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1. Introduction

Biopolymeric films based on chitosan and copaiba
oleoresin: preliminary insights for oral applications
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Polymeric films for oral applications remain underexplored, despite their potential as multifunctional
therapeutic systems. Effective oral dressings must adhere to mucosal surfaces, promote tissue repair,
reduce microbial proliferation, and protect injured areas. This study focused on the formulation and
characterization of bioactive films composed of chitosan (CH) and copaiba oleoresin (COR) at varying
concentrations (0.5%, 1%, and 3.5%), selected based on prior research. The films were obtained by solvent
evaporation and evaluated for their physicochemical, morphological, and biological properties.
Spectroscopic analyses (Raman and FT-IR) revealed molecular interactions between CH, COR, and excipi-
ents, with significant spectral shifts in functional groups, particularly from malic acid and glycerin, indicat-
ing successful incorporation.The films exhibited a moisture content ranging from 15.24% to 20.23%,
which decreased with higher COR concentrations due to their hydrophobic nature. While all formulations
demonstrated high swelling capacity and solubility, increased COR content reduced water absorption,
suggesting a concentration-dependent modulation of film hydrophobicity. Given these findings, no single
formulation emerged as universally optimal; instead, the selection of COR concentration should align
with specific therapeutic goals, such as rapid bioactive release or prolonged mucosal adhesion. These
results highlight the potential of CH-COR films as promising candidates for the topical treatment of oral
mucosal lesions. Future research should focus on optimizing film composition to enhance antimicrobial
efficacy while maintaining mechanical stability, paving the way for clinical applications.

infections, and increased healthcare costs, ultimately compro-
mising patient adherence to treatment and quality of life."

Oral ulcerative conditions, particularly oral mucositis (OM),
represent a significant clinical challenge, especially among
patients undergoing chemoradiotherapy. OM is characterized
by painful ulcerations, impaired oral function, secondary

“Postgraduate Program in Dentistry, Federal University of Juiz de Fora, Juiz de Fora,
MG, Brazil. E-mail: carolina.apolonio@ufjf.br

bpostgraduate Program in Pharmaceutical Sciences, Federal University of Juiz de
Fora, Juiz de Fora, MG, Brazil

“Institute of Pharmacology, Federal University of Juiz de Fora, Juiz de Fora, MG,
Brazil

School of Pharmacy, Federal University of Juiz de Fora, Juiz de Fora, MG, Brazil
‘Postgraduate Program in Chemistry, Federal University of Juiz de Fora, Juiz de Fora,
MG, Brazil

IDepartment of Chemistry, ICEx, Federal University of Minas Gerais, Belo Horizonte,
MG, Brazil

SInstitute of Biological Sciences, Federal University of Juiz de Fora, Juiz de Fora, MG,
Brazil

1500 | RSC Pharm., 2025, 2,1500-1513

Despite its clinical impact, current therapeutic options for
OM remain limited. The majority of available strategies focus
either on prophylaxis or symptomatic relief, such as pain
control.? However, there is a lack of effective bioactive treat-
ments capable of simultaneously promoting mucosal repair,
mitigating microbial proliferation, and modulating inflam-
mation, underscoring the need for innovative, multifunctional
therapeutic platforms.

Recent advances in biomaterials science have accelerated
the development of bioactive polymeric films as platforms for
site-specific drug delivery. Such systems offer significant
advantages, including bioadhesion, biocompatibility, con-
trolled release, and mechanical flexibility, which are particu-
larly relevant for intraoral applications.®* These features may
also contribute to improved functionality, safety, and patient
compliance, since mucoadhesive films can adhere to the
lesion sites, avoid displacement by saliva or food, and reduce
the need for frequent application. By acting as protective
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dressings that also deliver active compounds, these systems
hold the potential to enhance therapeutic outcomes in a com-
fortable, localized, and non-invasive manner.

Among available biopolymers, chitosan (CH)—a cationic
polysaccharide derived from chitin deacetylation—has gar-
nered attention due to its intrinsic antimicrobial activity,
mucoadhesiveness, and film-forming capability.>"® These fea-
tures make CH highly suitable for the design of mucoadhesive
delivery systems targeting dynamic and moist environments
such as the oral cavity.

Copaiba oleoresin (COR), a natural secretion obtained from
Copaifera species, has been widely recognized for its pharma-
cological potential, particularly in anti-inflammatory, anti-
microbial, antioxidant, and wound-healing applications.”™°
Chemically, COR is mainly composed of terpenes and sesqui-
terpenes, with f-caryophyllene being its major bioactive com-
ponent.® Studies have shown that f-caryophyllene exerts anti-
inflammatory effects via cannabinoid receptor activation
(CB2), modulating immune responses and reducing inflamma-
tory mediators.® Additionally, the antimicrobial activity of COR
has been reported against pathogenic microorganisms com-
monly associated with oral infections.’® Its hydrophobic
nature also suggests potential benefits in film formulations,
improving moisture resistance and controlled release of bio-
active compounds.” '® However, the incorporation of COR into
CH-based films has not yet been explored for oral therapeutic
purposes, representing a critical knowledge gap.

In this context, the present study proposes an exploratory
formulation and preliminary physicochemical characterization
of CH-based polymeric films containing COR. To our knowl-
edge, this is the first study to investigate the feasibility of inte-
grating these two biocompatible agents into a single matrix
intended for oral biomedical applications. The use of biopoly-
mers and natural compounds in an integrated system offers a
promising and sustainable alternative for the development of
new pharmaceutical treatments, which can be applied in
various health care areas, from infection treatment to wound
healing.***?

This pilot study evaluates the morphological, structural,
and antimicrobial characteristics of the resulting films, provid-
ing foundational data for future optimization and biological
validation. By aligning with the current trend of developing
multifunctional, plant-based polymeric systems, this work con-
tributes to the expanding body of literature focused on eco-
friendly, bioactive therapeutic platforms. The findings pre-
sented here aim to support future translational research and
guide the rational design of advanced oral delivery systems for
the management of ulcerative lesions and mucosal healing.

