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Abstract: Fluconazole (FZ) is a potential antifungal compound for treating superficial and systemic
candidiasis. However, the use of conventional oral drug products has some limitations. The develop-
ment of buccal film may be a potential alternative to oral formulations for FZ delivery. The present
study involved the development of novel FZ-loaded solid lipid nanoparticles (FZ-SLNs) in pectin
solutions and the investigation of their particle characteristics. The particle sizes of the obtained
FZ-SLNs were in the nanoscale range. To produce pectin films with FZ-SLNs, four formulations were
selected based on the small particle size of FZ-SLNs and their suitable polydispersity index. The
mean particle sizes of all chosen FZ-SLNs formulations did not exceed 131.7 nm, and the mean poly-
dispersity index of each formulation was less than 0.5. The properties of films containing FZ-SLNs
were then assessed. The preparation of all FZ-SLN-loaded pectin films provided the mucoadhesive
matrices. The evaluation of mechanical properties unveiled the influence of particle size variation in
FZ-SLNs on the integrity of the film. The Fourier-transform infrared spectra indicated that hydrogen
bonds could potentially form between the pectin-based matrix and the constituents of FZ-SLNs.
The differential scanning calorimetry thermogram of each pectin film with FZ-SLNs revealed that
the formulation was thermally stable and behaved in a solid state at 37 °C. According to a drug
release study, a sustained drug release pattern with a burst in the initial stage for all films may
be advantageous for reducing the lag period of drug release. All prepared films with FZ-SLNs
provided a sustained release of FZ over 6 h. The films containing FZ-SLNs with a small particle size
provided good permeability across the porcine mucosa. All film samples demonstrated antifungal
properties. These results suggest the potential utility of pectin films incorporating FZ-SLNs for buccal
administration.
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1. Introduction

Fluconazole (FZ) is a synthetic triazole agent belonging to the therapeutic compound
class of azole antifungals. The antifungal action of FZ arises from the depletion of fungal
ergosterol synthesis and impairment of the fungal cell membrane [1]. FZ is a potential
antifungal used to treat superficial and systemic candidiasis caused by a fungus of the
Candida genus. Although oral tablets and suspensions of FZ are commercially available, the
oral administration of FZ has some limitations associated with first-pass metabolism and
side effects, such as stomach upset, diarrhea, nausea, and vomiting [2—4]. In addition, it has
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been suggested that the rapid dissolution of FZ from solid oral dosage forms may contribute
to the increased chance of side effects [5]. Lipid-based nanocarriers represent a potential
strategy for addressing limitations associated with traditional oral therapy [6]. In recent
years, the fabrication of novel lipid-based nanocarriers has attracted increasing attention
and has been considered a promising vehicle for delivering antifungals [3,7]. To ensure
efficient drug delivery and avoid the risk of side effects, the incorporation of nanocarriers
into dosage forms has been proposed for buccal delivery instead of conventional oral
drug administration [8]. Therefore, the development of a suitable dosage form containing
lipid-based nanocarriers for buccal administration is a promising approach for FZ delivery.

Solid lipid nanoparticles (SLNs), which typically range in size from 10 to 1000 nm in
diameter, are colloidal lipid-based nanocarriers made up of a solid lipid core surrounded
by a surfactant layer [7,9]. The structural characteristics and types of SLNs depend on the
preparation techniques, the preparation parameters, the chemical nature of formulation
components, and the composition of the formulation [6,10]. The main advantages of using
SLNs to deliver active compounds are their ability to enhance absorption and increase
safety [10]. Furthermore, the ability of the SLNs to sustain the release of the active com-
pound and promote the relevant biological activity makes them promising lipid-based
nanocarriers for a variety of applications [11]. Over the years, the fabrication of drug-loaded
SLNs has gained attention to accomplish enhanced permeability for transdermal drug de-
livery [12]. In addition, SLNs have been considered as a potential platform to improve
drug permeability through the buccal mucosa [13]. The buccal delivery of drugs from the
site of application to the bloodstream can bypass first-pass metabolism, avoid pre-systemic
inactivation in the gastrointestinal tract, and minimize gastrointestinal side effects [8,14].
Therefore, the buccal administration of SLNs offers a viable, non-invasive strategy for local
and systemic therapy. However, the use of plain drug-loaded SLNs for buccal delivery
faces a challenge due to their short residence time on the buccal mucosa. The clearance
of SLNs from the buccal mucosa is a consequence of tongue and masticatory movements,
dilution by saliva, and swallowing [14,15]. Recently, the strategy of incorporating SLNs into
the mucoadhesive matrix, which can achieve prolonged adhesion on the mucosa surface,
has become an attractive approach to overcome the limitation [15,16].

Mucoadhesion, the phenomenon of adhesion between material and mucous mem-
brane, attracts considerable research attention that has been devoted to extending the
residence time of pharmaceutical drug formulations at the mucosal surface [17,18]. Mu-
coadhesive preparations are capable of mucoadhesion to offer drug release at the target site
and/or to facilitate drug permeation across the mucosa [19]. Several mucoadhesive dosage
forms, such as tablets, discs, and films, have been explored for buccal administration [20].
Mucoadhesive films are often preferred over other dosage forms as buccal delivery sys-
tems. This is because of the high flexibility, appropriate thickness, and suitable softness of
the films, which provide better patient compliance [20,21]. To achieve the mucoadhesive
capability, the buccal mucoadhesive films are fabricated with mucoadhesive polymers
used as major film formers [22]. The existing literature emphasizes that the mucoadhesion
produced by the mucoadhesive polymers is derived from the interconnection between the
mucus and the polymers through physical association (chain interpenetration and entan-
glement) and chemical interactions, mainly H-bonding and van der Waals forces [20,22,23].
The presence of H-bonding functional groups, including hydroxyl, carboxyl, amine, and
amide groups, in the polymer structure contributes to adhesion to the mucosa [23]. In
addition, the chain flexibility of the mucoadhesive polymeric component is anticipated to
encourage mucoadhesion of the dosage forms [19,22].

