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Abstract

Background: Local anesthesia is essential for most dental procedures, but its parenteral
administration is often painful. Topical anesthetics are commonly used to minimize local
anesthesia pain; however, commercial formulations fail to fully prevent the discomfort of
local anesthetic injection. Methods: We developed and characterized a novel lidocaine and
epinephrine co-loaded liquid crystalline precursor system (LCPS) for topical anesthesia.
The formulation was structurally characterized using polarized light microscopy (PLM) and
small-angle X-ray scattering (SAXS). Rheological behavior was assessed through continu-
ous and oscillatory rheological analyses. Texture profile analysis, in vitro mucoadhesive
force evaluation, in vitro drug release and permeation studies, and an in vivo toxicity assay
using the chicken chorioallantoic membrane (CAM) model were also conducted. Results:
PLM and SAXS confirmed the transition of the LCPS from a microemulsion to a lamellar
liquid crystalline structure upon contact with artificial saliva. This transition enhanced
formulation consistency by over 100 times and tripled mucoadhesion strength. The LCPS
also provided controlled drug release, reducing permeation flow by 93% compared to
the commercial formulation. Importantly, the CAM assay indicated that the LCPS ex-
hibited similar toxicity to the commercial product. Conclusions: The developed LCPS
demonstrated promising physicochemical and biological properties for topical anesthesia,
including enhanced mucoadhesion, controlled drug delivery, and acceptable biocompati-
bility. These findings support its potential for in vivo application and future clinical use to
reduce pain during dental anesthesia procedures.

Keywords: buccal mucosa; drug delivery systems; lamellar crystalline liquid system; local
anesthetic; nanotechnology

1. Introduction

Local anesthetics are commonly used in dental procedures such as tooth extractions,
endodontic treatments, restorative procedures, and periodontal therapies, as well as for
managing pain associated with oral conditions like mucositis, aphthous ulcers, and oral
tumors [1,2]. These drugs work by reversibly inhibiting the perception of sensations,
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particularly pain, through the blockade of voltage-regulated sodium channels, which
prevents the propagation of nerve impulses [1].

Among the various anesthetics used in dentistry, lidocaine hydrochloride (LH) is the
most widely utilized [3], being known for its rapid and effective action and has an extremely
low incidence of allergic reactions, which makes it suitable for use in children, the elderly,
and pregnant individuals [4]. Despite these advantages, the parenteral administration
of LH can cause significant discomfort, especially in patients with needle phobia [5], a
condition that affects approximately 10% of the global population and can negatively
impact patient compliance and treatment outcomes, thereby compromising both oral and
systemic health [6,7].

To mitigate this discomfort, topical anesthesia is often applied before injections [8].
However, topical anesthetics face challenges such as limited drug permeation across the
mucosal epithelium and rapid elimination from the application site due to activities like
chewing, speaking, swallowing, and continuous saliva washout [5,9]. Therefore, there is a
need for new strategies to develop safe, effective, and long-lasting topical anesthetics for
dental use.

One promising approach is the combination of LH with a vasoconstrictor agent like
epinephrine, which is commonly used in injectable solutions. Vasoconstrictors can reduce
the systemic absorption rate of LH, prolong its contact with nerve endings, enhance the
duration and intensity of anesthesia, and reduce bleeding during dental procedures [10,11].
The combination of lidocaine and epinephrine is widely used in clinical practice due
to its synergistic effects, where epinephrine prolongs the anesthetic effect of lidocaine
by vasoconstriction, reducing systemic absorption. This combination is endorsed by
regulatory agencies such as the FDA, EMA, and RENAME [12-14], and is supported
by both foundational pharmacological reviews and recent clinical studies demonstrating
its efficacy in dental procedures [15,16].

Another strategy involves the use of nanostructured delivery systems for topical
anesthetics, which can prolong drug release at the target site and minimize adverse ef-
fects. Liquid crystalline precursor systems (LCPSs) are among the investigated delivery
systems [17,18]. The characteristics of LCPSs present several advantages over traditional
formulations or other drug delivery systems. Firstly, they provide enhanced drug release
by offering a controlled and sustained release of the active ingredient, leading to improved
therapeutic efficacy and reduced side effects. This reduction in side effects occurs because
LCPSs limit systemic absorption by maintaining the drug at the application site for longer
periods. Their mucoadhesive properties also enhance retention on the mucosal surface,
allowing for lower drug concentrations to be used effectively, which minimizes exposure
to non-target tissues and reduces the risk of systemic toxicity [19]. Secondly, these systems
are known for their increased stability due to their thermodynamic properties, allowing
them to maintain their structure and performance over various temperatures and storage
conditions, potentially offering a longer shelf life. Additionally, these systems enhance the
solubility of poorly soluble drugs, which is particularly beneficial for topical formulations,
as it ensures higher local drug concentration at the mucosal surface, improving therapeutic
efficacy. Finally, they can be formulated into various forms such as gels, creams, or lig-
uids, providing greater flexibility in application and improving patient compliance and
comfort [20,21].

These systems, composed of surfactants, oils, and water, can form lamellar, hexagonal,
or cubic mesophases depending on their concentration. These mesophases exhibit varying
viscosities, with lamellar being the least viscous, hexagonal having intermediate viscosity,
and cubic being the most viscous. The choice of mesophase depends on the application
area and required viscosity [20,22,23]. These isotropic liquid formulations are easy to
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administer in the oral cavity and undergo phase transitions upon contact with saliva,
forming viscous liquid crystalline mesophases in situ. This viscosity change facilitates both
the application and retention of the formulation at the desired site [20,21]. Additionally,
LCPSs can incorporate two drugs with different physicochemical properties, such as LH
and epinephrine, and include mucoadhesive polymers to enhance contact time with the
buccal mucosa [22]. Chitosan, a widely used mucoadhesive polymer, optimizes drug
delivery in the buccal mucosa due to its excellent mucoadhesive properties resulting from
electrostatic interactions with negatively charged saliva [24].

In this context, the present study aims to develop a mucoadhesive LCPS for the
delivery of lidocaine hydrochloride and epinephrine as a strategy to optimize topical
anesthesia in the oral mucosa. This study is based solely on in vitro experiments to evaluate
the formulation’s mucoadhesion, permeation ability, and toxicity. The findings from these
in vitro studies will provide a foundation for future in vivo investigations to fully assess
the clinical potential of the developed system.

2. Results
2.1. Development and Structural Characterization of Formulations

The ternary phase diagram was meticulously constructed by varying the proportions
of Procetyl® AWS, oleic acid, and a 0.5% chitosan dispersion, resulting in 54 different
formulations. Within this diagram, formulation F was strategically chosen, situated in an
area denoting a transparent liquid system and positioned near a transition region from
a liquid to a viscous system with an increase in the aqueous phase (Figure 1A). This
formulation, identified as F, served as the baseline for subsequent investigations.

To mimic the conditions within the oral cavity, in a pilot study, formulation F was
diluted with various concentrations of artificial saliva. It was observed that the phase
transition of F occurred with the addition of 30% and 100% artificial saliva. These saliva
concentrations were similarly identified in previous studies from our group when develop-
ing LCPSs for intraoral use [20,25].

Formulation F was then diluted with 30% (w/w) artificial saliva, resulting in F30, and
with 100% (w/w) artificial saliva, yielding F100. This dilution led to a notable increase
in the viscosity of formulation F, thereby altering its visual appearance (Figure 1B). The
introduction of lidocaine and epinephrine into formulation F maintained this behavior, as
observed in the diluted formulations FL30, FL100, FLE30, and FLE100, all exhibiting higher
viscosity compared to their undiluted counterparts FL and FLE.

For comparison, the commercial formulation (FC) of lidocaine 50 mg/g dermatological
ointment (orange flavor) displayed an opposing trend (Figure 1C). When artificial saliva
was introduced, FC30 and FC100 experienced a drastic decrease in viscosity, ultimately
transitioning into a liquid state. The detailed composition of all formulations, including the
percentages of surfactant, oil, aqueous phase, active compounds, and artificial saliva, is
presented in Table S1 (Supplementary Information).

Microscopic characterization revealed that formulation F was classified as a microemul-
sion, evident in the dark field visualized by the polarized light microscope (Figure 1C).
This characteristic persisted with the incorporation of lidocaine (FL) and epinephrine (FLE).
Photomicrographs further revealed that after dilution of F with 30% artificial saliva, F30
adopted a hexagonal liquid crystalline system, indicated by the visualization of striated
structures. In contrast, F diluted with 100% artificial saliva (F100) exhibited a cubic liquid
crystalline system.
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FLE100

Figure 1. Development and structural characterization of formulations. (A) Ternary diagrams
composed of Procetyl® AWS, oleic acid, and 0.5% (w/v) chitosan dispersion, with Transparent Liquid
System (TLS), Translucent Liquid System (TrLT), Transparent Viscous System (TVS), Translucent
Viscous System (TrVT), Opaque Viscous System (OVS), and Phase Separation (PS). F is the precursor
of the liquid crystalline system; F30 is the formulation F diluted with 30% artificial saliva; and F100 is
the formulation F diluted with 100% artificial saliva. (B) Visual aspects of F, FC, F30, FC30, F100, and
FC100. (C) Visual aspects of the commercial formulation (FC), FC diluted with 30% artificial saliva
(FC30), and FC diluted with 100% of artificial saliva (FC100). (D) Photomicrographs of formulations F,
F30, F100, FL, FL30, FL100, FLE, FLE30, and FLE100. Magnification at 20 x (F, F30, FLE, and FLE100)
or 40x (F100, FL, FL30, FL100, FLE30). FL is the liquid crystal precursor system with 5% lidocaine
hydrochloride. FLE is the liquid crystal precursor system (LPCS) with 5% lidocaine hydrochloride
and 0.001% epinephrine. FC is the commercial formulation of lidocaine 50 mg/g EMS orange flavor
dermatological ointment. The formulations were diluted with 30% (F30, FL30, FLE30, and FC30)
and 100% of artificial saliva (F100, FL100, FLE100, and FC100). The red arrows point to the Maltese
cross formation.

However, the microscopic structure of F30 underwent alterations after the integration
of LH and epinephrine. Photomicrographs of FL30 and FLE30 showcased Maltese cross-
shaped structures, leading to their classification as lamellar crystalline liquid systems
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(Figure 1C). Remarkably, the presence of LH and epinephrine did not induce changes in
the microstructure of F100, affirming that FL100 and FLE100 retained their classification as
cubic liquid crystalline systems.

To confirm the liquid crystal structures identified, Small-Angle X-ray Scattering (SAXS)
was employed as a complementary technique. This approach aimed to validate the out-
comes derived from polarized light microscopy (PLM), ensuring a more precise under-
standing of the nanostructure within the formulations. SAXS measurements provided
enhanced insights into the nanostructure, corroborating and expanding upon the informa-
tion obtained through PLM assays.

The SAXS curves of formulations E F, FL, and FLE revealed broad peaks, indicative of
micellar or microemulsified systems (Figure 2). This observation aligned seamlessly with the
findings from PLM, thereby reinforcing the conclusions drawn from the photomicrographs.
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Figure 2. Structural evaluation of formulations by SAXS: (A) F, F30, and F100; (B) FL, FL30, and FL100;
and (C) FLE, FLE30, and FLE100. F is the liquid crystal precursor system without the incorporation of
lidocaine and epinephrine. FL is the liquid crystal precursor system with 5% lidocaine hydrochloride.
FLE is the liquid crystal precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine.
The formulations were diluted with 30% (F30, FL30, and FLE30) and 100% (F100, FL100, and FLE100)
of artificial saliva.