2. Materials and methods
2.1 Copaifera officinalis oleoresin chemical composition

The COR (Copaifera officinalis oleoresin) used in the analyses
was acquired from Terra Flor® (Vila Velha, ES, Brazil) and is
registered with the National System for the Management of

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Genetic Heritage and Associated Traditional Knowledge
(SisGen) under no. A2B7469. For the analysis of COR, 10 pL ali-
quots were diluted in ethyl acetate and subjected to gas chrom-
atography-mass spectrometry (GC-MS) (GC-2010, Shimadzu
Corporation, Kyoto, Japan) coupled to a mass spectrometer
(QP2010 Plus, Shimadzu Corporation, Kyoto, Japan). The ana-
lysis was performed on a non-polar capillary column (Equity-5,
Supelco®, 5% diphenyl/95% dimethylsiloxane). The oven’s
initial temperature was set at 50 °C for 3 minutes and then
increased at 7 °C min™' to 250 °C, where it was held for
10 minutes. The injector and interface temperatures were
maintained at 250 °C, and the ion source temperature at
200 °C. Mass spectra were interpreted using standard data
libraries from the NIST Mass Spectrometry Data Center,
Adams®® and Flavors and Fragrances of Natural and Synthetic
Compounds, with retention indices calculated by the Van den
Dool and Kratz method using a standard solution of n-alkanes
for reference values.”*

2.2 Development of CH-based films with COR incorporation

The chitosan used in this study had a low molecular weight
and a degree of deacetylation between 75% and 85% (Sigma-
Aldrich, St Louis, MO, USA). The mucoadhesive film formu-
lation based on CH and incorporated with COR was developed
using the solvent evaporation technique, following modified
methodologies from Aksungur et al.'® and Cazén et al.*>* The
precursor solution was prepared by dissolving 2% (w/v) CH in
a 2% (v/v) malic acid solution (Synth, Diadema, SP, Brazil).
This mixture was stirred mechanically at 1200 rpm (Fisatom®
711DS, Sdo Paulo, Brazil) for 1 hour at room temperature
(~25 °C). Then, 10% (v/v) bidistilled glycerin (Vetec, Rio de
Janeiro, R], Brazil) was added as a plasticizer, and the solution
was stirred for an additional 30 minutes. During this stage, 2%
(v/v) Tween 80 (Sigma-Aldrich, St Louis, MO, USA) was incor-
porated to improve the dispersion of the hydrophobic COR
within the aqueous polymer matrix.

After 1 hour and 30 minutes of stirring, the resulting 78 mL
of film-forming solution was divided equally into four beakers.
Different concentrations of COR (0.5%, 1%, and 3.5%) were
manually added to three of them, and one served as a control
without COR. Each formulation (18.6 mL) was poured into
glass Petri dishes (90 x 15 mm) and subjected to an ultrasonic
bath (Ultronic - Unique, USC - 2800, Indaiatuba, SP, Brazil)
for 1 hour to remove air bubbles. The films were dried in an
oven (Nova Instruments — NI 1512, Piracicaba, SP, Brazil) at
50 °C for 24 hours.

2.3 Determination of zeta potential (PZ) and hydrodynamic
diameter (DHm) of precursor solutions for CH-COR films

The Zeta Potential (PZ) and Hydrodynamic Diameter (DHm)
were assessed using dynamic light scattering (DLS) at a laser
incidence angle of 173° relative to the sample. PZ was deter-
mined via electrophoretic mobility analysis. Each precursor
solution was diluted 40-fold wusing purified water.
Measurements were performed at room temperature (25 =
1 °C) using a Zetasizer Nanoseries (Malvern Instruments,
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Worcestershire, UK), with the results presented as the average
of three independent measurements.

2.4 Physicochemical characterization of CH-COR films

2.4.1 Determination of average weight. The average weight
of the films was determined by weighing four 1.0 cm x 1.0 cm
samples from films (n = 3) prepared at different times for each
concentration using an analytical balance. Results were
recorded as mean + standard deviation.>?

2.4.2 Determination of thickness. The thickness of films
was measured with a digital caliper on samples (n = 3) from
three films, each prepared at different times, for each concen-
tration. Values were recorded and expressed as the mean *
standard deviation.>*

2.4.3 Determination of moisture content. Moisture content
was determined using four 1.0 cm x 1.0 cm samples from
films (n = 3) that were weighed (W) and dried in an oven at
60 °C + 2 °C for 24 hours. The films were weighed (Wq,y) again,
and moisture content was calculated using eqn (1), where Wi,
is the mass of the film and Wy, is the mass of the dried
film.>* Results were expressed as mean + standard deviation.

Moisture (%) = (Wwet — Wary) X 100/ Wi (1)

2.4.4 Determination of swelling degree. The swelling
degree was determined by immersing three 1.0 cm x 1.0 cm
samples of films (n = 3) from each formulation in artificial
saliva®® (pH 6) at 37 °C for 24 hours. The samples were
weighed at 1 h, 4 h, 6 h, 8 h, 10 h, and 24 h after excess water
removal with filter paper. The swelling degree was calculated
using formula (2), where PO is the initial weight and PI is the
swollen weight.>® Results were expressed as mean + standard
deviation.

Swelling (%) = (PI — P0) x 100/P0 (2)

2.4.5 Determination of solubility. Solubility was assessed
using three samples from each film (z = 3), and the concen-
tration was tested for swelling. After the swelling test, the films
were dried in an oven at 60 °C for 24 hours and weighed. The
solubility percentage was calculated using formula (3), where
PO is the initial weight and PD is the post-drying weight.>*
Results were expressed as mean + standard deviation.

Solubility (%) = (PO — PD) x 100/P0 (3)

2.5 Vibrational electronic Raman spectroscopy and Fourier
transform infrared spectroscopy (FT-IR)

To analyze the molecular interactions present in the formu-
lated films relative to their pure constituents, Raman spec-
troscopy was utilized. Samples of the films and their isolated
constituents (chitosan, malic acid, glycerin, and Tween 80)
were analyzed using an FT-Raman Bruker-RFS-100 spectro-
meter equipped with a liquid nitrogen-cooled germanium
detector, coupled to an Olympus microscope with a 40x long-
range magnification lens. The laser excitation line was Nd-YAG
with a wavelength of 1064 nm and a power of 400 mW, with

1502 | RSC Pharm., 2025, 2,1500-1513

View Article Online

RSC Pharmaceutics

512 scans. The films were also analyzed by FT-IR to comp-
lement the Raman spectroscopy results using a Bruker Vertex
70 spectrophotometer with an Attenuated Total Reflectance
(ATR) mode and a diamond crystal. Spectra were obtained as
an average of 512 consecutive scans with a resolution of
4 cm™'. Data from the spectra generated by both method-
ologies were exported and analyzed using OriginPro 2018
software.

