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ARTICLE INFO ABSTRACT

Keywords: Polymeric nanocapsules for direct brain drug delivery through intranasal is a promising route for drugs that need
Nanocapsules to reach the brain directly with rapid onset of action and high bioavailability. In this study, arginine-poly(ester-
Arginine

amide) nanocapsules loaded with carbamazepine (CBZ) [(CBZ/Arg-PEA)NCs] were synthesised for direct brain
delivery of CBZ via the nose-brain transport pathway using interfacial polycondensation method. Process opti-
misation was conducted using Quality by Design (QbD) to produce NCs with critical quality attributes (high
entrapment and loading efficiencies, low particle size and extended release over 24 h). The design of experiment
(DoE) entailed three critical input parameters (CBZ concentration, aqueous, and organic phases volume). The
findings of the present study revealed that the optimum formulation would produce high entrapment efficiency
(98.6%) and good loading efficiency (20%), targeted release (79% after 24 h) and a small particle size (400 nm).
Molecular profiling using FTIR, XRD and DSC showed the formation of the polymer and its semicrystalline
nature. TEM images revealed spherical NCs. In-vivo study in mice revealed that nose-brain treatment with
nanocapsules was capable to deliver CBZ directly to the brain and obtained a sustained increase in brain con-
centration at 2, 5, and 10 min after the treatment. In conclusion, (CBZ/Arg-PEA) NCs are a promising drug brain
delivery system for treating epilepsy via the nose-brain transport pathway.

Interfacial polycondensation
Poly(ester-amide)

Quality by design
Carbamazepine

1. Introduction

Polymeric nanoparticles are promising drug delivery systems with
several biological advantages due to their smaller size. They can rapidly
cross the physiological barriers and reach the target sites at sufficient
drug concentrations. In addition, their use is generally associated with
fewer adverse effects when compared to many other drug delivery sys-
tems [1-4]. The use of a polymeric nanocapsules delivery system,
nevertheless, requires the control of several features of the polymeric
nanocapsules such as their composition, entrapment efficiency, loading
efficiency, size distribution, drug release profile and stability [2-8].
Several factors, especially parameters used in the synthesis procedures,
have dramatic effects on the quality and effectiveness of particular
nanocapsules samples. For pharmaceutical applications, polymeric

nanocapsules should have high entrapment efficiency or loading ca-
pacity, narrow size distribution, and long-term stability. However, for
medical and therapeutic use, these nanocarriers should exhibit some
advantages in term of biosafety and their capability to provide targeting
delivery with sustained release of entrapped drugs [1,6,9-14].

The use of Arginine-based poly(ester-amide)s (Arg-PEA)s in nano-
capsules synthesis may provide a preferable feature in term of biocom-
patibility, biodegradability and their capability to penetrate cell
membrane with low cytotoxicity. It has various applications, for
example, non-viral gene carriers, bone tissue engineering, carriers for
nucleic acid drugs, and (Arg-PEA)s also can promote transdermal de-
livery of insulin [15-25]. Interfacial polycondensation was considered
the main method for forming nanoencapsulation products. Therefore,
many parameters were investigated to see how they affected particle
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size and particle size distribution. These parameters are organic/aqu-
eous phase ratio, the concentration of emulsifier, the concentration of
the drug, and core/wall ratio [14,26-30].

Quality by Design (QbD) is a strategic development and optimisation
method in several industries including the pharmaceutical [31]. It aimed
to ensure that a final drug product’s intended performance in both terms
of safety and effectiveness is as predicted. The QbD concept is based on
key elements and stages. The first stage is defining the quality target
product profile (QTPP), identifying important properties that need to be
within the final product. The second stage involves determining the
critical quality attributes (CQAs), which refer to the set of the QTPP that
are critical and requires to be controlled to ensure product safety and
effectiveness. The third one is setting the critical input/process param-
eters (CPP) that define the factors that might affect the product CQAs.
The final stage is choosing a mathematical model using design of
experiment (DoE) tool, identifying relevant design and control spaces
for picking the optimum formulation, and proposing a control approach
for ongoing improvement [31-37].

Carbamazepine, a common active pharmaceutical ingredient (API),
is a frequently used drug as a first-line treatment for epilepsy and
generalized tonic-clonic or partial seizures. However, treatment with
oral CBZ is associated with several drawbacks that dramatically limit its
clinical uses. Treatment with oral CBZ has been associated with delayed
onset of therapeutic action and extensive first pass metabolism. A couple
of evidence also demonstrated that oral CBZ is a potent inducer of drug-
metabolizing enzymes and therefore, increases the potential risk of
drug-drug interaction [38-41]. Therefore, an alternative intranasal
route has been investigated to improve the efficacy and minimize the
toxicity of antiepileptic drugs by delivering the drug directly to the brain
via the olfactory route and hence requiring a much lower dose, which
may result in reduced toxicity and side effects. As a result, CBZ could be
administered nasally to take advantage of the nose-brain route [40,42,
43].

A handful of separate studies have suggested a significant impact of
polymeric nanocapsules in improving the therapeutic activity of candi-
date and existing drugs as well as reducing their gastric and systemic
toxicities. However, no study has yet investigated the potential of
polymeric nanocapsules in enhancing CBZ delivery to the brain for rapid
management of seizure attacks. Accordingly, the present study was
conducted with an attempt to employ QbD to synthesise and optimise
the formulation of (CBZ/Arg-PEA) nanocapsules (NCs) as a promising
drug brain delivery system via the nose-brain route of administration.
With this regard, we hypothesized that intranasal administration of
polymeric nanocapsules of CBZ is capable to take the CBZ directly to the
brain and avoid the delayed effect.

