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Purpose: The present study aimed to develop and compare the intranasal applicability of favipiravir-loaded aspasomes (FAV-ASPs)
using film hydration method, and favipiravir-loaded niosomes (FAV-NIOs) using ethanol injection method.

Methods: The FAV-ASP and FAV-NIO formulations were characterized according to nanoparticulate characteristics (DLS, drug
loading, drug encapsulation efficacy, droplet size distribution), drug release and permeability behavior.

Results: The optimized FAV-ASP formulation (FAV-ASPS8) consisted of FAV, ascorbyl palmitate, Span® 60 and cholesterol (30:25:25:50
w/w) with nano-scale size range (292.06 + 2.10 nm), narrow polydispersity index (PDI) value (0.36 + 0.03), adequate zeta potential (—74.73
+ 3.28 mV) and acceptable encapsulation efficiency (55.33 + 0.41%). The optimized FAV-NIO formulation (FAV-NIO9) contained FAV,
Span® 60 and cholesterol (30:30:40 w/w) with nano-scale size range (167.13 + 1.60 nm), narrow PDI value (0.07 + 0.01), adequate zeta
potential (—27.1 + 1.24 mV) and acceptable encapsulation efficiency (51.30 + 0.69%). FAV-ASP8 and FAV-NIO9 were suitable for spraying
into the nasal cavity (droplet size distribution <200 pm). In vitro drug release and permeability studies demonstrated enhanced solubility and
increased blood-brain barrier (BBB) permeability of FAV formulations, respectively. The ex vivo human nasal permeability study revealed
that FAV diffusion from FAV-ASP8 was higher than from FAV-NIO9 or initial FAV. Furthermore, the in vivo animal study showed that FAV-
ASPS8 had a higher BBB penetration compared to FAV-NIO9 and pure FAV. The in vitro—in vivo correlation study showed good correlation
between the in vitro and the in vivo pharmacokinetic data.

Conclusion: FAV-ASPS for nose-to-brain delivery system could be a promising formulation to improve FAV bioavailability compared
to FAV-NIO9.

Keywords: aspasomes, niosomes, favipiravir, nose-to-brain delivery, ex vivo nasal permeability, in vivo nasal permeability

Introduction
Neurotropic viruses including RNA viruses, such as poliovirus, Zika virus, influenza A and B, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), mumps virus, and measles virus, are able to access the brain and infect the central nervous system
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(CNS), resulting in meningitis, myelitis, encephalitis, or meningoencephalitis.' > Neurotropic viruses can access CNS by
crossing the blood-brain barrier (BBB) or blood-cerebrospinal fluid barrier (BCSFB), nerve terminals in the nasal olfactory
epithelium, or the pseudounipolar sensory neurons of the peripheral nervous system (PNS).>~ This viral infection of the CNS
leads to alteration or degeneration of neuronal cell function, which causes several neurodegenerative diseases, such as
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis.”” Therefore, it has become urgent to search for
potential drugs for the treatment of viral CNS infections. Considering these facts, intranasal delivery can be a proper choice to
deliver the drug directly to the brain via the systemic pathway, olfactory and trigeminal nerve pathways.*'® Several possible
candidates exist for the intranasal delivery of virucidal drugs and agents, such as favipiravir (FAV).'"'?

FAV (FAV, 6-fluoro-3-hydroxypyrazine-2-carboxamide, Figure 1), as an antiviral prodrug, was approved in Japan in
2014 for the treatment of new-onset or recurrent pandemic influenza as well as for experimental drug for Ebola virus
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Figure | Chemical structure of FAV and its metabolic activation.'*
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infections. FAV is first converted by hypoxanthine-guanine phosphoribosyl transferase (HGPRT) to ribose 5'-
monophosphate (T-705-RMP) and then metabolized to the triphosphate form (T-705RTP) by cellular kinases.'**'* The
compound selectively inhibits viral RNA polymerase in vivo by its triphosphorylated metabolite, translating to broad-
spectrum inhibition of RNA viruses.'>'¢

FAV is available in an oral solid dosage form (Avigan® 200 mg),'” with a recommended dosage of 1600 mg twice
daily on day 1, followed by 600 mg twice daily on days 2 to 5 for the treatment of influenza infection,'® which leads to
patient incompliance, and results in toxicity and limited oral bioavailability (due to its low water solubility, FAV is
a Biopharmaceutics Classification System (BCS) class II drug).'® FAV has a short half-life, leading to rapid renal
clearance in its hydroxylated form (inactive metabolite T-705M 1) after being metabolized by aldehyde oxidase/xanthine
oxidase enzymes (present in the liver, lungs, small and large intestine, kidney, prostate, and adrenal glands).>° Thus,
a novel formulation and alternative route of administration are critical to improve bioavailability and therapeutic efficacy
while minimizing the adverse effects of FAV (that include mild to moderate diarrhoea, increase of blood uric acid and
transaminase level, and decrease in the neutrophil counts).?!*

Intranasal delivery of FAV means further advantages, including improved systemic bioavailability due to increased
drug solubility, absorption and nasal permeability through a highly vascularized and less acidic environment, avoiding
hepatic first-pass metabolism in comparison to the gastrointestinal tract.>>** FAV shows low brain penetrance because it
has a low log P value (0.72), the critical factor for CNS penetration, and low lipophilicity, which decreases brain
uptake.? Therefore, intranasal delivery can be utilized to deliver FAV directly to the brain, where it could be activated by
the HGPRT enzyme within the infected cells by neurotropic viruses, as HGPRT is also be found in the CNS. Moreover,
the administration of lower doses may be therapeutically effective with fewer systemic side effects.

Lipid nanoparticles, including liposomes and niosomes, are considered a suitable antiviral drug carrier to enhance the
BBB penetrating, protect the drug against enzymatic degradation, and improve its bioavailability, hence, prevent viral
spread.”®® Niosomes (NIOs), a newer generation of liposomes, rise from the self-assembly of non-ionic surfactants of the
alkyl or dialkyl polyglycerol ether class and cholesterol (CH) with subsequent hydration in aqueous media.>**® Recently,
amphiphilic materials, such as ascorbyl palmitate (AP), have been used to prepare bilayer vesicles called aspasomes
(ascorbyl palmitate-based nanocarriers; ASPs), a newer generation of NIOs, to enhance the stability and biological activity
of NIOs.>' ASPs contain AP in combination with CH and an anionic or nonionic surfactant in various molar ratios. AP is an
ester form of ascorbic acid, which is amphiphilic by nature and more stable in liquid form than ascorbic acid.*'>*

These colloidal vesicles have several advantages, like the development of an effective drug delivery system to achieve
a maximum effective concentration and the formation of vesicles that are able to entrap both hydrophilic and hydro-
phobic drug molecules with higher stability compared to liposomes. Moreover, modification of the nanoparticulate
composition or surface can adjust the affinity for the target site and/or the drug release rate.

According to our knowledge, several FAV-nanocarriers for intranasal administration have been developed such as

favipiravir-pyridinecarboxamide cocrystal nasal powder formulation,*®

crystalline favipiravir Sodium Salt liquid
formulation,”” favipiravir loaded PLGA nanoparticles,”® and favipiravir loaded mucoadhesive chitosan—alginate
nanoparticles.>® Moreover, ASPs have been used for transdermal delivery, such as Acyclovir loaded aspasomal gel,*’
Quercetin loaded aspasomal gel,*' Idebenone/Naproxen co-loaded aspasomes,** and based on the literature, there are no
available reported ASP formulations for intranasal administration. Therefore, FAV-loaded aspasome formulations (FAV-
ASPs) and FAV-loaded niosome formulations (FAV-NIOs) seem to be a novel approach.

In this study, our aim was to develop and compare novel FAV-ASPs and FAV-NIOs intended for intranasal
administration in order to improve the poor solubility of FAV, as a potential treatment for viral infections of CNS.

A further aim was the characterization of nasal applicability of optimized FAV-ASP and FAV-NIO formulations.

Materials and Methods

Chemicals and Solvents
FAV was provided by Egis Pharmaceuticals Plc. (Budapest, Hungary) with a purity of 99.6% w/w (according to supplier
certificate of analysis). Methanol 99.99% vA (HPLC grade), ortho-phosphoric acid 85% v/ (HPLC grade) and
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anhydrous disodium hydrogen phosphate were purchased from Molar Chemicals Kft. (Budapest, Hungary). Acetonitrile
99.8% v/v (HPLC grade) was purchased from PromoChem (Wesel, Germany). Ascorbyl acid-6-palmitate (AP), sorbitan
monostearate (Span® 60), chloroform, ethanol 96% v/v, dimethyl sulfoxide (DMSO) and dodecane were purchased from
Merck KGaA (Darmstadt, Germany). Porcine brain polar lipid extract, dicetyl phosphate (DCP) and cholesterol (CH)
were purchased from Sigma Aldrich Co. Ltd. (Budapest, Hungary). For redispersion of formulations, pH 7.4 Dulbecco’s
phosphate-buffered saline (DPBS) acquired from Capricorn Scientific GmbH (Ebsdorfergrund, Germany) was applied.
As nasal dissolution medium, Simulated Nasal Electrolyte Solution (SNES) was freshly prepared, containing 8.77
g sodium chloride (NaCl), 2.98 g potassium chloride (KCl), and 0.59 g anhydrous calcium chloride (CaCl,) in
1000 mL of deionized water at pH 5.6. These chemicals were acquired from Sigma-Aldrich Co. Ltd. (Budapest,
Hungary). In all experiments, purified water was filtered using the Millipore Milli-Q® (Merck Ltd., Budapest,
Hungary) Gradient Water Purification System.

Quantitative Analysis by RP-HPLC-DAD

FAV concentration in the experiments was analyzed using an Agilent 1260 hPLC (Agilent Technologies, San Diego, CA,
USA) and Zorbax® SB-CN C18 column (5 pm, 250 mm x 4.6 mm, 100 A ). As mobile phase acetonitrile—disodium
hydrogen phosphate anhydrous buffer (pH 3.1, 20 mm) in a ratio of 10:90 (v/v) was used, and FAV was eluted at an
isocratic flow rate of 1.0 mL/min up to 10 min at 30°C. The injection volume was 10 puL. Chromatograms were detected
at 323 nm using a UV-VIS diode-array detector.

Preparation of FAV-ASP Formulations

A modified film hydration method was used for the preparation of FAV-ASPs (Table 1). For anionic surfactant-based
FAV-ASPs, various ratios of lipid mixture (AP:CH:DCP) (w/w) were dissolved in 10 mL of chloroform, whereas for
nonionic surfactant-based FAV-ASPs, different ratio of AP/Span® 60 with a constant amount of CH (50 mg) were
dissolved in 10 mL of chloroform. A fixed amount of FAV (30 mg) was dissolved in 5 mL of methanol. Then, the FAV
solution was mixed with each lipid solution in a round bottom flask, and the organic solvent was evaporated at 60 °C and

31,34

633 mbar pressure using a Biichi R-210 rotary vacuum evaporator (Flawil, Switzerland), and the rotation was set at
100 rpm for 1 h, until the appearance of a thin film on the wall of the flask. Thereafter, the thin lipid film was hydrated
with 15 mL of pH 7.4 phosphate-buffered saline (PBS) for 1 h.

Table 1 Composition of FAV-Loaded Aspasome Formulations (FAV-ASP)

Formulation | FAV (mg) | Anionic Surfactant-Based FAV-ASP | Nonionic Surfactant-Based FAV-ASP
AP (mg) | CH (mg) | DCP (mg) | AP (mg) | Span® 60 (mg) | CH (mg)
FAV-ASPI 30 40 40 10 - - -
FAV-ASP2 30 30 40 10 - - -
FAV-ASP3 30 20 40 10 - - -
FAV-ASP4 30 10 40 10 - - -
FAV-ASP5 30 40 10 10 - - -
FAV-ASP6 30 40 20 10 - - -
FAV-ASP7 30 40 30 10 - - -
FAV-ASP8 30 - - - 25 25 50
FAV-ASP9 30 - - - 25 50 50
FAV-ASPI0 30 - - - 50 25 50
FAV-ASPI | 30 - - - 50 50 50
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Preparation of FAV-NIO Formulations

FAV-NIOs were formulated by a modified ethanol injection method.** Various amounts of Span® 60 and CH (as shown
in Table 2) were dissolved in 2 mL ethanol using ultrasonication (for 10 min at 30°C). A fixed amount of FAV (30 mg)
was dissolved in the ethanolic solution, followed by sonication until the formation of a clear solution. Then, it was
injected rapidly in 15 mL of distilled water (previously heated to 60°C) under constant stirring, followed by probe
sonication (0.5 cycles for 2 min at ultrasonic power input 80%). Then, it was stirred for 1 h at room temperature,
followed by a complete evaporation of ethanol at 60°C and 633 mbar pressure using a rotary vacuum evaporator, and the
rotation was set at 100 rpm for 1 h. To reach the final volume (15 mL) of niosomal dispersion, distilled water was added.

Lyophilization

For freeze-drying a Scanvac, CoolSafe 100-9 Pro type apparatus (LaboGeneApS, Lynge, Denmark) was applied.
Formulations were divided in 1.5 mL portions, and 5% w/v of mannitol was added as a cryoprotectant. Freeze-drying
was performed at —40°C for 12 h at reduced pressure (0.013 mbar) controlled by Scanlaf CTS16a02 software. After that,
a secondary drying at 25°C was applied for 3 hours. Freeze-dried samples were stored in the refrigerator at 4°C until
further analysis. The samples were redispersed in adequate medium before each test.

Vesicle Size Analysis, Polydispersity Index and Zeta Potential Determination

The mean hydrodynamic diameter of vesicles (Z-average), polydispersity index (PDI) and zeta potential (ZP) for FAV-
ASP and FAV-NIO formulations were investigated using a Malvern NanoZS equipment (Malvern Instrument). Samples
were redispersed in distilled water and suitably diluted (1:10) before assessments. All measurements were carried out in
triplicate, and results are presented as means + SD.

Determination of Drug Content, Drug Encapsulation Efficiency (EE%) and Drug
Loading (DL%)

For drug content determination 1-1 mL of formulations were diluted with 4 mL of methanol using ultrasonication bath
for 10 min. Then, the suspensions were filtered using 0.45 um syringe filters and analyzed with HPLC to determine FAV
concentration. Encapsulation efficiency (EE%), ie the percentage amount of FAV that has been loaded in the vesicles,
was determined by using the dialysis technique in order to select the proper formulations with the highest EE% for
further studies.** The formulations were redispersed in distilled water, and then 3 mL of each sample was transferred into
a dialysis bag (12 kDa MWCO, Sigma-Aldrich, St. Louis, USA) immersed in 100 mL of purified water and constantly

Table 2 Composition of FAV-Loaded Niosome Formulations

(FAV-NIO)
Formulation | FAV (mg) | Span 60® (mg) | CH (mg)
FAV-NIOI 30 40 10
FAV-NIO2 30 30 10
FAV-NIO3 30 20 10
FAV-NI0O4 30 40 20
FAV-NIO5 30 40 30
FAV-NIO6 30 40 40
FAV-NIO7 30 10 40
FAV-NIO8 30 20 40
FAV-NIO9 30 30 40
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stirred for 30 min. The concentration of free FAV that diffused from the dialysis bag to the purified water was determined
by using HPLC, and EE% and DL% were calculated as follows:*’

Cbefore dialysis — Cafter dialysis
EE% = z z

x 100% )
Chefore dialysis

DL% Mass of drug encapsulated
0 =

- 100% 2
Mass of nanoparticles components % ° @

Residual Solvent Determination

To determine the residual organic solvents (ethanol, methanol and chloroform) in the freeze-dried formulations, gas
chromatography-mass spectroscopy (GC-MS) measurements were performed using a Shimadzu GCMS-QP2010 SE
(Shimadzu Europa GmbH, Duisburg, Germany) with a ZBWax-Plus column (length: 30 m, diameter: 0.25 mm) and
helium carrier gas.

In vitro Permeability Measurements

A blood-brain barrier-specific parallel artificial membrane permeability assay (BBB-PAMPA) was used to investigate
FAV permeability (cm/s) of initial API solution and in the selected formulations (according to the EE% results) in order
to find the optimal one.*® 10 mm FAV solution was prepared in dimethyl sulfoxide (DMSO), which was further diluted
with DPBS solution (pH 7.4) to obtain reference solution with 100 uM concentration. The donor plate (Multiscreen™-IP,
with pore size 0.45 um; Millipore, Merck Ltd., Budapest, Hungary) was preliminary coated with 5 pL of lipid solution
(24 mg porcine brain polar lipid extract dissolved in 840 uL hexane and 360 pL dodecane). Then, the donor plate was
inserted to the acceptor plate (Multiscreen Acceptor Plate, Millipore, Merck Ltd., Budapest, Hungary), which contained
300 pL of DPBS solution (pH 7.4). 150-150 pL of reference FAV solution, as well as of the redispersed freeze-dried
formulations with DPBS (with 2 mg/mL FAV nominal concentration) were transferred on the lipid membrane of the
donor plate. The plates were incubated at 37°C for 4 h (Heidolph Titramax 1000, Heidolph Instruments, Schwabach,
Germany). After that the PAMPA plates were separated and the FAV concentrations both in the donor and acceptor
chambers were determined using HPLC. The effective permeability and membrane retention of drugs were calculated
using the following equation (3):

_ 2.303.V, B CA(I)
P, = Ai(t_%).log@ L ) 3)

where P, means the effective permeability coefficient (cm/s), ¥ is the volume of the acceptor well (0.3 cm?), 4 indicates the
surface area of one well (0.24 cm?), ¢ is the incubation time (s), zgs is the time to reach the steady state (s), C(?) is the
concentration of the compound in the acceptor phase at time point # (mol/cm?), and S is the solubility of FAV in the donor
phase. The flux of the samples was calculated as follows (4):

Flux = P,.S 4)

Six parallel measurements were performed, and data are presented as means = SD.

