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Tizanidine hydrochloride (TZN) is an antimuscarinic agent used in the treatment of pain-related spasms, multiple
sclerosis, and stroke-related spasticity. It has low oral bioavailability (40 %) due to excessive first-pass meta-
bolism in the liver. The aim of this project was to enhance the systemic bioavailability of TZN by developing
buccal mucoadhesive bilayer tablet formulations using chitosan salts with molecular weights of 136 kDa (7 cP)
and 169 kDa (10 cP). Structural characterisation of chitosans and their salts was performed by FTIR, 'H NMR,
DSC, TGA, and XRD analyses. Soluble chitosan salts, chitosan glutamate and chitosan chloride, for the adhesive
layer, and insoluble ethyl cellulose for the impermeable backing layer were selected as polymers to fabricate the
buccal tablets by direct compression method. The tablets containing TZN demonstrated high swelling and good
mucoadhesion characteristics as well as released all the drug within 8 h. While TC10, formulated with 10 cP
chitosan chloride, showed the highest swelling properties, TG10, prepared with 10 cP chitosan glutamate,
exhibited the highest mucoadhesion. Chitosan glutamate tablets (TG7 and TG10) demonstrated better
mucoadhesive characteristics and stability than chitosan chloride ones (TC7 and TC10) in the buccal medium
based on the results of swelling and drug release studies. The permeability studies performed by Franz diffusion
cell demonstrated that the amount of TZN passing through the bovine buccal mucosa was between 13.4 and 14.4
%. Stability studies conducted at 5 + 2 °C, 25 + 2 °C and 40 =+ 2 °C for 6 months showed that no changes in the
content uniformity and pH were observed. The in vivo comparative bioavailability studies in female New Zealand
rabbits were performed and TZN-containing buccal mucoadhesive bilayer tablets fabricated with both chloride
(TC10) and glutamate (TG10) salts of chitosan demonstrated three times higher bioavailability than the com-
mercial TZN product (Sirdalud® oral tablet) administered by the gastrointestinal route.

1. Introduction

The orotransmucosal drug delivery, which includes sublingual,
buccal, and soft palatal routes, has emerged as an alternative application
route for improving the systemic bioavailability of drugs [1,2]. Among
these, the buccal route offers significant advantages such as allowing
rapid and direct delivery into blood circulation bypassing first-pass
metabolism, and providing a larger surface area than the sublingual
route [3,4].

In recent years, numerous investigations have been conducted on
buccal administration of various dosage forms, including tablets [5,6],
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patches [7,8], films [9,10], wafers [11,12], and hydrogels [13,14].
Buccal tablets are one of the well-researched dosage forms that enable
prolonged drug delivery due to their ability to remain in the mouth for
an extended period without disintegrating. Moreover, the buccal tablets
do not pose a problem for speaking and drinking as they are smaller and
thinner than the conventional tablets [15]. However, the elimination of
a part of the active ingredients from the buccal mucosa through saliva
poses a significant challenge for orotransmucosal drug delivery [16]. To
address this issue, buccal bilayer tablets can be formulated with
water-insoluble polymers such as ethyl cellulose [17,18]. The imper-
meable backing layer containing hydrophobic substance ensures
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unidirectional drug release, in other words, the active ingredient is
absorbed only through the buccal mucosa [19].

Bioadhesive polymers used to fabricate buccal tablets enhance the
systemic bioavailability of the drug by allowing the dosage form to
remain on the buccal mucosa for the desired period. Chitosan is a
biodegradable, biocompatible, mucoadhesive, and low-toxic polymer
produced by partially deacetylating chitin. This makes it an attractive
option for researchers interested in mucosal drug delivery due to its
properties. It demonstrates mucoadhesive properties through ionic
interaction with the negative charge of mucin glycoproteins due to its
cationic structure. Chitosan is a weak base that dissolves by protonating
its primary amine group in an acidic medium [20-26]. Water-soluble
chitosan salts such as chitosan glutamate, chitosan lactate, and chito-
san chloride are the preferred polymers for preparing buccal bio-
adhesive formulations. The buccal dosage forms prepared with these
polymers are highly effective in providing prolonged drug release due to
their good swelling and bioadhesive characteristics [27-29].

TZN is an antispasticity agent used in the treatment of pain-related
spasms, multiple sclerosis, and stroke-related spasticity [30,31]. The
oral bioavailability of TZN, which is highly exposed to the first-pass
mechanism in the liver, is about 40 % [32]. The most common side ef-
fect of TZN, which has a narrow therapeutic index, is sedation which
may cause somnolence, especially at the beginning of the treatment
[33]. The daily dose of TZN might be increased up to 36 mg depending
on the course and severity of the disease and 2-4 mg of it is generally
used three times a day [34].

Researches were conducted on buccal formulations to improve the
bioavailability of TZN. In a previous study of our group, the systemic
effect of TZN was increased by developing chitosan-based buccal
monolayer patch formulations [35]. However, due to the fact that the
patches lose their integrity faster than tablets and the rapid swelling of
chitosan, the monolayer design of the films makes buccal tablets
attractive if longer-term remaining on the mucosa is aimed. Buccal
tablet formulations of TZN have been reported in the literature. How-
ever, these studies were limited to characterisation, drug release, and ex
vivo permeability studies. Shanker et al. [36] developed TZN-containing
buccal bilayer tablet formulations, which included HPMC and CMC as
mucoadhesive polymers and ethyl cellulose as an impermeable layer.
They investigated the effect of different penetration enhancers on the
permeability of TZN. Shivanand et al. [37] prepared buccal bilayer
tablets of TZN using Carbopol, HPMC, and CMC. The formulation con-
taining Carbopol and HPMC was identified as the optimal tablet for
buccal administration based on the results of characterisation and drug
release studies.

The objective of this work was to fabricate buccal mucoadhesive
bilayer tablet formulations using chitosan salts to achieve unidirectional
drug release, thereby improving the bioavailability of TZN and reducing
the systemic side effects. The physicochemical properties and bio-
adhesive characteristics of the buccal tablets were determined, and in
vitro drug release studies and permeability studies using bovine buccal
tissue were performed. Also, in vivo bioavailability studies were con-
ducted in New Zealand rabbits to compare the pharmacokinetic pa-
rameters obtained with the mucoadhesive bilayer tablets and the
commercial product (Sirdalud® oral tablet) administered by the buccal
and the gastrointestinal route, respectively.

2. Materials & methods
2.1. Materials

Low molecular weight chitosans (7 cP and 10 cP, 70-80 % deace-
tylated) were kindly donated by Primex, Iceland. The molecular weights
of 7 cP and 10 cP chitosans were determined as 136 kDa and 169 kDa,
respectively, by gel permeation chromatography in-house. Tizanidine
hydrochloride (TZN) was purchased from TCI Chemicals, Japan.
Ammonium acetate, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
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hydrochloride (EDAC), ethyl cellulose, glutamic acid, hydrochloric
acid, mucin (type III), phosphate buffer tablet (pH 7.4) and sodium
hydroxide were purchased from Sigma, USA. Calcium chloride (anhy-
drous), and pH 6.8 phosphate buffer tablet were obtained from Merck,
USA. Magnesium stearate from Doga Ilac, Tiirkiye, and azelaic acid from
Fluka, USA were purchased. The dialysis membrane (Visking Dialysis
Tubing, diameter 28 mm, 12-14 kDa) was purchased from Serva Elec-
trophoresis GmbH, Germany. Membrane filters (0.22 pm and 0.45 pm of
PTFE membranes, 0.22 pm of Nylon membrane, Millex, Merck-
Millipore, Darmstadt, Germany) were obtained from Millipore, USA.
Ketamine hydrochloride (Ketasol) from Richter Pharma Ag, Austria, and
Xylazine hydrochloride from Bayer, Germany were purchased. Com-
mercial Tizanidine hydrochloride tablet (Sirdalud® oral tablet 2 mg)
was purchased from Novartis, Tiirkiye. All other chemicals were of
pharmaceutical grade.

2.2. Preparation of chitosan salts

Chitosan was dissolved in purified water in a 1:1 M ratio with either
hydrochloric acid or glutamic acid [38,39] by stirring at the rate of 300
rpm min~! on a magnetic stirrer (Mr-Hei Standard, Heidolph, Germany)
at 25 °C for 24 h. Then, the solution was dialysed using the dialysis
membrane against purified water for 72 h to remove all unreacted acid
residues. The solution was then filtered using a 0.22 pm membrane filter
to remove all insoluble materials and freeze-dried (SP Scientific, VirTis
Advantage, Suffolk, UK) at —35 °C for 48 h. The freeze-dried polymers
were milled by a knife mill to reduce their size, passed through the sieve
with a pore size of 0.25 mm, and stored under vacuum at 4 °C until
further use.

The polymers prepared with chitosan of 7 cP and hydrochloric acid
or glutamic acid were named CC7 and CG7, while those prepared with
chitosan of 10 cP were named CC10 and CG10, respectively.

2.3. Characterisation of chitosan and chitosan salts

2.3.1. Fourier-transform infrared (FTIR) analysis

FTIR spectra of chitosan and its salts were obtained by utilizing KBr
discs (sample/KBr = 1/200, w/w) on an FTIR Spectrophotometer (Cary
630, Agilent, USA) in the range of 4000-400 em ! [35].

2.3.2. Proton nuclear magnetic resonance (' g NMR) analysis

'H NMR analysis was conducted using a Nuclear Magnetic Reso-
nance Spectrometer (Bruker Avance III, Germany). The analyses of
chitosan and its salts were carried out in D0, at 400 MHz and 25 °C.
Phase and baseline correction of the 'H NMR spectra was performed
using the software Mestrenova v14.1.2-25024 (Mestrelab Research SL,
Spain) [35].

2.3.3. Powder X-ray diffraction (XRD) analysis

XRD patterns of chitosan and its salts compressed into tablet-shaped
discs were obtained using a Philips PANalytical X’Pert Pro X-ray Powder
Diffractometer (Netherlands) with Cu Ka radiation (A = 1.5406 nm) at
40 mA and 45 kV with a scanning speed of 1 min~! from 20 = 5 to 20 =
60 [40].

2.3.4. Differential scanning calorimetry (DSC) analysis

Differential scanning calorimetry (DSC) analyses of chitosan and its
salts were performed using a heat-flux type DSC (DSC 214 Polyma,
Netzsch, Germany). High-purity calibration standards of the metals in-
dium (In), tin (Sn), and zinc (Zn) were used for the temperature and heat
flow calibration of the instrument. Approx 4-6 mg of samples were
heated from 20 to 300 °C in an aluminium crucible using the following
parameters: the heating rate of 5 °C min~" and under a nitrogen flow of
60 mL min~* [41].
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2.3.5. Thermogravimetric analysis (TGA)

Thermogravimetric analyses (TGA) were performed on chitosan and
its salts, weighing approx 30 mg, using a TGA instrument (Setaram,
France) in the temperature range of 25-600 °C at a heating rate of 10 °C
min~! in flowing nitrogen gas [41].

2.4. Fabrication of buccal mucoadhesive bilayer tablets

Buccal mucoadhesive bilayer tablets (Table 1) were fabricated by the
direct compression method with some modifications according to pre-
vious studies [42,43]. To prepare the bioadhesive layer of the tablets
(80 mg), chitosan salt as a bioadhesive polymer, magnesium stearate as
a lubricant, and TZN were mixed in a cubic blender for 10 min. The
powder mixture was compressed at a force of 50 kg cm ™2 (49 bar) using
an eccentric tablet machine equipped with an 8 mm diameter flat-face
punch (Tablet Press Machine, Yeniyurt, Tiirkiye). To fabricate the
double-layer tablet, ethyl cellulose (40 mg), the impermeable layer
polymer, passed through the sieve with a pore size of 0.25 mm and
added onto the bioadhesive layer placed in the die. Then, the final
compression was performed at a force of 240 kg cm ™2 (235.4 bar) using
an 8 mm diameter flat-face punch on the same tableting machine.

2.5. Physicochemical characterisation of buccal mucoadhesive bilayer
tablets

The diameter and thickness of the tablets were determined using a
digital micrometre (Guanglu, China). Ten replicates were run for each
formulation.

The weight uniformity of formulations was performed with 10 tab-
lets from each batch using an electronic balance (PA413, Ohaus Pioneer,
Switzerland).

The determination of the pH of the buccal formulations was con-
ducted as described by Shirsand et al. [43]. The tablet was kept in a Petri
dish (@ = 3 cm) having 5 mL of phosphate buffer (pH 6.8) at room
temperature. The cap of the dish was closed, and the pH value was
measured using a pH meter (Inolab 720, WTW, Germany) after 2 h. The
experiments were carried out five times for each batch.

To determine the friability of the buccal tablets, 20 tablets from each
formulation were precisely balanced and the total weight was detected
(M1). The tablets were placed in the plexiglass drum of the friabilitor
(PTF 20E, Pharmatest, Germany) and allowed to rotate at a speed of 25
rpm min~! for 4 min [44]. Finally, the buccal tablets were reweighed
(My). The friability (%) was calculated with the following formula
(Equation (1)).

Friability (%) = [(M; — M2)/M;] x 100 (Equation 1)

The hardness of the tablets was measured using a hardness tester
(PTB 311E, Pharmatest, Germany) (n = 10). The mean and the standard
values were calculated.