2.6 Scanning electron microscopy (SEM)

The evaluation of the surface morphology was performed
using scanning electron microscopy (SEM) under low vacuum
conditions. Images were obtained using a FEI QUANTA 250
scanning electron microscope at the microscopy laboratory of
the Federal University of Juiz de Fora. Magnifications of 200x
and 500x were applied.

2.7 Biological evaluation of CH-COR films

2.7.1 Cell viability assay. The cytotoxicity assay was con-
ducted following Genesi et al. (2023),'® with modifications,
using the MTT reduction assay (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide). J774A.1 cells (a commonly
used murine macrophage cell line derived from reticulum cell
sarcoma) were cultured in RPMI 1640 medium supplemented
with fetal bovine serum and an antibacterial solution contain-
ing ampicillin and streptomycin. For each well, 2 x 10° cells
were added and incubated for 20 hours at 37 °C. The assay was
performed in 96-well plates, with triplicate for each condition.
The tested samples included films with a diameter of 5 mm at
concentrations of 0.5%, 1%, and 3.5%, as well as a control
(without COR). Additionally, concentrations of COR (75 to
4.69 pg ml™"), CH (1.2 to 0.15 mg ml™"), and the combination
of COR + CH at the same concentrations were tested. These
concentrations were defined based on previous minimum
inhibitory concentration (MIC) assays'' and include the con-
centration range of the active ingredients present in each film
disc. All film discs were previously sterilized by UV light
exposure for 15 minutes on each side. The plates were then
incubated for 48 hours at 37 °C, followed by the addition of
MTT at a concentration of 5 mg mL™". After further incu-
bation, absorbance was measured using a spectrophotometer
at 570 nm.

2.7.2 Antimicrobial activity. The assay was performed to
measure the sensitivity of oral microorganisms to CH-COR
films using Petri dishes containing Mueller-Hinton agar, with
a standardized height of 5 mm, to evaluate the activity against
the following microbial strains: Streptococcus sobrinus (ATCC
27351); Streptococcus sanguinis (ATCC 10556); Enterococcus fae-
calis (ATCC 19433, ATCC 51299); Enterococcus faecium (ATCC
6569); Aggregatibacter actinomycetemcomitans (ATCC 29522);
Streptococcus mutans (ATCC 25175); Streptococcus oralis (ATCC
10557); C. albicans (clinical isolate); Candida tropicalis (ATCC
750); Staphylococcus aureus (ATCC 33591, ATCC 25904, ATCC
BAA977); Streptococcus pyogenes (ATCC 19615); Acinetobacter
baumannii (ATCC 19606); and Klebsiella pneumoniae (ATCC
BAA2814). Microbial inocula were prepared using a McFarland

© 2025 The Author(s). Published by the Royal Society of Chemistry
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turbidity scale of 0.5, equivalent to a concentration of 10® CFU
per mL for bacterial inocula and 10° CFU per mL for fungal
inocula. Films at concentrations of 0.5%, 1%, 3.5%, and the
control (without COR), with diameters of 5 mm, were pre-
viously sterilized under UV light for 15 minutes on each side
and placed on the inoculated plates. In addition to the films,
COR at the respective concentrations as those incorporated
into the films, 2% of CH solution, and 2% of malic acid solu-
tion were tested. For the positive control, 2% of chlorhexidine
was used. For all these active ingredients, 10 pL of aliquots
were used on absorbent paper discs with the same diameter as
the films. All tested actives/films were positioned on the plates
according to a predefined map. The test was performed in
triplicate. The plates were incubated for 24 hours at 37 °C
under microaerophilic or aerobic atmospheres, depending on
the requirements of each microorganism. After this period, the
inhibition halos formed around each sample were measured
using a ruler specifically used for the Kirby-Bauer test.>”

2.7.3 Statistical analysis. Statistical analysis was performed
using Jamovi software (version 2.2, The Jamovi Project, Sydney,
Australia). Non-parametric tests were employed to evaluate
differences between experimental groups and repeated
measures across time points. For the swelling analysis, inter-
group comparisons were performed using the Kruskal-Wallis
test to assess whether the concentration of copaiba oleoresin
influenced swelling behavior. Intragroup comparisons across
different time points (1 h to 24 h) were conducted using the
Friedman test to determine whether swelling varied signifi-
cantly over time. Results were expressed as means and stan-
dard deviations, and statistical significance was considered at
p <0.05.

3. Results and discussion
3.1 Determination of terpenic compounds

The GC-MS analysis’ results revealed the presence of various
sesquiterpenes in the sample, as shown in Table 1, highlight-
ing trans-caryophyllene, which accounted for 35.5% of the
total composition. This compound was identified as the main
component of the analyzed COR, aligning with the literature
where trans-caryophyllene is often recognized as a chemical
marker in Copaifera species across the collected 40 COR
samples.”® The high concentration of trans-caryophyllene is
particularly noteworthy due to its known anti-inflammatory,
antioxidant, and analgesic properties,***° which could posi-
tively influence the therapeutic properties of the film, such as
its ability to modulate inflammatory responses and to protect
against oxidative stress. The precise identification of these
compounds is essential to ensure that the final formulation
delivers the desired therapeutic effects, as variations in chemi-
cal composition can directly impact the performance of the
developed products. Findings like those of Gelmini et al
(2013)*! suggest that the chemical composition of COR can sig-
nificantly vary depending on the species and environmental
conditions, as seen in Copaifera langsdorffii Desf, in which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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B-bergamotene was the main constituent. Differences between
species may explain the significant variation in chemical com-
position, as their chemical constituents can vary according to
the species within the genus, as well as seasonal and climatic
characteristics, soil type and composition, and rainfall index.*°

3.2 Development of CH-based films with COR incorporated

Given COR’s chemical composition, the films’ formulation
and characterization were developed. CH (2%) films formu-
lated with different concentrations of COR exhibited variations
in color, uniformity, and opacity, both before and after the
drying process (Fig. 1). Tween 80 was selected for its surfactant
and emulsifying properties. The addition of Tween 80 was
necessary to facilitate the dispersion of copaiba oleoresin
(COR) within the chitosan matrix due to its hydrophobic
nature. The use of this emulsifier is supported by previous
studies demonstrating its effectiveness in enhancing the hom-
ogeneity, stability, and functionality of bioactive polymeric
films.>>~*

Chu et al. (2019)**> employed Tween 80 to incorporate cinna-
mon essential oil into pullulan films, maintaining their anti-
oxidant and antimicrobial properties. Darbasi et al (2017)*?
reported improved dispersion of antioxidants in chitosan-
based films, while Biliuta et al. (2025)’* demonstrated the
safety and absence of cytotoxicity when using Tween 80 in
polymeric films containing terbinafine. Therefore, the
inclusion of Tween 80 in this formulation is justified by its
technological effectiveness and compatibility with topical oral
applications.

