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Abstract. The buccal mucosa is accessible, shows rapid repair, has an excellent blood
supply, and shows the absence of the first-pass effect, which makes it a very attractive drug
delivery route. However, this route has limitations, mainly due to the continuous secretion of
saliva (0.5 to 2 L/day), which may lead to dilution, possible ingestion, and unintentional
removal of the active drug. Nanotechnology-based drug delivery systems, such as liquid
crystalline systems (LCSs), can increase drug permeation through the mucosa and thereby
improve drug delivery. This study aimed at developing and characterizing the mechanical,
rheological, and mucoadhesive properties of four liquid crystalline precursor systems
(LCPSs) composed of four different aqueous phases (i) water (FW), (ii) chitosan (FC), (iii)
polyethyleneimine (FP), or (iv) both polymers (FPC); oleic acid was used as the oil phase,
and ethoxylated and propoxylated cetyl alcohol was used as the surfactant. Polarized light
microscopy and small-angle X-ray scattering indicated that all LCPSs formed liquid
crystalline states after incorporation of saliva. Rheological, texture, and mucoadhesive assays
showed that FPC had the most suitable characteristics for buccal application. In vitro release
study showed that FPC could act as a controlled drug delivery system. Finally, based on
in vitro cytotoxicity data, FPC is a safe buccal drug delivery system for the treatment of
several buccal diseases.
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INTRODUCTION

The buccal mucosa is permeable and robust, allowing for
rapid recovery after stress or damage. It has an excellent
blood supply and has an absence of the first-pass effect,
avoiding the drug metabolism which occurs pre-systemically
in the gastrointestinal tract. Together, these characteristics
make the buccal mucosa a very attractive drug administration
route (1). Despite its advantages, buccal administration has
some limitations, mainly due to the continuous secretion of
saliva (0.5 to 2 L/day), which may lead to dilution and
possible ingestion of the drug and, lastly, to the unintentional
removal of the pharmaceutical form (2).

Nanostructured release systems encompassing liquid
crystalline systems, micro-emulsions, polymer nanoparticles,
solid lipid nanoparticles, and nanostructured lipid carriers
represent promising platforms for buccal administration of

drugs, since these systems can protect them from degradation
and increase the residence time of the formulation in the
buccal environment, allowing for controlled drug release at
the site of action (3).

Among these systems, lyotropic liquid crystalline
systems (LCSs) stand out because they are formed by
surfactants that, following the gradual addition of solvents
such as water, form lamellar, hexagonal, or cubic crystal-
line liquid mesophases. The lamellar mesophase is a one-
dimensional structure formed by parallel and planar
bilayers of surfactant separated by layers of solvent. The
hexagonal mesophase is formed by layers of surfactant
and solvent that are arranged in the form of cylinders
forming a two-dimensional structure. Finally, the cubic
mesophase is formed by two networks of solvent channels
surrounded by bilayers of surfactant arranged in a three-
dimensional organized structure (4,5). Therefore, the
gradual increase in water in the LCS increases the
structural organization of the system, which results in an
increase of the viscosity of the formulation.

Thus, liquid crystal precursor systems (LCPSs) are of
particular interest for the buccal administration of drugs,
since LCPSs are liquid, which will facilitate administration of
the formulation, for example, by syringe. However, when it
comes in contact with the buccal environment, a LCPS has
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the capacity to incorporate water from the saliva, becoming a
more viscous liquid crystalline mesophase, which can promote
drug-controlled release and result in greater drug targeting in
the buccal mucosa (6,7).

The surfactant ethoxylated and propoxylated cetyl
alcohol (PPG-5-CETETH-20) stands out as being a nonionic
surfactant which can form LCS without the addition of a co-
surfactant, due to its capacity for self-organization in the
absence of repulsive electrostatic interactions, that favors a
low surface tension (8,9). Furthermore, PPG-5-CETETH-20
exhibits pharmaceutical characteristics that encourage its use
as excipient for drug delivery system, such as colorless liquid,
light odor, completely soluble in water, and ethanol. Further-
more, this surfactant is not skin irritant and its lethal dose 50
in rats is 3050 mg kg−1 (10,11).

In order to prolong drug release and decrease the need for
repeated administration of drugs, the contact time of the
formulation with the buccal mucosa needs to be optimized,
and this can be achieved using mucoadhesive polymer disper-
sions as the aqueous phase for the LCPS, since these polymers
have excellent adhesiveness to the buccal mucosa (12).

Chitosan (CS), α (1–4) -2-amino-2-deoxy β-D-glucan, a
deacetylated form of chitin, is a biocompatible, biodegradable
cationic polysaccharide, with low cytotoxicity, that has been
successfully employed in several drug release systems (13,14)
This polymer has also been widely used to optimize buccal
administration of drugs, as it has an excellent mucoadhesive
capacity. This high mucoadhesion is caused by molecular
attraction through electrostatic interactions with the nega-
tively charged saliva. In addition, QS can act as a promoter of
absorption (1,15).

Polyethyleneimines (PEI) are water-soluble polymers
that have a high cationic charge density at physiological pH;
this is due to the presence of protonatable amino groups at
each third position in the molecule (16). PEI has also been
studied extensively in cancer therapy with the aim of
promoting the cellular uptake of drugs, because this positively
charged polymer has the ability to interact with the negatively
charged extracellular membranes, which typically contain
high levels of the anionic phospholipid phosphatidylserine
(14).

One study has reported the association of PEI with QS
for the administration of antitumor drug with the aim of
increasing affinity for the target cell. In this study, Jere et al.
(14) developed a copolymer system composed of PEI and QS
that allowed for incorporation of the antitumor drug. The
authors optimized treatment of lung tumor cells with this
antitumor agent when it was incorporated into the PEI/QS
system along with associated polymers (14).

Furthermore, studies by our research group have shown
that SLC formed by polymers as aqueous phase can act as
bio(muco)adhesive systems in addition to promoting the
increase of permeation and retention of the drug by the
biological surface (8,9,17–21).

Finally, the addition of an oil phase, such as oleic acid
(OA), can also be considered in the SLC composition,
because OA can act as a drug permeation agent. It exhibits
a mechanism of interaction with the carbonic chains of the
lipids from membrane which leads to a packaging perturba-
tion in the region of the polar heads of the lipid bilayer and
then to the fluidity of the membrane phospholipid domains,

which results in the greater permeability of the drug (22,23).
Considering the advantages that the SLC can offer in the
development of drug delivery mucoadhesive systems and the
promising results obtained by our research group in relation
to the PPG-5-CETETH-20 surfactant with the addition of
bioadhesive polymers, this work aims the pharmaco-technical
development of novel LCPSs comprising of PPG-5-
CETETH-20 as the surfactant, oleic acid as the oil phase,
and CS/PEI dispersion as the aqueous phase following their
characterization by polarized light microscopy (PLM), small-
angle X-ray scattering (SAXS), and rheological, mechanical,
and bioadhesion assays to explore these technological plat-
forms for the development of a mucoadhesive nanostructured
delivery system for buccal administration of drugs.