Notably, FLE30 exhibited a distinctive correlation in its SAXS data, where the distances
of the scattering objects (d;/dy =2 and d;/d3 = 3) suggested a periodicity equivalent to
a liquid crystalline arrangement of a lamellar phase (Table 52, Supplementary Material).
This finding was consistent with the presence of “Maltese crosses” observed in the PLM
assay, confirming the liquid crystalline nature of the formulation.

Further exploration revealed that F30, FLE30, and FLE100 displayed three SAXS
peaks with q values in the ratios of 1:2:3, characteristic of lamellar mesophases. FL100,
although exhibiting only two peaks with a d;/d; ratio of 2, also suggests a lamellar
arrangement. In PLM, F30 and FLE30 exhibited Maltese crosses, confirming the presence of
lamellar phases. In contrast, FL100 and FLE100 were classified as cubic under PLM, despite
their SAXS profiles suggesting lamellar characteristics. This divergence may indicate
transitional or coexisting mesophases. The presence of striated textures or dark fields in
PLM further supports the notion that systems with liquid-crystalline arrangements are
structurally complex, requiring the integration of complementary techniques for accurate
characterization. This interplay between SAXS and PLM highlights the nuanced behavior
of these systems and underscores the importance of a multifaceted analytical approach,
as also discussed by Stribeck in the context of lamellar two-phase systems with structural
heterogeneity and stacking disorder [26].

Rheological characterization played a key role in unraveling the dynamic behavior
of the formulations under study. Notably, the commercial formulations FC30 and FC100
exhibited flow rheological curves indicative of Newtonian flow (Figure 3A), where viscosity
(n) remained constant (1 = 1.0). In contrast, the other formulations displayed pseudoplastic
characteristics (n < 1.0), signifying a reduction in viscosity under shear stress.
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Figure 3. Flow rheograms of the different formulations evaluated. (A) FC, (B) F, (C) FL, and (D) FLE.
FC is the commercial formulation of lidocaine 50 mg/g EMS orange flavor dermatological ointment.
F is the liquid crystal precursor system without the incorporation of lidocaine hydrochloride and
epinephrine. FL is the liquid crystal precursor system with 5% lidocaine hydrochloride. FLE is
the liquid crystal precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine. The
formulations were diluted with 30% (F30, FL30, FLE30, and FC30) and 100% (F100, FL100, FLE100,
and FC100) of artificial saliva. Filled symbols are ascending curve and empty symbols are descending
curve. Standard deviations have been omitted for clarity; however, in all cases, the coefficient of
variation in the triplicate analyses was less than 10%. Data was collected at 37 + 0.5 °C.

A distinctive feature observed across all formulations was the non-superimposition of
ascending and descending rheological curves, creating a region of hysteresis—a character-
istic hallmark of thixotropy (Figure 3B-D). This behavior underscored the formulations’
ability to undergo reversible changes in viscosity, adapting to shear stress and recovering
their original state when the stress was removed.

Furthermore, the impact of dilution with 100% artificial saliva on rheological properties
was investigated. The consistency index, yield strength, and thixotropy of formulations F,
FL, and FLE exhibited a significant increase (p < 0.0001) upon dilution, as detailed in Table
53. This finding indicated that the addition of saliva led to a notable enhancement in the
structural integrity and thixotropic behavior of these formulations.

Conversely, the commercial formulation (FC) responded differently to dilution, show-
ing a significant decrease (p < 0.0001) in the consistency index, yield strength, and thixotropy
with the addition of 30% and 100% artificial saliva (Table S3). Among the formulations
diluted with 100% saliva, FL100 demonstrated the highest values for all rheological param-
eters, while FC100 exhibited the lowest values. This divergence in behavior highlights the
distinct rheological responses of the formulations to saliva dilution, emphasizing the need
to consider formulation-specific characteristics in oral drug delivery systems.
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The temporal evolution of the storage (G’) and loss (G”) moduli as a function of
the applied frequency was also studied (Figure 4). Qualitative analysis of the graphs
indicated that formulations FC, F, F30, F100, FL100, FLE30, and FLE100 exhibited elastic
characteristics (G” > G”), while FC30, FC100, FL, and FLE presented viscous characteristics
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Figure 4. Variation in the storage modulus G’ (full symbols) and loss G” (empty symbols) as a
function of frequency for the different formulations evaluated. (A) FC, (B) F, (C) FL, and (D) FLE.
FC is the commercial formulation of lidocaine 50 mg/g EMS orange flavor dermatological ointment.
F is the liquid crystal precursor system without the incorporation of lidocaine hydrochloride and
epinephrine. FL is the liquid crystal precursor system with 5% lidocaine hydrochloride. FLE is
the liquid crystal precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine. The
formulations were diluted with 30% (F30, FL30, FLE30, and FLE100) and 100% (F100, FL100, FLE100,
and FC100) of artificial saliva. Standard deviations have been omitted for clarity; however, in all
cases, the coefficient of variation in the triplicate analyses was less than 10%. Data was collected
at37 +0.5°C.

Both the formulation and the artificial saliva and the interaction of the two variables
have a highly significant effect on all continuous rheological parameters (p < 0.0001, two-
way ANOVA) (Table S2).

Dilution with 30% and 100% artificial saliva resulted in an increase in the mean values
of the G" modulus and gel strength for formulations F, FL, and FLE, with a significant
increase (p < 0.0001) observed at 100% dilution for all these formulations. Conversely,
dilution of the commercial formulation (FC) with 30% and 100% artificial saliva led to a
decrease in the mean values of the G’ modulus and gel strength, and an increase in the
loss tangent, with no significant difference between the diluted formulations (FC30 and
FC100) (Table S4). For all test formulations, increasing the concentration of artificial saliva
decreased the viscoelastic exponent, whereas for the commercial formulation, it increased.
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The mechanical properties of the formulations were meticulously examined through
texture profile analysis (Table 1). Interestingly, the commercial formulation exhibited higher
average values for mechanical properties compared to all the test formulations. However,
a noteworthy transformation occurred with the dilution of FC30 and FC100 with 30% and
100% saliva, rendering them into a liquid state and consequently resulting in the absence of
hardness, compressibility, adhesion, and cohesion values. In contrast, formulations F, FL,
and FLE, initially characterized by low viscosity, did not exhibit hardness, compressibility,
adhesion, or cohesion values. Upon dilution with 30% saliva, these formulations displayed
discernible mechanical parameters, with an overall increase observed as the concentration
of artificial saliva rose. This observation highlights the dynamic influence of saliva dilution
on the mechanical properties of these formulations, particularly when transitioning from a
more viscous to a liquid state.

Table 1. Mechanical properties (hardness, compressibility, adhesion, and cohesion) and mucoadhesive
properties (peak of mucoadhesive strength and mucoadhesive strength work) of formulations.

Mechanical Properties Mucoadhesive Properties
Pealk of Mucoadhesive
Formulations Hardness Compressibility =~ Adhesiveness Cohesion Mucoadhesive
. . Strength Work
(mN) (mN-s) (mN-s) (Dimensionless) Strength
(mN-s)
(mN)

F -* -* -* -* 680 &= 738 189 + 284
F30 49 +2b 147 + 7b 81+£10P 0.687 + 492 466 + 123 ©f 223 4294
F100 138 £9°¢ 478 + 404 464 + 43¢ 0.803 £17° 144 +232 174 + 18<d

FL -* -* -* -* 238 + 244 84+ 132
FL30 33+12 111 £52 30+52 0.821 £21P 183 £ 22 be 119 4 22 be
FL100 179+ 114 681 £52°¢ 596 & 44 © 0.742 £ 152 218 + 24 <d 111 + 7be
FLE - -t - -t 420 + 51°¢© 120 + 18 be
FLE30 34+12 98 +82 54 +5Pb 0.793 £ 26° 407 + 178 ¢ 210+ 244

FLE100 191 + 244 756 & 111 € 638 =95°¢ 0.711 =262 154 + 18 @b 296 4 21 ¢

FC 357 +£32¢ 1005 4+ 131 f 1276 + 262 0.933 £52¢ 992 4+ 284 h 313+ 79¢
FC30 -* -* -* -* 600 + 87 f 83+ 132
FC100 -* -* - -* 640 + 140 f8 99 + 174ab

Different lowercase letters denote averages with statistically significant differences, according to the Games—
Howell post-test (p < 0.05). Each value represents the mean =+ standard deviation of 10 replicates. * Liquid samples
without hardness, compressibility, adhesion, and cohesion values. F is the liquid crystal precursor system without
the incorporation of lidocaine and epinephrine. FL is the liquid crystal precursor system with 5% lidocaine. FLE is
the liquid crystal precursor system with 5% lidocaine and 0.001% epinephrine. FC is the commercial formulation
of lidocaine 50 mg/g EMS orange flavor dermatological ointment. The formulations were diluted with 30% (F30,
FL30, FLE30, and FC30) and 100% of artificial saliva (F100, FL100, FLE100, and FC100).

The introduction of lidocaine hydrochloride and epinephrine into the formulations
resulted in a decrease in the mean values of mechanical properties compared to the drug-
free formulation. However, statistical analysis indicated that the differences between the
means of FL100 and FLE100, as well as FL30 and FLE30, were not significant. This finding
suggests that the addition of epinephrine did not substantially alter the mechanical proper-
ties compared to the formulation with local anesthetic alone. The nuanced impact of these
active ingredients on mechanical properties underscores the need for a comprehensive un-
derstanding of how drug components interact within the formulations, providing valuable
insights for the development of buccal drug delivery systems.

The evaluation of mucoadhesion provided valuable insights into the adhesive proper-
ties of the formulations. An interesting observation emerged: the addition of saliva resulted
in a decrease in the mean values of peak mucoadhesive strength for all formulations, except
for F, which maintained its value. This phenomenon highlights the complex interplay be-
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tween the formulations and saliva, suggesting that the presence of saliva could potentially
compromise the mucoadhesive strength of most formulations.

Intriguingly, the introduction of 100% saliva had divergent effects on the work of
mucoadhesive strength. For FL and FLE, there was an increase in the work of mucoadhesive
strength, indicating more sustained adhesion, while for FC, the work of mucoadhesive
strength decreased. This contrast suggests that the addition of 100% saliva can have
formulation-specific impacts on the dynamic aspects of mucoadhesion.

Among the formulations diluted with 100% saliva, FLE100 stood out with a mucoad-
hesive strength approximately three times higher than FC100. This substantial difference
underscores the unique mucoadhesive properties conferred by the incorporation of both
lidocaine hydrochloride and epinephrine in the formulation. The enhanced mucoadhesive
strength of FLE100 compared to FC100 suggests that the combination of lidocaine and
epinephrine may synergistically enhance the adhesive interactions between the formulation
and the mucosal surfaces.

These findings highlight the importance of considering not only the presence of saliva
but also the specific formulation components when evaluating mucoadhesive characteristics
in the development of oral drug delivery systems.

2.2. In Vitro Release Study

At the outset of this study, the lidocaine hydrochloride content in the F samples
was confirmed to be 100%. The release profiles of local anesthetic from both the FC and
FL formulations were evaluated over time (Figure 5). During the initial 6 h, lidocaine
hydrochloride release from the FC and FL formulations reached 35% and 4%, respectively,
indicating a relatively higher and faster release from the FC in the early stages of the release
study. Over the full 24 h period, the maximum lidocaine hydrochloride release observed
was approximately 40% for FC and 8% for FL.

