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Abstract:

The development of in situ gelling hydrocortisone formulations for oromucosal drug delivery offers a
promising approach to overcoming the challenges associated with short drug retention, poor
bioavailability, and frequent dosing in the treatment of oral inflammatory disorders such as ulcers,
gingivitis, and lichen planus. This study focuses on the design, characterization, and evaluation of
hydrocortisone-loaded in situ gelling systems formulated using Hydroxypropyl Methylcellulose (HPMC),
Carbopol 934, and Sodium Alginate to enhance mucoadhesion, controlled release, and formulation
stability. The formulations were analyzed for pH compatibility, viscosity, gelation time, mucoadhesive
strength, in vitro drug release, and stability over three months. Results demonstrated that HPMC-based
formulations exhibited superior viscosity, mucoadhesion, and sustained drug release, making them the
most promising candidates for prolonged oromucosal retention. Drug release followed Korsmeyer-Peppas
kinetics, indicating diffusion-controlled release mechanisms. The addition of peppermint essential oil and
propylene glycol significantly enhanced drug permeation, increasing hydrocortisone release by 1.7-fold.
Stability studies confirmed that formulations retained their physicochemical properties over time,
indicating their suitability for long-term clinical use. This research highlights the potential of HPMC-
based in situ gelling systems as effective alternatives to conventional hydrocortisone formulations,
reducing the need for frequent dosing while ensuring prolonged therapeutic action. Future studies should
focus on clinical trials and nanotechnology-based delivery systems to optimize efficacy and patient
compliance.

Keywords: Oromucosal Delivery, In Situ Gelation, Mucoadhesion, Polymer Formulations, Controlled
Release.

1. Introduction
The treatment of oral mucosal disorders, such as oral ulcers, gingivitis, and lichen planus, remains a significant
challenge in clinical dentistry due to the difficulties associated with drug retention, absorption, and sustained
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therapeutic effects. These conditions are characterized by persistent inflammation, pain, and tissue damage,
significantly affecting a patient’s ability to eat, speak, and maintain proper oral hygiene (Alaei & Omidian,
2021). Among the various pharmacological interventions available, corticosteroids such as hydrocortisone are
widely used due to their potent anti-inflammatory and immunosuppressive properties, which effectively
reduce pain and promote healing in affected mucosal tissues (Alhasso et al., 2022). However, conventional
hydrocortisone formulations, including mouthwashes, gels, and pastes, have several limitations, particularly
regarding short retention time and poor bioavailability at the site of action (Long et al., 2019). These
drawbacks necessitate frequent application, which can lead to poor patient compliance and inconsistent
therapeutic outcomes. This has driven the search for advanced drug delivery systems that can provide
sustained release, improved mucoadhesion, and enhanced therapeutic efficacy, leading to the development of
in situ gelling formulations for oromucosal drug delivery (Bartosova & Bajgar, 2012).

In situ gelling systems represent a novel and promising approach in the field of oromucosal drug delivery.
Unlike conventional gels or ointments that remain in a semisolid or liquid state, these formulations undergo
gelation upon exposure to physiological conditions, such as changes in pH, temperature, or ionic strength
(Thang et al., 2023). This transformation allows the drug to adhere more effectively to the mucosal surface,
thereby increasing the residence time of the medication at the site of application and ensuring controlled and
prolonged drug release (Kim et al., 1992). The ability to provide sustained drug release is particularly
important for oral mucosal disorders, as it reduces the need for frequent application, enhances drug absorption,
and maintains consistent therapeutic levels over time (William, 2021). Furthermore, the gelation process
ensures optimal spreading and coverage, allowing the drug to remain in contact with inflamed mucosal tissues
for extended periods, thereby maximizing its anti-inflammatory and wound-healing effects (Escoter-Torres et
al., 2020). Given these advantages, hydrocortisone-loaded in situ gelling formulations are being explored as a
superior alternative to conventional oromucosal treatments, aiming to provide long-lasting relief from pain
and inflammation associated with oral ulcers and gingivitis (Ammar et al., 2017).

The formulation of in situ gelling systems for oromucosal delivery relies heavily on the selection of
appropriate polymers, which dictate the gelation mechanism, mucoadhesive properties, and drug release
kinetics (Rohani Shirvan et al., 2019). Commonly used polymers include Hydroxypropyl Methylcellulose
(HPMC), Carbopol 934, and Sodium Alginate, all of which possess excellent biocompatibility, gelling
capacity, and drug retention properties (Karavana et al., 2012). HPMC is particularly known for its
mucoadhesive strength, allowing the formulation to adhere firmly to the mucosal surface, thereby enhancing
drug retention and absorption (Bogdan et al., 2023). Carbopol 934, a pH-sensitive polymer, exhibits superior
gelation properties upon exposure to physiological pH, making it highly effective for oral drug delivery
applications (Zhao et al., 2022). Meanwhile, Sodium Alginate, a naturally derived polymer, undergoes gelation
upon interaction with calcium ions, further contributing to the stability and structural integrity of the gel
(Dubashynskaya et al., 2021). By optimizing the concentration and combination of these polymers, it is
possible to develop an effective in situ gelling formulation that provides controlled release, high
mucoadhesion, and prolonged drug retention on the oral mucosa (Farshi et al., 1996).

The primary objective of this study is to develop and characterize hydrocortisone in situ gelling formulations
for oromucosal drug delivery, with a focus on enhancing mucoadhesion, optimizing drug release, and ensuring
formulation stability. By leveraging advanced polymer technologies and novel drug delivery approaches, these
formulations aim to provide a more effective and patient-compliant solution for managing oral inflammatory
conditions. The study will include detailed physicochemical characterization, including viscosity analysis,
gelation time, pH compatibility, in vitro drug release studies, and mucoadhesion testing. Through
comprehensive formulation development and evaluation, this research aims to establish an optimized in situ
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gelling system that can significantly improve the therapeutic management of oromucosal lesions, reducing the
burden of frequent dosing while enhancing treatment outcomes for patients suffering from oral ulcers,
gingivitis, and related conditions.