2.6. Swelling index

The initial weights of three tablets from each batch were weighed
separately (M;). The buccal tablets were individually placed in a Petri
dish (@ = 3 cm) having 5 mL of phosphate buffer (pH 6.8) to allow
swelling at 37 & 0.5 °C. The tablets were taken from the Petri dishes at

Table 1
The composition of buccal mucoadhesive bilayer tablets.
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specified time intervals (30 min-6 h) and carefully dried with cellulose
filter paper. The swollen tablets were reweighed (M). The swelling
index (%) was calculated using the equation below (Equation (2)) [35].

Swelling index (%) = (M2 - M;) / M; x 100 (Equation 2)

2.7. Drug content uniformity

Five tablets were powdered in a mortar. 120 mg powder was trans-
ferred to a beaker containing 50 mL of phosphate buffer (pH 6.8) and
stirred for 15 min. The volume was completed to 200 mL with the same
buffer. One mL of the sample was taken and filtered through a 0.22 pm
membrane filter. TZN amount was determined by the high-performance
liquid chromatography (HPLC) method. The studies were carried out
five times for each batch.

HPLC (1100 series, Agilent, USA) analyses were performed using a
C18 column (150 x 4.6 mm, 5 pm, Interstil, GL Sciences, Japan) at 25 °C
column temperature. The flow rate was set as 1 mL min~! and the vol-
ume of injection was adjusted to 10 pL. Acetonitrile and 0.1 M of
ammonium acetate mixture (v/v 15:85) were used as the mobile phase.
The UV detector was set at 228 nm [45]. The method was fully validated
according to the International Conference on Harmonization guidelines
[46]. The HPLC method was used in the studies of content uniformity,
drug release, and ex vivo permeability.

2.8. Mucoadhesion studies

TA-XTPlus Texture Analyser equipped with a 5 kg load cell (Stable
Micro Systems, Haslemere, Surrey, UK) was used in ex vivo mucoadhe-
sion studies [20,47]. The fresh bovine buccal mucosa obtained from the
slaughterhouse was stored at —30 °C. Before the studies, the mucosa was
thawed for 1 h, placed between the plexiglass plates, and fitted by its
screws. The surface of the buccal mucosa was hydrated with 75 pL
phosphate buffer (pH 6.8) containing 2 % of mucin. The impermeable
layer surface of the tablet was firmly adhered to the probe (SNSP/10, @:
10 mm) using double-sided adhesive tape. The tablet and the mucosa
were contacted for 120 s with a force of 1 N at a speed of 0.5 mm s ..
Then, the probe was moved upwards at a speed of 0.5 mm s7L. The peak
of mucoadhesive strength (N cm~2) and the work of adhesion (mJ cm™2)
were determined from the area under the detachment curve using
Equation (3). The experiments were conducted at room temperature and
performed four times. The mean and standard deviation values were

calculated.
Work of adhesion (mJ cm™2) = AUC1.5/ nr? (Equation 3)

AUC;.3: Area under the curve of the force-distance profile.

nr2: The surface area of the tablet
2.9. Invitro drug release studies

The release studies were performed in a beaker containing 200 mL
phosphate buffer (pH 6.8) at 37 + 0.5 °C on a magnetic stirrer (RT15,

IKA, Germany) at a speed of 50 rpm [35]. The impermeable surface of
the buccal tablet was stuck on a glass plate (2 x 2 cm?) using

Formulations ~ TZN Chitosan chloride Chitosan chloride Chitosan glutamate Chitosan glutamate Magnesium stearate Ethyl cellulose
(mg) (CC7) (mg) (CC10) (mg) (CG7) (mg) (CG10) (mg) (mg) (mg)

TC7 2.288 76.112 - - - 1.6 40

TC10 2.288 - 76.112 - - 1.6 40

TG7 2.288 - - 76.112 - 1.6 40

TG10 2.288 - - - 76.112 1.6 40
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cyanoacrylate glue. The glass plate was left in the beaker at a right angle.
The sample (0.5 mL) was collected from the beaker at specified time
intervals (30 min-8 h) and filtered using a 0.45 pm PTFE membrane
filter. Also, the fresh medium was added to the beaker as soon as the
sample was taken. The samples were analysed by the HPLC method. The
studies were conducted in quintuplicate.

The drug release from buccal tablets was compared to each other
using the similarity factor (f2). The f> value, calculated using Equation
(4), greater than 50 refers to the similarity of the release profiles be-
tween two formulations [48,49].

-0.5
l n
14 ;(Rt - Tt)z} x 100}

fy =50 x log{ (Equation 4)

t: Time.

R¢: Drug release percent of reference formulation at t time
T¢ Drug release percent of test formulation at t time
n: Number of time points

The release kinetics of TZN from the formulations were analysed
using the zero-order, first-order, Higuchi and Hixson-Crowell kinetic
models [50] as well as Korsmeyer-Peppas semi-empirical model [47]
using Equation (5).

M¢/Mg = kypt™ (Equation 5)

M/M,: The fractional amount of drug release at time t.

kgp: The release rate constant
n: The diffusional exponent

The value of n, which clarifies the type of drug release mechanism,
and kgp were calculated using a linear regression graph of log Mt/Moco
and log t. For the cylindric tablets, the value of n indicates non-Fickian
release when it is between 0.45 and 0.89, the Fickian release mechanism
when it is equal to 0.45, and zero-order release mechanism when it is
0.89 [47].

2.10. Permeability studies

The assays were conducted on bovine buccal tissue using a Franz
diffusion cell (1.77 em? of membrane area) in keeping with earlier
research with some modifications [51,52]. The acceptor compartment
(12 mL) was filled with phosphate buffer (pH 7.4). The buccal tissue was
settled between the acceptor and the donor compartment, and the neck
of the cell was clamped with a metal clip. After the donor compartment
was wetted with one mL of the buffer (pH 6.8), the buccal tablet was
posited on the mucosa with the bioadhesive layer facing the mucosa.
The studies were conducted at a stirring rate of 300 rpm at 37 + 0.5 °C.
The samples (1 mL) were collected at predetermined times (30 min-24
h) and filtered using a PTFE membrane filter (0.45 pm). After each
sample was taken, the acceptor compartment was completed with fresh
phosphate buffer (pH 6.8). The samples were analysed by the HPLC
method. The permeability studies were conducted in triplicate for each
formulation. Permeability coefficient (K,) was calculated using Equa-
tion (6). The slope of the linear portion of the curve was estimated as flux
(Jss)- The x-intercept of the linear portion of the curve showing the cu-
mulative amount of drug permeated versus time under steady-state

circumstances was used to compute the lag time (h) [53].
Kp=Jss/ Cy (Equation 6)

Cy: Amount of drug placed in the donor compartment.

Kp: Permeability coefficient
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Moreover, the amount of TZN that accumulated in the mucosa was
determined. To this end, the buccal tissue was cut into pieces with
scissors and placed in a glass tube containing 20 mL of PBS (pH 6.8). The
samples were mixed using a high-shear mixer (Silent Crusher M, Hei-
dolph, Germany) at 15.000 rpm for 10 min, followed by vortexing after
completion to 50 mL by PBS. They were then centrifuged at 4 °C and
14,000 rpm for 30 min using a cooling centrifuge (3-18 KS, Sigma,
Germany). The supernatant was filtered through a membrane filter and
one mL was transferred to a glass vial for analysis using HPLC.

2.11. Stability studies

The buccal tablets were placed in an amber bottle and tightly closed.
The bottles were stored at 5 & 2 °C, 25 &+ 2 °C and 40 + 2 °C for 6
months. The pH and the content uniformity values of the tablets were
detected. Also, the physical appearances of the tablets were visualised.
The studies were carried out three times for each formulation.

2.12. In vivo bioavailability studies

The in vivo studies were performed using female New Zealand rabbits
(2.5-3 kg) housed at 60 + 5 % of relative humidity and 22 + 1 °C under
a 12:12 light-dark (LD) cycle. All experiments were carried out ac-
cording to European Community regulations on animal research and
approved by Istanbul Medipol University Ethical Council (No: 78/2015).

Buccal tablets with a diameter of 8 mm and a weight of 30 mg (20 mg
of adhesive layer and 10 mg of impermeable layer) were re-prepared by
the direct compression method so that they were large enough not to
induce discomfort in the rabbit’s mouth. Also, the dose of TZN, which
does not cause toxicity in rabbits, was determined to be 0.572 mg (a
quarter of the human dose). Also, the commercial oral product (Sirda-
lud® tablet (2 mg), Novartis, Tiirkiye) was milled and the powder
including a sufficient amount of TZN (0.572 mg) was suspended.

The rabbits were divided into three groups with 5 animals in each
group (n = 5). The suspended commercial product was administered to
the rabbits by gastric gavage (the first group). Before administering the
buccal tablets, the rabbits were anaesthetised by intramuscular (im)
injection of xylazine hydrochloride (5 mg kg™!) and ketamine hydro-
chloride (35 mg kg’l) (the second and the third groups). The buccal
tablets were applied by lightly pressing to the buccal tissue of the
anaesthetised rabbits. The anaesthesia was sustained with half of the
initial dose of ketamine through im injection when necessary to prevent
rabbits from swallowing buccal tablets.

The blood samples were taken to the tubes with EDTA at specified
intervals of time (0.5-24 h) by placing a catheter in the ear’s central
artery. The tubes were centrifuged at 4000 rpm for 4 min. The super-
natant was taken from the tube and frozen at —20 °C until the HPLC
analysis. The samples were analysed by HPLC at 228 nm after being
filtered by a 0.22 pm nylon membrane filter.

HPLC system including a gradient pump, a thermostable column
department, and a UV detector, was procured by LC-2010C, Shimadzu,
Japan. The studies were conducted using a C18 column (5 pm, 150 x
4.6 mm, Interstil, GL Sciences, Japan). The volume of injection and the
flow rate were adjusted to 100 pL and 1 mL min~’, respectively. Also,
the detector temperature was adjusted to 30 °C. The mobile phase
included acetonitrile and 0.1 M ammonium acetate mixture (v/v 15:85)
[45]. The linearity of the HPLC method was evaluated between 2 and
200 ng mL! of TZN solutions. The method was fully validated ac-
cording to the ICH guidelines.

2.13. Statistical analyses

The results were statistically assessed using the one-way analysis of
variance (ANOVA). The data were presented as the mean + SD. p < 0.05
was evaluated as statistically significant.
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3. Results & discussion

The present study aimed to fabricate TZN-containing buccal
mucoadhesive tablets using the low molecular weight of chitosan salts,
which can degrade more readily compared to high molecular weight
ones, to improve the systemic bioavailability of the drug by buccal route
compared to its oral administration.

3.1. Characterisation of chitosan and chitosan salts

3.1.1. Fourier-transform infrared (FTIR) analysis

The formation of chitosan chloride salts (CC7, CC10) and chitosan
glutamate salts (CG7, CG10) was confirmed by FTIR.

As seen in FTIR spectra of chitosan-hydrochloric acid salt (CC7,
CC10) (Fig. 1), the broad and small peak among the characteristic ab-
sorption peaks of C7 and C10 with a max at 1577 cm ™! resulting from
the bending vibration of the -NH; group in the chitosan molecule,
appeared as a sharp peak at 1531 cm ™! due to the -NHF group formed
by its quaternisation with HCL In addition, the disappearance of the
peaks resulting from the stretching vibration of the -CH,OH groups in
the chitosan molecule in the 1300-1430 cm ™! region and the elongation
of the peak at approx 1067 em™! resulting from the stretching vibration
of the C-O-C bond indicates that intramolecular condensation occurs
during quaternisation [54,55].

As seen in FTIR spectra of chitosan-glutamic acid salt (CG7, CG10)
(Fig. 1), instead of the broad small peak resulting from the bending vi-
bration of the -NH; group in the C7 and C10, with its max at 1577 cm_l,
the small sharp peak belonging to the N-H deformation and C-N
stretching vibrations from the (-CONH) bond could be observed at 1552
cm !, The small peak of -NH stretching vibration in the formed amide
structure at max 2931 cm™! and the broad shoulders and large sharp
peaks, which belong to the deformation of -NH3 and -COO" groups
resulting from glutamic acid (max at 2106 and 1400 ecm™ ) could be
observed. On the other hand, the absorption peak with its max at approx
1715 cm™! due to the stretching vibration of the C=0 bond of the
—COOH groups in glutamic acid and the peaks resulting from the
stretching vibration of the -CH,OH groups in C7 and C10 (1300-1430
cm ! region) could not be observed. In addition, the peak elongation at
approx max 1067 em™! resulting from the stretching vibration of the
C-0O-C bond, which indicates intramolecular condensation during the
reaction [55,56].

3.1.2. Proton nuclear magnetic resonance (° g NMR) analysis
Formations of CC7, CG7, CC10, and CG10 were confirmed by H
NMR spectral analysis (Fig. 2). The methyl (—NHCOCH3—) proton

Transmittance (%)
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signals in C7 and C10 spectra were detected at 1.99 ppm. The H2-H2'
signals in the glucosamine unit were approx at 2.70 ppm, which corre-
sponds to a range of 2.50-3.10 ppm. Many signals within the range of
3.6-4.15 ppm correspond to the hydrogens of H3-H6. The signals
observed at 4.76 and 5.11 ppm were attributed to H1-H1’ hydrogen
atoms within the glucosamine unit. An intense broad singlet at 8.38 ppm
was identified and ascribed to an uncharged group with a single bond
NHy/NH on the backbone of C7 and C10. Furthermore, N-deacetylation
degrees of C7 and C10 were calculated using 'H NMR technique (C7-
Ddeac: 80 %, C10-Dyeac: 80.4 %) [57].