Rapid Equilibrium Dialysis Measurement (RED)

RED method (Thermo Scientific™, Waltham, MA, USA) was applied for the determination of the time-dependent drug
release profiles of FAV and the selected optimal formulations (according to PAMPA results) after nasal absorption. For
the measurement, the reference was prepared by suspending 2 mg of FAV in 1 mL DPBS solution (pH 7.4) using an
Eppendorf MixMate (Thermo Scientific™, Waltham, MA, USA) vortex mixer for 30 s. RED inserts (8K MWCO) were
fitted into the reusable Teflon base plate, and then 150—150 pL of reference FAV solution, as well as of the lyophilized
formulations redispersed in DPBS (with 2 mg/mL FAV nominal concentration) were pipetted into the donor chambers.
Then, 300 pL of DPBS was pipetted to the acceptor chambers, and the device was covered with a sealing tape to avoid
evaporation and incubated at 37°C for 4 h. Aliquots from the acceptor chambers were withdrawn at predetermined time
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points and replaced with fresh DPBS.*® FAV concentrations were determined using HPLC. Six parallel measurements
were conducted, and data were presented as means = SD.

In vitro Drug Release Under Nasal Conditions

In vitro drug release study under nasal conditions is an important test during the development of intranasal formulations
to determine the absorption through the nasal cavity. Using the modified paddle method (Hanson SR8 Plus, Teledyne
Hanson Research, Chatsworth, CA, USA) drug release profile for reference FAV suspension, and the optimal freeze-dried
formulations redispersed in SNES (with 2 mg/mL FAV nominal concentration®’) were determined at 32°C at 50 rpm
paddle rotation speed in 100 mL SNES medium for 60 min. 1 mL of reference suspension and formulations were loaded
in pre-treated dialysis bags (Spectra/Por® Dialysis Membrane with 12—-14 kDa MWCO, Spectrum Laboratories Inc.,
Rancho Dominguez, CA, USA) sealed at both ends. Quantification of aliquots was performed by HPLC.

Evaluation of in vitro Drug Release Data

Drug release profiles were compared with model-independent approaches based on calculating the area under the curve
(AUC), dissolution efficiency (DE), and mean dissolution time (MDT). In addition, the model-dependent kinetic analysis
(zero order, first order, Higuchi, and Korsmeyer-Peppas kinetic profiles) was fit to evaluated. Microsoft Excel DDsolver®
add-in software was used for the mathematical evaluation of the release kinetics, and the fitting of each model by
comparing the correlation coefficient (R?), rate constant (K), Akaike Information Criterion (AIC), and Model Selection
Criterion (MSC).**!

Storage Stability

The optimal formulations were stored at 4°C and the storage stability study was conducted for 4 weeks and analyzed in
terms of Z-average, PDI, ZP to evaluate the physical stability and in terms of drug content to evaluate the chemical
stability every week (as described previously).

Droplet Size Distribution Measurement

Laser diffraction method was used to evaluate the droplet size distribution of the optimal formulations.’? The evaluation
was performed using a Malvern Spraytec® system (Malvern Instruments Ltd., Malvern, UK), equipped with a 300 mm
lens capable of analysing droplet sizes in a range of 0.1-900 pm (Dv50: 0.5-600 um). The tip of the nasal spray device
was aligned and positioned at 45° from the horizontal plane. Measurements were conducted at room temperature. The
formulations were redispersed in distilled water and placed in a nasal spray container. Each nasal spray was manually
actuated three times and discharged into waste, allowing the device to function optimally. The data were analyzed using
the Spraytec® software v4.00 (Malvern Panalytical Ltd., Malvern, UK), with volume diameter and described as 10%
(Dv10), 50% (Dv50), and 90% (Dv90) of the cumulative volume distribution. The results were presented as means + SD.

Ex vivo Nasal Permeability Study on Human Nasal Mucosa

The ex vivo transmucosal permeability of the optimized formulation (based on BBB-PAMPA, nasal dissolution, and RED
results) and reference FAV suspension (with 2 mg/mL nominal FAV concentration) was studied in a modified Side-Bi-
Side® type horizontal diffusion apparatus under artificial nasal conditions.”® Human nasal mucosa were collected during
routine nasal and sinus surgeries (septoplasty, Functional Endoscopic Sinus Surgery (FESS)) under general or local
anesthesia. The surgical field was infiltrated with locally administered 1% lidocaine-adrenalin injection, and the mucosa
was excised with a raspatorium or Cottle elevator. Excised nasal mucosa was stored in physiological saline until further
investigation. All investigations were conducted freshly within 30 min after the removal of the tissue. The experiments
have been performed in line with the principles of the Declaration of Helsinki under approval of University of Szeged’s
institutional ethics committee (ETT-TUKEB: 1V/3880-1/2021/EKU). The participants were briefed on the study proce-
dures, and written informed consent was obtained from all subjects prior to conducting the procedure. Nasal mucosa was
cut with a surgical scalpel into uniform segments with a diameter of 6 mm and inserted between donor and acceptor
phases to provide an appropriate surface for permeability study.’® To the donor Phase 8 mL of SNES was added, whereas
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to the acceptor Phase 9 mL of DPBS solution (pH 7.4) was pipetted. The temperature of both chambers was thermostated
at 32 + 0.5°C using a heating circulator (ThermoHaake C 10-P5, Sigma—Aldrich Co. Ltd., Budapest, Hungary). For the
measurement, both FAV reference suspension and selected freeze-dried formulation were redispersed in 1 mL SNES
(with 2 mg/mL FAV nominal concentration) and added to the donor compartment. Both compartments were continuously
stirred at 300 rpm using magnetic stirrers. Aliquots were withdrawn (100 pL) from the acceptor phase at 5, 10, 15, 30,
and 60 min and replaced with fresh DPBS. FAV concentration was determined using HPLC. The steady-state flux (Jgs),
permeability coefficient (K,), and enhancement ratio (ER) were calculated as follows:>>

m;

Jgs = 5
= ®)
Jss
K, === 6
=7 O
ER :Jssformulation R
Jss Reference

where Jss is the steady-state flux (ng/cm?/h), mt is the quantity of FAV permeated through the nasal mucosa, 4 is the
permeability surface of nasal mucosa (0.785 cm?), ¢ is the duration of the investigation (h), K, is the permeability
coefficient (cm/h) and Cy is the drug concentration in the donor phase (pg/cm?).

The theoretical steady-state plasma concentration (Cj,) of the drug can be used for estimation of the concentration of
drug that could be reached in the blood after nasal administration, was calculated as follows:*®

A
Css =Jy = 8
o2 ()
where J is the steady-state flux, A is the surface area of nasal mucosa used for the permeation study (cm?), and Cl, is the
plasmatic clearance (human Cl, value for FAV is 5.11 L/h).>’

In vivo Study

Animals and Samples Collection

The animals were kept at room temperature (approximately 23°C) and light was adjusted to alternate darkness and light
for 12 hours. The rats were fed with normal rodent chow and tap water ad libitum. All animals received humane care, in
compliance with the “Principles of Laboratory Animal Care” according to the National Society for Medical Research and
the Guide for the Care and Use of Laboratory Animals, formulated by the National Academy of Sciences, and published
by the National Institute of Health (NIH Publication No. 86-23, revised 1985). Healthy male Sprague-Dawley rats
(339+£39 g, mean + SD) were anaesthetized with an i.p. injection of ketamine (50 mg/kg) and xylazine (10 mg/kg). The
femoral vein was cannulated for plasma collection.”® A total of 50 uL FAV (2 ug/uL) or the corresponding formulation
of FAV was administered nasally. Animals were divided into three groups (FAV, FAV-ASPS8, and FAV-NIO9), and 0.5 mL
of blood samples were taken at 0, 5, 10, 15, 30 and 60 min post-FAV administration, then cerebrospinal fluid samples
were collected at the end of the experiments. After 45 min, the clot was removed by centrifuging at 1000 x g for 10 min.
The resulting supernatant (non-hemolytic serum) was extracted with 2 volumes of acetonitrile. Accordingly, acetonitrile
is suitable for precipitating and removing high-abundance proteins from the serum and eliminate the intra-molecular
protein interactions. The precipitate was removed by centrifuging at 1000 x g for 10 min. The animal study protocol was
approved by the Institutional Review Board (or Ethics Committee) of Institutional Animal Care and Use Committee of
the University of Debrecen, Debrecen, Hungary. (Approval number: 2/2021/DEMAB)

Sample Preparation

Real or spiked (standard) plasma or cerebrospinal fluid samples were precipitated with acetonitrile (1:2) and centrifuged
at 1000 x g for 10 min. The supernatants were collected, and the samples were dried under a gentle stream of N, at 60°C
using a Turbovap LV concentrator. The samples were re-dissolved in 50 pL pyridine, and then 50 pL N,
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O-bis(trimethylsilyl)tri- fluoroacetamide (BSTFA) with 1% of trimethylchlorosilane (TMCS) was added into the tubes.
The solutions were transferred into 1.5 mL vials sealed, and derivatization was carried out at 80°C for 30 min at 500 rpm
using an Eppendorf Thermomixer C device.”® Finally, 1 pL of the reaction mixture was injected into GC-MS equipment.

Gas Chromatograph-Mass Spectrometric (GC-MS) Analysis

Derivatized FAV was measured by GC-MS using a Shimadzu GCMS-QP2010 (Shimadzu, Kyoto, Japan) equipment. The
GC was equipped with an SLB-5 MS capillary column (Supelco, Bellefonte, PA, USA) (30 m x 0.25 mm i.d.; 0.25 pm
film thickness). Operating conditions were as follows: carrier gas: He, flow rate 32 cm/s; column temperature program:
1 min at 60°C, 60-250°C at 40°C/min and finally 7 min at 250°C. The temperature of the injection port and the interface
were 250°C and 270°C, respectively. 1 pL of the samples was injected into the GC-MS using an AOC-20i autosampler;
the split ratio was 1:10. The MS was equipped with an electron ionization (EI) ion source, and the operating conditions
were as follows: ionization energy 70 eV, ion source temperature 200°C, solvent cut time 4 min. The measurements were
carried out in selected ion monitoring (SIM) mode. The registered ions were 301 m/z, 286 m/z and 270 m/z, which were
selected based on the EI spectrum measured in SCAN mode.

Evaluation of Pharmacokinetic (PK) Parameters

The PK parameters of pure FAV, FAV-ASPS, and FAV-NIO9 were determined in the plasma and the CSF following a single
intranasal dose to evaluate the brain targeting. PK Solver 2.0 software was used to determine pharmacokinetic parameters
by non-compartmental analysis.°” The maximum concentrations (Cpnax) and times taken to reach these concentrations (Tay)
were determined from the mean concentration-time profiles. The elimination rate constant (k) was determined by plotting
log-linear concentration versus time. The elimination half-life (¢;,,) was calculated using equation (9):°'

tiy = 0.693/k, ©)

The area under the plasma concentration versus time curve (AUC,,_) was calculated using the linear trapezoidal method from
time O to time t (the last time point to withdraw blood samples), then the AUC from 0 to infinity, AUC ., (ng hour/mL) was

calculated using the following equation:®'**

AUCy_ = AUCy_; + Ci [k, (10)

where C, (ug/mL) is the last measured concentration at time t.
The clearance (Cp), the apparent volume of distribution (V4), the mean residence time (MRT), and the relative

bioavailability (F%) were calculated using the following equations:*®-¢>¢¢
Cp = dose/AUCy_o (11)
C

Va=1" (12)

[Cadt  aumC

MRT = —— =2""~ 13
[car — auC (3)
F(%) _ (AUCO*t)formulation % 100 (14)
(A UCo-— )reference

where AUMC is the first moment of the concentration-time integral.

Evaluation of in vitro-in vivo Correlations (IVIVC)
A point-to-point IVIVC for pure FAV, FAV-ASPS§, and FAV-NIO9 was mathematically examined based on the in vitro

67°%9) The relationship

data (release and permeation) and the in vivo pharmacokinetics data (based on FDA guidance
between in vitro values of AUCy (ugxmin/mL) and in vivo values of AUC; (ngxmin/mL) were evaluated using linear

regression. R? values have been calculated for each graph.
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Statistical Analysis

All experimental results are expressed as the mean + SD. For statistical analysis, GraphPad Prism version 10.12 software
(GraphPad Software, San Diego, CA) was used. A one-way analysis of variance (ANOVA) and Tukey’s post-hoc test
were performed to compare the groups. The significance level was set at p-value < 0.05, where (ns) means non-
significant, *p-value < 0.05, **p-value < 0.01, and ***p-value < 0.001, ****p-value < 0.0001.

Results and Discussion
Quantitative Analysis by RP-HPLC-DAD

The optimized method showed a good retention time (4.95 + 0.01 min), symmetrical peak shape (0.87 + 0.02) and the
required number of theoretical plates (12722.12 + 89.21) as per United States Pharmacopoeia (USP) and International
Council for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) Q2 (R1)
guidelines.”®’" The correlation coefficient (R?) was 0.9996, which suggests an excellent correlation and good linearity
for the method. System suitability is related to the reproducibility and capability of the method for routine analysis. The
optimized method showed good system suitability (Table 3).

Preparation of FAV-ASP and FAV-NIO Formulations

Anionic surfactant-based FAV-ASP consisted of AP, CH and DCP. AP has a hydrophilic-lipophilic balance (HLB) value
of about 8.4, which is suitable for vesicle formation.””> However, these AP vesicles are not stable. In contrast, AP may
form stable ASPs when combined with CH and the negatively charged lipid DCP.**"*"* CH is necessary to improve
physical stability as it provides rigidity to the bilayer membrane. DCP is used as a negative charge inducer to create
vesicles with stronger interaction with the mucosal surface, achieving improved delivery. It also forms electrostatic
repulsion between the vesicles, inhibiting aggregations. In addition, the double hydrocarbon chains in DCP results in
tighter packing of the bilayer membrane, increasing the encapsulation efficiency in ASP formulations.”*’®

Nonionic surfactant-based FAV-ASPs were formed by combining AP, CH and nonionic surfactants (Span® 60). All
Span types have the same head group but a different alkyl chain, and increasing the alkyl chain length leads to a higher
encapsulation efficiency. In this study, Span® 60 (HLB = 4.7) was used as a vesicle stabilizer due to its long chain length
(C18) and high transition temperature (53—55°C).>* The temperature of the rotary evaporator was 60°C, above the gel-to-
liquid phase transition temperature of Span® 60.

The NIO vesicles were formed by the combination of CH and Span® 60. The impact of CH and Span® 60 on the
formation of the vesicles was described previously. According to the literature, Span® 60 can form vesicles-NIOs only in
the presence of a suitable amount of cholesterol.””-”®

The optimal formulations were selected based on the critical parameters of the drug carrier for the nose-to-brain
delivery system, as summarized in Table 4. Firstly, we selected the formulations within the acceptable range of
Z-average, PDI and ZP. Then, we selected those with the highest EE% and DL%. After that, depending on PAMPA
results, we selected those with the highest permeability and flux values to evaluate the release rate, permeation through
the human nasal mucosa and in vivo permeability. Finally, we selected the promising formulation based on the in vivo

pharmacokinetics results.

Table 3 Results of System Suitability (n = 6)

Parameter FAV (323 nm) | USP Requirements Result
Theoretical plates/meter | 12722.12 + 89.21 > 2000 Accepted
Tailing factor 0.87 + 0.02 <2 Accepted
RSD% (for tg) 0.38 <2 Accepted
RSD% (for AUC) 0.70 <2 Accepted

6498 https: International Journal of Nanomedicine 2025:20



Salamah et al

Table 4 The Critical Parameters for the Selection of the Optimal Formulations and the Justification

Parameters Target Justification

Z-average <300 nm It effects the pharmacokinetics (solubility, absorption, distribution), toxicity, stability, thus, the
bioavailability and therapeutic effect.”*#°

PDI <05 It reflects the homogeneous degree of the particles. The smallest PDI values, the more stable with
lower aggregation and larger surface area, resulting in higher release rate ®'#?

ZP >+ 30 mV ZP is a predictive indicator of the kinetic stability of the vesicles,>®* and the ability to bypass the BBB

and prevent the aggregation in blood circulation.®®

EE% & DL%

EE% > 50%
DL% > 5%

To ensure the efficiency of the drug carrier in improving the therapeutic effect and minimizing adverse

effects.®

(in vitro & in vivo)

Release rate > initial FAV | To ensure the improving in the solubility, thus, the improving in the absorption and pharmacokinetics
of FAV.
Permeability rate > initial FAV | To improve the absorption through the nasal mucosa into the systemic circulation hence to CNS,

resulting in increased the bioavailability and therapeutic effect.