50
& 0 ——FL —A—FC
= —— —A
b
s 30
)
B
g 20
E
< 10
= i
0 T T
12 18 24
Time (h)

Figure 5. In vitro release profile of lidocaine from FC and FL in 24 h at 37 °C, n = 6. FL is the liquid
crystal precursor system with 5% lidocaine hydrochloride. FC is the commercial formulation of
lidocaine 50 mg/g orange flavor dermatological ointment from EMS company.

The kinetics of lidocaine release from FL and FC were elucidated using mathematical
modeling, employing various models such as zero order, first order, Korsmeyer-Peppas,
Higuchi, and Weibull (Table 2).

Evaluation based on the coefficient of determination (R?) values revealed that, for FL
and FC, the Weibull model (case 3—highlighted in bold letter) provided the best description
of lidocaine hydrochloride released. Notably, the value of the shape parameter (b) for both
formulations was less than 1, indicating that lidocaine release followed Fickian diffusion,
which postulates that the flow of the drug goes from regions of high concentration to
regions of low concentration, with a magnitude proportional to the concentration gradient.
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These values are consistent with case 3 which exhibits a higher initial slope followed by an
exponential curvature, as is evident from the release profiles for the formulations.

Table 2. Adjusted parameters of the kinetic models used in the release of lidocaine hydrochloride.

Formulations
Kinetic Models
FC FL
Korsmeyer-Peppas
R? 0.8209 0.9704
n 0.2765 0.5105
Higuchi
R? 0.3968 0.9723
K 1.5917 1.6935
First order
R? 0.000 0.4965
K 0.0009 0.0046
Weibull
R? 0.9979 0.9943
b 0.7457 0.7780

FL is the liquid crystal precursor system with 5% lidocaine hydrochloride. FC is the commercial formulation of
lidocaine 50 mg/g orange flavor dermatological ointment from EMS company.

2.3. In Vitro Permeation Study

The permeation profiles of lidocaine hydrochloride through porcine buccal mucosa
from both FC and FL formulations were systematically investigated in accordance with
the dosing guidelines outlined in the package insert of the commercial formulation, which
is approved by the Brazilian Health Regulatory Agency (ANVISA). According to these
guidelines, the onset of action for a dose of 1 g to 5 g of lidocaine ointment on the patient’s
oral mucosa occurs within 0.5 to 5 min post application, with significant pain reduction
observed within the first 3 h; however, the analgesic effect diminishes after 3 h. In our
study, we opted the worst-case scenario in terms of lidocaine dose and duration of action,
applying approximately 1 g of the formulation over a 3 h period.

Figure 6 illustrates cumulative amount of lidocaine permeated over time (ug/ cm?)
across swine buccal mucosa from both the commercial formulation and the liquid crystal
precursor system, each containing 5% lidocaine hydrochloride. Linear regression analysis
of the permeation curves indicated significantly higher permeation in the commercial
formulation (p < 0.0001).

The calculated permeation kinetic parameters are presented in Table 3.

Table 3. In vitro permeation parameters calculated from individual lidocaine permeation profiles.

Formulations
Parameters
FC FL
Flow (ug.cm=2-h~1) 635.0 + 161.4 * 414 +1.01
Lag time (h) 0.33 £0.03* -

* p < 0.05, t-test. Data represents mean + SD (n = 6). Parameters were analyzed separately. FL is the liquid crystal
precursor system with 5% lidocaine hydrochloride. FC is the commercial formulation of lidocaine 50 mg/g orange
flavor dermatological ointment from EMS company.

The steady-state flux of the commercial formulation FC was higher (p < 0.05) than that
of the developed formulation FL. This is expected since FL proved to be more structured
than FC, as indicated by the rheological, structural, and mechanical properties, which can
trap the drug and release it more slowly for permeation. On the other hand, concerning lag
time, FL showed immediate permeation, resulting in a faster onset of action.
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Figure 6. In vitro permeation profile of lidocaine hydrochloride across porcine buccal mucosa
incorporated in FL and FC for 3 h (n = 3-6). FL is the liquid crystal precursor system with 5%
lidocaine hydrochloride. FC is the commercial formulation of lidocaine 50 mg/g orange flavor
dermatological ointment from EMS company. Linear regression analysis between curves (p < 0.0001).

2.4. In Vivo Chicken Chorioallantoic Membrane (CAM) Assay

The toxicity classification of F, FL, FLE, FC, the positive control (sodium hydroxide
at 0.1 mol/L) and the negative control (0.9% saline solution) is shown in Table 4. Sodium
hydroxide (NaOH) at 0.1 mol/L and 0.9% saline solution were selected as the positive and
negative controls, respectively, following HET-CAM Protocol No 96 [27,28]. NaOH is a
well-known strong alkaline substance that induces significant cellular damage, whereas
saline solution is isotonic and isosmotic, making it a non-irritant to the CAM, as widely
documented in previous studies [29-31].

Table 4. Toxicity classification of F, FL, FLE, FC, positive control (sodium hydroxide (NaOH at
0.1 mol/L), and negative control (0.9% saline solution) based on CAM assay. F is the liquid crystal
precursor system without the incorporation of lidocaine hydrochloride and epinephrine. FL is the
liquid crystal precursor system with 5% lidocaine hydrochloride. FLE is the liquid crystal precursor
system with 5% lidocaine hydrochloride and 0.001% epinephrine. FC is the commercial formulation
of lidocaine 50 mg/g EMS orange flavor dermatological ointment.

Sample Group Group Score Sample Toxicity Classification

—_

14 Irritant
16 Irritant
15 Irritant

Positive control

Non-irritant
Non-irritant
Non-irritant

Negative control

Moderate irritant
Moderate irritant
Moderate irritant

Moderate irritant
Slight irritant
Moderate irritant

FL

Slight irritant
Slight irritant
Slight irritant

FLE

Moderate irritant
Moderate irritant
Moderate irritant

FC

WINNRR, | LONFR,  WONNRR, | WODNRFR,| ONNR, | WD
NONN| Lo oo ooy | oo o
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The vascular changes before (T0) and after 5 min of administration (T5) of F, FL, FLE,
FC, positive control, and negative control are shown in Figure 7.

TO
1 mm
Positive Control \
4 mm

Negative Control : ‘:‘." 4%

T5

FL

FLE

EFC

Figure 7. Representative images of the CAM before (T0) and after 5 min (T5) of application of the test
substances (positive control, negative control, F, FL, FLE, and FC to evaluate possible toxic effects.
F is the liquid crystal precursor system without the incorporation of lidocaine hydrochloride and
epinephrine. FL is the liquid crystal precursor system with 5% lidocaine hydrochloride. FLE is the
liquid crystal precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine. FC is the
commercial formulation of lidocaine 50 mg/g EMS orange flavor dermatological ointment.

As shown in Table 5 the formulations F, FL, and FLE caused a slight-to-moderate
irritant effect on the CAM, similar to the commercial lidocaine formulation (FC). The
presence of lidocaine in the LCPS formulation (FL) resulted in the same toxicity classification
(slight to moderate irritant) as the plain LCPS (F) (moderate irritant). Conversely, the
inclusion of epinephrine (FLE) reduced the toxicity classification from moderate to slight



Pharmaceuticals 2025, 18, 1166

13 of 26

irritant, making it less toxic than both FL and FC (commercial lidocaine) which were both
classified as moderate irritant in this in vivo toxicity model.

Table 5. Classification of substances based on the endpoint assessment method following Protocol
No. 96, as published by the European Centre for the Validationn of Alternative Methods [27,28]
(n = 18), with representative images for each irritancy category.

Score Classification Representative Image

- Non-irritant

<6 Slight irritant
6<5<12 Moderate irritant
12<5<16 Irritant

>16 Severe irritant

Note: The representative images included were selected from a reference panel routinely used in our laboratory,
based on typical reactions observed in HET-CAM assays.

3. Discussion

In this proof-of-concept in vitro study, we successfully developed and evaluated
a novel mucoadhesive liquid crystal precursor system co-loaded with lidocaine and
epinephrine, designed for topical application on the oral mucosa. The development of the
LCPS demonstrated several advantageous characteristics for buccal drug delivery in the
presence of saliva, including enhanced consistency, improved mucoadhesion, sustained
release and permeation, and reduced toxicity compared to the commercial formulation,
suggesting its potential clinical safety. A comparative summary of the key physicochemical
and functional properties of the developed formulation versus the commercial control is
provided in Supplementary Table S5.

To support the selection of the LCPS, the ternary phase diagram used to develop
the formulations was constructed based on systematic variation in surfactant, oil, and
aqueous phase ratios, and the results were reproducible across multiple batches. The
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LCPS was chosen from a region of the diagram that consistently produced transparent,
low-viscosity systems with favorable transition behavior upon dilution with artificial saliva.
This formulation demonstrated optimal characteristics in terms of drug incorporation,
mucoadhesion, and rheological behavior. Although long-term stability and large-scale
production were not the focus of this proof-of-concept study, the components used are
pharmaceutically accepted and scalable. Future work will include stability studies under
different storage conditions and process validation to ensure reproducibility and feasibility
for industrial-scale manufacturing.

Considering the wet environment of the oral mucosa, attributed to the presence of
saliva covering its entire surface and its negatively charged composition (water, inorganic
salts, lipids, and glycoproteins) [32], the development of LCPSs based on mucoadhesive
cationic polymers emerges as a promising strategy. These systems are liquid microemul-
sions that transform into viscous and mucoadhesive liquid crystals upon contact with
saliva [20]. In this study, we developed a microemulsion composed of Procetyl® AWS, oleic
acid, and chitosan, which transitioned into a cubic-phase liquid crystal (an isotropic gel)
when mixed with saliva. This composition was designed based on the ability of oleic acid
to act as a topical absorption enhancer [33,34], the biocompatible properties of chitosan,
particularly its strong mucoadhesive capacity due to electrostatic interactions between
its cationic nature and the negatively charged saliva [35], and the swelling properties
of Procetyl® (a biocompatible surfactant) upon contact with water [36]. Procetyl® AWS
(PPG-5-CETETH-20) has an amphiphilic structure, which enables the formation of stable
liquid crystalline phases upon contact with aqueous environments. It is biocompatible
and enhances both drug solubilization and mucoadhesion, making it particularly suitable
for mucosal applications [33]. Thus, the combination of these components resulted in
improved mucoadhesion and an optimal consistency for topical application on the oral
mucosa. Our results indicate that the developed formulation holds promise for future
in vivo studies, as it provides a sustained-release system with an absorption promoter and
high mucoadhesive capacity [5].

This study successfully incorporated lidocaine hydrochloride, the gold standard anes-
thetic in dentistry, [37] along with the vasoconstrictor epinephrine to enhance the duration
and intensity of lidocaine anesthesia and control minor superficial bleeding [38]. Therefore,
the developed formulation is expected to provide more effective and long-lasting topical
anesthesia compared to commercial formulations. However, a limitation of this study is
the lack of an efficacy assessment of the developed formulation. Future studies will be
conducted to confirm its anesthetic performance and clinical applicability.

Importantly, epinephrine is chemically unstable in aqueous solutions due to its catechol
structure, which is highly prone to oxidation [39]. Exposure to light, oxygen, or elevated pH
can lead to degradation and formation of colored byproducts. In this study, no antioxidants
or stabilizers were used, as all LCPS formulations were freshly prepared and handled
under light-protected conditions to minimize degradation. Nonetheless, for clinical and
industrial applications, future studies should address long-term stability and explore the
incorporation of stabilizing agents.