Initially, the films displayed a clear and uniform color with
slight translucency, especially at the 0.5% concentration.
Higher concentrations (1% and 3.5%) maintained a homo-
geneous appearance, with slightly greater opacity. After drying,
the 0.5% films remained translucent and homogeneous, while
the 1% and 3.5% films became opaque and had a more
intense color. These results indicate that the concentration of
COR directly influences the visual properties of CH films, with
higher opacity and color intensity. Transparency is an impor-
tant characteristic, especially for wound dressings, including
mucositis, because it allows continuous visual assessment of
the wound without needing to remove the dressing. This facili-
tates monitoring the progression of healing.>® Paranhos et al.
(2022)*° produced films with CH and copaiba oil, which also
showed an increase in color intensity with higher concen-
trations of copaiba oil, becoming stronger and more yellow.
This is different from the present work, which became opaque
and whiter. The study did not specify the species used but
described the oil as yellow, greenish, and brownish, different
from the oleoresin used in our work, which is light, slightly
yellow, and translucent, which may explain the difference in
hue.

3.3.
films

Characterization of the precursor solutions of CH-COR

3.3.1 Determination of zeta potential (ZP) and hydrodyn-
amic diameter medium (DHm) of precursor solutions. The

RSC Pharm., 2025, 2,1500-1513 | 1503
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Table 1 Identification of compounds and the concentration range of COR constituents by GC/MS
No. Compounds Class % area RI exp. RI lit.
1 a-Cubebene Sesquiterpene 1.2 1461 1461
2 d-Elemene Sesquiterpene 0.7 1475 1472
3 a-Copaene Sesquiterpene 6.9 1497 1497
4 p-Cubebene Sesquiterpene 0.8 1544 1544
5 a-Bergamotene Sesquiterpene 7.3 1591 1592
6 f-Elemene Sesquiterpene 1.7 1597 1596
7 trans-Caryophyllene Sesquiterpene 35.5 1606 1606
8 unk. 1 (105/91/107/93/161) Sesquiterpene 0.5 1652
9 B-trans-Farnesene Sesquiterpene 0.6 1672 1672
10 a-Humulene Sesquiterpene 7.0 1679 1679
11 y-Muurolene Sesquiterpene 0.8 1696 1695
12 Germacrene D Sesquiterpene 2.4 1719 1719
13 y-Muurolene Sesquiterpene 7.7 1724 1725
14 B-Selinene Sesquiterpene 1.1 1729 1729
15 B-Bisabolene Sesquiterpene 5.6 1736 1736
16 Bicyclogermacrene Sesquiterpene 0.6 1744 1744
17 8-Cadinene Sesquiterpene 3.5 1765 1765
18 y-Cadinene Sesquiterpene 0.6 1767 1767
19 B-Sesquiphellandrene Sesquiterpene 0.7 1777 1777
20 (E)-a-Bisabolene Sesquiterpene 0.6 1779 1783
21 Germacrene B Sesquiterpene 2.0 1840 1844
22 Caryophyllene oxide Sesquiterpene 1.0 2001 2001
23 Caryophyllenol Sesquiterpene 0.5 2069 2073
24 unk. 2 (109/81/161/95/204) Sesquiterpene 1.0 2077
25 T-Muurolol Sesquiterpene 0.6 2202 2205
26 §-Cadinol Sesquiterpene 0.7 2214 2219
27 a-Cadinol Sesquiterpene 0.8 2250 2251
28 unk. 3 (95/43/107/121/93) Diterpene 0.5 2594
29 unk. 4 (95/107/189/121/81) Diterpene 1.7 2739

Total 93.9%

unk.: unknown chemical structure.

Fig. 1 Films based on CH (2%) and COR at different concentrations (0.5%, 1%, and 3.5%) and the blank before and after drying. (a) Control pre-
drying; (b) 0.5% pre-drying; (c) 1% pre-drying; (d) 3.5% pre-drying; (e) control post-drying; (f) 0.5% post-drying; (g) 1% post-drying; (h) 3.5% post-

drying; (i) 0.5% film cut; (j) 1% film cut; and (k) 3.5% film cut.

zeta potential (ZP) is a crucial metric for assessing the stability
of suspensions, emulsions, and colloidal solutions, as it

reflects the degree of electrostatic repulsion between particles,

indicating their tendency to aggregate or disperse. Values

1504 | RSC Pharm., 2025, 2,1500-1513

around +30 mV are considered indicative of a stable suspen-
sion, as such charges prevent particle aggregation.

37,38

The analyses performed on the precursor solutions of the

films, presented in Table 2, show significant variation in both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 ZP and DHm of the precursor solutions of the films with different concentrations of COR

0% control film 0.5% film 1% film 3.5% film p-Value
Hydrodynamic diameter (nm) 676.30 + 154.28 153.43 £ 19.13 573.53 £156.30 346.33 +13.08 0.024
Zeta potential (mV) 47.07 + 0.42 11.47 £1.12 12.70 £ 2.40 11.63 £1.15 0.084

ZP and DHm depending on the different concentrations of
COR. The control solution exhibited the highest ZP value;
however, none of the evaluated samples reached values close
to £30 mV, the range associated with optimal colloidal stabi-
lity. Various factors can affect ZP, such as pH and ionic
strength. High concentrations of ions, for example, can reduce
ZP, leading to solution instability.>°

This study had an exploratory nature and aimed to establish
the feasibility of formulating chitosan- and copaiba oleoresin-
based polymeric films. Thus, the analysis focused on the
physicochemical and functional characterization of the films,
without the application of inferential statistical tests.