Pectin is a natural heteropolysaccharide, the structure of which is rich in carboxylic
groups. Although the structure of pectin is complex and possesses interlinked distinct
domains, the main component of pectin is homogalacturonan residue, which is partially
methyl-esterified. According to the degree of esterification (DE), pectin can be classified
into two major groups: low DE pectins (DE < 50%) and high DE pectins (DE > 50%). High
DE pectins with a high molecular weight have high mucoadhesive performance on the
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mucosa of the gastrointestinal tract, especially the tissues of the buccal, stomach, small
intestine, and large intestine, because their molecular features enable the formation of
H-bonds as well as great entanglements between polymer and mucin chains [23,24]. To
constitute a film layer, pectins with high DE values have the potential to be utilized as
film-forming material [25,26]. As the DE of pectins increased, the films became more
hydrophobic [27]. The formulations made from pectin with high DE are superior to the
more hydrophilic pectin-derived matrices in terms of the sustained release of entrapped
molecules [27]. Several previous studies have looked into the fabrication of pectin-based
films enriched with nano-compositions, such as sulfur nanoparticles, silver nanoparticles,
and nano clays, for food and biomedical applications [28-30]. A distribution of nanomate-
rials within the film may enhance interface contact between film constituents and refine
film performance [31]. However, there is limited research investigating pectin-based film
incorporated with drug-loaded SLNS.

The main objective of the present study was to fabricate novel pectin mucoadhesive
films incorporated with FZ-loaded SLNs (FZ-SLNs) for drug delivery through the buccal
mucosa. High-DE pectin with a 70% DE and molecular weight of 200 kDa was employed
as a mucoadhesive film-forming polymer. According to previous work conducted by our
research group on the preparation of FZ-SLNs, Tween® 80 and glyceryl monostearate
(GMS) are potential ingredients that can form the FZ-loaded solid lipid particle at the
nanoscale level [13]. Hence, Tween® 80 and GMS were suitable for use as stabilizers and
solid lipids, respectively. The dispersion of FZ-SLNs in pectin solutions was characterized.
After the film preparation, the FZ-SLN-incorporated films were characterized in terms of
thickness, mucoadhesion, mechanical characteristics, Fourier-transform infrared (FTIR)
spectrum, drug release profile, and permeability study. In addition, the antifungal activity
of the film samples against Candida albicans was also determined.

2. Results and Discussion
2.1. The Particle Characteristic of FZ-SLNs in Pectin Solutions

To assess the effect of the amount of film-forming polymer on the particle charac-
teristics of FZ-SLNs in dispersions, the amounts of pectin were varied as described in
formulations C1-C3 (Table 1), while the content of the stabilizer and solid lipid in the
formulations was fixed.

Table 1. Formulation composition of FZ-SLNs in pectin solutions.

Formulation Composition (g) *

Formulation Code

Pectin GMS Tween® 80
C1 3.8 2.0 2.0
C2 3.9 2.0 2.0
C3 4.0 2.0 2.0
C4 4.0 1.9 2.0
C5 4.0 1.8 2.0
Cé6 4.0 2.0 2.1
Cc7 4.0 2.0 2.2

* The amounts of FZ and glycerol used for each formulation are 0.075 g and 2 g, respectively.

Figure 1a shows the particle size and polydispersity index (PDI) for FZ-SLNs in
pectin solutions with different pectin content. As can be seen, the mean values of the
particle size of FZ-SLNs were in the range between 131.7 and 136.6 nm, which were in
the nanosize range. The small mean PDI values of FZ-SLNs in C2 and C3 were 0.444 and
0.430, respectively, while C1 represented a high mean PDI value of 0.615. The PDI values
found in C2 and C3 were significantly lower than that of C1 (p < 0.05). The PDI values
decline with increasing pectin content, indicating that the addition of pectin narrowed
the particle size distribution. The small PDI value of 0.5 and below is acceptable and a
representation of uniform SLN dispersion with a narrow particle size distribution [32,33].
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The homogeneous size distribution leads to the desired effect on the physical stability
of the nanoparticle dispersion and is a favorable particle characteristic [34]. Because the
formulation C3 contained high mucoadhesive polymer content and possessed nanoparticles
of a small size and a small PDI value, the pectin content as described in the formulation C3
was selected, and the content of solid lipid and stabilizer was varied further to investigate
the effect of solid lipid and stabilizer contents.
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Figure 1. Particle size and polydispersity index (PDI) of FZ-SLNs in pectin solutions containing
different content of (a) pectin, (b) GMS, and (c) Tween® 80.