MATERIALS AND METHODS

Materials

PPG-5-CETETH-20 was purchased from Croda (Cam-
pinas, Sao Paulo, Brazil). Oleic acid was purchased from
Synth (Diadema, Sao Paulo , Brazi l ) . Branched
polyethylenimine with molecular weight of 25 kDa and low-
molecular-weight chitosan were purchased from Sigma Al-
drich® (Steinheim, North Rhine-Westphalia, Germany).
High-purity water was prepared with a Millipore Milli-Q Plus
purification system (Merck Millipore Corporation®, Darm-
stadt, Hessen, Germany).

Phase Diagram Construction and Preparation of Liquid
Crystalline Systems

Four different phase diagrams were constructed using
oleic acid as the oil phase and PPG-5-CETETH-20 as the
surfactant in all four diagrams. Four different aqueous phases
were used, namely high-purity water (diagram 1), a dispersion
of 0.5% chitosan (diagram 2), a dispersion of 0.5%
polyethyleneimine (diagram 3), and a binary dispersion of
0.25% polyethyleneimine and 0.25% chitosan (diagram 4).
Fifty-four different proportions, varying by 10% in 10% (w/
w) for each phase of the systems, were mixed by vortexing at
25 ± 0.5 °C. For diagrams with CS or PEI dispersion as the
aqueous phase, the dispersion was initially prepared at 5%
PEI or CS (w/w). Then, this dispersion was mixed with
different amounts of water, so as to result in 0.5% polymer
percentage in the systems. For diagram with the binary
dispersion of 0.25% polyethyleneimine and 0.25% chitosan,
the binary dispersion was initially prepared at 2.5% PEI and
2.5% CS (w/w). Then, this dispersion was mixed with
different amounts of water, so as to result in 0.25% polymer
percentage in the systems. The systems were allowed to stand
for 48 h to allow for complete stabilization and elimination of
bubbles. After this time, the systems were visually classified
as a transparent liquid system (TLS), a transparent viscous
system (TVS), an opaque system (OS), and a phase separa-
tion (PS). Using this classification, the phase diagrams were
plotted using SigmaPlot®, version 10.0 (Systat Software,
USA).

Then, one of LCPSs from each diagram was selected for
the other studies, which were named FW (diagram 1), FC
(diagram 2), FP (diagram 3), and FPC (diagram 4).
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To verify if the selected formulations behaved like LCPS,
there were added 30% (FW30, FC30, FP30, FPC30) and
100% (FW100, FC100, FP100, FPC100) of artificial saliva into
FW, FC, FP, and FPC. The composition of the artificial saliva
used was 8 g/L of sodium chloride (NaCl), 0.19 g/L of
potassium monobasic phosphate (KH2PO4), and 2.28 g/L of
disodium phosphate (Na2HPO4) with pH 6.8 (24).

All systems were classified visually and by polarized light
microscopy and characterized by small-angle X-ray scattering
(SAXS), continuous rheological analysis, oscillatory rheolog-
ical analysis, and mucoadhesion.

Structural Characterization of Selected Formulations

Polarized Light Microscopy

A drop of each formulation was placed on a glass slide,
covered with a cover slip and examined under polarized light
at room temperature (25 ± 0.5 °C) using an Olympus BX41
polarized light microscope coupled with a Q-Color3 camera
(Olympus America Inc.). The magnification was 20×.

Small-Angle X-ray Scattering

The structures of the formulations were analyzed by
SAXS using the Brazilian Synchrotron Light Laboratory
instrument (LNLS, Campinas, Brazil) equipped with a type
Si (111) monochromator at a wavelength (λ) of 1.608 Å with a
horizontally focused beam. A vertical Pilatus 300K SAXS
detector located at 858.45 mm from the sample, and 13
multichannel analyzers were employed to record the intensity
of the scattering I(q) from 0.1 to 3.8 Å−1 at 25 °C. The
scattering observed in the system not containing a sample was
subtracted from the total intensity of the sample, as a function
of the modulus of the scattering vector q, q = 4πsinθ / λ,
where λ is the wavelength and 2θ is the scattering angle. The
intensities of all samples were measured in relative units, and
a quantitative comparison of the measurements was
standardized using the same experimental conditions.

Texture Profile Analysis

Texture profile analysis (TPA) was performed using a
TA-XTplus texture analyzer (Stable Micro Systems, Surrey,
UK) in the TPA mode. The selected formulations and a
commercial buccal formulation (8 g of each sample) were
centrifuged at 2000g for 10 min (5810R, Eppendorf, New
York, NY, USA), and the cylindrical analytical probe (10 mm
diameter) was lowered (1 mm s−1) until it reached the sample.
The formulations were compressed twice (0.5 mm s−1; 10-mm
depth; 5-s delay period). Hardness, compressibility, adhesive-
ness, and cohesion were calculated from the force-time curves
through the program Expert Texture Exponent. Seven
replicates were analyzed at 25 ± 0.5 °C.

In Vitro Evaluation of the Mucoadhesive Force

In order to evaluate the in vitro mucoadhesive strength
of the selected formulations and a commercial buccal
formulation, swine esophageal mucosae, obtained from the
Olhos d’Água slaughterhouse in Ipuã (SP), were

transported and stored in saliva medium on ice for up to a
maximum of 6 h following death of the animal. The
esophageal mucosa was separated from the underlying
tissues using anatomical scissors and a scalpel, maintaining
a uniform 1-mm-thick cut. The mucosa was washed with
running water and stored in saliva until use. The strength
required to remove the formulation from the swine esoph-
ageal mucosa was evaluated in vitro using a TA-XT plus
texture analyzer (Stable Micro Systems, Surrey, England) in
the adhesion test mode. First, the mucosa was immersed in
human saliva to simulate the buccal environment for 30 s.
The mucosa was then attached to the lower end of the
cylindrical probe (10-mm diameter). The formulations were
then placed in small glass containers under the probe at
37 °C. The test was started by lowering the probe at a
constant rate (1 mm/s) until the mucosa came in contact
with the sample. The mucosa and sample were held in
contact for 60 s, during which time no force was applied.
Thereafter, the probe rose at a constant rate (0.5 mm/s),
until detachment of the mucosa from the sample occurred.
The force required for this detachment to occur was
calculated from the force versus time curve.

Rheological Analysis

The rheological analysis was performed at 37 ± 0.1 °C in
triplicate, using a controlled-stress AR2000 rheometer (TA
Instruments, New Castle, DE, USA) with a plate diameter of
40 mm and a sample gap of 200 μm. Samples of the
formulations were carefully applied to the lower plate to
minimize sample shearing and were allowed to equilibrate for
3 min prior to analysis.

