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Abstract: According to the World Health Organization, one of the most prevalent fungal diseases
globally is oropharyngeal candidiasis. The formulations of nystatin used for its treatment have several
disadvantages, including a low residence time at the infection site. This study aimed to prepare and
characterize polyelectrolyte films of chitosan-gum-arabic and chitosan-polygalacturonic acid using the
"Solvent-Casting" technique, loaded with nystatin, to achieve a mucoadhesive and sustained release
system intended for the oral cavity. The obtained films were characterized to determine the interaction
between the polymers, their morphological characteristics, mucoadhesive capacity, and drug release
kinetics. Scanning electron microscopy was used to determine the films' morphology, while infrared
spectroscopy, differential scanning calorimetry, and thermogravimetric analysis demonstrated the
interaction between the polymers. Additionally, the films' antifungal activity was tested against three
strains of two Candida species. The films of both formulations showed mucoadhesive capacity and a
nystatin release profile explained by the Korsmeyer-Peppas model. Also, significant antifungal activity
was found. These findings indicate that polyelectrolyte complex-based films are a plausible nystatin
release system for oral application.
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1. Introduction

Oropharyngeal candidiasis (OPC) is one of the most prevalent fungal infections in the
world [1]. OPC occurs when the yeast adheres and penetrates the oral tissue [2]. Even though
many Candida species such as C. dubliniensis, C. glabrata, Pichia kudriavzevii (C. krusei), C.
kefyr, C. parapsilosis, C. stellatoidea, and C. tropicalis have been isolated from patients with
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OPC [3], more than 80% of the diagnosed cases are caused by Candida albicans due to its
greater adherence capacity and level of pathogenicity [4].

Several factors can lead to the development of OPC, such as the use of dentures,
corticosteroid inhalers, leukemia; malnutrition; endocrine dysfunction such as diabetes;
systemic chemotherapy; radiation therapy; and the use of systemic corticosteroids,
immunomodulatory drugs, xerogenic drugs, broad-spectrum antimicrobials, and immuno-
suppressed states caused by the human immunodeficiency virus (HIV) [5-7].

HIV patients are of particular interest since the immunosuppression caused by the
reduced CD*" T lymphocyte count, viral charge, and local factors such as xerostomia are risk
factors for developing this type of infection. 50% of these patients are carriers of some Candida
species [8,9], and over 80—-90% of them develop OPC at some stage of the disease [10,11].

Recent studies have identified the prevalence and factors associated with oral Candida
colonization and candidiasis in institutionalized HIV-positive children and teenagers. A high
prevalence of colonization was found with different strains of Candida isolated from over 50%
of the patients. The factors associated with the colonization were: male gender, a high viral
load, a low CD*" cells count, and less than three years into High Active Antiretroviral
Treatment. The isolated strains also showed a significant antimicrobial resistance [12].

Nystatin (NYS) is the drug of choice for the treatment of OPC [13]. It is an antibiotic
obtained from Streptomyces noursei, which has a fungicide effect against Candida spp.; the
use of NYS has proven to decrease or prevent the yeast's adherence to the epithelial cells
avoiding their colonization and, therefore, the risk of infection [14,15]. However, this drug is
not absorbed in the gastrointestinal tract, and its systemic administration is considerably toxic
[16]. Therefore, the clinical use of NYS is restricted to superficial infections. Most patients
with OPC are treated with NYS as an oral suspension, lozenges, or oral tablets. These
formulations require several doses a day [17] due to their short residence time in the oral
mucosa. The low bioavailability is reduced even further by saliva dilution; other disadvantages
include an unpleasant taste, viscous consistency, and low water solubility of the drug [18,19].

Therefore, there is a need for formulations retained in the infection site and release
antimicrobials in a sustained manner to avoid under therapeutic levels that may lead to
antimicrobial resistance. To address this issue, one approach is developing bioadhesive
formulations based on natural polymers [20].