The analyses presented in Table 2 show that the control
solution (without COR) exhibited the highest values of ZP and
DHm when compared to the formulations containing COR
(0.5%, 1%, and 3.5%). Although the differences in ZP among
groups approached no statistical significance (Kruskal-Wallis,
p = 0.084), only the DHm values showed a statistically signifi-
cant difference between the formulations (p = 0.024). This be-
havior may be attributed to the absence of hydrophobic com-
pounds in the control, which allows greater exposure of proto-
nated amino groups (-NH;") from chitosan, leading to a
higher positive surface charge.® The presence of Tween 80 in
the control formulation does act as a surfactant and contrib-
utes to dispersion; however, without the interference of a lipo-
philic phase such as COR, the polymer-surfactant system
remains more hydrated and electrostatically charged, resulting
in higher ZP.

Furthermore, the higher DHm in the control could be
related to greater hydration and swelling of chitosan chains in
the aqueous medium, favoring the formation of larger poly-
meric aggregates, especially in the absence of hydrophobic
interference. In contrast, when COR is added, it can interact
with the chitosan matrix through hydrophobic and van der
Waals interactions, leading to partial shielding or neutraliz-
ation of surface charges and a more compact and stabilized
colloidal structure, reducing both ZP and DHm.

However, it is crucial to remember that ZP and DHm are
particularly relevant parameters for colloidal systems but may
not directly reflect the stability or final properties of solid
films. In polymeric films, the interactions between formu-
lation components and the polymer matrix’s structure play a
more decisive role in the stability and final performance of the
product. Thus, the apparent destabilization of the precursor
solutions does not necessarily imply a negative impact on the
quality and performance of the solid films formed.

Results from Suzuki et al (2007)* indicate significant
differences in surface charge between water-soluble chitosan
(WSC) films and amylose films containing WSC. WSC films

© 2025 The Author(s). Published by the Royal Society of Chemistry

showed a very small, positive zeta potential, indicating that
while the surface is slightly positively charged, the exposure of
amino groups is limited. In contrast, amylose films incorporat-
ing WSC showed a higher positive zeta potential, suggesting
greater exposure of amino groups on the surface. Thus, com-
bining amylose with CH was able to enhance the surface
charge of the films.

In summary, while the ZP and DHm analyses provide valu-
able insights into the behavior and stability of the precursor
solutions, these parameters may not directly correlate with the
final film properties. The interactions between chitosan, COR,
and other components within the solid film matrix play a
more crucial role in determining the overall stability and
performance.

3.4. Physicochemical characterization of CH-COR films

3.4.1 Determination of polymeric film’s weight and thick-
ness. The average weight and thickness are critical parameters
for the quality of the films, as they can influence the material’s
flexibility, adherence and handling. Consistency in weight and
thickness indicates uniformity in film production, ensuring
predictable behavior and performance during application.*!
This uniformity minimizes variability, allowing the film to
meet the necessary standards for its intended use, making it
suitable for biomedical applications, such as the treatment of
oral ulcers. The results presented in Table 3 show distinct pat-
terns in weight and thickness across the different COR concen-
trations. The film containing 3.5% copaiba oleoresin (COR)
exhibited the highest weight (0.041 g), while the film with
0.5% COR showed the greatest thickness (0.33 mm).
Interestingly, the control film (0%) demonstrated intermediate
values for both parameters, with 0.035 g in weight and
0.30 mm in thickness. Although differences in weight and
thickness were observed among the formulations, the
Kruskal-Wallis test revealed no statistically significant differ-
ences between groups for thickness (p = 0.571) or weight (p =
0.128). These variations reflect the complex interactions
between COR and the chitosan matrix, which influence both

Table 3 Weight and thickness of the CH + COR films with means and
standard deviations (SD)

Weight + SD (g) Thickness + SD (mm)

0% control film 0.035 + 0.00 0.30 £ 0.10
0.5% film 0.025 + 0.01 0.33 £ 0.06
1% film 0.030 + 0.00 0.27 £ 0.06
3.5% film 0.041 + 0.02 0.27 £ 0.06
p-Value 0.128 0.571
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the structural organization and the solid content of the result-
ing films.

At low concentrations of COR (0.5% and 1%), the oleoresin
likely disperses more uniformly within the polymeric network,
potentially filling voids or reorganizing the matrix in a way
that promotes compactness. This could explain the reduced
weight at 0.5% (0.025 g) and 1% (0.030 g), despite the
increased thickness at 0.5%. A similar phenomenon was
described by Sutharsan et al. (2022)** in chitosan films con-
taining epoxy-activated agarose (EAA), where low additive
levels filled interstitial gaps without significantly altering the
mass or creating dense agglomerates. Thus, the swelling of the
matrix observed at 0.5% COR might not correspond to an
actual increase in compact material but rather to network
rearrangement that traps more water during film casting and
drying.

In contrast, the control film (0%) contained no hydro-
phobic phase, relying entirely on chitosan and Tween 80. This
likely led to the formation of a more cohesive and hygroscopic
matrix, as reported by Liu et al (2020)** in pure chitosan
films, where higher solid content and water retention
increased thickness. The intermediate weight of the control
film (0.035 g) is consistent with this denser matrix that retains
moisture but lacks the mass contribution from oleoresin.

At the highest concentration (3.5% COR), the increased
weight (0.041 g) is attributed to the greater incorporation of
oleoresin. However, the unchanged thickness (0.27 mm) com-
pared to the 1% film suggests that the high COR load may
have plasticized the matrix or induced phase separation,
leading to a heterogeneous structure with reduced compact-
ness. This aligns with observations by Liu et al. (2020),** who
noted that excessive essential oil incorporation altered the
microstructure of chitosan-gelatin films, leading to thickness
reduction due to poor film-forming homogeneity.

Zhang et al. (2018)** conducted an in vitro and in vivo study
on mucoadhesive films for oral ulcers, finding thicknesses
similar to ours (0.3 to 0.6 mm) but slightly higher average
weights (44-67 mg for 1 cm® discs). Similarly, Averineni et al.
(2009)** developed mucoadhesive films for oral submucous
fibrosis using CH and hydroxypropyl methylcellulose (HPMC),
where their thickness results denote a thickness higher than
that found in the present work, with values exceeding 0.6 mm.
Excessive film diameters can cause patient discomfort and
interfere with treatment adherence; therefore, thinner films
are preferred.

