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ABSTRACT

Objective: Chitosan-based pregabalin microsphere (CBPM) formulation was prepared to improve in vitro mucoadhesion and absorption of
pregabalin via intranasal administration.

Methods: The CBPM formulations were prepared using the inotropic gelation method and optimized using the Box-behnken design. The optimized
CBPM formulation was physico-chemically characterized using scanning electron microscopy, thermal analysis, Fourier transform infrared
spectrometry and powder x-ray diffraction. Additionally, the CBPM formulation was characterized for functional parameters such as in vitro
mucoadhesion, in vitro drug release, ex vivo permeability across the sheep nasal mucosa and in vivo anticonvulsant activity in pentylenetetrazol
(PTZ)-induced seizures model in mice.

Results: The design-optimized CBPM exhibited a 91.45 % inclusion efficiency of pregabalin in the microspheres. The Physico-chemical analysis of
the individual components and the optimized formulation confirmed the formation of CBPM. The in vitro mucoadhesion study revealed ~80%
mucoadhesive of the CBPM to the sheep nasal mucosa. The in vitro dissolution profiles of CBPM was significantly higher (~97%) than that of pure
pregabalin (~70%). The CBPM displayed a higher rate and extent of permeability (~90%) than pure pregabalin (~76%) across the sheep nasal
mucosa. The in vivo anticonvulsant activity showed that intranasal administration of CBPM resulted in significant (P<0.01) protection against PTZ-
induced convulsions in mice.

Conclusion: The chitosan-based microsphere intranasal formulation could be employed as promising delivery for rapid pregabalin absorption.
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INTRODUCTION

Pregabalin (PGB) is a first-line antiepileptic and analgesic drug used
to treat diabetic neuropathy, partial neuropathy, and postherpetic
neuralgia [1]. Commercially, it is available as a conventional capsule
(Lyrica®) with a recommended dose of 75 mg twice a day and 50
mg three times a day to manage neuropathic pain and associated
disorders [2]. PGB is an amino acid with desirable aqueous solubility
[3]. Moreover, due to its low affinity for plasma proteins and a lack
of hepatic metabolism, PGB demonstrates high oral absorption [4-
6]. It is thus appropriately classified as a BCS class I drug. Despite
PGB being a BCS class I drug with good solubility and permeability
profile; however, the medical and clinical application of this
molecule is limited by its unsuitable and unwanted
biopharmaceutical properties, such as exhibiting multiple variations
in absorption in the upper gastrointestinal tracts and requires
frequent dosing of such a higher dose for maintaining therapeutic
higher effects which ultimately resulted in causing dose-limiting side
effects namely dizziness, sleepiness, dry mouth, blurred vision,
difficulty with concentration, hyper-sensitivity and decreased
platelet count once administrated orally [7, 8].

In recent times, several drug delivery systems have been
investigated/explored for improving the delivery of PGB, including
pulsatile delivery systems, nanoparticle systems, modified-release
oral dosage forms, floating dosage forms and transdermal delivery
systems, etc. [1, 2, 8, 9]. However, critical review and
understanding of these systems demonstrated a minimal and
minor improvement in the biopharmaceutical properties of PGB.
Consequently, considering the limitations offered by the existing
formulation system, we require a strong and potential alternative
dosage form and delivery system that could be suitable for
improving the delivery, reducing dosing frequency, and side
effects of PGB.

Among all nanocarriers, the chitosan-based microsphere
nanocarriers demonstrated the most recognizable formulation in
improving the prolonged residence time of drugs, uniform
absorption, controlled release of the drug, and drug loading capacity
mucoadhesive of drugs. According to this, many scientists have
employed this unique formulation strategy for improving the
parameters mentioned above of several APIs and bioactive such as
diclofenac sodium [10], clozapine [11], loratadine [12], tramadol
hydrochloride [13]. Chitosan is a polycationic copolymer obtained
from chitin via a deacetylation reaction. It holds one amino (-NHz)
and two hydroxyl {2(OH)} groups in the glucosidic residual chain. It
is biocompatible and shows non-toxicity with living tissues.
Moreover, it has a gel-forming capacity, high adsorption capacity,
and biodegradable properties. These properties of chitosan make it a
potential carrier for improving drug encapsulation efficiency and
controlled release properties [14]. The mucoadhesive nature of
chitosan (due to the cationic amino group) towards sialic and
sulfonic acids (anionic group) in the mucosal layer exhibits
electrostatic interactions. It further increases the drug's residence
time and nasal epithelial permeability by opening the tight junction
between the cells and reducing nasal clearance, resulting in
improved drug biopharmaceutical performance.  Chitosan
formulations also provide multiple benefits: simple, reproducible, and
efficient preparation methods, high loading capacity, and stability for a
prolonged period. Earlier literature has shown that chitosan
microspheres prepared using glutaraldehyde (as cross-linking agent)
via the ionic gelation method significantly improved the
biopharmaceutical properties of drugs [15-17]. Nasal drug delivery
systems are considered to be one of the most attractive systems for
rapid absorption of drugs like PGB, among other routes, due to the
large absorption surface, a vascularized layer of epithelium, porous
nature of the endothelial membrane, high blood flow, easy access, and
importantly, lack of first-pass metabolism [18-20].
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We prepared chitosan-based PGB microspheres (CBPM) using the
current study simple and reproducible inotropic-gelation method.
The formulation and process variables were optimized using the
Box-behnken design. The optimized formulation was physico-
chemically characterized by particle size analysis, zeta potential,
thermal analysis, Fourier transform infrared spectroscopy and
powder x-ray diffraction. The functional characterization of the
formulation was carried out by in vitro mucoadhesion, in vitro
diffusion, and in vitro permeation studies. Finally, the formulation's
preliminary pharmacological and toxicological evaluation was
carried out with histopathological and in vivo anticonvulsant activity
studies.