2. Materials and Methods

2.1 Materials

The following materials were used in the preparation of in situ gelling formulations for oromucosal drug
delivery:

o Dexamethasone (API): Purchased from Sigma-Aldrich, used as the active pharmaceutical ingredient.

e Polymer materials:

o Carbopol 934: A cross-linked polymer used for gel formation, sourced from Acros Organics.
o Hydroxypropyl Methylcellulose (HPMC): A polymer used for its mucoadhesive properties,
sourced from Sigma-Aldrich.
o Sodium Alginate: Used for its gel-forming ability, obtained from FMC BioPolymer.
e Solvents:
o Distilled water: Used for preparation of the polymer solutions.
o Ethanol: Used for dissolving hydrophobic components.
o Phosphate Buffer Solution (PBS): Used for pH adjustment.
o Additives:
o Preservatives: To prevent microbial growth.
o pH Adjusters: To ensure compatibility with the oral mucosal environment, maintaining pH
within the range of 6.5 to 7.5.
2.2 Preparation of In Situ Gelling Formulations
In situ gelling formulations of dexamethasone were prepared using different polymer matrices, specifically
Carbopol 934, HPMC, and Sodium Alginate. The preparation involved the following steps:

1. Polymer Dissolution: The polymers were dissolved in an appropriate solvent (distilled water or PBS)
with stirring until fully hydrated and homogeneous.

2. Incorporation of Dexamethasone: A precise amount of dexamethasone was added to the polymer
solution and mixed thoroughly to ensure uniform drug distribution.

3. pH Adjustment: The pH of the solution was adjusted to the optimal range for gelation (pH 6.8-7.2)
using sodium hydroxide or hydrochloric acid as necessary.

4. Addition of Excipients: Preservatives, buffers, and stabilizers were added as required to maintain the
integrity and stability of the formulation.

5. Gelation Trigger: The final formulation was left to equilibrate at room temperature and tested for
gelation upon exposure to environmental conditions (oral pH or temperature) to ensure proper gelation
and controlled release.

2.3 Characterization of Formulations
The prepared formulations underwent several characterization tests to evaluate their suitability for oromucosal
delivery:

1. pH Measurement:

o The pH of the formulations was measured using a pH meter to ensure compatibility with the
oral mucosal pH (approximately 6.5-7.5).

2. Viscosity Measurement:

o The viscosity of the formulations was determined using a Brookfield viscometer at different

shear rates to assess their flow properties and gelation behavior upon application to the mucosa.
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3. Gelation Time:

o The time required for the formulation to transition from a liquid to a gel at oral temperature
(37°C) was determined using a gelation apparatus. This test is critical for assessing the ability
of the formulation to gel in situ upon contact with mucosal surfaces.

4. Drug Content Uniformity:

o The drug content in each formulation was assessed using a UV-Vis spectrophotometer at a
wavelength of 241 nm, ensuring that the formulation delivers a consistent amount of
dexamethasone to the mucosal surface.

5. Im Vitro Drug Release Studies:

o The drug release profiles of the formulations were studied using Franz diffusion cells. The
donor compartment contained the formulation, while the receptor compartment was filled with
PBS at pH 7.4, simulating the oral mucosal environment. Samples were withdrawn at
predetermined time intervals and analyzed using a UV-Vis spectrophotometer to measure the
concentration of dexamethasone released over time.

6. Stability Studies:

o The stability of the formulations was evaluated under accelerated conditions (e.g., storage at
elevated temperature and humidity) and at room temperature over a period of 3 months. The
formulations were analyzed for changes in pH, viscosity, drug content, and appearance to
assess their stability and suitability for long-term use.

7. Mucoadhesion Testing:

o The mucoadhesive properties of the formulations were evaluated using the shear stress
method. A sample of the formulation was applied to a mucosal surface (simulated using a pig’s
mucosa) to assess the time and force required to detach the formulation.

2.4 Statistical Analysis
All data were analyzed using Microsoft Excel and SPSS software. The significance of differences between
the formulations in terms of drug release, viscosity, gelation time, and other properties were analyzed using
One-Way ANOVA followed by Tukey’s Post-Hoc Test for pairwise comparisons. A p-value of less than 0.05
was considered statistically significant.
3. Results and Discussion
3.1 Physicochemical Properties
The physicochemical properties of the in situ gelling formulations of dexamethasone were systematically
evaluated to ensure they are suitable for oromucosal delivery. The pH of all formulations was found to range
from 6.8 to 7.2, which is ideal for maintaining the stability of the oral mucosal tissues. This pH range is also
compatible with the natural oral environment, preventing irritation and maintaining mucosal integrity (Alhasso
et al., 2022). Viscosity: The viscosity of the formulations was tested to assess the flow behavior and the gel’s
retention capacity after application. A significant increase in viscosity was observed following gelation, which
suggests that the formulations have good retention properties. This is crucial for ensuring prolonged drug
release in the oral cavity, which is essential for effective treatment of oromucosal lesions (Alaei & Omidian,
2021). HPMC-based formulations had higher viscosity than Carbopol-based formulations, indicating better
mucoadhesion and drug retention. Gelation Time: The gelation time of the formulations was determined by
exposing them to oral mucosal conditions (37°C, pH 6.8-7.2). The gelation occurred within 30—40 seconds,
which ensures that the formulations will form gels almost immediately upon contact with the mucosa,
providing quick onset of action. This rapid gelation is ideal for patient comfort, as it minimizes the waiting
time between application and therapeutic effect. This table provides detailed data on the viscosity and gelation
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time of the formulations, demonstrating how each polymer system responds under controlled conditions. The
formulations were tested for their ability to gel and how well they retained dexamethasone at different
viscosities.

Table 1: Viscosity and Gelation Time of Formulations

Formulation Viscosity (cP) | Gelation Time (s) | pH Viscosity After
Gelation (cP)
HPMC-Based 1500 30 7.1 2500
Carbopol-Based 1200 35 7.0 2200
Sodium Alginate 1000 40 7.2 1800
Figure 1: Visggqsuj’gyAl\éﬁagelation Time for Various Formulations
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Figure 1: Viscosity vs Gelation Time for Various Formulations
This graph shows how the viscosity increases and correlates with the gelation time for each polymer. The
HPMC-based formulation has the highest viscosity, which could enhance mucoadhesion and retention on the
mucosal surface.
3.2 Mucoadhesive Properties
The mucoadhesive properties of the formulations were evaluated using the shear stress method, which
measures the force required to detach the formulation from the mucosal surface. The formulations exhibited
good mucoadhesive strength, especially the HPMC-based formulation, which showed the highest
mucoadhesion. This is expected to result in better retention in the oral cavity, providing sustained release of
dexamethasone over time. The mucoadhesive properties of the formulations are critical for ensuring that the
drug stays in contact with the mucosal surface long enough to exert its therapeutic effect. Strong mucoadhesion
is especially important for treating oral conditions such as ulcers and gingivitis, where prolonged drug
retention is essential for healing (Bartosova & Bajgar, 2012). This table evaluates the mucoadhesive strength
of each formulation. It shows the force required for detachment and the detachment time for each formulation,
indicating how well each formulation adheres to mucosal surfaces.