Determination of Flow Properties

The flow properties were determined using a controlled
shear rate procedure ranging from 0.01 to 100 s−1 and back.
Each stage lasted 120 s with an interval of 10 s between the
curves. The consistency and flow indexes were determined
from the power law described in Eq. 1 for a quantitative
analysis of flow behavior:

where Bτ^ is the shear stress (Pa), Bγ^ is the shear rate (1/s),
Bk^ is the consistency index [(Pa s)n], and Bn^(dimensionless)
is the flow index.

Oscillatory Analyses

Oscillatory analyses were started by conducting a stress
sweep in order to determine the viscoelastic region of the
formulations. The stress sweep was carried out at a constant
frequency of 1 Hz, over a stress range of 0.1–10 Pa. A
constant shear stress of 1 Pa was selected to perform the
frequency sweep over a range of 0.1–10 Hz, which was within
the previously determined linear viscoelastic region for all
formulations. The storage (G′) and loss (G″) moduli were
recorded.
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In Vitro Release Study

In vitro release of the peptide drug (CTT1) from the
formulations FW and FPC was determined using a Franz cell
apparatus (Hanson Research Corporation, Chatsworth, CA,
USA). Firstly, CTT1 was incorporate at 100 μg/mL into FW
(FW-CTT1) and FPC (FPC-CTT1). A synthetic cellulose
acetate membrane (molar mass cutoff 12–14 kDa) with an
area of 1.77 cm2 was previously treated with Milli-Q water for
5 min. Samples of the formulations (300 mg) were placed on
the membrane surface at the donor compartment. The latter
compartment was filled with 7 mL of 0.2 M phosphate buffer
(pH 7.4). The receptor solution was constantly stirred at
300 rpm and maintained at 37.0 ± 0.5 °C in sink conditions.
The released samples (1.8 mL) were collected automatically
after 5 min, 30 min, 1 h, 2 h, 4 h, 8 h, 12 h, 18 h, and 24 h, and
were replaced by the same amount of fresh buffer. At the end
of the experiment, the amount of CTT1 released from the
formulations at each time interval was analyzed by a
spectrophotometer at a wavelength of 280 nm (HP 8453
Agilent, London, UK). The results are expressed as an
average of six measurements and the error is reported as
standard deviation (SD).

In Vitro Cytotoxicity

Cell viability tests were performed using the immortal-
ized human keratinocyte line HaCaT as the cell model. Cells
were seeded at a density of 2.5 × 105 to 10 × 105 cells/well (in
96-well plates), cultured for 48 h in the presence of different
doses of the formulation (1.87–0.06 mg/mL). After treatment,
the cells were washed once with PBS, to remove the
formulation. Cell viability was assessed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction test, which is based on the reduction of
MTT to formazan by mitochondrial dehydrogenase. Cells and
MTT (0.4 mg/mL) were incubated in humidified atmosphere
at 37 °C for 3 h. After the incubation period, the supernatant
was removed and formazan crystals were dissolved in DMSO
(180 μL). The plates were shaken for 10 min, and the optical
densities were measured at 540 nm in a multi-well spectro-
photometer. Each concentration was assayed three times and
six additional controls (cells in medium) were used for each
test. Cell viability was calculated using Eq. 2 as follows:

Cell viability %ð Þ ¼ OD540 sampleð Þ=OD540 controlð Þ½ � � 100: ð2Þ

Statistical Analyses

Statistical analyses were performed using standard
methods. ANOVA was employed to calculate significance
(p < 0.05).

RESULTS AND DISCUSSION

The ternary phase diagram is a tool used to visualize the
required amount of oil phase, aqueous phase, and surfactant
required for the formation of different pharmaceutical forms,

such as emulsions, micro-emulsions, and liquid crystalline
systems. These diagrams are represented by an equilateral
triangle where the upper vertex of the triangle represents
100% surfactant, the left-hand vertex represents 100%
aqueous phase, and the right-hand vertex represents 100%
of the oil phase (25). Therefore, construction of these
diagrams serves as a starting point for the study of the design
of pharmaceutical forms, since it reveals the physical and
chemical behaviors of the mixtures of different proportions of
the phases, facilitating the choice of the formulation most
suitable for the proposed purpose (26).

The four diagrams that were constructed are shown in
Fig. 1 which allows for a visual comparison of the different
aqueous phases.

Phase diagram 1 uses PPG-5-CETETH-20 as the surfac-
tant, oleic acid (OA) as the oil phase, and water as the
aqueous phase, and is shown in Fig. 1(1)). Close analysis of
the diagram reveals that at a concentration below 40% PPG-
5-CETETH-20, a large phase separation (PS) region, with a
small opaque system (OS) region, was found between 10 and
25% surfactant phases, and between 20 and 30% oil phases.
A wide region of transparent liquid system (TLS) was
obtained below 25% water, covering almost every axis of
the surfactant and the oil phase. From 40 to 75% surfactant,
from 25 to 75% water, and below 50% oil, a region of viscous
system (VS) was obtained. Similar data has been reported by
Carvalho et al. (2013) (27).

Diagram 2 shown in Fig. 1(2)) represents the systems
obtained using PPG-5-CETETH-20 as surfactant, OA as the
oil phase, and 0.5% chitosan dispersion (CS) as the aqueous
phase. Two small phase separation regions were noted: (i)
between 5 and 25% surfactants, 5 and 35% aqueous phases,
and 45 and 85% oil phases and (ii) below 20% oil phase,
above 80% aqueous phase, and below 20% surfactant. There
was an extensive region of TLS found at concentrations
below 40% aqueous phase, above 45% oil phase, and the
entire extent of the surfactant phase, and an extensive region
of OS was found above 5% oil phase, below 30% surfactant,
and below 70% aqueous phase. A similar diagram was
constructed by Fonseca-Santos (19); however, he reported a
larger region of phase separation. This may have occurred
due the different method used by these authors to prepare
the chitosan dispersion. In their study, chitosan was dispersed
in a lower concentration of acetic acid than in our study,
which may have led to a chitosan solution of lower solubility
than expected, since it is well known that chitosan has low
solubility at neutral or basic pH, but can form soluble salts
with organic acids such as acetic acid (19). In addition, the pH
of chitosan is 6.5, whereas the pH of oleic acid is 4.8, and so
therefore at the pH of the formulation (pH = 5) used in our
study, the chitosan will be positively charged and the oleic
acid negatively charged; thus, it is likely that there will be an
electrostatic interaction between the cationic groups of the
amine portion of chitosan and the anionic groups of OA,
leading to a greater stabilization of the formulation and,
consequently, to a lower phase separation rate (28, 29).

