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ABSTRACT
Conventional treatments for oral candidiasis often fail due to the complexities of the oral environment and the increasing anti-
fungal drug resistance. Therefore, there is a growing demand for new therapies that optimize drug bioavailability, allowing for 
lower therapeutic doses while enhancing cytocompatibility, maintaining antifungal, anti-inflammatory, and wound healing 
efficacy. This study investigated the antifungal activity, cytocompatibility, wound healing potential, and mucosal adhesion of 
novel mucoadhesive formulations containing nystatin (NYS) or chlorhexidine (CHX) complexed with β-cyclodextrin (βCD), 
compared with the drug-free formulation (GEL) and the standard treatment with 2% miconazole gel (DK—Daktarin). Efficacy 
against Candida albicans was evaluated by measuring the metabolic activity, whereas cytocompatibility with human gingival 
fibroblasts (HGFs) was analyzed for viability, morphology, lactate dehydrogenase (LDH) release, and apoptosis. Additionally, 
wound healing potential was investigated by assessing cell migration efficacy, anti-inflammatory activity, and reactive oxygen 
species (ROS) scavenging activity. Mucoadhesion was evaluated using mucin discs and a texture analyzer. Mucoadhesive gels 
containing βCD-complexed NYS or CHX exhibited significantly higher antifungal activity when compared to the GEL and 
DK groups (p < 0.05). Compared to fibroblast control cultures, those exposed to drug-complexed gels exhibited similar viability 
(p > 0.05) and morphological parameters, lower LDH release (p < 0.05), and similar apoptosis rates (p > 0.05). Additionally, expo-
sure to the βCD-modified gels was associated with complete wound closure (p > 0.05), significant anti-inflammatory effect, with 
downregulation of pro-inflammatory gene expression (p < 0.05), and higher ROS scavenging activity (p < 0.05). The developed 
formulations showed no difference in mucoadhesiveness (p > 0.05), which was superior to that of DK (p < 0.05). Therefore, the 
proposed drug-complexed mucoadhesives are promising therapeutic options for oral candidiasis.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

The management of oral fungal infections, mostly caused by 
Candida species, presents a considerable clinical challenge due 
to the increasing incidence of antifungal resistance and associ-
ated adverse effects [1, 2]. Systemic antifungal therapies require 
high drug concentrations and often have limited efficacy, par-
ticularly at the infection sites, associated with low local bio-
availability. In addition, they carry the risk of potential systemic 
toxicity [3]. As a result, topical management for oral candidiasis 
has been proposed to address some of these limitations, exploit-
ing its direct access to the infection sites, improving the thera-
peutic outcomes, and minimizing the adverse effects [2, 4, 5].

Topical formulations of nystatin (NYS), oral suspensions, and mi-
conazole oral gel are the first therapeutic options for oral candidi-
asis [6, 7]. The mechanism of action of NYS is due to the binding 
to ergosterol—a sterol—present in the membrane of fungal cells, 
while that of miconazole is based on the inhibition of the biosyn-
thesis of this component [8]. Although these drugs are effective for 
mild to moderate infections, clinical studies have reported high 
recurrence rates 2 weeks after the end of the treatment [6, 7, 9]. 
Failure of conventional therapy is probably associated with the dy-
namic environment of the oral cavity and the low mucoadhesivity 
of these formulations, as the continuous self-cleansing action of 
saliva, along with constant tongue movement and the swallowing 
reflex, creates challenges for retaining topical antifungal agents 
[10]. Furthermore, the anatomical complexity of the oral cavity, 
with its irregular surfaces, creates niches where Candida species 
can persist, often leading to recurrent infections [11].

In contemporary pharmaceutical formulations, the addition of 
therapeutic agents into mucoadhesive carriers presents a prom-
ising avenue to enhance drug efficacy and patient adherence 
[5, 12]. Mucoadhesive drug delivery systems present an effec-
tive strategy by extending drug residence time at the infection 
site, enabling sustained drug release and enhancing therapeutic 
efficacy [5, 13]. Moreover, the incorporation of bioactive agents 
into mucoadhesive formulations may also reduce the inflam-
matory responses associated with fungal infections. These pro-
inflammatory scenarios contribute to tissue damage and can 
exacerbate disease severity [5, 13, 14].

Chitosan is a natural, biodegradable, and biocompatible poly-
mer with strong mucoadhesive properties due to its cationic na-
ture, which promotes adhesion to negatively charged mucin in 
the oral mucosa. Despite its benefits, chitosan's low solubility 
at physiological pH may limit its penetration-enhancing effect 
[12]. Hydroxyethyl cellulose (HEC), a water-soluble cellulose 
derivative, complements chitosan, providing rapid swelling and 
additional mucoadhesive potential [15, 16]. Together, chitosan 
and HEC form a hydrogel through hydrogen bonding interac-
tions, creating a biocompatible matrix suitable for drug incor-
poration [15, 16]. The mechanical and mucoadhesive properties 
of this hydrogel, including changes due to drug loading, were 
previously characterized to evaluate its potential as a delivery 
system for the treatment of oral candidiasis [17].

Among drug delivery system strategies, coupling with beta-
cyclodextrin (βCD) has attracted considerable attention due 
to its unique ability to form inclusion complexes with a wide 

range of hydrophobic drugs, thereby improving their solubility, 
stability, and bioavailability [18–20]. Current literature on the 
cytocompatibility of mucoadhesive formulations containing an-
tifungal agents is still limited, with available studies focusing 
on preliminary cytotoxicity assays such as MTT [11–25]. These 
assays, although important as an initial assessment, provide 
only a superficial view of the safety of the formulations, with-
out considering relevant aspects of cytocompatibility, such as cell 
morphology, lactate dehydrogenase (LDH) release, and apopto-
sis. Furthermore, the authors found no information in available 
published reports on the effects of mucoadhesive formulations on 
essential biological processes in tissue repair, such as cell migra-
tion, anti-inflammatory activity, and control of reactive oxygen 
species (ROS). These factors are essential for a better understand-
ing of the therapeutic efficacy and safety of mucoadhesive drug 
delivery systems. This study aims to evaluate the antifungal ac-
tivity, cytocompatibility, anti-inflammatory and wound healing 
potential, as well as the mucoadhesive properties of new muco-
adhesive formulations containing NYS or CHX complexed with 
βCD, comparing them with the standard treatment for oral can-
didiasis with miconazole gel. To the best of the authors' knowl-
edge, this study will be the first to analyze these properties using 
the conjugation of antifungal drugs with βCD before incorporat-
ing the complexes into mucoadhesive formulations. It is expected 
that understanding the cytocompatibility, cellular response, and 
immunomodulatory effects of mucoadhesive formulations will 
contribute to better establish their clinical application.

2   |   Materials and Methods

2.1   |   Materials

CHX (99.9% purity) and βCD (> 97% purity) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA) and NYS (6800.99 IU/
mg, CAS 1400-61-9) from Galena Química e Farmacêutica 
Ltda (Campinas, SP, Brazil). Sabouraud Dextrose Agar (SDA) 
was purchased from Difco (Detroit, Michigan, USA), and 
RPMI-1640 medium from Gibco (Thermo Fisher Scientific, 
Life Technologies Limited, Paisley, UK). MOPS and resazurin 
sodium salt were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Alpha-minimum essential medium (α-MEM) and 
the following reagents and kits were also purchased from 
Sigma-Aldrich: MTT bromide, dimethyl sulfoxide (DMSO), 
paraformaldehyde, Triton-X100, LDH solution (TOX-7), DPPH 
for antioxidant assays, and Porphyromonas gingivalis' lipo-
polysaccharide (LPS). Fluorescence staining was carried out 
using Alexa Fluor-488 (Molecular Probes, Eugene, OR, USA) 
and 4′,6-diamidino-2-phenylindole (DAPI) (BD Biosciences, 
Franklin Lakes, NJ, USA). The Apoptosis Detection Kit 
(Annexin V-FITC) was purchased from BioLegend (San Diego, 
CA, USA). Gene expression analysis was conducted with the 
CFX384 real-time PCR system and specific primers from Bio-
Rad (Hercules, CA, USA). Mucin discs were fabricated using 
Mucin Type III from Sigma-Aldrich.

2.2   |   Mucoadhesive Formulations

Briefly, the mucoadhesive gel formulation was prepared by dis-
persing 2% (w/v) chitosan (Molecular weight: 50,000–190,000; 
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Da: 75%–85% deacetylated; Sigma-Aldrich, St. Louis, MO, USA) 
in 1% (v/v) acetic acid aqueous solution by stirring for 120 min 
at 50°C. Separately, 6% (w/v) hydroxyethyl cellulose (HEC; 
Natrosol, Ashland Inc., Wilmington, DE, USA) was dispersed 
in warm distilled water (70°C), and then methylparaben (0.15% 
w/w), sodium metabisulfite (0.1% w/w), and EDTA (0.1% w/w) 
were added as preservatives. The chitosan dispersion was then 
manually mixed with the HEC dispersion in a weight ratio of 
1:3 at room temperature until homogenization [17].

Inclusion complexes of NYS with βCD at a 1:1 M ratio and CHX 
with βCD at a 1:2 M ratio were prepared by dissolving the compo-
nents in a hydroalcoholic medium (ethanol: water, 1:1 v/v) under 
continuous stirring at 25°C for 24 h. After removal of the solvent 
by rotary evaporation at 60°C, the remaining aqueous phase was 
frozen at −82°C and lyophilized for 72 h [19, 20]. The complexes 
were characterized by Fourier-transform infrared spectroscopy 
(FTIR), thermogravimetric analysis (TGA), and differential scan-
ning calorimetry (DSC), as reported in a previous study [17].

Non-complexed or complexed drug powders were incor-
porated into the mucoadhesive formulations at concentra-
tions determined in previous studies on the characterization 
of  NYS [19] and CHX [20] inclusion complexes with βCD, 
which demonstrated antifungal activity against all Candida 
strains tested [19, 20]. To ensure consistency and evaluate the 
effects of the drugs, the formulated mucoadhesive gel was 
used as a carrier vehicle for NYS or CHX. Additionally, for 
comparison with the gels developed in this study, the com-
mercially available 2% miconazole gel was included (Daktarin 
Janssen, Beerse, Belgium), since this formulation is the most 
widely used as a positive control in clinical trials testing mu-
coadhesives [9, 25, 26]. Thus, the following study groups were 
formed:

A.	 GEL—mucoadhesive without drug (GEL);

B.	 DK—Daktarin- gel containing 20 mg/g miconazole (DK);

C.	 NYS 1.61%—mucoadhesive containing 16.1 mg/g NYS 
(NYS 16.1);

D.	 NYS 3.2%—mucoadhesive containing 32 mg/g NYS (NYS 
32);

E.	 NYS:βCD—mucoadhesive containing 36 mg/g inclu-
sion complex NYS:βCD, equivalent to 16.1 mg/g NYS 
(NYS:βCD);

F.	 CHX 0.48%—mucoadhesive containing 4.8 mg/g CHX 
(CHX 4.8);

G.	 CHX 3.2% - mucoadhesive containing 32 mg/g CHX (CHX 
32);

H.	 CHX:βCD - mucoadhesive containing 26 mg/g inclu-
sion complex CHX:βCD, equivalent to 4.8 mg/g CHX; 
(CHX:βCD).

2.3   |   Preparation of the Formulations' Leachates

Leachates of the aforementioned mucoadhesive formulations 
were evaluated for their antifungal activity, cytocompatibility, 

and wound healing properties. Leachates were prepared in a 
ratio of 1:3 g/mL in medium at 37°C for 4 h [17, 27]. The leachates 
were obtained by the spontaneous release in RPMI-1640 me-
dium with MOPS for the microbiological testing and in α-MEM 
for cell culture assays.