As described in Table 1, the content of GMS was varied in formulations C3, C4, and C5.
Figure 1b shows the particle size and PDI for FZ-SLNs in pectin solutions with different
GMS content. The differences in the particle sizes among formulations C3, C4, and C5 were
statistically significant. The formulation C4 contained the smallest particles compared to
other formulations with distinct lipid contents (C3 and C5). This indicated that a decrease
in the particle size of the SLNs was observed as the lipid content increased to a certain
value, after which an increase in the particle size of the SLNs was observed. Although the
increase in lipid concentration generally produces the size increment of SLNs, the reduction
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in particle size caused by an increase in lipid content has also been observed [35]. It was
reported that a concentration-dependent increase in particle size began as the lipid content
of the SLN dispersion exceeded a critical value because of the insufficient amount of the
coating stabilizer layer for high lipid content above a certain level [35,36]. At lipid contents
lower than the critical level, the increase in lipid concentration exerts a negligible influence
on the size increment of particles [35].

As described in Table 1, the content of the stabilizer, Tween® 80, was varied and
increased in the formulations C3, C6, and C7. From Figure 1c, it can be seen that the
mean values of the particle size decreased with increasing the content of Tween® 80. The
differences in the particle size values among these sample formulations were statistically
significant (p < 0.05). The PDI values of the samples tended to decrease when the amount
of stabilizer was increased. The tendency of the stabilizer to form a stabilizer layer at
the interface and decrease the interfacial tension may prevent the agglomeration of lipid
particles, leading to the formation of small particles with a uniform size distribution [32].

Formulations C3, C4, C6, and C7, which possessed an acceptable PDI and were the
top four formulations with the smallest particle size, were selected for film preparation and
subsequent film testing.

2.2. The Mucoadhesion of Pectin Films Containing FZ-SLNs

The films containing FZ-SLNs were successfully prepared using the film casting
method for formulations C3, C4, C6, and C7. The FZ-SLN-incorporated film types ob-
tained from formulations C3, C4, C6, and C7 were referred to as FC3, FC4, FC6, and FC7,
respectively. The thickness values of the obtained films for FC3, FC4, FC6, and FC7 were
0.194 £ 0.012, 0.193 £ 0.013, 0.186 £ 0.005, and 0.183 £ 0.037 mm, respectively. There was
no statistical significance in the thickness values among these obtained films.

The mucoadhesion of FC3, FC4, FC6, and FC7 is shown in Figure 2. All films possessed
the mucoadhesive ability. FC3 showed the greatest mean values for both work of adhesion
(Waq) and maximum force (Fmax). However, there was no statistically significant difference
in Fax values among FC3, FC4, FC6, and FC7. Also, the W4 values of FC6 and FC7 were
comparable. Although FC3, FC6, and FC7 contained distinct Tween® 80 contents, there was
no statistically significant difference in the W,4 values among these films. This may imply
that the amount of Tween® 80 had no discernible effect on the mucoadhesive property
of the studied films. However, the W,4 values of the film formulations with high GMS
content (FC3) were significantly greater than those of the film with low GMS content (FC4)
(p < 0.05). The W_q value reflects the adhesion energy between the mucoadhesive film
and buccal mucosa. The structure of GMS contains hydroxyl groups, and pectin chains
possess abundant carboxyl groups [15,23]. These functional groups play a crucial role in
their interactions with mucin. Furthermore, the mucoadhesive characteristic of pectin may
arise from their adsorption onto the mucin layer [37]. Therefore, using pectin as the film-
forming polymer provided the FZ-SLN-incorporated film with the mucoadhesive ability.
In addition, high GMS content in the FZ-SLN-incorporated film enriched the capacity for
mucoadhesion compared with that of the film containing low GMS content.
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Figure 2. Mucoadhesive properties of prepared pectin films containing FZ-SLNs.
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2.3. The Mechanical Properties of Pectin Films Containing FZ-SLNs

Tensile strength is a quantitative mechanical parameter representing film integrity,
and the percent elongation at break is a measurement of film flexibility [38,39]. Figure 3
represents the tensile strength and percent elongation at the break of FC3, FC4, FC6, and
FC7. The tensile strength of FC4 was significantly greater than that of other films, while
the values of tensile strength and percent elongation at the break of FC3 were significantly
lower than those of others (p < 0.05). Based on the particle size of the FZ-SLNs dispersed in
the studied film types, FC4 had the smallest nanoparticles, while FC3 contained the largest
nanoparticles. The impact of the particle size variation on the mechanical characteristics
of polysaccharide-based films containing nanoparticles has been reported by de Moura
et al. [40]. The high surface area of small nanoparticles accelerated their interaction with
the polysaccharide matrix during film formation, while the large nanoparticles caused the
hindrance effect on film formation. Therefore, the presence of small nanoparticles caused
higher film integrity and tenacity compared with film containing nanoparticles of a large
size [40].

mmmm Tensile strength ~ —e—Percent elongation at break
-~
70 1 r 9 3\0,
o _ 2
& 60 1 I —f—= g
€ 50 - L & o
] [ 6 &
B :
= 30 . &
@ 20 7 r3 2
= T 2
23N :
H oo 0 ¢
FC3 FC4 FC6 FC7 8

Film type

Figure 3. Mechanical properties of prepared pectin films containing FZ-SLNs.