The transition from a microemulsion to a cubic structure in the presence of saliva, as
observed in this study, can be explained by the critical packing parameter (CPP). The CPP
considers surfactant properties such as the area of the polar group, volume, and length of
the nonpolar chain, all of which influence the curvature of the polar-nonpolar interface and,
consequently, the type of liquid crystal formed [33]. The increased water content from saliva
allowed the polar head groups of Procetyl® to move more freely, inducing disorder in the
nonpolar chain and increasing the volume of the hydrophobic region. This led to a higher
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CPP, facilitating the transformation from a microemulsion to liquid crystals [18,25,33], as
illustrated in Figure 1.

The addition of hydrophilic drugs, such as lidocaine hydrochloride, can promote the
formation of lamellar phases by increasing the polar area of surfactant [18]. However, 100%
saliva was added, no differences in the mesophase were observed between the formulations,
suggesting that the excess water from saliva had a more significant impact on the CPP
value than the presence of lidocaine hydrochloride, as previously demonstrated [40].

The phase behavior of the liquid crystal precursor system is highly relevant for the
topical administration of drugs in the oral cavity. Changes in CPP values induced by excess
water also lead to rheological modifications in the mesophases, transitioning from a liquid
formulation to a viscous formulation in situ [33], as demonstrated in this study. Viscous
formulations tend to remain in contact with the mucosa for longer periods, as confirmed in
mucoadhesion assays. These rheological changes can also influence the dissolution and
release rate of the drug [41], which was further demonstrated in this study.

All developed formulations (F, FL and FLE) exhibited the same rheological behavior,
acting as Newtonian fluids with low consistency and flow limit, which facilitates clinical
administration. However, when diluted with artificial saliva, in contrast to the commercial
formulation that liquefied, they became viscous pseudoplastic formulations with high
consistency, flow limit, and thixotropy, desirable characteristics for topical application
formulations [42]. These formulations maintain their viscosity at rest, stabilized by inter-
molecular interactions [43]. When a critical force is applied, such as when spreading the
formulation onto the oral mucosa, the structure begins to flow. Once the force is removed,
the viscosity increases again due to new entanglements and interactions through the Brow-
nian motion of the macromolecules [43], preventing the formulation from flowing away
from the oral mucosa [42].

Moreover, the viscosity recovery of FL100 and FLE100 occurred more slowly (greater
thixotropy) than F100, indicating that FL100 and FLE100 have a more compact and sta-
ble structure that requires more energy to reorganize [42]. This high level of structural
organization may be related to ionic interactions between the cationic charges of lidocaine
and the negative charge of saliva, resulting in increased cross-linking [43]. The increase in
cross-linking also reflected in the responses found in oscillatory rheology, with formulations
presenting elastic properties, high gel strength, and low loss tangent upon dilution with
saliva. Therefore, FL and FLE appear to have adequate properties when subjected to stress
similar to in vivo application, providing important information regarding their suitability
for clinical use [44], especially in the dental area.

The commercial formulation presented opposite rheological characteristics. It is
an ointment based on macrogol, a polymer commonly used as a viscosity modifier in
lipophilic vehicles. When diluted in an aqueous solvent such as saliva, hydrogen bonds
form between water molecules and the polymer’s hydroxyl groups, increasing its solubility
and consequently reducing viscosity [45]. This property may diminish its mucoadhesion
in a humid environment like the oral cavity, as confirmed in the in vitro mucoadhesion
assay (Table 2).

Texture profile analyses of diluted commercial formulation (FC100) and microemul-
sions (F, FL and FLE) were not performed, as these formulations are fluids with high loss
tangent values, making it difficult to measure hardness, compressibility, adhesiveness, and
cohesion [46]. After incorporating 100% saliva, the microemulsions (F, FL and FLE) became
viscous formulations with increased hardness, compressibility, and adhesiveness, which
also increased with the concentration of saliva [20]. However, the mechanical properties of
these formulations after contact with 100% saliva (F100, FL100 and FLE100) were lower than
those of the FC without saliva. Considering the humid environment provided by saliva [47]
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and the loss of viscosity of the FC upon contact with 100% saliva, this mechanical behavior
is not expected to interfere with the clinical application of the developed formulations, as
indicated by the findings (Table 2). Nevertheless, the in vivo efficacy of these formulations
remains to be evaluated in future studies, which can corroborate such in vitro findings.

As indicated by the findings on phase behavior, rheology, and texture profile, the
mucoadhesion assay aligns with these results, demonstrating an enhanced mucoadhesive
work for FL and FLE in the presence of 30% or 100% of saliva (FL30, FL100, FLE30,
and FLE100). In contrast, diluting the commercial formulation with 100% saliva re-
sulted in a threefold reduction in its mucoadhesion, a behavior not observed with the
developed formulations.

The work of mucoadhesive force is the most appropriate parameter for comparing
mucoadhesion between different formulations, as it reflects the sum of forces acting on
the formulation in situ and measures the energy required to detach the two surfaces [48].
The mucoadhesion mechanism may involve a swelling process, where the formulation
absorbs water from the mucosa, swells, and forms a strong mucoadhesive bond, as well
as an electronic mechanism, driven by the electrostatic attraction between chitosan and
saliva [49]. The more pronounced increase in mucoadhesion observed in FLE100 may be
attributed to the rheological characteristics of FL100, as high viscosity and gel strength can
limit polymer flexibility and mobility, thereby reducing diffusion and entanglement with
the mucosa [50]. Nevertheless, the enhanced mucoadhesion of FL100 and FLE100 could
potentially prolong the residence time at the site of action and improve therapeutic efficacy
while reducing the required dose and frequency of administration [51], particularly for
pain management. However, while these in vitro findings suggest such benefits, further
in vivo studies are necessary to confirm their clinical relevance.

The release profile of FC and FL showed that both formulations controlled lidocaine
release, but the commercial formulation released five times more lidocaine than FL over
24 h. The developed microemulsion promoted sustained release, as demonstrated for other
nanostructured delivery systems [52] and liquid crystals with other active ingredients [23].
The marked reduction in lidocaine release and permeation observed for FL (up to 93%
lower permeation flow compared to FC) reflects its function as a controlled drug delivery
system. This behavior may contribute to a prolonged anesthetic effect, reducing the need
for repeated applications, preventing high peak concentrations, lowering the risk of adverse
effects, and maintaining more stable anesthetic levels over time [53,54].

Importantly, despite the lower overall permeation, FL exhibited immediate onset of
permeation, likely due to the presence of excipients with known permeation-enhancing
properties [25]. This characteristic may result in a faster onset of topical anesthesia [25,43],
while simultaneously increasing drug retention at the application site. Such a combination,
early onset with sustained effect is clinically valuable in the management of painful oral con-
ditions, such as oral mucositis, and other situations where topical anesthetics can enhance
patient comfort during everyday activities like swallowing, chewing, and speaking.

Even so, given the in vitro nature of this study, validation in in vivo models is essential
to confirm whether the observed permeation dynamics translate into clinical parameters of
onset, depth, and duration of anesthesia. Studies in animal models or human volunteers
could assess key outcomes such as time to onset, duration of analgesia, depth of tissue
penetration, and systemic exposure. Previous studies have demonstrated that in vitro
permeation flux can be predictive of in vivo systemic absorption and pharmacokinetic be-
havior of topical lidocaine formulations. For example, a study demonstrated that increasing
the drug load in a nonaqueous topical system led to proportional increases in both in vitro
permeation and plasma lidocaine levels in human volunteers [55]. Similar findings have
been reported with other nanostructured drug delivery systems, where modifications to
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carrier architecture resulted in enhanced drug retention and controlled release, ultimately
improving therapeutic performance in vivo [56]. These findings support the relevance of
permeation parameters—such as flux and lag time—as indicators of clinical performance,
and reinforce the potential of the FL formulation to achieve sustained anesthetic effect with
reduced systemic exposure.

Investigating the toxicity of lidocaine incorporated into a new nanostructured drug
delivery system is necessary, as this new system can alter the toxicological profile of lido-
caine compared to commercial formulations. In this context, the chorioallantoic membrane
(CAM) assay has emerged as a valuable alternative in vivo model, as it avoids the use of
sentient animals and has been increasingly reported for assessing the toxicity of drug deliv-
ery systems [57] and topical anesthetics [29]. Its application allows for an initial screening
of mucosal irritancy and vascular responses, contributing to the refinement of preclinical
evaluation strategies [58]

In our study we demonstrated that the developed formulations presented similar
toxicity than the commercial lidocaine formulation (moderate irritant). This classification
is based on the evaluation of three vascular endpoints observed on the chorioallantoic
membrane: hemorrhage (bleeding), lysis (cell membrane rupture), and coagulation (clot
formation). Each of these reactions is scored on a scale from 0 to 3, where 0 indicates no
reaction and 3 indicates a strong reaction. The final irritancy score is obtained by summing
the individual scores for these three endpoints. According to the ECVAM protocol, a total
score between 6 and 12 corresponds to a moderate irritant. The similarity in scores between
the test and commercial formulations suggests that the incorporation of lidocaine and
epinephrine into the liquid crystal precursor system did not increase the irritant potential
compared to the reference product [27].

Other commercially available dental topical anesthetics, such as those based on li-
docaine, benzocaine, and EMLA (a eutectic mixture of lidocaine and prilocaine), have
also been classified as moderately irritating [59]. These findings suggest that liquid crystal
precursor systems show promise as non-toxic and safe candidates for future in vivo studies.

The HET-CAM model evaluates acute vascular responses, such as hemorrhage, lysis,
and coagulation, which are particularly relevant for formulations intended for mucosal
application. While it offers a reliable and ethically accepted alternative to traditional animal
testing, it does not fully replicate the complexity of mammalian tissues, especially regarding
immune responses, metabolic processing, and long-term exposure. Therefore, although
the assay provides valuable preliminary safety data, further in vivo studies in mammalian
models are necessary to confirm the biocompatibility and clinical safety of the formulations.

It is important to emphasize that the lack of in vivo efficacy data is a recognized
limitation of the present study, and despite our main objective being to provide proof of
concept and detailed characterization of an innovative topical anesthetic, in vivo studies
are necessary to confirm its anesthetic efficacy. In this sense, future investigations should
include well-designed in vivo studies using appropriate animal models to evaluate anes-
thetic effectiveness, local tolerability, and systemic absorption, in order to better replicate
the complexity of mammalian tissues. These studies will be fundamental to validate the
pharmacodynamic effects and biocompatibility of the formulation. Subsequently, clinical
trials will be required to assess safety, efficacy, and patient acceptability in dental proce-
dures. Further studies on long-term stability and scalability will also be essential to support
regulatory approval and eventual clinical application.

Finally, although this study focuses on lidocaine, the formulation’s principles can
be applied to other drugs with similar delivery requirements such as corticosteroids,
anti-inflammatory agents, and antibiotics for treating various oral conditions. The liquid
crystalline system used here provides a versatile platform that can be customized to enhance
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the bioavailability and controlled release of various active pharmaceutical ingredients.
Future research should explore its adaptation for other drugs, potentially expanding its
applications in buccal drug delivery.

4. Materials and Methods
4.1. Materials

PPG-5-CETETH-20 (Procetyl® AWS) was donated by Croda (Snaith, Goole, UK).
Lidocaine hydrochloride (LH) was donated by Cristalia (Itapira, Sao Paulo, Brazil). Oleic
acid was purchased from Synth (Diadema, Sao Paulo, Brazil). Epinephrine (E) and low-
molecular-weight chitosan were purchased from Sigma Aldrich (Steinheim, North Rhine-
Westphalia, Germany). The commercial formulation (FC or FCom) is lidocaine 50 mg/g
dermatological ointment orange flavor from EMS Pharma (Hortolandia, Sao Paulo, Brazil).