The 'H NMR spectrums of CC7, CG7, CC10, and CG10 are shown in
Fig. 2. The identified intense broad signal at 8.38 ppm, which belongs to
an uncharged group with a single bond NH2/NH on the backbone of
pure chitosans (C7 and C10), was not detected in the spectrum of any of
the chitosan salts. New signals from CG7 and CG10 salts appeared at
2.50 ppm and 2.58 ppm assigned to OCCH»-CHj, groups and at 2.21 ppm
and 2.30 ppm assigned to OCCH,-CH,-CH groups after glutamate
modification [58]. All spectral changes indicate that the expected
modifications of chitosan with chloride and glutamate occurred.
Furthermore, the deacetylation degree values of the chitosan salts were
almost 100 % as evidenced by the absence of the peak at 1.99 ppm,
which corresponds to the -NHCOCH3- group in the chitosan structure.
The FTIR and 'H NMR results demonstrated the successful completion of
all modification reactions on chitosan.

3.1.3. Powder X-ray diffraction (XRD) analysis

XRD patterns of chitosans (C7 and C10) as well as their chloride
(CC7, CC10) and glutamate (CG7, CG10) salts were evaluated comper-
atively. Powder XRD patterns are presented in Fig. 3. Crystallinity de-
gree (Degc;) and index value (Cry,) results, which were calculated with
Equations (7) and (8), are given in Table 2.

Deg,, = / I, do / / I,d0=Fe, / (Fer + Fam)

where [, represents the corrected diffractogram’s total intensity
following the subtraction of the parasitic background; I, is the intensity
of the crystalline scattering; F.; is the area of the crystalline scattering;
Fam is the area of the amorphous scattering.

Crln = (IO - Iam) /IO

(Equation 7)

(Equation 8)

where I, is the height of the (020)-peak and I,y is the height of amor-
phous scattering at 260 = 16° [59].

The XRD pattern exhibits prominent, well-defined, and symmetrical
diffraction peaks at low 20 angles. As seen in the XRD pattern of the C7
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Fig. 1. FTIR spectra of pure chitosan polymers (C7 and C10) and chitosan salts (CC7, CC10, CG7 and CG10).



M.D. Arpa et al.

C7.16d 8 sercicpyss EEE] H 8
i Sy FAR 1
5000
-4500
o
\\ /O
—2\ +o " ,kom\,\\,m 4000
1, uuz ¥
J 0
3000
‘ 2000
L -
i
[ A — i
1) = NHCOCH;
I W '
| b4 o | 500
4 | | M/ I
| 7|\ ¥ i
E, S N 0
o oy —_— on ol
8 s & 8 5 ]
8 3 3 3 b -500
9.0 85 8.0 75 70 65 6.0 55 5.0 45 4.0 35 3.0 25 20 15
1 (ppm)
740
e -
5 f x
7 7 1700
4 Va F1600
A /
/ 1500
——0, /
Ho'” \ ,_,\\\ e m_\w\\\ 'k" oY \\"’" / .
¥4 /
3 e / = 1300
e 4 S S/
1200
1100
1000
( ) N
o o
700
00
E: 500
100
300
200
m 100
ro
~100
W & 80 75 70 65 60 55 5 45 40 35 30 25 20 15 10
11 (ppm)
ac-10.1.0d neldsy 3 8 5
a-10 v T B

Journal of Drug Delivery Science and Technology 97 (2024) 105739

C10.15id
c10

o~

e
-~ oy s il
7 y ® 5 .
8 ki i E 3 kS -200
90 85 8 75 70 65 60 55 50 45 40 35 30 25 20 15
f1 (ppm)
1600
F El g 5
H E 1500
i [
e
/ 1400
/
/ 1300
/ - 1200
/ r/
/ 4 S/ 1100
1000
200
(B ) 800
2 700
600
;i ‘ I 500
a2 ‘(‘ 40
‘ | \ o 300
\ [\ "
A
| | \‘ \ o 20
/ )\ i
i . [\ \ ‘. J\ 100
|
/) —/ \JIV\QQ X
N Ty —T— T T
] 3 3 g 8 -100
%0 85 80 75 70 65 60 55 5 45 40 35 30 25 20 15 10 05
f1 (ppm)

€G-10.1.d
@10

Fig. 2. 1H NMR spectra of pure chitosan polymers (C7 (A;) and C10 (B;)) and chitosan salts (CC7 (A5), CC10 (A3), CG7 (By), and CG10 (B3)).

and C10 samples (Fig. 3), the main weak peak near 26 = 9.94°, corre-
sponding to d = 0.8845 nm, and the main strong peak near 26 = 19.95°,
corresponding to d = 0.4457 nm, were attributed to diffraction from the
(010)&(100) and (020) crystalline lattice planes, respectively. As seen in
the CC7, CG7, CC10, and CG10 XRD diffractions, it was clearly seen that
after the modification reactions, the weak peak corresponding to (010)&
(100) diffraction disappeared, while the intensity of the strong peak
corresponding to (020) diffraction decreased. Similarly, the crystallinity
degree and crystallinity index results in Table 2 were lower in modified

products. The reason for this is due to the increase in amorphous
structures on the chitosan molecule as a result of the modification made
with hydrochloric acid and glutamic acid [59].

3.1.4. Differential scanning calorimetry (DSC) analysis

The DSC thermograms of chitosans (C7, C10) and their salts are
shown in Fig. 4. C7 and C10 showed Tg temperatures at 56.17 °C and
73.66 °C, respectively. The Tg temperatures of CG7 and CG10, which are
glutamic acid salts of chitosan, decreased to 45 °C due to a reduction in
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Fig. 3. Powder XRD Patterns of (A) C7 and its salts (CC7 and CG7); (B) C10 and its salts (CC10 and CG10).
Table 2
Degc, and Cry, of pure chitosan polymers (C7 and C10) and chitosan salts (CC7, CC10, CG7 and CG10).
c7 cc7 CG7 C10 CC10 CG10
Degc, 0.882154 0.803176 0.796611 0.848162 0.836109 0.818161
Crip 0.634074 0.318773 0.305927 0.646689 0.260481 0.462734

crystallinity. Furthermore, water loss was observed at temperatures of
99.88 °C and 109.09 °C in C7 and C10, respectively. In CC7 and CC10,
these temperatures were higher, at 115 °C and 125 °C, respectively.
However, CG7 and CG10 exhibited a sharp endothermic peak due to
their amorphous nature at 153.82 °C and 166.93 °C, respectively.

3.1.5. Thermogravimetric analysis (TGA)

The TGA-DTG curves of chitosans (C7, C10) and their salts (CC7,
CC10, CG7, CG10) are presented in Fig. 5. The thermograms and ther-
mal transitions of chitosans and their salts were similar among them-
selves; that is, the thermal properties between C7 and C10, CC7 and
CC10, and CG7 and CG10 were almost the same. Analysis of these curves
revealed the existence of four different degradation stages for C7 and
C10. In the temperature range of approx 25-130 °C, corresponding to
the initial phase, a visible decrease in weight of approx 5 % was
observed as a result of the evaporation of physically adsorbed water
molecules in these polymers. The second stage occurred at about
130-300 °C, with a weight loss of about 15 %. The third stage occurred
approx 300-415 °C with a weight loss of approx 55 %. CC7 and CC10
polymers showed almost the same thermal properties as C7 and C10
polymers. While the initial stage, which was 5 % weight loss tempera-
ture in CC7, occurred between 25 °C and 130 °C, this part occurred as
only 2.5 % weight loss in CC10. In the second stage, at approx
130-238 °C, there was a weight loss of approx 10 % for CC7, while this
rate was only 2.5 % for CC10. The third stage occurred approx at
238-320 °C with a weight loss of approx 40 %. In CG7 and CG10
polymers, unlike chitosan chloride salts, the degradation process took
place in 5 stages. While the initial stage, which was a 5 % weight loss
temperature in CG7 and CG10, occurred between 25 °C and 110 °C, the
second stage occurred at about 110-190 °C, with a weight loss of about
10 %. The third stage occurred at approx 190-300 °C with a weight loss
of approx 40 %. The fourth stage occurred at approx 300-450 °C with a
weight loss of approx 50 %. As a result, the organic mass decomposed

primarily in the second and third stages (for CG7 and CG10, it also
occurred in the fourth stage). After completing these stages at approx
600 °C, the final degradation stage was detected. The findings were
compatible with the previous studies [35,56,60-62].

3.2. Fabrication and characterisation of buccal tablets

The buccal tablet formulations were designed with a double layer to
ensure the unidirectional drug release towards the buccal mucosa. The
buccal bilayer tablets were prepared by pre-compressing the first layer
of the bioadhesive polymer and active agent, followed by a final
compression after adding ethyl cellulose, a hydrophobic polymer, to one
side of the first layer (Fig. 6). In literature, ethyl cellulose has been used
as an impermeable backing layer polymer in the preparation of buccal
bioadhesive formulations [17,42,63,64]. The tablet formulations were
designed in a diameter of 8 mm, a thickness of 2 mm, and a weight of
120 mg to avoid any discomfort in the mouth.

Bilayer tablets were assessed for quality attributes like weight uni-
formity, diameter, and friability to determine the compatibleness of the
formulations for buccal delivery. The results are given in Table 3. The
weight of the buccal tablets was determined to be between 119 and 120
mg, with a diameter of 7.99-8.00 mm and a thickness of 2.01-2.29 mm,
respectively. The tablets prepared with CG polymers were slightly
thicker than those prepared with CC (p < 0.001). The pH of tablet for-
mulations administered buccally should not cause any irritation in the
mouth [65]. The pH values of the buccal tablets ranged from 6.068 to
6.428, indicating their suitability for buccal administration.

The buccal tablet should have a hardness of at least 30 N to prevent it
from breaking apart during administration [66]. The hardness values
ranged from 75.56 N to 85.44 N. In the hardness experiments, only the
impermeable layers of the buccal tablets were broken, while the bio-
adhesive layer containing the chitosan salt remained intact and did not
crumble. This is because the bioadhesive layer became like paper
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Fig. 4. DSC Analysis of pure chitosan polymers (C7 (A;) and C10 (B;)) and chitosan salts (CC7 (Ap), CC10 (A3), CG7 (B5), and CG10 (B3)).

cardboard after the tablet compression. The results indicated that the
hardness of the tablet formulations was appropriate.

In addition, the maximum mean weight loss from 20 tablets for each
formulation did not exceed 1 % during the friability test of all the buccal
tablets. The weight loss values for the tested formulations ranged be-
tween 0.13 % and 0.80 %, which is considered acceptable according to
pharmacopoeial specifications [44]. The results of content uniformity
varied between 79.29 % and 101.09 %.

Hydration of a mucoadhesive polymer is essential for the relaxation
and interpenetration of the polymer chains [67]. Buccal formulations
are expected to demonstrate good swelling abilities, indicating strong
mucoadhesive properties upon application. Fig. 7 shows that the per-
centage of swelling ranged from 271.71 % to 496.85 % at the 6th h.
TC10 and TG7 had the highest and lowest swelling percentages,
respectively. However, all formulations demonstrated significant
swelling properties. The results indicated a statistically significant dif-
ference in the swelling percentages of the tablets (p < 0.01).

Chitosan derivatives, which are the second most abundant

polysaccharide after cellulose [68], have been used to develop various
bioadhesive tablet formulations due to their excellent swelling proper-
ties [69-71]. According to our findings, tablets prepared with chitosan
salts of higher molecular weight (169 kDa) exhibited greater swelling
than those made with 136 kDa of chitosan salts (p < 0.01). Moreover,
tablets formulated with CC demonstrated a greater swelling index in
comparison to tablets prepared with CG of the same molecular weight
(p < 0.01). This may have been caused by the fact that the chitosan salts
contain different chemical groups.

Huanbutta et al. [27] stated that the swelling degree of chitosan salt
was directly affected by its molecular weight and the type of salt used.
The matrix tablets prepared with chitosan glycolate and CG exhibited
the highest and lowest swelling values, respectively. The presence of free
carboxylic acid and amine groups in the chemical structure of glutamic
acid can cause interactions and attractive forces between polymer
chains, resulting in a reduction in polymer swelling. Our study observed
that the higher swelling of CC tablets may be attributed to the absence of
functional acid groups inducing interactions of polymer chains in CC



M.D. Arpa et al.

110 '
100
90
80 -
70 4

60

Weight (%)

50

40 +

30

-——300°C

T T T T
300 400

Temperature (°C)

(A)

T
500

100

90

80

70

Weight (%)

60

50

40 r

- 238°C

110 T

100

T T
200 300 400

Temperature (°C)

(A,)

600

100

90

80

Weight (%)

704

60

50 T

-——278°C

0

T
100

T T T
200 300 400

Temperature (°C)

(A,)

T
500

T
600

DTG (% / °C)

DTG (% / °C)

DTG (% / °C)

Weight (%)

Weight (%)

Weight (%)

110

Journal of Drug Delivery Science and Technology 97 (2024) 105739

DTG (% / °C)

30 T T T ¥ T : T T T R
100 200 300 400 500 600
Temperature (°C)
(B,
T L T ) T L T ¥ T "
100
90
] ——ccio _
80 4 —— CC10(DTG) I %)
=
1 X
70 0]
’_
] Fo
60
50 4 - 238°C
T T T T T T T 4 T 4
100 200 300 400 500 600
Temperature (°C)
(B,)
110 =7 T T T T T T T T T )
1 ——CG10
100 **CG10(DTG)I
90 I W\NW I jJ L
80 WWV\ By
O
- i .
70 Y =5
1 ssc k| E
174°C
60 \ D
50 - \J I
1 - 273°C
40
T ‘ T b T " T * T *
100 200 300 400 500 600

Temperature (°C)

(B,)

Fig. 5. TGA-DTG curves of pure chitosan polymers (C7 (A;) and C10 (B,)) and chitosan salts (CC7 (Az), CC10 (A3), CG7 (By), and CG10 (B3)).