2.4. FTIR Spectra

The FTIR spectra of pectin, FZ-loaded pectin film without SLNs (FZ film), and pectin
films with FZ-SLNs are presented in Figure 4. As shown in the FTIR spectrum of pectin
(Figure 4a), the two broad bands in the region between 3000 and 3700 cm ™! correspond to
the stretching vibrations of hydroxyl groups, which are the abundant functional groups
found in the chain structure of pectin [41,42]. In this OH stretching range, the band
observed in the higher wavenumber region of 3450-3700 cm ! reflects the presence of free
OH groups, while the band appearing in the lower wavenumber region of 3000-3450 cm !
corresponds to the existence of hydrogen-bonded OH groups [42]. The appearance of
C=0 peaks at 1629 cm ! and 1739 cm~! may be attributed to the presence of free and
esterified carboxyl groups in the pectin chain structure [43]. The main characteristic peaks
of pectin were also observed in FZ film (Figure 4a). According to the FTIR spectrum of
FC3 (Figure 4a), two distinct peaks near 2848 cm~ 1 and 2914 em 1, which can be assigned
to CH stretching of GMS, revealed the presence of GMS in the film [15]. Although there
was no noticeable change in the other main characteristic peaks of pectin in the spectrum
of FC3, the band of the free OH groups seemed to have disappeared, and a band that
broadened in the OH stretching range (3000-3700 cm~!) was observed in the FTIR pattern
of FC3. The decrease in the sharpness and the broader band of OH stretching could relate
to the formation of hydrogen bonds between the film matrix and nanocomponent [44].
Accordingly, the interaction between the pectin-based matrix and the composition of SLNs
may cause a reduction in the number of free OH groups [44,45]. No apparent pattern
alteration in the FTIR pattern of pectin films incorporating FZ-SLNs was observed when
comparing the FTIR spectrum of FC3 with the spectra of various pectin films containing
FZ-SLNs (Figure 4b).
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Figure 4. FTIR spectra of (a) pectin, FZ film, and FC3 and (b) distinct pectin films containing FZ-SLNs.

2.5. Differential Scanning Calorimetry

Figure 5 depicts the thermograms of pectin and pectin films with FZ-SLNs, which were
characterized by differential scanning calorimetry (DSC). For pectin, the broad endothermic
peak detected within the temperature range of 50 to 125 °C may reflect the release of water
associated with the hydrophilic residues of the polymer. This thermal event has also been
observed for pectin powder, as reported in the literature [46,47]. All pectin films with
FZ-SLNs also exhibited this broad endothermic signal, but their thermograms displayed
an additional endothermic peak at the low-temperature side in the range of 50 to 70 °C.
The melting transition of GMS has been reported to be approximately 61.8 °C [13]. The
presence of the endothermic signal in the range of 50 to 70 °C revealed the melting of GMS
in the formulations upon heating. Although it has been reported that the plain FZ powder
exhibited a sharp characteristic melting peak around 141 °C [13], the DSC thermograms
of all pectin films with FZ-SLNs do not show the sharp melting peak of the drug. The
integration of drug molecules into the carrier and the resulting conversion of the drug from
a crystalline to an amorphous state may account for the lack of a drug melting peak in FC3,
FC4, FC6, and FC7 [13]. All thermal events observed in pectin films with FZ-SLNs occurred
at temperatures higher than 37 °C, suggesting that all formulations are thermally stable
and maintain their solid state at body temperature.
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Figure 5. DSC thermograms of pectin and pectin films containing FZ-SLNs.

2.6. In Vitro Release of FZ

The in vitro release profiles of FZ from pectin films containing FZ-SLNs are depicted in
Figure 6. For all FZ-SLN-incorporated film types, the drug release patterns represented the
burst release of FZ that occurred in the early stage and was after that followed by a sustained
release over time. The lipophilicity of FZ is moderate, and FZ demonstrates viability in
both aqueous and lipophilic environments [48,49]. Therefore, some FZ molecules may
deposit at the surface of SLNs and the polymer matrix during preparation. The presence of
free drug molecules in the outer layers of SLNs may account for the initial burst release of
the drug from the SLN-loaded matrix, while the subsequent sustained release of the drug
could be attributed to the liberation of the encapsulated drug molecules from the internal
lipid phase [50,51]. The SLN structure as well as the polymeric matrix act as barriers to
drug diffusion and transportation, resulting in sustained drug release [51]. The sustained
drug release pattern with the burst in the initial stage could be beneficial in reducing the
lag period of drug release [50,52]. The release patterns of FZ from FC6 and FC7 were
comparable and showed a more sustained drug release than those from FC3 and FC4.
Considering the presence of a surfactant in each FZ-SLN-loaded film type, the amount of
Tween® 80 in the films FC6 and FC7 was higher than in FC3 and FC4. It has been proposed
that an inverse relationship between the Tween® 80 content and the order of drug release
occurs because a higher surfactant content stabilizes the SLNs and retards the release of the
encapsulated drug from the lipid core to the outside of the SLNs [53].

—#&—FC3 -~ O~ FC4 - & —FC6 =--E8--FC7

100 4

% Released

-

Time (h)

Figure 6. In vitro release of FZ from prepared pectin films containing FZ-SLNs.

2.7. Permeation Study

The permeability parameters, like the flux and apparent permeability coefficient for
FC3, FC4, FC6, and FC7, are represented in Figure 7. Although there is no statistical differ-
ence among different film types for both parameters, the mean values of both parameters
were found to be the lowest for FC3, which contained the largest size of FZ-SLNs. The
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mean values of the permeability parameters were found to slightly increase for FC4, FC6,
and FC7, which possessed smaller FZ-SLNs. The variation in the permeability of various
samples could be related to the size of the nanoparticles. The flux of drug-loaded SLNs
across the mucosal membrane likely varies in relation to particle size, and drug carriers
with smaller particle sizes provide good permeation ability [54].

12 1

8
: I
2 4
0
FC3 FC4 FCé6 FC7

Film type

—~_~
o
~

—
o

Flux (pg/cm?/h)
(o)}

)

12 -
10 1 |
0
FC3 FC4 FC6 FC7

Film type

(x10-% cm/s)
5 O o

[}

Apparent permeability coefficient

Figure 7. Permeability parameters, (a) flux and (b) apparent permeability coefficient, for prepared
pectin films containing FZ-SLNs.