2.4   |   Characterization of the Formulations' 
Leachates

2.4.1   |   Establishment of Cytocompatible Leachate 
Concentrations

To determine the working concentrations of leachates from for-
mulations for cell cultures, a preliminary screening of a wide 
concentration range (100% to 1.56%) was performed using 
L929 mouse fibroblasts (ATCC # CCL-1, Manassas, Virginia, 
USA), following the ISO Guidelines 10993:5 (2018) [28]. L929 
cells were seeded at 104 cell/cm2 and were cultured for 24 h 
in standard medium (α-MEM containing 10% fetal bovine 
serum, 100 IU/mL penicillin, and 100 μg/mL streptomycin, all 
from Sigma-Aldrich), at 37°C and 5% CO2/air. Subsequently, 
the cultures were exposed to the leachates for 24 h, and cell 
response was evaluated for viability by the MTT assay (meth-
odology described below). Cytotoxicity was determined as the 
percentage of cell viability compared to the control group (no 
leachates, 100% cell viability), and leachates were classified as 
non-cytotoxic for viability ≥ 70%, considering the cut-off value 
established by the ISO guidelines [28].

2.4.2   |   Antifungal Activity

The leachates from the formulations were characterized for an-
tifungal activity using the microdilution method, following the 
guidelines established by the Clinical Laboratory Standards 
Institute [29]. A Candida albicans strain (ATCC10231) was 
thawed, plated on a Petri dish with SDA, and incubated at 37°C 
for 24 h. After growth, distinct colonies were suspended in RPMI-
1640, and the cell density was then adjusted to achieve a final 
concentration of 1–5 × 105 CFU/mL using a spectrophotometer 
(Synergy Mx Monochromator-Based, Biotek, Winooski, Vermont, 
USA) set at a wavelength of 530 nm. The assay was performed 
in 96-well plates, and leachates were added to achieve final con-
centrations of 50% to 1.56%. The plates were incubated for 24 h, 
and the antifungal activity was evaluated by measuring the met-
abolic activity of C. albicans by the resazurin assay. Wells with-
out leachates were used as controls. For the assay, 10% v/v of 
resazurin (0.1 mg/mL, Resazurin sodium salt) was added to each 
well. Plates were incubated at 37°C for 45 min, and fluorescence 
was read at 530 nm of excitation and 590 nm of emission using a 
microplate reader. The results were expressed as relative fluores-
cence units (RFUs). Assays were performed in triplicate.

2.4.3   |   Cytocompatibility Assessment in Human 
Gingival Fibroblasts

A comprehensive analysis of the cytocompatibility of the leachates 
was performed using HGFs (AG09429, Coriell Cell Repository, 
Camden, NJ, USA). HGF cultures were exposed to the selected 
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concentrations determined by the assay in Section 2.4.1. The fol-
lowing leachates were tested: (i) GEL, DK, NYS 16.1, NYS 32, and 
NYS:βCD, at 25%, 12.5%, and 6.25%, and (ii) GEL, DK, CHX 4.8, 
CHX 32, and CHX:βCD, at 6.25%, 3.12%, and 1.56%. These con-
centrations represent the ranges that exhibit selective antifungal 
toxicity, i.e., targeting C. albicans while having minimal impact 
on the viability of eukaryotic cells (L929 fibroblasts). HGFs, 7th 
passage, were seeded at a density of 104 cells/cm2 and cultured for 
24–72 h to form a cell layer. Subsequently, cultures were exposed to 
the leachates for 24 h. Cells incubated without leachates were used 
as controls. This experimental setup was used to evaluate cell via-
bility, morphology, apoptosis, LDH release, and migratory activity 
as described below.

2.4.3.1   |   Cell Viability.  Adhered HGFs were exposed to 
leachates from the NYS and CHX formulations, and the cellular 
viability was evaluated by the MTT assay. A 5 mg/mL solution 
of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide (MTT) was added (10% v/v) per well, followed by incubation 
at 37°C for 2 h. Supernatants were then discarded, and formazan 
crystals were dissolved in DMSO. Absorbance was measured at 
a wavelength of 550 nm using a spectrophotometer (Synergy 
HT, Biotek Winooski, VT, USA). The assay was performed in 
quintuplicate.

2.4.3.2   |   Cell Morphology.  After being exposed for 24 h to 
leachates from the NYS and CHX formulations, HGF cultures 
were washed with PBS and incubated with a mitochondrial 
tracking dye (250 nM; MitoSpy Red CMXRos). Subsequently, 
cells were fixed in 4% paraformaldehyde and permeabilized 
with 0.1% Triton-X100. Bovine serum albumin at 1% was added, 
and actin filaments of the cell cytoskeleton (F-actin) were 
stained with Alexa Fluor-488 (1:100), followed by nuclear stain-
ing with DAPI (8 μg/mL). Cells were visualized using the Celena 
S digital imaging system (Molecular Devices, Sunnyvale, CA, 
USA). The assay was performed in triplicate.

2.4.3.3   |   Lactate Dehydrogenase Release.  The LDH assay 
was performed on HGF cultures to evaluate membrane integrity 
following 24 h exposure to NYS and CHX mucoadhesive leach-
ates. Supernatants were collected and added to the LDH solution 
of the toxicological assay (TOX-7) for 30 min. The reaction was 
stopped by the addition of 15 μL/well of HCl (1 M). Absorbance 
values were obtained by measuring the primary wavelength at 
490 nm, with the value at 690 nm subtracted. The assay was per-
formed in triplicate.

2.4.3.4   |   Apoptosis.  HGFs were exposed to the mucoad-
hesive leachates for 24 h, and apoptosis levels were determined 
by the Apoptosis Detection Kit (Annexin V-FITC) following 
the manufacturer's protocol. The fluorescence of stained cells 
was assessed by flow cytometry (FACScalibur cytometer, BD 
Biosciences, Franklin Lakes, NJ, USA), and the data were ana-
lyzed using FlowJo software (FlowJo v10, Ashland, OR, USA). 
The assay was performed in triplicate.

2.4.4   |   Wound Healing Potential

2.4.4.1   |   Scratch Wound Healing Migration.  HGFs 
were cultured until reaching > 70% confluence. Then, 

the cell monolayer was scratched using a 10 μL micropipette 
tip, and images of the cell monolayer were immediately cap-
tured using an inverted microscope (Zeiss Axiolab 5, Carl Zeiss 
AG, Aalen, Germany) equipped with a camera (Axiocam 5 
Color Camera, Carl Zeiss AG). Subsequently, cells were exposed 
to NYS and CHX mucoadhesive leachates for 24 h. Following 
this, images of the cell layer were captured at predetermined 
time points (24 h and 48 h), and cell migration was analyzed 
using ImageJ software (version 1.53v; National Institutes 
of Health, USA). Quantitative assessment was performed in trip-
licate, considering five random distances.

2.4.4.2   |   Anti-Inflammatory Activity.  The expression 
of pro-inflammatory genes (IL1B, IL6, CXCL8, and NFKB) was 
assessed in LPS-stimulated HGF cultures through quantitative 
Polymerase Chain Reaction (qPCR) analysis. Briefly, HGF cul-
tures were incubated with 1 μg/mL of Porphyromonas gingivalis 
LPS (Sigma-Aldrich, St. Louis, MO, USA) for 16 h, followed by 
a 24 h exposure to mucoadhesive leachates containing inclu-
sion complexes. Leachates were assayed at (i) 25% for NYS:βCD, 
GEL, and DK, and (ii) 3.12% for CHX:βCD, GEL, and DK. Total 
RNA was extracted from the cell cultures using TRIzol reagent, 
following the manufacturer's recommendations. RNA con-
centration and purity were verified by measuring absorbance 
ratios (A260/A280) with the Take3 module (Gen5, BioTek, Win-
ooski, VT, USA) on a microplate reader (Synergy HT; BioTek). 
RNA-to-cDNA conversion was performed using a reverse tran-
scription system, and the RNA concentration was set at 250 ng/
μL. Quantitative PCR was conducted on a CFX384 real-time 
PCR system, employing the iTaq Universal SYBR Green Super-
mix PCR Kit and specific primers, following the manufactur-
er's cycling protocol. Quality control was verified using Bio-Rad 
CFX Maestro 1.1 software (v.4.1.24), and only samples with 
amplification efficiency between 90% and 110% and a linear 
standard curve (R2 > 0.98) were included in the analysis. The 
relative quantification of each target gene was normalized to 
GAPDH as the control gene and calculated using the 2−ΔΔCt 
method. The assay was performed in triplicate.

2.4.4.3   |   Antioxidant Activity of the Mucoadhesive 
Gels.  The mucoadhesive gels were tested for ROS scavenging 
activity by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical 
reduction assay. Mucoadhesive gels, 15 mg, were dissolved in 
435 μL of DPPH ethanol solution to produce a 0.1 mM solution at 
room temperature under constant shaking. At determined time 
points (0, 2, and 4 h), the mixture was centrifuged, and aliquots 
were transferred to a 96-well plate for absorbance measurement 
at 517 nm using a spectrophotometer. The assay was performed 
in quintuplicate.

2.4.5   |   Mucoadhesive Properties

Mucoadhesive properties were evaluated on mucin discs (100 mg 
mucin, Mucin Type III, Sigma-Aldrich, Cotia, SP, Brazil) using 
a texture analyzer (Texturometer TX-700, Lamy, France). The 
formulations (200 mg) were preheated to 37°C and placed in a 
Petri dish. Mucin discs (n = 5) were fixed to a 36 mm aluminum 
probe with double-sided tape and moistened with 0.1 mL of arti-
ficial saliva. The probe moved at 1 mm/s with 0.5 N compression 
for 120 s, then retracted until detachment. Force-distance graphs 
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were generated to determine adhesiveness (N), the work of ad-
hesion (N.s), which represents the energy required for detach-
ment, and the debonding distance (mm). Specimens were made 
in duplicate.

2.4.6   |   Statistical Analysis

Data are presented as mean ± standard deviations and were ana-
lyzed using appropriate statistical tests, with normality assessed 
by the Shapiro–Wilk test (p > 0.05). Statistical significance was 
determined using one-way or two-way ANOVA, followed by 
post hoc tests (p < 0.05), specifically Dunnett's multiple compar-
isons tests. Analyses were performed using JAMOVI software 
(version 2.2, R version 4.0, Sydney, Australia) and GraphPad 
Prism (version 9.2.0283, Boston, MA, USA).

3   |   Results and Discussion

This study proposes a novel strategy to address oral fungal infec-
tions through the development of mucoadhesive formulations 
incorporating NYS, a polyene macrolide, and an antimicrobial 
bisbiguanide (CHX) in their non-complexed and complexed 
forms with βCD. These two drugs were selected because, when 
incorporated into a polymeric matrix (soft liners), they demon-
strated effectiveness in inhibiting C. albicans biofilm at lower 
minimum inhibitory concentrations (MICs) that were eight-
fold lower for NYS and fourfold lower for CHX compared with 

miconazole [30]. Furthermore, they result in no detrimental ef-
fects on the fundamental physical and mechanical properties of 
the carrier polymers, which were not observed with miconazole 
under most experimental conditions [31–34].