2. Materials and methods
2.1. Materials

Carbamazepine (CBZ) powder, Pentylenetetrazol (PTZ) and Diaz-
epam (DZP) were obtained from Sigma Aldrich (Pool, UK), r-arginine
amino acid and glycerine were purchased from Labchem (Schaumburg,
IL, USA). Cis/trans-1,4-cyclohexanediol was purchased from Thermo
Fisher Scientific (Dratford, United Kingdom). Potassium hydroxide
pellets (KOH) were obtained from Riedel-de Haén (Seezle, Germany).
Terephthaloylchloride, dimethylsulfoxide (DMSO), dimethylformamide
(DMF), dimethylacetamide (DMA), sodium carbonate (NasCO3) and p-
toluene sulfonic acid monohydrate were obtained from Acros Organics
(Geel, Belgium). Chloroform (CHCly), trifluoroacetic acid (TFA), toluene
(CyHg), acetone (C3HgO) and HPLC grade acetonitrile (CH3CN) were
obtained from Alpha Chemika (Maharashtra, India). HPLC grade
methanol (CH3OH), diethyl ether (C2Hs)20, perchloric acid (HC1O4) and
HPLC grade water (H»0) were obtained from Tedia high purity solvents
(Fairfield, CT, USA).
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2.2. Di-p-toluene sulfonic acid salt of O, O'-bis-(1-arginine ester)-cis/
trans-1,4-cyclohexanemonomer

r-arginine (40 mmol, 6.96 g), Cis/trans-1,4-cyclohexanediol (20
mmol, 2.32 g), and p-toluene sulfonic acid monohydrate (40 mmol, 7.6
g) in 150 mL of toluene were placed in a 250 mL round-bottomed flask
processed with a Dean-Stark trap and a condenser. The reaction mixture
was heated to reflux for 10 h. The reaction mixture was then cooled to
room temperature; toluene was removed by suction filtration and
washed with acetone. The product was dried at 60 °C under vacuum for
10 h. The final product was obtained as a white solid (92% yield).

2.3. Synthesis of poly(ester-amide) based on r-arginine (Arg-PEA)

Di-p-toluene sulfonic acid salts of O, O’-bis-(L-arginine ester)-cis/
trans-1,4-cyclohexane monomer (5 mmol, 4.23 g) and KOH (10 mmol,
0.56 g) were dissolved in (20 mL) of distilled water and placed in a 100
mL round-bottomed flask. Terephthaloylchloride (5 mmol, 1.00 g) was
dissolved in (10 mL) chloroform and added to the prepared aqueous
solution dropwise over 4 min at room temperature with vigorous stirring
for 30 min. The formed polymer was filtered and washed with distilled
water. Polymer drying was accomplished using freeze drying for 10 h to
remove solvent residue.

2.4. Synthesis of poly(ester-amide) based on r-arginine loaded with CBZ
nanocapsules [(CBZ/Arg-PEA) NCs]

The preparation of (CBZ/Arg-PEA) NCs was based on the method
employed for the synthesis of the poly(ester-amide) [sections 2.2 and
2.3]. The only difference is that the designated amount of carbamaze-
pine was added to the chloroform (CHCls).

2.5. Characterisation

2.5.1. Solution viscosity

The dilute solution viscosity of the (Arg-PEA) NCs was measured
using an automated microviscometer (Anton Paar Ltd., St Albans, UK). A
1.8 mm capillary tube was employed in the measurement with a 1.5 mm
steel ball (density 7.7 g/cm®) and an inclination angle of 80°. The
viscometer was calibrated with the viscosity standard N26 from Paragon
Scientific Ltd. (Birkenhead, UK). The experiment was run at 25 + 0.1 °C.
Measures were repeated five times and reported as mean + standard
deviation (SD) [44].

2.5.2. Molecular weight measurement

The molecular weight of the produced polymer (Arg-PEA) was
measured in aqueous suspension by dynamic light scattering using a
Nicomp N3000 (Billerica, USA).

2.5.3. Fourier transform infrared (FTIR) spectroscopy analysis

FTIR spectra of the monomer (Arg-PEA) and (CBZ/Arg-PEA) NCs
samples were recorded using Perkin Elmer FTIR spectrometer (OH,
USA), coupled with Spectrum 10 software that was used to operate and
treat FTIR spectra. A sample of few milligrams was loaded on the sample
holder above a laser lens and held in place by screwing down the rele-
vant adaptor. Each sample’s FTIR spectrum scans were obtained over

the range of 450-4000 cm ™! with a resolution of 2 cm™..

2.5.4. Nuclear magnetic resonance (NMR) spectroscopy

The 'H NMR and '3C NMR of the prepared monomer and (Arg-PEA)
were recorded on a Bruker 500 MHz spectrometer (Bruker DPX-500)
using tetramethylsilane (TMS) as the internal standard.

2.5.5. Differential scanning calorimetry (DSC) analysis
DSC analysis of CBZ, (Arg-PEA) and optimal (CBZ/Arg-PEA) NCs
formulation was carried out using DSC Q200- TA instrument (USA).
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Table 1
List of factors (CPP) and responses (CQA) with their details that were used in the
DoE study.

Name Abbr. Units Type Settings
Factors (CPP)

API-Conc. API % Quantitative -1,0,1
Aqueous Volume AQU mL Quantitative -1,0,1
Organic Volume ORG mL Quantitative -1,0,1
Name Abbr. Units Type Min Target Max
Responses (CQA)

Entrapment Efficiency EE % Regular 50 70 90
Loading Efficiency ENC % Regular 20 30 40
Particle Size PSA nm Regular 100 300 500
Percentage released REL % Regular 40 60 80

Table 2

Summary of the concentrations of CBZ, aqueous and organic media volumes that
were employed in the DoE study highlighting the lower (—1), medium (0) and
the higher (1) concentrations.

Factor -1 0 1

API concentration 100 mg 300 mg 500 mg

Aqueous Volume 10 mL 20 mL 30 mL

Organic Volume 10 mL 20 mL 30 mL

Table 3
Animal grouping description for the nose-brain in vivo study.

Group Treatment Exposure time

Control Group I (6 Drug-Free nanoparticles 30 s (30 s before
mice) (Arg-PEA) sacrificing)

Control Group II (6 Drug-Free nanoparticles Two minutes before
mice) (Arg-PEA) sacrificing

Control Group III (6 Drug-Free nanoparticles Five minutes before
mice) (Arg-PEA) sacrificing

Control Group IV (6 Drug-Free nanoparticles Ten minutes before
mice) (Arg-PEA) sacrificing

Test Group I (6 mice) (CBZ/Arg-PEA) NCs 30 s (30 s before

sacrificing)

Test Group II (6 (CBZ/Arg-PEA) NCs Two minutes before
mice) sacrificing

Test Group III (6 (CBZ/Arg-PEA) NCs Five minutes before
mice) sacrificing

Test Group IV (6 (CBZ/Arg-PEA) NCs Ten minutes before
mice) sacrificing

Around 2.5 mg sample was placed onto an aluminium pan and heated at
a heating rate of 10 °C/min under continuous nitrogen purging (50 mL/
min).