Altogether, these findings highlight how the concentration
and distribution of COR within the chitosan matrix govern not
only the mechanical but also the dimensional characteristics
of the films. Low-to-intermediate COR concentrations (0.5%-
1%) favor uniform dispersion and light, flexible films, while
the absence of COR (control) or excessive loading (3.5%)
increases weight through distinct mechanisms: matrix density
in the former and mass load in the latter.

3.4.2 Moisture. Wound dressings should protect and main-
tain hydration.*® Moisture determination is crucial, as the film
must retain and transport moisture at appropriate levels to

1506 | RSC Pharm., 2025, 2,1500-1513
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prevent drying, influencing adhesion, cell growth, and
migration mechanisms.*® In this study, the moisture content
of the films ranged from 15.24% to 20.23% (Fig. 2).
Statistically, the differences between the groups were signifi-
cant (p = 0.025), showing a decreasing trend as the concen-
tration of copaiba oleoresin (COR) increased. These values are
consistent with those reported by Paranhos et al. (2022),*® who
observed moisture levels between 9% and 21% in chitosan
membranes containing copaiba oil.

The reduction in moisture content at higher COR concen-
trations aligns with previous reports involving essential oils
incorporated into chitosan-based matrices.***”*® This behav-
ior is attributed to the hydrophobic nature of oleoresins,
which limits hydrogen bonding between water and the polar
groups of chitosan. However, it is worth noting that the
control film—composed exclusively of chitosan—presented
lower moisture content than the films containing 0.5% and
1% COR. This unexpected behavior may be explained by the
partial dispersion of COR droplets at low concentrations,
which, in the presence of Tween 80, could have facilitated the
formation of a more open and flexible polymeric network,
enhancing water retention capacity.” In contrast, the control
film likely formed a denser matrix, with fewer voids and
limited free volume for water accommodation, consistent with
the findings of Sutharsan et al (2022),** who also observed
higher moisture content in pure chitosan films due to its
hygroscopic nature.

Although Tween 80 was included to aid in the dispersion of
hydrophobic compounds, its low concentration was probably
insufficient to counteract the barrier effect imposed by higher
COR levels. These results highlight the dual role of COR in
modulating both moisture retention and water barrier pro-
perties of CH-based films. Thus, COR concentration must be
optimized to maintain proper hydration while preserving the
mechanical and functional performance.

W Humidity (%)

25
20.23
20 1 17.91
15.24
1 16.49
L 154
&
S
E 104
=
54
0 T T ¥ T Y T ¥ 1
Film 0.5% Fim 1 % Fiim 3.5%  Control film

Concentration of films

Fig. 2 Moisture percentage of the films at different concentrations of
copaiba oleoresin (COR): 0.5%, 1%, 3.5%, and 0% (control).
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3.4.3 Swelling degree. The film’s ability to absorb fluids
and increase its volume is essential for mucoadhesiveness, as
it facilitates interaction with the mucosal surface, increasing
the contact area and adhesion.*® However, excessive swelling
can compromise the film’s structural integrity, reduce
adhesion strength, and potentially cause discomfort to the
user.*®*® The swelling results (Fig. 3) revealed a marked water
absorption capacity for all tested films, especially during the
first hours of immersion in artificial saliva. The data were ana-
lyzed considering intra-group comparisons (over time within
each concentration) and inter-group comparisons (between
different concentrations at each time point). The Friedman
test, used for intra-group comparisons, revealed statistically
significant differences over time for the control group (0%) (3>
=14.6, p = 0.012), 1% (y* = 11.5, p = 0.043), and 3.5% (;* =
13.9, p = 0.017). Only the 0.5% group showed no significant
differences between time points (y* = 7.38, p = 0.194), which
may indicate greater swelling stability over the 24-hour period.
In the control group, the swelling degree peaked between 4
and 6 hours, with a significant decrease observed after
8 hours, reaching minimum values at 24 hours. The same
pattern was observed for the 1% and 3.5% groups, though
with distinct magnitudes. This decline suggests a relevant
transition point for dressing replacement, around 8 to
10 hours, especially in clinical scenarios involving oral appli-
cations. Regarding inter-group analysis, the Kruskal-Wallis
test indicated that although no statistically significant differ-
ences were observed between concentrations at most time
points, a significant difference was detected at the 24-hour
mark (* = 8.87, p = 0.031).

According to Khan et al (2012),"° the water retention
capacity of a film is primarily dependent on the composition
of its constituents. The swelling of chitosan-based films is
attributed to the presence of amino groups (-NH), which
promote hydrogen bonding with water molecules.’ In

1400 -
1200 -
1000 -

800 -

600

Swelling (%)

Film 0.5%

Film 1 % Film 3.5%  Control Film

Concentration of films

Fig. 3 Swelling percentage of the CH-COR films at different concen-
trations of copaiba oleoresin (COR): 0.5%, 1%, 3.5%, and 0% (control)
over time (1 h, 4 h, 6 h, 8 h, 10 h, and 24 h).
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addition, the hydrophilic nature of chitosan, combined with
plasticizers like glycerin, likely contributed to the high swell-
ing values observed.

Despite this, excessive water absorption can compromise
retention at the application site, potentially making the film
slippery—particularly at lower concentrations of COR. Notably,
the film containing 3.5% COR exhibited the lowest swelling
percentage, consistent with the findings of Paranhos et al
(2022),?° who reported reduced swelling at higher COR concen-
trations. This behavior may be explained by a reduction in the
availability of amino groups due to interactions with the oleor-
esin and by the hydrophobic nature of COR, which limits
water penetration into the matrix.

In this study, the film with 1% COR presented the highest
swelling degree, while the control film exhibited the lowest.
This trend may be associated with differences in the polymer
network structure: at intermediate COR concentrations, the
presence of oleoresin may have disrupted the chitosan matrix
in a way that created a more porous structure, allowing greater
fluid absorption. In contrast, the control film—composed
exclusively of chitosan—likely formed a denser and more
compact matrix, reducing the availability of free volume for
water uptake. Similar behavior was described by Sutharsan
et al. (2022),** who observed that the incorporation of hydro-
phobic compounds into chitosan films decreased their swell-
ing capacity due to reduced porosity and fewer functional
groups available for interaction with water.