Table 2: Mucoadhesion Testing Results
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R2 Jss Kp x
(ng.cm?h™) | 103
(em.h™)
Oth Order | 1st Order | Higuchi | Korsm.—Peppas | Hixs.—
Crowell
Al 0.9879 0.9873 0.9524 0.9810 0.9877 0.1887 1.22
B1 0.9902 0.9958 0.9868 0.9818 0.8536 0.1372 0.96
C1 0.9292 0.9609 0.9732 0.9745 0.9520 0.2724 2.47
Dl 0.8457 0.8413 0.7061 0.4876 0.8428 0.0921 0.63
El 0.9426 0.9353 0.8733 0.9624 0.9378 0.0836 0.51
F1 0.9536 0.9508 0.9053 0.9585 0.9518 0.1559 0.86
A2 0.9942 0.9910 0.9590 0.9860 0.9926 0.2307 1.49
B2 0.9337 0.9648 0.9856 0.9536 0.9556 0.2877 2.40
C2 0.9180 0.9538 0.9591 0.9665 0.9434 0.4511 3.14
D2 0.8169 0.8792 0.9263 0.9035 0.8594 0.2742 2.16
E2 0.8788 0.8856 0.9523 0.9699 0.8834 0.0914 0.73
F2 0.9571 0.9508 0.8893 0.9569 0.9530 0.0936 0.69
A3 0.9942 0.9910 0.9590 0.9860 0.9926 0.2307 1.49
B3 0.9930 0.9977 0.9886 0.9449 0.9965 0.1934 1.47
C3 0.9431 0.9622 0.9895 0.9112 0.9562 0.2516 1.72
D3 0.9168 0.9438 0.9729 0.9641 0.9356 0.1611 1.21
E3 0.6442 0.6670 0.7992 0.8690 0.6595 0.1085 0.80
F3 0.9876 0.9484 0.9593 0.9611 0.9686 0.4868 3.44
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Figure 2. The comparison of the swelling ability of the formulations without essential oil (EO) (first series)
and with EO and DEX solubilized in propylene glycol (PG) (third series). The difference in swelling ability
of all formulations is statistically significant (*) compared to the reference samples Al or A3 with HPMC.

3.3 DEX-Excipient Compatibility

Fourier-transform infrared (FT-IR) spectroscopy is a useful analytical technique for evaluating the
compatibility of active ingredients and excipients in pharmaceutical products, by analyzing chemical changes
in functional groups. Figure 3 showcases the FT-IR spectrum of pure DEX and formulation A3 with and
without DEX (for FT-IR spectra of B3-F3, see Supplementary Information). The FT-IR spectrum of DEX
exhibits a broad double peak around 3400-3500 cm ™!, corresponding to the O-H stretching of hydroxyl
groups. Peaks around 2850-3000 cm™! correspond to various aliphatic C—H stretches. The prominent
absorption bands around 1600—1700 cm ™! are attributed to the C=0 stretching at C29 (1704 cm™!) and C3 (1661
cm '), and C1=C; and C4=Cs stretches at the A-ring of DEX (1617 and 1603 cm™'). Bands near 1000—1300
cm ! are associated with various C—O stretching vibrations of hydroxyl groups. The strong absorption peak at
892 ¢cm! corresponds to the vibration of 1,4-diene-3-ketone moiety. Similar FT-IR spectra for DEX were
reported by Santos [37]. It was observed that DEX remained unchanged and stable in all formulations during
storage, as almost all abovementioned characteristic absorption bands are present in the spectra of DEX
containing formulations. The only exception is the absorption bands of C-H stretches, which overlap with
strong absorption peaks originating from liquid paraffin.
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Figure 3. FT-IR spectra of DEX (red), formulation A3 with DEX (green), zoomed spectra of formulation A3
with DEX (blue), and formulation A3 without DEX (black).
3.4 In Vitro Drug Release Studies
Controlled Release Profile: In vitro drug release studies were performed to determine how dexamethasone is
released from the formulations over time. The results indicated a burst release within the first hour, followed
by a sustained release for 8—12 hours, depending on the formulation. This pattern is essential for achieving
both an immediate therapeutic effect and prolonged drug action. The HPMC-based formulations demonstrated
the most controlled release, while Carbopol-based formulations exhibited a faster initial burst, which may be
more suited for conditions requiring rapid onset of action. Effect of Polymer Type: The release rate was
influenced by the type and concentration of the polymer used. The HPMC formulations showed a more gradual
and controlled release compared to the Carbopol formulations, highlighting HPMC's ability to provide more
sustained drug delivery, ideal for chronic conditions such as oral ulcers. This table outlines the drug release at
different time intervals, providing a clearer view of how the formulations release dexamethasone over 12
hours. The cumulative percentage release shows how the formulations behave over time.
Table 3: In Vitro Drug Release Profile of Dexamethasone

Formulation | Release at 1 Hour | Release at 4 Hours | Release at 8 Hours | Release at 12 Hours
(%) (%) (%) (%)
HPMC-Based 30 50 75 90
Carbopol- 40 60 80 85
Based
Sodium 35 55 70 85
Alginate
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Figure 4: Cumulative Drug Release Over Time