MATERIALS AND METHODS

Pregabalin was obtained from Alkem Laboratories Ltd., Mumbai,
India. Chitosan was obtained from HiMedia Laboratories Pvt. Ltd.,
Mumbai, India. Glutaraldehyde was obtained from Avantor
Performance Materials India Ltd, Mumbai, India. Acetic acid,
disodium hydrogen phosphate, and calcium chloride were obtained
from Loba Chemicals Pvt. Ltd.,, Mumbai, India. Potassium chloride,
potassium dihydrogen phosphate, and sodium chloride were
obtained from Sigma Chemicals, Sigma-Aldrich Corporation, St.
Louis, MO. All other chemicals used in the study were of analytical
grade.

Preparation of pregabalin chitosan microspheres

Chitosan-based microspheres of pregabalin (CBPM) were prepared
by the ionotropic gelation method reported earlier [21]. Briefly,
accurately weighed chitosan (100, 150, or 200 mg) was dispersed
into acetic acid (1% v/v, 30 ml). Pure pregabalin (PGB) was added to
this dispersion and stirred to form a uniform mixture. Microspheres
were formed by adding a cross-linking agent, glutaraldehyde (1, 1.5,
or 2 ml), to the mixture at the rate of 30 drops/min via a disposable
syringe (needle size 21G) and stirring the dispersion using a
magnetic stirrer (800, 1000, or1200 RPM). The obtained
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microspheres were filtered, rinsed with deionized water, and dried
in a hot air oven at 60 °C for 3 h. The moisture-free microspheres
were then placed in light-protected glass vials, flushed with
nitrogen, and stored at room temperature (25 °C) until further
characterization.

Box-behnken design

In the present study, Box-Behnken design was employed using
Design-Expert® (Version 10.0.4.0, Stat-Ease Inc., Minneapolis,
Minnesota, USA) to understand the influence of selected formulation
and process variables on the efficiency of pregabalin inclusion in the
prepared microspheres. The independent variables for the study
included the amount of chitosan (X, mg), stirring speed (X2, RPM),
and the amount of cross-linking agent (X3 ml). Each of these
variables was studied at three levels, viz. low (-1), medium (0), and
high (+1), with the levels, were chosen based on previously
published reports. The extent of pregabalin inclusion in the obtained
microspheres (inclusion efficiency, % w/w) was used as a
dependent variable. The design revealed 17 different combinations
of variables for experimental trials. Thus, 17 trial formulations were
prepared and evaluated for pregabalin inclusion. The results were
then fitted to create a statistical model that took the shape of a
polynomial equation (below). Various equation parameters, such as
coefficient of magnitude and interaction terms were used to analyze
and interpret the results.

Y=b0+b1X1+b2X2+b3X3+b11X12+b22X22+b33X32+b12X1X2+b13X1 X3+
b23X2X3

Where Y is the entrapment efficiency (%, w/w), by is the coefficient
of the independent variable of X. The X;, X, and Xsare the main
effects exhibited at three levels. XiX; XiX3 and X2X3 indicate the
combined effects of independent variables. X12, X»% and X3? represent
the nonlinearity of the response. (table 1) shows the experimental
design and actual values of the studied variables (table 2) shows the
experimentally achieved PGB.