Vesicle Size (Z-Average), Polydispersity Index (PDI) and Zeta Potential (ZP) Analysis

Table 5 shows the results of Z-average, PDI and ZP for the selected formulations (Z-average, PDI and ZP results of all

formulations are presented in Supplementary Table 1). The results for FAV-ASPs showed that when the amount of AP

was decreased, the vesicle size of the ASPs significantly increased (p-value < 0.0001). Furthermore, the vesicle size

significantly increased with increasing CH amount (p-value < 0.0001). This result was similar to the findings of

a previous study by Babar et al (2025), where they developed Acyclovir loaded aspasomal gel for transdermal delivery

system. Their results revealed that the amount of AP and CH had a positive impact on Z-average.*” CH intercalates in the

bilayer with its polar head, and due to its hydrophobic properties, it occupies the interior portion of lipid bilayers and can
fill the gaps. The nonionic surfactant-based FAV-ASP and FAV-NIO formulations showed that with the increase in Span®

Table 5 Z-Average, PDI and ZP of Selected Formulations. Results are Expressed as Means + SD (n = 3)

Formulation

Z-Average (nm) PDI ZP (mV)

Anionic surfactant-based FAV-ASPs FAV-ASPI 283.20 + 1.51 0.31 £ 0.0l | —67.567 + 0.850

Nonionic surfactant-based FAV-ASPs | FAV-ASP8 292.06 + 2.10 0.36 + 0.03 —74.73 + 3.28

FAV-ASP9 292.76 + 3.80 0.31 +0.05 —73.16 + 4.65

FAV-ASPI10 284.60 + 6.71 0.29 + 0.06 —65.66 + 2.70
FAV-NIOs FAV-NIO| 195.13 £ 2.55 0.13 £ 0.03 —51.70 + 2.49
FAV-NI102 194.55 + 2.18 0.18 +0.04 | —3246 £ 1.36
FAV-NIO3 160.23 * 2.65 0.07 + 0.0l —28.43 + 242

FAV-NIO4 272.75 £ 0.71 0.38 + 0.02 —30.00 + 0.87

FAV-NIO5 292.80 + 1.95 0.12 £ 0.05 —31.63 + |.42

FAV-NIO6 274.30 + 1.37 0.13 £ 0.05 —-30.70 = 1.76

FAV-NIO7 262.60 + 451 0.26 + 0.02 —11.34 + 241
FAV-NIO8 180.70 * 1.61 0.12+0.04 | —17.60 +0.73
FAV-NIO9 157.60 £ 1.62 0.07 + 0.01 —27.20 + 0.26
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60 amount, the Z-average significantly increased (p-value < 0.0001). This result was also in accord with a previous study
by Mathure et al (2018). They developed Buspirone loaded niosomes for nose-to-brain delivery system. Their results
revealed that Z-average increased by increasing Span® 60 amount from 20 to 40 mg.®” Soni et al (2024) explained the
effect of Span® 60 on Z-average by the high interfacial activity and a critical packing parameter between 0.5 and 1,
where the lower value means tight packed vesicles, thus a smaller Z-average, while the further increase in Span® 60
amount led to an increase in Z-average due to increase CH amount to fill the gaps and counteract the effect of Span® 60
leading to higher rigidity of the Methotrexate loaded niosomes.®*®

Anionic surfactant-based FAV-ASPs exhibited bigger vesicles, which could be attributed to the influence of DCP that
had a negative charge, leading to an increase in the interbilayer distance and the surface area of the vesicles. Similar
results obtained by Varshosaz et al (2003) for Insulin loaded niosomes.®’

Moreover, FAV-ASP formulations had a broad size distribution (PDI > 0.3). However, PDI values < 0.5 were reported
to be acceptable.®' Whereas FAV-NIO formulations showed a significantly smaller particle size compared with FAV-ASP
formulations (p-value < 0.0001), and a narrow size distribution (PDI < 0.3). The results of the prepared formulations
showed an acceptably homogenous size distribution; this distribution may depend on the synthesis of mixed multi-
lamellar and large unilamellar vesicles during the hydration stage, as reported in previous studies.*>"?

ZP is a predictive indicator of the intensity of repulsive and attractive forces between vesicles, which allows the evaluation
of the vesicle stability. The formulations had negative values of ZP, which maintain electric repulsion. These negative values
depended on the chemical properties of AP and CH, also because of the application of negatively charged lipids (anionic
surfactant-based FAV-ASP formulations). These results agreed with data previously reported by Gopinath et al.*! According to
these results, the produced FAV-ASPs and FAV-NIOs were physically stable, preventing vesicle aggregation, and they have
a longer residence time inside the brain without being effluxed.”

Z-average, PDI and ZP are critical parameters which could impact the release, transport through direct or indirect
pathways, biodistribution and stability.”"** As reported in the literature, nanoparticles with a Z-average of 150-300 nm
were successfully taken up into the brain.”” Accordingly, we selected the formulations with a Z-average < 300 nm for

further investigations.

Determination of Drug Content, Encapsulation Efficiency (EE%) and Drug Loading (DL%)
The evaluation of the selected formulations (with a Z-average < 300 nm) indicating that FAV was successfully encapsulated
into the vesicles with drug content ranged from 1.60 + 0.36 mg to 1.85 + 0.60 mg, and EE% values ranging between 41.01 +
1.07% and 55.33 + 0.41%. Drug content of the selected formulations did not alter significantly with the compositions of the
formulations (p-value > 0.05). The EE% of FAV-NIOs was varied, and it did not alter significantly with changing of CH
amount (p-value > 0.05), and the same result was obtained by Gopinath et al,*' while increasing the ratio of Span® 60 to CH
increased EE% (p-value < 0.01). This outcome might be explained by an increase in the rigidity of the NIO membrane as
CH amount increased to fill the gaps and counteract the effect of Span® 60, leading to higher rigidity; thus, the membrane
fluidity decreased.”® El-Sayed et al (2017) studied the effect of CH amount on EE% of Flurbiprofen loaded niosomes, and
the results revealed a significant increment in EE% upon increasing CH amount.”* The results of FAV-ASPs demonstrated
that nonionic surfactant-based FAV-ASPs had a significantly higher EE% compared to anionic surfactant-based FAV-ASPs
(p-value <0.0001), which could be related to the impact of using AP and Span® 60. Moreover, EE% increased significantly
by increasing the amount of Span® 60 (p-value < 0.0001), or by increasing the amount of AP (p-value < 0.01), or by
increasing both AP and Span® 60 amounts (p-value < 0.0001).

Most nanoparticle systems have relatively low drug loading (<10 w%). It is critical to increase drug loading in order
to improve the therapeutic effect and minimize adverse effects.”” The nano-carrier system can be considered efficient if
EE% > 50% and DL% > 5%.% The results showed that using ASP and NIO formulations enhanced DL % of FAV (as
shown in Figure 2). FAV-ASPS, FAV-ASP10 and FAV-NIO9 showed acceptable EE % (>50%), high DL % (>5%) and
drug content. Accordingly, we selected these formulations for further investigation. The results of drug content, EE %
and DL % of the selected formulations are presented in Supplementary Table 2.
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Figure 2 EE% and DL% results of FAV-ASP8, FAV-ASP10 and FAV-NIO9. Results are expressed as means + SD (n = 3), ***p-value < 0.001, ****p-value < 0.0001.

Residual Solvent Determination

Residual solvents are classified into four classes based on the toxicity level and the degree to which they can be considered as
an environmental hazard. Both chloroform and methanol belong to Class II solvents; thus, their residual concentration should
be less than 60 ppm and 3000 ppm, respectively, while ethanol belongs to Class III solvents (the accepted residual limit is
5000 ppm) in the daily dose of final product as a requirement of the International Council of Harmonisation (ICH) Q3C (R5)
guideline for residual solvents. The results of GC measurement showed that the residual organic solvent contents were under
LOD (less than 1 ppm for chloroform, methanol and ethanol), which supports that they were totally evaporated from the ASP
and NIO vesicles during the film hydration method, ethanol injection method and freeze-drying.

In vitro Permeability Measurements

PAMPA is a cost-effective, relative, and reproducible technique for rapidly predicting passive transcellular transport,
B89

96,97

which is one of the absorption routes of lipophilic molecules through the nasal mucosa and BB so it is unable to

give a complete description of the permeability via the BBB. However, PAMPA would be useful for choosing the most
promising formulation, hence reducing in vitro and in vivo testing.'®

The BBB-PAMPA results showed that the formulations (FAV-ASPS, FAV-ASP10 and FAV-NIO9) had significantly
higher permeability than pure FAV (Figure 3A). The addition of the surfactant agent to the formulations enhanced the
solubility of FAV and increased its membrane permeability through BBB.®” The effect of Span® 60 could also be
observed in the flux values in the PAMPA study (Figure 3B). Based on these results, we selected FAV-ASP8 and FAV-
NIO9 as optimal formulations due to the high permeability and flux values through the porcine brain polar lipid extract,

high EE% and DL%. The results of the optimal formulations were summarized in Table 6.

Rapid Equilibrium Dialysis Measurement (RED)

RED assay was used to investigate the in vitro drug release of FAV from ASPs and NIOs vesicles at blood circulation
conditions (DPBS, pH = 7.4). The incubation time of 4 h was sufficient for test formulations to reach equilibrium. The
result showed that the dissolution rate of the optimal formulations was increased by approximately 3.5-fold compared to
pure FAV (p-value < 0.0001), which could be related to the nanosized particles and the effect of AP and Span® 60. As
shown in Figure 4, the amount released of FAV increased rapidly during the first hour, and the equilibrium state of the
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Figure 3 BBB-PAMPA results for FAV-ASP8, FAV-ASP10 and FAV-NIO9 in comparison with pure FAV. (A): permeability results, (B): flux results. Results are expressed as
means * SD (n = 6), **p-value < 0.01, and ***p-value < 0.001, ****p-value <0.0001.

formulations started after 2 h. This result could be related to the release of desorption FAV from the surface of the
vesicles, followed by diffusion of FAV through the bilayers. Similar result obtained by Taymouri et al (2016).'%!

In vitro Drug Release Under Nasal Conditions

Figure 5 presents the cumulative in vitro release of FAV from the optimal formulations in SNES. The study indicated that
all formulations had a significantly higher release rate than FAV suspension. FAV-ASP8 released 77.31 + 1.96% of the
loaded drug after 60 min (p-value < 0.001), whereas FAV-NIO9 released 57.01 + 1.22% (p-value < 0.05), in comparison
with pure FAV (46.31 = 1.83%). AP is a more stable amphiphilic derivative of ascorbic acid. It reduces the surface
tension, especially when integrated into a phospholipid monolayer.'? Therefore, the integration of AP with CH and
Span® 60 could effect on the fluidity of the vesicle membrane resulting in higher release rate compared to NIOs.
Moreover, AP is pH neutral, so the hydrolysis of AP at pH 5.6 is slow, which could impact FAV release by diffusion
without affecting the vesicle membrane integrity. In addition, increasing Span® 60:CH ratio may improve the integrity of
NIOs membrane and reduce the FAV leakage, resulting in less drug release from the vesicles compared to ASPs. The
result indicated that the dialysis bag did not restrict the diffusion of FAV. Furthermore, the use of ASPs and NIOs as

Table 6 The Summarized Results of the Optimal Formulations

Optimal FAV-ASP8 FAV-NIO9
Formulations

Compositions FAV | AP | Span® 60 | CH | FAV | Span® 60 | CH
Amount (mg) 30 25 25 50 30 30 40
Z-average (nm) 292.06 + 2.10 167.13 + 1.60

PDI 0.36 + 0.03 0.07 £ 0.0l

ZP (mV) —74.73 + 3.28 —27.1 £ 1.24

EE (%) 55.33 £ 0.41 51.30 £ 0.69

DL (%) 12.79 £ 0.22 1542 + 0.38

Pe (cmls) 23.78 + 2.84 43.64 + 7.86

Flux (mol/cm?*s) 51.47 £ 6.17 73.03 £ 7.6l
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Figure 4 Rapid equilibrium dialysis (RED) of the optimal formulations in comparison with pure FAV. Results are expressed as means + SD (n = 6).
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Figure 5 Cumulative in vitro release profile of the optimal formulations compared to pure FAV. Results are expressed as means + SD (n = 3).

carriers enhanced the encapsulation of FAV and increased the release rate due to the small particle size of the carrier,
which increased the surface area and its hydrophilic properties.

In vitro Drug Release Data Evaluation
The release kinetics of the optimal formulations were statically compared with pure FAV using DDsolver®. The results
showed that FAV-ASPS had the highest AUC and DE values (Table 7). The AUC and DE values of all the optimal
formulations were significantly higher than the AUC value of pure FAV. Moreover, the MDT values of FAV-ASP8 were
significantly lower than those of pure FAV, which means a faster release rate in comparison to pure FAV and FAV-NIO9,
which could increase the absorption through the nasal cavity.'%>'%*

The model with the highest R?, the smallest AIC, and the highest MSC values is the best kinetics model.’*>'%° The
release profiles of the optimal formulations were fitted Korsmeyer-Peppas kinetic model. The release exponent “n” values
of FAV-ASP8 and FAV-NIO9 were 0.44 + 0.01 and 0.38 + 0.01, respectively, which refers to a quasi-Fickian diffusion

(n < 0.45)°%1% (Supplementary Table 3).

Table 7 Comparison of Release Profiles Using Model-Independent
Approaches. Results are Expressed as Means + SD (n = 3)

Sample AUC (ug min/mL) DE (%) MDT (min)
FAV 1922.26  62.97 0.32 £ 0.01 18.48 + 0.50
FAV-ASP8 3354.79 + 49.43° 0.55 £0.01° | 16.60 £ 0.45°
FAV-NI09 2639.32 + 14.75° 0.43 +£0.002° | 60.16 + 80.26°

Notes: *p-value < 0.001. ®p-value <0.0001.
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Storage Stability

The stability test is important for the evaluation of the ability of the vesicles to resist environmental conditions, such as
temperature, and for the protection of the drug from degradation, thus determining the recommended storage conditions
and the retest period for the drug. The stability results for the optimal formulations showed that there was a decrease in
Z-average value after 4 weeks (p-value < 0.0001) in case of FAV-ASP8, which can be explained by the change of mean
intensity distribution of the size (Z-average is calculated by the intensity of the particle),'®” and the effect of AP as
antioxidant which prevents the oxidative degradation of lipid bilayer. However, FAV-NIO9 showed a significant increase
in Z-average value (p-value < 0.0001), presumably because of the aggregation of NIOs over time due to attractive forces
(Van der Waals forces) or electrostatic interactions (repulsive forces). Moreover, the evaluation of PDI for FAV-ASP8 and
FAV-NIO9 showed a non-significant increase, and both formulations maintained acceptably homogenous size distribu-
tion. The evaluation of ZP over time showed that FAV-ASP8 had a non-significant change in ZP, while FAV-NIO9
exhibited a decrease in ZP (non-significant), indicating a higher possibility to aggregate over time.'”® Furthermore, the
six hydroxyl groups of mannitol can form hydrogen bonds with FAV (using the hydroxyl and carboxamide groups),
which could impact the crystallization of mannitol and form a partially amorphous state. The amorphous state is less
chemical stability and more hygroscopic.'®''® Therefore, hydrolysis or oxidative degradation could occur over time.
FAV-NIO9 showed a higher reduction of FAV concentration compared to FAV-ASP8. Thus, we can conclude that FAV-
ASPS had a higher stability than FAV-NIO9 (Supplementary Figures 1-4).

Droplet Size Distribution Measurement
Targeting the CNS requires particle deposition in the posterior region of the nasal cavity (to reach the olfactory and
trigeminal nerves).''' The deposition depends on many factors, including the interaction of the spray device with the

nose (the angle of insertion and the plume angle),''? nasal cavity (the mucociliary clearance mechanism and the human

113 114

variabilities), ~ and the formulation characteristics (droplet size, viscosity, elasticity).

US FDA and EMA recommended the droplet size distribution measurement as an indicator of in vitro bioavailability
for the liquid nasal formulation.''*""'* The nasal spray is recommended to be placed 3 cm below the receiving lens,'"?
with an application angle of 45°. A study by Jiiptner et al (2025) demonstrated a more posterior deposition profile for 45°

compared to 60° due to increased deposition in the turbinate region, and the overall nasal deposition was excellent at
~98%, with minimal loss from the nose.'!!
The recommended droplet size ranges between 20 to around 200 pm.''? Droplets with Dv50 < 10 um can be inhaled

through the nasopharynx and reach the lungs,'"”

113

or deposited in the anterior region of the nasal cavity which enhances
formulation clearance from the nasal cavity.

The results demonstrated that FAV-ASP8 and FAV-NIO9 were suitable for nasal administration (Dv50 values were
174.80 = 12.08 and 89.05 + 7.33 um, respectively), which indicates a more posterior deposition, thus, increasing the
absorption through the nasal cavity.

FAV-ASP8 showed a significantly higher Dv50 values compared to FAV-NIO9 (p-value < 0.01), which could be
attributed to the effect of AP and Span® 60. Span® 60, as a non-ionic surfactant, reduced the interfacial tension and
facilitated the formation of smaller droplets (FAV-NIO9),"'* while the incorporation of AP could counteract the effect of
Span® 60 leading to larger droplets (FAV-ASP8). Moreover, FAV-ASP8 and FAV-NIO9 showed small Span values (no
significant differences), indicating a narrow width of droplet size distribution''® (Table 8).