2.5.6. Particle size determination

The average diameter of (Arg-PEA) and (CBZ/Arg-PEA) NCs was
analysed at 25 °C by Photon correlation spectroscopy using a Zeta sizer
Nano ZS90 (Malvern Instrument, UK). Before analysis, samples were
diluted with HPLC grade distilled water, sonicated at medium amplitude
(~50 Hz) for 40 s. The analysis was performed in triplicate and results
for the QbD study were recorded as mean.

2.5.7. Scanning electron micrographs (SEM)

Surface topography was examined for (Arg-PEA) and (CBZ/Arg-PEA)
NCs using JSM-IT300 (JEOL, Japan). Around 3 mg of each sample were
sprinkled on a double-adhesive carbon tape affixed to an aluminium tub.
Samples were analysed without any further coating.

2.5.8. Transmission electron microscopy (TEM)
One drop of fresh ((CBZ/Arg-PEA) NCs dispersion was put on
Formvar-coated copper grids (300 mesh, Electron Microscopy Sciences,
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Hatfield, PA, USA). Imaging was accomplished on an FEI Morgagni 268
TEM (Eindhoven, Netherlands).

2.5.9. X-ray diffraction (XRD) analysis

X-ray diffractometry (MiniFlex 600 benchtop diffractometer
(RigaKu, Tokyo, Japan)) was used to investigate the physical form of
CBZ, (Arg-PEA) and (CBZ/Arg-PEA) NCs. The XRD experiments were
performed over the range 20 from 5 to 99°, with Cu Ka radiation
(1.5148227 10\) at the voltage of 40 kV and a current of 15 mA. All
samples were fixed on a glass holder and scanned in triplicate. Data were
recorded at a scanning speed of 5°/minute. OriginPro® software was
employed to analyse the scans (OriginLab Corporation, USA).

2.5.10. High-performance liquid chromatography (HPLC)

HPLC method was employed for the quantitative analysis of CBZ. A
Dionex Softron HPLC System from Thermo Fisher Scientific Inc., with
gradient pump, UV detector set at 285 nm coupled with Fortis-C18
analytical column (Fortis technologies Ltd C 18. 250 x 4.6 mm) were
used. The mobile phase was composed of acetonitrile: 0.125% TFA in
water with a ratio of (80: 20 v/v). The run time was 10 min, and the
sample temperature was off while the column temperature was set at
20 °C. The flow rate was set at 0.5 mL/min, with a sample injection
volume of 20 pL. The HPLC method was validated according to ICH
guidelines in terms of specificity, accuracy, precision, linearity, detec-
tion limits, and quantification [45].

2.5.11. Content uniformity

About 100 mg from each produced formula was weighted using Bel
Engineering balance (Italy), dissolved in 50 mL DMSO with vigorous
stirring for 15 min, sonicated for 20 min, then filtered using a syringe
membrane filter (0.22 pm) and injected in the HPLC to quantify CBZ
content.

2.6. Quality by design (QbD) analysis

2.6.1. Elements of QbD

Based on initial screening studies and literature review of the inter-
facial polymerization process, the critical quality attributes (CQA/
response) were selected for optimisation using the critical input pa-
rameters (CPP/factor). The CPPs were set as key factors to include in the
DoE investigation. The factors were the CBZ quantity, aqueous medium
volume, and organic medium volume. Furthermore, CQAs or responses
were entrapment efficiency, loading efficiency, the nanoparticles par-
ticle size, and percentage release of CBZ after 24 h.

2.6.2. Design of experiment (DoE)

MODDE software version 12.1 (Umetrics Inc., Sweden) was
employed to design the DoE study. A Central Composite Design (CCF) of
the DoE with a quadratic model was selected, which was further fitted
using the partial least squares (PLS) method. Whereas response surface
modelling (RSM) was employed to investigate and optimise the non-
linear multidimensional relationship between factors and responses. A
total of 17 CBZ containing formulations were proposed by the software,
that include triplicate runs, to evaluate the reproducibility of the model.
The experiments were prepared and tested according to the suggested
run order given by the software to ensure the randomness of the process.
Table 1 presents the factors/CPP and the responses/CQA which were
used in the DoE study.

In this project, none of the factors or responses’ values were trans-
formed, and thus the type is considered regular. However, for factors,
the settings for the upper and lower limits of used quantities were
encoded as —1, 0, or 1 that stands for the lowest value, intermediate
value, and highest value, respectively. Values of input parameters are
summarized in Table 2. The software generated the experiments’ list,
run order, and composition.
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Fig. 1. (a) Di-p-toluene sulfonic acid salts of O, O"-bis-(1-arginine ester)-cis/trans-1,4- cyclohexane monomer (b) Synthesis of poly(ester amide)s by interfacial
polycondensation of di-p-toluene sulfonic acid salts of O, O"-bis-(1-arginine ester)-cis/trans-1,4- cyclohexane monomer.

2.6.3. Model verification

Model verification was accomplished in a stepwise pattern. Several
plots were employed for that, such as, Distance to Model Plot in which
exclusion of the most relevant outlier experiments from the model took
place, and model fitting plot. After that, insignificance model terms that
negatively affect the model prediction power were excluded.

2.6.4. Analysis of variance (ANOVA)

ANOVA was employed to assess the significance and validity of the
model. Two main components were evaluated for that. The first is the
model regression variations with significance means a p-value of less
than 0.05. The second one is the variance that is attributed to residuals
and replicate errors denoted by the p-value of the model error (lack to
fit). Significant model is the one with lack of fit value is higher than 0.05.
Then, according to regression coefficient values, all insignificant terms
were determined and eliminated to reveal the regression equations for
all CQA.

2.6.5. Entrapment efficiency and loading efficiency

Different formulas of (CBZ/Arg-PEA) NCs were formulated. Each one
was prepared by varying the amount of the aqueous media (distilled
water), the organic media (chloroform), and CBZ. The experiments used
lower, medium, and higher amounts of each factor (aqueous, organic,
and CBZ) which will enable the selection of the most optimal procedure
that delivers targeted CQA. Each formula was prepared using the same
procedure of preparing the (CBZ/Arg-PEA) NCs as discussed earlier.
Each powder yield was dried using a freeze dryer for at least 15 h and
then sieved through sieve with aperture of 32 pm to break agglomerates.
For each of the experiments the entrapment efficiency (EE%), loading
efficiency (LE%) were calculated according to equations (1) and (2)
respectively:

CBZ, — CBZ,
E (%) :éTf x 100 Eq (1)
't
CBZ, — CBZ,
E (%) :F(;Tulaf x 100 Eq(2)

Where CBZ, is the total amount of CBZ added to the formula, CBZ; is the
total amount of CBZ collected from the filtrates, and “Formula” is the
total amount of the produced (CBZ/Arg-PEA) NCs.