Table 1: Coded levels and “real” values for each factor studied

Variables Levels

-1 0 +1
Independent Real values
Chitosan (X1, mg) 100 150 200
Stirring speed (Xz, rpm) 800 1000 1200
Crosslinking agent (X3, ml) 1.0 1.5 2.0

Dependent
Inclusion efficiency (Y, % w/w)

Inclusion efficiency (%)

The PGB inclusion efficiency in the prepared CBPM formulations was
determined using a method previously described by Jeffery et
al.[22]. Briefly, a carefully weighed amount of CBPM (containing ~10
mg PGB) was dispersed in phosphate buffer (10 ml, pH 6.6). The
microspheres (CBPM) and any new chitosan theoretically dissolve in
the buffer, whereas the non-encapsulated (free) PGB remains
insoluble and forms a precipitate. The dispersion was centrifuged
(Model: RM-12C, Remi Group, Mumbai, India) for 10 min at 560xg.
After centrifugation, the supernatant was filtered (Whatman
quantitative filter paper, ashless, grade 41, Sigma-Aldrich
Corporation, St. Louis, MO). After appropriate dilutions, the
absorbance of the resultant solution was analyzed spectroscopically
(Model: SPECTRO UV 2060 Plus, Analytical Technologies Ltd.
Gujarat, India) at 403 nm.

Particle size and zeta potential

The particle size distribution and the zeta potential measurements
of the optimized CBPM formulation were carried out using Photon
Cross-Correlation Spectroscopy (PCCS) with dynamic light scattering
(DLS) technology. The study was followed as per method described
earlier [23]. For particle size analysis, a carefully weighed amount
(~5 mg) of CBPM was dispersed in 10 ml of deionized water, and the
dispersion was analyzed (Model: NANOPHOX, Sympatec GmbH,

Clausthal-Zellerfeld, Germany). All the experiment was carried out at
room temperature (25 °C). The zeta potential of the optimized CBPM
formulation was measured on a Nanoparticle Analyzer (Model:
NanoPlusTM-2, Particulate Systems, Norcross, GA, USA) in the range
0f-200 to+200 mV.

Scanning electron microscopy

The surface morphology of the design-optimized CBPM formulation
was characterized using a scanning electron microscope (Model: JSM
6390, JEOL Datum Ltd., Tokyo, Japan) with a resolution of 3.0 nm
and a customizable Graphical User Interface (GUI). Briefly, the
microsphere particles were carefully dusted on an aluminium stub,
sputter-coated with gold to a thickness of ~400 A°, and scanned at
different magnifications. Representative sample scans were
analyzed and captured using the accompanying software (Smile
Shot™). The earlier reported procedure has been employed for SEM
analysis [24].

Thermal analysis

The thermograms of pure PGB, pure chitosan, the physical mixture
(PM, 1:1.5) of PGB and chitosan, and the prepared CBPM were
obtained on a differential scanning calorimeter (Model: DSC-1 821e,

Mettler Toledo AG, Greifensee, Switzerland). The instrument was
calibrated with indium standard and continuously purged with
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nitrogen gas during operation. Accurately weighed samples (2.0+0.2
mg) were subjected to a single heating ramp cycle in a range of 40 °C
to 400 °C at the rate of 10 °C/min. The obtained sample
thermograms were analyzed using the software (Universal Analysis
2000, V4.5A, build 4.5.0.5) associated with the instrument. The
already established method has been used for the thermal analysis
of the samples mentioned above [25].

Fourier transform infrared spectroscopy

The molecular interactions between PGB and chitosan were studied by
analyzing the FTIR spectra of pure PGB, pure chitosan, PM, and the
prepared CBPM as per the earlier reported method [26]. Briefly,
accurately weighed (~2 mg), moisture-free (dried) samples were
weighed individually and triturated with potassium bromide (KBr, FT-
IR grade, ~200 mg) to form a homogenous mixture. This mixture was
then compressed into thin transparent discs using a Mini Hand Press
(Model: MHP-1, P/N-200-66747-91, Shimadzu, Kyoto, Japan) at 10
tons/Nm2. This disc was used to obtain sample spectra on an FTIR
spectrophotometer (Model: FTIR-8300, Shimadzu, Kyoto, Japan).
Individual sample spectrum was acquired in a range of 4000 to 400
cm-1. The spectra were analyzed using the software (resolution FTIR
control software, version 1.10) associated with the instrument.

Powder x-ray diffractometry

A powder x-ray diffractometer (Model: D8 ADVANCE, Bruker AXS,
Inc., Madison, WI, USA) was used to analyze the crystalline
behaviour of pure PGB, pure chitosan, PM, and CBPM. The analysis of
these samples was carried out using earlier reported procedure [27].
Briefly, accurately weighed samples (~1g) were mounted onto the
sample holder. The samples were then irradiated at a wavelength of
(A = 1.5406 A°) by a Cukf3-based x-ray monochromatic radiation
source. The operating voltage and current of the instrument were
maintained at 40 mV and 35 mA, respectively. A one-dimensional
detector (LINXEYE™) based on Bruker AXS compound silicon strip
technology converted individual signals into a spectrum and
monitored the sample diffraction patterns. The diffractograms of
samples were obtained at a step angle of 0.02° on 20 with the
diffraction angle increasing from 30° to 60° and a step time of 29.1s.

