli
and renal tubules with no evidence of structural changes.
Examination of the spleen confirmed normal architecture,
including intact red pulp regions and proper macrophage
distribution. Heart tissue displayed normal morphology,
characterized by intact cardiac muscle fibers, acidophilic
cytoplasm, and centrally located nuclei, with no evidence
of cellular degeneration or inflammation. These findings
collectively indicate that intranasal administration of DFP-
CSLCNPs for 28 days did not induce any histological toxic-
ity in the evaluated organs.

Conclusion

This study successfully developed and optimized intrana-
sal DFP-loaded Chitosan Lecithin nanoparticles (DFP-
CSLCNPs) as a novel platform for brain-targeted delivery
in the management of MS. Employing a Box—Behnken
experimental design ensured precise optimization of criti-
cal formulation variables, yielding nanoparticles with
desirable physicochemical attributes, small particle size
(~182 nm), high zeta potential (+30.1 mV) and robust
entrapment efficiency (>80%). The optimized formulation
demonstrated sustained, diffusion-controlled drug release
following Korsmeyer—Peppas kinetics, enhanced ex vivo
nasal permeability, and superior flux compared to the plain
drug solution, confirming its efficiency in promoting nose-
to-brain transport. Comprehensive biocompatibility and
safety evaluations, including histopathological, hematologi-
cal, and biochemical assessments in Wistar rats, established
the non-toxic and mucosa-safe profile of the formulation.
Furthermore, the absence of systemic toxicity and main-
tained organ integrity underscore its suitability for chronic
intranasal administration. The accelerated stability studies
further confirmed the structural and functional integrity of
the nanoparticles, highlighting their formulation stability
under stress conditions. Collectively, these findings validate
DFP-CSLCNPs as a safe, efficient, and stable intranasal
nanocarrier system capable of overcoming BBB limitations
and improving CNS drug bioavailability. This work estab-
lishes a strong preclinical foundation for translating DFP-
CSLCNPs into advanced pharmacokinetic, biodistribution,
and clinical evaluations aimed at enhancing therapeutic
outcomes for patients with MS. Although the current study
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was able to successfully demonstrate the formulation opti-
mization, safety, stability, and ex vivo nose-to-brain trans-
port potential of DFP-CSLCNPs, there is a need for further
research to enhance their translational potential. A thorough
in vivo pharmacokinetic analysis with a focus on brain dis-
tribution would be an important next step. Furthermore, a
biodistribution analysis with the aid of advanced imaging or
analytical methods would help to identify the precise routes
of transport and brain distribution.
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