Diagram 3 has not previously been reported and is
illustrated in Fig. 1(3)) which depicts the systems obtained
using PPG-5-CETETH-20 as the surfactant, OA as the oil
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phase, and a dispersion of 0.5% PEI as the aqueous phase.
There was a small phase separation region between 5 and
25% surfactants, above 50% oil phase, and below 30%
aqueous phase. A TVS was obtained below 70% aqueous
phase, below 20% oil phase, and above 25% surfactant. A
TLS was formed in an extensive region above 15%
surfactant, above 5% oil phase, and below 40% water.
An OS was formed over the entire oil and aqueous phases,
and below 30% surfactant. Overall, the diagram obtained
was similar to diagram 2, in that it showed less phase
separation, which can be attributed to the large electro-
static interaction expected to occur between PEI and OA,
since PEI has pKa between 9 and 10 and, therefore at an
acid pH, is positively charged, whereas the oleic acid is
negatively charged (30).

Diagram 4 has also not been previously published and is
illustrated in Fig. 1(4)) which represents the system obtained
using PPG-5-CETETH-20 as the surfactant, OA as the oil
phase, and a dispersion of 0.25% polyethyleneimine and

0.25% chitosan dispersion as the aqueous phase. A phase
separation region between 35 and 95% oil phases, below 35%
aqueous phase, and below 40% surfactant was observed.
There was an extensive TVS region between 10 and 75%
aqueous phases, below 50% oil phase, and between 15 and
90% surfactants. There was also an OS region between 5 and
75% oil phases, above 25% aqueous phase, and below 40%
surfactant. A narrow TLS region occurred above 85% oil
phase, below 35% aqueous phase, and throughout the total
extent of the surfactant. This diagram contained the largest
region for the TVS. Studies have shown that chitosan acts as a
thickening agent by providing viscosity to formulations.
However, when anions are added to the chitosan dispersion,
its viscosity is decreased because of ion-dipole forces, i.e., the
anions form a cascade of negative charge on the chitosan,
generating repulsive forces between the chitosan molecules.
This offers a low resistance to the flow and mobility of
chitosan molecules, thereby decreasing viscosity. However,
when the cationic PEI polymer is incorporated into the
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system, increases in viscosity may occur due to the increase in
the total positive charge of the system (31).

Thus, with the addition of polymers to the aqueous
phase of the system, a decrease in the extent of phase
separation is observed, indicating that polymer addition led
to a decrease in the coalescence of the system, as has
previously been noted (32). It has also been reported that
polymeric materials have the ability to modify the struc-
tural properties of drug delivery systems, due to the
various cross-links present in their polymer chains that
can result in mechanical and rheological changes in the
system (33, 34).

When analyzing these four diagrams, it can be seen that
from a surfactant concentration of 40%, with the addition of
water to the system, a transition from a liquid system to a
viscous system tends to occur, and this is of special
importance for LCPS for buccal administration (8, 35).

After performing this visual classification of the four
different systems, all formulations classified as TLS and TVS
were analyzed using polarized light microscopy (PLM).

PLM has become a widely used tool for the primary
identification of micro-emulsions and mesophases in liquid
crystalline systems (36, 37) since polarized light microscope
has the ability to propagate the light beam in one single
direction due to the presence of a polarizing light system
coupled to its capacitor. Changes that a birefringent sample
causes in the direction of propagation of the polarized light
are detected by the analyzer, a second polarized light
source, which is located next to the eyepiece. If the
formulation is capable of altering the plane of polarized
light, it is classified as anisotropic, and if the formulation
fails to deflect the plane of polarized light, it is classified as
isotropic (38).

The lamellar and hexagonal liquid crystalline mesophases
are anisotropic, since when observed by polarized light
microscopy, structures identified by the presence of Maltese
crosses and striations were observed, respectively. In contrast,
the cubic liquid crystalline mesophases and micro-emulsions
(ME) were isotropic, and therefore, a dark field was obtained
for these systems, but ME are TLSs, whereas the cubic
crystalline liquid mesophases were TVSs (8). Thus, the
classification of ME and cubic crystalline liquid mesophases
is in conjunction with their viscosity (39, 40). After these PLM
analyses, the four diagrams were reclassified delimiting these
different mesophases, as shown in Fig. 2.

From these data, one formulation was selected from each
diagram which had a low concentration of surfactant in order
to decrease the toxic potential of the formulations (41). In
addition, the formulation was selected as one being located in
the transition area between the micro-emulsion and liquid
crystalline system regions. This will allow the formulation to
act as a liquid crystal precursor that, upon the addition of
water (i.e., when it comes into contact with the saliva), can
incorporate water from the saliva, forming a more organized
liquid crystalline mesophase structure. This will allow for the
formulation to provide more controlled drug release in the
buccal cavity.

Thus, the formulations chosen were FW, FC, FP, and
FPC, as shown in Fig. 2. These formulations were added to 30
and 100% saliva to investigate whether they could indeed
exhibit LCPS behavior.

The nomenclature and composition of the selected
formulations, with or without saliva, are described in Table I.

Figure 3 shows photomicrographs obtained from a PLM
analysis of the formulations FW, FC, FP, and FPC in the
presence and absence of saliva.

The formulations FW, FC, FP, and FPC were all
isotropic, i.e., they were unable to deviate the plane of
polarized light, suggesting the formation of a micro-
emulsified system, since the apparent viscosity of the cubic
liquid crystalline mesophase is extremely high (39, 40).

When 30% saliva was added to the FW, FC, FP, and
FPC formulations, forming respectively the formulations
FW30, FC30, FP30, and FPC30, Maltese cross-shaped
formations were observed, suggesting that a transition to
the more organized lamellar liquid crystalline mesophase
had occurred.

When 100% saliva was added to the FW, FC, FP, and
FPC formulations, forming respectively the formulations
FW100, FC100, FP100, and FPC100, striated structures were
observed suggesting that a transition to the more organized
hexagonal liquid crystalline mesophase had occurred.

Carvalho et al. (27) have previously reported the develop-
ment of a low-viscosity LCPS for the nasal administration of
zidovudine (AZT). This formulation was composed of PPG-5-
CETETH-20, oleic acid, and water (55, 30, and 15% w/w
respectively). On contact with 100% artificial nasal mucus, the
LCPS transformed into a lamellar liquid crystalline mesophase,
that could act as a mucoadhesive matrix, thus promoting better
nasal absorption of AZT, making it an interesting alternative for
the treatment of acquired immunodeficiency. (27)

Salmazi et al. (8) have reported the development of a
low-viscosity LCPS consisting of 40% PPG-5-CETETH-20,
50% oleic acid, and 10% of a 0.5% chitosan dispersion
containing 16% poloxamer, for vaginal administration of
curcumin for the treatment of vaginal candidiasis. The
addition of 100% artificial vaginal mucus to the low-
viscosity LCPS resulted in the formation of a high-viscosity
lamellar liquid crystalline system that had high mucoadhesion
to the vaginal mucosa. In addition, the curcumin-loaded
LCPS was shown to be 16 times more potent against Candida
albicans when compared to free curcumin (8).