In vitro mucoadhesion

The mucoadhesive behaviour of the prepared CBPM was evaluated
on sheep nasal mucosa using a method previously described by
Belgamwar et al. [13]. Briefly, freshly cut sheep nasal mucosa was
obtained from a local abattoir, cleaned, and rinsed with Simulated
Nasal Electrolyte Solution (SNES). A 5 cm long strip of this tissue
was mounted on a polyethylene plate and placed at an angle of 45°.
Accurately weighed CBPM formulation (containing ~50 mg PGB)
was carefully sprinkled on the tissue. Phosphate buffer (pH 6.6, pre-
heated at 37 °C) was peristaltically pumped over the mucosa ata 5
ml/min rate for one hour. After one hour, the mucosal perfusate
containing non-adhered microspheres was collected, diluted
suitably, and the absorbance of the resulting solution was analyzed
spectroscopically (Model: SPECTRO 2060 Plus, UV Spectra TM,
Analytical Technologies Ltd., Gujarat, India) at 403 nm. The
mucoadhesive potential was calculated according to the formula
provided by Pardeshi et al. (30) and was expressed as percent
mucoadhesion.

In vitro mucoadhesion (%)
_ Amount of adhered microspheres

~ Amount of applied microspheres
In vitro drug diffusion

The diffusion efficiency of PGB from the design-optimized CBPM was
studied using a glass-fabricated Franz diffusion cell, following the
method described by Pardeshi et al. [28]. A dialysis membrane
(LA395, Dialysis membrane-110, Average flat width ~ 31.71 mm,
Average diameter~ 21.5 mm, Capacity ~ 3.63 ml/cm, and Pore size
~ 2.4 nm; HiMedia Laboratories, Mumbai, India) was used as a
diffusion barrier. Before the study, the impurities were removed by
rinsing the membrane as per the instructions provided by the
manufacturer. After this, a sample of pure PGB (10 mg) or the
prepared CBPM (containing ~10 mg of PGB) was dispensed onto the
membrane between the donor and the receptor compartment. The
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phosphate buffer (pH 6.6, 12 ml) was used as a diffusion medium in
the receptor compartment. The temperature of the dissolution
medium was maintained at 37+1 °C using a water bath. At
predetermined time intervals, samples (1 ml) were withdrawn,
diluted suitably, and the absorbance of the resulting solution was
analyzed using a UV-visible spectrophotometer (Model: SPECTRO
2060 Plus, UV Spectra TM, Analytical Technologies Ltd. Gujarat,
India) at 403 nm to estimate the diffusion of PGB across the
membrane.

Ex-vivo drug permeation studies

The permeation efficiency of PGB from the prepared CBPM
formulation across biological membranes was studied using a
method previously reported by Tas et al. [29]. Briefly, freshly cut
sheep nasal mucosa was obtained from a local abattoir, cleaned, and
rinsed with Simulated Nasal Electrolyte Solution (SNES). After
rinsing, the membrane was placed onto the Franz diffusion cell
apparatus with a mucosal surface towards the donor compartment
and a serosal surface towards the receptor compartment. The
receptor compartment was filled with phosphate buffer (pH 6.6, 12
ml) maintained at 37 °C, with continuous stirring. The prepared
CBPM formulation (containing ~10 mg of PGB) was loaded onto the
mucosal surface of the mucosal tissue (donor compartment). As per
predetermined time intervals, sample aliquots were retrieved,
diluted appropriately, and analyzed for absorbance on a UV-visible
spectrophotometer (Model: SPECTRO 2060 Plus, UV Spectra TM,
Analytical Technologies Ltd. Gujarat, India) at 403 nm.

In vivo anticonvulsant activity

The anticonvulsant activity of the prepared CBPM formulation was
studied using a Pentylenetetrazol (PTZ)-induced seizure in the
Albino mice model [30, 31].

Animals

Adult male Swiss Albino mice (Sprague Dawley®Strain, bred in-
house, 22-25 g) University Department of Pharmaceutical Sciences,
RTM Nagpur University, Nagpur, India, were used to evaluate the
influence of pure PGB or optimized CBPM as an anticonvulsant on
Pentylenetetrazol (PTZ)-induced seizure model. The animals were
grouped and separately housed in colony cages maintained at a
controlled temperature (25+5 °C) and humidity (505 % RH)
conditions, with 12 h of light/dark cycle. The food (Pellet chow,
Brook Bond, Lipton, India) and water were provided ad libitum. The
experimental animal protocol (UDPS/IAEC/2016-17, dated
08/09/2016) was approved for this study by the Institutional
Animal Ethical Committee (IAEC) of the University Department of
Pharmaceutical Sciences, RTM Nagpur University, Nagpur, India. The
approved protocol was followed according to the ethical guidelines
provided by the Committee for the Purpose of Control and
Supervision of Experiments on Animals.