2.8. In Vitro Antifungal Activity

The antifungal activity of the prepared FZ-SLN-incorporated films was investigated.
Ethanol solution and the solution of FZ in ethanol were utilized as the negative control
and positive control, respectively. The diameters of the inhibition zones are shown in
Figure 8. The positive control showed antifungal activity, while no antifungal activity
was observed for the negative control due to the lack of FZ in the negative control. All
prepared FZ-SLN-incorporated films exhibited antifungal activity against Candida albicans.
The diameter of the inhibition zone was virtually greater for the positive control compared
to all prepared films. This seems to be attributed to the sustained release behavior of
the prepared FZ-SLN-incorporated films, as described in the previous section, while the
positive control contained FZ in the already-dissolved form in ethanol [15]. It has been
reported that antifungal-loaded vehicles have similar but slightly lower in vitro antifungal
activity when drugs are released from sustained drug delivery systems compared to the
pure drug in media, and the antifungal activity could account for the release of drug
molecules from carriers [15,55].
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Figure 8. Diameters of the inhibition zone of prepared pectin films containing FZ-SLNs and controls.

3. Materials and Methods
3.1. Materials

FZ was purchased from TCI (Tokyo, Japan). High-DE pectin with a 70% DE and
molecular weight of 200 kDa was kindly provided by Herbstreith & Fox GmbH (Werder,
Germany). GMS and Tween® 80 (polysorbate) were purchased from PC Drug Co., Ltd.
(Bangkok, Thailand). Candida albicans ATCC 10231 was purchased from the Department of
Medical Sciences (Bangkok, Thailand). All additional chemicals employed in this investiga-
tion were of analytical grade and were utilized without any modifications.

3.2. Preparation of FZ-SLNs in Pectin Solutions and Pectin Films Containing FZ-SLNs

Table 1 shows the amounts of pectin, Tween® 80, and GMS in each formulation of
FZ-SLNs in pectin solution. The amounts of the drug (FZ) and glycerol used as a plasticizer
were 0.075 g and 2 g, respectively, for all formulations. The remaining weight of the
composition after subtracting the quantities of the ingredients mentioned above from the
total formulation weight was the weight of the water used to prepare the formulation, with
a total weight of 150 g.

The polymer solution was composed of pectin and glycerol. The required amount of
pectin was dispersed in 3/4 of the water content of the formulation. After the homogenous
pectin solution was obtained, 2 g of glycerol was dissolved in the pectin solution.

The FZ-SLNs were prepared using the hot homogenization method. To prepare
the water phase, Tween® 80 was dissolved in the remaining 1/4 of the water content,
and the water phase was heated to 80 °C. The oil phase consisted of 0.075 g of FZ and
GMS regarding the content described in Table 1 for each formulation. GMS and FZ were
both melted and homogenized to prepare the oil phase at 80 °C. To prepare the primary
emulsion, the oil phase was poured into the water phase, and both phases were mixed
using a high-shear mixer at 7000 rpm for 5 min. The size of the internal phase was then
reduced under ultrasonic amplitude at 100% by using an ultrasonic probe sonicator. During
ultrasonication for 15 min, the sample was kept in an ice bath to acerate the formation
of FZ-SLNs.

The FZ-SLNs in pectin solutions were fabricated by dispersing the prepared FZ-SLNs
into the polymer solution with continuous mechanical stirring at 800 rpm for 30 min.

For preparing the pectin films containing FZ-SLNs, the FZ-SLNs in the pectin solution
were transferred into the glass plate and dried according to the film casting method as
previously described [15].

The FZ in the polymer solution for preparing FZ-loaded pectin film without SLNs
(FZ film) was prepared by dissolving the same amount of FZ in 7.5 mL of ethanol and
then adding the ethanol solution containing FZ to the polymer solution. FZ film was also
obtained by using the film casting method.
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3.3. The Particle Size and the Nanoparticle Size Distribution Characterization

The particle size and the nanoparticle size distribution reported as PDI were evaluated
using dynamic light scattering. Each sample of FZ-SLNs in the pectin solution was diluted
with distilled water before investigation using a Malvern Zetasizer Nano ZS (Malvern
Instruments, Malvern, Worcestershire, UK) to prevent multi-scattering effects [15]. The
experiments were conducted in triplicate.

3.4. Mechanical Characterization and Mucoadhesion Studies

A Mini Test 600 thickness gauge was employed to determine the thickness of the ob-
tained films. Each prepared film was cut into a square shape with a size of 2.0 cm x 2.0 cm.
The mechanical properties, including tensile strength and percent elongation at break, of
the films were determined by using a TA-XT plus texture analyzer (Stable Micro Systems,
Godalming, Surrey, UK). Porcine buccal mucosa was utilized as a biological membrane
in the present work, owing to its resemblance to human buccal tissue [21]. The TA-XT
plus texture analyzer fitted with a mucoadhesive holder was also used to measure the
mucoadhesive characteristics according to the method of Kraisit et al. [21].

3.5. FTIR Spectroscopy

The FTIR spectra of plain pectin, FZ film, and pectin films containing FZ-SLNs were
obtained using an FTIR spectrometer (IRTracer-100, Shimadzu, Kyoto, Japan). The samples
were prepared using the KBr method. Each sample was ground, mixed with KBr powder,
and compressed using a hydraulic press. The sample disc was placed in the sample holder
and scanned from 4000 to 400 cm ! at a resolution of 4 cm !, with 20 scans.