2.6.6. Release study

A total of 5 mg from each (CBZ/Arg-PEA) NCs formula was weighed
and used with UV-VIS spectrophotometer (Microplate spectrophotom-
eter Thermo Fisher, Finland) for in vitro release study. The amount of
formula was placed in a UV cuvette with 3 mL of phosphate buffer saline
pH 6.8. The UV spectrometer was set at a wavelength of 285 for 24 h
with readings taken every 10 min. The amount of the formula was
selected to ensure the saturation solubility of CBZ was not reached
(solubility is 503.9 pg/mL in phosphate buffer pH 6.8 [46]). The cu-
mulative amount of the released CBZ was measured at pre-set time in-
tervals at the corresponding A-max. The method was calibrated using
PBS and a calibration curve was constructed over a range of 3.125-62
pg/mL. To ensure sink conditions were maintained, the release of car-
bamazepine alone (1.5 mg) was evaluated using the same method.
Fig. S1. showed a complete dissolution of CBZ within 5 h (>90% in 4 h).

2.7. In-vivo evaluation

2.7.1. Animal care and husbandry

A total of 88 Swiss albino male mice, weighing between 25 and 30 g
were used in this study. The mice were bred and raised in the animal
facility at Isra University in Jordan. They were housed under controlled
environmental conditions, maintaining a temperature of 22-25 °C,
relative humidity between 67 and 77%, and a 12/12-h light/dark cycle.
The mice were provided with polypropylene cages (30 x 22 x 16 cm®)
and had free access to food and water. All animal handling and exper-
imental procedures were performed in accordance with the guidelines of
the Institutional Animal Care and Use Committee (IACUC), and the
study received approval from the Scientific Research Ethics Committee
at Isra University (SREC/23-19/2020/2021).

2.7.2. HPLC brain analysis

The primary objective of this brain targeting study is to investigate
the presence and concentration of CBZ in the brain tissue following the
administration of (CBZ/Arg-PEA) NCs to mice via a nose-only inhalation
apparatus. To achieve this, the mice were divided into eight groups, each
comprising 6 mice. Among these groups, four control groups (Control
Group I to IV) were designated to receive drug-free nanoparticles (Arg-
PEA), while the other four test groups (Test Group I to IV) received
(CBZ/Arg-PEA) NCs. Each group was exposed to the respective NCs at
different time intervals before the mice were sacrificed for brain tissue
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Fig. 2. FTIR spectra of (a) CBZ (b) di-p-toluene sulfonic acid salt of O,0"-bis-(1-arginine ester)- cis/trans monomer, (c) (Arg-PEA), (d) (CBZ/Arg-PEA) NCs.

analysis as described in Table 3. To conduct the experiments, a nose-only
inhalation apparatus was used. This specialized apparatus consists of a
15-mL centrifuge (Falcon) tube with a hole for a delivery port on the
wall, a hole for air inlet tube on the tapering portion, air inlet tube,
pipette bulb and receptacle (tube cap) for drug powder [47]. The
receptacle was filled with 1.00 g of sample powder before dosing of each
animal. During the dosage, the mouse nose was inserted shortly in the

delivery port. The pipette bulb was squeezed and released once every 10
s for three times to aerosolize NCs powder and create a "dusty’ atmo-
sphere for the animal to breathe.

The animal was sacrificed by cervical dislocation, and the brain was
collected, weighted, and kept in the refrigerator at — 80 °C for subse-
quent investigations. Each brain was homogenized in HPLC water using
a homogenizer at a ratio of 1:2 (w/v) and then centrifuged at 20 °C with
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Fig. 3. (a)'H NMR of di-p-toluene sulfonic acid salt of O,0'-bis-(.-arginine ester)-

cis/trans 1,4-cyclohexane monomer, (b) 'H NMR of poly-(ester amide) based on -

arginine, (c) 13C NMR of di-p-toluene sulfonic acid salt of O,0'-bis-(1-arginine ester)- 1,4-cyclohexane monomer (d) 13C NMR poly (ester amide) based on r-arginine.

10,000 rpm for 10 min. The supernatant was then refrigerated at —70 °C
until HPLC analysis was performed. For HPLC analysis, a predetermined
amount of each sample (200 pL) was treated with 50 pL diluted
perchloric acid (1.195 in 100 mL distilled water), mixed thoroughly, and
centrifuged at 10,000 rpm for 10 min at 20 °C to remove all brain tissue
residuals. The supernatant was then diluted with 0.5 mL acetonitrile and
filtered before injected in HPLC [42].

2.7.3. Anticonvulsant evaluation

For the anticonvulsant test, a randomized allocation of mice into five
groups (n = 8) was performed using a previously described procedure
[48-50]. The experimental protocol involved the following treatments:
Group I served as the Vehicle Control group, receiving a solution con-
taining 2% dimethyl sulfoxide (DMSO) in saline. Group II received
treatment with a drug free polymer, exposed to three puffs of (Arg-PEA)
NCs. Groups III and IV were designated as Standard groups and received
reference drugs, namely DZP (1 mg/kg orally) and CBZ (25 mg/kg
orally) respectively. Group V, referred to as the Test group, was exposed
to three puffs of (CBZ/Arg-PEA) NCs.

All drug administration took place 15 min prior to the administration
of PTZ (80 mg/kg, intraperitoneally), which was used to induce seizures
in the mice. Subsequently, the mice were placed in Plexiglas cages (each
measures 30 x 22 x 16 cm) and subjected to a 30-min observation
period, during which the latency of seizure onset and the duration of
seizures were recorded. Additionally, the intensity of seizures was
assessed using a modified Racine scale, involving the following scoring
criteria: 1 - Mouth and facial movements; 2 - Head nodding; 3 - Forelimb
clonus; 4 - Rearing; 5 - Rearing and falling. The inclusion of PTZ allowed
for the evaluation of the anticonvulsant effects of the various treatments
and the measurement of seizure parameters. Statistical significance was
detected using Tukey’s test, with p-value less than 0.05, as analysed with
GraphPad Prism. Results were reported as mean + standard error of
mean (SEM).