The mucoadhesive gels offer several advantages for treating oral 
candidiasis, including prolonged retention in the oral cavity, im-
proved drug delivery, and enhanced patient compliance due to 
their ease of application and reduced dosing frequency [5]. The 
incorporation of βCD increases the solubility and stability of 
these antifungal agents, allowing for effective therapeutic con-
centrations at lower doses [17, 19, 20, 25].

Representative macroscopic images of each formulation are 
shown in Figure 1, illustrating the visual appearance of the mu-
coadhesive gels for all study groups. The GEL (A, unloaded for-
mulation) appeared translucent and homogeneous, serving as a 
visual control. The commercial reference formulation, Daktarin 
(B), exhibited a whitish, opaque, and homogeneous appear-
ance. Gels containing non-complexed NYS (C and D) showed 
increased turbidity and yellowish coloration concentration, 
suggesting limited solubility. In contrast, the complexed NYS 
formulation (E) was more uniform and slightly opaque, indi-
cating better dispersion. CHX-loaded gels without βCD (F and 
G) showed heterogeneous appearances with visible undissolved 
particles or agglomerates, especially at higher concentrations, 
evidencing low solubilization. CHX:βCDl (H), however, was 
clearer and more homogeneous, reinforcing the benefit of com-
plexation with cyclodextrin.

FIGURE 1    |    Representative macroscopic images of the mucoadhesive formulations used in this study. Visual appearance of the gels from the fol-
lowing groups: (A) GEL (vehicle control), (B) DK, (C) NYS 16.1, (D) NYS 32, (E) NYS:βCD, (F) CHX 0.48, (G) CHX 32, and (H) CHX:βCD.
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3.1   |   Establishment of Leachate's Cytocompatible 
Concentrations

In a screening assay, leachates from the mucoadhesive formula-
tions were tested for cytotoxicity on L929 mouse fibroblasts over a 
concentration range of 100% to 1.56%. After 24 h of exposure, cel-
lular viability was assessed (Table 1, with additional information 
provided in the Supporting Information). The GEL formulation 
exhibited minimal toxicity, with only the undiluted leachates ex-
hibiting an inhibition of about 50%. DK was lethal at concentra-
tions up to 25% and caused dose-dependent inhibitory effects at 
lower levels (12.5% to 1.56%), which corroborates the findings of 
Lam et  al. [35], who reported that miconazole triggers ROS ac-
cumulation, leading to keratinocyte cytotoxicity and potentially 
impairing wound healing. Non-complexed NYS formulations 
caused dose-dependent inhibition at levels 100% to 25%, but they 
were harmless at lower concentrations. However, it is important 
to highlight that the complexed NYS formulation (NYS:βCD) 
showed no deleterious effects throughout the concentration range 
tested. Even the cultures exposed to the undiluted leachates main-
tained a viability of approximately 75%, exceeding the cytotoxicity 
cut-off value (70%) defined by ISO guidelines 10,993 (2018) [28]. On 
the other hand, CHX formulations exhibited higher toxicity, being 
lethal up to 25% and presenting concentration-dependent inhibi-
tory effects at levels ≤ 12.5%, with cellular viability being around 
70% in the lower concentration range (6.25% to 1.56%). These re-
sults are consistent with the findings of Moraes et al. [36], who 
evaluated the survival rate (%) of Artemia salina after exposure 
to NYS, NYS:βCD, CHX, CHX:βCD, or βCD. Their study demon-
strated that both non-complexed and βCD-complexed NYS exhib-
ited low cytotoxicity. In contrast, CHX exhibited a dose-dependent 
cytotoxic profile, and similarly, complexation with βCD did not 
significantly alter the toxicity of CHX, further supporting the ob-
servations made in the present investigation.

3.2   |   Antifungal Activity of the Mucoadhesive 
Leachates

The leachates were assessed for their antifungal activity against 
C. albicans at different concentrations. Table  2 presents the 

results of metabolic activity (RFUs) for the most representative 
concentrations of the experiment (additional information pro-
vided in the Supporting Information). The GEL and DK leach-
ates did not show antifungal effects or statistical differences 
compared to the control (p > 0.05). The absence of antifun-
gal activity of DK corroborates the low efficacy of miconazole 
against Candida spp. found in previous in vitro [30] and in vivo 
[6] studies. Regardless of the concentration tested, all groups of 
non-complexed or complexed drugs (NYS or CHX) significantly 
decreased the metabolic activity of C. albicans compared to the 
control (p < 0.05). NYS formulations exhibited strong antifungal 
activity, with complete inhibition observed at the tested levels 
(NYS 16.1, NYS 32, and NYS:βCD).

In the CHX groups, CHX 4.8 showed strong antifungal ac-
tivity at concentrations up to 6.25%, while CHX 32 exhibited 
almost complete inhibition at concentrations up to 1.56%. 
Importantly, complexed CHX:βCD showed a significant re-
duction in fungal metabolic activity at lower concentrations 
(3.12% and 1.56%) compared with that observed with the mu-
coadhesive containing the same amount of non-complexed 
drug (CHX 4.8 mg/g).

Notably, formulations containing CHX:βCD showed antifungal 
activity at reduced CHX concentrations (more than threefold) 
compared with those of the free drug carriers. These findings 
agree with a recent in vivo study, which showed that soft relin-
ing materials containing non-complexed or βCD-complexed an-
tifungal agents promoted tissue recovery in Candida-associated 
denture stomatitis, with the complexed formulations proving 
effective at considerably lower concentrations than the non-
complexed drugs [37].

3.3   |   Cytocompatibility of the Mucoadhesive 
Leachates

Based on the previous findings concerning the cytotoxicity 
screening and the antifungal activity of mucoadhesive leachates 
(Sections 3.1 and 3.2), their cytocompatibility was detailed within 
specific concentration ranges, namely 25%–6.25% for the NYS 

TABLE 1    |    Mean values of percentages ±standard deviations (%) of cell viability/proliferation (MTT assay) of L929 murine fibroblasts after 24 h 
of exposure to mucoadhesive leachates of all prepared formulations (n = 3) at concentrations ranging from 100% to 1.56%.

Groups 100% 50% 25% 12.5% 6.25% 3.12% 1.56%

Gel 53 ± 9a 100 ± 12 100 ± 17 85 ± 19 76 ± 18 88 ± 3 84 ± 12

DK N/A N/A N/A 49 ± 14a 60 ± 7a 64 ± 16 90 ± 9

NYS 16.1 43 ± 6a 44 ± 24a 100 ± 5 100 ± 15 100 ± 10 100 ± 18 100 ± 12

NYS 32 32 ± 8a 24 ± 6a 66 ± 16 100 ± 3 100 ± 12 100 ± 20 100 ± 8

NYS:βCD 75 ± 2 94 ± 5 96 ± 9 100 ± 15 100 ± 5 100 ± 13 100 ± 9

CHX 4.8 N/A N/A N/A 25 ± 8a 59 ± 6a 57 ± 7a 72 ± 4

CHX 32 N/A N/A N/A 25 ± 9a 43 ± 23a 63 ± 11 65 ± 12

CHX:βCD N/A N/A N/A 25 ± 3a 21 ± 12a 72 ± 17 70 ± 12

Note: Data were normalized by the control group (no leachate) set as 100% (0.324 ± 0.07 AU). N/A, not assessed due to high toxicity observed at lower concentrations. 
Assays were performed in quintuplicate.
aSignificant differences from control (p < 0.0001; 1-way ANOVA, Dunnett's multiple comparisons test).
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formulations (NYS 16.1, NYS 32, and NYS:βCD) and 6.25%–1.56% 
for the CHX preparations (CHX 4.8, CHX 32, and CHX:βCD).

Cytocompatibility was assessed in HGFs due to their rele-
vance in damaged mucosal surfaces associated with C. albi-
cans overgrowth and tissue invasion. These cells contribute to 
local immune responses, regulate inflammation, and serve as 
critical mediators in host-pathogen interactions, particularly 
regarding the ability of C. albicans to invade connective tis-
sues [38]. Cytocompatibility was evaluated by metabolic activ-
ity, cell morphology, LDH release, and apoptosis rate of HGFs 
after a 24-hour exposure to leachates.

As shown in Figure 2A, HGF cultures incubated with the leach-
ates from the GEL and NYS groups reached metabolic activity 
values close to 100%, with no statistically significant differences 
compared to the control. For the CHX groups, the decrease in 
metabolic activity was observed only with CHX:βCD leachates 
at 6.25%. DK leachates exhibited inhibitory effects at the highest 
concentrations tested (i.e., 25%, 12.5%, and 6.25%) (Figure 2A,B).

Figure  2C,D show fluorescence images of HGFs represent-
ing their morphology, F-actin cytoskeleton organization, and 
mitochondria distribution, after exposure to leachates at con-
centrations of 25% for NYS groups or 3.12% for CHX groups. 
Prominent nuclei, well-organized F-actin fibers, numerous 
cytoplasmic extensions, and intense perinuclear mitochondria 
could be observed in control cells. In addition, HGFs exposed to 
the plain mucoadhesive gel leachate (GEL group) or containing 
NYS at low concentrations (NYS 16.1 and NYS:βCD) exhibited 
an appearance indistinguishable from the control. On the other 
hand, morphological changes were noted in the NYS 32 group, 
with reduced cytoplasmic volume. The DK group demonstrated 
a reduced number of cells throughout the evaluation time with 
decreased cell-to-cell contacts, particularly evident in 25% 
(Figure 2C) and noticeable in 6.25% (Figure 2D). For the CHX 
groups, only HGFs incubated with CHX 32 showed morpho-
logical changes with reduced cytoplasmic volume (Figure 2D). 

Cytoskeleton integrity is crucial to maintain cell homeostasis, 
as it supports intracellular transport and influences protein 
distribution. Therefore, alterations in the cytoskeletal structure 
may reflect disturbed cellular processes, such as impaired mi-
gration or response to stimuli, as observed in the mucoadhesive 
groups containing high concentrations of non-complexed anti-
fungals (NYS 32 and CHX 32) [39]. Moreover, mitochondria (in 
red) were positioned close to the nucleus, an indicator of cellular 
health. Mitochondrial structure and function play an important 
role in cellular biology, contributing to calcium homeostasis, 
ROS generation, and apoptosis regulation [40, 41].

LDH levels released by HGF cells after exposure to mucoadhe-
sive leachates are shown in Figure 3. As expected, cells treated 
with Triton-X (positive control) showed high values of LDH re-
lease, confirming membrane damage. Compared to the negative 
control, exposure to DK at 25% caused a slight increase in LDH 
release, while significantly lower values were observed after 
incubation with leachates from all experimental groups (GEL, 
NYS, and CHX). This low toxicity is consistent with the results 
on cellular metabolic activity.

External perturbations can trigger apoptosis, a tightly regu-
lated energy-dependent process involving caspase activation 
and chromosome fragmentation [40]. To assess this, flow cy-
tometry was conducted to quantify the proportions of live, early 
apoptotic, late apoptotic, and necrotic HGF cells after 24 h of 
exposure to mucoadhesives' leachates (25% in the NYS group 
and 3.12% in the CHX group). Results are presented in Tables 3 
and 4, with additional information provided in the Supporting 
Information. The apoptotic effects of the leachates containing 
NYS (NYS 16.1, NYS 32, and NYS:βCD) or CHX (CHX 4.8, CHX 
32, and CHX:βCD) were insignificant and comparable to those 
observed in the GEL group (p > 0.05).