Table 8 Droplet Size Distribution of the Optimal Formulations. Results are
Presented as Means + SD (n = 3)

Formulation | DvI0 (um) Dv50 (um) Dv90 (um) Span (um)
FAV-ASP8 61.07 £ 623 | 174.80 = 12.08 | 500.50 + 65.80 | 2.02 + 0.86
FAV-NIO9 4210 £299 | 89.05+733 | 25720 + 76.47 | 2.37 + 0.67
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Figure 6 Ex vivo permeability study of FAV-ASP8 and FAV-NIO9 in comparison with pure FAV. Results are expressed as means + SD (n = 3).

Ex vivo Nasal Diffusion Study on Human Nasal Mucosa
The transmucosal permeability measurement of the optimal formulations in comparison with pure FAV was performed using
human nasal mucosa. The study showed that both FAV-ASP8 and FAV-NIO9 had a higher amount of FAV diffused through the
human nasal mucosa to the acceptor chamber within 60 min (1311.74 + 41.70 pg/cm?® and 402.94 =+ 22.32 pg/em?, respectively)
compared to pure FAV (128.17 + 13.64 pg/cm?, p-value < 0.0001), which means an enhancement in the absorption and
permeation through the nasal mucosa (Figure 6). These results could be attributed to the nanosized particles (particle sizes < 500
nm can pass through the aqueous, non-viscous holes of the mucin network, resulting in higher mucosal penetration and
absorption into the mucosal cells), negative ZP value (avoid slow penetration by limiting adherence to the negatively charged
membrane), in addition to the effect of vesicles components.''” Furthermore, FAV suspension has high fluidity and negligible
mucosal adherence.”® As a result of the shorter contact time with the nasal mucosa, FAV suspension has a lower permeability.

Moreover, FAV-ASP8 showed a significantly higher permeability compared to FAV-NIO9 (p-value < 0.0001), which
could be attributed to the surfactant-like property of AP (like sorbitan derivatives), Its lipophilic properties which
enhance the tissue penetration, and its deformability which allowed ASPs to bypass through the tight junctions of the
nasal cavity. D’Avanzo et al (2022) evaluated the permeation profile of Idebenone/Naproxen co-loaded aspasomes by
human stratum corneum and viable epidermis (SCE) membrane, and the results demonstrated enhancement in the
permeability due to the impact of AP.*?

Table 9 summarizes the biopharmaceutical parameters, including permeation and prediction parameters. FAV-ASP8
had higher steady-state flux (J5;), permeability coefficient (K,,) and theoretical plasma concentration at the steady-state in
humans compared to FAV-NIO9 and pure FAV.

In vivo Study
Pharmacokinetic Parameters

FAV has a low solubility in water (8.7 mg/mL) and a low CNS permeability, which could be attributed to the low passive
permeability due to its three H-bonding donors.> The capacity of FAV-ASP8 and FAV-NIO9 to deliver FAV to the CNS

via the intranasal route was evaluated using Sprague—Dawley rats.

Table 9 The Biopharmaceutical Parameters of the Formulations are Compared to
the Initial FAV. Results are Expressed as Means + SD (n = 3)

Sample Flux (ug/cm?/h) K, (cm/h) ER C,s (ug/mlL)

FAV 2.13 + 0.06 0.002 £7.12 % 10°° - 0.32 £ 0.01

FAV-ASP8 21.86 +0.02° 0.011 £ 1.45x10°* | 1023 £ 0.28° | 3.35 £ 0.01°

FAV-NIO9 6.71 £ 0.03° 0.004 £ 1.95x107>® 3.14 £ 0.07° 1.03 +2.31*

Note: *p-value < 0.0001.

International Journal of Nanomedicine 2025:20 hetps: 6505



Salamah et al

40- ns

© FAV
4 FAV-ASP8

& FAV-NIO9

FAYV concentration (ung/mL)

0 10 20 30 40 50 60
Time (min)
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means non-significant.

The average plasma drug concentration—time curves after a single nasal dose of pure FAV, FAV-ASP8 and FAV-NIO9 are
demonstrated in Figure 7. FAV was detected and reached a plasma concentration peak (C,.x) 0f 26.24 = 7.382, 27.03 &+ 6.88,
and 20.32 + 11.08 ug/mL at 7.5 + 2.88, 7.5 + 2.88, and 10 + 4.08 min (T,,.,) after the administration of pure FAV, FAV-ASP8
and FAV-NIO9, respectively. These results indicate that the nasal mucosa effectively and rapidly transports FAV into the
systemic circulation. In addition, FAV-ASP8 showed the highest t;/, value (226.42 + 337.06 min) compared to pure FAV and
FAV-NIOO. This could be related to the use of AP to prepare the drug carrier, which may reduce the elimination rate and thus
extend the duration in the systemic circulation (Cy value was 0.79 = 0.56 mL/min). The relative bioavailability (F%) values of
FAV-ASP8 and FAV-NIO9 were 124.53 + 35.33% and 85.28 + 33.24%, respectively (Table 10).

Due to restrictions in CNS tissue access, CSF drug concentrations are used as an alternative for CNS tissue delivery, with
the hypothesis that there is a direct, though not absolute, link between CSF and CNS tissue penetration.''® Furthermore, the
olfactory nerves in the nasal cavity provide additional link with the CSF in the subarachnoid space through the interstitial fluid
surrounding the olfactory nerve bundle.''*"'?° In our study, FAV was detected in the CSF samples (Figure 8). The evaluation of
CSF samples showed a significant elevation of FAV concentration into CSF after 1 hour of nasal administration of FAV-ASP8
compared to FAV suspension (*p-value < 0.05) and FAV-NIO9 (***p-value < 0.001), while there was no significant increase
in the case of FAV-NIO9 compared to FAV suspension. These results can be attributed to an increase in the extent of drug

Table 10 Pharmacokinetic (PK) Parameters of Pure FAV, FAV-ASP8, and FAV-NIO9
Obtained After Non-Compartmental Analysis Using PK Solver Software. Results are
Expressed as Means * SD (n = 4)

PK Parameters FAV FAV-ASP8 FAV-NIO9
Crnax (Mg/mL) 26.24 £ 7.38 27.03 + 6.88 20.32 + 11.08
Tmax (Min) 7.50 + 2.88 7.50 +2.88 10.00 + 4.08
ke (min~") 0.007 £ 0.0l 0.009 + 0.005 0.01 £ 0.0l
ty2 (min) 127.54 + 103.60 226.42 + 337.06 94.33 £ 70.07

AUC,_ (ug * min/mL)

953.56 + 282.31

1153.01 + 364.87

792.76 + 384.97

AUC_.. (ug * min/mL)

4134.94 £+ 4133.03

9305.40 + 14,438.56

2039.36 + 764.72

C. (mL/min) 0.88 + 0.62 0.79 £ 0.56 110 + 0.43
V4 (mL) 104.57 + 27.35 80.55 + 19.01 130.90 + 68.02
MRT (min) 185.23 + 153.68 329.96 + 486.03 139. 13 + 97.91
F (%) - 124.53 + 3533 85.28 + 33.24
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Figure 8 The concentration of FAV in cerebrospinal fluid (CSF) after | hour of nasal administration. Results are expressed as means * SD (n = 4), (ns) means non-significant,
*p-value < 0.05, ***p-value < 0.001.

absorption through the nasal mucosa (olfactory nerves) due to the physical parameter, the lipophilicity nature of the vesicles
and the presence of a permeation enhancer (Span® 60), which improves the membrane penetration. Furthermore, AP can
overcome biological barriers, enter the brain'?' and resist hydrolysis,'** thereby preventing the degradation of FAV. According
to the chemical structure of FAV, amide hydrolysis and oxidation are the potential major degradation pathways.'*

Abou-Taleb et al (2018) developed Nefopam loaded niosomes for intranasal administration using CH:Span® 80
(1:1.85 molar ratio). Their study illustrated a 4.77-fold increase in bioavailability compared with oral solution of drug.®'
Moreover, Ammar et al (2017) developed Diltiazem loaded niosomes using CH:Span® 60 (1:1 molar ratio), which
showed the highest EE% and release rate. The in vivo study on male Wistar rats showed an increase in MRT, t;,, and
AUC with a decrease in K..'**

Due to the lipophilic nature of AP, it can easy bypass phospholipid bilayers of membranes, especially neuronal ones and
BBB.'2!12%126 AP hags been used in nasal formulations as a cross-linker, as reported by J. Varshosaz et al (2004). They developed
insulin chitosan microspheres by emulsification-cross linking process using ascorbic acid or ascorbyl palmitate as a cross-linker.
The formulation consists of 400 mg of chitosan and 70 mg of AP showed a 67% reduction of blood glucose compared to IV

route. 127

Evaluation of in vitro—in vivo Correlations (IVIVC)

IVIVC is a useful tool to predict the in vivo performance of FAV based on its in vitro data. Figure 9 demonstrates
the IVIVC graphs for the comparison of AUC,._, values between the in vitro release and the in vivo PK data. The
correlation coefficient (Rz) values were 0.971, 0.982, and 0.903 for pure FAV, FAV-ASPS, and FAV-NIO9,
respectively. Furthermore, R? values obtained from IVIVC graphs for the comparison of AUC,., values between
the in vitro permeation and the in vivo PK data (Figure 10) showed a good point-to-point correlation (0.977, 0.992,
and 0.839 for pure FAV, FAV-ASPS, and FAV-NIO9, respectively). This result indicates that the use of in vitro
release and permeation data to establish the IVIVC could be useful in predicting the in vivo properties of the

formulations.
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Conclusion
In the present study, ASP and NIO formulations have been developed as promising intranasal delivery systems for FAV to enhance
its bioavailability. The optimized formulation FAV-ASP8 (consisting of FAV:AP:Span® 60:CH in 30:25:25:50 w/w ratio) can
encapsulate FAV inside ASP vesicles with an encapsulation efficiency of 55.33 + 0.41% drug loading of 12.79 + 0.22%. The
formulation showed a small particle size (292.06 +2.10 nm), a narrow PDI value (0.36 & 0.03) and negative values of ZP (=74.73
+ 3.28 mV), indicating a high physical stability for FAV-ASP8. The other optimized formulation, FAV-NIO9 contained FAV,
Span® 60 and CH in 30:30:40 w/w ratio with a Z-average value of 167.13 + 1.60 nm, a narrow PDI value (0.07 + 0.01), adequate
ZP (—27.1 +£ 1.24 mV), acceptable encapsulation efficiency (51.30 + 0.69%) and advantageous drug loading (15.42 + 0.38%).

FAV-ASP8 and FAV-NIO9 formulations enhanced the solubility of FAV, elevated its membrane permeability through BBB,
and increased its release under both nasal (pH = 5.6) and blood circulation conditions (pH = 7.4), with Dv50 values ranged
between 20 and 200 um. The ex vivo study showed that FAV-ASP8 had a higher amount of FAV diffused through the human
nasal mucosa than FAV-NIO9 and pure FAV. The in vivo study indicated that there was no significant difference in plasma
concentrations for the optimal formulations in comparison to pure FAV. However, only FAV-ASP8 had higher CSF concentra-
tions than FAV-NIO9 and pure FAV after a single intranasal dose. IVIVC showed a good point-to-point correlation between the
in vitro and the in vivo PK data.

These encouraging results suggest that ASPs could be promising intranasal delivery systems for hydrophobic drugs to
enhance solubility, avoid first-pass metabolism, and decrease systemic adverse effects.
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ABSTRACT

The present study aimed to prepare and optimize lamotrigine-loaded bovine serum albumin
nanoparticles (LAM-NP) using the Quality by Design (QbD) approach and to investigate both the in vitro
and ex vivo effects of different cross-linking agents glutaraldehyde (GLUT), glucose (GLUC) and
1-(3-dimethylaminutesopropyl)-3-ethylcarbodiimide hydrochloride (EDC) on intranasal applicability.
Cross-linked LAM-NP from EDC (NP-EDC-1) showed the lowest Z-average value (163.7+1.9nm) and drug
encapsulation efficacy (EE%) of 97.31+0.17%. The drug release of GLUC cross-linked LAM-NP (NP-GLUC-9),
glutaraldehyde cross-linked LAM-NP (NP-GLUT-2), and NP-EDC-1 at blood circulation conditions was
higher than the initial LAM. The results of the blood-brain barrier parallel artificial membrane permeability
assay (BBB-PAMPA) showed an increase in the permeability of LAM through the BBB with NP-GLUC-9
and an increase in flux with all selected formulations. The ex vivo study showed that LAM diffusion from
the selected formulations through the human nasal mucosa was higher than in case of initial LAM. The
cytotoxicity study indicated that BSA-NP reduced LAM toxicity, and GLUC 9mM and EDC 1mg could be
alternative cross-linking agents to avoid GLUT 2% v/v toxicity. Furthermore, permeability through Caco-2
cells showed that nasal epithelial transport/absorption of LAM was improved by using BSA-NPs. The use
of BSA-NP may be a promising approach to enhance the solubility, permeability through BBB and
decrease the frequency of dosing and adverse effects of LAM.
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GRAPHICAL ABSTRACT

1. Introduction recent global burden of disease research ranks it as the sec-
ond most serious neurological disease (Cano et al., 2021).
Treatment of epilepsy remains challenging due to drug resis-
tance to antiepileptic drugs, which is caused by several types
of physiological barriers, including the blood-brain barrier

(BBB) and the ATP-binding cassette (ABC) group of

Epilepsy is one of the most common neurological diseases,
affecting around 50 million people worldwide according to
the World Health Organization (WHO) (Do Canto et al., 2020;
Manole et al., 2023; Yavuz et al., 2021). Additionally, the most
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transporters with P-glycoproteins (ABCB') (P-gp) (Saju, n.d;
Liu et al., 2014). P-gp limits the delivery of antiepileptic drugs
to the site of action, decreasing the concentration of the
drug in the brain, which requires the development of novel
and effective treatment alternatives (Bonilla et al., 2022).

In recent years, albumin-based nanoparticles have been
utilized as a drug delivery system due to their advantages,
specifically to bypass different physiological barriers, such as
BBB, and additionally to improve the efficacy and pharmaco-
kinetics of drugs by controlling the particle size, solubility,
permeability, drug release, stability in vivo and during storage
(Jahanshahi and Babaei, 2008; Rahimnejad et al., 2012; Bennet
and Kim, 2014). Abraxane® (human serum albumin-bound
paclitaxel) is an example of the marketed albumin nanoparti-
cles, which is approved by the US Food and Drug
Administration (FDA) (Desai, 2016; Solanki et al., 2021).

Bovine serum albumin (BSA) has been widely used by sci-
entists and researchers as a nanodrug delivery carrier (anti-
cancer drugs (Wang et al,, 2021; Yang et al., 2020; Sadeghzadeh
et al, 2023), anti-epileptic drugs (Wilson et al., 2014; 2020),
antibiotic (Arriagada et al, 2019; Zewde et al, 2021)). It has
shown many advantages, including nontoxicity, high adsorp-
tion capacity, biodegradability, and biocompatibility (Galisteo-
Gonzélez and Molina-Bolivar, 2014; Sailaja and Vineela, 2014;
Bronze-Uhle et al., 2017). BSA degraded to nontoxic compound
in vivo, and it could be eliminated through the lungs or
excreted in urine. This degradation could be chemical or cata-
lyzed by enzymes. The most important mechanism of degra-
dation of biodegradable polymers is a hydrolytic degradation
(Tuovinen et al., 2002). In addition, it is used as a model pro-
tein for nanoparticle formulations, especially to encapsulate
hydrophobic drugs, due to its properties as a pure, structurally
stable, water soluble, inexpensive and simple protein (Rohiwal
et al, 2015; Yang et al.,, 2017; Yadav and Yadav, 2021).

Lamotrigine (LAM), as a second-generation broad-spectrum
antiepileptic drug, is used to treat epilepsy in pregnants
(Avachat et al., 2022; Li and Meador, 2022), children and adults
(He et al.,, 2012; Ji et al,, 2021), as well as to maintain the treat-
ment of bipolar | disorder (Patino et al., 2015). It belongs to
class Il drugs of the Biopharmaceutics Classification System
(BCS) (very slightly soluble in water ~ 0.17mg/mL) (Saju, n.d;
Singh et al., 2015). LAM has a pKa value of 5.7 (Lalani et al.,
2015; Abdelmonem et al, 2020). It is rapidly absorbed after
oral administration, with an oral dose of 25mg/day for the first
2weeks, followed by an increase to 50mg/day every 1 to
2weeks (Ware et al, 2016; Praveen et al., 2019). LAM under-
goes first-pass metabolism by an enzyme UGT1A4 (UDP-
glucuronosyltransferase 1-4) in the liver, and is eliminated
mostly via renal excretion (Nigam et al.,, 2019; Shankar Raman
et al, 2021). According to recent studies, LAM is a substrate of
P-gp, which may explain its limited access to the brain during
treatment. To reach the required therapeutic level in the brain,
a higher dose of LAM is administered. Due to this, the adverse
effects of LAM are associated with an increase in blood con-
centration (Serralheiro et al., 2015), such as hepatotoxicity, leu-
kopenia, thrombocytopenia, skin eruption, toxic epidermal
necrosis, nausea, vomiting and headache (Gangurde et al.,, 2019).