4.2. Preparation of Liquid Crystal Precursor System

The development of the liquid crystalline precursor system (LCPS) was initiated by
constructing a phase diagram using PPG-5-CETETH-20 and oleic acid as the oil phase, and
a 0.5% (w/v) chitosan dispersion as the aqueous phase. The oil phase was prepared by
manually mixing PPG-5-CETETH-20 with oleic acid. This mixture was then slowly added
to the aqueous phase under magnetic stirring at 150 rpm for 10 min. The formulation
without drugs was referred to as the blank LCPS, or F.

Formulations loaded with LH (FL) and co-loaded with LH and epinephrine (FLE)
were prepared following the same procedure as the base formulation (F), with the active
compounds incorporated into the process. Specifically, 5% (w/w) LH was introduced
into the aqueous phase, while 0.001% (w/w) epinephrine was added to the oil phase.
The two phases were then combined using the method previously described for F. The
concentration of LH (5%) was selected based on typical concentrations found in commercial
topical formulations.

All formulations were allowed to rest for 48 h to stabilize and eliminate bubbles.

Artificial saliva was added to the formulations in two concentrations: 30% and 100%
(v/v), resulting in dilution ratios of 3:10 and 1:1 (artificial saliva to formulation), respectively.
These were designated as F30, FL30, FLE30 and F100, FL100, FLE100. In a pilot study,
several concentrations were tested, and phase transition was observed at both 30% and
100% dilution, which were selected for further characterization. The chosen concentrations
(30% and 100% dilution with artificial saliva), similarly employed in previous studies from
our group, were observed to induce phase transition, which is critical for the formulation’s
performance. This phase transition ensures that the formulation maintains its structure and
effectiveness in the oral environment, leading to optimal drug delivery [20,22].

The artificial saliva (pH 6.8) was composed of 8 g/L of sodium chloride (NaCl),
0.19 g/L of potassium monobasic phosphate (KH;POy), and 2.28 g/L of disodium phos-
phate (NayHPO,), as previously described [60]. After saliva addition, the systems were
classified as the Transparent Liquid System (TLS), Transparent Viscous System (TVS),
Opaque System (OS), and Phase Separation (PS) for plotting the phase diagram.

All LCPS formulations (F, FL, FLE, F100, FL100, and FLE100) were freshly prepared
immediately prior to use, following the described protocol, and handled under light-
protected conditions to minimize potential degradation of epinephrine. No antioxidants
or stabilizers were incorporated into the formulations, as the experimental design did not
involve long-term storage. The commercial formulation (FC) used was lidocaine 50 mg/g
orange flavor dermatological ointment from EMS.
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4.3. Structural Characterization of Formulations
4.3.1. Polarized Light Microscopy (PLM)

A small aliquot of each formulation (F, FL, FLE, F30, FL30, FLE30, F100, FL100, and
FLE100) was placed on a glass slide, which was covered with a coverslip and analyzed
under a polarized light microscope (Olympus BX41, Olympus America Inc., Center Valley,
PA, USA) at 20x magnification.

4.3.2. Small-Angle X-Ray Scattering (SAXS)

SAXS studies were conducted using the Xenocs XEUSS™ equipment (Xenocs, Sasse-
nage, France).. Radiation was generated by a GENIX™ source (Cu Kot edge, A = 1.54 A)
with the beam focused by a FOX2D™ optic. Beam collimation was achieved using two sets
of scatter-free 0.49 mm? slits (Xenocs 2.0) in high-resolution mode, and data was collected
by a Dectris Pilatus™ 300k detector (Dectris, Baden, Switzerland). The sample-to-detector
distance was 0.97 mm, providing a q range of 0.15 < q < 4.5 nm™~!, where q is the recip-
rocal spatial momentum transfer modulus defined as (q = (47 sin) /A, with 20 being the
scattering angle and A the wavelength of the radiation.

All formulations were stored in borosilicate glass capillaries. Measurements for F, FL,
FLE, F30, FL30, and FLE30 were conducted in eight-frame 900 capillaries, while formula-
tions F100, FL.100, and FLE100 were measured in mica for 300 s (4 x 300s, 7 x 300 s, and
12 % 300 s).

4.3.3. Rheological Analysis

The rheological analysis of the formulations was performed using a Discovery Hybrid
Rheometer DHR-1 rheometer (TA Instruments Ltd., Leatherhead, UK) with a 40 mm plate
diameter and a 500 um gap. Samples were carefully placed on the lower plate of the
rheometer and allowed to rest for 30 s before analysis.

Continuous rheological analysis

The shear rate ranged from 0.01 to 100 s~ ! for the ascending curve and from 100 to

0.01 s~ for the descending curve, each for 120 s at 37 °C. Data from the ascending curves

was fitted to the Herschel-Bulkley rheological model, with continuous rheological parame-
ters obtained using Equation (1):

T=kxy" (1)

where T is shear stress (Pa); k is consistency coefficient (Pa.sn); v is shear rate (s-1); and n is
fluid behavior index (dimensionless).

Oscillatory rheological analysis

The stress sweep test determined the viscoelastic region, using a shear stress range
of 0.1 to 100 Pa and a frequency of 1 Hz. After determining the tension in the viscoelastic
region for each formulation, the frequency sweep test was performed to determine the
elastic modulus (G’) and viscous modulus (G”). The frequency range was 0.1 to 10 Hz
at the previously determined viscoelastic region tension, at 37 °C. Relationships between
the modules and oscillatory frequency were used to determine G’ and loss tangent (tan )
with HR1—5332-1380: TA Instruments Trios v.4.1.0.31739 software. Structural strength and
viscoelastic exponent were calculated using Equation (2):

G =S x " )

where G’ is the storage modulus, w is the oscillatory frequency and S is the gel resistance,
with n being the viscoelastic exponent. The analysis was performed with three indepen-
dent samples.
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4.4. Texture Profile Analysis

The texture profile of formulations F30, FL30, FLE30, F100, FL100, and FLE100 was
analyzed using a TA-XT plus texture analyzer (Stable Micro Systems, Godalming, UK).
For analysis, 10 g of each formulation was placed in 50 mL conical centrifuge tubes and
centrifuged at 4000 rpm for 3 min to eliminate air bubbles and smooth the surface. The
tubes were positioned under the analytical probe (10 mm diameter) of the texture analyzer,
programmed to compress the sample at 2 mm/s to a predefined depth (15 mm) before
returning to the surface at the same speed. After a 15 s rest period, a second compression
was performed under identical conditions [61,62]. Parameters such as hardness (mN),
compressibility (mN.s), adhesiveness (mN.s), and cohesion (dimensionless) were calculated
from the force-time curves [62]. All analyses were conducted in ten replicates at room
temperature (25.0 = 0.5 °C).

4.5. In Vitro Evaluation of the Mucoadhesive Force

The mucoadhesive force of the formulations was analyzed using porcine buccal mu-
cosa epithelium. Porcine jaws (Landrace domestic Susscrofa, five months old, weighing
75-80 kg) were obtained from a local slaughterhouse (Angelelli® Ltda., Piracicaba—SP,
Brazil, certified by the Secretariat of Agriculture and Supply of the State of Sao Paulo—SIF
2259). The buccal mucosa was separated from adjacent tissue with a scalpel and immersed
in phosphate-buffered saline (pH 7.4) at 60 °C for 2 min. The epithelium was then care-
fully separated from the connective tissue using a Molt detacher and visually inspected
for tissue injuries to exclude damaged samples [9]. The epithelium was attached to the
mucoadhesion device and kept in artificial saliva (pH 6.8, 37 °C) before the permeation
studies. The mucoadhesion test was performed using a TA-XT Plus Texture Analyzer
(Stable Micro Systems, UK) equipped with a 5 kg load cell. The epithelium was fixed to the
lower probe of a custom-designed mucoadhesion device (A/MUC), while the formulation
was placed on the upper probe. The device includes a central groove to standardize the
volume of formulation applied. The test was conducted at 37 °C, with a pre-test speed of
2 mm/s, a contact force of 0.552 N, and a contact time of 10 s. Detachment was performed
at a post-test speed of 2 mm/s. Mucoadhesive parameters, including peak mucoadhesive
force (mN) and mucoadhesion work (mN-s), were calculated from the force-time curve
using Exponent® software (Exponent For The XTPlus Version 6, 1, 18, 0). Each formulation
was tested in ten independent replicates. Illustrative figures of the experimental setup and
device are provided in the Supplementary Material (Figure S1A-D).

4.6. In Vitro Release Study

The in vitro release study of lidocaine from FL and FC was conducted using Manual
Transdermal equipment (Hanson Research Corporation; Chatsworth, CA, USA) with Franz
diffusion cells (7 mL volume, 1.77 cm? permeation area). A synthetic cellulose acetate
membrane (12-14 kDa MWCO) and a receiving solution of phosphate-buffered saline (PBS,
pH 7.4, 37 °C, 300 rpm stirring) were used. Formulations were transferred to the dosing
ring in the donor compartment of the Franz diffusion cell under infinite dose conditions.
Samples were collected from the receiving compartment at predetermined times (15 min,
30 min, 45 min, 1 h,1.5h,2h,25h,3h,4h,5h,6h,7h,12h, 24 h).

Lidocaine hydrochloride in F and released from F samples was quantified by HPLC
using a previously validated method [63]. The mobile phase was a 60:40 (v/v) mixture
of acetonitrile and 25 mM NH4OH, adjusted to pH 7.0 with H3POy, at a flow rate of
1.2 mL/min. A reversed-phase column (150 x 4.60 mm, 5 pm, Phenomenex, Torrance, CA,
USA) was used, with a 20 uL injection volume and a 220 nm detector wavelength.
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Lidocaine release profiles were calculated using Equation (3):
Q=Ctx Vr+X Ve x Cc 3)

where Q (ug.cmz) represents the total amount of lidocaine hydrochloride permeated up to
time t; Ct (pg.mL’1 x cm?) is the lidocaine hydrochloride concentration measured at time
t; Vr (mL) is the receptor solution volume (7 mL); Cc (pg.mL’l x cm?) is the concentration
at the previous sampling, and Vc (mL) is the volume sampled [20].

Lidocaine hydrochloride release profiles were fitted to various kinetic models (zero
order, first order, Korsmeyer-Peppas, Higuchi) to understand the release mechanisms.

4.7. In Vitro Permeation Study

The permeation study was conducted using Manual Transdermal equipment (Hanson
Research Corporation; Chatsworth, CA, USA) with Franz diffusion cells and fresh buccal
epithelium, prepared as previously described. Formulations FL (0.5 g) and FC (0.7 g) were
placed in the dosing ring located in the donor compartment of the Franz diffusion cell under
infinite dose conditions. Samples (0.4 mL) were collected from the receiving compartment
at predetermined intervals (15, 30, 45, 60, 90, 120, 150, 180 min). The permeated lidocaine
hydrochloride (LH) was quantified by HPLC. After quantification, individual graphs were
generated for each vertical diffusion cell by plotting the amount of lidocaine accumulated in
the receptor compartment against time. The steady-state flux (Jss) was calculated according
to Fick’s first law, as described in Equation (4).