These findings indicate that the interaction of HGFs with leach-
ates from the mucoadhesive gels proposed in this study did not 
affect the metabolic activity, cell membrane integrity, or apoptotic 

TABLE 2    |    Mean values ±standard deviations (RFUs) of metabolic activity of C. albicans ATCC 10321 after 24 h of exposure to mucoadhesive 
leachates from all prepared formulations (n = 3) at different concentrations.

Groups 12.5% 6.25% 3.12% 1.56%

Gel 23,283.15 ± 1277.03 19,213.15 ± 1814.08 17,608.65 ± 1875.95 15,766.49 ± 2469.34

DK 12,612.49 ± 2290.02 13,383.15 ± 1071.87 14,238.15 ± 1872.42 10,364.15 ± 2097.86

NYS 16.1 145.49 ± 74.14a 218.82 ± 113.01a 257.49 ± 70.06a 245.49 ± 18.5a

NYS 32 129.49 ± 77.78a 113.49 ± 112.86a 195.82 ± 43.73a 181.49 ± 95.7a

NYS:βCD 312.49 ± 112.25a 383.82 ± 45.65a 407.15 ± 54.00a 387.15 ± 42.00a

CHX 4.8 144.82 ± 66.91a 189.49 ± 43.15a 9844.65 ± 2478.41b 10,240.82 ± 2939.8b

CHX 32 88.49 ± 59.60a 143.82 ± 50.05a 139.15 ± 53.00a 158.82 ± 28.68a

CHX:βCD 83.15 ± 37.51a 144.82 ± 8.02a 145.49 ± 3.51a 2819.49 ± 1650.96 a,b

CONTROL 16,283.82 ± 2692.31

Note: Assays were performed in triplicate.
Abbreviation: RFUs, relative fluorescence units.
aSignificant differences from the control.
bSignificant differences across varying concentrations within the same experimental group (p < 0.0001; 1-way ANOVA, Dunnett's multiple comparisons test).

 15524965, 2025, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37990 by U
niversity O

f Sao Paulo - B
razil, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 15 Journal of Biomedical Materials Research Part A, 2025

FIGURE 2    |    Cytocompatibility of leachates from mucoadhesive formulations in HGF cultures (n = 5). (A, NYS and B, CHX) Cellular metabolic 
activity (%) after 24 h exposure. Error bars represent standard deviations. Assays were performed in quintuplicate. Data were normalized by the con-
trol group (no leachates) set as 100% (0.195 ± 0.014 AU). #Significant differences between experimental groups. *Significant differences from control 
(p < 0.0001; 1-way ANOVA, Dunnett's multiple comparisons test). (C, NYS and D, CHX) Representative fluorescence images of cultures stained for 
F-actin (green), mitochondria (red), and nucleus (blue) (n = 3) exposed for 24 h to mucoadhesive leachates at concentrations of 25% (NYS groups) or 
3.12% (CHX groups). Scale bar 100 μm.

FIGURE 3    |    Percentages (%) of lactate dehydrogenase (LDH) released by HGF cells exposed for 24 h to mucoadhesive leachates (n = 3) from (A) 
GEL, DK, NYS 16.1, NYS 32, and NYS:βCD groups at 25%, or (B) GEL, DK, CHX 4.8, CHX 32, and CHX:βCD groups at 3.12%. Error bars represent 
standard deviations. Assays were performed in triplicate. Data were normalized to the control (no leachates) set at 100% (0.176 ± 0.004 AU; mea-
sured at 490–690 nm; dotted line). The positive control (C+) consisted of cells treated with the LDH assay lysis solution (L2152, Triton-X), which 
induces cell membrane lysis. *Significantly different from the control (no leachates) (p < 0.01). #Significantly different from the positive control (C+) 
(p < 0.0001); 1-way ANOVA, Dunnett's multiple comparisons test.
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rate. The high cytocompatibility of NYS-containing mucoadhe-
sives, even at high concentrations, was expected. Being a polyene, 
NYS binds to ergosterol, a key component of the fungal cytoplas-
mic membrane, resulting in alterations in its cellular permeabil-
ity [42]. Ergosterol is a specific component of the cell membrane 
in fungi and some protozoa, playing a role similar to cholesterol 
in humans. In contrast, CHX is a cationic compound that binds 
nonspecifically to negatively charged phospholipids in the cell 
membrane [43]. This lack of specificity may be responsible for the 
cytotoxicity observed with CHX formulations in mammalian cells 
[44–46]. In this study, however, the proposed CHX formulations 
allowed for the identification of a concentration range that demon-
strated both antifungal activity and cytocompatibility with HGFs.

The cytocompatibility results of this study on miconazole gel agree 
with those of Lam et al. [35], who demonstrated that miconazole 
induces ROS accumulation, leading to cytotoxicity in keratino-
cytes and potentially impairing wound healing. Additionally, 
the lower performance of the DK leachates in the cells could be 
attributed to their excipients, which include ethylene glycol de-
rivatives and butylated hydroxyanisole. Although these com-
pounds are considered safe for human use, in vitro experimental 
conditions demonstrated cytotoxic effects due to increased cat-
ionic influx that can lead to ROS generation and glutathione re-
duction [47]. βCD complexation of NYS (NYS:βCD) increased its 
cytocompatibility, as supported by Moraes et al. [36], who found 
that NYS:βCD was less toxic to A. salina than its non-complexed 
form. Although the complexation allowed the use of much lower 
concentrations of CHX, optimizing its antifungal efficacy, its cy-
totoxic effects were not attenuated as initially expected.

The nanostructure of the βCD complexes is known to protect and 
increase the release rate of drugs from their matrix, in addition 
to controlling cellular interactions [48]. In fact, as pointed out by 

Garcia et  al. [17], drug-βCD complexes presented 1.5 to 4 times 
higher release rates when compared to non-complexed drugs, 
increasing their bioavailability. As a result, these formulations 
allow the stability and optimization of the antimicrobial activity of 
drugs within a controlled release system, ultimately contributing 
to better therapeutic outcomes [49–55]. This is especially advan-
tageous to poorly soluble agents, such as NYS and CHX, as it also 
minimizes potential adverse pharmacological effects. The forma-
tion of βCD complexes alters the behavior of the drug, improving 
cytocompatibility with host cells [56] and enhancing antifungal 
activity  [57]. This is consistent with the findings of the present 
study, in which complexation with βCD reduced the cytotoxicity 
of NYS formulations (Table 1) and increased the antifungal activ-
ity of CHX preparations (Table 2). This greater effectiveness can be 
attributed to the chemical affinity of βCD molecules for cell mem-
branes through hydrogen bonds. As demonstrated by Teixeira 
et al. [57], the association of CHX with βCD led to drastic changes 
in the structure of the fungal membrane, such as permeabilization, 
leakage of ergosterol, and intracellular substances.

3.4   |   Healing Properties of the Mucoadhesives

The results described in the previous sections demonstrated that 
the NYS and CHX mucoadhesive formulations exhibited antifun-
gal activity within a concentration range that also maintained clear 
cytocompatibility with mammalian cells. The potential healing 
properties of these formulations were analyzed in HGF cultures by 
the wound closure assay and the expression of pro-inflammatory 
genes. Additionally, the ROS scavenging activity of the mucoadhe-
sive gels was evaluated by the DPPH assay.

The wound scratch assay was performed in HGF cultures exposed 
for 24 h to leachates from the formulations containing NYS (25%) 

TABLE 3    |    Mean values ±standard deviations (%) of the apoptotic effect of mucoadhesive leachates (n = 3) from the GEL, DK, NYS 16.1, NYS 32, 
and NYS:βCD groups at 25% in HGFs after 24 h of exposure.

GEL DK NYS 16.1 NYS 32 NYS:ßCD

Live cells 93.5 ± 3.0 95.7 ± 3.1 94.0 ± 3.42 91.7 ± 5.6 95.9 ± 2.3

Early apoptosis 1.4 ± 0.5 1.0 ± 0.5 1.9 ± 1.1 2.3 ± 1.3 0.3 ± 0.1

Late apoptosis 4.2 ± 2.5 3.1 ± 2.6 3.8 ± 2.2 5.4 ± 3.9 2.5 ± 2.0

Necrosis 0.9 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.7 ± 0.4 1.2 ± 0.2

Note: Results are expressed as percentages of labeled apoptotic cells marked by Annexin V/PI staining. No statistically significant differences were observed between 
groups (p > 0.9999; 1-way ANOVA, Dunnett's multiple comparisons test). Assays were performed in triplicate.

TABLE 4    |    Mean values ±standard deviations (%) of the apoptotic effect of mucoadhesive leachates (n = 3) from the GEL, DK, CHX 4.8, CHX 32, 
and CHX:βCD groups at 3.12% in HGFs after 24 h of exposure.

GEL DK CHX 4.8 CHX 32 CHX:ßCD

Live cells 88.2 ± 4.8 88.8 ± 4.4 92.2 ± 5.1 92.1 ± 5.4 86.2 ± 10.1

Early apoptosis 1.7 ± 0.3 3.2 ± 0.8 0.7 ± 0.3 1.6 ± 1.1 1.2 ± 0.7

Late apoptosis 8.7 ± 4.5 7.7 ± 3.6 6.1 ± 4.5 6.0 ± 4.7 10.8 ± 8.4

Necrosis 1.1 ± 0.5 0.2. ±0.1 0.9 ± 0.2 0.4 ± 0.1 2.0 ± 0.6

Note: Results are expressed as percentages of labeled apoptotic cells marked by Annexin V/PI staining. No statistically significant differences were observed between 
groups (p > 0.9999; 1-way ANOVA, Dunnett's multiple comparisons test). Assays were performed in triplicate.
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and CHX (3.25%). The migratory activity of the HGFs was assessed 
over a period of 48 h, and the results are shown in Figure 4 (addi-
tional information provided in the Supporting Information). The 
scratch was successfully created in all groups, producing a clear 
gap between cell segments (0 h). After 24 h of incubation with the 
leachates, cell migration was observed across all groups. However, 
wound closure in the DK group was statistically lower in compar-
ison to the other experimental groups and the control (p < 0.05). 
After 48 h, complete wound closure was observed in all groups, 
except for the DK group (p < 0.05).

No previous studies have evaluated the migratory capacity of fi-
broblasts exposed to NYS. Regarding CHX, fibroblasts lost their 
wound closure ability at a concentration of 0.002% after 3 min of 
contact [45]. At 0.1%, the wound closure rate after 48 h was only 
9.67% [58]. However, in the present study, leachates from the pro-
posed mucoadhesive gels exhibited no deleterious effects on the 
migration capacity of HGF cultures. In fact, cultures incubated 
with the NYS and CHX leachates tended to show faster wound 
closure, as demonstrated by the results observed at 24 h. Such 
results were expected, since the previous cell viability assays re-
vealed no substantial differences compared to the control groups 
at these leachate concentrations. Notably, cultures exposed to the 
leachates from DK, a commercially available formulation, were 
unable to completely close the wound in this in vitro test.