For these reasons, alternative administration methods are
needed to deliver LAM to the brain more effectively. Recently,

there has been a great deal of interest in using nanotechnol-
ogy for intranasal administration to deliver therapeutic drugs
directly to the brain and avoid hepatic metabolism (Clementino
et al., 2021; Formica et al, 2022; Jeong et al, 2023). Drugs
administered via the intranasal route have the opportunity to
rapidly and easily bypass the BBB, cerebrospinal fluid (CSF),
and the blood barrier of CSF through pathways along the
olfactory and trigeminal nerves that innervate nasal passages
and link the nasal cavity with the central nervous system
(CNS) (Mistry et al., 2009; Alexander et al., 2019). Furthermore,
it could reduce the amount of therapeutic molecules in the
main organs, including the liver, spleen, and kidney, which
could decrease adverse systemic effects (Lee and Minko, 2021).
To our knowledge, some LAM formulations for intranasal
administration have already been successfully developed, such
as nanosized nasal powder (Gieszinger et al, 2020), nanolipo-
somes (Praveen et al, 2019), thermoresponsive nasal gel
(Serralheiro et al., 2015), cubosomal dispersion loaded in a ther-
mosensitive in situ gel (Mohsen et al., 2023), however LAM-loaded
BSA nanoparticles (LAM-NPs) seem to be a novel approach.
The purpose of the present study was to develop LAM-NPs
using different types of cross-linking agents applying the
Quality by Design approach (QbD) and to investigate their
effect on drug release, cytotoxicity, and BBB permeability.

2. Materials

LAM (6-(2,3-dichlorophenyl)-1,2,4-triazine-3,5-diaminutese), was
purchased from Teva Ltd. (Budapest, Hungary). BSA cell culture
grade, ethanol (96% v/v), methanol 99.99% v/v (HPLC grade),
glutaraldehyde (25% w/v), dimethyl sulfoxide (DMSO), manni-
tol, glucose, sodium chloride for physiological salt solution,
and anhydrous Disodium hydrogen phosphate were purchased
from Molar Chemicals Ltd. (Budapest, Hungary). Dodecane and
hexane were purchased from Merck KGaA (Darmstadt,
Germany). Polar brain lipid extract, porcine stomach mucin
(Type 1), 1-(3-dimethylaminutesopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) were purchased from Sigma Aldrich Co.
Ltd. (Budapest, Hungary). Dulbecco’s phosphate buffered saline
(DPBS) was acquired from Capricorn Scientific GmbH
(Ebsdorfergrund, Germany). As nasal dissolution medium,
Simulated Nasal Electrolyte Solution (SNES) was freshly pre-
pared, which consisted of 8.77g sodium chloride (NaCl), 2.98g
potassium chloride (KCl), 0.59g and anhydrous calcium chlo-
ride (CaCl,) dissolved in 1000mL of deionized water at pH 5.6
(Sipos et al, 2021). These chemicals were acquired from
Sigma-Aldrich Co., Ltd. (Budapest, Hungary). In all experiments,
the purified water was filtered using Milli-Q® Gradient Water
Purification System (Merck Ltd., Budapest, Hungary). All
reagents for cell line studies were purchased from Sigma-
Aldrich Co. Ltd. (Budapest, Hungary) if not indicated otherwise.

3. Methods
3.1. Initial risk assessment

According to the International Council for Harmonization
(ICH) of the Q8 (R2) pharmaceutical development guideline,
the first step of the initial risk assessment based on QbD is



to define the Quality Target Product Profile (QTPP). QTPP
describes the quality, safety, and efficacy characteristics of
the drug product that will be achieved to confirm the desired
quality (Tietje and Brouder, 2010). Then, according to QTPPs,
the physical, chemical and biological characteristics critical to
the were determined as Critical Quality Attributes (CQAs)
(Ghose et al., 2021). The next step is to identify control fac-
tors, including Critical Material Attributes (CMAs) of the input
materials and Critical Process Parameters (CPPs) of the pro-
duction process (Soni et al., 2020). These steps were carried
out according to ICH guideline Q9 (ICH guideline Q9 on qual-
ity risk management, 2015).

The risk assessment was performed after the risk identifi-
cation process, where the mentioned attributes of the QbD
methodology were established. A two-level risk assessment
was performed using LeanQbD® software (QbD Works LLC,
Fremont, CA, USA). At first, the relations between each
assigned factor were investigated based on the basis of inter-
dependence with each other. This was performed in two
steps; first, the relations were assigned between the QTPP
and CQA elements, describing the effect of CQAs on the
QTPPs. This was repeated amongst the CMA/CPP and CQA
elements, where the effect of individual material and product
characteristics were described on the CQAs. The relations
were described on a 3-level scale, where each relation was
assigned with a ‘HIGH, ‘'MEDIUM’ or ‘LOW’ interdependence.
The second step of the risk assessment was to quantify these
relationships and identify the factors with the highest sever-
ity based on probability and software calculations. The calcu-
lations are expressed as severity scores and are depicted and
analyzed on Pareto charts (Bartos et al., 2018; Kis et al., 2019).
Based on the results of Pareto charts, the high-risk-level CQAs
and CMAs/CPPs parameters were selected for further analysis
using Design of Experimentation.

3.2. Preparation of nanopatrticles by the coacervation
method

3.2.1. Non-cross-linked lamotrigine-loaded bovine serum
albumin nanoparticles (LAM-NP)

LAM-NP were prepared using a modified coacervation method
(Piazzini et al., 2019; Wang et al,, 2021). A certain amount of
BSA was dissolved in 3mL of 5mM NaCl solution under mag-
netic stirring for 15minutes at 40°C. A certain amount of LAM
was added to the BSA solution and the pH value was adjusted
to 8.0 with NaOH 0.1N and the solution was kept stirring for
30minutes. Then, using a syringe pump, 15mL of ethanol
(EtOH) was injected dropwise at a constant flow rate of 1mL/
min until turbidity appeared in the solution. After EtOH was
evaporated at 40°C for 30minutes under pressure using vac-
uum drying chambers (Binder GmbH, Tuttlingen, Germany),
the pellet was then redispersed in purified water to its initial
volume using an ultrasonication bath for 10minutes. The
resulting NPs were purified to eliminate the non-desolvated
BSA and excipients, such as EtOH, by three centrifugation
cycles (14000rpm for 15minutes at 4+1°C) using a Hermle
Z323 laboratory centrifuge (Hermle AG, Gossheim, Germany).
The pellets were redispersed in purified water to the original
volume by using an ultrasonication bath.
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3.2.2. Cross-linked lamotrigine-loaded bovine serum
albumin nanopatrticles

The effect of cross-linking agents on the optimal LAM-NP for-
mulation was investigated. For the stabilization of nanoparti-
cles, different crosslinkers were studied, including 5% (v/v) of
glutaraldehyde solution (GLUT), glucose (GLUC), and 1-ethyl-
3-(3-dimethylaminutesopropyl) carbodiimide hydrochloride
(EDC), as shown in Table 1. The cross-linking reaction was
conducted for 2h incubation time at 40°C temperature using
a magnetic stirrer. Then, EtOH was evaporated using a vac-
uum evaporator at 40°C for 30 minutes, and the pellets were
redispersed in purified water to its initial volume using an
ultrasonication bath for 10 minutes. After that, the formula-
tions were purified as previously described.

3.2.3. Freeze-drying

Freeze-drying was conducted with a Scanvac, CoolSafe 100-9
Pro type apparatus (LaboGeneApS, Lynge, Denmark). 1.5mL of
all formulations was lyophilized in the presence of 5% w/v man-
nitol as a cryoprotectant. Freeze-drying was carried out at —
40°C for 16h under a pressure of 0.012 mbar with an additional
4h of secondary drying at 25°C. The process was controlled by
the Scanlaf CTS16a02 software. The samples were then stored in
the refrigerator until further investigation.

3.3. Design of experiments (DoE)

A Design of Experiments (DoE) is a potent statistical approach
that may be used to analyze the impact of numerous factors
that affect the therapeutic product, as well as a potent instru-
ment for collecting enough data. The application of DoE
improves the understanding of the process, resulting in pro-
cess improvement and cost savings (Pandey et al., 2017). DoE
was conducted using a 33 factorial design to study the rela-
tionship between independent variables (amount of BSA,
amount of LAM and stirring speed) and their responses on
average hydrodynamic diameter (Z-average) and encapsula-
tion efficiency (EE%), as the most critical parameters of the
quality of the final product based on the risk assessment

Table 1. Cross-linking agents that used to stabilize the optimal LAM-NP
formulation.

Cross-linking agents Formulation code

GLUT (% v/v) 2% NP-GLUT-2
4 % NP-GLUT-4
8 % NP-GLUT-8

GLUC (mM) 3mM NP-GLUC-3
6mM NP-GLUC-6
9mM NP-GLUC-9

EDC (mg) 0.5mg NP-EDC-0.5
1mg NP-EDC-1
1.5mg NP-EDC-1.5

Table 2. Independent variables of the 3 factorial design selected after the risk
assessment.

Levels
Independent variables Low (-1) Medium (0) High (+1)
X1: Amount of BSA (mg) 10 20 30
X2: Amount of LAM (mg) 10 20 30
X3: Stirring speed (rpm) 500 750 1000
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(Table 2). The TIBCO Statistica® 13.4 software (Statsoft
Hungary, Budapest, Hungary) was used for DoE, quadratic
response surface analysis of 2D and 3D plots, and to con-
struct a second-order polynomial model.

The relationship of the variables on the response can be
analyzed by the following second-order Eq. (1):

Yzﬂo+ﬂ1X1+ﬂ2X2+ﬂ3X3+ﬂHX1Z+,322X22 M
+lB33X§ +ﬂ12X‘IX2 +1813X‘IX3 +ﬁ23X2X3

where Y is the response variable (Y, for Z-average and Y,

for EE%); B, is a constant; f3;, B,, and {3, are linear coefficients;

B, By3 and B,; are interaction coefficients between the

three factors; and f3;;, B,,, and B, are quadratic coefficients.

3.4. Determination of average hydrodynamic diameter,
polydispersity index, and zeta potential

Dynamic light scattering using a Zetasizer (Malvern
Instrument) has been applied as a noninvasive process ana-
lytical technology (PAT) tool to analyze the average hydrody-
namic diameter (Z-average), polydispersity index (PDI), and
zeta potential (ZP). Samples were redispersed in purified
water and appropriately diluted (1:10), and then filled with
folded capillary cells. Measurement was performed at 25°C
with a refractive index of 1.33. All measurements were per-
formed in triplicate, the results were presented as means+SD.

3.5. Quantitative analysis by RP-HPLC-DAD

Chromatographic analysis was performed using an Agilent
1260 HPLC (Agilent Technologies, San Diego, CA, USA) and
Kinetex® C18 column (5pum, 150mm * 4.6 mm, 100A). The
mobile phase consisting of Methanol: Phosphate buffer (pH
3.5, 10mM) in the ratio (30:70, v/v). The injection volume was
10 L. The isocratic elution was carried out for 8 minutes at a
flow rate of 1.0mL/min at 30°C. Chromatograms were
detected at 275.4nm using the UV-VIS diode array detector
at a retention time of 6.126 minutes. The regression coeffi-
cient of the calibration was 0.9997, while the limit of quanti-
fication (LOQ) and the limit of detection (LOD) of LAM were
0.016 and 0.049 ppm, respectively.

3.6. Encapsulation efficiency

The encapsulation efficiency (EE%) is defined by the percent-
age of LAM that is successfully entrapped into the nanopar-
ticles. EE% was determined using the modified centrifugation
method (Shah et al, 2021). First, 1TmL of each sample was
centrifuged at 14000rpm for 15minutes at 4+1°C. Then, the
clear supernatant solutions were diluted with methanol, fil-
tered, and analyzed using RP-HPLC-DAD. All measurements
were carried out in triplicate, the results were presented as
means+SD. EE% was calculated using the following Eq. (2):

CTaml ~ “Supernatant

EE%— %100 (2)

Total

where C,,, the initial concentration of LAM in the formula-
tion, and C, ematane IS the concentration of LAM in the super-
natant after centrifugation.

3.7. In vitro drug release at nasal conditions

The selected formulations and the reference suspension of
LAM, which were redispersed in SNES (pH 5.6, with a theo-
retical concentration of 2mg/mL LAM), were tested using
the modified paddle method (Hanson SR8 Plus (Teledyne
Hanson Research, Chatsworth, CA, USA)) (Nigam et al., 2019).
Pretreated dialysis membranes (Spectra/Por®, Spectrum
Laboratories Inc, Rancho Dominguez, CA, USA) with a
molecular weight cutoff value (MWCO) of 12-14kDa were
loaded with 1mL of the reference suspension and the
selected formulations. The bags were sealed at both ends.
100 mL of SNES was used as a dissolution medium. The mea-
surement was carried out at 32°C at a paddle rotation speed
of 50rpm, while sampling was carried out for 30 minutes.
After filtration, RP-HPLC-DAD was used to quantify the ali-
quots. Three parallel measurements were performed; Data
were presented as means=+SD.

3.8. Rapid equilibrium dialysis measurement (RED)

Time-dependent drug release patterns for the reference sus-
pension of LAM and the selected formulations under blood
circulation conditions were determined using the RED device
(Thermo ScientificTM, Waltham, MA, USA). The reference was
prepared by suspending 2mg of LAM in 1mL of DPBS (pH
7.4) and then homogenizing it in an Eppendorf MixMate
vortex mixer (Thermo Scientific™, Waltham, MA, USA) for
30seconds. RED inserts (8K MWCO) were fitted into the
reusable Teflon base plate. The donor chambers were then
filled with 150-150 uL of the reference LAM solution, as well
as selected formulations redispersed in DPBS. 300uL of
DPBS was used as acceptor phase and the base plate was
covered with a sealing tape and incubated at 37°C on an
orbital shaker (at 350rpm) for 4h. Aliquots were withdrawn
at different times from acceptor chambers and immediately
replaced with fresh DPBS (Katona et al., 2020). LAM concen-
trations were determined by using RP-HPLC-DAD. Five paral-
lel measurements were performed; the data were presented
as means=SD.

3.9. Determination of in vitro drug release kinetics

The model dependent approaches (including zero order, first
order, Higuchi model, and Korsmeyer-Peppas model) were
used to evaluate the release kinetics of LAM samples.
DDsolver® add-in software (a menu-driven add-in program
for Microsoft Excel) was used for the mathematical evaluation
of the release kinetics, and the fitting of each model by com-
paring the rate constant (K), correlation coefficient (R?),
Akaike Information Criterion (AIC), and Model Selection
Criterion (MSC) (Zhang et al., 2010; Pascoal et al., 2015; Abdul
Rasool et al., 2021; Ameer, 2023).



3.10. In vitro permeability measurements

To evaluate the permeability (Pe, cm/s) of the initial suspen-
sion and the selected formulations, the parallel artificial mem-
brane permeability assay specific to the blood-brain barrier
(BBB-PAMPA) was employed (Katona et al, 2020). A 10mM
LAM solution was prepared in dimethylsulfoxide (DMSO),
which was further diluted with SNES to obtain the 100 uM ref-
erence donor solution. The filter donor plate (Multiscreen™-IP,
MAIPN4510, pore size 0.45um; Millipore, Merck Ltd., Budapest,
Hungary) was coated with 5L of lipid solution (12mg of por-
cine brain polar lipid extract dissolved in 420 L hexane and
180 uL dodecane). The donor plate was inserted to the accep-
tor plate (Multiscreen Acceptor Plate, MSSACCEPTOR; Millipore,
Merck Ltd., Budapest, Hungary), which contained 300uL of
DPBS solution (pH 7.4). 150-150uL of reference LAM solution,
as well as of the selected formulations redispersed with SNES
(with a nominal concentration of 2mg/mL of LAM) were trans-
ferred to the donor plate lipid membrane. The sandwich sys-
tem was incubated at 37°C for 4h (Heidolph Titramax 1000,
Heidolph Instruments, Schwabach, Germany). Then, the PAMPA
sandwich plates were separated and the LAM concentrations
in the donor and acceptor chambers were determined using
RP-HPLC-DAD. The effective permeability and membrane reten-
tion of the drugs were calculated using the following Eq. (3):

_ 2303V, _Gi(1)
A ) ?

where P, is the effective permeability coefficient (cm/s), A is
the filter area (0.24cm?), V, is the volume of the acceptor
phase (0.3cmd), t is the incubation time (s), T is the time to
reach steady state (s), C,(t) is the concentration of the com-
pound in the acceptor phase at time point t (mol/cm?3), and S
is LAM solubility in the donor phase. The solubility of LAM in
donor phase was determined after centrifugation (at
14,000rpm, 15minutes, Eppendorf Centrifuge 5804R, Thermo
Scientific™, Waltham, MA, USA) in Microcon Centrifugal Filter
Devices (30,000 molecular weight (MWCO)) and 5x dilution of
formulations in MeOH, using the same RP-HPLC-DAD system.
The flux of the samples was calculated using the following
Eq. (4):

Flux =P,.S 4

For each assay, six parallel measurements were made and
data were presented as means+SD.