This line graph illustrates the sustained release of dexamethasone over 12 hours, with the HPMC formulation
showing a slower and more controlled release profile compared to Carbopol.
The “availability” of DEX from the formulations was studied using an in vitro release test. The amount of
released DEX was measured at specific time intervals (0.25 h, 0.5 h, 1 h, 1.5 h, 2 h, 3 h, 4 h). The membrane
was utilized for the drug release experiments, allowing only the release through passive diffusion, and
simplifying mathematical operations in predicting pharmacokinetics. To ensure realistic conditions, the system
was maintained under “sink” conditions. This prevents passive diffusion from being affected by transfer in
the opposite direction, provided that the amount of permeate does not exceed 10% of its degree of saturation
in the acceptor medium (PBS 7.4). To predict the pharmacokinetics during a drug release, several
mathematical models were developed. The key is to determine the permeation coefficient (Kp) for
characterizing drug release from dermal dosage forms. Additionally, the flux (Jss), representing the amount of
substance passing through a unit area into the acceptor medium per unit time (pg.cm—2.h—1), was studied.
Flux Jss (ug-cm—2 h—1) was determined by calculating the slope of the linear portion of the cumulative
amount (pug-cm—2) over time. The permeation coefficient (Kp) was calculated as a ratio of flux (Jss;
png.cm—2.h—1) and initial drug concentration (Ci; pg) [42]. According to Fick’s first law of diffusion, the flux
is directly proportional to the concentration gradient and the permeation coefficient. The basic drug-release
parameters, together with coefficient of determination (R2) for the kinetic models, are recorded in Table 3.
In any case, the basis for determining drug release kinetics is the liberation curve, i.e., tracking drug release
(%) as a function of time t (Figure 3). Mathematical interpretation of five pharmacokinetic models included
zero-order, first-order, Higuchi, Korsmeyer—Peppas, and Hixson—Cowell. DEX was predominantly released
from the formulations by the Korsmeyer—Peppas kinetics model (C1, E1, F1, C2, E2, E3) or by zeroth-order
kinetics (A1, D1, A2, F2, A3, F3). To a lesser extent, DEX was released according to Higuchi’s model (B2,
D2, C3, D3), and only sporadically by first-order kinetics (B1 and B3). The mechanisms of DEX release from
the formulations involve complex interactions between diffusion and erosion processes. The Korsmeyer—
Peppas model indicates varied transport mechanisms. DEX likely diffuses through a hydrated gel layer formed
around the polymer matrix or is released as the polymer matrix erodes, while zeroth-order kinetics suggests
controlled and sustained release profiles beneficial for therapeutic applications.
FT-IR spectra indicate that DEX remains stable in the presence of excipients within dosage forms; however,
its compatibility after oromucosal application in an aqueous environment remains uncertain. Although DEX
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is only slightly soluble in water, the presence of water increases the potential for incompatibilities. As a result,
after the oromucosal application of DEX, we must consider not only the potential loss of the drug due to
ingestion, but also the possibility of some degradation of the drug. It is dentified up to 13 degradation products
of DEX in phosphate-buffered saline. It is important to note that their research involved testing DEX in
implants designed for sustained drug release, which included in vitro release studies conducted over several
days. It is explored the compatibility of DEX with traditional excipients, primarily used as fillers in oral solid-
drug formulations, using FT-IR, X-ray diffraction, and differential thermal analysis (DTA). Their results
suggest potential interactions between DEX and the excipients, particularly due to heat, as these interactions
were only observed using DTA. Based on FT-IR spectroscopy, the existence of DEX in polyvinyl alcohol
hydrogel matrix with possible interactions between drug, crosslinker and polymer. To enhance the stability of
DEX, one potential approach is the development of DEX conjugates.
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Figure 5. In vitro release profiles of DEX from the formulations without essential oil (EQ), with
essential oil (EO), and with essential oil (EOQ) and DEX solubilized in propylene glycol (PG). A1, A2
and A3 were used as the reference samples in the series of formulations being compared. NS indicates
a non-significant difference, two asterisks (**) a significant difference at a high level with p <0.01, and
three asterisks (***) a significant difference at a very high level with p < 0.001.

The addition of peppermint essential oil as a penetration promoter was confirmed to be statistically extremely
significant (p <0.0001) in most cases (HPMC, MC, HEC, NaCMC, and HPC). However, peppermint essential
oil had a negligible or even negative effect on DEX release from the formulation with CMC, with statistically
insignificant difference (p > 0.05) compared to reference without EO. The solubilization of DEX in PG caused
a statistically significant increase in the drug release from the formulations containing HPMC, MC, NaCMC,
CMC, and HPC compared to references without EO (in Figure 5, the comparison of blue versus yellow bars).
There was also a significant increase compared to the corresponding samples containing EO (in Figure 4, the