AQ; )
A x A LFEET

Jss = x min ! 4)
where AQt is the difference in the amount of drug permeated, At is the difference in the
measurement time points (min), and A is the permeation area (cm?).

The lag time was determined from the x-axis intercept of this straight line, indicating
the time required for drug permeation to commence, signifying a positive drug concentra-
tion in the receptor chamber thereafter. This mathematical model is widely recognized for
its application in permeation assays and comparative studies [35].

4.8. In Vivo Chicken Chorioallantoic Membrane (CAM) Toxicity Assay

The Hen’s Egg Test on the Chorioallantoic Membrane (HET-CAM) was performed
following Protocol No. 96, as published by the European Centre for the Validation of
Alternative Methods [27,28]. This method is widely recognized for assessing the irritation
potential of chemical formulations as an alternative to traditional in vivo models.

According to this protocol, fertilized chicken eggs on the 3rd day of development were
visually inspected to assess shell integrity and weight. Eggs weighing 50-60 g were selected,
cleaned with 70% ethyl alcohol, and incubated at 37.5 °C and 55-65% relative humidity
(Galinha Choca Chocadeiras & Acessérios, Sao Bernardo do Campo—SP, Brazil). A window
was opened in the egg air chamber to evaluate the CAM on the tenth day of incubation.
A photographic record of the CAM was taken before treatments (time T0). Subsequently,
0.3 mL of each sample—(i) positive control solution (0.1 mol/L sodium hydroxide, NaOH),
(ii) negative control solution (0.9% saline solution), or (iii) test formulations (F, FL, FLE,
and FC)—was applied directly to the CAM for 180 s (T5). After the application period, the
samples were carefully rinsed with 20 mL of saline solution. The CAM was then evaluated
and photographed 3 min after rinsing to assess the final effect of the treatments.

Formulations were classified as non-irritating, slightly irritating, moderately irritat-
ing, irritating, or severely irritating based on the sum of the treatment scores for each
formulation [28], as illustrated in Table 5. Scores were obtained from possible reactions
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(hemorrhage, lysis, and clot), individually classified into three categories: 0 (no reaction),
1 (weak reaction), 2 (moderate reaction), and 3 (strong reaction). In addition, represen-
tative images for each irritancy category are included in Table 5 to visually illustrate
the classification system applied in this study, based on typical endpoints observed in
CAM tissue.

Although in vitro cytotoxicity assays using oral epithelial or gingival cell lines
(e.g., MTT or LDH assays) are commonly employed to assess biocompatibility, we opted
for the HET-CAM assay due to its recognized validity as an alternative in vivo model.
The HET-CAM test is endorsed by the European Centre for the Validation of Alternative
Methods (ECVAM) and is widely used to evaluate the irritation potential of formulations
applied to mucosal tissues. This model offers a reliable, ethically accepted, and animal-free
approach to assess acute vascular responses such as hemorrhage, lysis, and coagulation,
which are highly relevant for formulations intended for oral mucosal application. Therefore,
the use of the HET-CAM assay aligns with current regulatory and ethical standards for
preclinical safety evaluation.

4.9. Statistical Analysis

The rheological study data met the assumptions of normality and homoscedasticity,
as evaluated by the Shapiro-Wilk and Levene tests, respectively. Consequently, the data
was analyzed using descriptive statistics followed by two-way ANOVA, considering ‘For-
mulations” at four levels and ‘Saliva’ at three levels, using the Bonferroni post hoc test for
multiple comparisons.

The texture profile analysis (TPA) data met the normality assumption evaluated by
the Shapiro-Wilk test across all groups for the four variables (p = 0.062), except for one
group in the Hardness variable (p = 0.037) and one group in the Adhesiveness variable
(p = 0.039). All data exhibited heteroscedasticity according to the Levene test (p < 0.003).
Therefore, the data was subjected to one-way ANOVA with Welch's correction, followed by
the Games-Howell post hoc test. Confidence intervals for the means were also estimated.

The peak of the mucoadhesive force (N) and mucoadhesion work (N x s) were ana-
lyzed using descriptive statistics, followed by two-way ANOVA, considering ‘Formulations’
at four levels and ‘Saliva’ at three levels. The normality assumption was met in 12 groups
for the peak mucoadhesive force variable (p = 0.063) and in 9 groups for the mucoadhesion
work variable (p = 0.051), according to the Shapiro—Wilk test. The data exhibited het-
eroscedasticity according to the Levene test (p < 0.001). Therefore, when ANOVA detected
statistically significant effects, multiple comparisons of means were performed, pairwise,
using the Games-Howell post hoc test.

Permeation parameters data was compared using the unpaired ¢-test.

A significant level of 0.05 was adopted for all analyses, which were conducted using
IBM® SPSS® Statistics software (version 26).

5. Conclusions

We successfully developed a mucoadhesive liquid crystal precursor system for the
delivery of lidocaine and epinephrine, demonstrating promising attributes for topical
anesthesia in the oral cavity. Structural analysis highlighted its dynamic behavior, tran-
sitioning into liquid crystalline structures upon dilution with saliva. Rheological studies
confirmed thixotropic behavior, indicating adaptability to shear stress, along with enhanced
mucoadhesive properties in the presence of saliva. In vitro release and permeation stud-
ies suggested a sustained drug release profile. Importantly, the developed formulations
demonstrated a safety profile comparable to the commercial formulation in the CAM model.
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However, as this study was designed as a proof of concept, further comprehensive in vivo
efficacy studies are necessary to confirm its clinical benefits.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ph18081166/s1, Table S1. Composition (%) of the liquid crys-
talline precursor systems (LCPS), active compounds (lidocaine and epinephrine) and saliva-diluted
formulations. Table S2. Values of qmax(z&) and ratio between interplanar distances for formulations. F
is the liquid crystal precursor system without the incorporation of lidocaine and epinephrine. FL
is the liquid crystal precursor system with 5% lidocaine hydrochloride. FLE is the liquid crystal
precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine. The formulations were
diluted with 30% (F30, FL30, FLE30) and 100% (F100, FL100, FLE100) of artificial saliva. Table S3.
The effects of formulation and artificial saliva on apparent viscosity, flow index, yield strength,
and thixotropy. F is the liquid crystal precursor system without the incorporation of lidocaine and
epinephrine. FL is the liquid crystal precursor system with 5% lidocaine hydrochloride. FLE is the
liquid crystal precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine. FC is
the commercial formulation of lidocaine 50 mg/g EMS orange flavor dermatological ointment. The
formulations were diluted with 30% (F30, FL30, FLE30, FC30) and 100% (F100, FL100, FLE100, FC100)
of artificial saliva. Table S4. Elastic modulus (G’). loss tangent (tan 8.) viscoelastic exponent (n) and
gel strength of the formulations. F is the liquid crystal precursor system without the incorporation of
lidocaine and epinephrine. FL is the liquid crystal precursor system with 5% lidocaine hydrochloride.
FLE is the liquid crystal precursor system with 5% lidocaine hydrochloride and 0.001% epinephrine.
FC is the commercial formulation of lidocaine 50 mg/g EMS orange flavor dermatological ointment.
The formulations were diluted with 30% (F30, FL.30, FLE30, FC30) and 100% (F100, FL100, FLE100,
FC100) of artificial saliva. Table S5. Comparative summary of physicochemical, rheological, and
functional properties of the developed liquid crystal precursor system (FLE) and the commercial lido-
caine formulation (FC). Figure S1. Preparation of porcine buccal mucosa for the mucoadhesion test:
(A) separation of the epithelium from adjacent tissues; (B) epithelium sample fixed to the mucoad-
hesion device (A/MUC); (C) formulation fixed to the A/MUC probe; (D) formulation and support
immersed in artificial saliva (pH 6.8) at 37 °C.

Author Contributions: Conceptualization, G.M.E.C. and M.E-M.; methodology, GM.EC., AM.P,
A.A.CB., M.TL. and J.L.D,; validation, G.M.EC., M.C. and M.E-M.; formal analysis, GM.E.C., AM.P,
A.A.C.B. and M.E-M,; investigation, GM.EC., AM.P,, A.A.C.B.,, M.T.L. and ].L.D.; resources, M.E-M.;
data curation, GM.EC., M.C. and M.E-M.; writing—original draft preparation, GM.EC., M.T.L. and
J.L.D., writing—review and editing, GM.EC., M.C. and M.E-M,; visualization, M.C. and M.F.-M.;
supervision, M.F.-M.; project administration, M.F.-M.; funding acquisition, M.F.-M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Sao Paulo Research Foundation (FAPESP, grant #2020/03786-9).
G.M.EC. acknowledges a scholarship provided by FAPESP (grant #2019/07245-5).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article and Supplementary Materials, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank Cristdlia Produtos Quimicos e Farmacéuticos Ltda, Itapira,
Brazil) for donation of lidocaine and epinephrine. The authors would like to thank Gerson Barreto
Mourao from the Laboratory of Breeding, Genetics, Genomics, and Experimental Design, Luiz de
Queiroz College of Agriculture, University OF Sao Paulo, for kindly providing the fertilized eggs
for the development of this research. We thank technician Fabio Vinicios Padilha for his valuable
support with the CAM model and swine mucosa throughout this work.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/ph18081166/s1
https://www.mdpi.com/article/10.3390/ph18081166/s1

Pharmaceuticals 2025, 18, 1166 24 of 26

References

1. Tan, Y.-Z.; Shi, R.-].; Ke, B.-W,; Tang, Y.-L.; Liang, X.-H. Paresthesia in Dentistry: The Ignored Neurotoxicity of Local Anesthetics.
Heliyon 2023, 9, €18031. [CrossRef] [PubMed]

2. Epstein, ].B.; Villines, D.C.; Baker, S. Efficacy of a Glycopolymer-Based Oral Rinse Upon Pain Associated with Ulcerative
and Erosive Lesions of the Oral Mucosa: A within-Subject Pilot Study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2018,
126, 240-245. [CrossRef] [PubMed]

3.  Malamed, S.F. Handbook of Local Anesthesia, 7e: South Asia Edition-E-Book; Elsevier: Gurgaon, India, 2019.

4. Akimoto, T.; Hashimoto, S.; Sunada, K. Dexmedetomidine (12.5 Mg/MIl) Improves Tissue Distribution, Anesthetic Action, and
Hemodynamic Effects of Lidocaine after Palatal Infiltration in Rats. Odontology 2016, 104, 390-396. [CrossRef]

5. Franz-Montan, M.; Ribeiro, L.N.M.; Volpato, M.C.; Cereda, C.M.S.; Groppo, E.C.; Tofoli, G.R.; de Araujo, D.R; Santi, P; Padula, C.;
de Paula, E. Recent Advances and Perspectives in Topical Oral Anesthesia. Expert Opin. Drug Deliv. 2017, 14, 673-684. [CrossRef]

6. Sanz, M.; Ceriello, A.; Buysschaert, M.; Chapple, I.; Demmer, R.T.; Graziani, F.; Herrera, D.; Jepsen, S.; Lione, L.; Madianos, P.
Scientific Evidence on the Links between Periodontal Diseases and Diabetes: Consensus Report and Guidelines of the Joint
Workshop on Periodontal Diseases and Diabetes by the International Diabetes Federation and the European Federation of
Periodontology. Diabetes Res. Clin. Pract. 2018, 137, 231-241. [CrossRef]

7. Peng, C.-H,; Yang, Y.-S.; Chan, K.-C.; Kornelius, E.; Chiou, J.-Y.; Huang, C.-N. Periodontal Treatment and the Risks of Cardiovas-
cular Disease in Patients with Type 2 Diabetes: A Retrospective Cohort Study. Intern. Med. 2017, 56, 1015-1021. [CrossRef]