Dosing

The experimental animals were divided into four groups of six
animals each. The group I animals received the saline solution (0.9%
w/v) and served as blank (negative control). Group II animals
received the PTZ (80 mg/kg, sc) after 30 min of the saline solution
and served as a positive control. Group III animals were
anesthetized using light ketamine. A suspension of CBPM (dose: 4
mg/kg) in normal saline (0.9 % w/v) was administered intranasally
via a polyethylene tube attached to a Hamilton syringe. Group IV
animals received a suspension of CBPM (dose: 4 mg/kg) in normal
saline (0.9 % w/v) via the intra-peritoneal route. Following 30 min
of administering the formulations, groups III and IV received a single
dose of PTZ (80 mg/kg, sc). The antiepileptic activity of CBPM in
PTZ-induced seizures was assessed by recording the onset of clonic
convulsions and percentage protection.

RESULTS AND DISCUSSION
Preparation of CBPM

The design-optimized CBPM was prepared using an ionotropic
gelation method. Chitosan is a biocompatible, amphiphilic, poly-
cationic polymer that shows reasonable solubility in water and other
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organic solvents [32]. Previous literature reported deionized water
(DI) as the solvent for solubilization and preparation of chitosan-
based microsphere formulations [33]. Other studies reported the
distilled water (DW) solvent for the preparation of microsphere
formulations [34]. However, our preliminary solubility studies
revealed poor solubility of chitosan in DI or DW, resulting in
precipitation of chitosan from DI and DW during formulation. Thus,
for effective solubilization of chitosan, other organic solvents were
explored. We observed that dilute acetic acid (1 % v/v, pH<6) was
an effective solvent for the solubilization of chitosan. The low pH of
acetic acid may protonate the primary amino group of chitosan,
resulting in the effective solubilization of chitosan [32]. Therefore,
we primarily used dilute acetic acid (1 % v/v) as our solvent of
choice in the preparation of CBPM.
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Box-behnken design

The results of PGB inclusion efficiency obtained from the design-
specified trial formulations are shown in table 2. The results
indicated that all three selected variables had varying degrees of
influence on the inclusion efficiency of PG Bin the prepared CBPM.
The prepared trial formulations of CBPM exhibited PGB inclusion
efficiencies of 50 to 96%. Upon analyzing the obtained results, the
design of the experiments showed a quadratic model and the
polynomial equation (below). From the equation, the conclusions
were drawn based on the magnitude of the coefficients and the sign
(+or-) associated with them.

Y =85.42+4.07X1+16.60 X2+2.82 X3-5.60X12-5.94X,2-
7.64X32+1.22X1X2+4.51X1X3+3.98X2X3

Table 2: Box-behnken design experimental trial batches, with obtained yield values (%, w/w)

Experimental trials X1 Xz X3 Inclusion efficiency” (%, w/w)
1 0 +1 +1 93.37+1.17
2 -1 0 -1 68.19+1.54
3 0 0 0 78.73+0.67
4 +1 0 +1 85.20+1.78
5 +1 +1 0 96.04£1.20
6 +1 0 -1 65.11+1.56
7 -1 -1 0 54.17+0.87
8 -1 +1 0 83.24+0.78
9 +1 -1 0 62.08+1.12
10 0 -1 +1 50.52+1.54
11 -1 0 +1 70.23+0.34
12 0 +1 -1 85.20+1.67
13 0 -1 -1 58.27+1.87
14 0 0 0 89.76+1.90
15 0 0 0 76.92+1.61
16 0 0 0 91.21+1.76
17 0 0 0 90.47+1.85

*Values are represented mean+Std. Dev. (n = 3)

Among the different values obtained for the magnitude of coefficients
from the equation, the value of bz, and bswere found to be statistically
significant (p<0.05); whereas those for bo, bz bs, b1, b2z, b33, b1z, b1s,
and bz3 were insignificant. The calculated F value (9.07) was also
statistically significant. Moreover, the positive (+) sign associated with
the coefficients b1, bz, and bzindicated a direct correlation between the
study variables and the PGB inclusion efficiency. These observations
concluded that the developed model best represents the influence of
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studied variables on the inclusion efficiency of PGB in the prepared
CBPM. The response surface and contour plots (fig. 1) further explain
the studied variables' influence on the PGB inclusion efficiency.
Additionally, a numerical optimization process was applied to
optimize the variables. Based on this process, trial formulation #16
displayed the optimal values of the studied variables. These values
were 150 mg, 1000 RPM, and 1.5 ml for the amount of chitosan,
stirring speed, and cross-linking agent, respectively.