Dos Santos Ramos et al. (42) have developed an LCPS
composed of 40% oleic acid, 40% PPG-5-CETETH-20, and
20% polymer dispersion for the incorporation of an extract of
the medicinal plant Syngonanthus nitens Bong (Rhul.) This
LCPS was examined pre-clinically for the treatment of
vulvovaginal candidiasis using an in vivo study conducted in
Wistar rats. The results were promising, as they demonstrated
that this LCPS was transformed into a lamellar liquid
crystalline mesophase upon the addition of 100% artificial
vaginal mucus. The extract-loaded LCPS was found to be
effective 2 days after the initiation of treatment and was more
effective than the extract solution alone (42).

This mesophase transition occurs because of the polar-
ization of the polar head of the PPG-5-CETETH-20 upon the
addition of water which causes increases in the curvature and
volume of the polar region, which then leads to the
generation of hexagonal structures which are more effectively
packed. Because these highly packed structures have more
restricted lateral and translational movements, they have
higher viscosity (35, 43).
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Table I. Nomenclature and composition (%) of formulations with saliva (30 and 100%) and without saliva

Formulations Oleic acid (%) PPG-5-CETETH-20 (%) Water (%) 5% CS (%) 5% PEI (%) 2.5% CS + 2.5% PEI (%) Saliva (%)

FW 40 40 20 – – – –
FW30 40 40 20 – – – 30
FW100 40 40 20 – – – 100
FC 40 40 10 10 – – –
FC30 40 40 10 10 – – 30
FC100 40 40 10 10 – – 100
FP 40 40 10 – 10 – –
FP30 40 40 10 – 10 – 30
FP100 40 40 10 – 10 – 100
FPC 40 40 10 – – 10 –
FPC30 40 40 10 – – 10 30
FPC100 40 40 10 – – 10 100
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Fig. 2. Phase diagrams for PPG-5-CETETH-20, oleic acid (OA), and (A)) water, (B)) chitosan (CS), (C)) polyethyleneimine (PEI), and (D))
PEI + CS. LCS, liquid crystalline system; ME, micro-emulsion; PS, phase separation. FW, FC, FP, and FPC are the precursors of the liquid
crystalline systems; FW30, FC30, FP30, and FPC30 are, respectively, the formulations FW, FC, FP, and FPC with 30% artificial saliva. FW100,
FC100, FP100, and FPC100 are, respectively, the formulations FW, FC, FP, and FPC with 100% artificial saliva
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These data therefore appear compatible with the pro-
posed objective, since the chosen formulation from each
diagram managed to behave as a precursor system for the
generation of a liquid crystal phase upon the addition of
saliva.

In order to confirm the structures obtained in the PLM,
X-ray diffraction at angles of θ smaller than 10°, which
correspond to the inter-planar distances on the nanoscale, has
been shown to be effective in the characterization of systems
formed by surfactant by the possibility of determining the
mean size and distance between spreader objects, such as
droplets, micelles, or liquid crystalline structures. Moreover,
this technique allows one to evaluate the structure of
scattering objects even if they are not organized in an orderly
manner (44–46).

In micelle and micro-emulsion systems, SAXS curves
have a broad band or peak, associated with a low three-
dimensional spatial correlation. Liquid crystalline systems
with random orientations can aggregate, forming domains
with one-, two-, and three-dimensional structures (47).

From the graphs of the SAXS analyses shown in
Fig. 4, and the values obtained in Table II, it was possible
to identify the mesophases of the liquid crystalline
structures present.

A broad peak was observed in the SAXS curves for the
formulations FW, FC, FP, FP30, and FPC, which shows the
presence of micellar or micro-emulsion systems. On the other
hand, the FW100 formulation had a ratio of 2:2.51, providing
evidence for a hexagonal phase, which was supported by the
structured striations seen in the photomicrographs from the
polarized light dispersion analysis.

The formulations FW30, FPC30, and FC30 showed a
correlation between the distances of the scattering objects
with d1/d2 = 2 and d1/d3 = 3, showing a periodicity equivalent
to a liquid crystalline arrangement of the lamellar phase,
which was confirmed by the presence of Maltese crosses in
the MLP.

The formulations FC100, FP100, and FPC100 also
showed a 2:3 correlation which is characteristic of the lamellar
mesophase. These samples are likely to be in a phase
transition region, since striated structures were observed
when observed by MLP, which confirms the idea that both
the micro-emulsion system and liquid crystalline system are
complex systems and hence, require more than one technique
to characterize their structures (48, 49).

For micellar systems, the term d is the separation found
between rows of adjacent rod micelles. For the lamellar
phases, d is the spacing between two adjacent layers. For

FW

FC

FP

FPC FPC30

FW30

FC30

FP30

FPC100

FW100

FC100

FP100

Fig. 3. Photomicrographs of the formulations FW, FW30, FW100, FC, FC30, FC100, FP,
FP30, FP100, FPC, FPC30, and FPC100
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hexagonal phases, d is the distance between adjacent rows of
cylinders in the hexagonal structure. The values of the
distance between planes (d) indicated in Table II are between
5 and 10 nm, indicating that the structures of the formulations
obtained are on the nanometer scale (50).

Following this, rheological studies were then conducted.
The relationship between the shear stress and the shear rate
for all the formulations is shown in Fig. 5.

The data values of the consistency index (K) and flow
behavior (n), obtained by Eq. 1, are shown in Table III.
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Table II. Values of qmax (Å) and ratio of distances (d) between the inter-planar distances for the different formulations

Formulation qmax1 qmax2 qmax3 d1/d2 d1/d3 Structure d (nm)

FW 1.06 – – – – Micro-emulsion 5.90
FW30 0.76 1.52 2.28 2 3 Lamellar 8.26
FW100 0.58 1.15 1.46 2 2.51 Hexagonal 10.82
FC 1.16 – – – – Micro-emulsion 5.41
FC30 0.79 1.58 2.33 2 3 Lamellar 7.94
FC100 0.66 1.27 1.90 2 3 Lamellar 9.51
FP 1.05 – – – – Micro-emulsion 5.95
FP30 1.06 – – – – Micro-emulsion 5.92
FP100 0.66 132 1.95 2 3 Lamellar 9.51
FPC 1.12 – – – – Micro-emulsion 5.60
FPC30 0.93 1.10 1.83 1 2 Lamellar 6.75
FPC100 0.61 1.21 1.83 2 3 Lamellar 10.29
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Statistical analysis by means and confidence intervals
(CIs) was considered, and only the flow behavior indexes of
the FW and FP formulations, in the absence of saliva, had
95% CIs that passed the standard value of 1. All the other
formulations showed values of n less than 1.