M.D. Arpa et al. Journal of Drug Delivery Science and Technology 97 (2024) 105739

—TT s 3 e s

Fig. 6. The images of buccal bilayer tablet formulations containing TZN. 1: The image of the adhesive layer of the tablet; 2: The image of the impermeable (backing)
layer; 3: The side view of the tablet.

Table 3
The characterisation of buccal bilayer tablets.
Formulations ~ Weight uniformity (mg + Diameter (mm + Thickness (mm + pH (£SD) Friability Hardness (N + Drug content uniformity (% +
SD) SD) SD) (%) SD) SD)
TC7 119.5 £ 1.0 7.99 £ 0.02 2.01 £ 0.01 6.192 + 0.13 80.13 + 4.38 79.29 + 4.13
0.021
TC10 1195+ 1.1 7.99 + 0.01 2.01 +£0.01 6.148 + 0.25 84.41 + 6.02 88.80 +£1.13
0.023
TG7 119.0 £ 0.8 8.00 £ 0.01 2.29 £+ 0.01 6.068 + 0.80 81.07 £ 5.59 89.18 +1.92
0.019
TG10 120.0 1.0 8.00 £+ 0.01 2.28 +0.01 6.428 + 0.59 85.44 + 4.92 101.09 £ 3.77
0.015
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Fig. 7. The results of the swelling studies performed for 6 h (n = 3). (a) The change in the swelling index (%) of the tablets over time, (b) The comparison of the
cumulative swelling index (%) of the tablets at 6th h (**P < 0.01).

structure relative to CG. Likewise, in another study, Tangsadthakun 3.3. Mucoadhesion studies

et al. [72] observed that the swelling of polymer-based scaffolds

increased with an increase in the molecular weight of chitosan. The The ability of the polymer to adhere to and interact with the mucosa
findings obtained in our study are in line with the existing literature. is known as mucoadhesiveness [5]. The bioavailability of the drugs is

directly influenced by the ability of the formulations to adhere to
mucosal surfaces. Thus, drug delivery systems applied to mucosal
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surfaces should possess satisfactory bioadhesive properties to remain at
the application site for a sufficient time.

The bioadhesive characteristics of the buccal tablets were evaluated
on the bovine buccal tissue using the texture analyser in the present
study. The mucoadhesive strength of the tablets ranged from 2.341 to
3.516 N cm’z, while the work of adhesion values varied from 2.801 to
7.526 mJ cm™2 (Fig. 8). Formulations prepared with CG10 or CC10
polymers exhibited significantly higher mucoadhesiveness compared to
those formulated with the same polymers of 7 cP (p < 0.01). Mucoad-
hesion is a complex process involving physical and chemical interactions
between the mucosa and the polymer and can be explained by various
theories including wetting, adsorption, electronic interaction, and
diffusion [73]. The mucoadhesive ability of positively charged chitosan
is primarily based on the electrostatic interaction between its primary
amine groups and the sialic acids located at the terminal ends of mucin
glycoproteins [74]. The amine groups present in the chitosan structure
form hydrogen bonds with the carboxyl groups of sialic acid [75].
Furthermore, the linear structure of chitosan allows for physical
entanglement with mucous due to its chain flexibility [76]. The inter-
action between the mucin and the polymer, as well as the mucoadhesion
ability, are directly affected by the molecular weight of chitosan [77].
The increase in molecular weight of the polymer enables greater
swelling, resulting in stronger physical entanglement through hydrogen
and van der Waals bonding between mucin glycoproteins and polymer
molecules, leading to higher mucoadhesion [78,79]. Bravo-Osuna et al.
[80] synthesised thiolated chitosan-poly(isobutyl cyanoacrylate) based
nanoparticles using low molecular weight chitosan polymers (20 and
100 kDa) for nasal application. They stated that the derivatives prepared
with higher molecular weight chitosan improved mucoadhesion as it
increased the interpenetrating ability of the mucus chain during the
attachment process. In another study, Honary et al. [81] demonstrated
that the mucoadhesion of prednisolone-loaded formulations increased
significantly with an increase in the molecular weight of chitosan.
Huanbutta et al. [27] found that the swelling properties of matrix tablets
prepared with chitosan salts increased as the molecular weight of chi-
tosan increased (45-200 kDa). Our findings were in line with the
literature.

In this work, as seen in Fig. 8, when compared to the formulations
prepared with the same molecular weight chitosan salts, the mucoad-
hesiveness of tablets fabricated with CG polymer was higher than those
of CC-based tablets (p < 0.01). This may be due to the ability of free
amine groups on glutamic acid structure, which enhances the positive
charge density of the chitosan salt, to form hydrogen bonds with nega-
tively charged glycoproteins, thereby enhancing mucoadhesion [82].
Also, the larger molecular structure of CG provided greater chain flex-
ibility and entanglement, resulting in increased mucoadhesion. It was

18 (@]

1.4

1.2
=—=TC7
—TC10
—TG7
—TG10

1.0

Force (N)

0.8

0.6

[/ 2 4 6 8 10

Distance (mm)

Journal of Drug Delivery Science and Technology 97 (2024) 105739

reported that chain flexibility has a positive effect on adhesion [83,84].
Karava et al. [85] synthesised two different derivatives of chitosan
(chitosan-2-acrylamido-2-methyl-1-propanesulfonic  acid (chitosa-
n-AAMPS) and chitosan-[2-(methacryloyloxy)ethyl]dimethyl-(3-sulfo
propyl)ammonium hydroxide (chitosan-MEDPS). The mucoadhesion
was found to be associated with the electronic interaction of the new
functional groups that were attached to chitosan. Chitosan-AAMPS
exhibited a statistically higher swelling index than chitosan-MEDPS
but lower mucoadhesive ability. On the other hand, chitosan-MEDPS,
which has a lower swelling ability, exhibited stronger mucoadhesive
strength due to more ionic interactions between tertiary amine and SO3
groups on the structure of MEDPS’s monomer and mucus glycoproteins.
Larger molecular structure of chitosan-MEDPS also contributed to a
higher interpenetration ability and physical entanglements, resulting in
higher mucoadhesion. The thioethylamidine conjugate of chitosan
synthesised by Kafedjiiski et al. [86] demonstrated enhanced mucoad-
hesive capability while exhibiting no significant change in swelling
characteristics. These results suggest that the thiol groups in the struc-
ture of the chitosan derivative enhanced adhesion. As a result, our
findings are consistent with previous reports.

3.4. Invitro drug release studies

The release studies of buccal tablets were maintained for 8 h as their
bioadhesive layers were almost completely disintegrated in the release
medium by the end of this period. It was observed that CC-based tablets
started to disintegrate more rapidly than CG-based tablets due to the
swelling behaviour of the polymer salts. As in the swelling studies
(Fig. 7), TC7 and TC10 formulations absorbed more water in the
dissolution medium and swelled more than TG7 and TG10, causing the
tablets to disintegrate faster. The results of drug release studies
demonstrated (Fig. 9) that the cumulative release from TC10 formula-
tion at 4th h was statistically significant compared with those from other
formulations (p < 0.05).

To reveal the similarity between the release profiles of the formu-
lations, the similarity factor (f;) between the formulations was calcu-
lated (Table 4). The release profiles of the tablets prepared with the same
molecular weight chitosan were not similar (f; < 50). Although the
release rate enhanced with increasing molecular weight of chitosan, it
was observed that the release profile of tablets prepared with the same
type of polymer was similar (fa > 50), and the difference in the drug
release profiles occurred due to the type of chitosan salts. The re-
searchers found that the caffeine release profiles from the matrix tablets
fabricated with different chitosan salts, chitosan lactate and CG, were
not similar [87]. In another study, Cerchiara et al. [39], stated that the
release profiles of chitosan-based formulations containing vancomycin
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Fig. 8. Mucoadhesive characterisation of the buccal bilayer tablets (n = 4). (a) Mucoadhesion graphs of buccal tablets from the texture analyser, (b) Comparison of
the findings obtained in the mucoadhesion study (ns: not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Fig. 9. TZN release profiles from the buccal bilayer tablets (n = 5).

Table 4

The similarity factor (f2) of buccal bilayer tablets.
Formulations fo Similarity
TC7 - TC10 53.23 Similar
TC7 - TG7 48.81 Dissimilar
TC7 - TG10 52.52 Similar
TC10 - TG7 36.77 Dissimilar
TC10 - TG10 44.34 Dissimilar
TG7 - TG10 56.30 Similar

varied depending on the chitosan salt used. It was observed that the
swelling ability and viscosity of the chitosan salts affected the release
rate, and the chitosan lactate, which had the highest swelling ability,
achieved the highest release percentage.

In our work, as in the studies mentioned, the type of chitosan salt had
a direct effect on the release profile of TZN from the tablets. In addition,
the fact that CC-based tablets were thinner (p < 0.001) may also have an
effect on these results.

Increasing the thickness of the matrix tablets fabricated with water-
swellable polymers can lead to a delay in drug release due to an increase
in the swollen gel layer that controls the diffusion of the drug during
dissolution studies [88].

The fact that CC-based tablets had a faster release profile compared
to CG-based tablets due to their thinner structure, faster and higher
swelling ability, and faster erosion and disintegration properties, in-
dicates that our results are in line with the literature.

The release profiles of the chitosan tablets were kinetically evaluated
using the Zero order, First order, Higuchi, and Hixson-Crowell kinetic
models. The Higuchi kinetic model was found to have the highest r?
value for all formulations, as shown in Table 5. In line with the previous
studies [89-91], the high correlation obtained by Higuchi’s model in-
dicates that the release of the drug from the swollen matrix tablet is
controlled by diffusion. However, Korsmeyer-Peppas model was applied
to investigate the release kinetics of the tablet formulations. The values
of r? and n were calculated using the release data. The n values ranged
from 0.458 to 0.770 (Table 5), indicating that the drug release con-
formed to the non-Fickian release kinetics and was time-dependent.

Table 5

Journal of Drug Delivery Science and Technology 97 (2024) 105739

Moreover, the drug release from the formulations was controlled by
swelling, diffusion, and erosion mechanisms [47].

Al-Ani et al. [92] formulated mucoadhesive buccal tablets containing
chlorhexidine and found that drug release was controlled by relaxation
and swelling or erosion of the matrix tablet. In a separate study, Celik
[93] demonstrated that the release mechanisms of risperidone buccal
mucoadhesive tablets were diffusion through polymer matrices and
erosion of the polymer chains. Vijayaraghavan et al. [94] noted com-
parable release characteristics in buccal tablets containing propranolol
that were based on chitosan and locust bean gum. Our findings were in
accordance with the aforementioned studies.

3.5. Permeability studies

Although TC7 formulation showed a release profile similar to that of
TC10 and TG10, it released TZN faster than TG7. However, it was not
selected for further studies due to its poor bioadhesive properties
compared to all the other formulations. The permeability study results
are shown in Table 6. While the formulation with the highest amount of
drug permeated (Kz4: Total amount of TZN passing per unit area in 24 h)
was TC10 (112.22 + 5.03 pg cm’z), the TG10 formulation showed the
lowest permeability (100.22 + 15.05 pg cm™2) at the end of 24 h. Also,
the amount of TZN accumulated in the buccal mucosa ranged from 7.97
% to 14.84 %. Although TG7 and TG10 provided higher TZN accumu-
lation than TC10, there was no significant difference between the
percent of drug permeated (%, to.24) of all formulations. In addition, the
difference between the flux values of TC10, TG7, and TG10 was also not
significant (p > 0.05). The penetration abilities of the formulations were
similar when evaluated in terms of the total amount of TZN accumulated
and passed through the mucosa. The lag time of TC10, which had the
fastest release profile and the highest swelling properties, was lower
than the others (p < 0.01). The lag time indicates that the drug has
started to accumulate in the mucosa and has not yet reached an amount
that can diffuse into the acceptor compartment. The low lag time of
TC10 was an important advantage, which could mean that the drug
could pass through the mucosa and reach the acceptor compartment
more quickly.

TC10 formulation disintegrated slightly at the end of the 8th h and
almost completely at the end of the 24 h due to its greater swelling. On
the contrary, TG7 and TG10 retained their integrity over 24 h and,
despite the swelling of the core tablet, the integrity of the ethyl cellulose
barrier layer was not altered and did not separate from the adhesive
layer (Fig. 10). This indicates that CG-based tablets can remain in the
buccal cavity for a prolonged period of time without disintegration,
despite continuous salivary secretion.

Shanker et al. [36] prepared TZN-containing buccal tablets with
polymers of cellulose derivatives and sodium deoxylactate salt as a
penetration enhancer. Ex vivo permeability studies performed using
porcine buccal tissue showed that the percent of drug permeated (%)
ranged from 7.47 % to 62.73 % after 6 h. The high level of drug
permeability from the mucosa was explained by the use of sodium
deoxylactate salt, which increases intercellular and intracellular tran-
sitions. In the present study, the reason for the lower permeability values
than in the aforementioned study could be that the bovine buccal mu-
cosa is keratinised compared to the porcine buccal tissue [51,95].