Natural polymers are mostly derived from renewable resources and include
polysaccharides, proteins, lipids, polyphenols, among others [21]. Natural polymers are widely
used in drug release systems due to their availability, compatibility, degradation under natural
and physiological conditions, and bioadhesive properties [22].

The phenomenon of mucoadhesion has been widely studied in recent decades. This
property has been incorporated in various pharmaceutical forms to increase the residence time
at the absorption site, improving its effectiveness. One of the strategies is the use of
polyelectrolyte complexes (PEC) as a platform for drug loading and release [23].

PEC are networked with a non-permanent structure resulting from the mixture of
solutions of polymers (polyelectrolytes) with opposite charges, resulting in spontaneous
association by forming electrostatic bonds, strong but reversible. The formation and stability
of polyelectrolyte complexes depend on several factors: the degree of ionization of each
polyelectrolyte, the charge density, the concentration of the polyelectrolytes, and the nature of
distinct ionic groups [24].
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Chitosan (CHI) is the main polycation used to produce these complexes. CHI can be
obtained with different degrees of deacetylation and molecular weights from chitin. CHI
possesses cationic amino groups that can interact electrostatically with anionic polyelectrolytes
to form polyelectrolyte complexes. Examples of polyanions that may interact with chitosan
include polygalacturonic acid (PGA), gum arabic (GA), sodium alginate, carrageenan, and
carboxymethyl cellulose. Recently, these have been used to design specific drug release
systems depending on the required properties [25-27].

This study is aimed to develop and evaluate chitosan-based mucoadhesive
polyelectrolyte systems for the sustained release of NYS, as a possible drug delivery system
for the treatment of buccopharyngeal candidiasis.

2. Materials and Methods

2.1. Materials.

Chitosan low molecular weight (50,000-190,000 Da) 75-85% deacetylated (Sigma-
Aldrich), gum arabic (Spectrum), polygalacturonic acid (Sigma-Aldrich), nystatin +85%
(Acros Organics BVBA), potassium phosphate monobasic (Fermont), potassium phosphate
dibasic (Mallinckrodt), nutrient agar (BBL); Candida albicans ATCC 14053, ATCC 90028
and a clinical strain of Pichia kudriavzevii (C. krusei) WT were supplied by the Microbiology
Department of the Universidad Autonoma de Baja California, Facultad de Ciencias de la Salud.
HPMC (Methocel™ 4000 DuPont) tablets were obtained by direct compression in a Carver
press (200 mg polymer, 1.3 cm die, 4000 Ib/in? compression pressure). All other chemicals
were of analytical or pharmaceutical grade.

2.2. Preparation of PEC films.

PEC films were prepared using the solvent casting technique [28]. A CHI solution was
prepared by slowly adding 750 mg of the polymer to 15 mL of 0.1% acetic acid in constant
stirring until fully dissolved. An equal amount of the polyanion (gum arabic [GA] or
polygalacturonic acid [PGA]) was also dissolved in 15 mL of distilled water. The PEC was
obtained by gradually adding the polyanion solution to CHI solution with continuous stirring
using a homogenizer at 5000 rpm for 10 min, finally adding the drug solution (25 mg of NYS
in 20 mL ethanol). The mixture was cast in horizontally leveled silanized glass plates (10 x 10
cm), drying in an oven at 40°C for 48 h. The dried films were carefully removed from the plates
and visually inspected for any imperfections or air bubbles. Films were stored at room
temperature.

2.3. Morphological characteristics of PEC films using scanning electron microscopy.

The surface characteristics of both placebo and NYS-loaded PEC films were studied
using a scanning electron microscope (SEM) (JIB-4500, Jeol, Japan). The samples were
mounted on metal stubs with the double-sided adhesive band and then sputtered with a layer
of gold for the 50s under 15 mA current to give it electrically conductive properties. The cross-
sectional images of film samples were also obtained [29].
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2.4. FT-IR spectroscopy.

FT-IR spectroscopy (FT-IR Nicolet™ iS™ 5, 650-4000 cm 2, 16 scans) was performed
of CHI, GA, PGA, the placebo, and NYS-loaded films.