3. Results and discussion

3.1. Synthesis of di-p-toluene sulfonic acid salts of O, O'-bis-(1-arginine
ester)-cis/trans-1,4- cyclohexane monomer

Di-p-toluene sulfonic acid salts of O, O’-bis-(L-arginine ester)-cis/
trans-1,4- cyclohexane monomer was successfully synthesised. In addi-
tion, 1,4-cyclohexanediol was condensed with r-arginine amino acid in a
nonpolar solvent (toluene) in the presence of p-toluene sulfonic acid
monohydrate. The yield of the di-p-toluene sulfonic acid salt monomer
was relatively high (90%) Fig. (1-a).

3.2. Synthesis of poly(ester-amide) based on r-arginine

The Di-p-toluene sulfonic acid salts of O, O'-bis-(1-arginine ester)-cis/
trans-1,4-cyclohexane monomer and terephthaloyl chloride are poly-
merized together using an interfacial polycondensation method. First,
the prepared monomer was dissolved in water with an inorganic base
(KOH), and terephthaloyl chloride was dissolved in the CHCl3. The re-
action needed vigorous stirring to increase the surface area available for
the reaction to enable the formation of fine polymer particles. The
intrinsic viscosities of the prepared poly(ester-amide) were calculated
from the viscosity measurements of the dilute polymer solutions (0.5 g/
dL) in DMSO at 25 °C. As a result, the polymer has intrinsic viscosity
(0.342 + 0.014 dL/g) and MW 34,200 g/mol. Fig. 1-b [51].

3.3. Synthesis of poly(ester-amide) carbamazepine formula [(CBZ/Arg-
PEA) NCs]

CBZ-loaded nanocapsules was created using a simple, safe, and
repeatable interfacial polycondensation. It is a condensation reaction
between the water phase containing the Di-p-toluene sulfonic acid salts
of O, O"-bis-(1-arginine ester)-cis/trans-1,4- cyclohexane monomer. The
other phase consists of terephthaloyl chloride and CBZ in chloroform
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(CHCl3). Using this method, direct encapsulation of CBZ resulted in
capsules with an average diameter around 400 nm and high-efficiency
drug loading of 19.8% [52].

3.4. FTIR spectra analysis

The FTIR spectra of the prepared monomer (Arg-PEA), and (CBZ/
Arg-PEA) NCs showed distinct absorption bands for all organic func-
tional groups. However, the prepared monomer showed a strong ab-
sorption band due to the carbonyl carbon stretching vibration of the
ester at 1697 cm™'. On the other hand, the FTIR spectra of (Arg-PEA)
and (CBZ/Arg-PEA) NCs showed the same characteristic bands. They
showed strong absorption bands due to the carbonyl stretching vibration
of the amide group around 1631cm—1, proving the (Arg-PEA) and (CBZ/
Arg-PEA) NCs. Moreover, characteristic absorption bands were observed
around 1693 cm™! assigned for the carbonyl ester groups, as shown in
Fig. 2. Similar results were reported in our previous work [53-55].

3.5. NMR spectra analysis

'H NMR and '3C NMR characterised the synthesised di-p-toluene
sulfonic acid salt of 0,0'-bis-(-L-arginine ester)- 1,4-cyclohexane mono-
mer and poly(ester-amide) based on r-arginine. The spectra exhibited
characteristic chemical shifts corresponding to the different atoms
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present in the samples. The 'H NMR spectrum of the synthesised
monomer confirmed its proposed structure. A pair of doublets appeared
at 7.09 and 7.46 ppm that were assigned to protons of the aromatic ring
of p-toluene sulfonic acid salt. The signal for the protons of the methyl
group attached to the aromatic ring (Ar-CHs) appeared as a singlet at
2.25 ppm. The signals of 1,4-cyclohexane protons appeared at 3.29 for
CH and at 2.45 ppm for CH; Fig. (3-a). The protons of the carbons in the
arginine were observed for CH at 3.03 ppm and for 3CHs in the range
1.50-1.61 as multiplet. On the other hand, the 'H NMR spectrum
confirmed the poly(ester-amide) structure by the appearance of the
protons of the terephthaloyl unit that appeared in the aromatic region at
7.64 ppm Fig. (3-b).

The structure of the monomer was also confirmed by *C NMR
spectroscopy. The chemical shift of the formed ester carbonyl carbon is
of special importance; it appeared at around 173.3 ppm. The CH and
CH;, carbon peaks were observed in the 68.7 and 33.5 ppm assigned to
1,4-cyclohexane carbons. The aromatic carbons of the p-toluene sulfonic
acid salt were observed at 138.6, 128.9, 125.8, and 145.4 ppm. The
carbons of the arginine side chain were observed at 54.1, 25.2, 28.8, and
40.7 ppm Fig. (3-c).

Alternatively, the structure of the poly(ester-amide) was also
confirmed by *C NMR. The chemical shift of the formed amide carbonyl
carbon atom appeared at 165.2 ppm, and the ester appeared at 177.2
ppm. The carbons of 1,4-cyclohexane were observed at 34.8 ppm for
CHj; and 70.2 ppm for CH. The CH carbon signals of the aromatic rings of
the terephthalate unit were observed at 128.7 ppm. The aromatic qua-
ternary carbon of the same unit was observed in the chemical shift at
136.3 ppm Fig. (2-d).

3.6. DSC analysis

CBZ had a melting point that ranges between 189 and 192 °C [38].
However, CBZ is present in different polymorphic forms. The DSC of CBZ
alone as can be seen in Fig. 4-a showed a small characteristic endo-
thermic peak at 171.30 °C and a second large peak at 191.82 °C indi-
cating form III. The first peak is based on form III melting followed by
crystallisation and melting at a temperature that ranges between 189
and 193 °C [56]. The DSC thermograms for (Arg-PEA) and (CBZ/Arg--
PEA) NCs loaded particles are highlighted in Fig. 4-b and c respectively.
The polymer is expected to be semi-crystalline, with a glass transition at
around 86 °C and a sharp endothermic peak at 195.67 °C Fig. 4-b.
However, upon the addition of CBZ to the polymer using interfacial
polycondensation, it is expected that the drug will be incorporated
within the chains of the polymer. Hence, the DSC showed a wider and
higher enthalpy at the glass transition Fig. 4-a [57]. However, some of
the drug particles could be attracted to the surface of the polymer and
hence a slight shift of the peak at 195 to 190.59, which could be
contributed to the presence of CBZ.