Therefore, these data indicate that only the FW and FP
formulations had Newtonian flow behavior, whereas the other
formulations showed non-Newtonian pseudoplastic behavior.
In particular, the formulations FW100, FC100, FP100, and
FPC100 present yield point, which is characteristic of plastic

fluids. This behavior presents the same characteristics of the
pseudoplastic flow, but with a yield stress, being necessary to
overcome it so that the material begins to flow. Therefore,
these materials require a greater external force that exceeds
their internal cross-linking force to flow (51).

In addition, it was clear that the addition of saliva
decreased the flow behavior index in a dose-dependent
manner, increasing the pseudoplasticity of the formulations.
This effect of the saliva appeared to be independent of the
particular formulation.

Pseudoplastic behavior is a desirable property for
mucoadhesive formulations that are intended for buccal drug
delivery, since formulations with such behavior flow in the
presence of an external force due to the alignment of their
molecules towards the direction of fluid flow. During this
process, solvent that had been previously entrapped in the
molecular interlacings is released, and this decreases its
resistance, which would be expected to enhance the spread-
ability of the formulation along the buccal mucosa. However,
when this process ends, the formulation is expected to
recover its initial form, i.e., a high-viscosity form, allowing it
to be retained longer in the buccal mucosa, which would then
increase drug bioavailability and subsequently, its local
pharmacodynamic effect (52, 53).

In general, the addition of 30 or 100% saliva resulted in
an increase in the mean consistency index, although the
increase was more with the addition of 100% saliva.

Both formulation and saliva were found to have a highly
significant effect on the consistency index, as well as the
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Fig. 5. Reograms of the different formulations. Full symbols curve upward and empty symbols curve downward

Table III. Values of the consistency index (K) and flow behavior (n)
of the formulations studied

Formulation K n

FW 0.052 ± 0.010 1.005 ± 0.010
FW30 1.881 ± 0.100 0.468 ± 0.024
FW100 48.194 ± 2.961 0.228 ± 0.064
FC 0.130 ± 0.019 0.905 ± 0.023
FC30 1.565 ± 0.452 0.390 ± 0.126
FC100 36.739 ± 2.630 0.241 ± 0.027
FP 0.063 ± 0.018 1.013 ± 0.028
FP30 0.248 ± 0.042 0.862 ± 0.051
FP100 36.244 ± 1.759 0.371 ± 0.095
FPC 0.128 ± 0.016 0.909 ± 0.022
FPC30 1.418 ± 0.160 0.412 ± 0.092
FPC100 60.424 ± 3.418 0.276 ± 0.064
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interaction between them. It was noticeable that the effect of
saliva, formulation, and the interaction between them was
high, suggesting that in practice, all have a high impact on the
change in the consistency index.

The K values were dependent on both the presence of
saliva and the aqueous phase used. Thus, the gradual
increase in saliva concentration gradually increased the
consistency of all the formulations significantly. The
addition of 30 or 100% saliva resulted in an increase in
the mean value of the consistency index, although the
increase was larger with the addition of 100% saliva. This
is likely due to the fact that water present in the saliva
causes solvation of the surfactant, increasing its packing
factor, leading to the formation of more organized struc-
tures and consequently, increasing the consistency of the
formulation (8).

On the other hand, the presence of CS and PEI in the
aqueous phase resulted in the highest K values, and the FPC
formulation with 100% saliva (FPC100) had a significant 1.64-
fold increase in the consistency index, relative to the FC100
formulation.

This increase in consistency index following the incorpo-
ration of polymers has already been reported in other
continuous rheological studies in formulations intended for
buccal administration. This can be explained by considering
the numerous intermolecular bonds that occur between the
polymer chains responsible for the viscosity and the thicken-
ing of the formulation (52, 54, 55).

Thus, this increase in the consistency index shown by the
FPC100 formulation may be due to an increased ionic
interaction between the positive charges of the polymers
and the negative charge of the saliva, resulting in a more
cross-linked chitosan and polyethyleneimine gel, thus increas-
ing the consistency of the formulations studied.

In an oscillatory rheological analysis, the shear stress
varies as a sine wave, and the relationship between it and the
resulting strain provides information on the viscoelasticity of
the sample. Thus, an oscillatory rheological analysis was
performed to examine the viscoelastic properties of the
formulations, i.e., whether the formulation tends to be more
viscous or more elastic. This data was used to provide
information on the structural nature of the system, as it
relates to the stability of the formulation. The oscillatory
analyses of all the formulations are shown in Fig. 6.

It can be noted that, in general, the addition of 30 and
100% saliva in all formulations resulted in an increase in the
mean values of the storage modulus G′, and in particular, a
very significant increase was observed in the presence of
100% saliva for all the formulations.

Both the formulation and saliva had a highly significant
effect on the storage modulus G′, as well as the interaction
between them. It is of note that the effect of saliva, the
formulation, and the interaction between them was high,
suggesting that in practice, all of them have a high practical
impact in G′, although the saliva effect appeared to be the
most important. In addition, both the formulation and saliva
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had a significant effect on the storage modulus G′, as well as
the interaction between them.

For all the formulations, the increase in saliva promoted
an increase in the mean values of G′′ and was considered
statistically significant (p ≤ 0.001). In the absence of saliva, or
in the presence of 30% saliva, the FPC formulation had
values of G′′ significantly higher than the other formulations.
In the presence of 100% saliva, the FPC formulation showed
the highest value for the G′′ module, followed by FP.

In general, the addition of 30 or 100% saliva resulted in
an increase in the mean values of the loss modulus G′′, and a
very significant increase was observed in the presence of
100% saliva for all the formulations. In summary, formula-
tions without saliva, as well as formulations with 30% saliva,
were found to be more viscous than elastic (G′′>G′).
However, in the presence of 100% saliva, all the formulations
were more elastic than viscous (G′>G′′), having highly
organized gel-like structures.

This behavior has also been reported in other oscillatory
rheological studies performed on liquid crystal precursor
systems, which demonstrated that after the addition of
artificial mucus, viscous LCPSs could be transformed into
liquid crystalline elastic systems. The hexagonal and cubic
crystalline mesophases generally have a G′ greater than G′′,
which reflects their high degree of structural organization (8,
42, 56).

Furthermore, all the formulations containing both chito-
san and polyethyleneimine (FPC, FPC30, and FPC100) had
the highest G′ and G′′ values, further indicating that the
combination of these polymers in the aqueous phase was able
to form a system with stronger crystalline structures. This
behavior can be directly related to an increase in polymer
entanglement, resulting in higher resistance of these formu-
lations to deformation (57).