Encapsulsiin eficiency (%1

Fig. 1: a) Counter plot and b) response surface plot of inclusion efficiency (%, Y) as a function of the amount of chitosan (X1, mg), stirring
speed (Xz, RPM), and cross-linking agent (X3, ml)
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Validation of the optimized model

An additional formulation of CBPM was prepared using the optimal
values of the variables obtained from the model to validate the
developed model. The PGB inclusion efficiency obtained from this
formulation was then compared with the model-predicted
(theoretical) value. The results showed that the PGB inclusion
efficiency obtained from this additional formulation (91.45 % w/w)
was slightly higher than the model-predicted value (89.41 % w/w).
The relative robustness of the model was also confirmed by the
lower bias value (-2.28 %) calculated using the equation below.

Predicted value — observed value

Bias (%) = x 100

Predicted value
Particle size and zetapotential

Particle size, size distribution, and zeta potential are essential
properties of multiparticulate systems, indicating their physical
stability, distribution, and bioavailability upon administration. An
earlier report by Pardeshi et al. suggested that prepared microspheres
with particle sizes of 10 to 22 pm favour mucoadhesion and intranasal
delivery [28]. The particle size ad zeta potential of CBPM formulations
are discussed below. The mean particle size of the prepared CBPM was
18.40+0.33 pm, suggesting its suitability for intranasal administration.
The polydispersity index was found to be 0.36+0.03, indicating a

X250 100pym 0000 1351 SEI
a)
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narrow particle size distribution. Zeta potential (() is a valuable tool
for determining surface charges and a potential indicator of the
physical stability of microscopic multiparticulate systems. Zeta
potential measures the magnitude of charges on the particles. Higher
values (positive or negative) indicate the strength of a multiparticulate
dispersion. Typically, a value of >30 mV indicates good stability [35].
The zeta potential value of this formulation was 32.0+0.25 mV,
indicating excellent stability. Thus, the particle size analysis and zeta
potential estimation results ascertained nasal administration's
physical stability and suitability.

SEM analysis

(fig. 2a and 2b) shows a comparison of the surface morphologies of
pure PGB and the design-optimized CBPM as observed by scanning
electron microscopy. The micrographs of pure PGB exhibited highly
ordered crystalline particles. The particles of pure PGB appeared to
be varying sizes of laminar crystals. As expected, the particles of
CBPM formulations were dramatically different from those of pure
PGB. True to their definition, the microsphere was observed to have
a spherical particle shape with a relatively smooth surface. The
micrographs of CBPM did not reveal any signs of rupture, cracks, or
pores. Previous reports have suggested microspheres with a
spherical and smooth surface can slow nasal clearance, increase
nasal deposition, and increase bioavailability [36].

15kV X250 100pm 0000 14 51 SEl

b)

Fig. 2: SEM images of a) pure PGB and b) design-optimized CBPM formulations
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Fig. 3: DSC thermograms of a) Pure PGB, b) Pure chitosan, c) PM, d) design-optimized CBPM formulations

Thermal analysis

Thermal analysis of pharmaceutical materials is a valuable tool in
determining the stability and compatibilities between formulation
components. Fig. 3 (a, b, ¢, and d) shows the DSC thermograms of
pure PGB, pure chitosan, PM, and CBPM. The thermogram of pure
PGB (fig. 3a) exhibited a single, sharp, endothermic melting peak
around 200 °C. This peak indicated the purity and crystalline nature
of PGB and was consistent with earlier findings [2]. The thermogram

of pure chitosan (fig. 3b) showed a single, broad, and diffused
endothermic peak with low intensity, around 85 °C, indicating the
melting temperature range of chitosan [14, 36]. The thermogram of
PM (fig. 3c) exhibited a relatively broader endothermic peak
corresponding to that of pure PGB. The lack of chitosan
characteristics in the peak can be attributed to the lower quantity of
chitosan in the mixture. Finally, the thermogram of CBPM (fig. 3d)
showed a new broad endothermic peak around 89 °C, with the
disappearance of individual peaks of pure PGB and chitosan. The
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formation of a broad peak of CBPM and the disappearance of peak
after PGB. The peak can be attributed to decreasing the crystallinity
and partial amorphization of pure PGB [14, 36]. Thus, from
comparing the above thermograms, it can be suggested that stable
microspheres of chitosan and PGB were formed by weak
intermolecular interactions (hydrogen bonding, van der Waals
interactions) between chitosan and PCB.