3.11. In vitro assessment of mucoadhesive property

First, mucin 1% (w/v) was prepared in SNES (pH 5.6) and the
mixture stirred continuously overnight at 37°C. Subsequently,
the size of the mucin particles was reduced to 200-300nm
using a probe sonicator for 1minute. The suspension was
then centrifuged at 4000rpm for 20minutes to remove the
aggregates and the supernatant was used for the test
(Saengkrit et al.,, 2018). For testing, the selected formulations
(after redispersion in 1.5mL of purified water) were incubated
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with 1% (w/v) mucin suspension in the ratio 1:1 (v/v) at 25°C
for 1, 2 and 3 h. After each time point, the zeta potential was
measured using a Zetasizer (Malvern Instrument) as described
previously. All measurements were carried out in triplicate,
the results were presented as means+SD.

3.12. Cell-based studies

3.12.1. Cytotoxicity assay

Cytotoxicity was determined by the MTT assay on human colon
adenocarcinoma (Caco-2) cell line. Caco-2 cells were kindly
donated by Solvo Biotechnology (Szeged, Hungary). The cells
were cultivated in Dulbecco’s modified essential medium. The
medium was supplemented with 10% fetal bovine serum, 1%
non-essential amino acids, and 1% antibiotic-antimycotic com-
plex (penicillin, streptomycin, amphotericin B). Cells were incu-
bated at 37°C in a humidified atmosphere containing 5% CO,.
Cells were seeded in 96-well plates (50.000 cells/well) and after
overnight incubation, test compounds were added at six differ-
ent concentrations (5, 10, 25, 50, 100, and 250 uM for lamotrig-
ine) and incubated for two hours under cell culture conditions.
Finally, 20uL of 5mg/mL MTT solution was pipetted to each
well and incubated for an additional 4h. Then, the medium
was removed and the precipitated formazan crystals were dis-
solved in DMSO by shaking at 37°C for 30 minutes. Absorbances
were measured at 545nm using a microplate reader
(SPECTROStar Nano, BMG Labtech) (Mosmann, 1983). Cell via-
bility was assessed using the statistical software GraphPad
Prism 10.12 and was calculated using the following Eq. (5):

Mean OD of sample

Cell viability % =
Mean OD of control group

x100 (5)

where OD represents the optical density, which is a measure of
the absorbance of the samples (Rekha and Anila, 2019; Raj
et al., 2023).

3.12.2. Permeability study on Caco-2 permeability model
The permeability coefficients across Human colon adenocar-
cinoma cells monolayer (Caco-2) were determined to predict
the absorption of the tested formulations of lamotrigine.
Caco-2 cells were harvested and seeded on filter supports
(polycarbonate membrane, 0.4um pore size, 1.12cm? in 12
well plates, Corning Costar Co., Lowell, MA, USA) at a density
of 300.000 cell/insert density. Cells were cultivated in 12-well
plates with 1.5mL medium in the acceptor and 0.5mL of
medium in the donor phase. The inserts were incubated at
37°C, 5% CO2 concentration in humidified atmosphere for
21-29days. The medium was changed every second day in
the donor and acceptor phases.

The tightness of the Caco-2 cell layer was verified by mea-
suring transepithelial electric resistance (TEER), which rep-
resents the closure of the cell layer of the epithelial barrier.
TEER was measured with a Millipore Millicell ERS-2 voltohm-
meter (Merck, USA) combined with STX-2 electrodes, and was
calculated to the surface area of the monolayers as Q x cm?.
The cells were treated with the formulations when the cell
layer reached steady-state TEER values.



6 M. SALAMAH ET AL.

During permeability experiments, the inserts were placed
on 12-well plates containing 1.5mL of physiological saline
solution in the acceptor compartments (lower/base). In the
donor compartments (upper/apical), the culture medium was
changed and 0.5mL of the tested formulations were added in
saline. After incubation, samples were collected from the
donor and acceptor compartments, and the lamotrigine con-
centrations were measured by RP-HPLC-DAD (Hubatsch et al.,
2007). The apparent permeability coefficients (P,,,) were deter-
mined according to the following Eq. (6) (Katona et al., 2021):

B A[C], %V,

P Ax[C] xAt (©)

where P, is the apparent permeability (cm/s), A[C], is the dif-
ference in the concentration in the acceptor compartment
after 120 minutes, [C]; is the initial concentration in the donor
compartment, V, is the volume of the acceptor compartment
(1.5mL) and A is the surface area available for permeability

(1.1cm?).

3.13. Ex vivo nasal permeability study on human nasal
mucosa

Ex vivo transmucosal permeability of the selected formula-
tions and reference suspension of LAM (with a theoretical
concentration of 2mg/mL) was performed in a modified
Side-Bi-Side® type horizontal diffusion apparatus under the
nasal conditions (Katona et al., 2022). Pieces of human nasal
mucosa were collected during routine clinical daily nasal and
sinus surgeries (septoplasty, FESS) under general or local anes-
thesia during which the surgical field was infiltrated with 1%
Lidocain-Tonogen local injection and the mucosa was lifted
from its base with a raspatorium or Cottle elevator. Transport
from the operating room was performed in physiological
saline. All investigations were carried out freshly after tissue
removal. The experiments have been carried out with the
approval of the institutional ethics committee of the University
of Szeged (ETT-TUKEB: 1V/3880-1/2021/EKU). Six individuals
(both female and male, aged from 30 to 60years) participated
in this study, coming for nose/sinus surgery at the University
Oto-Rhino- Laryngology and Head-Neck Surgery. The inclusion
criterion was that only intact nasal mucosa was considered for
examination! The exclusion criterion was that patients with
injured nasal mucosa were not considered for examination.
The participants were briefed on the study procedures, and
written informed consent was obtained from all subjects prior
to conducting the procedure. Nasal mucosa was excised with
a surgical scalpel into uniform segments with a diameter of
6mm and membrane inserts were placed between donor and
acceptor phases to provide an appropriate surface for perme-
ability study (Sipos et al., 2023). The donor phase consisted of
8mL of SNES, while the acceptor phase contained 9mL of pH
7.4 DPBS. The temperature of both chambers was maintained
at 32+0.5°C during the experiment using a heating circulator
(ThermoHaake C 10-P5, Sigma-Aldrich Co., Ltd., Budapest,
Hungary). For measurement, both the LAM reference suspen-
sion and the selected formulations were redispersed in 1mL

of SNES, and added to the donor phase of the diffusion appa-
ratus. Both the donor and acceptor compartments were con-
tinuously stirred at 300rpm using magnetic stirrers. Aliquots
from the acceptor phase (100 uL) were withdrawn at predeter-
mined time points (5, 10, 15, 30, and 60 minutes) and replaced
with fresh DPBS. LAM concentration was determined using
the same RP-HPLC-DAD. Further biopharmaceutical evaluation
was performed to determine different permeation parameters,
such as the steady-state flux (Jss) and permeability coefficient
(Kp), using the following equations:

J =—+ 7

= 7)
J

K =25 8

=2 (8)

where, J is the steady-state flux (ug/cm?/h), m, is the perme-
ated drug quantity through the nasal mucosa, A the surface
of the membrane insert (0.785cm?), t the duration of the
investigation, K, the permeability coefficient (cm/h) and C,
the drug concentration in the donor phase (ug/cm3).

Moreover, the theoretical human steady-state plasma con-
centration (Css) of the drug, which estimates the concentra-
tion of the drug that could be reached in the blood after
nasal administration, was obtained using the following Eq. (9)
(Espinoza et al., 2019):

Co=J, 9)

where J is the steady-state flux, A is the surface area of the
nasal mucosa used for the permeation study (cm?), and Clp is
the plasmatic clearance (human Clp value for LAM is 1.63L/h
(Tuba Incecayir, 2009)).

The enhancement ratio (ER) was calculated according to
the following Eq. (10) (Abdullah et al., 2011):

_J,, formulation
J., Reference

ER (10)

4, Statistical analysis

All results are expressed as mean+SD. GraphPad Prism ver-
sion 10.12 software (GraphPad Software, San Diego, CA) was
used for the statistical analysis. A one-way analysis of vari-
ance (ANOVA) and Tukey's post-hoc test were performed to
compare the groups. A significant level was set at a p value
< .5. Where, (ns) means non-significant, *p-value < .05,
**p-value < .01, and ***p-value < .001, ****p-value <.0001.

5. Results and discussion
5.1. Initial risk assessment

Quality by Design provides an efficient tool for quality-focused
drug research and development processes in the early phase
of preclinical academic research as well (Beg et al, 2019).



Based on the extended R&D QbD model, risk assessment
must be implemented in the design and structure of the
research flow to minimize risk factors that affect the quality,
safety and efficacy (Pallagi et al., 2018; Rigamonti et al., 2023).
There is a clinical need for the treatment of epilepsy in cur-
rent medicine where patient adherence must be built into
the dosage form, thus nasal administration is of paramount
importance. Utilizing the advantageous combined properties
of this alternative drug delivery route with albumin-based
nanoparticles, the QTPP is as follows: a low-dose
lamotrigine-loaded BSA nanoparticle containing nasal liquid
formulation, providing sustained release due to its moder-
ately high mucoadhesive properties and due to its favorable
nanoparticle characteristics, prospering enhanced uptake at
nasal and BBB region conditions. Critical Quality Attributes
(CQAs), which have a significant influence on QTPP and
hence the quality and efficacy of nanoparticles, were selected
based on previous studies (Fatouh et al., 2017; Danaei et al,,
2018; Alshweiat, 2019; Vitorino et al., 2020; Ghose et al., 2021;
Hussain et al., 2021), including: nanocarrier properties, release
profile, permeability profile, mucoadhesivity, and safety (the
QTPPs, their target and justification of selecting CQAs were
presented in Table 3).

The next step after the setup of the QTPPs was the inter-
dependence rating-based risk assessment process. CMAs/
CPPs were determined according to previous studies, includ-
ing the amount of BSA, the amount of drug, the pH value,
EtOH: water ratio, EtOH flow rate, stirring speed (rpm), incu-
bation time (BSA with the drug), temperature and ionic
strength  (Galisteo-Gonzdlez and Molina-Bolivar, 2014;
Gieszinger et al., 2017; Tarhini et al,, 2018; Chaw and Olaitan,
2019; Wang et al.,, 2021; Yellanki et al., 2021).

Table 3. QTPP elements and CQAs for the development of LAM-NP.
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In this study, the relations between each QTPP - CQA and
CMA/CPP — CQA elements were evaluated using a risk esti-
mation matrix (REM) to define the risk level (Figure 1).

The results indicate that high relations occur regarding the
basic nanoparticle characteristics, such as the Z-average value
and EE%. It is also considerable that two types of permeabil-
ity rate can be found whilst conducting this research design,
indicating different influencing factors at various ratios. The
nanoparticle characteristics mentioned were implemented
through the factorial design process later on. To quantify
these results, using the software, Pareto charts were gener-
ated (Figures 2 and 3).

The probability rating also indicates that the main charac-
teristics of the nanoparticles have the highest influence on
the quality of the formulation and nasal applicability with the
target of reaching the CNS. During the factorial design pro-
cess, thus the following were considered: as main investi-
gated independent factors, the stirring speed and the amount
of the two main components: LAM and BSA were selected,
while the pH was fixed at 8. Their effect on the Z-average
and the encapsulation efficiency was investigated.

5.2. Preparation of nanoparticles

The coacervation method is one of the most commonly used
processes to prepare protein nanoparticles. The use of a desol-
vating agent reduces the solubility of BSA, leading to phase
separation and conformation changes in the protein structure
that result in coacervation or precipitation of the protein in
the form of nanoparticles (Lohcharoenkal et al.,, 2014).

The pH of the BSA solution and its ionic strength influ-
ence the particle size. The particle size decreases when using

QTPPs Target

Justification

Dosage form
Therapeutic indication
Route of administration

Nasal powder
Epilepsy
Intranasal

To improve the solubility, bioavailability and stability of LAM (Masserini, 2013).
Lamotrigine, a synthetic phenyltriazine with antiepileptic properties (Singh et al., 2015).
A quick, easy and safe method of drug administration. bypasses the BBB, avoids hepatic

first-pass metabolism, offers a highly vascularized absorption surface area with high
permeation ability (Gangurde et al., 2019; de Barros et al., 2022).

Site of action Central nervous system (CNS)

LAM acts by inhibiting sodium currents by selective binding to the inactive sodium channel,

suppressing the release of the excitatory amino acid, glutamate (Shankar Raman et al., 2021).

Nanocarrier properties Low particle size

(Z-average < 250nm)

Small particle size determines the biological fate, in vivo distribution, targeting abilities, and
toxicity of a drug delivery system. It also affects the stability of the nanoparticles, drug

loading, and drug release (Sahin et al., 2020).

Narrow polydispersity index
(PDI < 0.3)

PDI value of nanoparticles is an important physical characteristic. It is used to describe the
degree of nonuniformity of a size distribution of particles. Values below 0.3 are considered

acceptable and indicate a homogenous of vesicles (Danaei et al., 2018; De Oliveira et al.,

2018).
Relatively high zeta potential
(ZP > £ 30mV)
High Encapsulation Efficiency
(EE% > 75%)

ZP is a function of dispersion stability. If ZP is higher than + 30mV, the dispersion is physically
stable and aggregation between particles is inhibited (Sahin et al., 2020).

EE% is a crucial physicochemical property of nanoparticles. It is critical to minimize the
frequency of administration, increase patient compliance, and limit the consumption of

materials/excipients and related adverse effects (Li et al., 2022).

Release profile at CSF Release rate higher than

To confirm expected solubility which is important for better absorption, and to improve the
pharmacokinetics of LAM.

To enhance the absorption through the nasal epithelium into the systemic circulation hence to
the brain (Zhang et al., 2013; Huang et al.,, 2023).

To improve the bioavailability and therapeutic effect of LAM, because BBB is a typically
rate-limiting factor for the availability of therapeutic drugs that penetrate the brain (He

et al.,, 2018; Patharapankal et al., 2023).

conditions initial LAM
Permeability profile (nasal Permeability rate higher than
mucosa) initial LAM
Permeability profile Permeability rate higher than
(BBB) initial LAM
Mucoadhesivity High mucoadhesive properties

(decreasing in ZP value)

A useful indication of adhesion properties is a decrease in ZP value after incubation with mucin,
which overcomes nasal mucociliary clearance and lengthens residence time in the nasal

cavity (Radwan et al., 2022).

Safety Nontoxic

To reduce the toxicity of LAM and its adverse effects.
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Figure 1. Risk estimation matrix (REM) of QTPPs-CQAs (A) and CMAs/CPPs-CQAs (B). The relations between the elements were assigned with ‘high, ‘medium’ or

‘low’ risk level.

Figure 2. Pareto chart of the CQA parameters.

pH values of 7-9, higher than the isoelectric point of BSA (IEP
~4.7) (Chaw and Olaitan, 2019). In our preliminary study, we
obtained small and uniform nanoparticles at pH 8. This was
confirmed with previous studies (Satya Prakash, 2010;
Yedomon et al., 2013). Sebak et al. found that at pH greater
than 7, the particle diameter was reduced, and at pH 8 the
particles had optimal size and narrow size distribution at
approximately 175-200nm. Nanoparticles prepared at a
higher pH of 8-8.2, when investigated with SEM, revealed
uniform and spherical particles (Satya Prakash, 2010).

Figure 3. Pareto chart of the CMAs/CPPs parameters.

NaCl was used to enhance the colloidal stability of
BSA-NPs. It affects BSA molecules coagulation by shielding
the surface charge of the protein molecule and altering their
electrostatic properties (Rohiwal et al., 2015). In our prelimi-
nary study, the use of 5mM NaCl at pH 8 led to the prepa-
ration of a more stable BSA solution and the formation of
smaller particle sizes compared to the use of 10mM NaCl.
This was confirmed with previous studies (Galisteo-Gonzalez
and Molina-Bolivar, 2014; Rohiwal et al., 2015). Rohiwal et al.
concluded that at low salt concentrations, the stability of NPs



increases. As long as the ionic strength is low, the electrical
repulsion is greater than the van der Waals attraction; there-
fore, the NPs remain suspended (Rohiwal et al., 2015).

Different amounts of BSA (10, 20, 30mg) were dissolved in
3mL of 5mM NaCl under magnetic stirring (500, 750,
1000rpm) at 40°C for 15minutes (Wang et al., 2021). Then,
different amounts of LAM (10, 20, 30mg) were added to the
BSA solution and kept stirring at 40°C for 30minutes.
Maghsoudi et al. found that 30minutes is enough for com-
plete interaction between the drug and protein (Maghsoudi
et al., 2008).

EtOH has been selected as a desolvating agent for BSA
(Bansal et al., 2011). The addition of ethanol reduces the ratio
of water available to keep BSA dissolved, resulting in the
shrinkage of the hydrated BSA chains, and at a particular
point the degree of hydration will be low and the protein
chains will precipitate as nanoparticles (Syed et al., 2020). The
use of EtOH also improves the solubility of LAM in water by
increasing the temperature to 40°C (Zarghampour et al,
2021), and this will enhance the EE% of LAM (Rahimnejad
et al,, 2012). In this study, we used 15mL of EtOH (5 times
higher volume than the BSA solution). It was suitable for the
BSA to become supersaturated, precipitate, and result in the
formation of small and uniform particles with a narrow size
distribution (Galisteo-Gonzalez and Molina-Bolivar, 2014).