LPS-stimulated HGF cultures were exposed to the leachates 
from mucoadhesive formulations containing the complexed NYS 
(NYS:βCD, 25%) or CHX (CHX:βCD, 3.12%) and were evaluated 
for the levels of pro-inflammatory genes (i.e., IL1B, IL6, CXCL8, 
and NFKB) (Figure 5). The incubation of HGFs with LPS resulted 

in a significant increase in the expression of all assessed genes 
(p < 0.05). Exposure to leachates from the GEL and NYS:βCD 
groups showed a clear reduction in the expression of the evaluated 
genes (p > 0.05). Moreover, incubation with CHX:βCD leachates 
resulted in a downregulation in the expression of most inflam-
matory genes (p > 0.05), except for IL1B, compared to the LPS-
stimulated cells (p < 0.05). No statistical differences were found 
between the experimental groups. Regarding the DK group, no 
significant reduction in the expression of these genes was observed 
after exposure to leachate when compared to LPS-stimulated cul-
tures (p < 0.05). A similar trend was also observed in in vivo sce-
narios, corroborating the absence of intrinsic anti-inflammatory 
properties of the formulation [59].

NYS is not traditionally recognized for direct anti-
inflammatory effects. Oppositely, CHX has intrinsic anti-
inflammatory properties, associated with the inhibition of 
pro-inflammatory cytokines such as IL6 and IL8 in fibroblasts 
and macrophages exposed to bacteria [60]. However, in the 
present study, no significant differences in anti-inflammatory 
activity were found between the GEL and CHX:βCD groups, 
indicating that the main effects were generated by the carrier 
itself. Despite this, complexation with βCD may provide con-
trolled and sustained NYS/CHX release, potentially reducing 
inflammation associated with fungal infections. It has been 
proposed that βCD can enhance the efficacy of controlled-
release formulations and contribute to decreasing the expres-
sion of inflammatory genes [61].

Additionally, chitosan, the base compound of the gel tested in this 
investigation, exhibits anti-inflammatory effects by suppressing 

FIGURE 4    |    In vitro scratch assay in HGF cultures exposed to 25% (NYS) or 3.12% (CHX) at 24 h and 48 h (n = 3). Error bars represent standard 
deviations. (A) Representative images of the scratch technique, illustrating the wound closure. Scale bar 100 μm. (B) Quantitative assessment was 
performed in triplicate, and wound width was measured in μm, considering five random distances in each sample: Results expressed as a percentage 
of wound closure (%) in relation to the initial width (126.886 ± 10.330 μm). *Significantly different from the control (no leachates) (p < 0.0001; 1-way 
ANOVA, Dunnett's multiple comparisons test).
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the expression of pro-inflammatory cytokines like NF-κB, TNF-α, 
IL-6, and IL-1β, as well as by preventing the upregulation of Bcl2, 
IL-1β, and IL-8 by modulating NF-κB pathways [62]. One specific 
mechanism involves the interaction of chitosan with Toll-like 
receptors (TLRs) on immune cells such as macrophages. TLRs 
play a crucial role in the recognition of pathogen-associated mo-
lecular patterns (PAMPs), which induce the production of pro-
inflammatory cytokines. Chitosan disrupts intracellular signaling 
pathways activated by TLRs, which alters the cytokine profile 
released by immune cells, resulting in a decreased inflammatory 
response [63]. On the other hand, the DK formulation does not 
contain anti-inflammatory compounds.

The ROS scavenging activity of the mucoadhesive gels was eval-
uated by the DPPH assay, and the results are shown in Table 5. 
A significant reduction in the percentage of stable ROS was ob-
served between 0 and 2 h in the GEL, NYS:βCD, CHX 4.8, and 
CHX:βCD groups (p < 0.05). Between 0 and 4 h, significant de-
creased values were noted in the GEL, NYS 16.1, NYS:βCD, and 
CHX:βCD groups (p < 0.05). Most of the ROS neutralization oc-
curred in the first 2 h, suggesting a rapid scavenging activity. No 
ROS reduction was detected in DK or CHX 32 groups, indicating 
that DK formulation could not neutralize ROS from the medium. 
Moreover, higher concentrations of CHX in the formulation may 
impair the ROS scavenging properties of the mucoadhesive.

The mucoadhesive gel proposed in the present study is composed 
of chitosan, which demonstrated antioxidant properties [64–66]. 
Chitosan monomers have amino and hydroxyl groups that can 
interact with free radicals, providing scavenging capabilities. 
The results indicate that the antioxidant activity of the gel was 
maintained after 2 and 4 h of evaluation (p < 0.05), even when 

complexed βCD drugs were incorporated. Furthermore, evi-
dence suggests that βCD can increase the stability of extracted 
antioxidants [67].

3.5   |   Mucoadhesive Properties

The results of the mucoadhesive properties of the formulations 
from different study groups are presented in Table 6. Regarding 
adhesiveness, no statistically significant differences were 

FIGURE 5    |    Gene expression of pro-inflammatory genes by LPS-stimulated HGFs exposed to the mucoadhesive leachates (n = 3). Error bars rep-
resent standard deviations. Assays were performed in triplicate. (A) NYS:βCD, GEL, and DK extracts at 25%; (B) CHX:βCD, GEL, and DK extracts at 
3.12%. Values were normalized by the housekeeping gene (GAPDH) and the gene expression levels of control cultures using the 2−ΔΔCt method, repre-
sented by the dashed line. *Significantly different from the control (no leachates). #Significantly different from the positive control (LPS-stimulated 
cultures) (p < 0.01; 1-way ANOVA, Dunnett's multiple comparisons test).

TABLE 5    |    Mean values of percentages ±standard deviations (%) of 
the radical scavenging activity of the mucoadhesive gels in the DPPH 
assay (n = 5) at selected time points.

Groups 0 h 2 h 4 h

GEL 100% ± 7.87% 72% ± 2.82%a 65% ± 1.84%a

DK 100% ± 9.85% 100% ± 26.29% 100% ± 6.44%

NYS 16.1 100% ± 2.95% 88% ± 4.70% 73% ± 0.92%a

NYS 32 88% ± 12.80% 77% ± 5.63% 69% ± 2.76%

NYS:βCD 100% ± 5.90% 73% ± 7.51%a 70% ± 0.92%a

CHX 4.8 100% ± 9.85% 74% ± 1.56%a 79% ± 14.73%

CHX 32 100% ± 0.98% 100% ±15.96% 100% ± 36.95%

CHX:βCD 100% ± 8.86% 70% ± 1.39%a 73% ± 0.92%a

Note: Results are expressed as a percentage of fluorescence intensity (FI %) 
normalized to the control (no leachates) (0 h = 0.168 ± 0.009; 2 h = 0.176 ± 0.004; 
4 h = 0.180 ± 0.003). Assays were performed in quintuplicate.
aSignificantly different compared to 0 h in the same experimental group 
(p < 0.002; 1-way ANOVA, Dunnett's multiple comparisons test).
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observed between the groups when compared to the control gel 
(GEL group), indicating that the incorporation of the complexed 
and non-complexed drug resulted in no change in the mucoad-
hesive properties of the gel. Adhesiveness is described as the 
maximum force required to detach the sample from the muco-
sal surface. It reflects the instantaneous strength of the muco-
adhesive bond, influenced primarily by molecular interactions 
such as hydrogen bonds, van der Waals forces, and electrostatic 
interactions.

The parameters work of adhesion (N.s) and debonding distance 
(mm) show variable results; however, there was no difference 
when comparing the GEL group and the groups with the drug 
formulations complexed with βCD. This result indicates a ho-
mogeneous dispersion of the inclusion complex in the gel, with-
out affecting its mucoadhesive properties. The work of adhesion 
corresponds to the area under the force–distance curve recorded 
during the debonding phase of the texturometric analysis. It 
represents the total energy required to overcome the adhesive 
interactions, thus providing a comprehensive assessment of 
mucoadhesive performance. Unlike adhesiveness alone, this 
parameter captures both the magnitude and persistence of the 
adhesive force. The debonding distance refers to the distance 
at which the adhesive force persists as the probe is withdrawn 
until complete separation occurs, determining the adhesion per-
sistence property of the material [68, 69].

For work of adhesion, four formulations differed significantly 
from the GEL group. DK and CHX 32 groups exhibited signifi-
cantly lower values (p < 0.05), indicating reduced mucoadhe-
sive performance. In contrast, NYS 16.1 and CHX:βCD groups 
showed significantly higher work of adhesion (p < 0.05), with 
CHX:βCD standing out among all CHX-based formulations, 
reinforcing the positive impact of βCD on mucoadhesion. 
Regarding the debonding distance, the CHX 32 group was the 
only formulation to exhibit a significantly lower value compared 
to the GEL group (p < 0.05), indicating impaired mucoadhesive 
retention at higher drug concentrations when uncomplexed. In 
contrast, NYS:βCD and CHX:βCD groups maintained debond-
ing distances comparable to the control, despite the presence of 
active compounds. Notably, the NYS:βCD group showed values 
similar to the NYS 16.1 group, the highest among all groups, 

while the CHX:βCD group restored the distance lost in the non-
complexed CHX 32 group.

Mucoadhesive characteristics directly impact drug bioavail-
ability by ensuring prolonged contact with oral tissues and fa-
cilitating the application of the formulations, thus increasing 
therapeutic efficacy [70]. Indeed, reduced mucoadhesion in DK 
reduces its retention time on the mucosal surface, which in turn 
compromises its efficacy, which may be associated with the rel-
atively low cure rate of this drug for oral candidiasis in clinical 
settings [6, 9].

In this study, the enhanced mucoadhesive properties can be 
primarily attributed to the chitosan-HEC carrier, as cellulose-
based polymers are known for their bioadhesive nature. These 
findings align with a study conducted on ibuprofen-βCD inclu-
sion complexes in gels [71], which revealed that mucoadhesion 
was mainly determined by the formulation itself rather than the 
βCD. Conversely, as observed in the ROS scavenging capacity, 
the incorporation of higher concentrations of pure antifungal 
drugs, as observed in the CHX 32 group, resulted in a notable 
change in mucoadhesive properties.

4   |   Conclusions

Based on the findings of this study, the novel mucoadhesive 
formulations containing βCD-NYS or CHX complexes demon-
strated in  vitro mucoadhesiveness, antifungal activity, cy-
tocompatibility, anti-inflammatory, and healing potential. 
Additionally, NYS:βCD leachates exhibited improved cytocom-
patibility, while CHX:βCD demonstrated enhanced antifungal 
activity when compared to those of non-complexed carriers at 
similar concentrations.

The results highlight the potential of the proposed formu-
lations as a local therapeutic alternative for oral candidiasis, 
demonstrating their efficacy and tolerability. To advance to-
ward clinical application, in vivo studies are needed to validate 
the clinical efficacy, long-term safety, appropriate dosage, and 
application protocols of these formulations in patients with 
oral candidiasis.

TABLE 6    |    Mean values ± standard deviations of the mucoadhesive properties (n = 5) of the formulations.

Groups Adhesiveness (N) Work of adhesion (N.s) Debonding distance (mm)

GEL 2.95 ± 0.09 A 2.68 ± 0.41 BC 4.78 ± 0.86 AB

DK 1.68 ± 0.18 A 1.37 ± 0.53 D 3.31 ± 0.75 B

NYS 16.1 3.37 ± 0.87 A 3.97 ± 0.28 A 6.42 ± 0.73 A

NYS 32 3.25 ± 0.13 A 2.98 ± 0.23 AB 4.13 ± 0.46 AB

NYS:βCD 3.89 ± 0.18 A 3.44 ± 0.22 AB 4.01 ± 0.14 AB

CHX 4.8 2.90 ± 0.03 A 2.99 ± 0.13 AB 4.69 ± 1.20 AB

CHX 32 3.02 ± 0.79 A 1.65 ± 0.18 CD 2.19 ± 0.16 B

CHX:βCD 3.73 ± 0.51 A 3.67 ± 0.05 AB 4.00 ± 0.13 AB

Note: Different letters indicate statistically significant differences between groups. ANOVA 1-way, Dunnett's multiple comparison test (adhesiveness: p = 0.09; work of 
adhesion: p = 0.0002; debonding distance: p = 0.0078). Specimens were made in duplicate.