Multiple factors may influence swelling, including the
inherent hydrophilicity of chitosan, as well as environmental
variables such as pH and temperature. More acidic pH levels
and higher temperatures are known to enhance the swelling of
chitosan-based materials, which could help explain the elev-
ated swelling rates observed in this study.*®

3.4.4 Solubility degree. Solubility refers to the film’s ability
to dissolve in the surrounding medium, which is essential for
ensuring controlled and sustained drug release. As with swell-
ing, solubility is also a crucial property that directly influences
the effectiveness of mucoadhesive films. Films with
inadequate solubility may release the drug too quickly or leave
residues after application.’** Therefore, a balance between
swelling and solubility must be carefully achieved. In this
study, the solubility of the films ranged from 94.1% to 96.5%
(Fig. 4), and the differences were not statistically significant (p
= 0.183), indicating high solubility across all formulations.
While this property is generally desirable, excessive solubility
can accelerate the release of bioactive compounds, reducing
their residence time at the site of application and potentially
compromising therapeutic efficacy. Similar trends were
reported by Silva (2024),°° where increased incorporation of
Coffea arabica L. leaf extracts led to higher solubility values.
Likewise, Khoshgozaran-Abras et al. (2012)*"' found that solubi-
lity in chitosan-based films increased proportionally with the
concentration of aloe vera oil.

The greater solubility observed in COR-containing films,
particularly at 0.5% and 1%, compared to the control, can be
attributed to structural differences in the polymeric matrix.
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Fig. 4 Solubility percentage of the films at different concentrations of
copaiba oleoresin (COR): 0.5%, 1%, 3.5%, and 0% (control).

The control film—composed exclusively of chitosan—likely
formed a denser and more compact network, restricting water
ingress and thus limiting solubilization. In contrast, the
addition of copaiba oleoresin may have disrupted this com-
pactness, generating a more porous matrix that facilitated
water diffusion. Additionally, the presence of Tween 80, even
at low concentrations, may have improved COR dispersion and
increased the surface area available for water interaction,
further enhancing solubility.

These findings are in line with those of Peng, Yin, and Li
(2012),*® who reported that essential oils and surfactants can
increase film solubility by weakening polymer-lipid inter-
actions and promoting the migration of oil droplets to the
surface. Similarly, Sutharsan et al. (2022)** demonstrated that
the incorporation of hydrophobic compounds like epoxy-acti-
vated agarose into chitosan films reduced solubility, under-
scoring the influence of matrix compactness and hydrophobi-
city on water accessibility.

In our study, a correlation was also observed between solu-
bility and moisture content: films with higher COR concen-
trations retained more moisture, suggesting increased matrix
permeability to water, which in turn favors solubilization. The
control film, with lower moisture content and a more cohesive
matrix, exhibited the lowest solubility values.

Taken together, the results of solubility, swelling, and
moisture content provide an integrated understanding of the
physicochemical behavior of CH-COR films. These properties
must be carefully modulated to ensure proper hydration,
mechanical stability, and effective drug release in biomedical
applications.

3.5 Vibrational electronic Raman spectroscopy and Fourier
transform infrared (FT-IR) spectroscopy

The spectra of the films and their constituent analysis (Fig. 5A
and B, respectively) revealed a predominance of signals related
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Fig. 5 Raman spectra of CH-COR films and their constituents. (A)
Films prepared with different COR concentrations: (a) 0% (control), (b)
0.5%, (c) 1%, and (d) 3.5%. (B) Individual components: (a) chitosan, (b)
malic acid, (c) Tween 80, (d) copaiba oleoresin, and (e) glycerin.
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Fig. 6 FT-IR spectra of (a) Malic acid and CH-COR films at different
COR concentrations: b) blank film, (c) 0.5% film; d) 1% film; and (e) 3.5%
film.

to glycerin, with fewer elements associated with chitosan and
Tween 80. However, signals in the region between 1750 and
1500 cm ™" can be linked to malic acid. A similar behavior is
observed in the FT-IR spectrum from 1750 to 500 cm ™" (Fig. 6).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The consistency of the bands in this region suggests that malic
acid is present and interacts with other components of the
film matrix. Moreover, the intensity and shape of the spectral
signals may indicate molecular interactions between malic
acid and other film constituents, such as chitosan or copaiba
oleoresin. This suggests that, although the concentration of
malic acid has not varied, its interaction with the polymers or
the way it organizes within the matrix may influence the
detected spectral behavior. These interactions are evident in
the subtle changes observed in the spectral patterns among
the different samples.

The presence of chitosan is indicated by the N-H and O-H
stretching bands, which usually appear between 3400 and
3200 cm™, in addition to the C-O-C and C-N stretching
vibrations around 1150-1020 cm™'.’*** The predominant
signals of glycerin can be observed in the 2900-2800 cm™*
regions, which correspond to C-H stretching vibrations, and
in the 1000-800 cm™ range, associated with CH, twisting
vibrations.>® The bands in the 1750-1500 cm™' region are
associated with C=0°” stretching present in malic acid.

The spectroscopic analysis indicates the presence and inte-
gration of the film components, highlighting the molecular
interactions between malic acid, chitosan, and copaiba oleore-
sin. The identification of characteristic signals from each com-
ponent, such as the N-H and O-H vibrations of chitosan and
the bands associated with malic acid, suggests a homogeneous
distribution of the constituents within the matrix.

3.6 Scanning electron microscopy (SEM)

SEM analysis of the film surfaces revealed few irregularities
across all tested concentrations, including the control (Fig. 7).
Small irregularities were visible at the film edges, particularly
where the samples were cut. In films with added COR,
microscopy highlighted small droplets dispersed in the
matrix, especially in films with higher COR concentrations.
This contrasts with the findings of Debone et al. (2019),> who,
despite not observing macroscopic phase separation, noted
heterogeneous droplet distribution in chitosan film micro-
graphs. Their findings indicated that COR/chitosan films

———— 500 ym ———
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showed a discontinuous pattern associated with a lipid phase
dispersed in the polymer matrix, while oil-free films presented
a more homogeneous microstructure without discontinuities,
and the size of oil droplets increased with higher COR concen-
trations, which was not observed in the present study. Debone
et al. (2019)>° did not describe the use of surfactants in the for-
mulation, which may have influenced COR dispersion in the
polymer matrix, highlighting the importance of Tween 80 in
the formulation. A similar behavior is observed in Paranhos
et al. (2022),>® with noticeable copaiba oil droplets in the chito-
san matrix, where no surfactant use was mentioned. Unlike
previous studies that reported heterogeneous droplet distri-
bution, the use of Tween 80 in the present formulation
appears to have contributed to a more consistent dispersion of
COR, preventing phase separation. These findings emphasize
the importance of surfactants in ensuring homogeneity within
polymeric films.