3.7. SEM and TEM analysis

SEM images of the (CBZ/Arg-PEA) NCs as depicted in Fig. 5. showed
microscale irregular, dense, nanoaggregates. In Fig. (5-C), it was clear
that the particles are within submicron size (below 1 pm), in line with
the results obtained from the zeta sizer. Furthermore, submicron ag-
glomerates were connected at higher magnifications to form larger
micron-sized particles, enabling their administration into the nasal
cavity. A study reported that powders with very small particle sizes tend
to deposit at the entry of the nostrils and hence will not reach the brain
[32]. Further, micron size aggregates enhanced the flowability of the
powder upon intranasal inhalation. However, the images showed some
artifacts which is attributed to the sample preparation method and
positioning errors [58]. TEM images when compared to SEMs (see
Fig. 5D-F) generated higher-resolution images and was able to deliver
information regarding individual nanoparticle, which allowed to
explore further inner properties of the sample [59]. TEM analysis was
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Fig. 5. SEM images of (CBZ/Arg-PEA) NCs at various magnifications (A) 900 (B) 2400 and (C) 4500 (D-F) TEM analysis of (CBZ/Arg-PEA) NCs.

carried out to find the shape and size of the nanoparticles. Fig. (5-D,
E&F) indicated TEM images of (CBZ/Arg-PEA) NCs. From TEM, the
nanoparticles are observed to have a roughly spherical shape with size
range between 372 and 499 nm.

3.8. XRD analysis

CBZ is a crystalline material, and based on literature, it has several
characteristic intense peaks such as at [39]. The XRD patterns of CBZ
(Fig. 6-a) showed database matches for CBZ which correspond to mainly
form III. Key characteristic peaks for CBZ Form III can be seen in strong
peaks at 20 = 15.21, 20.03, 24.80 and 27.20. These results are in
agreement with a reported data [56]. The XRD patterns of Arg-PEA and
the (CBZ/Arg-PEA) NCs are depicted in Fig. (6-b) and Fig. (6-c),
respectively. The (Arg-PEA) diffractograms showed a typical semi
crystalline substance, with several intense peaks in their diffractograms
between 20 = 20-30°. However, it was noted that the (CBZ/Arg-PEA)
NCs samples showed a similar pattern to that of the polymer alone. The
absence of characteristic crystal peaks of CBZ in the diffractograms of
formulation (F8) Fig. (6-a) suggest that CBZ was dispersed in the
semi-crystalline form of the polymer [60].

3.9. Quality by design analysis (QbD)

Optimisation to produce (CBZ/Arg-PEA) NCs was carried out using
QbD. A total of 17 runs were generated by MODDE software which was
prepared and characterised depending on the proposed run order.
Table 4 denotes the CCF design worksheet with the quantities of input
parameters, CQA results, the total number of runs, and the run order.
The results were fitted to the MODDE software to enable analysis.

The fitted data were represented in the summary of the fit plot (see
Fig. 7.) after the exclusion of 3 experiments (N3, N9, and N12) to
enhance the model validity and prediction power. From the graph, the
first bar of each response (the bright green bar) represented R2 and is
assigned to the degree of fitting of the data to the model, where the
greater the R2 the more the data is fitted to the model (preferably >0.5).
From the plot, R2 was exceeded 0.9 for all the responses indicating an
excellent fit of the data into the model (values exceeded 0.9). The second
bar (dark-blue bar) represented the ability of the model to precisely
predict future data (denoted by Q2). For each response, a Q2 value

exceeding 0.5 is a good model regarding predictability. As can be seen
from the graph, none of the responses were below the threshold mark of
0.5. Hence, the prediction power of the model was good. Furthermore,
the third bar represented the model validity, which needs to exceed
0.25. Once the model outliners were excluded, the validity for all re-
sponses was above 0.25. The final bar represented reproducibility.
However, concerning reproducibility, all models were considered
reproducible. Which means that replicates present in runs compara-
tively give the identical response. Consequently, the overall model was
fit and ready for further verification processes.

3.9.1. Model verification

Model verification was continued by assessing model terms in which
insignificant model terms were excluded. The final model was fitted
with eight model terms namely: a constant, single model terms (API,
AQU, ORG), the quadratic model term (API*API, AQU*AQU,
ORG*ORG) while only one interactive term was significant (API*AQU).

Further validation tools were used, such as the normal probability
plot of residuals that were plotted as can be noted in Fig. (8-a). This plot
is valuable to identify any outlier experiments and the normality of the
residual model. From the figure, the residuals in the four responses were
within the acceptable range of +4 standardized residuals and hence no
outliers can be noted. In this model, all the residuals were within 42
standardized residuals.

Assessing the relationship between observed values versus predicted
values for each response as shown in Fig. (8-b) was conducted. As can be
seen from the graph, all responses showed an excellent correlation be-
tween observed and predicted values. The results indicated linear cor-
relation with high regression coefficient for PSA (0.9866), EE (0.991),
ENC (0.9737), and % release after 24 h (0.9409) which suggested an
excellent model. The final verification tool was the plot of residues
versus run order. The value of this plot is to show if the error is built up
with the run order. A valid model is when the error is randomly
distributed as can be seen in Fig. (8-c).

3.9.2. Analysis of variance (ANOVA) results

Results of ANOVA analysis are summarized in Table 5. The results
showed that the regression model for all the responses was significant
(p-value <0.05) whereas, the significance that could be attributed to
error or lack of fit was not significant (p-value >0.05). Hence this model
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is statistically valid.

3.9.3. Regression model equations

Once the model demonstrated validity and significance, the regres-
sion model equations for all the responses were identified. Using the
regression coefficient plot as can be seen in Fig. (8-d) the significant
model terms for each response were evaluated and if significant were
included in the regression equation. The bar length indicates the
magnitude of the effect of the model term on the response, while its
direction suggests whether its effect was positive or negative on the
response. Nevertheless, the error bars explain the significance of each
model term. If the error bar crosses the zero line, the corresponding term
is deemed as nonsignificant. Therefore, the regression model equation
for each response entails only the significant terms. For example, for
particle size the most significant term was the quadratic term API*API,
with a positive effect, i.e., increasing the CBZ concertation at the very
beginning from low to moderate results in a reduction in particle size
while if it increases after a certain limit, the effect is reversed, and larger
particles are produced. Because in our study the polymer is more hy-
drophilic, and this means that it is favouring the aqueous phase so a
higher volume of the aqueous phase leads to a higher degree of
dispersion so a smaller particle size could be obtained. Additionally, as
can be seen from Fig. (8-d), the volume of the aqueous phase had a key
effect on all responses.