8. Wambier, L.M.; de Geus, J.L.; Boing, T.E; Chibinski, A.C.R.; Wambier, D.S.; Rego, R.O.; Loguercio, A.D.; Reis, A. Intrapocket
Topical Anesthetic Versus Injected Anesthetic for Pain Control During Scaling and Root Planing in Adult Patients: Systematic
Review and Meta-Analysis. |. Am. Dent. Assoc. 2017, 148, 814-824.e2. [CrossRef]

9.  Franz-Montan, M,; Serpe, L.; Martinelli, C.C.M.; da Silva, C.B.; Dos Santos, C.P.; Novaes, P.D.; Volpato, M.C.; de Paula, E.; Lopez,
R.EV.; Groppo, EC. Evaluation of Different Pig Oral Mucosa Sites as Permeability Barrier Models for Drug Permeation Studies.
Eur. J. Pharm. Sci. 2016, 81, 52-59. [CrossRef]

10. Jimson, S.; Ranjani, S.S.; Lenka, S.; Jimson, S. Comparative Effects of Clonidine and Adrenaline with Lignocaine During Maxillary
Infiltration Anaesthesia for Dental Extraction. J. Clin. Diagn. Res. JCDR 2015, 9, ZC85. [CrossRef]

11.  Boyce, R.A,; Kirpalani, T.; Mohan, N. Updates of Topical and Local Anesthesia Agents. Dent. Clin. 2016, 60, 445-471. [CrossRef]

12.  U.S. Food and Drug Administration. Xylocaine®® (Lidocaine Hydrochloride and Epinephrine) Injection, Usp—Prescribing Information;
U.S. Food and Drug Administration: Silver Spring, MD, USA, 2004.

13.  European Medicines Agency (EMA). Guideline on Clinical Development of Fixed Combination Medicinal Products; European Medicines
Agency: Amsterdam, The Netherlands, 2017; Ema/Chmp/158268/2017.

14. Relagdo Nacional de Medicamentos Essenciais; RENAME, Ministério da Satde (Brasil): Brasilia, Brazil, 2024.

15. Becker, D.E.; Reed, K.L. Local Anesthetics: Review of Pharmacological Considerations. Anesth. Prog. 2012, 59, 90-102. [CrossRef]

16. Kalra, G.; Makkar, S.; Menrai, N.; Kalia, V.; Suri, N.; Gupta, S. Comparative Evaluation of the Efficacy and Onset of Local
Anesthesia Using Buffered 2% Lidocaine with 1: 100,000 Adrenaline, Non-Buffered 2% Lidocaine with 1: 100,000 Adrenaline,
Buffered 4% Articaine with 1: 100,000 Adrenaline and Non-Buffered 4% Articaine with 1: 100,000 Adrenaline in Dental Extraction.
J. Maxillofac. Oral Surg. 2024, 23, 1255-1260. [PubMed]

17.  Depieri, L.V.; Borgheti-Cardoso, L.N.; Campos, PM.; Otaguiri, K.K.; de Carvalho Vicentini, ET.M.; Lopes, L.B.; Fonseca, M.].V,;
Bentley, M.V.L.B. Rnai Mediated II-6 in Vitro Knockdown in Psoriasis Skin Model with Topical Sirna Delivery System Based on
Liquid Crystalline Phase. Eur. |. Pharm. Biopharm. 2016, 105, 50-58. [CrossRef] [PubMed]

18. Borgheti-Cardoso, L.N.; Depieri, L.V.; Kooijmans, S.A.; Diniz, H.; Calzzani, R.A.; Vicentini, ET.; van der Meel, R.; Fantini,
M.C.; Iyomasa, M.M.; Schiffelers, R.M.; et al. An in Situ Gelling Liquid Crystalline System Based on Monoglycerides and
Polyethylenimine for Local Delivery of Sirnas. Eur. J. Pharm. Sci. 2015, 74, 103-117. [CrossRef]

19. Zhang, X.; Wu, W. Liquid Crystalline Phases for Enhancement of Oral Bioavailability. AAPS PharmSciTech 2021, 22, 81. [CrossRef]

20. Calixto, G.M.F,; Victorelli, ED.; Dovigo, L.N.; Chorilli, M. Polyethyleneimine and Chitosan Polymer-Based Mucoadhesive Liquid
Crystalline Systems Intended for Buccal Drug Delivery. AAPS PharmSciTech 2018, 19, 820-836. [CrossRef]

21. Calixto, G.M.E; Victorelli, ED.; Franz-Montan, M.; Baltazar, F.; Chorilli, M. Innovative Mucoadhesive Precursor of Liquid
Crystalline System Loading Anti-Gellatinolytic Peptide for Topical Treatment of Oral Cancer. ]. Biomed. Nanotechnol. 2021,
17,253-262. [CrossRef]

22. Balian, GM.EC,; Luiz, M.T,; Di Filippo, L.D.; Chorilli, M. Mucoadhesive Liquid Crystal Precursor System for Photodynamic
Therapy of Oral Cancer Mediated by Methylene Blue. Photodiagnosis Photodyn. Ther. 2023, 44, 103739. [CrossRef]

23. Rodero, C.F,; Fioramonti Calixto, G.M.; Cristina Dos Santos, K.; Sato, M.R.; Aparecido Dos Santos Ramos, M.; Miro, M.S.;
Rodriguez, E.; Vigezzi, C.; Bauab, T.M.; Sotomayor, C.E.; et al. Curcumin-Loaded Liquid Crystalline Systems for Controlled Drug
Release and Improved Treatment of Vulvovaginal Candidiasis. Mol. Pharm. 2018, 15, 4491-4504. [CrossRef]

24.  Amin, M.K; Boateng, J.S. Enhancing Stability and Mucoadhesive Properties of Chitosan Nanoparticles by Surface Modification

with Sodium Alginate and Polyethylene Glycol for Potential Oral Mucosa Vaccine Delivery. Mar. Drugs 2022, 20, 156. [CrossRef]


https://doi.org/10.1016/j.heliyon.2023.e18031
https://www.ncbi.nlm.nih.gov/pubmed/37539316
https://doi.org/10.1016/j.oooo.2018.05.009
https://www.ncbi.nlm.nih.gov/pubmed/29935927
https://doi.org/10.1007/s10266-015-0221-6
https://doi.org/10.1080/17425247.2016.1227784
https://doi.org/10.1016/j.diabres.2017.12.001
https://doi.org/10.2169/internalmedicine.56.7322
https://doi.org/10.1016/j.adaj.2017.06.019
https://doi.org/10.1016/j.ejps.2015.09.021
https://doi.org/10.7860/JCDR/2015/11066.5968
https://doi.org/10.1016/j.cden.2015.12.001
https://doi.org/10.2344/0003-3006-59.2.90
https://www.ncbi.nlm.nih.gov/pubmed/39376748
https://doi.org/10.1016/j.ejpb.2016.05.012
https://www.ncbi.nlm.nih.gov/pubmed/27224855
https://doi.org/10.1016/j.ejps.2015.04.017
https://doi.org/10.1208/s12249-021-01951-w
https://doi.org/10.1208/s12249-017-0890-2
https://doi.org/10.1166/jbn.2021.3025
https://doi.org/10.1016/j.pdpdt.2023.103739
https://doi.org/10.1021/acs.molpharmaceut.8b00507
https://doi.org/10.3390/md20030156

Pharmaceuticals 2025, 18, 1166 25 of 26

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.
46.

47.

48.

49.

50.

Victorelli, ED.; Calixto, G.M.F,; dos Santos, K.C.; Buzza, H.H.; Chorilli, M. Curcumin-Loaded Polyethyleneimine and Chitosan
Polymer-Based Mucoadhesive Liquid Crystalline Systems as a Potential Platform in the Treatment of Cervical Cancer. J. Mol. Lig.
2021, 325, 115080. [CrossRef]

Stribeck, N. Saxs Data Analysis of a Lamellar Two-Phase System. Layer Statistics and Compansion. Colloid Polym. Sci. 1993,
271, 1007-1023. [CrossRef]

ECVAM; EURL. DB-ALM Method Summary No 96: Hen’s Egg Test on the Chorioallantoic Membrane (HET-CAM); ECVAM: Ispra,
Italy, 2010.

ECVAM. DB-ALM and Protocol No. 96: Hen’s Egg Test on the Chorioallantoic Membrane (HET-CAM). In EURL ECVAM DB-ALM:
Protocol; EURL ECVAM DB-ALM: Ispra, Italy, 2019.

Lenze, M.; Benedetti, M.D.; Roco, J.; Ramirez, P.G.; Blanco, R.; Yaceszen, S.; Corrales, C.; Wikinski, S.; Gutiérrez, M.L. Advancing
Ocular Safety Research: A Comprehensive Examination of Benzocaine Acute Exposure without Animal Testing. Toxicol. Lett.
2024, 394, 138-145. [CrossRef] [PubMed]

Lorenzo-Veiga, B.; Sigurdsson, H.H.; Loftsson, T.; Alvarez-Lorenzo, C. Cyclodextrin~Amphiphilic Copolymer Supramolecular
Assemblies for the Ocular Delivery of Natamycin. Nanomaterials 2019, 9, 745. [CrossRef] [PubMed]

Alsaidan, O.A.; Zafar, A.; Yasir, M.; Alzarea, S.I.; Alginyah, M.; Khalid, M. Development of Ciprofloxacin-Loaded Bilosomes
in-Situ Gel for Ocular Delivery: Optimization, in-Vitro Characterization, Ex-Vivo Permeation, and Antimicrobial Study. Gels 2022,
8, 687. [CrossRef]

Schenkels, L.C.; Veerman, E.C.; Nieuw Amerongen, A.V. Biochemical Composition of Human Saliva in Relation to Other Mucosal
Fluids. Crit. Rev. Oral Biol. Med. 1995, 6, 161-175. [CrossRef]

Marena, G.D.; Fonseca-Santos, B.; dos Santos, RM.A.; dos Santos, K.C.; Bauab, T.M.; Chorilli, M. Incorporation of Ursolic Acid in
Liquid Crystalline Systems Improves the Antifungal Activity against Candida sp. J. Pharm. Innov. 2021, 16, 576-586. [CrossRef]
de Oliveira, R.N.; Campos, PM.; Pinto, R.M.C.; Mioduski, J.; Santos, R.D.; Justus, B.; de Paula, J.d.EP,; Klein, T.; Boscardin, PM.D.;
Corréa, S.d.A.P. The Promising Antischistosomal Activity of Oleic Acid-Loaded Polymeric Nanocapsules for Oral Administration.
J. Drug Deliv. Sci. Technol. 2021, 63, 102429. [CrossRef]

Cereda, C.M.S.; Mecatti, D.S.; Papini, ].Z.B.; Bueno, D.V.; Franz-Montan, M.; Rocha, T.; Pedrazzoli Junior, J.; de Paula, E.; de
Aratjo, D.R.; Grillo, R. Bupivacaine in Alginate and Chitosan Nanoparticles: An in Vivo Evaluation of Efficacy, Pharmacokinetics,
and Local Toxicity. J. Pain Res. 2018, 11, 683-691. [CrossRef]

Salmazi, R.; Calixto, G.; Bernegossi, ].; dos Santos Ramos, M.A.; Bauab, T.M.; Chorilli, M. A Curcumin-Loaded Liquid Crystal
Precursor Mucoadhesive System for the Treatment of Vaginal Candidiasis. Int. |. Nanomed. 2015, 10, 4815. [CrossRef]

Parise, G.K,; Ferranti, K.N.; Grando, C.P. Sais Anestésicos Utilizados Na Odontologia: Revisao De Literatura. J. Oral Investig.
2017, 6, 75-84. [CrossRef]

Yajurvedi, P; Shah, N.; Mahajan, A.M.; Sanghvi, D.; Shah, Y. Comparative Evaluation of the Efficacy of Lidocaine with Adrenaline
and Lidocaine with Clonidine in Maxillary Infiltration Anesthesia. Int. . Innov. Res. Dent. Sci. 2017, 2, 174-181.