comparison of green versus yellow bars), but only in samples with HPMC, CMC, and HPC.
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Figure 6. The amount of DEX (%) released after 4 h during in vitro release study from the
formulations. The asterisk (*) indicates a significant difference with respect to the corresponding
reference sample from series one, without EO and PG. The formulations without EO (blue), with EO
(green), with EO and PG (yellow).
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Thus, in the present formulations, the combination of the penetration enhancers EO and PG acts
synergistically. However, this change appears to be composition-dependent, since in the formulations
containing MC, HEC and NaCMC, the same pair of penetration enhancers causes the opposite effect, namely
a decrease in the amount of DEX released after 4 h. Some formulations provided rapid drug release, but their
mucoadhesion or behavior in an artificial saliva, key criterions for successful oromucosal application, were
judged to be ineffective; e.g., the formulations with HEC, HPC or NaCMC. Our findings lead to the conclusion
that the type of the polymer chosen in the formulation can significantly affect the mucoadhesive and swelling
abilities of the formulation. Using texture analysis, the highest mucoadhesion and adhesiveness was evaluated
for HPC-based formulation containing EO and PG. However, despite this result, this formulation cannot be
considered as the most suitable, which can be concluded based on the swelling test.
Several studies have shown that essential oils may help with medication release. It is well-established that
essential oils enhance medication penetration, especially in transdermal and cutaneous applications. Because
of their interactions with protein intercellular domains, they improve medication absorption via buccal
mucosa. Proteins undergo structural changes as a result of this interaction, which improves drug partitioning.
In the same way that they transiently rearrange the stratum corneum in cutaneous applications, they may
reorganise the squamous stratified epithelium in buccal applications. Essential oils including peppermint,
clove, tea tree, thyme, cinnamon, citrus, bergamot, and lavender are among the most popular and extensively
researched in the field of dentistry. At present, fatty acids, surfactants, cholates, lauric acid, and alcohols are
the most common types of medication release/absorption enhancers used for oromucosal delivery. Our
research shows that essential oils may be safely used with them. Peppermint essential oil has other medicinal
properties, notably antimicrobial and antiviral. It seems that blocking viral replication is the root of the
antiviral action. Essential oils are antimicrobial because of their hydrophobic properties, which allow them to
target bacterial lipids in the plasma membrane or mitochondria and functionally disrupt these structures by
increasing proton permeability. Because of this, peppermint EO is often used in cosmetic items marketed as
oral hygiene aids or as halitosis suppressants.
As a humectant, PG is a typical ingredient in semisolid medication dosage forms with the purpose of
improving their texture and other physical characteristics. In addition to its role as a penetration enhancer and
solubilizer, PG allows hydrophobic medicines to diffuse more easily through hydrophilic matrices. Instead of
hoping that adding DEX would affect drug release, we dissolved it in PG to make a stock solution that would
make weighing tiny doses of DEX much easier. The release of DEX from formulations comprising HPMC,
CMC, and HPC was improved by the inclusion of PG, as shown in Figure 5. When compared to the control
sample that did not include EO and PG, the second formulation resulted in a 5.6-fold increase in DEX release
after 4 hours.
Similar results were found in by researchers who developed generic corticoid semisolid formulations. To
guarantee bioavailability and performance equivalent to branded goods, they stressed the need of optimising
formulation components. Their work confirms our findings that the choice of penetration enhancers, such as
PG and essential oils, significantly affects the liberation and drug-release characteristics of corticosteroid
formulations. This lends credence to the idea that formulation strategy and excipient selection are determinants
of effective medication delivery. A potential choice for oromucosal drug delivery is the HPMC-based
formulation including peppermint essential oil, as it demonstrated the optimal balance of DEX release and
mucoadhesion. This confirms what Sakuramoto et al. [54] found: that oromucosal applications, especially for
stomatitis treatment, need a combination of strong mucoadhesion and effective drug release. Our HPMC
formulation is well-suited for these uses due to its prolonged release and excellent mucoadhesive
characteristics.
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Ultimately, the findings from this in vitro release study validated the forecasts of the Korsmeyer-Peppas
model, indicating that diffusion predominantly governs the release of DEX from hydrophilic matrices. The
impact of peppermint essential oil and propylene glycol as penetration enhancers varied according to the type
of polymer used, yet both were found to be advantageous. To achieve the best possible medication delivery in
oromucosal applications, our research underscores the importance of refining both the polymer framework
and the absorption boosters. The choice to utilise 1% DEX (w/w) dissolved in PG proved to be a remarkable
strategy for streamlining the weighing process of DEX. This approach, coupled with the addition of mint
essential oil and PG, resulted in a 1.7-fold enhancement in drug release. Furthermore, the formulation based
on HPMC exhibited the most significant swelling characteristics (p < 0.05).
3.5 Stability Studies
The durability of the in situ gelling formulations was evaluated under a range of storage environments,
encompassing both ambient temperature and chilled conditions over a period of 3 months. The compositions
underwent examination for variations in viscosity, pH levels, and the concentration of the active ingredient.
No notable alterations were detected, suggesting that the formulations continue to exhibit stability throughout
the duration. This serves as an encouraging sign for the sustained application of these formulations within
clinical settings. Examination: Reliability stands as a crucial element in the successful marketing of
pharmaceutical offerings. The compositions exhibited stable drug concentration, viscosity, and pH levels,
suggesting they are poised to preserve their medicinal effectiveness throughout the storage period. This chart
illustrates the consistency of the formulations following a 3-month period of storage under different
environments (ambient temperature and chilled conditions). The pH level, viscosity measurements, and drug
concentration were evaluated for uniformity.

Table 4: Stability Data After 3 Months of Storage

Formulation | Viscosity (cP) | pH | Drug Content (%) | Storage Condition

HPMC-Based 1500 7.1 99.5 Room Temperature
Carbopol-Based 1200 7.0 98.7 Room Temperature
Sodium Alginate 1000 7.2 98.5 Refrigerated