TG10 was judged to be the most suitable formulation for in vivo

The release parameters that characterise the mechanism of TZN release from the mucoadhesive tablet formulations.

Formulation Zero order (1) First order (r%) Higuchi (r%) Hixson-Crowell (r%) Korsmeyer-Peppas

kip 1 (%)
TC7 0.8919 0.7934 0.9712 0.8292 1.6500 0.9995 0.458
TC10 0.9811 0.9171 0.9997 0.9433 1.6705 0.9984 0.535
TG7 0.9366 0.8221 0.9921 0.8671 1.4969 0.9993 0.595
TG10 0.8492 0.7261 0.9483 0.7719 1.4858 0.9980 0.770
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Table 6
Ex vivo permeability parameters of TZN-containing buccal bilayer tablets (n = 3).
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Formulations  Flux (Js) (ug Kg (pg Kas (pg Kp * lag time r?(£SD)  Drug permeated Drug permeated from  Drug accumulated in
cm2h~1+SD) cm 2+SD) cm 24SD) 102 (h+SD) from buccal tissue buccal tissue (tg.24) buccal tissue (%
(emh™Y) (to.s) (%=£SD) +SD)
(%+SD)

TC10 7.959 + 0.805 49.29 + 112.22 + 6.279 2.478 + 0.998 6.11 + 0.64 14.40 + 0.30 7.97 + 2.06

6.85 5.03 0.263 + 0.001
TG7 4.333 +1.075 25.26 + 109.47 + 5.703 2.923 + 0.985 2.74 + 0.85 13.40 +£1.17 14.84 +1.33

6.72 12.90 0.176 +0.001
TG10 4.348 +1.091 23.53 + 100.22 + 6.539 3.172 + 0.983 3.14 £ 1.06 13.93 +3.28 10.16 + 2.41

5.81 15.05 0.028 + 0.005

Kg: Total amount of TZN passing through per unit area in 8 h. Ky4: Total amount of TZN passing through per unit area in 24 h. Kp: Permeability coefficient.

Fig. 10. The image of TG10 buccal bilayer tablet after 24 h ex vivo perme-
ability studies.

studies as it was able to maintain physical integrity in the buccal me-
dium for a longer period of time according to swelling, in vitro release,
and ex vivo permeability findings and had the highest mucoadhesive
characteristics. TC10 was also selected as a second formulation for in
vivo studies due to its higher swelling, and faster release and perme-
ability properties than TG7 formulation.

3.6. Stability studies

The results of the stability studies of TC10 and TG10 formulations
selected for in vivo studies are shown in Table 7. No changes in the
physical appearance of the buccal tablet formulations were observed
during the 6-month stability studies conducted in the refrigerator (5 °C),
at room temperature (25 + 2 °C, 60 % RH), and under accelerated
conditions (40 + 2 °C, 75 % RH). No significant difference in pH and
drug content was observed under the same conditions (p > 0.05).

3.7. In vivo bioavailability studies

In vivo studies were conducted in New Zealand rabbits using TC10
and TG10 buccal bilayer tablets as well as the commercial product (Cp).
Three pharmacokinetic parameters recognised by the international drug
regulatory authority, the maximum drug concentration in the blood
after administration (Cpayx), the time the drug reaches the maximum
concentration in the blood (Tpmax), and the drug bioavailability as a
demonstration of total drug exposure across time (AUC: the area under
the blood plasma drug concentration and time curve) were determined

13

Table 7
The results of stability studies for six months of TC10 and TG10 buccal bilayer
tablets (n = 3).

Temperature  Time TC10 TG10
(months) Content pH Content pH
uniformity (£SD) uniformity (+SD)
(%=+SD) (%=+SD)
5°C 0 90.60 + 0.16 6.136 100.24 + 6.428
+ 2.81 +
0.025 0.015
1. 86.22 + 3.61 6.216 99.02 + 1.50 6.456
+ +
0.023 0.027
3. 86.72 + 2.45 6.224 99.34 + 0.86 6.470
+ +
0.035 0.032
6. 87.76 £ 2.17 6.237 99.16 + 1.26 6.494
+ +
0.028 0.029
25°C 0. 90.95 + 1.26 6.130 100.45 + 6.438
+ 2.07 +
0.019 0.015
1. 90.39 + 2.00 6.196 99.48 + 4.04 6.450
+ +
0.016 0.033
3. 89.43 +£1.74 6.242 99.54 + 2.70 6.458
+ +
0.035 0.021
6. 89.30 + 1.90 6.279 99.38 + 2.94 6.481
+ +
0.029 0.019
40 °C 0. 90.25 + 0.39 6.134 99.47 + 2.07 6.436
+ +
0.016 0.070
1. 88.62 + 2.99 6.198 98.56 + 0.92 6.438
+ +
0.012 0.024
3. 86.36 + 2.73 6.218 100.19 + 6.444
+ 2.49 +
0.025 0.019
6. 87.13 + 2.17 6.240 99.26 + 2.12 6.460
+ +
0.021 0.031

in the in vivo studies [96].

As expected, TG10 was observed to adhere more easily and signifi-
cantly better to the buccal tissue of the rabbit compared to TC10 due to
its high bioadhesiveness. The buccal tablets began to degrade slightly in
the buccal tissue between the 6th and 8th h. Buccal formulations
maintained their integrity for longer in in vivo studies compared to in
vitro drug release studies. This was due to slower swelling caused by less
salivary secretion and motility under in vivo conditions. It was observed
that TC10, which has a higher water absorption capacity, swelled more
than TG10 in the rabbit buccal tissue. Fig. 11a demonstrates that the
Cmax Of TC10 and TG10 buccal tablets was 158.87 + 15.43 ng mL ! and
132.60 + 37.99 ng mL~}, respectively, while the Cpax of orally admin-
istered Cp was 36.36 + 1.54 ng mL™".
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Fig. 11. Result of in vivo bioavailability studies using New Zealand rabbits (n = 5) (a) plasma profiles of TZN-containing buccal bilayer tablets and commercial
product (Cp), (b) AUCq.g and AUC »4 of buccal bilayer tablets and commercial product (Cp) (****P < 0.0001).

Furthermore, although the Tpax of C, was 5 h, the plasma drug
concentration of buccal tablets continued to rise for 8 h. This might be
because TC10 and TG10 buccal tablets remained on the buccal tissue for
approx 6-8 h without disintegrating and continued to release the TZN.
As a result of AUCy_g, the buccal mucoadhesive formulations improved
the bioavailability of TZN by approx 3 times compared to orally
administered Cp. Although the AUC values of the buccal tablets and the
Cp showed a statistically significant difference (p < 0.0001) (Fig. 11b),
there was no significant difference in the bioavailability of TC10 and
TG10 (p > 0.05).

Making the tablet formulations bilayer by adding ethyl cellulose
minimised the loss of TZN from the buccal region to the gastrointestinal
tract. Bilayer formulations, consisting of an impermeable layer con-
taining a water-insoluble substance and an adhesive layer containing a
mucoadhesive polymer, are often preferred for buccal drug delivery to
ensure unidirectional drug release. In recent years, pharmacokinetic
studies have demonstrated the efficacy of bilayer formulations [16,97,
98].

Buccal drug delivery offers an attractive opportunity to improve the
systemic bioavailability of active substances with low oral bioavail-
ability due to the advantages of the buccal region, which includes a rich
vascular network and sufficient drug application area, and eliminates
the hepatic first-pass metabolism [99].

Numerous studies have shown that buccal formulations offer higher
bioavailability and extended drug release compared to oral adminis-
tration, as evidenced by in vivo studies. El-Mahrouk et al. [100]
demonstrated that chitosan lactate-based wafers containing TZN, which
has low oral bioavailability due to exposure to the first-pass effect,
doubled the drug’s bioavailability. Zewail et al. [5] stated that the
lornoxicam-containing buccal tablets provided an earlier and extended
response compared to the commercial oral product. Buccal delivery has
the potential to enhance the drug bioavailability and may also reduce
the frequency of drug administration due to the prolonged release. In
addition, systemic side effects of drugs can be reduced by decreasing the
drug dose compared to oral administration [67]. A study showed that
buccal formulations containing propafenone, which has a short plasma
half-life, provided a longer duration in the buccal region, resulting in
higher bioavailability and a reduction in the frequency of administration
compared to the reference oral tablet [101]. However, to achieve these
positive results, it is necessary to use mucoadhesive polymers that can
provide the desired retention time on the mucosa. Chitosan, a
mucoadhesive polymer used in this study, is a reliable penetration
enhancer that is commonly used in the preparation of various types of
buccal formulations. The ability of chitosan to affect buccal tissues is
likely to be due to its interference with lipid organisation in the
epithelium, as well as its ability to repackage epithelial cells to the basal
membrane and partially disorganise desmosomes [102]. In our previous
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study, a chitosan-based buccal mucoadhesive monolayer patch of TZN
was developed. In vivo studies revealed that the buccal patch signifi-
cantly enhanced the bioavailability of TZN. It was found that chitosan, a
good mucoadhesive polymer, was very favourable in increasing
permeability in the buccal region [35].

In this work, buccal tablet formulations formulated with chitosan
salts of TZN, which undergoes hepatic first-pass metabolism and there-
fore has low oral bioavailability, exhibited higher bioavailability
compared to the commercial oral product by providing a long residence
time and good penetration into the rabbit buccal area. Furthermore, this
enhanced bioavailability may allow the drug to be administered at a
lower dose, thereby reducing the systemic side effects of the TZN and
improving patient compliance. The developed TZN-containing buccal
bilayer formulations are remarkable as a promising alternative to orally
administrated TZN due to their extended release.

4. Conclusions

In the present study, buccal mucoadhesive bilayer tablet formula-
tions of TZN with poor oral bioavailability due to the first-pass meta-
bolism were fabricated using chitosan salts (CG and CC)..
Characterisation studies demonstrated that chitosan salts were suc-
cessfully prepared. The tablets produced with higher molecular weight
chitosan salt demonstrated better swelling and bioadhesive properties.
Besides, tablets based on CG (TG7 and TG10) had higher bioadhesive
properties, while CC-based tablets (TC7 and TC10) had a higher swelling
index. Due to the swelling characteristics, TC7 and TC10 released the
drug faster. According to the results of the permeability tests, the
amount of TZN passing through the bovine buccal mucosa ranged from
13.40 % to 26.36 %. In vivo studies revealed that TC10 and TG10 pro-
vided about three times better bioavailability than the orally adminis-
trated commercial product. As a result, TZN-containing buccal tablets
formulated with chitosan polymers provided a promising approach for
clinical studies due to their better pharmacokinetic findings compared to
the commercial product. Additionally, these results showed that the
dose of TZN could be reduced, thereby improving the patient’s quality of
life and reducing systemic side effects.

CRediT authorship contribution statement

Muhammet Davut Arpa: Writing — review & editing, Writing —
original draft, Validation, Resources, Methodology, Investigation,
Funding acquisition, Formal analysis, Conceptualization. Neslihan
Ustiindag Okur: Validation, Supervision, Methodology, Investigation.
Mehmet Koray Gok: Formal analysis, Methodology, Validation,
Writing — original draft. Erdal Cevher: Writing — review & editing,
Writing — original draft, Validation, Supervision, Resources, Project



M.D. Arpa et al.

administration,

Methodology, Investigation, Funding acquisition,

Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This project was supported by The Scientific and Technological
Research Council of Tiirkiye (TUBITAK), No: 217S257. Also, the authors
would like to thank to Primex EHF for kindly donating low molecular
weight chitosan polymers.

References

[1]

[2

—

[3]

[4

=

[5]

[6]

71

[8

—

[9

[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

N.V.S. Madhav, A.K. Shakya, P. Shakya, K. Singh, Orotransmucosal drug delivery
systems: a review, J. Contr. Release 140 (2009) 2-11, https://doi.org/10.1016/j.
jeonrel.2009.07.016.

M. Brandl, A. Bauer-Brandl, Oromucosal drug delivery: trends in in-vitro
biopharmaceutical assessment of new chemical entities and formulations, Eur. J.
Pharmaceut. Sci. 128 (2019) 112-117, https://doi.org/10.1016/j.
€jps.2018.11.031.

R. Kumria, A.B. Nair, G. Goomber, S. Gupta, Buccal films of prednisolone with
enhanced bioavailability, Drug Deliv. 23 (2016) 471-478, https://doi.org/
10.3109/10717544.2014.920058.

JK.W. Lam, Y. Xu, A. Worsley, I.C.K. Wong, Oral transmucosal drug delivery for
pediatric use, Adv. Drug Deliv. Rev. 73 (2014) 50-62, https://doi.org/10.1016/j.
addr.2013.08.011.

M.B. Zewail, G.F. Asaad, S.M. Swellam, S.M. Abd-allah, S.K. Hosny, S.K. Sallah, J.
E. Eissa, S.S. Mohamed, W.A. El-Dakroury, Design, characterization and in vivo
performance of solid lipid nanoparticles (SLNs)-loaded mucoadhesive buccal
tablets for efficient delivery of Lornoxicam in experimental inflammation, Int. J.
Pharm. 624 (2022) 122006, https://doi.org/10.1016/].ijpharm.2022.122006.
M.N. Wasnik, R.D. Godse, H.A. Nair, Development and evaluation of
buccoadhesive tablet for selegiline hydrochloride based on thiolated
polycarbophil, Drug Dev. Ind. Pharm. 40 (2014) 632-638, https://doi.org/
10.3109/03639045.2014.884124.