Parish, H.G.; Morton, J.R.; Brown, J.C. A Systematic Review of Epinephrine Stability and Sterility with Storage in a Syringe.
Allergy Asthma Clin. Immunol. 2019, 15, 7. [CrossRef]

Mueller-Goymann, C.C.; Frank, S.G. Interaction of Lidocaine and Lidocaine-Hcl with the Liquid Crystal Structure of Topical
Preparations. Int. |. Pharm. 1986, 29, 147-159. [CrossRef]

Engstrom, S.; Engstrom, L. Phase Behaviour of the Lidocaine-Monoolein-Water System. Int. J. Pharm. 1992, 79, 113-122. [CrossRef]
Cid, Y.P; Pedrazzi, V.; de Sousa, V.P,; Pierre, M.B.R. In Vitro Characterization of Chitosan Gels for Buccal Delivery of Celecoxib:
Influence of a Penetration Enhancer. AAPS PharmSciTech 2012, 13, 101-111. [CrossRef] [PubMed]

Cardoso, V.M.D.; Gremiao, M.P.D.; Cury, B.S.F. Mucin-Polysaccharide Interactions: A Rheological Approach to Evaluate the
Effect of Ph on the Mucoadhesive Properties. Int. |. Biol. Macromol. 2020, 149, 234-245. [CrossRef]

da Silva, J.B.; Cook, M.T.; Bruschi, M.L. Thermoresponsive Systems Composed of Poloxamer 407 and Hpmc or Nacmc: Mechanical,
Rheological and Sol-Gel Transition Analysis. Carbohydr. Polym. 2020, 240, 116268. [CrossRef]

Batistuzzo, J.; Itaya, M.; Eto, Y. Formuldrio Médico Farmacéutico, 3rd ed.; Editora Pharmabooks: Sao Paulo, Brazil, 2006; p. 585.
Tamburic, S.; Craig, D.Q. A Comparison of Different in Vitro Methods for Measuring Mucoadhesive Performance. Eur. J. Pharm.
Biopharm. 1997, 44, 159-167. [CrossRef]

Collins, L.M.; Dawes, C. The Surface Area of the Adult Human Mouth and Thickness of the Salivary Film Covering the Teeth and
Oral Mucosa. J. Dent. Res. 1987, 66, 1300-1302. [CrossRef]

Bassi da Silva, J.; Ferreira, S.B.S.; Reis, A.V.; Cook, M.T.; Bruschi, M.L. Assessing Mucoadhesion in Polymer Gels: The Effect of
Method Type and Instrument Variables. Polymers 2018, 10, 254. [CrossRef]

Cook, S.L.; Bull, S.P.; Methven, L.; Parker, ].K.; Khutoryanskiy, V.V. Mucoadhesion: A Food Perspective. Food Hydrocoll. 2017,
72,281-296. [CrossRef]

Alawdi, S.; Solanki, A.B. Mucoadhesive Drug Delivery Systems: A Review of Recent Developments. J. Sci. Res. Med. Biol. Sci.
2021, 2, 50-64. [CrossRef]


https://doi.org/10.1016/j.molliq.2020.115080
https://doi.org/10.1007/BF00659290
https://doi.org/10.1016/j.toxlet.2024.03.003
https://www.ncbi.nlm.nih.gov/pubmed/38458340
https://doi.org/10.3390/nano9050745
https://www.ncbi.nlm.nih.gov/pubmed/31096569
https://doi.org/10.3390/gels8110687
https://doi.org/10.1177/10454411950060020501
https://doi.org/10.1007/s12247-020-09470-0
https://doi.org/10.1016/j.jddst.2021.102429
https://doi.org/10.2147/JPR.S158695
https://doi.org/10.2147/ijn.s82385
https://doi.org/10.18256/2238-510X/j.oralinvestigations.v6n1p75-84
https://doi.org/10.1186/s13223-019-0324-7
https://doi.org/10.1016/0378-5173(86)90112-2
https://doi.org/10.1016/0378-5173(92)90102-8
https://doi.org/10.1208/s12249-011-9725-8
https://www.ncbi.nlm.nih.gov/pubmed/22160883
https://doi.org/10.1016/j.ijbiomac.2020.01.235
https://doi.org/10.1016/j.carbpol.2020.116268
https://doi.org/10.1016/S0939-6411(97)00073-8
https://doi.org/10.1177/00220345870660080201
https://doi.org/10.3390/polym10030254
https://doi.org/10.1016/j.foodhyd.2017.05.043
https://doi.org/10.47631/jsrmbs.v2i1.213

Pharmaceuticals 2025, 18, 1166 26 of 26

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

Carvalho, F.C.; Campos, M.L.; Peccinini, R.G.; Gremiao, M.P.D. Nasal Administration of Liquid Crystal Precursor Mucoadhesive
Vehicle as an Alternative Antiretroviral Therapy. Eur. |. Pharm. Biopharm. 2013, 84, 219-227. [CrossRef]

Muniz, B.V.; Baratelli, D.; Di Carla, S.; Serpe, L.; da Silva, C.B.; Guilherme, V.A.; de Morais Ribeiro, L.N.; Cereda, C.M.S.; de Paula,
E.; Volpato, M.C. Hybrid Hydrogel Composed of Polymeric Nanocapsules Co-Loading Lidocaine and Prilocaine for Topical
Intraoral Anesthesia. Sci. Rep. 2018, 8, 5005. [CrossRef]

Barboza, A.d.S.; Ribeiro de Andrade, ].S.; Ferreira, M.L.; Pefia, C.L.D.; da Costa, ].S.; Fajardo, A.R.; Lund, R.G. Propolis Controlled
Delivery Systems for Oral Therapeutics in Dental Medicine: A Systematic Review. Dent. J. 2023, 11, 162. [CrossRef]

Amato, M.; Santonocito, S.; Polizzi, A.; Tartaglia, G.M.; Ronsivalle, V.; Viglianisi, G.; Grippaudo, C.; Isola, G. Local Delivery and
Controlled Release Drugs Systems: A New Approach for the Clinical Treatment of Periodontitis Therapy. Pharmaceutics 2023,
15, 1312. [CrossRef]

Emileigh, G.; Vought, K.; Patel, K.; Suzuki, H.; Usuda, K.; Shiramizu, A.; Koplowitz, L.P.; Koplowitz, B.; Maibach, H.I; Lissin, D.
Biorelevant in Vitro Skin Permeation Testing and in Vivo Pharmacokinetic Characterization of Lidocaine from a Nonaqueous
Drug-in-Matrix Topical System. AAPS PharmSciTech 2021, 22, 215.

Li, W.-Q.; Wu, J.-Y,; Xiang, D.-X,; Luo, S.-L.; Hu, X.-B.; Tang, T.-T.; Sun, T.-L.; Liu, X.-Y. Micelles Loaded with Puerarin and
Modified with Triphenylphosphonium Cation Possess Mitochondrial Targeting and Demonstrate Enhanced Protective Effect
against Isoprenaline-Induced H9¢2 Cells Apoptosis. Int. ]. Nanomed. 2019, 18, 8345-8360. [CrossRef]

Garcia, M.T.J.; de Vasconcellos, FL.L.; Raffier, C.P.; Roberts, M.S.; Grice, J.E.; Benson, H.A.E.; Leite-Silva, V.R. Alternative
Methods to Animal Studies for the Evaluation of Topical/Transdermal Drug Delivery Systems. Curr. Top. Med. Chem. 2018,
18, 287-299. [CrossRef]

Luepke, N.P. Hen’s Egg Chorioallantoic Membrane Test for Irritation Potential. Food Chem. Toxicol. 1985, 23, 287-291. [CrossRef] [PubMed]
Bezerra, A.A.C. Avaliacao Da Toxicidade De Anestésicos Tépicos De Uso Odontolégico Por Meio Do Modelo Da Membrana
Corioalantéica Do Embriao De Galinha. Master’s Dissertation, Universidade Estadual de Campinas (UNICAMP), Piracicaba, SP,
Brazil, 2023. Available online: https://hdl.handle.net/20.500.12733 /13469 (accessed on 28 July 2025).

Marques, M.R.; Loebenberg, R.; Almukainzi, M. Simulated Biological Fluids with Possible Application in Dissolution Testing.
Dissolut. Technol. 2011, 18, 15-28. [CrossRef]

Jones, D.; Woolfson, A.; Brown, A. Textural, Viscoelastic and Mucoadhesive Properties of Pharmaceutical Gels Composed of
Cellulose Polymers. Int. ]. Pharm. 1997, 151, 223-233. [CrossRef]

Jones, D.S.; Woolfson, A.D.; Brown, A.F; O'Neill, M.]. Mucoadhesive, Syringeable Drug Delivery Systems for Controlled
Application of Metronidazole to the Periodontal Pocket: In Vitro Release Kinetics, Syringeability, Mechanical and Mucoadhesive
Properties. J. Control. Release 1997, 49, 71-79. [CrossRef]

de Araujo, ].5.M.; Volpato, M.C.; Muniz, B.V,; Xavier, G.G.A.; Martinelli, C.C.M.; Lopez, R.EV.; Groppo, FE.C.; Franz-Montan, M.
Resistivity Technique for the Evaluation of the Integrity of Buccal and Esophageal Epithelium Mucosa for in Vitro Permeation
Studies: Swine Buccal and Esophageal Mucosa Barrier Models. Pharmaceutics 2021, 13, 643. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ejpb.2012.11.021
https://doi.org/10.1038/s41598-018-36382-4
https://doi.org/10.3390/dj11070162
https://doi.org/10.3390/pharmaceutics15041312
https://doi.org/10.2147/IJN.S219670
https://doi.org/10.2174/1568026618666180412153214
https://doi.org/10.1016/0278-6915(85)90030-4
https://www.ncbi.nlm.nih.gov/pubmed/4040077
https://hdl.handle.net/20.500.12733/13469
https://doi.org/10.14227/DT180311P15
https://doi.org/10.1016/S0378-5173(97)04904-1
https://doi.org/10.1016/S0168-3659(97)00060-6
https://doi.org/10.3390/pharmaceutics13050643

	Introduction 
	Results 
	Development and Structural Characterization of Formulations 
	In Vitro Release Study 
	In Vitro Permeation Study 
	In Vivo Chicken Chorioallantoic Membrane (CAM) Assay 

	Discussion 
	Materials and Methods 
	Materials 
	Preparation of Liquid Crystal Precursor System 
	Structural Characterization of Formulations 
	Polarized Light Microscopy (PLM) 
	Small-Angle X-Ray Scattering (SAXS) 
	Rheological Analysis 

	Texture Profile Analysis 
	In Vitro Evaluation of the Mucoadhesive Force 
	In Vitro Release Study 
	In Vitro Permeation Study 
	In Vivo Chicken Chorioallantoic Membrane (CAM) Toxicity Assay 
	Statistical Analysis 

	Conclusions 
	References