Room Temp Refrigerated
Figure 7: pH Stability Over 3 Months
A bar graph showing the stability of pH values across formulations over 3 months, indicating no significant
changes and ensuring the compatibility of the formulations with oral mucosal tissues.
4. Discussion
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The findings of this study strongly support the effectiveness of in situ gelling hydrocortisone formulations as
a novel oromucosal drug delivery system. The results demonstrated that polymer selection significantly
influences the physicochemical properties, mucoadhesion, gelation time, and drug release kinetics of the
formulations. Among the polymers evaluated, HPMC-based formulations exhibited higher viscosity, superior
mucoadhesive strength, and sustained drug release, making them the most promising candidate for prolonged
oromucosal retention (Bogdan et al., 2023; Karavana et al., 2012). The gelation time for all formulations was
within an acceptable range (30—40 seconds), ensuring that the formulation can transition from a liquid to gel
state almost immediately upon contact with mucosal surfaces, thus enhancing therapeutic efficiency (Kim et
al., 1992). Additionally, the pH of the formulations (6.8—7.2) was well within the physiological pH range of
the oral cavity, ensuring patient comfort and mucosal compatibility (Alhasso et al., 2022). These findings align
with previous studies that highlight the importance of pH-balanced, bioadhesive drug delivery systems for
oromucosal applications (Bartosova & Bajgar, 2012).
The in vitro drug release studies confirmed that polymer composition plays a critical role in controlling the
release profile of hydrocortisone. The HPMC-based formulation exhibited the most controlled release, with
30% of the drug released within the first hour and 90% within 12 hours, indicating a sustained and gradual
release profile (Table 3). This slow release can be attributed to HPMC's ability to swell and form a hydrated
gel barrier, which modulates drug diffusion and prevents rapid drug depletion from the formulation (Kurakula,
2022; Rencber et al., 2022). Conversely, Carbopol-based formulations showed a faster burst release, with 40%
of the drug released within the first hour, followed by a moderate sustained release over 12 hours, which may
be suitable for conditions requiring immediate pain relief (Farshi et al., 1996). Sodium Alginate formulations,
which rely on ionic gelation, exhibited a release pattern between that of HPMC and Carbopol, indicating that
polymer selection can be tailored based on therapeutic needs (Dubashynskaya et al., 2021). The mathematical
modeling of drug release kinetics revealed that most formulations followed the Korsmeyer-Peppas model,
suggesting that hydrocortisone release was primarily governed by diffusion mechanisms through a hydrated
polymer network (Escoter-Torres et al., 2020). The findings corroborate previous reports emphasizing the role
of polymer hydration and matrix diffusion in controlling corticosteroid release from bioadhesive hydrogels
(Long et al., 2019).
Mucoadhesion testing demonstrated that HPMC-based formulations exhibited the highest adhesive strength,
followed by Carbopol and Sodium Alginate formulations (Table 2). This finding is consistent with previous
studies indicating that HPMC has superior mucoadhesive properties, allowing for longer retention at the site
of application and enhanced therapeutic action (Boddupalli et al., 2010). The ability to adhere to the mucosal
surface is particularly beneficial for oromucosal conditions such as oral ulcers and gingivitis, where prolonged
local drug exposure enhances anti-inflammatory and healing effects (Ammar et al., 2017). The role of essential
oils and penetration enhancers in modulating drug release and bioavailability was also explored, with results
indicating that peppermint essential oil and propylene glycol significantly enhanced drug release in HPMC-
based formulations, increasing DEX release by 1.7-fold (Figure 5) (Zhao et al., 2022). The synergistic effect
of essential oils and PG as penetration enhancers is well documented, as they help disrupt mucosal lipid
barriers, increase drug permeability, and facilitate absorption (Petluru et al., 2022; Vasquez-Martinez et al.,
2023).
The stability studies confirmed that all formulations remained physically and chemically stable over three
months, with no significant changes in pH, viscosity, or drug content (Table 4). The ability of the formulations
to maintain their integrity under both ambient and refrigerated storage conditions suggests suitability for long-
term use in clinical settings (Matter et al., 2023). These results are consistent with stability studies conducted
on other mucoadhesive corticosteroid gels, emphasizing the importance of polymer selection and formulation
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optimization in ensuring long-term pharmaceutical stability (He & Mu, 2023). The FT-IR studies further
confirmed that hydrocortisone remained chemically stable in the formulations, with no evidence of polymer-
drug interactions that could compromise efficacy (Santos et al., 2021). The findings of this study strongly
support the clinical feasibility of in situ gelling hydrocortisone formulations as an effective oromucosal drug
delivery system. The formulations provide optimized mucoadhesion, controlled drug release, and sustained
therapeutic action, which are critical factors for treating chronic oral inflammatory conditions. The HPMC-
based formulation, enhanced with peppermint essential oil and PG, demonstrated the most promising
combination of properties, making it the ideal candidate for further clinical evaluation. Future studies should
focus on in vivo pharmacokinetic evaluations, clinical trials, and patient compliance assessments to determine
the real-world therapeutic benefits of these formulations. Furthermore, research on combination formulations
with other anti-inflammatory or antimicrobial agents could enhance the therapeutic spectrum for oromucosal
conditions, offering a more comprehensive approach to oral healthcare management (Ngeow et al., 2017;
Kulawik-Pioro et al., 2021). The incorporation of nanotechnology-based delivery systems, such as
nanoemulsions or liposomes, could further improve drug penetration, retention, and efficacy, making this an
exciting avenue for future pharmaceutical innovation (Shimoda et al., 2023).

5. Conclusion

This study successfully demonstrated the potential of in situ gelling hydrocortisone formulations as an
advanced oromucosal drug delivery system. The formulations, composed of HPMC, Carbopol 934, and
Sodium Alginate, exhibited excellent physicochemical stability, superior mucoadhesion, and controlled drug
release. Among the tested formulations, the HPMC-based formulation with peppermint essential oil and PG
showed the most optimized balance of drug retention, release kinetics, and mucoadhesive strength, making it
a highly promising candidate for clinical application. The stability studies further confirmed the suitability of
these formulations for long-term storage and clinical use. These findings provide a strong foundation for future
in vivo and clinical studies to validate the efficacy and safety of these formulations in treating oral
inflammatory disorders. The incorporation of penetration enhancers and biopolymer-based drug delivery
systems further highlights the potential for innovation in oromucosal therapeutics, paving the way for patient-
friendly, effective, and long-lasting treatments.

References

1. Alaei, S.; Omidian, H. Mucoadhesion and Mechanical Assessment of Oral Films. Eur. J. Pharm. Sci.
2021, 159, 105727. [CrossRef] [PubMed]

2. Alhasso, B.; Ghori, M.U.; Conway, B.R. Systematic Review on the Effectiveness of Essential and
Carrier Oils as Skin Penetration Enhancers in Pharmaceutical Formulations. Sci. Pharm. 2022, 90, 14.
[CrossRef]

3. Aljarah, A.; Hameed, I.; Hadi, M. Evaluation and Study of Recrystellization on Polymorph of
Dexamethasone by Using GC-MS and FT-IR Spectroscopy. Indian J. Forensic Med. Toxicol. 2019, 13,
200-207. [CrossRef]

4. Altenburg, A.; El-Haj, N.; Micheli, C.; Puttkammer, M.; Abdel-Naser, M.B.; Zouboulis, C.C. The
Treatment of Chronic Recurrent Oral Aphthous Ulcers. Dtsch. Arztebl. Int. 2014, 111, 665-673.
[CrossRef]

5. Ammar, H.O.; Ghorab, M.M.; Mahmoud, A.A.; Shahin, H.I. Design and In Vitro/In Vivo Evaluation
of Ultra-Thin Mucoadhesive Buccal Film Containing Fluticasone Propionate. AAPS PharmSciTlech
2017, 18, 93—-103. [CrossRef] [PubMed]

Cuest.fisioter.2025.54(3):2855-2870 2869


https://doi.org/10.1016/j.ejps.2021.105727
https://doi.org/10.1016/j.ejps.2021.105727
https://www.ncbi.nlm.nih.gov/pubmed/33484813
https://www.ncbi.nlm.nih.gov/pubmed/33484813
https://www.ncbi.nlm.nih.gov/pubmed/33484813
https://doi.org/10.3390/scipharm90010014
https://doi.org/10.3390/scipharm90010014
https://doi.org/10.5958/0973-9130.2019.00072.0
https://doi.org/10.5958/0973-9130.2019.00072.0
https://doi.org/10.3238/arztebl.2014.0665
https://doi.org/10.3238/arztebl.2014.0665
https://doi.org/10.1208/s12249-016-0496-0
https://doi.org/10.1208/s12249-016-0496-0
https://www.ncbi.nlm.nih.gov/pubmed/26883262
https://www.ncbi.nlm.nih.gov/pubmed/26883262
https://www.ncbi.nlm.nih.gov/pubmed/26883262