3.6. DSC Measurements

DSC thermograms of plain pectin and pectin films containing FZ-SLNs were obtained
in the temperature range of 25-200 °C with a heating rate of 10 °C/min, using a differential
scanning calorimeter (DSC 3+, Mettler Toledo, Viroflay, France). The DSC scans were
performed under a nitrogen atmosphere at a gas flow rate of 50 mL/min.

3.7. In Vitro Drug Release Study

The release patterns of FZ from the pectin films containing FZ-SLNs were determined
in triplicate utilizing a modified Franz-type diffusion cell. The films with a circular shape
and a diameter of 1.5 cm were placed on a fiber mesh before being applied to the receptor
cell. A mixture of simulated salivary fluid (pH 6.8) and ethanol at a volume ratio of 1:1 was
used as the release medium. The receptor chamber was filled with 15 mL of the release
medium, and the temperature of the diffusion cell was controlled using a water jacket at
37 °C. At each time point, 0.5 mL of the release medium was taken and replaced with an
equivalent volume of the new medium. The quantity of FZ in the collected release medium
was analyzed using high-performance liquid chromatography (HPLC) coupled with a
C18 column at 260 nm UV detection. The mobile phase used for HPLC separation was
methanol/water (40/60, v/v), and the flow rate was 0.8 mL/min.

3.8. In Vitro Permeation Study

The in vitro permeation study was performed in triplicate using a modified Franz-type
diffusion cell. The experimental setup closely resembled that outlined in the section on
in vitro drug release study, with the exception that porcine buccal mucosa was utilized as
the barrier between the donor compartment and the receptor chamber for the permeation
study. The flux (ug/cm?/h), and the apparent permeability coefficient (x10~° cm/s) were
estimated from the permeation data.

3.9. In Vitro Antifungal Activity

The agar diffusion method was employed to assess the in vitro antifungal activity
of the chosen films against Candida albicans ATCC 10231, as Phaechamud and Mahadlek
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described [56]. The fungi were cultivated and preserved at 37 °C for 48 h using Sabouraud
dextrose broth (Difco™, Franklin Lakes, NJ, USA). Subsequently, the broth was diluted to
achieve a turbidity level of approximately 10°® colony-forming units (CFUs) per milliliter.
The inoculated medium was swabbed and spread on a Sabouraud dextrose agar plate
(Difco™). Every film was precisely sliced into a circular shape with a diameter of ap-
proximately 1.0 cm and carefully positioned on the surface of the inoculated medium. In
this experiment, sterilized cylinder cups were meticulously placed on the surface of the
inoculated medium. Each cylinder cup was then filled with the positive control, which
consisted of FZ dissolved in ethanol, and the negative control, which consisted of an ethanol
solution. The films and controls were incubated at 37 °C for 48 h. The diameter of the
inhibition zone for antifungal activity was measured in millimeters (mm).

3.10. Statistical Analysis

The means and standard deviations of the results from the experiments conducted in
triplicate were computed and reported. The statistical comparison was performed using
the analysis of variance (ANOVA). Statistical significance was accepted at the 0.05 level.

4. Conclusions

In this study, FZ-SLNs in pectin solutions were formulated, and their particle char-
acteristics were investigated. The high amount of pectin resulted in a decrease in the size
of the obtained FZ-SLNs. Similarly, increasing the amount of Tween® 80 also reduced the
size of the FZ-SLNs when pectin was present in high quantities. A decrease in the particle
size of the FZ-SLNs as the GMS content increased was observed, followed by an increase
in the particle size when the GMS content exceeded a certain value. Four formulations
with small particle sizes and an acceptable PDI were chosen to fabricate novel pectin films
with FZ-SLNs. Each of the selected formulations had a mean particle size not greater than
131.7 nm and a mean PDI value below 0.5. Despite variations in the excipient composition
within the film, comparable film thicknesses were achieved. All prepared films showed mu-
coadhesive ability; the presence of high GMS content in FZ-SLN-incorporated films tended
to enrich the mucoadhesiveness. The mechanical characteristic investigation revealed the
impact of the particle size variation on film integrity. Based on the FTIR spectra, hydrogen
bonds might form between the pectin-based matrix and the SLNs’ components. The DSC
thermogram of each pectin film containing FZ-SLNs did not show any thermal events
below 37 °C, indicating that the formulation stayed solid at body temperature. According
to the drug release patterns, a sustained drug release pattern with a burst in the initial stage
for all films could be beneficial in reducing the lag period of drug release. The film with a
smaller particle size of FZ-SLNs showed a slight increase in permeability across the porcine
mucosa. All film samples possessed antifungal activity. These results reveal the potential
application of pectin films containing FZ-SLNs for buccal drug delivery.

Author Contributions: Conceptualization, N.H., S.L., E.Y,, TF. and PK.; methodology, N.H., ] M.
and PK.; formal analysis, N.H.; investigation, .M. and PK; resources, ].M., P.S., E.Y,, T.F. and PK,;
writing—original draft preparation, N.H.; writing—review and editing, PK.; visualization, N.H. and
PK.; supervision, S.L., PS., E.Y. and PK; project administration, P.K.; funding acquisition, PK. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors wish to express their gratitude to the Thailand Research Funds and the Office
of the Higher Education Commission for financial support under Contract No. MRG6180269. This
work was supported by Thammasat University Research Unit in Smart Materials and Innovative
Technology for Pharmaceutical Applications (SMIT-Pharm) [Project ID 6305016].