FT-IR

The spectra obtained from the FT-IR analysis of pure PGB, pure
chitosan, PM, and CBPM are shown in fig. 4 (a, b, ¢, and d),
respectively. The spectrum of pure PGB (fig. 4a) showed important
characteristic absorption peaks at 2956.48 cm-1 (N-H stretching),
2600.98 cm-1(0-H stretching) and 1645.23 cm-1 (C=0 stretching).
These observed peaks are consistent with those reported earlier [1].
The spectrum of chitosan (fig. 4b) exhibited absorption peaks at
3443.32 cm-1(0-H stretching), 2880.38 cm-1(C-H stretching), and
1654.60 cm-1(N-H stretching). Additional peaks were observed at
1378.72 cm-1 (amide group) and 1091.45 cm-1 (C=O0 stretching in
the C-O-C group). These observations were also consistent with

“{(A)
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previously reported results [37]. The FTIR spectrum of PM (fig. 4c)
displayed characteristic peaks of pure PGB and chitosan. These
peaks were observed at 3442.18 cm-1, 2955.00 cm-1, 2601.60 cm-1,
1644.82 cm-1, 1391.98 cm-land 1100.01 cm-1. The spectrum of
CBPM (fig. 4d) showed characteristic absorption peaks at 3436.90
cm-1(0-H stretching), 2940.80 cm-1(N-H stretching), 1642.23 cm-
1(C=0 stretching), 1399.82 cm-1(amide group) and 1115.33 cm-
1(C=0 stretching in C-0-C group). The appearance, disappearance,
and shifting of new peaks in CBPM could be attributed to the
interaction between pure PGB and chitosan. With these interactions,
the characteristic absorption peaks associated with pure PGB, i.e., at
2956.48 cm-1 and 1645.25 cm-1 were shifted to 2940.80 cm-1 and
1642.23 cm-1, respectively. Specific peaks associated with chitosan,
ie, at 3443.32 cm-1, 2880.38 cm-1land 1654.60 cm-lappeared to
shift to 3442.18 cm-1, 2955.00 cm-1, and 1644.82 cm-1,
respectively. Therefore, the appearance and shifting of characteristic
peaks can be attributed to weak intermolecular interaction leading
to the formation of the stable CBPM microsphere. It can thus be
surmised that the formation of CBPM involved weak intermolecular
interactions between PGB and chitosan.

(B)

«=1(C)

={(D)

Fig. 4: FTIR spectrum of a) Pure PGB b) Pure chitosan c) PM d) Design-optimized CBPM formulation
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PXRD

Fig. 5 (a, b, ¢, and d) displays the x-ray diffractograms of pure PGB,
chitosan, PM, and the prepared CBPM. The diffraction pattern of
pure PGB (fig. 5a) showed characteristic, sharp, intense peaks at 10°,
17°,19°, 22°, 24°, 27°,30°, 36°, 39°, and 41° 26, indicating the highly
crystalline nature of PGB. These patterns were consistent with those
reported earlier [38]. (fig. 5b) shows the diffraction pattern of pure
chitosan. The diffractograms exhibited two different characteristic
peaks. Both peaks were relatively broad and appeared at 10° and
20° with high intensity. These peaks can be attributed to the
crystallinity of chitosan and the hydrogen bonding between the
amino groups of the chitosan molecule. Similar observations
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concerning an x-ray diffraction pattern of chitosan were reported
earlier [39]. The diffraction pattern of PM (fig. 5c¢) showed
characteristic peaks associated with pure PGB and chitosan. A small
number of crystalline peaks with lower intensity were associated
with PGB and can be assumed to be due to a lower amount of PGB
present in the PM. In contrast, the prominent and broader peaks
with higher intensity may be related to chitosan. Finally, the
diffraction pattern of optimized CBPM (fig. 5d) exhibited a complete
absence of crystalline peaks of PGB. The lack of crystalline peaks
might be attributed to the dispersion of PGB into the chitosan
polymer matrix at a molecular level and the partial amorphization of
PGB. These results are supported by the previously reported
observations [13, 14, 40].
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Fig. 5: PXRD spectrum of a) Pure PGB b) Pure chitosan c) PM d)Design-optimized CBPM formulations
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In vitro mucoadhesion

The mucoadhesive potential of the prepared CBPM was 80.21+1.19
% (n=3), indicating excellent adhesivity of the prepared
microsphere formulation on the sheep nasal mucosa. The
mucoadhesive properties of chitosan are widely reported [41]. The
presence of positively charged amino groups in chitosan polymer
demonstrates electrostatic interactions with negatively charged
sialic and sulfonic acid groups in the nasal mucosa, resulting in
effective mucoadhesion. Moreover, when cross-linked with optimal
amounts of glutaraldehyde, chitosan improves the flexibility of
chitosan, resulting in the formation of microspheres that possess
liquid-gel characteristics and high aqueous solubility, and easy
penetrability into the mucus epithelial layers. These combined
influences greatly facilitate mucoadhesion. The results obtained to
follow the previously published reports [39].