2.5. Differential scanning calorimetry and thermogravimetric analysis.

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) studies
were performed (SDT Q600, TA Instruments, USA) to confirm complex formation. Studies
were performed for placebo PEC films and PEC films containing NYS. Samples (1.5-3 mg)
were placed in aluminum cells and heated at 10 °C/min over a temperature range of 20—-400°C
in a nitrogen atmosphere.

2.6. Swelling studies.

The swelling behavior of the PEC films was evaluated by the weighing method. Squares
of 2 x 2 cm were cut from the film. 12 squares were individually weighed and allowed to swell
on apH 6.75 PBS solution at 37°C. The film's weight was determined at different time intervals
(0.25,0.5, 1, 2, 3, 5, and 6 h). The water uptake was calculated using the following equation:
Wy =Wy

Wo
where Sy is the film's water uptake capacity, Wt is the weight of the swollen samples after time
t, and Wy is the original weight. Measurements were carried out in triplicate.

Sw =

2.7. Drug content.

Film portions of 2 x 2 cm were cut from different areas of the films. The films were
dissolved in 100 mL of pH 6.75 phosphate buffer. The obtained samples were assayed for NYS
content spectrophotometrically at the pre-scanned wavelength (406 nm). The drug
concentration was calculated by calculating the drug concentration reference to the appropriate
calibration curve constructed in the same buffer.

2.8. In vitro release studies of NYS from PEC films.

The films were cut into 2 x 2 cm squares and weighted; each square was placed in a
500 mL beaker containing 400 mL of pH 6.75 PBS buffer, previously warmed at 37°C, shaken
at 50 rpm. At different time intervals (5 min, 10 min, 15 min, 0.5, 1, 2, 3, 4,5, 6, 7, 8, 9, 10,
11, 12, 20, and 24 h), a 5 mL sample of the release medium was taken and replaced with an
equal volume of fresh buffer solution. The samples were assayed for NYS content
spectrophotometrically as previously described.

2.9. In vitro determination of antifungal activity.

The films were tested for their antifungal activity against Candida albicans and Pichia
kudriavzevii (C. krusei) using inoculated Mdller-Hinton agar plates with 2% glucose and
0.5mg/mL of methylene blue [30]. Three films cut as circles of 7 mm diameter for each
formulation were transferred onto the surface of the inoculated agar plate and incubated at 37
°C. The diameter of the inhibition zone was measured after 72 h. The mean inhibition zones
and standard deviation were calculated. The antimicrobial activity for placebo PEC films was
also tested.
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2.10. Adhesion properties of films.

Determination of adhesive properties was performed by texture analysis (CT3,
Brookfield, Canada). Each film's adhesiveness was obtained by measuring the force required
to detach each formulation from a disk of freshly excised rabbit intestinal mucosa [31]. A
portion of each film (1 x 1 cm) was bound to the upper end of the cylindrical probe, and mucosa
discs were horizontally attached to the lower end of the testing apparatus. Prior to testing, the
mucosa was hydrated in pH 6.75 PBS for 5 min. The films were allowed to attach to the mucosa
for 30 s, and then the probe was moved upwards at 1.0 mm/s.

As a mucoadhesive reference, hydroxypropyl methylcellulose tablets were tested using
the same parameters. Whatman filter paper was used as a negative control [32]. The force
required to detach the film from the mucosa surface was found via the analysis as the maximum
force (F; N). The work of adhesion (Wad; mJ) was calculated from the area under the curve
[33].

2.11. Statistical analysis.

All results are represented as mean + standard error (SE) for each data group. Statistics
were analyzed using Graphpad Prism 8. Student's t and ANOVA tests with multiple Tukey test
comparisons were performed to assess the differences between formulations, considering a p
< 0.05 as significant.