3.7 Biological evaluation of CH-COR films

3.7.1 Cell viability assay. According to the International
Standard ISO 10993-5,°° a material is considered cytotoxic
when cell viability is less than 70% compared to untreated
control cells. The cytotoxicity of CH-COR films and their com-
ponents was assessed using the MTT assay. However, reliable
cytotoxic activity analysis was not possible due to the difficulty
in removing the films from the cell culture wells. The physical
presence of the films likely created a barrier, preventing direct
contact between cells and assay reagents. This barrier may
have interfered with cell viability by limiting the diffusion of
nutrients and reagents, leading to misleading results.
Therefore, the apparent cytotoxicity observed may not reflect
the true biocompatibility of the films but rather a false positive
effect due to their physical interaction with the cells. Results
for COR and CH are presented in Fig. 8. COR and its isolated
dilutions were not cytotoxic and even promoted the growth of
J774 cells. Our results confirm the safety of chitosan on the
tested cells, reinforcing its recognized biocompatibility.
Chitosan is well-documented in the scientific literature for its
low toxicity.>® The low toxicity observed in the tests further

————— 500 ym —— ————— 500 ym ———

Fig. 7 Scanning electron microscopy of the films at different concentrations, with magnifications of 200x and 500x. A: Control film; B: 0.5% film;

and C: 1% film.
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Fig. 8 Cell viability in relation to the concentrations of COR, CH, and COR + CH present in the films.

supports its potential as a safe and effective component in
therapeutic formulations. According to Genesi et al. (2023),"®
who used Balb/c 3T3 clone A31 cells to test the cytotoxicity of
chitosan films incorporated with aloe vera and copaiba oil,
results indicated that the tested films exceeded the ISO 10993-
5 limit and were considered cytotoxic, except for films with
0.5% aloe vera and 0.5% copaiba oil, which showed increased
cell viability, suggesting a need for further investigation into
the effects of these components on cultured cells. Conversely,
Sun et al. (2012)°” studied chitosan films containing hydroxy-
apatite and assessed the cytotoxicity of the composites in
L-929 fibroblasts. They observed that cells exposed to different
concentrations of the diluted film extracts did not show a sig-
nificant reduction in viability, indicating the biocompatibility
of the composite films. These results suggest that COR and
CH are promising and safe agents. However, further research
and testing are necessary to improve analysis methods and
more accurately evaluate the cytotoxicity of the films.
Considering that the ultimate goal of these films is the treat-
ment of oral mucositis, it is essential to ensure that they are
not only effective but also safe and comfortable for patients.

3.7.2 Antimicrobial activity. The evaluation of anti-
microbial activity often uses the agar diffusion method due to
its simplicity and low cost. This method has two main vari-
ations: disk diffusion and well diffusion. Disk diffusion is the
most commonly used in the literature and was chosen for this
study. However, its sensitivity is not comparable to that of the
Minimum Inhibitory Concentration (MIC) test, as various
factors can influence and hinder compound diffusion in the
agar (Scorzoni, L. et al, 2007),>® thereby affecting the inhi-
bition zone and result interpretation.

In the present study, the results did not establish a clear
relationship between the concentrations and strains tested,
which might be due to the lack of uniform diffusion of the

1510 | RSC Pharm., 2025, 2, 1500-1513

active compounds in the agar and the film absorbing moisture
from the culture medium and swelling, complicating the
interpretation and discussion of the results. In comparison,
the work of Gomes et al. (2024)"* focused on the antimicrobial
potential of C. officinalis oleoresin and chitosan through the
MIC assay, bypassing the challenges posed by agar diffusion.
Their study demonstrated that both copaiba oleoresin and
chitosan exhibit significant antimicrobial properties against
oral pathogens. These findings highlight that, although the
current study encountered challenges with the agar diffusion
method, the antimicrobial potential of the same active ingredi-
ents—copaiba oleoresin and chitosan—has been demon-
strated in other experimental setups. This suggests that the
difficulties observed in this study may be related more to the
limitations of the agar diffusion method than to the inherent
antimicrobial potential of the films. According to Genesi et al.
(2023),"® there seems to be an incompatibility between the
Mueller-Hinton culture medium and the components present
in the film, which further complicates the interpretation of the
antimicrobial activity. Pereda et al. (2011)°* also emphasized
that the physical properties of biofilms can hinder their
diffusion in agar.

4. Conclusion

The CH-COR film developed in this study exhibited promising
chemical, physical, and  biological characteristics.
Spectroscopic and SEM analyses demonstrated relevant mole-
cular interactions between the components. Although the for-
mulation presented high water absorption and solubility, cyto-
toxicity assessment was limited by the methodology employed.

Importantly, none of the tested concentrations exhibited
universally superior performance across all evaluated para-
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meters. While the 1% COR film demonstrated higher swelling
and moisture retention—potentially enhancing flexibility and
hydration—this may compromise mucoadhesion due to over-
hydration. At the 3.5% COR film showed reduced swelling and
moisture content, which may improve mucosal retention, but
its increased weight and potential heterogeneity could affect
patient comfort. The 0.5% COR film exhibited intermediate
characteristics, suggesting a more balanced profile, although
not necessarily optimal.

Therefore, no single formulation can currently be rec-
ommended as the most appropriate based solely on the results
obtained. The choice of concentration should be guided by the
specific therapeutic objectives, such as immediate bioactive
release versus prolonged mucosal residence.

As this is a preliminary study, the release profile of
B-caryophyllene was not assessed. This decision was based on
the primary aim of evaluating the feasibility of incorporating
copaiba oleoresin into chitosan films and conducting initial
physicochemical and antimicrobial characterization studies.
However, further studies are warranted to investigate the
release kinetics of the active compound under simulated oral
conditions, which will be essential to correlate bioactive
diffusion with therapeutic activity.

Additionally, although mucoadhesion is a critical feature
for oral dressings, no specific adhesive strength or mucosal
retention time tests were performed in this study. These ana-
lyses will be essential in future investigations to better assess
the clinical applicability of the films and ensure their effective
residence at the application site.

Future investigations should explore the mucoadhesive per-
formance, long-term stability, thermal behavior, and in vivo
biocompatibility of the films. These developments will support
the rational design of multifunctional delivery systems tailored
for clinical use in oral mucosal repair.
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