In vitro diffusion

Fig. 6 shows the in vitro diffusion profile of PGB from the prepared
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CBPM formulation across a dialysis membrane. As shown in fig. 6,
the rate and extent of diffusion of pure PGB across the dialysis
membrane were significantly lower than that of the prepared CBPM.
At the end of 90 min, only about ~70 % of pure PGB permeated
across the membrane. Conversely, the CBPM exhibited an increased
and steady diffusion of PGB across the membrane. At the end of the
testing period, over 90 % of PGB was found to have diffused across
the membrane. The observed initial burst release (0-10 min) of PGB
could be due to the excess amount of PGB on the surface of the
microspheres. These observations are consistent with the findings
earlier [13, 28]. The kinetics and the mechanism of PGB release from
the optimized CBPM were assessed using several kinetic models, viz.
zero order, first order, Higuchi, and Korsmeyer-Peppas models. The
release kinetics appeared to fit all models with varying degrees.
However, upon closer inspection of the regression coefficient (R2),
zero-order was observed to be the best fit (R2 = 0.9908) kinetic
model describing the diffusion and release kinetics of PGB from
CBPM. The release exponent value (n = 0.63) indicated a non-Fickian
or anomalous diffusion mechanism.
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Fig. 6: The in vitro diffusion profile of pure PGB and design-optimized CBPM formulations across the dialysis membrane, Values are
meanzStd. Dev (n = 3)

Ex vivo permeation

The comparative ex vivo permeation behaviour of pure PGB and PGB
from CBPM across the sheep nasal mucosa is shown in (fig. 7).
Similar to the in vitro diffusion results, the rate and extent of
permeation of pure PGB across the sheep nasal mucosa were
significantly lower than that of the prepared CBPM. At the end of the

permeation study period, only about ~77% of pure PGB were able to
cross the biological membrane. Conversely, the CBPM demonstrated
an increased and steady permeation of PGB across the mucosa. At
the end of the testing period, over 90 % of PGB was found to have
permeated across the mucosal membrane. The ex vivo permeability
profiles of pure PGB and PGB from CBPM closely match their
respective in vitro diffusion profiles.
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Fig. 7: The ex vivo permeation profile of pure PGB and design-optimized CBPM formulations across sheep nasal mucosa, values are
meanzStd. Dev (n = 3)

In vivo anticonvulsant activity

Fig. 8 shows the comparative results of the anticonvulsant activity of
CBPM in PTZ-induced seizures in a Swiss albino mice model,

administered either via the intraperitoneal route or via the
intranasal route. The animals that received PTZ alone showed an
earlier and severe (p<0.05) onset of clonic seizures and resulted in
100% mortality, i.e,, all animals receiving PTZ alone died within a
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few minutes. The animals receiving CBPM (4 mg/kg) by intra-
peritoneal route significantly (p<0.05) delayed the onset of clonic
convulsions and demonstrated up to 33.33% protection against PTZ-
induced mortality. Finally, the animals receiving CBPM (4 mg/kg)
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also delayed the onset of convulsions significantly (p<0.01) and
exhibited significantly higher (66.66%) protection against PTZ-
induced mortality. The overall results demonstrate the improved
therapeutic effectiveness of CBPM via intranasal administration.
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Fig. 8: Influence of design-optimized CBPM formulations at a dose of (4 mg/kg) via the intra-peritoneal or intranasal route in PTZ-induced
seizures in the swiss albino mice model

CONCLUSION

The presented study prepared a chitosan-based, mucoadhesive,
microsphere formulation of PGB using a relatively simple,
reproducible, inotropic-gelation method. The formulation and
process variables were optimized using the Box-behnken design.
The physico-chemical characterization of the prepared formulation
supported the formation of microspheres and indicated the
involvement of weak intermolecular interactions between PGB and
chitosan. The ready CBPM formulation exhibited acceptable
mucoadhesive properties attributable to the electrostatic
interactions between chitosan and mucosal components. The in vitro
diffusion and the ex vivo permeation studies showed increased
permeability of PGB from the prepared CBPM across the dialysis and
biological membrane, respectively. The preliminary pharmacological
evaluation exhibited a significant therapeutic benefit offered by
CBPM to delay PTZ-induced clonic convulsions and protect against
PTZ-induced mortality in mice. The study provides the feasibility of
developing an intranasal microsphere formulation as an alternative
approach for the delivery of PGB. Further studies are warranted
better to understand the system's formulation and other functional
aspects.
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