3. Results and Discussion
3.1. Characterization of polyelectrolyte complex film.

3.1.1. Physical characteristics of PEC films: appearance, texture, and thickness

The chitosan/polygalacturonic acid placebo films cast were yellow and showed a rough
surface. Its texture was rigid and brittle (Figure 1a); the films of the same formulation loaded
with NYS had a rougher surface and a more intense color (Figure 1b). The chitosan/gum arabic
placebo films cast by the same technique were clearer, showed a smooth surface, and their
texture was more flexible and less brittle than the other formulation (Figure 1c). A more opaque
and intense coloration was observed for the NYS-loaded film (Figure 1d). Several authors have
found similar results in the color and texture of PECs films [34-36].

' i d

Figure 1. Macroscopic Morphology of Chitosan PEC films, x1 magnification of (a) CHI-PGA placebo film; (b)
CHI-PGA film loaded with NYS; (c) CHI-GA placebo film; (d) CHI-GA loaded with NYS.
https://biointerfaceresearch.com/ 4388
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The flexibility and homogenous appearance of the films are attributed to residual,
unreacted, polymeric functional groups [37]. These characteristics are desirable for the buccal
application since the formulation must be able to adapt to the shape of different buccal
structures without cracking or breaking.

The thickness of the films was: CHI-GA: 0.065 + 0.005 mm, CHI-GA-NYS: 0.067
0.009 mm, CHI-PGA: 0.065 £ 0.023 mm, CHI-PGA-NY'S: 0.062 + 0.009 mm. No statistically
significant difference was found between the formulations with or without NYS.

3.1.2. Morphological characteristics of PEC films by SEM

The morphology of all PEC films was assessed using SEM. Surface micrographs are
shown in Figure 2. The placebo CHI-GA film surface (Figure 2a) was predominantly smooth
and compact with no apparent pores, and the cross-section was dense (Figure 2e). The surface
and cross-section morphologies of the film showed no apparent change with the incorporation
of the drug aside from a few drug crystals (Figures 2b and 2f). The placebo CHI-PGA films
showed a rough and irregular surface (Figures 2c and 2g). Drug crystals were observed on the
surface of the film containing NYS (Figure 2d). The surface of the film CHI-PGA-NYS is also
rough. Further studies are required to explain the differences in the surface characteristics of
the different films prepared.

v

CHI-GA; (b) CHI-GA-NYS; () CHI-PGA,; (d) CHI-PGA-

1l 15k

o~ M_ v x200 100pm { « 2
Figure 2. Scanning electron micrographs for: (a)
NYS; (e) CHI-GA cross-section; (f) CHI-GA-NY'S cross-section; (g) CHI-PGA cross-section; (h) CHI-GA-
NYS cross-section. Arrows indicate precipitated drug crystals.

3.1.3. FT-IR spectroscopy.

Acquired FT-IR spectra of CHI, GA, and their PECs showed absorption bands around
3300 cm %, typical for —O-H stretching vibrations, and around 2900 cm ™2, which correspond to
—C-H stretching vibrations. The main bands of NYS were observed with the presence of
skeletal vibrations. The band found at 1701.1 cm™! is related to stretching vibrations of C=0
bond of an ester group, the wideband at 3353 cm corresponds to the overlapping of -OH and
-NH groups signals [38]. CHI peaks located around 1645.44 cm™, 1579.99 cm™ were related
to amide | and amide Il bands from N-H group, respectively [39]. The peaks at 1602 cm™* and
1419 cm™! were related to -C- and -COOH stretching vibration for GA, and the peak at 1730
cm? corresponding to the vibration of non-ionized carboxylic groups C=0O of the
polygalacturonic acid (Figure 3).

The spectra of the PEC showed the absence of the absorption bands at 1730 cm™ from
PGA and 1579.99 cm™* from CHI, as well as a significant reduction of signals characteristic
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for amines in the structure of CHI: 1645.44 cm*and 1322.84 cm™. Asymmetric and symmetric
N-H deformation vibrations can explain shifts in wavelength and broadness in the bands in
protonated amines, asymmetric stretching vibrations in the amide | and amide Il bands, and
carboxylate ions after complexation [40]. Peak changes corresponding to -COOH groups
indicate a complexation according to the literature [41].