The regression equations for all the responses are depicted in the
following equations:

Y, =298.3-18.5X, — 452X, + 60.1X% +36.5 X2 — 70.8X,X,  Eq (3)
Y, =99.1 + 1.3X; +3.2X, +0.73X; — 2.8X? = 3.1 X + 1.0X,X, Eq (4)
Y;=21.8 + 1.3X, +3.0X, — 2.8X% - 2.8 X2 + 1.7 X, X, Eq (5)
Y, =88.7+2.6X, —4.7X; + 5.3 X; X, Eq (6)

where (Y1) is the particle size of the nanocapsules, (Y5) is the entrapment
efficiency, (Y3) is the loading efficiency, and (Y4) is the percentage
released of the CBZ after 24 h. As for the factors, (X;) stands for CBZ
concentration (%), (X2) represents aqueous phase volume (mL), and (X3)
is the organic phase volume (mL). Like the main effect graphs, the value
of each coefficient assigned for its impact and its sign indicates the
positivity or negativity of the effect on the response. For example, the
most significant effect on % release was the interactive term (+5.3

(c) CBZ. X1*X5) having a vital positive effect on the degree of release of the CBZ.

Table 4

The CCF design worksheet with the factors, responses, results, the total number of runs and the run order.
Exp Exp Name Run Order Incl/Excl” API AQU ORGA %EE %ENCE PSA %RELEASE
No VOL VOL
1 N1 12 Incl -1 -1 -1 83.1 6.6 480 81
2 N2 3 Incl 1 -1 -1 84.4 7.4 560 72
3 N3 9 Excl -1 1 -1 95.2 11.8 265 91
4 N4 4 Incl 1 1 -1 94.5 17.1 260 89
5 N5 5 Incl -1 -1 1 83.6 6.9 500 79
6 N6 14 Incl 1 -1 1 87.9 7.1 550 70
7 N7 8 Incl -1 1 1 88.5 7.5 693 65
8 N8 11 Incl 1 1 1 98.5 20.8 290 92
9 N9 10 Excl -1 0 0 89.8 9.5 300 90
10 N10 15 Incl 1 0 0 97.6 19.2 350 86
11 N11 13 Incl 0 -1 0 94.4 171 370 85
12 N12 17 Excl 0 1 0 92.4 14.5 280 94
13 N13 1 Incl 0 0 -1 93 15 300 93
14 N14 2 Incl 0 0 1 96.1 18.2 310 92
15 N15 16 Incl 0 0 0 99.6 23.5 310 88
16 N16 7 Incl 0 0 0 99 21.6 320 85
17 N17 6 Incl 0 0 0 99.2 22.6 306 86

2 Incl: the run was included in the analysis; Excl: the run was excluded from the analysis (outlier). API is the amount of CBZ.
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Fig. 8. Model validation plots (a) the normal probability plot of residuals showing that all responses are normally distributed and there is no outlying runs (within
the range —4 to +4 SD); (b) The observed values versus the predicted ones for all the responses that highlight the correlation of predicted values with observed
values; (c) the residual versus run order for all responses highlighting the randomness of residual within runs and hence a good and valid model; (d) regression
coefficients plot of the seven model terms for each response highlighting the magnitude, direction, and significance of each term for each response.

3.9.4. Effect of critical input parameters on responses

The following section will discuss the effect of various factors on
each response with emphasis on significant single, quadratic, and
interactive effects. The main single factor affecting all the responses is
the concertation of the CBZ (Fig. 9). Increasing the CBZ concertation

resulted in a reduction in the particle size of the nanoparticles, when the
CBZ concertation is between the low and medium range, whereas, when
the CBZ concertation tends to go up to the higher range may result in a
constant and or slight increase in the particle size. This could be
attributed to the ability of the amount of solvent used to dissolve the CBZ

10
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Table 5

Summary of the results obtained from ANOVA for the four responses.
Response P R2
Particle Size
Regression 0.000 0.987
Lack to fit 0.067
Entrapment Efficiency
Regression 0.000 0.991
Lack to fit 0.083
Loading Efficiency
Regression 0.000 0.974
Lack to fit 0.232
% Release
Regression 0.003 0.941
Lack to fit 0.154
Lack to fit 0.749

when reaches equilibrium this will lead to particle size aggregate and
hence larger particle size. However, as can be seen from equation (3),
the CBZ demonstrated a quadratic positive effect. Such effect can be
presented as a convex curve [31]. Such a curve could be divided into two
sections, the first is the descending part were increasing the CBZ con-
centration will result in a reduction in particle size, a concertation above
the middle one increased the particle size as discussed earlier.

Although increasing the CBZ concertation enhanced entrapment ef-
ficiency, the entrapment of the CBZ exceeded 90% at all CBZ ranges.
Further, the loading efficiency of the CBZ demonstrated an increase
when the CBZ concertation increases from low to medium range. Higher
amounts of the CBZ did not result in a steady increase in the loading
efficiency. Further, the CBZ concertation did not alter the release of the
drug.

Fig. 10 shows the effect of aqueous phase volume on the four re-
sponses. Apart from its effect on particle size, increasing the AQU VOL
resulted in enhancement of entrapment efficiency, loading efficiency,
and % release of the CBZ. This could be attributed to the concept of
smaller particle size leads to higher surface area and so more surfaces
will be in contact with the environment and hence release will be
enhanced. The increase in AQU VOL resulted in a reduction of the size of
the nanoparticles because the polymer seems to favour the aqueous
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medium to disperse in it.

Fig. 11 highlighted the interactive effect of the concentration of the
CBZ and the AQU VOL on the particle size of the nanoparticles. Low CBZ
concentration, low AQU VOL will give larger particles, while increasing
the CBZ concentration and AQU VOL a reduction of the particle size is
observed. This could be justified that even if the amount of CBZ
increased it would give a smaller particle size when they found enough
amount of aqueous phase. Therefore, using a high concentration of the
CBZ and aqueous phase will give the best nanoparticles.

Similarly, Fig. 12 shows the effect of CBZ concentration and aqueous
phase volume on all the responses. Using higher CBZ concentration re-
quires high aqueous volume to reduce the particle size, whereas, at
lower CBZ concentration, the effect of aqueous volume is minimized.
From the graph, both entrapment efficiency and loading efficiency work
better at higher aqueous volume particularly when the CBZ concentra-
tion increased. The extended-release behaviour was observed with low
CBZ concentration particularly when the aqueous volume is large. This
could be attributed to the slightly larger particles.