Considering the proposed buccal application for these
formulations, it has been reported that elasticity is an
important property to ensure resistance to deformation and
therefore, good formulation stability, within the buccal
mucosa. The formulations examined in this study appear to
be appropriate for this purpose.

Analysis of the texture profile of the formulations reveals
their mechanical properties, such as hardness, compressibility,
tackiness, and cohesion.

The study of these parameters has become very useful in
the development of pharmaceutical systems, since knowledge
of these parameters can evaluate the effect of stresses found
under physiological conditions, in addition to evaluating the
structural characteristics of the formulations (58, 59), which
can directly influence the clinical performance of the

formulation.
Hardness is defined as the maximum resistance to

compressive deformation, and compressibility is defined as
the work required to compress the formulation. Hardness and
compressibility show, respectively, the ease of application and
the ease of spreading of the formulation on the biological
surface to be treated (45, 58, 59). In addition to these two
parameters, we can also measure adhesiveness, which refers
to the work required to overcome the connection between the
formulation and the equipment probe. This parameter may
involve breaking cohesive bonds within the formulation and
so, may be related to sample cohesiveness. The greater the
adhesion, the greater the cohesion of the formulation. Thus,
these parameters are related to the adhesion of the formula-
tion to the biological substrate and therefore, to the retention
time of the formulation at the application site (60). A texture
profile analysis was therefore performed on the formulations
that showed mechanical resistance to flow, i.e., the formula-
tions FW100, FP100, FPC100, and FC100. The data were
analyzed statistically using a one-way ANOVA with a Tukey
post-test at a significance level of 0.01% and are shown in
Table IV.

There was no significant difference in hardness, com-
pressibility, and adhesiveness between these formulations
(p > 0.05). Jones et al. (58) also reported that they did not
observe an increase in mechanical parameters when the
polymer concentration in cellulose gels increased because of
the high cohesive binding strength in these samples which
prevented the formation of adhesive interactions with the
probe (58).

Importantly, however, all the formulations were statisti-
cally different from the commercial formulation. All of the
formulations had twice the hardness and compressibility
values of the commercial formulation, which is interesting
because compressibility is a measure of the work required to
break the physical bonds within the formulation. These data
therefore indicate that molecules within the formulation have
rigid bonds with each other which increased the physical
stability of the formulation (61).

Adhesiveness, which is the ability to remove the probe
from the formulation, was also twice as high for the
developed formulations, compared to the commercial formu-
lation, indicating that they have a higher adhesive power,
which is considered to be a very important property in
developing a buccal formulation. Bruschi et al. (6) have
developed semi-solid formulations for periodontal applica-
tions with increased adhesiveness and reported that this
feature helps to provide better retention of the formulation
within the periodontal pocket (6).

Table IV. Mechanical properties of formulations determined by texture profile analysis. Each value represents the mean ± standard deviation
at a temperature of 25 °C

Formulation Hardness (mN) Compressibility (mN s) Adhesiveness (mN s) Cohesion (dimensionless)

FW 100 14.70 ± 1.15 108.55 ± 5.57 82.1 ± 3.80 0.72 ± 0.0049
FP 100 15.33 ± 0.19 111.00 ± 4.03 78.6 ± 4.24 0.71 ± 0.0028
FC 100 12.69 ± 2.90 99.07 ± 16.10 69.5 ± 2.12 0.70 ± 0.0082
FPC100 14.26 ± 2.42 105.81 ± 16.24 67.2 ± 1.90 0.69 ± 0.0022
Commercial 7.08 ± 1.80 49.60 ± 4.10 35.2 ± 2.65 0.79 ± 0.0020
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Buccal drug administration is a non-invasive route of
drug administration, which has gained much interest in recent
years. The buccal membrane is multilayered and is a non-
keratinized mucosa rich in underlying blood vessels that has
good drug permeability through transcellular and para-
cellular pathways. However, the main challenge related to
buccal administration of drugs is the length of time the
formulation remains in the buccal mucosa, since saliva
production, food intake, mouth movement, and swallowing
may prevent the formulation from adhering to the buccal
mucosa. These factors could lead to a reduction in, or the
absence of, therapeutic efficacy. Thus, the ideal buccal drug
delivery system should exhibit mucoadhesion to the buccal
mucosa coupled with sufficient stability to be efficacious.

Mucoadhesion is defined as the state in which two
materials, at least one of a biological nature, are held together
for an extended period of time by interfacial tension (62). The
main advantage of using adhesive bio (muco) systems as drug
carriers is to prolong the residence time of the drug at the site
of application, which allows for enhanced contact of the
formulation with the biological barrier, thereby decreasing
the frequency of application of the product and increasing
patient compliance (10). The mucoadhesion strength for all
the formulations is shown in Fig. 7.

The incorporation of 30% saliva into the formulations
significantly increased their mucoadhesion, and this was true
for all of the different formulations. The incorporation of
100% saliva significantly increased mucoadhesion compared
to formulations without saliva, or those containing 30%
saliva, irrespective of the formulation.

The formulations FC100, FP100, and FPC100 achieved
equal levels of mucoadhesion; however, the FP100 formula-
tion was the only one that had a significant difference in
mucoadhesion difference, compared to the formulation using
the aqueous phase (FA100).

We anticipated that the FPC100 formulation would have
the highest mucoadhesion value, since formulations with high
consistency index and storage modulus (G′) values tend to
have high mucoadhesion values. However, other studies have

suggested that formulations with a high degree of internal
stiffness may impair the interaction with proteins in the
biological membrane, since the interaction between polymers
and mucosal proteins is one of the key factors of
mucoadhesion (8,44). Importantly, the FPC formulation was
approximately twice as mucoadhesive as the commercial
formulation used for the buccal administration of drugs.

A drug delivery system may be defined as a formulation
that allows the introduction of a therapeutic substance into
the organism, improving its effectiveness and safety by
controlling the rate, time, and target in the organism.
Therefore, to evaluate the drug release profile of the pre-
developed formulation is a critical factor to select a formu-
lation that enhances the drug bioavailability. Finally, this
study can also predict the in vivo behavior of the drug
delivery system (63, 64).

Thus, it was incorporate the peptide CTT1 into FW (FW-
CTT1) and FPQ (FPQ-CTT1) to investigate how these both
LCPSs can control the drug release.

Peptidic drugs exhibit physico-chemical characteristics
that may affect their biological action, such as poor intestinal
permeability due to their high molecular mass as well as low
oral bioavailability (65), because of the first-pass hepatic
metabolism. Thus, it is necessary the use of the parenteral
route, which may present a series of drawbacks, such as the
need for repeated injections due to its reduced half-life (66),
and the occurrence of side effects such as thrombophlebitis
and tissue necrosis (67). Therefore, the incorporation of
CTT1 into a clinically adequate, safe, and effective delivery
system aiming at its buccal administration proves to be an
interesting option to make its use feasible in the treatment of
diseases.