The absence of new absorption bands in PECs confirms that no chemical reactions
occurred between the polymers. Lower peak intensities indicate that a high percentage of
characteristic functional groups from CHI and the polyanions interacted with each other
(functional groups were not free to absorb the IR signal), as previously reported by Arguelles-
Monal et al. [42] and Tsai et al. [43].

CHI-PGA-NYS CHI-GA-NYS
/ CHI-PGA f
o b i \ | "CHI-GA
° ™\ e ——y ] f
= e ' g |-
2 AN o B e
£ | -PGA e - NN
0 L/l — \
c | 2 Ny
s i I | "GA
= _ [
/-CHI e N
T T T ey - E— [ —
I AJ\I ,f"Ml"“NYS —— ™~ ﬂq i f"r’ﬁ»NYS
| .,ql"
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavelenght cm-1 Wavelenght cm-1

Figure 3. FT-IR spectra of (a) CHI, PGA, NYS, CHI-PGA, and CHI-PGA-NYS; (b) CHI, GA, NYS, CHI-GA,
and CHI-GA-NYS.
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Figure 4. TGA thermograms of (a) CHI, PGA, NYS, their physical mixture (PM), and films; (b) CHI, GA,
NYS, their PM, and films.
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3.1.4. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).

Figures 4 and 5 show the thermograms of CHI, PGA, GA, NYS, their physical mixture,
and the polyelectrolyte films. All materials showed an initial endothermic process and weight
loss due to moisture evaporation from the samples. CHI and GA had thermal events close to
300°C while PGA degraded at 240°C and NY'S showed two peaks at 164°C and 435°C. In the
physical mixture of CHI and PGA, the peaks of both polymers can be seen. This result was not
observed in the CHI-GA mixture since both polymers showed a very similar thermal behavior.
The PEC films showed the same peaks as the physical mixtures; however, they appeared
smaller and lower temperatures. The shift to a lower temperature in the complex’s thermal
degradation indicates a loss of organization due to the interaction between chitosan and the
polyanions, being this the main evidence of the formation of a complex between the polymers
[44]. The lack of an NYS degradation peak, both in the physical mixture and films, may be
attributed to the low concentration of the drug in the formulations.

a b
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Figure 5. DSC Thermograms of (a) CHI, PGA, NYS, their physical mixture (PM), and films; (b) CHI, GA,
NYS, their PM, and films.

3.1.5. Drug content and swelling degree of PEC films.

No statistically significant difference was found between the content of NYS or the
swelling degree of the film formulations (Table 1); both films showed a significant water
uptake and kept their integrity over the experiment period.

Table 1. Experimental results for drug content and swelling degree (3 h) of polyelectrolyte complex films (mean

+ SD).
Formulation CHI-PGA CHI-GA CHI-PGA-NYS CHI-GA-NYS p-value
placebo placebo
Drug content - - 0.1476 £ 0.029 0.1485 £ 0.017 t=0.04637,
(mg/cm?) df=4
p=0.964
Swelling degree 35+0.21 3.64+0.17 3.78+£0.08 3.88+0.20 F=2.607,
p=0.124

The films' water uptake was high during the first 3 h, followed by a plateau for swelling.
However, passing the 6 h mark, the CHI-GA-NYS film appeared to be dissolving rather than
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absorbing water, unlike the CHI-PGA-NYS film that didn't lose its integrity at any point. The
results can be explained by the difference in the matrix network structure's resistance to water
molecules' movement [45]. It has been reported that the interaction between the polycation and
the polyanion would cause a tightening of the network resulting in reduced swelling capacity
[46].