M.M. Farag, N.S. Abd El Malak, S.A. Yehia, Controlled buccal patches of Zaleplon
using melt granulation technique: an approach to overcome early morning
awakening, J. Drug Deliv. Sci. Technol. 43 (2018) 439-445, https://doi.org/
10.1016/j.jddst.2017.11.014.

7. Ozbas, B. Ozkahraman, Z.P. Akgiiner, A. Bal-Oztiirk, Evaluation of modified
pectin/alginate buccal patches with enhanced mucoadhesive properties for drug
release systems: in-vitro and ex-vivo study, J. Drug Deliv. Sci. Technol. 67 (2022)
1-8, https://doi.org/10.1016/j.jddst.2021.102991.

G.K. Eleftheriadis, C. Ritzoulis, N. Bouropoulos, D. Tzetzis, D.A. Andreadis,

J. Boetker, J. Rantanen, D.G. Fatouros, Unidirectional drug release from 3D
printed mucoadhesive buccal films using FDM technology: in vitro and ex vivo
evaluation, Eur. J. Pharm. Biopharm. 144 (2019) 180-192, https://doi.org/
10.1016/j.ejpb.2019.09.018.

M.D. Arpa, M.Z. Uniikiir, U.C. Erim, Formulation, characterization and in vitro
release studies of terbinafine hydrochloride loaded buccal films, J. Res. Pharm. 25
(2021) 667-680, https://doi.org/10.29228/jrp.58.

0.C. Okeke, J.S. Boateng, Nicotine stabilization in composite sodium alginate
based wafers and films for nicotine replacement therapy, Carbohydr. Polym. 155
(2017) 78-88, https://doi.org/10.1016/j.carbpol.2016.08.053.

S. Farias, J.S. Boateng, In vitro, ex vivo and in vivo evaluation of taste masked low
dose acetylsalicylic acid loaded composite wafers as platforms for buccal
administration in geriatric patients with dysphagia, Int. J. Pharm. 589 (2020)
119807, https://doi.org/10.1016/j.ijpharm.2020.119807.

R.A. Baus, F. Zahir-Jouzdani, S. Diinnhaupt, F. Atyabi, A. Bernkop-Schniirch,
Mucoadhesive hydrogels for buccal drug delivery: in vitro-in vivo correlation
study, Eur. J. Pharm. Biopharm. 142 (2019) 498-505, https://doi.org/10.1016/j.
€jpb.2019.07.019.

R. Kamel, A. Mahmoud, G. El-Feky, Double-phase hydrogel for buccal delivery of
tramadol, Drug Dev. Ind. Pharm. 38 (2012) 468-483, https://doi.org/10.3109/
03639045.2011.611807.

F. Laffleur, Mucoadhesive polymers for buccal drug delivery, Drug Dev. Ind.
Pharm. 40 (2014) 591-598, https://doi.org/10.3109/03639045.2014.892959.
P. Yedurkar, M.K. Dhiman, K. Petkar, K. Sawant, Mucoadhesive bilayer buccal
tablet of carvedilol-loaded chitosan microspheres: in vitro, pharmacokinetic and

15

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Journal of Drug Delivery Science and Technology 97 (2024) 105739

pharmacodynamic investigations, J. Microencapsul. 29 (2012) 126-137, https://
doi.org/10.3109/02652048.2011.630109.

R. Kotadiya, K. Shah, Development of bioadhesive buccal tablets of nicorandil
using a factorial approach, Turkish J. Pharm. Sci. 17 (2020) 388-397, https://
doi.org/10.4274/tjps.galenos.2019.09226.

K. Gowthamarajan, N. Jawahar, P. Wake, K. Jain, S. Sood, Development of buccal
tablets for curcumin using Anacardium occidentale gum, Carbohydr. Polym. 88
(2012) 1177-1183, https://doi.org/10.1016/j.carbpol.2012.01.072.

S. Rossi, G. Sandri, C.M. Caramella, Buccal drug delivery: a challenge already
won? Drug Discov. Today Technol. 2 (2005) 59-65, https://doi.org/10.1016/j.
ddtec.2005.05.018.

M.D. Arpa, A.P. Yagcilar, S.N. Biltekin, Novel benzydamine hydrochloride and
chlorhexidine gluconate loaded bioadhesive films for local treatment of buccal
infections, J. Drug Deliv. Sci. Technol. 84 (2023), https://doi.org/10.1016/j.

jddst.2023.104497.

P. Baharlouei, A. Rahman, Chitin and chitosan: prospective biomedical
applications in drug delivery, cancer treatment, and wound healing, Mar. Drugs
20 (2022), https://doi.org/10.3390/md20070460.

C.M. Chou, F.L. Mi, J.L. Horng, L.Y. Lin, M.L. Tsai, C.L. Liu, K.Y. Lu, C.Y. Chu, Y.
T. Chen, Y.L.A. Lee, C.H. Cheng, Characterization and toxicology evaluation of
low molecular weight chitosan on zebrafish, Carbohydr. Polym. 240 (2020)
116164, https://doi.org/10.1016/j.carbpol.2020.116164.

T.M.M. Ways, W.M. Lau, V.V. Khutoryanskiy, Chitosan and its derivatives for
application in mucoadhesive drug delivery systems, Polymers 10 (2018), https://
doi.org/10.3390/polym10030267.

G. Sinani, M. Sessevmez, M.K. Gk, S. Ozgiimiis, H.O. Alpar, E. Cevher, Modified
chitosan-based nanoadjuvants enhance immunogenicity of protein antigens after
mucosal vaccination, Int. J. Pharm. 569 (2019), https://doi.org/10.1016/j.
ijpharm.2019.118592.

M.K. GOk, K. Demir, E. Cevher, S. Ozgﬁmﬁ§, S. Pabuccuoglu, Effect of the linear
aliphatic amine functionalization on in vitro transfection efficiency of chitosan
nanoparticles, Carbohydr. Polym. 207 (2019) 580-587, https://doi.org/10.1016/

j.carbpol.2018.12.013.

E. Cevher, S.K. Salomon, S. Somavarapu, S. Brocchini, H.O. Alpar, Development
of chitosan-pullulan composite nanoparticles for nasal delivery of vaccines: in
vivo studies, J. Microencapsul. 32 (2015) 769-783, https://doi.org/10.3109/
02652048.2015.1073393.

K. Huanbutta, K. Cheewatanakornkool, K. Terada, J. Nunthanid, P. Sriamornsak,
Impact of salt form and molecular weight of chitosan on swelling and drug release
from chitosan matrix tablets, Carbohydr. Polym. 97 (2013) 26-33, https://doi.
org/10.1016/j.carbpol.2013.04.073.

A. Portero, D. Teijeiro-Osorio, M.J. Alonso, C. Remunan-Ldopez, Development of
chitosan sponges for buccal administration of insulin, Carbohydr. Polym. 68
(2007) 617-625, https://doi.org/10.1016/j.carbpol.2006.07.028.

G.M. El-Mahrouk, O.N. El-Gazayerly, A.A. Aboelwafa, M.S. Taha, Chitosan lactate
wafer as a platform for the buccal delivery of tizanidine HCI: in vitro and in vivo
performance, Int. J. Pharm. 467 (2014) 100-112, https://doi.org/10.1016/j.
ijpharm.2014.03.049.

AM. Abdel Azim, M. El-Ashmoony, A.M. Swealem, R.A. Shoukry, Transdermal
films containing tizanidine: in vitro and in vivo evaluation, J. Drug Deliv. Sci.
Technol. 24 (2014) 92-99, https://doi.org/10.1016/51773-2247(14)50013-5.
T. Fuchigami, O. Kakinohana, M.P. Hefferan, N. Lukacova, S. Marsala,

O. Platoshyn, K. Sugahara, T.L. Yaksh, M. Marsala, Potent suppression of stretch
reflex activity after systemic or spinal delivery of tizanidine in rats with spinal
ischemia-induced chronic spastic paraplegia, Neuroscience 194 (2011) 160-169,
https://doi.org/10.1016/j.neuroscience.2011.08.022.

M.S. Pendekal, P.K. Tegginamat, Formulation and evaluation of a bioadhesive
patch for buccal delivery of tizanidine, Acta Pharm. Sin. B 2 (2012) 318-324,
https://doi.org/10.1016/j.apsb.2011.12.012.

G.A. Malanga, M.W. Gwyn, R. Smith, D. Miller, Tizanidine is effective in the
treatment of myofascial pain syndrome, Pain Physician 5 (2002) 422-432.

L. Kamen, H.R. Henney, J.D. Runyan, A practical overview of tizanidine use for
spasticity secondary to multiple sclerosis, stroke, and spinal cord injury, Curr.
Med. Res. Opin. 24 (2008) 425-439, https://doi.org/10.1185/
030079908X261113.

M.D. Arpa, N.U. Okur, M.K. G&k, S. 6zgiimii§, E. Cevher, Chitosan-based buccal
mucoadhesive patches to enhance the systemic bioavailability of tizanidine, Int.
J. Pharm. 642 (2023) 123168, https://doi.org/10.1016/j.ijpharm.2023.123168.
G. Shanker, C.K. Kumar, C.S.R. Gonugunta, B.V. Kumar, P.R. Veerareddy,
Formulation and evaluation of bioadhesive buccal drug delivery of tizanidine
hydrochloride tablets, AAPS PharmSciTech 10 (2009) 530-539, https://doi.org/
10.1208/512249-009-9241-2.

K. Shivanand, S.A. Raju, B. Jaykar, Mucoadhessive bilayered buccal tablets of
Tizanidine Hydrochloride, Int. J. PharmTech Res. 2 (2010) 1861-1869.

E. Cevher, S.K. Salomon, A. Makrakis, X.W. Li, S. Brocchini, H.O. Alpar,
Development of chitosan-pullulan composite nanoparticles for nasal delivery of
vaccines: optimisation and cellular studies, J. Microencapsul. 32 (2015) 755-768,
https://doi.org/10.3109/02652048.2015.1073392.

T. Cerchiara, B. Luppi, F. Bigucci, V. Zecchi, Chitosan salts as nasal sustained
delivery systems for peptidic drugs, J. Pharm. Pharmacol. 55 (2003) 1623-1627,
https://doi.org/10.1211/0022357022322.

M.A. Giiler, M.K. Gok, A.K. Figen, S. ézgiimﬁ§, Swelling, mechanical and
mucoadhesion properties of Mt/starch-g-PMAA nanocomposite hydrogels, Appl.
Clay Sci. 112-113 (2015) 44-52, https://doi.org/10.1016/j.clay.2015.04.019.
C. Alkan, N. Goksen Tosun, 0. Kaplan, Synthesis and characterization of
dicarboxylic acid esters of 1-hexadecanol for a thermal energy storage application


https://doi.org/10.1016/j.jconrel.2009.07.016
https://doi.org/10.1016/j.jconrel.2009.07.016
https://doi.org/10.1016/j.ejps.2018.11.031
https://doi.org/10.1016/j.ejps.2018.11.031
https://doi.org/10.3109/10717544.2014.920058
https://doi.org/10.3109/10717544.2014.920058
https://doi.org/10.1016/j.addr.2013.08.011
https://doi.org/10.1016/j.addr.2013.08.011
https://doi.org/10.1016/j.ijpharm.2022.122006
https://doi.org/10.3109/03639045.2014.884124
https://doi.org/10.3109/03639045.2014.884124
https://doi.org/10.1016/j.jddst.2017.11.014
https://doi.org/10.1016/j.jddst.2017.11.014
https://doi.org/10.1016/j.jddst.2021.102991
https://doi.org/10.1016/j.ejpb.2019.09.018
https://doi.org/10.1016/j.ejpb.2019.09.018
https://doi.org/10.29228/jrp.58
https://doi.org/10.1016/j.carbpol.2016.08.053
https://doi.org/10.1016/j.ijpharm.2020.119807
https://doi.org/10.1016/j.ejpb.2019.07.019
https://doi.org/10.1016/j.ejpb.2019.07.019
https://doi.org/10.3109/03639045.2011.611807
https://doi.org/10.3109/03639045.2011.611807
https://doi.org/10.3109/03639045.2014.892959
https://doi.org/10.3109/02652048.2011.630109
https://doi.org/10.3109/02652048.2011.630109
https://doi.org/10.4274/tjps.galenos.2019.09226
https://doi.org/10.4274/tjps.galenos.2019.09226
https://doi.org/10.1016/j.carbpol.2012.01.072
https://doi.org/10.1016/j.ddtec.2005.05.018
https://doi.org/10.1016/j.ddtec.2005.05.018
https://doi.org/10.1016/j.jddst.2023.104497
https://doi.org/10.1016/j.jddst.2023.104497
https://doi.org/10.3390/md20070460
https://doi.org/10.1016/j.carbpol.2020.116164
https://doi.org/10.3390/polym10030267
https://doi.org/10.3390/polym10030267
https://doi.org/10.1016/j.ijpharm.2019.118592
https://doi.org/10.1016/j.ijpharm.2019.118592
https://doi.org/10.1016/j.carbpol.2018.12.013
https://doi.org/10.1016/j.carbpol.2018.12.013
https://doi.org/10.3109/02652048.2015.1073393
https://doi.org/10.3109/02652048.2015.1073393
https://doi.org/10.1016/j.carbpol.2013.04.073
https://doi.org/10.1016/j.carbpol.2013.04.073
https://doi.org/10.1016/j.carbpol.2006.07.028
https://doi.org/10.1016/j.ijpharm.2014.03.049
https://doi.org/10.1016/j.ijpharm.2014.03.049
https://doi.org/10.1016/S1773-2247(14)50013-5
https://doi.org/10.1016/j.neuroscience.2011.08.022
https://doi.org/10.1016/j.apsb.2011.12.012
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref33
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref33
https://doi.org/10.1185/030079908X261113
https://doi.org/10.1185/030079908X261113
https://doi.org/10.1016/j.ijpharm.2023.123168
https://doi.org/10.1208/s12249-009-9241-2
https://doi.org/10.1208/s12249-009-9241-2
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref37
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref37
https://doi.org/10.3109/02652048.2015.1073392
https://doi.org/10.1211/0022357022322
https://doi.org/10.1016/j.clay.2015.04.019

M.D. Arpa et al.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

range of 50-55 °C, Energy Technol. 11 (2023) 1-10, https://doi.org/10.1002/
ente.202300104.