Overall, the effect of organic phase volume was not significant for
particle size and the release profile of the particles. This insignificant
effect could be explained as that one of the phases will show a significant
effect mainly on the particle size and here as discussed earlier the
polymer tend to be in the aqueous phase more than the organic phase
because of the NH" charge that is present already in arginine structure.
While increasing, it resulted in a slight reduction of both entrapment
efficiency and loading efficiency as can be seen in Equations (2) and (3).

3.9.5. Prediction of the design space

Employing the results obtained from individual and interactive ef-
fects on the responses, the best area in which all the results of the re-
sponses are within the desired range such as, low particle size (200-400
nm), high entrapment efficiency (80-100%), loading efficiency
(15-30%) and targeted release (60-80% after 24 h). Organic phase was
kept at medium volume. According to the sweet spot plot of Fig. 13, the
red coloured areas represent the design space in which all the responses
results were within the targeted values. While other colours correspond
to areas where factors would meet the specification of three, two, or one
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Fig. 9. The effect of CBZ concentration on all responses.
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response. Two points were selected to represent optimal formulations. In
point A see Fig. 13 when (—-0.332, 240 mg) CBZ concentration is pre-
pared with the highest volume of aqueous phase while the organic phase
is kept at its medium range, a formulation will be produced with particle
size of 411 nm, entrapment efficiency of 98.9%, loading efficiency
19.8% and a release after 24 h reaching 79%. In another example (point
B), maximum CBZ concentration is prepared with the (—0.34) of
aqueous phase while the organic phase is kept at its medium range, a
formulation will be produced with particle size of 405 nm, entrapment
efficiency of 95.5%, loading efficiency 17.8% and a release wafter 24 h
reaching 80%.

3.10. Invivo study

Fig. 14 presents the data obtained from HPLC brain analysis,
revealing the capability of nose-brain treatment with nanocapsules
(NCs) to deliver CBZ directly to the brain. The results demonstrate a
sustained increase in brain concentration at 2, 5, and 10 min after

12

treatment, indicating both an initial burst effect, representing the
release of CBZ attached to the polymer surface, and subsequent degra-
dation of the polymer chain, leading to the release of CBZ from the inner
core. These findings suggest that CBZ can reach the brain through ol-
factory and trigeminal pathways, bypassing the first-pass metabolism of
the gastrointestinal tract and liver.

Fig. 15 depicts the anticonvulsant evaluation using PTZ, demon-
strating that intranasal administration of (CBZ/Arg-PEA) NCs signifi-
cantly increased seizure onset time and reduced seizure duration and
scores compared to oral CBZ. These findings highlight the potent anti-
convulsant properties of (CBZ/Arg-PEA) NCs, demonstrating their
ability to effectively mitigate seizure activity. While their efficacy was
lower than orally administered DZP, our results provide compelling
evidence for the potential of intranasal nanocapsule delivery as a valu-
able therapeutic approach for managing seizures, offering rapid and
targeted anticonvulsant effects. Further optimisation of (CBZ/Arg-PEA)
NCs may enhance their effectiveness, potentially rivalling standard
anticonvulsant medications. This study emphasized the promising role
of intranasal NCs as a novel and effective route for anticonvulsant drug
delivery. Additionally, a previous study’s demonstration of carbox-
ymethyl chitosan nanoparticles’ efficacy in delivering CBZ intra-nasally
[42] supports our investigation of (CBZ/Arg-PEA)NCs via the same
route, indicating enhanced brain targeting and drug bioavailability.

Based on the findings of this study, it is recommended to conduct an
analysis of plasma kinetics to further investigate the pharmacokinetics
of CBZ following intranasal administration using NCs. Conducting an
analysis of plasma kinetics would provide important insights into the
systemic pharmacokinetics of CBZ delivered intranasally using nano-
capsules. This information would enhance our understanding of the
drug’s absorption, distribution, metabolism, and elimination, and
contribute to the optimisation and development of intranasal delivery
systems for improved anticonvulsant therapy.

4. Conclusions

In the present study, nanocapsules poly(ester-amide) based on the 1-
arginine amino acid loaded with carbamazepine was successfully
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after 24 h. The organic phase was kept at medium volume. Selected formula-
tions are (A) and (B).

synthesised and further optimised using the interfacial poly-
condensation method. Quality by design method was employed to
determine the best process parameters to produce formula with
favourable attributes according to three critical factors: carbamazepine
concentration, aqueous phase volume, and organic phase volume. The
results of this project revealed that using a high concentration of car-
bamazepine and aqueous phase will produce the optimal nanoparticles
in terms of lower particle size, higher entrapment efficiency, loading
efficiency and extended the release of the CBZ after 24 h. In comparison,
the effect of organic phase volume was not significant for particle size
and the release profile of the particles. Animal studies were also done to
prove the ability of poly(ester-amide) nanocapsules to be used as a
carrier for CBZ directly from the nose to the brain. Results show excel-
lent ability to reach the brain even with a very fast onset of action. This

13
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Fig. 14. Amount of CBZ in the brains of mice sacrificed immediately (at time
0.5 min) and at 2, 5, and 10 min after intranasal treatment with (CBZ/Arg-
PEA) NCs.

result can be a sign of success to approve the idea of this study, and it
could be a blueprint in biopharmaceutical science because it will be the
beginning of a new dosage form of CBZ.
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Fig. 15. Anticonvulsant effect of (CBZ/Arg-PEA) NCs against seizure induced by intraperitoneal administration of PTZ at a dose of 80 mg/kg in mice. The bar graphs
depict the mean + SEM of various analysed parameters, with a sample size of 8 mice per group. (A) The graph illustrates the impact of (CBZ/Arg-PEA) NCs on the
latency to seizure onset. Significant differences (denoted by *) were observed between CBZ/Arg-PEA and oral CBZ groups at a significance level of P < 0.0001 (B) The
graph represents the influence of CBZ/Arg-PEA on the duration of seizures. Significant differences (denoted by *) were observed between (CBZ/Arg-PEA)NCs and
oral CBZ groups at a significance level of P < 0.05 (C) The graph demonstrates the effect of CBZ/Arg-PEA on the seizure score. The statistical analysis involved using
ANOVA followed by Tukey’s test. Significant differences (denoted by *) were observed between (CBZ/Arg-PEA) NCs and oral CBZ groups at a significance level of P

< 0.0001.
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