3.2. In vitro release studies of NYS from films.

An initial fast release of NYS from both formulations was observed (Figure 6),
probably due to the drug present on the films' surface since the scanning electron micrographs
confirmed that the drug is dispersed in the PEC films surface. Both films showed a burst effect
followed by a moderate release profile, which may benefit buccal application as a higher
release rate at the initial dosing time could achieve an immediate therapeutic level of the drug
followed by a slower release rate to maintain the concentration above the minimal inhibitory.
Both formulations showed a very similar release profile, releasing 55 % of the drug by the
second hour and 84 % in 24 h. Kassem et al. observed similar behavior on tetracycline release
from PEC for periodontal application. The authors attribute the results to the rapid dissolution
of the water-soluble antibiotic from the film surface.

—a— CHI-PGA-NYS
100 —a— CHI-GA-NYS

80

60

40

20

Cumulative Drug Release (%)

Time (h)
Figure 6. In vitro release profiles of CHI-GA-NYA and CHI-PGA-NYS.

Table 2. Squared correlation coefficient (R2) and coefficients obtained after regression of the release data
utilizing Higuchi and Korsmeyer-Peppas mathematical models.

Model CHI-GA CHI-PGA
Higuchi K 0.2354 0.2325
Adjusted R? 0.4291 0.5143
RSS 0.5016 0.4671
Korsemeyer-Peppas K 0.4713 0.4491
n 0.1998 0.2166
Adjusted R? 0.9815 0.9608
RSS 0.0152 0.0354

Data obtained from the drug release profiles were fitted to the Higuchi model (F =

1
Kytz) and Korsmeyer-Peppas model (F = kx_pt™) and compared with some kinetic model
parameters such as release rate constant (k), coefficient of determination (R?), release exponent
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(n), residual sum of square (RSS) (Table 2). The higher R? and the smaller RSS indicated a
better fit of release data into the model.

The Higuchi model describes a direct proportionality between the cumulative fraction
of the drug released vs. time in a pseudo-stationary state. Therefore the release of the drug is
defined as the mass transfer from the release system to the medium [47]; the Korsmeyer-Peppas
model, on the other hand, is based on Fick's law and is useful when the release mechanism is
controlled by the relaxation of polymer chains [48]. According to this model, the value of n
identifies the specific release mechanism. Values below 0.5 may be due to the diffusion of
drugs partially through a swollen matrix and hydrated pores, as observed in this formulation.
This model is often applied for drug release profile analysis in polymeric systems.

The Korsmeyer-Peppas model was the best fit for CHI-GA and CHI-PGA films, with
R? of 0.98 and 0.96 and RSS of 0.0152 and 0.0354, respectively. Fitting indicates that NYS
release depends on polyelectrolytes' hydrophilicity and is not controlled solely by the drug's
diffusion into the medium.

3.3. In vitro determination of antifungal activity.

The in vitro antifungal activity of the formulated films was observed over a period of
72 h (Table 3). Placebo CHI-PGA films showed no inhibition zones against any of the strains
studied. However, an inhibitory effect was observed in the CHI-GA films. The antimicrobial
activity of GA and CHI has been described previously by other authors [49,50]. Although only
for CHI, a mechanism has been proposed: the electrostatic interaction between positively
charged R-NHj3" sites on CHI and negatively charged microbial cell membranes is responsible
for cellular lysis. It is assumed to be the primary antimicrobial mechanism [51,52].

Table 3. Antifungal activity of films. Inhibition zone diameters (mm) at 72 h.

CHI-PGA | CHI-GA | CHI-PGA-NYS | CHI-GA-NYS
C. albicans ATCC 14053 - 10+1.0 35%25 3820
C. albicans ATCC 90028 - 9+15 38+1.0 41+20
Pichia kudriavzevii (C. krusei) WT - 9+1.0 18+£20 16£05

Table 4. ANOVA comparisons of antifungal activity of films.