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

Data Availability Statement: Data will be made available on request.



Int. J. Mol. Sci. 2024, 25, 5413 13 of 15

Acknowledgments: The authors wish to express their gratitude to the Thailand Research Funds and
the Office of the Higher Education Commission for financial support under Contract No. MRG6180269.
This work was supported by Thammasat University Research Unit in Smart Materials and Innovative
Technology for Pharmaceutical Applications (SMIT-Pharm) [Project ID 6305016]. The authors would
like to thank Herbstreith & Fox GmbH (Werder, Germany) for contributing pectin samples. Addition-
ally, Premjit Limpamanoch’s laboratory assistance is greatly appreciated. Correspondingly, we would
like to express our gratitude to Hoshi University’s School of Pharmacy and Pharmaceutical Sciences
and Silpakorn University’s Faculty of Pharmacy for providing supportive facilities and equipment.

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

References

1.  Sawant, B.; Khan, T. Recent advances in delivery of antifungal agents for therapeutic management of candidiasis. Biomed.
Pharmacother. 2017, 96, 1478-1490. [CrossRef] [PubMed]

2. Naz, K.; Shahnaz, G.; Ahmed, N.; Qureshi, N.A.; Sarwar, H.S.; Imran, M.; Khan, G.M. Formulation and in vitro characterization
of thiolated buccoadhesive film of fluconazole. AAPS PharmSciTech 2017, 18, 1043-1055. [CrossRef] [PubMed]

3. Fernandes, A.V,; Pydi, C.R.; Verma, R.; Jose, J.; Kumar, L. Design, preparation and in vitro characterizations of fluconazole loaded
nanostructured lipid carriers. Braz. J. Pharm. Sci. 2020, 56, €18069. [CrossRef]

4. Hatamiazar, M.; Mohammadnejad, J.; Khaleghi, S. Chitosan-albumin nanocomposite as a promising nanocarrier for efficient
delivery of fluconazole against vaginal candidiasis. Appl. Biochem. Biotechnol. 2024, 196, 701-716. [CrossRef] [PubMed]

5. Mushtaq, A ; Baseer, A.; Zaidi, S.S.; Waseem Khan, M.; Batool, S.; Elahi, E.; Aman, W.; Naeem, M.; Din, F.U. Fluconazole-loaded
thermosensitive system: In vitro release, pharmacokinetics and safety study. |. Drug Deliv. Sci. Technol. 2022, 67, 102972.
[CrossRef]

6. Shirodkar, R.K.; Kumar, L.; Mutalik, S.; Lewis, S. Solid lipid nanoparticles and nanostructured lipid carriers: Emerging lipid
based drug delivery systems. Pharm. Chem. J. 2019, 53, 440-453. [CrossRef]

7. Almawash, S. Solid lipid nanoparticles, an effective carrier for classical antifungal drugs. Saudi Pharm. ]. 2023, 31, 1167-1180.
[CrossRef]

8. Tran, PH.L.; Duan, W,; Tran, T.T.D. Recent developments of nanoparticle-delivered dosage forms for buccal delivery. Int. J. Pharm.
2019, 571, 118697. [CrossRef]

9. Son, G.H.; Lee, B.].; Cho, C.W. Mechanisms of drug release from advanced drug formulations such as polymeric-based drug-
delivery systems and lipid nanoparticles. J. Pharm. Investig. 2017, 47, 287-296. [CrossRef]

10. Lacatusu, I; Badea, N.; Murariu, A.; Oprea, O.; Bojin, D.; Meghea, A. Antioxidant activity of solid lipid nanoparticles loaded with
umbelliferone. Soft Mater. 2013, 11, 75-84. [CrossRef]

11. Lacatusu, I; Badea, N.; Stan, R.; Meghea, A. Novel bio-active lipid nanocarriers for the stabilization and sustained release of
sitosterol. Nanotechnology 2012, 23, 455702. [CrossRef] [PubMed]

12.  Souto, E.B.; Baldim, I.; Oliveira, W.P,; Rao, R.; Yadav, N.; Gama, EM.; Mahant, S. SLN and NLC for topical, dermal, and
transdermal drug delivery. Expert Opin. Drug Deliv. 2020, 17, 357-377. [CrossRef] [PubMed]

13. Kraisit, P; Hirun, N.; Mahadlek, J.; Limmatvapirat, S. Fluconazole-loaded solid lipid nanoparticles (SLNs) as a potential carrier
for buccal drug delivery of oral candidiasis treatment using the Box-Behnken design. |. Drug Deliv. Sci. Technol. 2021, 63, 102437.
[CrossRef]

14. Nair, V.V,; Cabrera, P.; Ramirez-Lecaros, C.; Jara, M.O.; Brayden, D.]J.; Morales, J.O. Buccal delivery of small molecules and
biologics: Of mucoadhesive polymers, films, and nanoparticles—An update. Int. J. Pharm. 2023, 636, 122789. [CrossRef] [PubMed]

15. Kraisit, P.; Yonemochi, E.; Furuishi, T.; Mahadlek, ].; Limmatvapirat, S. Chitosan film containing antifungal agent-loaded SLNs
for the treatment of candidiasis using a Box-Behnken design. Carbohydr. Polym. 2022, 283, 119178. [CrossRef] [PubMed]