 15524965, 2025, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37990 by U
niversity O

f Sao Paulo - B
razil, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



13 of 15

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

1. J. Kaur and C. J. Nobile, “Fungal Biofilms: Development, Regulation, 
and Resistance,” Current Opinion in Microbiology 71 (2023): 102237, 
https://​doi.​org/​10.​1016/j.​mib.​2022.​102237.

2. B. Sawant and T. Khan, “Recent Advances in Delivery of Antifungal 
Agents for Invasive Fungal Infections,” Biomedicine & Pharmacotherapy 
96 (2017): 1478–1490, https://​doi.​org/​10.​1016/j.​biopha.​2017.​11.​127.

3. H. Keyvanfar, H. Najafiarab, N. Talebian, et al., “Efficacy of Nystatin 
and Fluconazole in Treating Oral Candidiasis: A Randomized Trial,” 
BMC Infectious Diseases 24 (2024): 546, https://​doi.​org/​10.​1186/​s1287​
9-​024-​09442​-​6.

4. C. S. Ré, J. F. Martins, M. Cunha-Filho, G. M. Gelfuso, C. P. Aires, 
and T. Gratieri, “Mucoadhesive Thermoresponsive Systems Containing 
Posaconazole for the Treatment of Oral Candidiasis,” Drug Delivery and 
Translational Research 11 (2021): 1568–1585, https://​doi.​org/​10.​1007/​
s1334​6-​021-​00901​-​0.

5. C. Y. C. Sugio, A. A. M. N. Garcia, K. A. A. Kitamoto, et al., “Antifun-
gal Activity and Cytotoxicity of a Mucoadhesive Formulation With Ny-
statin for the Treatment of Oral Candidiasis,” Oral Diseases 30 (2024): 
3771–3787, https://​doi.​org/​10.​1111/​odi.​14928​.

6. K. H. Neppelenbroek, A. C. Pavarina, D. M. Palomari Spolidorio, 
E. M. Sgavioli Massucato, L. C. Spolidorio, and C. E. Vergani, “Ef-
fectiveness of Microwave Disinfection of Complete Dentures on the 
Treatment of Candida-Related Denture Stomatitis,” Journal of Oral 
Rehabilitation 35 (2008): 836–846, https://​doi.​org/​10.​1111/j.​1365-​
2842.​2008.​01874.​x.

7. A. L. F. Procópio, V. S. Lara, V. C. Porto, et al., “Resilient Liner Mod-
ified by Antimicrobials for Denture Stomatitis Treatment: A Random-
ized Controlled Trial,” Journal of Dentistry 126 (2022): 104297, https://​
doi.​org/​10.​1016/j.​jdent.​2022.​104297.

8. L. W. Zhang, J. Y. Fu, H. Hua, and Z. M. Yan, “Efficacy and Safety of Mi-
conazole for Oral Candidiasis: A Systematic Review and Meta-Analysis,” 
Oral Diseases 22 (2016): 185–195, https://​doi.​org/​10.​1111/​odi.​12380​.

9. R. J. Bensadoun, J. Daoud, B. El Gueddari, et al., “Comparison of the 
Efficacy and Safety of Miconazole 50-Mg Mucoadhesive Buccal Tablets 
With Miconazole 500-Mg Gel in the Treatment of Oropharyngeal Can-
didiasis: A Prospective, Randomized, Single-Blind, Multicenter, Com-
parative, Phase III Trial in Patients Treated With Radiotherapy for 
Head and Neck Cancer,” Cancer 112 (2008): 204–211, https://​doi.​org/​
10.​1002/​cncr.​23152​.

10. M. J. Rathbone, I. Pather, and S. Şenel, “Overview of Oral Mucosal 
Delivery,” in Oral Mucosal Drug Delivery and Therapy, ed. M. J. Rath-
bone, S. Şenel, and I. Pather (Springer US, 2015), 7–29.

11. M. Polke, B. Hube, and I. D. Jacobsen, “Candida Survival Strategies,” 
Advances in Applied Microbiology 91 (2015): 139–235, https://​doi.​org/​10.​
1016/​bs.​aambs.​2014.​12.​002.

12. R. Kumar, T. Islam, and M. Nurunnabi, “Mucoadhesive Carriers for 
Oral Drug Delivery,” Journal of Controlled Release 351 (2022): 504–559, 
https://​doi.​org/​10.​1016/j.​jconr​el.​2022.​09.​024.

13. B. Uzunoğlu, C. G. Wilson, M. Sağıroğlu, S. Yüksel, and S. Şenel, 
“Mucoadhesive Bilayered Buccal Platform for Antifungal Drug Delivery 

Into the Oral Cavity,” Drug Delivery and Translational Research 11 
(2021): 318–327, https://​doi.​org/​10.​1007/​s1334​6-​020-​00798​-​1.

14. R. Voltan, G. Quindós, K. P. Alarcón, A. M. Fusco-Almeida, M. J. 
Mendes-Giannini, and M. Chorilli, “Fungal Diseases: Could Nano-
structured Drug Delivery Systems Be a Novel Paradigm for Therapy?,” 
International Journal of Nanomedicine 11 (2016): 3715–3730, https://​doi.​
org/​10.​2147/​IJN.​S93105.

15. R. Rošic, P. Kocbek, S. Baumgartner, and J. Kristl, “Electro-Spun 
Hydroxyethyl Cellulose Nanofibers: The Relationship Between Struc-
ture and Process,” Journal of Drug Delivery Science and Technology 21 
(2011): 229–236, https://​doi.​org/​10.​1016/​S1773​-​2247(11)​50031​-​0.

16. A. Sosnik, J. Das Neves, and B. Sarmento, “Mucoadhesive Poly-
mers in the Design of Nano-Drug Delivery Systems for Adminis-
tration by Non-Parenteral Routes: A Review,” Progress in Polymer 
Science 39 (2014): 2030–2075, https://​doi.​org/​10.​1016/j.​progp​olyms​ci.​
2014.​07.​010.

17. M. N. Garcia, J. Aenishanslin, C. Y. C. Sugio, et  al., “Nystatin:β-
Cyclodextrin and Chlorhexidine:β-Cyclodextrin Mucoadhesive Hy-
drogels for Site-Specific Buccal Applications,” Therapeutic Delivery 20 
(2025): 1–12, https://​doi.​org/​10.​1080/​20415​990.​2025.​2467018.

18. A. Novatski, M. A. Ribeiro, A. Camilo Junior, et al., “Chlorhexidine/
β-Cyclodextrin Inclusion Complexes by Freeze- and Spray-Drying: 
Characterization and Behavior in Aqueous System,” Journal of Applied 
Physics 133 (2023): 034902, https://​doi.​org/​10.​1063/5.​0123709.

19. C. Schoeffel, F. S. Morikava, A. M. Urban, et al., “Characterization 
and Antifungal Activity of Chlorhexidine:β-Cyclodextrin Inclusion 
Complexes,” Therapeutic Delivery 14 (2023): 295–309, https://​doi.​org/​
10.​4155/​tde-​2022-​0068.

20. M. Urban, F. S. Morikava, A. C. Schoeffel, et al., “Characterization, 
Antifungal Evaluation Against Candida spp. Strains and Application of 
Nystatin:β-Cyclodextrin Inclusion Complexes,” Current Drug Delivery 
20 (2023): 1533–1546, https://​doi.​org/​10.​2174/​15672​01820​66622​10171​
03119​.

21. J. T. S. Ling, C. Roberts, and N. Billa, “Antifungal and Mucoadhesive 
Properties of an Orally Administered Chitosan-Coated Amphotericin B 
Nanostructured Lipid Carrier (NLC),” AAPS PharmSciTech 20 (2019): 
136, https://​doi.​org/​10.​1208/​s1224​9-​019-​1346-​7.

22. N. Nematpour, P. Moradipour, M. M. Zangeneh, E. Arkan, M. Ab-
doli, and L. Behbood, “The Application of Nanomaterial Science in the 
Formulation a Novel Antibiotic: Assessment of the Antifungal Proper-
ties of Mucoadhesive Clotrimazole Loaded Nanofiber Versus Vaginal 
Films,” Materials Science & Engineering, C: Materials for Biological 
Applications 110 (2020): 110635, https://​doi.​org/​10.​1016/j.​msec.​2020.​
110635.

23. F. Nikoomanesh, S. Roudbarmohammadi, M. Khoobi, F. Haghighi, 
and M. Roudbary, “Design and Synthesis of Mucoadhesive Nanogel 
Containing Farnesol: Investigation of the Effect on HWP1, SAP6 and 
Rim101 Genes Expression of Candida Albicans In  Vitro,” Artificial 
Cells, Nanomedicine, and Biotechnology 47 (2019): 64–72, https://​doi.​
org/​10.​1080/​21691​401.​2018.​1543193.

24. H. M. S. H. Soe, J. Junthip, S. Chamni, et al., “A Promising Synthetic 
Citric Crosslinked β-Cyclodextrin Derivative for Antifungal Drugs: Sol-
ubilization, Cytotoxicity, and Antifungal Activity,” International Jour-
nal of Pharmaceutics 645 (2023): 123394, https://​doi.​org/​10.​1016/j.​ijpha​
rm.​2023.​123394.

25. G. M. Pina, E. N. Lia, A. A. Berretta, et al., “Efficacy of Propolis on 
the Denture Stomatitis Treatment in Older Adults: A Multicentric Ran-
domized Trial,” Evidence-Based Complementary and Alternative Medi-
cine 2017 (2017): 8971746, https://​doi.​org/​10.​1155/​2017/​8971746.

26. M. C. Vasconcelos, F. C. Sampaio, J. S. Sampaio, and J. S. Higino, 
“Use of Punica Granatum as an Antifungal Agent Against Candido-
sis Associated With Denture Stomatitis,” Mycoses 46 (2003): 192–196, 
https://​doi.​org/​10.​1046/j.​1439-​0507.​2003.​00884.​x.