The release profile of the CTT1 peptide is shown in
Fig. 8.

The peptide in solution was 65% released within 24 h;
however, only 7% of the peptide was released from the FW
formulation and 3% of the peptide was released from the
FPC formulation in 24 h.

These results show that both formulations behaved as a
controlled drug delivery system, with the polymer

F
W

F
W
3
0

F
W
1
0
0

F
C

F
C
3
0

F
C
1
0
0

F
P

F
P
3
0

F
P
1
0
0

F
P
C

F
P
C
3
0

F
P
C
1
0
0

C
o
m
m
e
r
c
ia
l

0

5

10

15

20

25

30

35

40

45
)

N
m
(

n
o
i
s
e

h
d
a

o
c

u
M

Formulation

Fig. 7. Mucoadhesion (mN) of the different formulations measured
at 37 °C. Each value represents the mean ± standard deviation

0

20

40

60

80

100

0 4 8 12 16 20 24

%
 
C
T
T
1
 r
e
l
e
a
s
e
d

Time (h)

FPC-CTT1

FW-CTT1

CTT1

Fig. 8. The in vitro release profiles of CTT1in solution (CTT1),
CTT1-loaded FPC (FPC-CTT1), and CTT1-loaded FW (FW-CTT1).
The values represent the mean ± SD of six replicates

832 Calixto et al.



formulation further controlling the release of the drug. This
can be attributed to the formation of a more compact and
high-density cross-linking structure, reducing the release
capacity of the drug to the dissolution medium, promoting
greater release control. This corroborates the rheological data
that demonstrated that the FPC formulation is highly elastic.
de Oliveira Cardoso et al. (66) also demonstrated that more
elastic formulations further control drug release (68).

The phenomena involved in the release of drugs from
drug delivery systems are very complex, so the mathematical
study of release kinetics may provide data for a better
understanding of the drug releasing profiles. Therefore, it
was investigated which release model (Korsmeyer-Peppas,
Higuchi, Weibull, or first order) is more suitable for
formulations. The adjusted data for the selected kinetic
models are listed in Table V.

Based on the higher values of adjusted R2, it was found
that for all the formulations studied, Weibull was the model
that best correlated with drug release.

Weibull model is considered the most versatile model
because it allows a better adjustment to the different types of
release profiles. This model is based on Eq. 3 below:

Mt

M∞
¼ 1−exp −atb

� �
; ð3Þ

where Mt is the cumulative amount of drug released at
time t and M∞ is the cumulative amount of drug released at
infinity; a is the scale parameter and b is the shape parameter
(69).

The value of b is related to the transport mechanism of the
drug through the polymermatrix. In this way, b is the parameter of
form that characterizes the curve as being exponential (b = 1, case
1), sigmoid (b > 1, case 2), or parabolic (b < 1, case 3). The value of
b for all the studied samples was less than 0.75, indicating that all
the samples release the drug through Fickian diffusion, which
postulates that drug fluxes go from high-concentration regions to
low-concentration regions, with a magnitude proportional to the
concentration gradient (70). These values are consistent with case
3 which exhibits a higher initial inclination followed by

an exponential curvature, as is evident from the release profiles
for the formulations of Fig. 8.

Carvalho et al. (11) observed a similar behavior when
investigating the release of AZT incorporated into liquid
crystal precursor systems for nasal mucosa. They reported
that the release mechanism of all formulations followed the
Weibull model; however, the value of b was dependent on the
degree of organization of the systems, that is, the formula-
tions with low consistency index, which presented similar
values to the formulations developed in that study, presented
a value of b < 0.75, while the most organized formulations
had a value of b > 1.0. This is because in Fickian diffusion, an
increase in the value of b reflects in disorder of the
formulation. These data are in agreement with our results
that demonstrated that the FPC formulation had a consis-
tency value greater than FW; however, these values are low
and therefore, the formulations follow the same release
mechanism (11).

Based on statistical analyses of the physical tests
performed by us, we concluded that the FPC formulation
behaves as the best LCPS with potential interesting for buccal
administration of drugs. As a result, FPC was selected to
perform a cytotoxicity test, and the data are shown in Fig. 9.

The results demonstrate that at concentrations above
0.06 mg/mL, the FPC formulation significantly decreased the
cell viability of strains, indicating a cytotoxic effect of the FPC
formulation. Studies have shown that most drugs or devices
designed for buccal mucosal application have a cytotoxic
potential. However, the clinical relevance of a cell culture
toxicity result is often difficult to interpret, since the buccal
mucosa is generally more resistant to toxic substances than a
cell culture, because of the presence of mucin and keratin
layers, and so we do not think that result necessarily reflects
the risk of long-term adverse effects with FPC (71).

Thus, it was possible to develop a novel liquid crystalline
system composed of PPG-5-CETETH-20, oleic acid, chitosan,
and PEI with safe and satisfactory mucoadhesive, rheological,
and mechanical characteristics for buccal administration of
drugs.

Table V. The adjusted parameters of the kinetic models used in the
release of the CTT1 from the formulations

Mathematical models Formulations

FW-CTT1 FPC-CTT1

Korsmeyer-Peppas
R2 0.9964 0.9718
n 1.3599 1.0388

Higuchi
R2 0.8662 0.8912
K 0.9994 0.4660

First order
R2 0.9814 0.9716
K 0.0027 0.0012

Weibull
R2 0.9998 0.9907
b 0.6780 0.6328

Formulation concentration (mg/mL)

)
%
(

y
t
i
l
i

b
a
i
v
l
l
e

C

0

20

80

100

1.87 0.935 0.467 0.234 0.117 0.060

Fig. 9. Cellular viability (%) of FPC for HACAT strains after 48 h of
treatment
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CONCLUSIONS

The data show that it is possible to develop a
precursor of liquid crystalline system composed of chitosan
and polyethyleneimine as the aqueous phase, oleic acid as
the oil phase, and ethoxylated and propoxylated cetyl
alcohol as the surfactant for use as drug delivery system
for the buccal route. Both MLP and SAXS analyses
provided evidence for an increase in viscosity and the
adoption of a liquid crystalline state following incorpora-
tion of saliva. Rheological, mechanical, and mucoadhesive
tests demonstrated that the incorporation of both saliva
and polymers created a more structured and adhesive LCS
in situ. In vitro drug release study showed that the FPC
was able to control the release of the model drug, which
can improve the therapy outcome. In vitro cytotoxicity tests
demonstrated that a low concentration of the FPC formu-
lation did not exhibit cytotoxicity; therefore, the data
presented here provide a novel LCS for buccal drug
delivery for biomedical applications in the treatment of
several buccal or systemic diseases.
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