The EtOH flow rate was fixed at 1mL/min. Tarhini et al.
studied the effect of EtOH injection rate, and they found that
the supersaturation rate and degree rise together in order
with the ethanol injection rate, leading to the formation of
smaller nanoparticles. Above a rate of ethanol addition of
0.5mL/min, this impact is negligible (Tarhini et al., 2018).

The use of constant stirring of the aqueous and organic
phases at high speed (500, 750, 1000 rpm) leads to the sub-
sequent precipitation of the organic phase and binding to
the BSA solution which produces nanoparticles (Yellanki
et al,, 2021). However, these nanoparticles should be treated
with a cross-linker agent to avoid redissolution and reduce
enzymatic degradation (Wang et al., 2008).

5.3. Design of Experimentation (DoE)

The high-risk parameters were studied using DoE to reduce
their risk to a low level by controlling these parameters in
the specific accepted range. In this study, we fixed the pH
value at 8 and studied the effect of BSA amount (X,), LAM
amount (X,) and the stirring speed (X,) on the Z-average (Y,)
and EE% (Y,) of the prepared nanoparticles at 3 levels
(Table 4).

By comparing statistical variables such as the probability
value (p-value), the multiple correlation coefficient (R?), and
adjusted multiple correlation coefficient (adjusted R?), the
best-fit empirical model was used to forecast the link between
control factors and response factors (Supplementary Table S1
and S2).

As shown in Table 4, all LAM-NP formulations had an
accepted particle size according to our CQA (ranged from
168.900+4.036 to 223.233+2.236 nm). Z-average, PDI and ZP
are considered important parameters which could influence
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Table 4. Dependent and independent factors of the 33 factorial design. Results
are presented as mean=SD.

Independent factors
LAM  Stirring speed

Response

Formulation BSA

Code (mg) (mg) (rpm) Z-average (nm) EE (%)

LAM-NP-1 10 10 500 184.900+0.818 62.760+£4.526
LAM-NP-2 10 20 1000 212.500+1.734 83.007 £4.293
LAM-NP-3 10 30 750 218.833+3.003  89.290+2.881
LAM-NP-4 20 10 1000 205.766+2.514 66.564 +3.942
LAM-NP-5 20 20 750 223.233+2.236  83.273+5.602
LAM-NP-6 20 30 500 182.733+1.582 89.585 +3.445
LAM-NP-7 30 10 750 195.866 +0.850 64.843 £2.094
LAM-NP-8 30 20 500 168.900+4.036 86.531+3.112
LAM-NP-9 30 30 1000 173.800+1.249 91.776 £2.455

the release, endocytosis-dependent cellular uptake, biodistri-
bution and stability (Danaei et al., 2018; Hoseini et al., 2023).
PDI values showed a narrow particle size distribution (PDI <
0.3), which means the potential for the formation of uniform
nanoparticles with lower aggregation and hence improved
the stability (Dutta et al., 2018) (as shown in Supplementary
Table S3). However, PDI values < 0.5 reported to be accept-
able, while PDI values > 0.5 means a broader size distribu-
tion. In addition, the narrow PDI values suggest that LAM-NPs
had a larger surface area to volume ratio, which increases the
contact surface with the dissolution medium, leading to
increased rate of dissolution.

All formulations had negative ZP (from —33.733+1.289 to
—27.966+0.288mV), indicating higher physical stability due
to the electrostatic repulsive forces that prevent albumin
nanoparticles from aggregating (Neves et al., 2016). The
potential for aggregation of nanoparticles in blood circula-
tion is a critical concern in evaluating the embolism, which
could impact the in vivo biodistribution. Nanoparticles can
be uptake by the reticuloendothelial systems (such as liver,
spleen), which leads to decrease the half-life in the blood-
stream (Liu et al, 2013; Zelepukin et al., 2024). The smaller
the particle, the higher the surface energy, thus smaller par-
ticles aggregate more readily than larger particles. Therefore,
the enhancement in the electrostatic repulsive force will pre-
vent the aggregation. Hence the particle size and zeta poten-
tial have an impact on the aggregation. Nanoparticles with
Z-average values < 200nm and ZP > |[+30mV| are able to
bypass BBB and escape from the reticuloendothelial system
(Masserini, 2013). In addition, ZP is a critical parameter to
evaluate the ability of nanoparticles to bypass the BBB.
Cationic nanoparticles expected to transport the drugs across
BBB more efficiently than anionic nanoparticles due to the
negative charge of BBB. However, this could prevent the per-
meability across BBB. Lockman. et al. evaluated the effect of
neutral, anionic and cationic charged nanoparticles on BBB
integrity and brain permeability. Their study showed that
anionic nanoparticles at lower concentrations had no effect
on BBB integrity, and higher brain uptake rates (Lockman
et al, 2004). Therefore, the prepared LAM-NP formulations
are physically stable and have longer residence time inside
the brain without being effluxed by time (Ammar et al.,
2018). The negative value of ZP is due to the terminal groups
of BSA of negative charges that are positioned on the sur-
faces of the NPs. Furthermore, the EE% was higher than 75%
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(CQA) except in the LAM-NP-1, LAM-NP-4, and LAM-NP-7
formulations.

The potential for aggregation of nanoparticles in blood
circulation is a critical concern in evaluating the embolism,
which could impact the in vivo biodistribution. Nanoparticles
can be uptake by the reticuloendothelial systems (such as
liver, spleen), which leads to decrease the half-life in the
bloodstream (Liu et al., 2013; Zelepukin et al., 2024). The
smaller the particle, the higher the surface energy, thus
smaller particles aggregate more readily than larger particles.
Therefore, the enhancement in the electrostatic repulsive
force will prevent the aggregation. Hence the particle size
and zeta potential have an impact on the aggregation.
Nanoparticles with Z-average values < 200nm and ZP >
|£30mV| are able to bypass BBB and escape from the reticu-
loendothelial system (Masserini, 2013).

5.3.1. The effect of independent factors on the average
hydrodynamic diameter (Y1)

A quadratic equation describing the individual main effects
of X;, X,, and X; on Y, was generated by the reduced linear
mathematical model, as presented in Eq. (11):

Y,=196.281-12.944 X, —1.861X, +9.255X, +3.994 X2

(11)
+3.947X2 +12.272X2 —-3.455X.X,

The regression coefficient (R?) of the surface plot was
0.999, the adjusted R? was 0.997 and the MS Residual was
0.022, indicating a proper correlation. The R? values demon-
strate how well the predicted model fits the experimental
data, and its value should be closer to 1. The R? adjusted is
another modified form of R? that demonstrates the number
of terms present in the model (Naman et al.,, 2021).

Analysis of variance (ANOVA) was applied as statistics,
with a 95% confidence interval level where the variable was
considered significant if the p-value < .05. The results showed
that the p-values of the model for Y, were less than .05,
which justifies the fact that the quadratic model is significant.
The model factors such as X;, X, Xf were significant (p-value
< .05). The equation in terms of actual factors can be used to
make predictions about the response for given levels of each
factor. According to these results, the increase in the amount
of BSA led to a decrease in the Z-average (significant effect).
Similar results obtained by other authors (Wang et al., 2008;
Rahimnejad et al., 2012; Rohiwal et al., 2015). Furthermore,
the effect of LAM amount was insignificant and negligible on
Z-average. The results showed that the Z-average increased
with increasing stirring speed, but after a certain stirring
speed, the Z-average was unaffected by the rate of stirring
(Figure 4). Then, it started to decrease with increasing stirring
speed. A similar result was obtained by Rahimnejad et al.
(Rahimnejad et al., 2012).

Figure 4. Contour plots (2D) and response surface plots (3D) of selected independent factors on Z-average; (a): BSA amount (X;) and LAM amount (X,), (B): BSA

amount (X,) and stirring speed (X;), (C): LAM amount (X,) and stirring speed (X,).



5.3.2. The effect of independent factors on EE%

A quadratic equation describing the individual main effects
of X;, X,, and X; on Y, was generated by the reduced linear
mathematical model, as presented in Eq. (12):

Y, =79.737+1.348X,+12.747X, +3.4X? (12)

The regression coefficient (R?) of the surface plot was
0.992 the adjusted R? was 0.988 and the MS Residual was
1.545, which indicates a proper correlation. The results
showed that the p-values of the model for Y, are less than
.05, which justifies the fact that the quadratic model is signif-
icant. The model factors such as X;, X,, X2 were significant
(p-value < .05, p-value < .001, p-value < .001, respectively),
and had positive effects. The results showed that the EE%
increased with increasing amount of BSA (Figure 5). Similar
results obtained by other authors (Sailaja and Vineela, 2014;
Yadav and Yadav, 2021). This can be related to the availability
of higher amounts of polymer for entrapment. Moreover, the
EE% increased with increase of the LAM amount. Maghsoudi
et al. found that EE% increases with drug concentration. This
is due to the increase in the amount of adsorbed drug on
BSA molecules and at the same time to the increase in the
concentration of entrapped drug (Maghsoudi et al., 2008).

Based on these data, the optimal LAM-NP was prepared
using the following: BSA (30mg), LAM (30mg), and stirring
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speed (1000rpm). The particle size was 173.800%1.248nm
with a narrow particle size distribution (PDI = 0.212+0.005),
a negative ZP value (-29.800+0.070mV) and high EE%
(91.776 £ 2.455%).

This particle size and negative ZP are optimal for achiev-
ing a long-circulating system and increasing permeability
through the BBB and into the brain (Masserini, 2013; Zaman
et al, 2018). This formulation will be used for further
investigations.

5.4. Cross-linked lamotrigine-loaded bovine serum
albumin nanoparticles

Crosslinking is essential for nanoparticle preparation, affect-
ing the stability, bio-decomposability and drug release from
the nanocarrier system due to the impact on Z-average, PDI,
ZP, and EE% (Niknejad and Mahmoudzadeh, 2015; Tanjung
et al, 2024). The optimal LAM-NP was treated with different
types and concentrations of cross-linkers to evaluate both
the in vitro and ex vivo effects. The used cross-linkers act as
stabilizers for the BSA nanoparticles (which bind two mole-
cules of BSA with each other) and as functionalized group
(which bond BSA and free LAM with each other).

To understand the chemical interaction between BSA and
LAM, Patil et al. used molecular docking studies (Patil et al.,

Figure 5. Contour plots (2D) and response surface plots (3D) of selected independent factors on EE%; (a): BSA amount (X,) and LAM amount (X,), (B): BSA amount

(X;) and stirring speed (X;), (C): LAM amount (X,) and stirring speed (X;).
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2024). The docking results showed that LAM has a high affin-
ity for binding BSA, and it binds to subdomain IIA of domain
Il which is a drug binding site | (Sudlow Site 1) in BSA. The
possible interactions between LAM and residues of BSA were
presented in Supplementary Scheme 1, which included: alkyl,
pi-alkyl, van der Waals, conventional hydrogen bonds, and
carbon-hydrogen bonds.

GLUT is a chemical cross-linker, which is usually used to
prepare albumin nanoparticles using the coacervation
method (Prajapati et al., 2021). The amount of GLUT has a
great influence on the physical properties such as the
Z-average and ZP of the nanoparticles.

However, due to the toxicity effects of GLUT, other chem-
ical cross-linkers such as GLUC and EDC were used in this
study as alternatives to avoid the toxic aldehyde residues in
the nanoparticles. Aldehyde groups of GLUT react with amino
residues (such as the lysine amino acid of BSA) via a nucleo-
philic reaction to form Schiff bases which could react with
other amino residues of the same or other BSA molecules (in
the neutral to alkaline environment), thus preventing
re-solvation of BSA molecules and forming a network of
cross-linked BSA molecules (Zuo et al., 2015; Jahanban-Esfahlan
et al,, 2016; Chaw and Olaitan, 2019) (Supplementary Scheme
2.). In addition, this reaction could happened with the pri-
mary amine of free LAM which decreases the free amount of
LAM, thus increasing EE%.

GLUC has a carbonyl group; therefore, it is also suitable as
an eco-friendly cross-linker. The mechanism of crosslinking can
be described by protein glycation, a nonenzymatic reaction, in
which the carbonyl group of GLUC interacts with the nucleo-
philic amino group of the amino acid (N terminal residues of
lysine and arginine) to produce a Schiff base (Ledesma-Osuna
et al, 2008; Rahman and Khalil, 2022). Then, it undergoes an
Amadori rearrangement to form a more stable ketoamine,
which undergoes a series of rearrangement and cyclization
reactions to produce heterogeneous compounds known as
Advanced Glycation End products (AGEs), some AGEs act as
cross-linkers (as shown in Supplementary Scheme 2) (Yang
et al., 2022). The primary amines of free LAM could be sites of
this nucleophilic reaction. The use of GLUC offers many advan-
tages, such as low toxicity, long-term stability, and biocompat-
ibility (Barbinta-Patrascu et al., 2023). EDC is a zero-space
cross-linker. It forms peptide bands between carboxyl and
amide groups of amino acids in stabilized nanoparticles to
form active O-urea, creating an amide link with amino groups
and releasing water-soluble, easily removable isourea
(Jahanban-Esfahlan et al., 2016; Kalidasan et al., 2016; Katona
et al., 2022). The primary amines of free LAM could be sites of
this nucleophilic reaction (Supplementary Scheme 3).

As demonstrated in Figure 6, increasing the concentration
of GLUC and GLUT resulted in a significant increase in the
Z-average. NP-GLUC-3, NP-GLUT-2 and NP-EDC-1 had the
smallest Z-average (200.933+2.993, 168.900+2.151, and
163.766+ 1.955 nm, respectively). All GLUC formulations were
within the target particle size range (<250nm). Furthermore,
increasing the amount of EDC from 0.5 to 1mg resulted in a
decrease in Z-average due to the increase in the degree of
crosslinking, however, NP-EDC-1.5 showed an increase in
Z-average, which could be attributed to particle aggregation.

The effect of cross-linking on EE% is demonstrated in
Figure 7. It was revealed, NP-GLUC-9, NP-GLUT-2 and
NP-EDC-1.5 had the highest percentage of EE (98.104+0.154%,
97.401+£0.104%, 97.388+0.175%, respectively). The concen-
tration of GLUC or the amount of EDC had no significant
impact on EE%. However, increasing the concentration of
GLUT resulted in a significant decrease in EE% (p-value <
.0001). This might be explained by increasing the degree of
crosslinking, hence the potential for LAM to be incorporated
within the BSA structure decreases (due to reduce the avail-
ability of BSA amino residues for the interaction with LAM),
resulting in a low encapsulation efficiency. The comparison of
EE% results of cross-linked formulations with non-cross-linked
LAM-NP can be seen in Supplementary Figure 1.

Based on these results, the selected formulations were
NP-GLUC-9, NP-GLUT-2, and NP-EDC-1 (according to the high-
est EE% and the accepted Z-average value) which were used
for further investigations.

Freeze-drying is a frequently applied gentle drying tech-
nique in the pharmaceutical industry because it has many
advantages, such as simple water removal, increased material
stability, and enhanced physicochemical properties and phar-
macokinetics of drugs (Bhosale et al., 2021). Table 5 showed
Z-average, PDI, ZP and EE% for the selected formulations
after freeze-drying.

Figure 6. Effect of the type and concentration of the cross-linking agents on
the Z-average.

Figure 7. Effect of the type and concentration of cross-linking agents on EE%.
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Table 5. Z-average, PDI, ZP, and EE% for the selected formulations after freeze-drying. Results are presented as mean = SD.

Optimal formulations Z-average size (nm) PDI ZP (mV) EE (%)

NPs-GLUC-9 211.100£1.942 0.123+0.013 — 38.401+3.937 98.104+0.154
NPs-GLUT-2 171.900+0.301 0.118+0.007 — 41.800+0.711 97.401+£0.104
NPs-EDC-1 163.766 +1.955 0.157+0.010 — 33.966 +0.585 97.307+£0.168

Figure 8. Cumulative in vitro release profile of the selected formulations in
comparison with the initial LAM. Results are expressed as means+SD (n=3).

5.5. In vitro drug release at nasal conditions

A critical step in the development of intranasal formulations
is the in vitro drug release test under nasal conditions, which
evaluates the behavior of the drug carrier in the nasal cavity.
LAM is a BCS Class Il drug, and its dissolution is the
rate-limiting step for its absorption. Furthermore, bioavailabil-
ity is significantly impacted by the dissolution profile, which
may be directly related to the drug’s safety and effectiveness.
The result of cumulative in vitro release of the selected for-
mulations in SNES is presented in Figure 8. After 10 minutes,
NP-GLUC-9 and NP-GLUT-2 showed higher drug release com-
pared to other cross-linker agents and the initial LAM. There
was no significant effect of the type of crosslinker on the
release profile for all formulations up to 30minutes. Since
LAM is a weak base, it may not have dissociated efficiently
above its pKa value (5.7), which limits drug solubilization at
pH 5.6, which could be responsible for the lower degree of
drug release from nanoparticles.