B. Biswal, N. Karna, B. Bhavsar, Formulation and evaluation of repaglinide buccal
tablet: ex Vivo bioadhesion study and Ex Vivo permeability study, J. Appl.
Pharmaceut. Sci. 4 (2014) 96-103, https://doi.org/10.7324/JAPS.2014.40518.
S.B. Shirsand, G. V Wadageri, S.A. Raju, G. Kolli, Design and evaluation of
mucoadhesive bilayer buccal tablets of nebivolol, RGUHS J. Pharm. Sci. 3 (2013)
40-47, https://doi.org/10.5530/1jps.2013.1.6.

Council of Europe, European Pharmacopoeia, eleventh ed., Council of Europe,
Strasbourg, 2022.

A. Tariq, H.S. Muhammad, 1.Y. Rabia, S. Fahad, A. Huma, R.A. Farrukh, N.

M. Iyad, F. Muhammad, Development and validation of a reverse phase high
performance liquid chromatography (HPLC) method for determination of
tizanidine in human plasma, African J. Pharm. Pharmacol. 8 (2014) 199-205,
https://doi.org/10.5897 /ajpp2014.3994.

ICH, ICH Harmonised Tripartite Guideline, Validation of analytical procedures:
text and methodology Q2(R1), in: International Conference on Harmonisation of
Technical Requirements for Registration of Pharmaceuticals for Human Use,
Geneva, 1-13., in: 2005, 2005.

E. Cevher, A. A¢ma, G. Sinani, B. Aksu, M. Zloh, L. Miilazi moglu, Bioadhesive
tablets containing cyclodextrin complex of itraconazole for the treatment of
vaginal candidiasis, Int. J. Biol. Macromol. 69 (2014) 124-136, https://doi.org/
10.1016/j.ijbiomac.2014.05.033.

M.D. Arpa, .M. Secen, U.C. Erim, A. Hos, N. Ustiindag Okur, Azelaic acid loaded
chitosan and HPMC based hydrogels for treatment of acne: formulation,
characterization, in vitro-ex vivo evaluation, Pharmaceut. Dev. Technol. 27
(2022) 268-281, https://doi.org/10.1080/10837450.2022.2038620.

C. Siriwachirachai, T. Pongjanyakul, Gelatinized tapioca starch—magnesium
aluminum silicate nanocomposites: particle agglomeration for directly
compressed tablets, J. Drug Deliv. Sci. Technol. 87 (2023) 104853, https://doi.
0rg/10.1016/j.jddst.2023.104853.

H. Giftci, M.D. Arpa, L.M. Giilagar, L. Ozcan, B. Ersoy, Development and
evaluation of mesoporous montmorillonite/magnetite nanocomposites loaded
with 5-Fluorouracil, Microporous Mesoporous Mater. 303 (2020) 110253,
https://doi.org/10.1016/j.micromeso.2020.110253.

O. Esim, A. Savaser, C.K. Ozkan, Z. Bayrak, C. Tas, Y. Ozkan, Effect of polymer
type on characteristics of buccal tablets using factorial design, Saudi Pharmaceut.
J. 26 (2018) 53-63, https://doi.org/10.1016/].jsps.2017.10.013.

T.A. Ahmed, A.O. Bawazir, W.S. Alharbi, M.K. Safo, Enhancement of simvastatin
ex vivo permeation from mucoadhesive buccal films loaded with dual drug
release carriers, Int. J. Nanomed. 15 (2020) 4001-4020, https://doi.org/
10.2147/1JN.S256925.

N. Ustiindag Okur, E.S. Gaglar, M.D. Arpa, H.Y. Karasulu, Preparation and
evaluation of novel microemulsion-based hydrogels for dermal delivery of
benzocaine, Pharmaceut. Dev. Technol. 22 (2017) 500-510, https://doi.org/
10.3109/10837450.2015.1131716.

A. Ghosh, M.A. Ali, Studies on physicochemical characteristics of chitosan
derivatives with dicarboxylic acids, J. Mater. Sci. 47 (2012) 1196-1204, https://
doi.org/10.1007/s10853-011-5885-x.

W.W. Simons, The Sadtler Handbook of Infrared Spectra, Sadtler Research
Laboratories, Philadelphia SE, 1978.

J. Singh, P.K. Dutta, J. Dutta, A.J. Hunt, D.J. Macquarrie, J.H. Clark, Preparation
and properties of highly soluble chitosan-l-glutamic acid aerogel derivative,
Carbohydr. Polym. 76 (2009) 188-195, https://doi.org/10.1016/j.
carbpol.2008.10.011.

M.K. Gok, In vitro evaluation of synergistic effect of primary and tertiary amino
groups in chitosan used as a non-viral gene carrier system, Eur. Polym. J. 115
(2019) 375-383, https://doi.org/10.1016/j.eurpolym;j.2019.03.048.

P. Karmakar, S. Ray, A. Mandal, S. Mondal, S. Mallick, B.K. Bera, A.K. Ghosh,
Mechanistic and kinetic investigations on the interaction of model platinum(II)
complex with ligands of biological significance in reference to the antitumor
activity, Synth. React. Inorganic, Met. Nano-Metal Chem. 43 (2013) 1563-1570,
https://doi.org/10.1080/15533174.2013.763272.

M. Ioelovich, Crystallinity and hydrophility of chitin and chitosan, Research and
Reviews, J. Chem. 3 (2014) 7-14.

Y. Jia, X. Wang, M. Huo, X. Zhai, F. Li, C. Zhong, Preparation and characterization
of a novel bacterial cellulose/chitosan bio-hydrogel, Nanomater. Nanotechnol. 7
(2017) 1-8, https://doi.org/10.1177/1847980417707172.

C. Qiao, X. Ma, X. Wang, L. Liu, Structure and properties of chitosan films: effect
of the type of solvent acid, LWT-Food Sci. Technol. 135 (2021) 109984, https://
doi.org/10.1016/j.1wt.2020.109984.

D.E. Rodriguez-Félix, D. Pérez-Caballero, T. del Castillo-Castro, M.M. Castillo-
Ortega, Y. Garmendia-Diago, J. Alvarado-Ibarra, M. Plascencia-Jatomea, A.

S. Ledezma-Pérez, S.E. Burruel-Ibarra, Chitosan hydrogels chemically crosslinked
with L-glutamic acid and their potential use in drug delivery, Polym. Bull. 80
(2023) 2617-2636, https://doi.org/10.1007/500289-022-04152-y.

S. Misra, Formulation and characterization of buccal bilayer tablet of glipizide,
J. Pharm. Res. 5 (2012) 1342-1345.

M.F. Mohammed, Z.A. Sadeq, O.S. Salih, Formulation and evaluation of
mucoadhesive buccal tablet of Anastrozole, J. Adv. Pharm. Educ. Res. 12 (2022)
38-44, https://doi.org/10.51847 /IEmpSyVsbx.

M. Sattar, O.M. Sayed, M.E. Lane, Oral transmucosal drug delivery - current status
and future prospects, Int. J. Pharm. 471 (2014) 498-506, https://doi.org/
10.1016/j.ijpharm.2014.05.043.

16

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Journal of Drug Delivery Science and Technology 97 (2024) 105739

H. Onishi, O. Sakata, K. Yumoto, In vitro and in vivo evaluations of buccal tablet
formulations of ritodrine hydrochloride, Biol. Pharm. Bull. 38 (2015) 919-925,
https://doi.org/10.1248/bpb.b14-00833.

G.P. Andrews, T.P. Laverty, D.S. Jones, Mucoadhesive polymeric platforms for
controlled drug delivery, Eur. J. Pharm. Biopharm. 71 (2009) 505-518, https://
doi.org/10.1016/j.jpb.2008.09.028.

E. Budianto, A. Amalia, Swelling behavior and mechanical properties of Chitosan-
Poly(N-vinyl-pyrrolidone) hydrogels, J. Polym. Eng. 40 (2020) 551-560, https://
doi.org/10.1515/polyeng-2019-0169.

S.S. Abdulhady, K.M. Hosny Ibrahim, Preparation and evaluation of mebeverine
hydrochloride as mucoadhesive buccal tablet for local anesthesia, Trop. J.
Pharmaceut. Res. 16 (2017) 1805-1812, https://doi.org/10.4314/tjpr.v16i8.8.
A. Abruzzo, T. Cerchiara, F. Bigucci, M.C. Gallucci, B. Luppi, Mucoadhesive
buccal tablets based on chitosan/gelatin microparticles for delivery of
propranolol hydrochloride, J. Pharmaceut. Sci. 104 (2015) 4365-4372, https://
doi.org/10.1002/jps.24688.

M.A. Saleem, S.S. Pange, S.A. Umair, V.K. Singh, Development and evaluation of
mucoadhesive buccal tablets of sumatriptan succinate using natural gums, Res. J.
Pharm. Technol. 4 (2011) 1140-1146.

C. Tangsadthakun, S. Kanokpanont, N. Sanchavanakit, R. Pichyangkura,

T. Banaprasert, Y. Tabata, S. Damrongsakkul, The influence of molecular weight
of chitosan on the physical and biological properties of collagen/chitosan
scaffolds, J. Biomater. Sci. Polym. Ed. 18 (2007) 147-163, https://doi.org/
10.1163/156856207779116694.

S. Mansuri, P. Kesharwani, K. Jain, R.K. Tekade, N.K. Jain, Mucoadhesion: a
promising approach in drug delivery system, React. Funct. Polym. 100 (2016)
151-172, https://doi.org/10.1016/j.reactfunctpolym.2016.01.011.

M. Collado-Gonzélez, Y.G. Espinosa, F.M. Goycoolea, Interaction between
chitosan and mucin: fundamentals and applications, Biomimetics 4 (2019) 1-20,
https://doi.org/10.3390/biomimetics4020032.

P. Uthaiwat, A. Priprem, P. Puthongking, J. Daduang, C. Nukulkit, S. Chio-
Srichan, P. Boonsiri, S. Thapphasaraphong, Characteristic evaluation of gel
formulation containing niosomes of melatonin or its derivative and mucoadhesive
properties using ATR-FTIR spectroscopy, Polymers 13 (2021) 1-16, https://doi.
org/10.3390/polym13071142.

A.R. Dudhani, S.L. Kosaraju, Bioadhesive chitosan nanoparticles: preparation and
characterization, Carbohydr. Polym. 81 (2010) 243-251, https://doi.org/
10.1016/j.carbpol.2010.02.026.

F.A. Bruinsmann, S. Pigana, T. Aguirre, G.D. Souto, G.G. Pereira, A. Bianchera, L.
T. Fasiolo, G. Colombo, M. Marques, A.R. Pohlmann, S.S. Guterres, F. Sonvico,
Chitosan-coated nanoparticles: effect of chitosan molecular weight on nasal
transmucosal delivery, Pharmaceutics 11 (2019) 1-19, https://doi.org/10.3390/
pharmaceutics11020086.

B. Chatterjee, N. Amalina, P. Sengupta, U.K. Mandal, Mucoadhesive polymers and
their mode of action: a recent update, J. Appl. Pharmaceut. Sci. 7 (2017)
195-203, https://doi.org/10.7324/JAPS.2017.70533.

M. Gnus, Influence of Chitosan molecular weight and degree of deacetylation on
membrane physicochemical and separation properties in ethanol dehydration by
the vapour permeation process, Prog. Chem. Appl. Chitin Its Deriv. 25 (2020)
79-93, https://doi.org/10.15259/PCACD.25.006.

1. Bravo-Osuna, C. Vauthier, A. Farabollini, G.F. Palmieri, G. Ponchel,
Mucoadhesion mechanism of chitosan and thiolated chitosan-poly(isobutyl
cyanoacrylate) core-shell nanoparticles, Biomaterials 28 (2007) 2233-2243,
https://doi.org/10.1016/j.biomaterials.2007.01.005.

S. Honary, M. Maleki, M. Karami, The effect of chitosan molecular weight on the
properties of alginate/chitosan microparticles containing prednisolone, Trop. J.
Pharmaceut. Res. 8 (2009) 53-61, https://doi.org/10.4314/tjpr.v8il.14712.

L. Serra, J. Doménech, N.A. Peppas, Engineering design and molecular dynamics
of mucoadhesive drug delivery systems as targeting agents, Eur. J. Pharm.
Biopharm. Off. J. Arbeitsgemeinschaft Fur Pharm. Verfahrenstechnik e.V. 71
(2009) 519-528, https://doi.org/10.1016/]j.ejpb.2008.09.02.2.