 15524965, 2025, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37990 by U
niversity O

f Sao Paulo - B
razil, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.mib.2022.102237
https://doi.org/10.1016/j.biopha.2017.11.127
https://doi.org/10.1186/s12879-024-09442-6
https://doi.org/10.1186/s12879-024-09442-6
https://doi.org/10.1007/s13346-021-00901-0
https://doi.org/10.1007/s13346-021-00901-0
https://doi.org/10.1111/odi.14928
https://doi.org/10.1111/j.1365-2842.2008.01874.x
https://doi.org/10.1111/j.1365-2842.2008.01874.x
https://doi.org/10.1016/j.jdent.2022.104297
https://doi.org/10.1016/j.jdent.2022.104297
https://doi.org/10.1111/odi.12380
https://doi.org/10.1002/cncr.23152
https://doi.org/10.1002/cncr.23152
https://doi.org/10.1016/bs.aambs.2014.12.002
https://doi.org/10.1016/bs.aambs.2014.12.002
https://doi.org/10.1016/j.jconrel.2022.09.024
https://doi.org/10.1007/s13346-020-00798-1
https://doi.org/10.2147/IJN.S93105
https://doi.org/10.2147/IJN.S93105
https://doi.org/10.1016/S1773-2247(11)50031-0
https://doi.org/10.1016/j.progpolymsci.2014.07.010
https://doi.org/10.1016/j.progpolymsci.2014.07.010
https://doi.org/10.1080/20415990.2025.2467018
https://doi.org/10.1063/5.0123709
https://doi.org/10.4155/tde-2022-0068
https://doi.org/10.4155/tde-2022-0068
https://doi.org/10.2174/1567201820666221017103119
https://doi.org/10.2174/1567201820666221017103119
https://doi.org/10.1208/s12249-019-1346-7
https://doi.org/10.1016/j.msec.2020.110635
https://doi.org/10.1016/j.msec.2020.110635
https://doi.org/10.1080/21691401.2018.1543193
https://doi.org/10.1080/21691401.2018.1543193
https://doi.org/10.1016/j.ijpharm.2023.123394
https://doi.org/10.1016/j.ijpharm.2023.123394
https://doi.org/10.1155/2017/8971746
https://doi.org/10.1046/j.1439-0507.2003.00884.x


14 of 15 Journal of Biomedical Materials Research Part A, 2025

27. S. B. S. Ferreira, K. M. Slowik, L. V. Castro Hoshino, et al., “Mucoad-
hesive Emulgel Systems Containing Curcumin for Oral Squamous Cell 
Carcinoma Treatment: From Pre-Formulation to Cytotoxicity in Tissue-
Engineering Oral Mucosa,” European Journal of Pharmaceutical Sciences 
151 (2020): 105372, https://​doi.​org/​10.​1016/j.​ejps.​2020.​105372.

28. International Organization for Standardization, Biological Evalu-
ation of Medical Devices—Part 5: Tests for In Vitro Cytotoxicity. ISO 
10993-5, 2018.

29. Clinical and Laboratory Standards Institute, Reference Method for 
Broth Dilution Antifungal Susceptibility Testing of Yeasts; Approved 
Standard. CLSI Document M27-S4, 4th ed., 2017, Wayne, PA.

30. M. G. Bueno, V. M. Urban, G. S. Barbério, et al., “Effect of Antimi-
crobial Agents Incorporated Into Resilient Denture Relines on the Can-
dida Albicans Biofilm,” Oral Diseases 21 (2015): 57–65, https://​doi.​org/​
10.​1111/​odi.​12207​.

31. M. G. Bueno, E. J. B. Sousa, J. Hotta, V. C. Porto, V. M. Urban, and K. 
H. Neppelenbroek, “Surface Properties of Temporary Soft Liners Modified 
by Minimum Inhibitory Concentrations of Antifungals,” Brazilian Dental 
Journal 28 (2017): 158–164, https://​doi.​org/​10.​1590/​0103-​64402​01701266.

32. J. F. Lima, J. G. Maciel, J. Hotta, et al., “Porosity of Temporary Denture 
Soft Liners Containing Antifungal Agents,” Journal of Applied Oral Sci-
ence 24 (2016): 453–461, https://​doi.​org/​10.​1590/​1678-​77572​0160092.

33. K. H. Neppelenbroek, J. F. M. Lima, J. Hotta, L. L. Galitesi, A. L. P. 
F. Almeida, and V. M. Urban, “Effect of Incorporation of Antifungal 
Agents on the Ultimate Tensile Strength of Temporary Soft Denture 
Liners,” Journal of Prosthodontics 27 (2018): 177–181, https://​doi.​org/​10.​
1111/​jopr.​12660​.

34. C. Sánchez-Aliaga, C. V. Pellissari, C. A. Arrais, M. D. Michél, K. 
H. Neppelenbroek, and V. M. Urban, “Peel Bond Strength of Soft Lin-
ing Materials With Antifungal to a Denture Base Acrylic Resin,” Den-
tal Materials Journal 35 (2016): 194–203, https://​doi.​org/​10.​4012/​dmj.​
2014-​269.

35. P. L. Lam, M. M. Wong, L. K. Hung, et al., “Miconazole and Terbina-
fine Induced Reactive Oxygen Species Accumulation and Topical Toxic-
ity in Human Keratinocytes,” Drug and Chemical Toxicology 45 (2022): 
834–838, https://​doi.​org/​10.​1080/​01480​545.​2020.​1778019.

36. G. S. Moraes, N. M. Tozetto, T. A. A. Pedroso, et al., “Anti-Candida 
Activity and In  Vitro Toxicity Screening of Antifungals Complexed 
With β-Cyclodextrin,” Journal of Applied Toxicology 44 (2024): 747–755, 
https://​doi.​org/​10.​1002/​jat.​4575.

37. C. Y. Sugio, T. M. Cestari, A. A. Garcia, et  al., “Neppelenbroek 
KH. Tissue Response in a Rat Model of Denture Stomatitis Treated 
With Tissue Conditioner Containing Antifungal Complexed With 
β-Cyclodextrin,” Journal of Medical Microbiology 73 (2024): 001899, 
https://​doi.​org/​10.​1099/​jmm.0.​001899.

38. S. W. Kashem and D. H. Kaplan, “Skin Immunity to Candida Al-
bicans,” Trends in Immunology 37 (2016): 440–450, https://​doi.​org/​10.​
1016/j.​it.​2016.​04.​007.

39. T. Hohmann and F. Dehghani, “The Cytoskeleton – A Complex In-
teracting Meshwork,” Cells 8, no. 4 (2019): 362, https://​doi.​org/​10.​3390/​
cells​8040362.

40. S. Y. Jeong and D. W. Seol, “The Role of Mitochondria in Apoptosis,” 
BMB Reports 41, no. 1 (2008): 11–22, https://​doi.​org/​10.​5483/​bmbrep.​
2008.​41.1.​011.

41. M. Van der Bliek, M. M. Sedensky, and P. G. Morgan, “Cell Biology 
of the Mitochondrion,” Genetics 207 (2017): 843–871, https://​doi.​org/​10.​
1534/​genet​ics.​117.​300262.

42. F. Sousa, C. Nascimento, D. Ferreira, S. Reis, and P. Costa, “Reviving 
the Interest in the Versatile Drug Nystatin: A Multitude of Strategies 
to Increase Its Potential as an Effective and Safe Antifungal Agent,” 
Advanced Drug Delivery Reviews 199 (2023): 114969, https://​doi.​org/​10.​
1016/j.​addr.​2023.​114969.

43. T. M. Karpiński and A. K. Szkaradkiewicz, “Chlorhexidine—
Pharmaco-Biological Activity and Application,” European Review for 
Medical and Pharmacological Sciences 19 (2015): 1321–1326.

44. H. Chen, Q. Shi, Y. Qing, Y. C. Yao, and Y. G. Cao, “Cytotoxicity of 
Modified Nonequilibrium Plasma With Chlorhexidine Digluconate on 
Primary Cultured Human Gingival Fibroblasts,” Journal of Huazhong 
University of Science and Technology. Medical Sciences 36 (2016): 137–
141, https://​doi.​org/​10.​1007/​s1159​6-​016-​1556-​0.

45. J. X. Liu, J. Werner, T. Kirsch, J. D. Zuckerman, and M. S. Virk, 
“Cytotoxicity Evaluation of Chlorhexidine Gluconate on Human Fibro-
blasts, Myoblasts, and Osteoblasts,” Journal of Bone and Joint Infection 
3 (2018): 165–172, https://​doi.​org/​10.​7150/​jbji.​26355​.

46. U. P. Verma, A. Gupta, R. K. Yadav, R. Tiwari, R. Sharma, and A. 
K. Balapure, “Cytotoxicity of Chlorhexidine and Neem Extract on Cul-
tured Human Gingival Fibroblasts Through Fluorescence-Activated 
Cell Sorting Analysis: An In-Vitro Study,” European Journal of Dentistry 
12 (2018): 344–349, https://​doi.​org/​10.​4103/​ejd.​ejd_​149_​17.

47. G. Liu, Y. Li, L. Yang, et al., “Cytotoxicity Study of Polyethylene Gly-
col Derivatives,” RSC Advances 7 (2017): 18252, https://​doi.​org/​10.​1039/​
C7RA0​3684J​.

48. M. Lachowicz, A. Stańczak, and M. Kołodziejczyk, “Characteristic 
of Cyclodextrins: Their Role and Use in the Pharmaceutical Technol-
ogy,” Current Drug Targets 21 (2020): 1495–1510, https://​doi.​org/​10.​
2174/​13894​50121​66620​06151​50039​.

49. F. J. R. Alexandrino, E. M. Bezerra, R. F. Da Costa, et al., “Rose Ben-
gal Incorporated to α-Cyclodextrin Microparticles for Photodynamic 
Therapy Against the Cariogenic Microorganism Streptococcus Mutans,” 
Photodiagnosis and Photodynamic Therapy 25 (2019): 111–118, https://​
doi.​org/​10.​1016/j.​pdpdt.​2018.​11.​016.

50. P. Mura, N. Mennini, I. Kosalec, S. Furlanetto, S. Orlandini, and M. 
Jug, “Amidated Pectin-Based Wafers for Econazole Buccal Delivery: 
Formulation Optimization and Antimicrobial Efficacy Estimation,” 
Carbohydrate Polymers 121 (2015): 231–240, https://​doi.​org/​10.​1016/j.​
carbp​ol.​2014.​11.​065.

51. M. Ribeiro, A. Figueiras, C. Freire, D. Santos, and F. Veiga, “Combin-
ing Strategies to Optimize a Gel Formulation Containing Miconazole: 
The Influence of Modified Cyclodextrin on Textural Properties and 
Drug Release,” Drug Development and Industrial Pharmacy 36 (2010): 
705–714, https://​doi.​org/​10.​3109/​03639​04090​3452260.

52. P. Tonglairoum, T. Ngawhirunpat, T. Rojanarata, R. Kaomongkolgit, 
and P. Opanasopit, “Fast-Acting Clotrimazole Composited PVP/HPβCD 
Nanofibers for Oral Candidiasis Application,” Pharmaceutical Research 
31 (2014): 1893–1906, https://​doi.​org/​10.​1007/​s1109​5-​013-​1291-​1.

53. P. Tonglairoum, T. Ngawhirunpat, T. Rojanarata, R. Kaomongkol-
git, and P. Opanasopit, “Fabrication and Evaluation of Nanostructured 
Herbal Oil/Hydroxypropyl-β-Cyclodextrin/Polyvinylpyrrolidone Mats 
for Denture Stomatitis Prevention and Treatment,” AAPS PharmSci-
Tech 17 (2016): 1441–1449, https://​doi.​org/​10.​1208/​s1224​9-​016-​0478-​2.

54. V. C. D. C. Trajano, C. B. Brasileiro, J. A. S. Henriques, L. M. Cota, 
C. R. Lanza, and M. E. Cortés, “Doxycycline Encapsulated in β-
Cyclodextrin for Periodontitis: A Clinical Trial,” Brazilian Oral Research 
33 (2020): e112, https://​doi.​org/​10.​1590/​1807-​3107b​or-​2019.​vol33.​0112.

55. F. M. C. Veloso, N. I. G. M. Benedetti, R. I. Ávila, et al., “Intrave-
nous Delivery of a Liposomal Formulation of Voriconazole Improves 
Drug Pharmacokinetics, Tissue Distribution, and Enhances Antifungal 
Activity,” Drug Delivery 25 (2018): 1585–1594, https://​doi.​org/​10.​1080/​
10717​544.​2018.​1492046.