F P
C. albicans ATCC 14053 189.1 <0.0001
CHI-GA vs. CHI-PGA-NYS <0.0001
CHI-GA vs. CHI-GA-NYS <0.0001
CHI-PGA-NYS vs. CHI-GA-NYS 0.2195
C. albicans ATCC 90028 387.7 <0.0001
CHI-GA vs. CHI-PGA-NYS <0.0001
CHI-GA vs. CHI-GA-NYS <0.0001
CHI-PGA-NYS vs. CHI-GA-NYS 0.1215
Pichia kudriavzevii (C. krusei) WT 38.29 0.0004
CHI-GA vs. CHI-PGA-NYS 0.0004
CHI-GA vs. CHI-GA-NYS 0.0016
CHI-PGA-NYS vs. CHI-GA-NYS 0.2324

Both drug-loaded formulations presented inhibition zones for the three Candida strains
with no statistically significant difference between the films despite finding an inhibitory effect
on the placebo CHI-GA film (Table 4). This can be explained since the inhibition of the placebo
films was found only when the formulation had direct contact with the culture media while
NYS diffused through the plate. This result correlates with the finding of similar drug release
profiles.
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3.4. Adhesion properties of films.

Mucoadhesive properties of the films were tested against rabbit's intestinal mucosa.
This model has been previously used to assess the capacity of mucoadhesion of drug delivery
formulations due to its simplicity and availability [31,53]. Besides, the results from the
mucoadhesive evaluations correlate with the bucoadhesive properties of the tested materials,
as previously reported [54,55].

The films showed mucoadhesive capacity in the tested model, and no interaction was
found between the films and the negative control (filter paper). No significant differences were
found for Fmax and Wag among the films (loaded and unloaded). When tested against HPMC
tablets (a well-known mucoadhesive), a similar Fmax was found between the films and the
tablets; nonetheless, a significantly higher Waq was found for the CHI-GA and CHI-GA-NYS
films (Table 5, Figure 7). Therefore, even though similar forces were required to detach the
films and the tablets, the films remained attached longer.

Table 5. Mucoadhesiveness tests for placebo and NYS loaded films.

Formulation Detachment Force (N) Work of Adhesion (mJ)
CHI-PGA 3.78 £0.0351 142+ 74
CHI-PGA-NYS 3.66 £ 0.0416 140 + 39
CHI-GA 3.79 £ 0.3066 205+ 68
CHI-GA-NYS 3.64 £ 0.1266 196 £ 22
HPMC Tablet 3.75+£2.0377 384+13
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Figure 7. Detachment force (Fmax) and work of adhesion (Waq) of the films, compared with HPMC tablets.
* indicate p <0.5

The films' mucoadhesive properties may be related to the positive charge of CHI from
amino groups, which can interact with the negative charges of sialic acid and mucin sulfate
residues [56]. Also, the film's water uptake allows polymers to have greater chains' mobility
that facilitates interdiffusion into the mucous layer; this phenomenon is known to be one of the
mechanisms responsible for mucoadhesion [57]. Generally, a higher water uptake degree
relates to better adhesion as this leads to rapid expulsion of water by mucous tissue and the
opening of polymer chains for interpenetration [58]. The amount of the drug present in the
films did not lower the mucoadhesive capacity significantly.

4. Conclusions

In this work, two film-shaped systems for NYS release were developed and
characterized with mucoadhesion characteristics and sustained release. The systems are based
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on polyelectrolyte complexes between chitosan and anionic biopolymers, gum arabic, and
polygalacturonic acid. The formation of the polyelectrolyte complex was demonstrated using
FT-IR and DSC-TGA. The films obtained showed sustained release kinetics explained by the
Korsmeyer-Peppas model, with a rapid initial drug release followed by a slower release that
could be beneficial in oral application, as it is similar to administering a loading dose that
quickly reaches therapeutic concentrations of the drug and then is maintained by sustained
release. The formulations loaded with NY'S showed antimicrobial activity in the three Candida
strains tested; a minor effect was seen in the placebo formulation of chitosan and gum arabic,
but no antimicrobial effect was found in the placebo containing polygalacturonic acid. The
formulation showed a similar mucoadhesion capacity in terms of Fmax compared to HPMC
tablets and a higher Wyq that was not modified by the addition of NYS. Future work with
various antimicrobial drugs could widen the possible applications of these release systems.
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