5.6. Rapid equilibrium dialysis measurement (RED)

Rapid equilibrium dialysis (RED) is an accurate and reliable
method for determining the degree to which a compound
binds to plasma proteins. Drug binding to plasma proteins,
such as albumin or alpha-1 acid glycoprotein, can limit the
drug concentration available to act at the target receptor or
enzyme (free drug hypothesis) (Waters et al., 2008). Therefore,
it is important to measure the unbound drug to study its
pharmacokinetics.

The in vitro drug release of LAM from the selected formu-
lations and from the initial suspension was investigated at
blood circulation conditions (pH 7.4). In vitro release studies
using PBS (pH 7.4) medium were used to predict the in vivo
behavior of drug delivery system using in vitro-in vivo

Figure 9. Rapid equilibrium dialysis (RED) of the selected formulations in com-
parison with the initial LAM. Results are expressed as means+SD (n=5).

correlation (IVIVC). D'Souza et al. evaluated IVIVC for olanzap-
ine PLGA microsphere, and the results showed an excellent
correlation between in vitro drug release (using PBS, pH 7.4)
and the amount of drug absorbed in vivo (D'Souza et al., 2014).

As shown in Figure 9, the release of LAM from the selected
formulations increased compared to the initial LAM (~1.8 to
2.3-fold). This improvement in release rate could be due to
the pH-dependent solubility of LAM (Abdelmonem et al.,
2020), and due to the high encapsulation efficiency, the
smaller particle size, and the BSA-NP, which provides a greater
surface area that enhances the drug release from the formu-
lations. The LAM release profile for the selected formulations
showed a biphasic pattern with an initial burst release of the
drug in the first hour and a sustained release after 4h.

5.7. In vitro drug release kinetics

The release of LAM from the biodegradable albumin nanopar-
ticles followed two mechanisms: albumin degradation and
diffusion through the pores (Mohanraj et al., 2013). The
release kinetics of the selected formulations were compared
with initial LAM (at pH 5.6 and 7.4) using DDsolver®
(Supplementary Table S4 and S5). The model with the high-
est R%, the smallest AIC, and the highest MSC values is the
best kinetics model (Pascoal et al., 2015; Abdul Rasool et al.,
2021). The release kinetics resulted at pH 5.6 showed that
NP-GLUC-9 and NP-GLUT-2 profiles fitted first-order kinetic
model, which means that LAM release rate is concentration-
dependent. NP-EDC-1.5 release profile fitted the Korsmeyer-
Peppas kinetic model. The release exponent ‘n" value was
1.245 (n>0.89), which reflects the super case Il transport
mechanism (Ahmed et al,, 2019), hence the release is ruled
by the macromolecular relaxation of the polymeric chains.
The release kinetics resulted at pH 7.4 showed that all
selected formulations were fitted Korsmeyer-Peppas kinetic
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model. The release exponent ‘n’ values for all formulations
refers to anomalous transport (non-Fickian) (0.45<n<0.89),
which means that the drug release is due the both Fickian
diffusion, and swelling and relaxation of the drug delivery
system matrix.

5.8. In vitro permeability measurements

The BBB-PAMPA assay, using porcine brain lipids, has been
widely used to improve the prediction of BBB penetration.
According to the pattern established in the literature for the
prediction of BBB permeation, drugs can be classified into
three groups (Di et al., 2003):

1. ‘CNS +: (high BBB permeation predicted); Pe (1076
cm/s) > 4.0.

2. ‘CNS'": (low BBB permeation predicted); Pe (10° cm/s)
< 2.0.

3. ‘CNS +/": (BBB permeation uncertain); Pe (107 cm/s)
from 4.0 to 2.0.

The results of the BBB-PAMPA permeability of the selected
formulations compared to the reference are presented in Table
6. NP-GLUC-9 showed higher permeability through brain lipid
compared to other formulations and the initial LAM.

PAMPA was used to investigate the passive transcellular
diffusion of poorly water-soluble drugs, but has difficulty pre-
dicting paracellular and active transport, as well as probable
membrane retention of lipophilic drugs (Sun et al., 2017;
Berben et al., 2018). As shown in Figure 10, the selected for-
mulations showed a higher LAM flux compared to the initial
LAM. This result could be explained by the improvement in
the solubility of LAM as a result of the use of BSA-NPs as a
drug carrier.

However, PAMPA is incapable of providing an accurate
description of the permeability process at the BBB, the PAMPA
permeability results should be supported by a cell-dependent
model (Caco-2). A similar result was obtained by Nozini¢
et al. (Nozini et al., 2010).

5.9. In vitro assessment of mucoadhesive property

Nasal mucociliary clearance is a major issue for nasal delivery,
as it can reduce the residence time of a liquid or powder for-
mulation to 15-30minutes (Salade et al, 2019; Marcello and
Chiono, 2023). In this study, we used electronic theory to
assess the mucoadhesive properties of the selected formula-
tions by measuring ZP through the interaction of negatively
charged nanoparticles after incubation with mucin 1% (1:1
v/v) for 0, 1, 2 and 3h (Figure 11). Mucin 1% showed a

Table 6. The BBB-PAMPA Permeability results of the selected formulations in
comparison with the initial LAM. Results are expressed as means+SD (n=6).

BBB-PAMPA permeability BBB-PAMPA assay

Formulation Pe (10% cm/s) classification
LAM 10.094+0.775 CNS +
NP-GLUC-9 10.621+1.166 CNS +
NP-GLUT-2 5.334+0.471 CNS +
NP-EDC-1 4.859+0.811 CNS +

Figure 10. Fluxes of the PAMPA permeability study of the selected formulations
in comparison with the initial LAM. Results are expressed as means+SD (n=6).

Figure 11. ZP of the selected formulations before and after incubation with mucin
as an indicator of mucoadhesion. Results are expressed as means+SD (n=3).

negative ZP of —-4.753+0.364mV (with a particle size of
232.600+3.900nm). NP-GLUC-9, NP-GLUT-2, and NP-EDC-1
showed a high decrease in ZP (from -38.401+3.937 to
—8.170+£0.390mV, -41.800+0.711 to —-6+0.501mV,
—-33.966+£0.585 to —11+0.360mV, respectively) after 3h of
incubation with mucin 1%, almost equal to mucin. A possible
explanation is the formation of a mucin layer covering NPs to
a great extent (Radwan et al., 2021). This result confirmed the
higher degree of interaction of nanoparticles with mucin,
which means a better adhesion property. The close contact of
the nanoparticles with the mucosa and the particular interac-
tions with mucin all contribute to an increase in nasal resi-
dence time (Trenkel and Scherlie3, 2021). Therefore, the use of
albumin nanoparticles increases the residence time of the
drug at the application site, improves drug absorption into the
systemic circulation, and enhances its bioavailability.

5.10. Cytotoxicity assay

The percentage of cell viability was measured after 2h of
incubation (Figure 12). Cells tested with initial LAM at a con-
centration of 5-250 uM showed a significant decrease in cell
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Figure 12. Cell viability % of the selected formulations in comparison to the initial LAM and LAM-NP. Results are expressed as means+SD (n=3).

viability from 93.802+1.289% to 70.713+2.050%. Cells
treated with LAM-NP showed a decrease in cell viability
from 96.598+3.099% to 78.183+5.919%, which could be
explained by low stability, as a result of not using a
cross-linker agent, and the potential for enzymatic degrada-
tion to release LAM from LAM-NP faster than from
cross-linked NPs. Furthermore, cells treated with the selected
formulations showed a higher viability value compared to
the initial LAM at a concentration of 5-250uM, except
NP-GLUT-2 which showed toxicity at a concentration of
250 uM due to the toxicity of aldehyde residuals. This result
indicated that BSA-NPs could be a suitable and compatible
drug delivery system for LAM to decrease its toxicity. A sim-
ilar result was obtained by Shankar Raman et al. (Shankar
Raman et al., 2021). They studied the cytotoxicity of LAM
polymeric nanoparticles using Vero cells in the concentra-
tion ranging between 10 and 50 pg/mL. Their study showed
that the viability of cells was higher than the initial LAM,
which confirmed the suitability of the nanoparticles as a
drug delivery system for safe therapy at lower dose. Other
study using neuroblastoma cell line was done to evaluate
the cytotoxicity of lamotrigine-loaded PLGA nanoparticles in
the concentration ranging between 0.625 and 50ug/mL
showed similar results (Nigam et al., 2019). Nigam et al.
found that the cytotoxicity of LAM was dose-dependent.
Our results also showed that GLUC 9mM and EDC 1mg
could be an alternative to avoid the toxicity of GLUT 2% v/v.
All formulations were nontoxic up to 100uM concentration
(cell viability > 70% (Cannella et al., 2019)), therefore the cell
permeability study was conducted at that concentration.

5.11. Permeability study on the Caco-2 cell monolayer

The main problem associated with the nose-to-brain drug
delivery is poor penetration across the nasal cavity, hence
lower concentrations of drug bypassing the BBB (Nigam
et al., 2019). The Caco-2 cell line derived from human colon

adenocarcinoma is considered the most common in vitro
model wused for the investigation and prediction of
transcellular-based absorption, including passive diffusion,
active transport, efflux, and paracellular transport. Caco-2
cells form a tight paracellular barrier, therefore, these cells are
employed as models for the prediction of nasal absorption,
and as a result, the brain penetration (NozZini et al., 2010;
Awortwe et al., 2014; Wang et al,, 2019; Furubayashi et al.,
2020). As reported by Furubayashi et al., the function of
Caco-2 was relatively similar to that of the rat nasal epithelial
tissue, which indicated the ability of these cell lines to pre-
dict the drug absorption from the nasal cavity of the rat
(Furubayashi et al., 2020). In addition, Caco-2 cells show a
good correlation when compared with BBB models, in case
of passive-diffusion drugs, despite cytoarchitectural differ-
ences and other dissimilarities from BBB models (Veszelka
et al., 2018). However, Caco-2 cells don't take into consider-
ation the impact of mucin, nasal mucus, clearance, and other
physiological factors that restrict drug permeation (Boyuklieva
et al., 2023). Therefore, the in vitro permeability results should
be supported with ex vivo and in vivo study.

The permeability of LAM from the selected formulations
compared to the initial LAM at a concentration of 100uM is
presented in Figure 13. The results showed a higher P,
value compared to pure LAM (non-significant effect). This
indicates that BSA-NPs may improve LAM nasal absorption by
promoting transport into cells and overcoming nasal mucosa
permeability and the limited absorption time available due to
fast mucociliary clearance. Furthermore, Caco-2 cells also
express numerous metabolic enzymes such as cytochrome
P450 isoenzymes (CYP450) and some phase Il enzymes (e.g.
glutathione-S-transferases, sulfotransferase and glucuronidase
(Van Breemen and Li, 2005)) which may degrade BSA-NP and
release LAM.

NP-EDC-1 showed a higher P, value compared to other
formulations and initial LAM, which could be attributed
to the nanosized particle (< 200nm) and the high EE%
(97.307 £0.168%).
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Figure 13. P, value of the selected formulations compared to the initial LAM and
LAM-NP at a concentration of 100 uM. Results are expressed as means+SD (n=3).

5.12. Ex vivo nasal permeability study on human nasal
mucosa

The ex vivo model is simple, time- and cost-effective, which
provide accurate predictions for the absorption through the
nasal cavity and hence the penetration cross BBB. However,
this model has drawbacks, including the restricted tissue via-
bility window, and interindividual variables (such as age, diet,
and pathology) which could potentially affect the tissue mor-
phology that can contribute to variability.

The nasal epithelium has relatively high permeability
because there are only two cell layers that separate the nasal
lumen from a thick network of blood vessels in the lamina
propria (Mara Mainardes et al., 2006). Drugs can penetrate
the blood circulation through the respiratory epithelium or
the trigeminal nerve ends, and hence the brain; or they can
penetrate the CSF or the brain directly through the olfactory
neurons or the olfactory epithelial cells through the olfactory
epithelium. Furthermore, the use of bioadhesive polymers,
such as BSA, increased the residence time of the formulations
in the nasal cavity, which could improve absorption while
preventing damage to the nasal mucosa.

In this study, we used nasal tissue from the olfactory
mucosa (could be identified by its yellowish color, whereas
the respiratory mucosa is pink (Salade et al, 2019)), which
covers only 10% of the human nasal cavity (Fortuna et al,
2022). Therefore, this could influence the delivery of the drug
to the target site (olfactory mucosa used for CNS delivery,
while respiratory mucosa used for systemic delivery (Fortuna
et al., 2022)), hence this study evaluated the brain delivery
only through the olfactory mucosa.

As shown in Figure 14, the selected formulations had a
higher amount of LAM that diffused through the human
nasal mucosa to the acceptor chamber in 60 minutes in com-
parison with initial LAM (260.608+0.657, 628.050+1.692,
637.494+2.043, and 841.711+2.088ug/cm? for LAM,
NP-GLUC-9, NP-GLUT-2, and NP-EDC-1 respectively). Exposure
time of 60minutes is considered sufficient for nasal excipi-
ents/drugs due to rapid nasal mucociliary clearance (Rassu
et al, 2020). Reduced mucociliary clearance might explain
the enhanced permeability of BSA-NPs by increasing the

Figure 14. Ex vivo permeability study of the optimal formulations in compari-
son with initial LAM on human nasal mucosa. Results are expressed as
means+SD (n=3).

Table 7. Permeation and prediction parameters for the selected formulations
in comparison with the initial LAM. Results are expressed as means+SD (n=3).

Sample Flux (ug/cm?/h)  Kp (cm/h) ER Css (pg/mL)
LAM 4.343+£0.010 0.006 - 2.091 +£0.005
NP-GLUC-9 10.467 £0.028 0.018  2.409+0.006  5.041+0.013
NP-GLUT-2 10.624+0.067 0.008 2.446+0.019 5.116+0.032
NP-EDC-1 14.072+0.113 0.013  3.239+0.028  6.777+0.053

contact period of LAM with the mucus layer, which could
transiently open the tight junctions, thereby facilitating the
transport of the associated LAM at the mucosal surface.
However, when nanoparticles reach cells, the drug release
mechanism may benefit from cell enzymes, which may cause
nanoparticle structural biodegradation and influence release
kinetics (Clementino et al., 2021).

NP-EDC-1 had the most diffuse LAM (with the smallest
particle size of 163.766+1.955nm). This result might be
explained by considering that the typical size of intrinsic
mucus intrinsic pores is 20-200nm (Marcello and Chiono,
2023). Particles with diameters ranging from 100 to 700nm
can be transferred intracellularly through the nasal epithe-
lium and perhaps to the brain via the olfactory neural path-
way (Samaridou and Alonso, 2018; Clementino et al., 2021).
Therefore, the smaller particle size with narrow size distribu-
tion may facilitate the pass through the pores and pathways
leading to increase the absorption of LAM through the nasal
epithelium, hence bypassing BBB.

The biopharmaceutical analyses, including the permeation
and prediction parameters, of the selected formulations com-
pared to the initial LAM were presented in Table 7. All opti-
mal formulations had higher flux values, values of the
permeability coefficient, enhanced ratio, and steady-state
plasma concentration compared to the initial LAM.

6. Conclusions

The nasal cavity provides an alternative drug delivery for tar-
geting the brain. The diffusion through the nasal mucosa
could be affected by the pKa, particle size, surface charge,
mucoadhesion properties, and drug encapsulation, which are
considered the most important parameters for improving



drug bioavailability by enhancing drug transport via nasal
barriers through the interaction between the nanoparticles
and the location of absorption.

In this study, LAM-loaded BSA nanoparticles were pre-
pared using the coacervation method, and the QbD
approach was used to optimize the method parameters. The
optimal LAM formulation consisted of 30mg BSA, 30mg
LAM, and a stirring speed of 1000rpm for the preparation.
The particle size obtained was 173.8+1.248nm, PDI of
0.212+0.005, ZP showed negative value (-29.8+0.07 mV)
and the EE% was sufficiently high (91.776+£2.455%). The
optimal formulation was then prepared with different types
and concentrations of cross-linking agents (GLUT, GLUC, and
EDC) to investigate the appropriate alternatives for toxic
GLUT. The concentration of each cross-linking agent was
selected according to the highest EE% and accepted particle
size; therefore, GLUT 2% v/v, GLUC 9mM and EDC 1 mg was
applied and their effect on drug release and permeability
was investigated.

The selected formulations (NP-GLUC-9, NP-GLUT-2 and
NP-EDC-1) showed a higher drug release at CSF conditions
compared to nasal conditions, which could be due to the
pH-dependent solubility of LAM. The PAMPA result showed
an increase in the flux value of LAM through the BBB.

The ex vivo study showed a higher diffusion of LAM from the
selected formulations through the human nasal mucosa com-
pared to the initial LAM. The cytotoxicity study indicated that
BSA-NP reduced LAM toxicity, and GLUC 9mM and EDC 1mg
could be alternative cross-linking agents to avoid GLUT 2% v/v
toxicity. Furthermore, permeability through Caco-2 cells showed
that nasal absorption of LAM was improved by using BSA-NPs.

In summary, these findings demonstrate that LAM-loaded
BSA nanoparticles could be promising in improving the bio-
availability of LAM through nose-to-brain delivery system.
However, in vivo investigation could be useful to evaluate the
correlation between the in vitro method (release, permeation)
and in vivo pharmacokinetics.
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