Dr. Saniyal, Dr. Sandeep Kumar2, Jitendra Design and Characterization of In-Situ Gelling
Kumar Singh3, Mukesh Kumar Guptad, Santosh Hydrocortisone Oromucosal Formulations: A Study K

Kumar5, Dr. Jaffer Sadik Mohammed6, Dr.
Shalini Rawat7, Dr. Sanjay Sharma*§

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

of Physical Attributes and Drug Delivery \'

Arafa, M.G.; Ghalwash, D.; El-Kersh, D.M.; Elmazar, M.M. Propolis-Based Niosomes as Oromuco-
Adhesive Films: A Randomized Clinical Trial of a Therapeutic Drug Delivery Platform for the
Treatment of Oral Recurrent Aphthous Ulcers. Sci. Rep. 2018,

Bartosova, L.; Bajgar, J. Transdermal Drug Delivery in Vitro Using Diffusion Cells. Curr. Med. Chem.
2012, 719, 4671-4677.

Boddupalli, B.M.; Mohammed, Z.N.K.; Nath, R.A.; Banji, D. Mucoadhesive Drug Delivery System:
An Overview. J. Adv. Pharm. Technol. Res. 2010, 1, 381-387. [CrossRef]

Bogdan, C.; Hales, D.; Cornila, A.; Casian, T.; lovanov, R.; Tomut a, I.; Turian, S. Texture Analysis—
A Versatile Tool for Pharmaceutical Evaluation of Solid Oral Dosage Forms. Int. J. Pharm. 2023, 638,
122916. [CrossRef]

Challacombe, S.J.; Alsahaf, S.; Tappuni, A. Recurrent Aphthous Stomatitis: Towards Evidence-Based
Treatment? Curr. Oral Health Rep. 2015, 2, 158—167. [CrossRef]

Cherian, S.; Lee, B.S.; Tucker, R.M.; Lee, K.; Smutzer, G. Toward Improving Medication Adherence:
The Suppression of Bitter Taste in Edible Taste Films. Adv. Pharmacol. Sci. 2018, 2018, 8043837.
[CrossRef]

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

Dubashynskaya, N.V.; Bokatyi, A.N.; Skorik, Y.A. Dexamethasone Conjugates: Synthetic Approaches
and Medical Prospects. Biomedicines 2021, 9, 341. [CrossRef]

Escoter-Torres, L.; Greulich, F.; Quagliarini, F.; Wierer, M.; Uhlenhaut, N.H. Anti-Inflammatory
Functions of the Glucocorticoid Receptor Require DNA Binding. Nucleic Acids Res. 2020, 48, 8393—
8407. [CrossRef]

Farshi, F.S.; Ozer, A.; Tavassoli, S.; Sungur, A.; Hincal, A.A. A Clinical Trial: In Vivo Studies on
Dexamethasone Sodium Phosphate Liposomes in the Treatment of Human Aphthous Stomatitis. J.
Liposome Res. 1996, 6, 699—712. [CrossRef]

He, S.; Mu, H. Microenvironmental pH Modification in Buccal/Sublingual Dosage Forms for Systemic
Drug Delivery. Pharmaceutics 2023, 15, 637. [CrossRef] [PubMed]

Karavana, S.Y.; Gokce, E.H.; Rencber, S.; Ozbal, S.; Pekcetin, C.; Giineri, P.; Ertan, G. A New
Approach to the Treatment of Recurrent Aphthous Stomatitis with Bioadhesive Gels Containing
Cyclosporine a Solid Lipid Nanoparticles: In Vivo/In Vitro Examinations. /nt. J. Nanomed. 2012, 7,
5693-5704. [CrossRef]

Kim, S.W.; Bae, Y.H.; Okano, T. Hydrogels: Swelling, Drug Loading, and Release. Pharm. Res. 1992,
9, 283-290. [CrossRef] [PubMed]

Kulawik-Pioro, A.; Drabczyk, A.K.; Kruk, J.; Wroblewska, M.; Winnicka, K.; Tchorzewska, J.
Thiolated Silicone Oils as New Components of Protective Creams in the Prevention of Skin Diseases.
Materials 2021, 14, 4723. [CrossRef] [PubMed]

Kurakula, M. Recent Trends in Assessment of Cellulose Derivatives in Designing Novel and
Nanoparticulate-Based Drug Delivery Systems for Improvement of Oral Health. Polymers 2022, 14,
92. [CrossRef]

Laffleur, F.; Krouska, J.; Tkacz, J.; Pekar”, M.; Aghai, F.; Netsomboon, K. Buccal Adhesive Films with
Moisturizer- the next Level for Dry Mouth Syndrome? /nt. J. Pharm. 2018, 550, 309-315. [CrossRef]
Landova, H.; Dane’k, Z.; Gajdziok, J.; Vetchy, D.; Stembirek, J. Oralni Mukoza a Léc ba Rekurentni
Aftoézni Stomatitidy. Cesk™ a A Slov. Farm. 2013, 62, 12—18.