56. L. E. Ferreira, B. V. Muniz, C. P. Dos Santos, M. C. Volpato, E. de 
Paula, and F. C. Groppo, “Comparison of Liposomal and 2-Hydroxyp
ropyl-β-Cyclodextrin-Lidocaine on Cell Viability and Inflammatory 
Response in Human Keratinocytes and Gingival Fibroblasts,” Journal 
of Pharmacy and Pharmacology 68 (2016): 791–802, https://​doi.​org/​10.​
1111/​jphp.​12552​.

 15524965, 2025, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37990 by U
niversity O

f Sao Paulo - B
razil, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.ejps.2020.105372
https://doi.org/10.1111/odi.12207
https://doi.org/10.1111/odi.12207
https://doi.org/10.1590/0103-6440201701266
https://doi.org/10.1590/1678-775720160092
https://doi.org/10.1111/jopr.12660
https://doi.org/10.1111/jopr.12660
https://doi.org/10.4012/dmj.2014-269
https://doi.org/10.4012/dmj.2014-269
https://doi.org/10.1080/01480545.2020.1778019
https://doi.org/10.1002/jat.4575
https://doi.org/10.1099/jmm.0.001899
https://doi.org/10.1016/j.it.2016.04.007
https://doi.org/10.1016/j.it.2016.04.007
https://doi.org/10.3390/cells8040362
https://doi.org/10.3390/cells8040362
https://doi.org/10.5483/bmbrep.2008.41.1.011
https://doi.org/10.5483/bmbrep.2008.41.1.011
https://doi.org/10.1534/genetics.117.300262
https://doi.org/10.1534/genetics.117.300262
https://doi.org/10.1016/j.addr.2023.114969
https://doi.org/10.1016/j.addr.2023.114969
https://doi.org/10.1007/s11596-016-1556-0
https://doi.org/10.7150/jbji.26355
https://doi.org/10.4103/ejd.ejd_149_17
https://doi.org/10.1039/C7RA03684J
https://doi.org/10.1039/C7RA03684J
https://doi.org/10.2174/1389450121666200615150039
https://doi.org/10.2174/1389450121666200615150039
https://doi.org/10.1016/j.pdpdt.2018.11.016
https://doi.org/10.1016/j.pdpdt.2018.11.016
https://doi.org/10.1016/j.carbpol.2014.11.065
https://doi.org/10.1016/j.carbpol.2014.11.065
https://doi.org/10.3109/03639040903452260
https://doi.org/10.1007/s11095-013-1291-1
https://doi.org/10.1208/s12249-016-0478-2
https://doi.org/10.1590/1807-3107bor-2019.vol33.0112
https://doi.org/10.1080/10717544.2018.1492046
https://doi.org/10.1080/10717544.2018.1492046
https://doi.org/10.1111/jphp.12552
https://doi.org/10.1111/jphp.12552


15 of 15

57. K. I. Teixeira, P. V. Araújo, R. D. Sinisterra, and M. E. Cortés, “Chlor-
hexidine: Beta-Cyclodextrin Inhibits Yeast Growth by Extraction of Er-
gosterol,” Brazilian Journal of Microbiology 43 (2012): 810–818, https://​
doi.​org/​10.​1590/​S1517​-​83822​01200​0200047.

58. S. K. Sukumaran, R. J. Vadakkekuttical, and H. Kanakath, “Com-
parative Evaluation of the Effect of Curcumin and Chlorhexidine on 
Human Fibroblast Viability and Migration: An In Vitro Study,” Journal 
of the Indian Society of Periodontology 24 (2020): 109–116, https://​doi.​
org/​10.​4103/​jisp.​jisp_​173_​19.

59. X. Wu, Q. Yu, J. Wu, et al., “Ionic Liquids Containing Ketoconazole 
Improving Topical Treatment of T. Interdigitale Infection by Synergis-
tic Action,” International Journal of Pharmaceutics 589 (2020): 119842, 
https://​doi.​org/​10.​1016/j.​ijpha​rm.​2020.​119842.

60. U. Singkham-In, P. Phuengmaung, J. Makjaroen, et al., “Chlorhex-
idine Promotes Psl Expression in Pseudomonas Aeruginosa That En-
hances Cell Aggregation With Preserved Pathogenicity Demonstrates 
an Adaptation Against Antiseptic,” International Journal of Molecular 
Sciences 23 (2022): 8308, https://​doi.​org/​10.​3390/​ijms2​3158308.

61. O. A. E. Soliman, E. A. M. Mohamed, M. S. El-Dahan, and N. A. 
A. Khatera, “Potential Use of Cyclodextrin Complexes for Enhanced 
Stability, Anti-Inflammatory Efficacy, and Ocular Bioavailability of 
Loteprednol Etabonate,” AAPS PharmSciTech 18 (2017): 1228–1241, 
https://​doi.​org/​10.​1208/​s1224​9-​016-​0589-​9.

62. X. Shi, X. Wang, H. Jing, et al., “Synergistic Effect of Chitosan and 
β-Carotene in Inhibiting MNU-Induced Retinitis Pigmentosa,” Interna-
tional Journal of Biological Macromolecules 268 (2024): 131671, https://​
doi.​org/​10.​1016/j.​ijbio​mac.​2024.​131671.

63. P. Zhang, W. Liu, Y. Peng, B. Han, and Y. Yang, “Toll Like Receptor 
4 (TLR4) Mediates the Stimulating Activities of Chitosan Oligosaccha-
ride on Macrophages,” International Immunopharmacology 23 (2014): 
254–261, https://​doi.​org/​10.​1016/j.​intimp.​2014.​09.​007.

64. M. E. Abd El-Hack, M. T. El-Saadony, M. E. Shafi, et al., “Antimi-
crobial and Antioxidant Properties of Chitosan and Its Derivatives and 
Their Applications: A Review,” International Journal of Biological Mac-
romolecules 164 (2020): 2726–2744, https://​doi.​org/​10.​1016/j.​ijbio​mac.​
2020.​08.​153.

65. Y. Mi, Y. Chen, W. Tan, J. Zhang, Q. Li, and Z. Guo, “The Influence 
of Bioactive Glyoxylate Bearing Schiff Base on Antifungal and Anti-
oxidant Activities to Chitosan Quaternary Ammonium Salts,” Carbo-
hydrate Polymers 278 (2022): 118970, https://​doi.​org/​10.​1016/j.​carbp​ol.​
2021.​118970.

66. H. Ngo and S. K. Kim, “Antioxidant Effects of Chitin, Chitosan, and 
Their Derivatives,” Advances in Food and Nutrition Research 73 (2014): 
15–31, https://​doi.​org/​10.​1016/​B978-​0-​12-​80026​8-​1.​00002​-​0.

67. L. C. Favre, C. Dos Santos, M. P. López-Fernández, M. F. Mazzo-
bre, and M. P. Buera, “Optimization of β-Cyclodextrin-Based Extraction 
of Antioxidant and Anti-Browning Activities From Thyme Leaves by 
Response Surface Methodology,” Food Chemistry 265 (2018): 86–95, 
https://​doi.​org/​10.​1016/j.​foodc​hem.​2018.​05.​078.

68. L. Amorós-Galicia, A. Nardi-Ricart, C. Verdugo-González, et  al., 
“Development of a Standardized Method for Measuring Bioadhesion 
and Mucoadhesion That Is Applicable to Various Pharmaceutical Dos-
age Forms,” Pharmaceutics 14 (2022): 1995, https://​doi.​org/​10.​3390/​
pharm​aceut​ics14​101995.

69. S. Alaei and H. Omidian, “Mucoadhesion and Mechanical Assess-
ment of Oral Films,” European Journal of Pharmaceutical Sciences 159 
(2021): 105727, https://​doi.​org/​10.​1016/j.​ejps.​2021.​105727.

70. C. Marques, A. I. Rocha, P. Leal, M. Estanqueiro, and J. M. S. Lobo, 
“Development and Characterization of Mucoadhesive Buccal Gels 
Containing Lipid Nanoparticles of Ibuprofen,” International Journal of 
Pharmaceutics 533 (2017): 455–462, https://​doi.​org/​10.​1016/j.​ijpha​rm.​
2017.​04.​025.

71. D. Upadhyay, A. D'Souza, P. Patel, V. Verma, K. K. Upadhayay, and 
M. Bharkatiya, “Inclusion Complex of Ibuprofen-β-Cyclodextrin Incor-
porated in Gel for Mucosal Delivery: Optimization Using an Experi-
mental Design,” AAPS PharmSciTech 24 (2023): 100, https://​doi.​org/​10.​
1208/​s1224​9-​023-​02534​-​7.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: Supporting Information. 

 15524965, 2025, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

.a.37990 by U
niversity O

f Sao Paulo - B
razil, W

iley O
nline L

ibrary on [24/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1590/S1517-83822012000200047
https://doi.org/10.1590/S1517-83822012000200047
https://doi.org/10.4103/jisp.jisp_173_19
https://doi.org/10.4103/jisp.jisp_173_19
https://doi.org/10.1016/j.ijpharm.2020.119842
https://doi.org/10.3390/ijms23158308
https://doi.org/10.1208/s12249-016-0589-9
https://doi.org/10.1016/j.ijbiomac.2024.131671
https://doi.org/10.1016/j.ijbiomac.2024.131671
https://doi.org/10.1016/j.intimp.2014.09.007
https://doi.org/10.1016/j.ijbiomac.2020.08.153
https://doi.org/10.1016/j.ijbiomac.2020.08.153
https://doi.org/10.1016/j.carbpol.2021.118970
https://doi.org/10.1016/j.carbpol.2021.118970
https://doi.org/10.1016/B978-0-12-800268-1.00002-0
https://doi.org/10.1016/j.foodchem.2018.05.078
https://doi.org/10.3390/pharmaceutics14101995
https://doi.org/10.3390/pharmaceutics14101995
https://doi.org/10.1016/j.ejps.2021.105727
https://doi.org/10.1016/j.ijpharm.2017.04.025
https://doi.org/10.1016/j.ijpharm.2017.04.025
https://doi.org/10.1208/s12249-023-02534-7
https://doi.org/10.1208/s12249-023-02534-7

	Antifungal Activity, Cytocompatibility, and Wound Healing Potential of Novel Mucoadhesive Formulations for Oral Drug Delivery
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Materials
	2.2   |   Mucoadhesive Formulations
	2.3   |   Preparation of the Formulations' Leachates
	2.4   |   Characterization of the Formulations' Leachates
	2.4.1   |   Establishment of Cytocompatible Leachate Concentrations
	2.4.2   |   Antifungal Activity
	2.4.3   |   Cytocompatibility Assessment in Human Gingival Fibroblasts
	2.4.3.1   |   Cell Viability.  
	2.4.3.2   |   Cell Morphology.  
	2.4.3.3   |   Lactate Dehydrogenase Release.  
	2.4.3.4   |   Apoptosis.  

	2.4.4   |   Wound Healing Potential
	2.4.4.1   |   Scratch Wound Healing Migration.  
	2.4.4.2   |   Anti-Inflammatory Activity.  
	2.4.4.3   |   Antioxidant Activity of the Mucoadhesive Gels.  

	2.4.5   |   Mucoadhesive Properties
	2.4.6   |   Statistical Analysis


	3   |   Results and Discussion
	3.1   |   Establishment of Leachate's Cytocompatible Concentrations
	3.2   |   Antifungal Activity of the Mucoadhesive Leachates
	3.3   |   Cytocompatibility of the Mucoadhesive Leachates
	3.4   |   Healing Properties of the Mucoadhesives
	3.5   |   Mucoadhesive Properties

	4   |   Conclusions
	Conflicts of Interest
	Data Availability Statement
	References