F.C. Carvalho, M.L. Bruschi, R.C. Evangelista, M.P.D. Gremiao, Mucoadhesive
drug delivery systems, Brazilian J. Pharm. Sci. 46 (2010) 1-17, https://doi.org/
10.1590/51984-82502010000100002.

E. Russo, F. Selmin, S. Baldassari, C.G.M. Gennari, G. Caviglioli, F. Cilurzo,

P. Minghetti, B. Parodi, A focus on mucoadhesive polymers and their application
in buccal dosage forms, J. Drug Deliv. Sci. Technol. 32 (2016) 113-125, https://
doi.org/10.1016/j.jddst.2015.06.016.

A. Karava, M. Lazaridou, S. Nanaki, G. Michailidou, E. Christodoulou,

M. Kostoglou, H. Iatrou, D.N. Bikiaris, Chitosan derivatives with mucoadhesive
and antimicrobial properties for simultaneous nanoencapsulation and extended
ocular release formulations of dexamethasone and chloramphenicol drugs,
Pharmaceutics 12 (2020) 1-29, https://doi.org/10.3390/
pharmaceutics12060594.

K. Kafedjiiski, A.H. Krauland, M.H. Hoffer, A. Bernkop-Schniirch, Synthesis and in
vitro evaluation of a novel thiolated chitosan, Biomaterials 26 (2005) 819-826,
https://doi.org/10.1016/j.biomaterials.2004.03.011.

K. Huanbutta, T. Sangnim, K. Cheewatanakornkool, L. Sutthapitaksakul,

K. Thanawuth, P. Sriamornsak, Physical stability of different chitosan salts in
matrix tablet formulations, Pharm. Sci. Asia. 47 (2020) 347-356, https://doi.org/
10.29090/psa.2020.04.019.0098.

S.M. Kumar, M.J.N. Chandrasekar, R. Gopinath, R. Srinivasan, M.J. Nanjan,

B. Suresh, In vitro and in vivo studies on HPMC-K-100 M matrices containing
naproxen sodium, Drug Deliv. 14 (2007) 163-169, https://doi.org/10.1080/
10717540601098682.


https://doi.org/10.1002/ente.202300104
https://doi.org/10.1002/ente.202300104
https://doi.org/10.7324/JAPS.2014.40518
https://doi.org/10.5530/rjps.2013.1.6
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref44
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref44
https://doi.org/10.5897/ajpp2014.3994
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref46
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref46
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref46
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref46
https://doi.org/10.1016/j.ijbiomac.2014.05.033
https://doi.org/10.1016/j.ijbiomac.2014.05.033
https://doi.org/10.1080/10837450.2022.2038620
https://doi.org/10.1016/j.jddst.2023.104853
https://doi.org/10.1016/j.jddst.2023.104853
https://doi.org/10.1016/j.micromeso.2020.110253
https://doi.org/10.1016/j.jsps.2017.10.013
https://doi.org/10.2147/IJN.S256925
https://doi.org/10.2147/IJN.S256925
https://doi.org/10.3109/10837450.2015.1131716
https://doi.org/10.3109/10837450.2015.1131716
https://doi.org/10.1007/s10853-011-5885-x
https://doi.org/10.1007/s10853-011-5885-x
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref55
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref55
https://doi.org/10.1016/j.carbpol.2008.10.011
https://doi.org/10.1016/j.carbpol.2008.10.011
https://doi.org/10.1016/j.eurpolymj.2019.03.048
https://doi.org/10.1080/15533174.2013.763272
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref59
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref59
https://doi.org/10.1177/1847980417707172
https://doi.org/10.1016/j.lwt.2020.109984
https://doi.org/10.1016/j.lwt.2020.109984
https://doi.org/10.1007/s00289-022-04152-y
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref63
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref63
https://doi.org/10.51847/lEmpSyVsbx
https://doi.org/10.1016/j.ijpharm.2014.05.043
https://doi.org/10.1016/j.ijpharm.2014.05.043
https://doi.org/10.1248/bpb.b14-00833
https://doi.org/10.1016/j.ejpb.2008.09.028
https://doi.org/10.1016/j.ejpb.2008.09.028
https://doi.org/10.1515/polyeng-2019-0169
https://doi.org/10.1515/polyeng-2019-0169
https://doi.org/10.4314/tjpr.v16i8.8
https://doi.org/10.1002/jps.24688
https://doi.org/10.1002/jps.24688
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref71
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref71
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref71
https://doi.org/10.1163/156856207779116694
https://doi.org/10.1163/156856207779116694
https://doi.org/10.1016/j.reactfunctpolym.2016.01.011
https://doi.org/10.3390/biomimetics4020032
https://doi.org/10.3390/polym13071142
https://doi.org/10.3390/polym13071142
https://doi.org/10.1016/j.carbpol.2010.02.026
https://doi.org/10.1016/j.carbpol.2010.02.026
https://doi.org/10.3390/pharmaceutics11020086
https://doi.org/10.3390/pharmaceutics11020086
https://doi.org/10.7324/JAPS.2017.70533
https://doi.org/10.15259/PCACD.25.006
https://doi.org/10.1016/j.biomaterials.2007.01.005
https://doi.org/10.4314/tjpr.v8i1.14712
https://doi.org/10.1016/j.ejpb.2008.09.022
https://doi.org/10.1590/S1984-82502010000100002
https://doi.org/10.1590/S1984-82502010000100002
https://doi.org/10.1016/j.jddst.2015.06.016
https://doi.org/10.1016/j.jddst.2015.06.016
https://doi.org/10.3390/pharmaceutics12060594
https://doi.org/10.3390/pharmaceutics12060594
https://doi.org/10.1016/j.biomaterials.2004.03.011
https://doi.org/10.29090/psa.2020.04.019.0098
https://doi.org/10.29090/psa.2020.04.019.0098
https://doi.org/10.1080/10717540601098682
https://doi.org/10.1080/10717540601098682

M.D. Arpa et al.

[89]

[90]

[91]

[92]

[93]

[94]

[95]

AR. Kepsutlu, C. Tas, A. Savaser, Y. Ozkan, T. Baykara, Delivery of piroxicam
with A mucoadhesive buccal tablet: in vitro, ExVivo and in vivo evaluation, res,
Rev. J. Pharm. Pharm. Sci. 5 (2016) 33-44.

J. Manwar, D.D. Kumbhar, R. Bakal, S. Baviskar, R. Manmode, Response surface
based co-optimization of release kinetics and mucoadhesive strength for an oral
mucoadhesive tablet of cefixime trihydrate, Bull. Fac. Pharm. Cairo Univ. 54
(2016) 227-235, https://doi.org/10.1016/j.bfopcu.2016.06.004.

B. Thejovathi, Formulation and evaluation of mucoadhesive buccal tablets
(repaglinide) for management of diabetes, Int. J. Pharm. Res. Technol. 12 (2023)
75-92, https://doi.org/10.31838/ijprt/12.01.08.

E. Al-Ani, D. Hill, K. Doudin, Chlorhexidine mucoadhesive buccal tablets: the
impact of formulation design on drug delivery and release kinetics using
conventional and novel dissolution methods, Pharmaceuticals 14 (2021), https://
doi.org/10.3390/ph14060493.

B. Celik, Risperidone mucoadhesive buccal tablets: formulation design,
optimization and evaluation, Drug Des. Dev. Ther. 11 (2017) 3355-3365, https://
doi.org/10.2147/DDDT.S150774.

C. Vijayaraghavan, S. Vasanthakumar, A. Ramakrishnan, In vitro and in vivo
evaluation of locust bean gum and chitosan combination as a carrier for buccal
drug delivery, Pharmazie 63 (2008) 342-347, https://doi.org/10.1691/
ph.2008.7139.

M. Franz-Montan, L. Serpe, C.C.M. Martinelli, C.B. Da Silva, C.P. Dos Santos, P.
D. Novaes, M.C. Volpato, E. De Paula, R.F.V. Lopez, F.C. Groppo, Evaluation of
different pig oral mucosa sites as permeability barrier models for drug permeation
studies, Eur. J. Pharmaceut. Sci. 81 (2016) 52-59, https://doi.org/10.1016/j.
€jps.2015.09.021.

17

[96]

[97]

[98]

[99]

[100]

[101]

[102]

Journal of Drug Delivery Science and Technology 97 (2024) 105739

V.K. Yellepeddi, A. Joseph, E. Nance, Pharmacokinetics of nanotechnology-based
formulations in pediatric populations, Adv. Drug Deliv. Rev. 151-152 (2019)
44-55, https://doi.org/10.1016/j.addr.2019.08.008.

V.M. Patel, B.G. Prajapati, H.V. Patel, K.M. Patel, Mucoadhesive bilayer tablets of
propranolol hydrochloride, AAPS PharmSciTech 8 (2007) 1-6, https://doi.org/
10.1208/pt0803051.

K. Shivanand, S.A. Raju, S. Nizamuddin, B. Jayakar, In vivo bioavailability studies
of Sumatriptan succinate buccal tablets, DARU, J. Pharmaceut. Sci. 19 (2011)
224-230.

A.S. Macedo, P.M. Castro, L. Roque, N.G. Thomé, C.P. Reis, M.E. Pintado,

P. Fonte, Novel and revisited approaches in nanoparticle systems for buccal drug
delivery, J. Contr. Release 320 (2020) 125-141, https://doi.org/10.1016/j.
jeonrel.2020.01.006.

G.M. El-Mahrouk, O.N. El-Gazayerly, A.A. Aboelwafa, M.S. Taha, Chitosan lactate
wafer as a platform for the buccal delivery of tizanidine HCI: in vitro and in vivo
performance, Int. J. Pharm. 467 (2014) 100-112, https://doi.org/10.1016/j.
ijpharm.2014.03.049.

P. Madhuri, G.V. Radha, Formulation and evaluation of mucoadhesive buccal
films of propafenone HCl, J. Pharm. Negat. Results 13 (2022) 1645-1659,
https://doi.org/10.47750/pnr.2022.13.04.228.

G. Sandri, P. Poggi, M.C. Bonferoni, S. Rossi, F. Ferrari, C. Caramella, Histological
evaluation of buccal penetration enhancement properties of chitosan and
trimethyl chitosan, J. Pharm. Pharmacol. 58 (2006) 1327-1336, https://doi.org/
10.1211/jpp.58.10.0005.


http://refhub.elsevier.com/S1773-2247(24)00408-8/sref89
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref89
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref89
https://doi.org/10.1016/j.bfopcu.2016.06.004
https://doi.org/10.31838/ijprt/12.01.08
https://doi.org/10.3390/ph14060493
https://doi.org/10.3390/ph14060493
https://doi.org/10.2147/DDDT.S150774
https://doi.org/10.2147/DDDT.S150774
https://doi.org/10.1691/ph.2008.7139
https://doi.org/10.1691/ph.2008.7139
https://doi.org/10.1016/j.ejps.2015.09.021
https://doi.org/10.1016/j.ejps.2015.09.021
https://doi.org/10.1016/j.addr.2019.08.008
https://doi.org/10.1208/pt0803051
https://doi.org/10.1208/pt0803051
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref98
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref98
http://refhub.elsevier.com/S1773-2247(24)00408-8/sref98
https://doi.org/10.1016/j.jconrel.2020.01.006
https://doi.org/10.1016/j.jconrel.2020.01.006
https://doi.org/10.1016/j.ijpharm.2014.03.049
https://doi.org/10.1016/j.ijpharm.2014.03.049
https://doi.org/10.47750/pnr.2022.13.04.228
https://doi.org/10.1211/jpp.58.10.0005
https://doi.org/10.1211/jpp.58.10.0005

	Chitosan-based buccal mucoadhesive bilayer tablets enhance the bioavailability of tizanidine hydrochloride by bypassing the ...
	1 Introduction
	2 Materials & methods
	2.1 Materials
	2.2 Preparation of chitosan salts
	2.3 Characterisation of chitosan and chitosan salts
	2.3.1 Fourier-transform infrared (FTIR) analysis
	2.3.2 Proton nuclear magnetic resonance (1H NMR) analysis
	2.3.3 Powder X-ray diffraction (XRD) analysis
	2.3.4 Differential scanning calorimetry (DSC) analysis
	2.3.5 Thermogravimetric analysis (TGA)

	2.4 Fabrication of buccal mucoadhesive bilayer tablets
	2.5 Physicochemical characterisation of buccal mucoadhesive bilayer tablets
	2.6 Swelling index
	2.7 Drug content uniformity
	2.8 Mucoadhesion studies
	2.9 In vitro drug release studies
	2.10 Permeability studies
	2.11 Stability studies
	2.12 In vivo bioavailability studies
	2.13 Statistical analyses

	3 Results & discussion
	3.1 Characterisation of chitosan and chitosan salts
	3.1.1 Fourier-transform infrared (FTIR) analysis
	3.1.2 Proton nuclear magnetic resonance (1H NMR) analysis
	3.1.3 Powder X-ray diffraction (XRD) analysis
	3.1.4 Differential scanning calorimetry (DSC) analysis
	3.1.5 Thermogravimetric analysis (TGA)

	3.2 Fabrication and characterisation of buccal tablets
	3.3 Mucoadhesion studies
	3.4 In vitro drug release studies
	3.5 Permeability studies
	3.6 Stability studies
	3.7 In vivo bioavailability studies

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