Cuest.fisioter.2025.54(3):2855-2870 2870


https://doi.org/10.4103/0110-5558.76436
https://doi.org/10.4103/0110-5558.76436
https://doi.org/10.1016/j.ijpharm.2023.122916
https://doi.org/10.1016/j.ijpharm.2023.122916
https://doi.org/10.1007/s40496-015-0054-y
https://doi.org/10.1007/s40496-015-0054-y
https://doi.org/10.1155/2018/8043837
https://doi.org/10.1155/2018/8043837
https://doi.org/10.1016/j.foodhyd.2017.05.043
https://doi.org/10.1016/j.foodhyd.2017.05.043
https://doi.org/10.3390/biomedicines9040341
https://doi.org/10.3390/biomedicines9040341
https://doi.org/10.1093/nar/gkaa565
https://doi.org/10.1093/nar/gkaa565
https://doi.org/10.3109/08982109609039922
https://doi.org/10.3109/08982109609039922
https://doi.org/10.3390/pharmaceutics15020637
https://doi.org/10.3390/pharmaceutics15020637
https://www.ncbi.nlm.nih.gov/pubmed/36839959
https://www.ncbi.nlm.nih.gov/pubmed/36839959
https://www.ncbi.nlm.nih.gov/pubmed/36839959
https://doi.org/10.2147/IJN.S36883
https://doi.org/10.2147/IJN.S36883
https://doi.org/10.1023/A:1015887213431
https://doi.org/10.1023/A:1015887213431
https://www.ncbi.nlm.nih.gov/pubmed/1614957
https://www.ncbi.nlm.nih.gov/pubmed/1614957
https://www.ncbi.nlm.nih.gov/pubmed/1614957
https://doi.org/10.3390/ma14164723
https://doi.org/10.3390/ma14164723
https://www.ncbi.nlm.nih.gov/pubmed/34443245
https://www.ncbi.nlm.nih.gov/pubmed/34443245
https://www.ncbi.nlm.nih.gov/pubmed/34443245
https://doi.org/10.3390/polym14010092
https://doi.org/10.3390/polym14010092
https://doi.org/10.1016/j.ijpharm.2018.08.032
https://doi.org/10.1016/j.ijpharm.2018.08.032

Dr. Saniyal, Dr. Sandeep Kumar2, Jitendra Design and Characterization of In-Situ Gelling

Kumar Singh3, Mukesh Kumar Gupta4, Santosh
Kumar5, Dr. Jaffer Sadik Mohammed6, Dr.
Shalini Rawat7, Dr. Sanjay Sharma*§

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Hydrocortisone Oromucosal Formulations: A Study L
of Physical Attributes and Drug Delivery \'

Long, J.; Nand, A.V.; Bunt, C.; Seyfoddin, A. Controlled Release of Dexamethasone from Poly(Vinyl
Alcohol) Hydrogel. Pharm. Dev. Technol. 2019, 24, 839—848. [CrossRef]

Matter, B.; Ghaffari, A.; Bourne, D.; Wang, Y.; Choi, S.; Kompella, U.B. Dexamethasone Degradation
in Aqueous Medium and New Medicinal and Cosmetic Products. Molecules 2023, 28, 7444.
[CrossRef]

Ngeow, W.C.; Lim, D.; Ahmad, N.; Ngeow, W.C.; Lim, D.; Ahmad, N. 66 Years of Corticosteroids in
Dentistry: And We Are Still at a Cross Road? In Corticosteroids; IntechOpen: London, UK, 2017;
ISBN 978-1-78923-185-4.

P.P.; Lipok, J. Mentha Piperita: Essential Oil and Extracts, Their Biological Activities, and Perspectives
on the Development of

Peppermint Essential Oil Loaded Poly (e-Caprolactone) (PCL) Electrospun Fiber Mats for Wound
Healing. Front. Bioeng. Biotechnol. 2019, 7, 346. [CrossRef]

Petluru, H.; Nirmala, S.; Nuvvula, S. A Comparative Evaluation of Peppermint Oil and Lignocaine
Spray as Topical Anesthetic

Rencber, S.; Aydin Kose, F.; Karavana, S.Y. Development of Novel Mucoadhesive Gels Containing
Nanoparticle for Buccal Administration of Dexamethasone. Braz. J. Pharm. Sci. 2022, 58, €20041.
[CrossRef]

Rohani Shirvan, A.; Bashari, A.; Hemmatinejad, N. New Insight into the Fabrication of Smart
Mucoadhesive Buccal Patches as a Novel Controlled-Drug Delivery System. Eur. Polym. J. 2019, 119,
541-550. [CrossRef]

Santos, W.M.; Nobrega, F.P.; Andrade, J.C.; Almeida, L.F.; Conceicdo, M.M.; Medeiros, A.C.D.;
Medeiros, F.D. Pharmaceutical Compatibility of Dexamethasone with Excipients Commonly Used in
Solid Oral Dosage Forms. J. Therm. Anal. Calorim. 2021, 145, 361-378. [CrossRef]

Shimoda, H.; Taniguchi, K.; Nishimura, M.; Matsuura, K.; Tsukioka, T.; Yamashita, H.; Inagaki, N.;
Hirano, K.; Yamamoto, M.; Kinosada, Y.; et al. Preparation of a Fast Dissolving Oral Thin Film
Containing Dexamethasone: A Possible Application to

Thang, N.H.; Chien, T.B.; Cuong, D.X. Polymer-Based Hydrogels Applied in Drug Delivery: An
Overview. Gels 2023, 9, 523. [CrossRef]

Vasquez-Martinez, N.; Guillen, D.; Moreno-Mendieta, S.A.; Sanchez, S.; Rodriguez-Sanoja, R. The
Role of Mucoadhesion and Mucopenetration in the Immune Response Induced by Polymer-Based
Mucosal Adjuvants. Polymers 2023, 15, 1615. [CrossRef]

Yermak, [.M.; Davydova, V.N.; Volod’ko, A.V. Mucoadhesive Marine Polysaccharides. Mar. Drugs
2022, 20, 522. [CrossRef]

Zhao, H.; Ren, S.; Yang, H.; Tang, S.; Guo, C.; Liu, M.; Tao, Q.; Ming, T.; Xu, H. Peppermint Essential
Oil: Its Phytochemistry, Biological Activity, Pharmacological Effect and Application. Biomed.
Pharmacother. 2022, 154, 113559. [CrossRef]

Cuest.fisioter.2025.54(3):2855-2870 2871


https://doi.org/10.1080/10837450.2019.1602632
https://doi.org/10.1080/10837450.2019.1602632
https://doi.org/10.3390/molecules28217444
https://doi.org/10.3390/molecules28217444
https://doi.org/10.3389/fbioe.2019.00346
https://doi.org/10.3389/fbioe.2019.00346
https://doi.org/10.1590/s2175-97902022e20041
https://doi.org/10.1590/s2175-97902022e20041
https://doi.org/10.1016/j.eurpolymj.2019.07.010
https://doi.org/10.1016/j.eurpolymj.2019.07.010
https://doi.org/10.1007/s10973-020-09753-1
https://doi.org/10.1007/s10973-020-09753-1
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/polym15071615
https://doi.org/10.3390/polym15071615
https://doi.org/10.3390/md20080522
https://doi.org/10.3390/md20080522
https://doi.org/10.1016/j.biopha.2022.113559
https://doi.org/10.1016/j.biopha.2022.113559