16. Tzanova, M.M.; Hagesaether, E.; Tho, I. Solid lipid nanoparticle-loaded mucoadhesive buccal films—Critical quality attributes
and in vitro safety & efficacy. Int. J. Pharm. 2021, 592, 120100. [PubMed]

17. Pham, Q.D.; N6jd, S.; Edman, M.; Lindell, K.; Topgaard, D.; Wahlgren, M. Mucoadhesion: Mucin-polymer molecular interactions.
Int. |. Pharm. 2021, 610, 121245. [CrossRef] [PubMed]

18. Bayer, I.S. Recent advances in mucoadhesive interface materials, mucoadhesion characterization, and technologies. Adv. Mater.
Interfaces 2022, 9, 2200211. [CrossRef]

19. Sandri, G.; Rossi, S.; Ferrari, F.; Bonferoni, M.C.; Caramella, C.M. Mucoadhesive polymers as enabling excipients for oral mucosal
drug delivery. In Oral Mucosal Drug Delivery and Therapy; Rathbone, M.]., Senel, S., Pather, I., Eds.; Springer: Boston, MA, USA,
2015; pp. 53-88.

20. Rohani Shirvan, A.; Hemmatinejad, N.; Bahrami, S.H.; Bashari, A. A comparison between solvent casting and electrospinning
methods for the fabrication of neem extract-containing buccal films. J. Ind. Text. 2021, 51, 3115-335S. [CrossRef]

21. Kraisit, P; Limmatvapirat, S.; Luangtana-Anan, M.; Sriamornsak, P. Buccal administration of mucoadhesive blend films saturated
with propranolol loaded nanoparticles. Asian |. Pharm. Sci. 2018, 13, 34-43. [CrossRef]

22. Soe, M.T,; Pongjanyakul, T.; Limpongsa, E.; Jaipakdee, N. Films fabricated with native and ball-milled modified glutinous rice

starch: Physicochemical and mucoadhesive properties. Starch 2021, 73, 2000012. [CrossRef]


https://doi.org/10.1016/j.biopha.2017.11.127
https://www.ncbi.nlm.nih.gov/pubmed/29223551
https://doi.org/10.1208/s12249-016-0607-y
https://www.ncbi.nlm.nih.gov/pubmed/27511112
https://doi.org/10.1590/s2175-97902019000318069
https://doi.org/10.1007/s12010-023-04492-z
https://www.ncbi.nlm.nih.gov/pubmed/37178249
https://doi.org/10.1016/j.jddst.2021.102972
https://doi.org/10.1007/s11094-019-02017-9
https://doi.org/10.1016/j.jsps.2023.05.011
https://doi.org/10.1016/j.ijpharm.2019.118697
https://doi.org/10.1007/s40005-017-0320-1
https://doi.org/10.1080/1539445X.2011.582914
https://doi.org/10.1088/0957-4484/23/45/455702
https://www.ncbi.nlm.nih.gov/pubmed/23064178
https://doi.org/10.1080/17425247.2020.1727883
https://www.ncbi.nlm.nih.gov/pubmed/32064958
https://doi.org/10.1016/j.jddst.2021.102437
https://doi.org/10.1016/j.ijpharm.2023.122789
https://www.ncbi.nlm.nih.gov/pubmed/36868332
https://doi.org/10.1016/j.carbpol.2022.119178
https://www.ncbi.nlm.nih.gov/pubmed/35153023
https://www.ncbi.nlm.nih.gov/pubmed/33227374
https://doi.org/10.1016/j.ijpharm.2021.121245
https://www.ncbi.nlm.nih.gov/pubmed/34755651
https://doi.org/10.1002/admi.202200211
https://doi.org/10.1177/15280837211027785
https://doi.org/10.1016/j.ajps.2017.07.006
https://doi.org/10.1002/star.202000012

Int. J. Mol. Sci. 2024, 25, 5413 14 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Thirawong, N.; Nunthanid, J.; Puttipipatkhachorn, S.; Sriamornsak, P. Mucoadhesive properties of various pectins on gas-
trointestinal mucosa: An in vitro evaluation using texture analyzer. Eur. |. Pharm. Biopharm. 2007, 67, 132-140. [CrossRef]
[PubMed]

Laurén, P.; Paukkonen, H.; Lipidinen, T.; Dong, Y.; Oksanen, T.; Rdikkonen, H.; Ehlers, H.; Laaksonen, P.; Yliperttula, M.;
Laaksonen, T. Pectin and mucin enhance the bioadhesion of drug loaded nanofibrillated cellulose films. Pharm. Res. 2018, 35, 145.
[CrossRef]

Maftoonazad, N.; Ramaswamy, H.S.; Marcotte, M. Evaluation of factors affecting barrier, mechanical and optical properties of
pectin-based films using response surface methodology. J. Food Process Eng. 2007, 30, 539-563. [CrossRef]

Pérez, C.D.; Flores, S.K.; Marangoni, A.G.; Gerschenson, L.N.; Rojas, A.M. Development of a high methoxyl pectin edible film for
retention of 1-(+)-ascorbic acid. J. Agric. Food Chem. 2009, 57, 6844-6855. [CrossRef] [PubMed]

Liu, L.; Chen, G.; Fishman, M.L.; Hicks, K.B. Pectin gel vehicles for controlled fragrance delivery. Drug Deliv. 2005, 12, 149-157.
[CrossRef] [PubMed]

Vartiainen, ].; Tammelin, T.; Pere, ].; Tapper, U.; Harlin, A. Biohybrid barrier films from fluidized pectin and nanoclay. Carbohydr.
Polym. 2010, 82, 989-996. [CrossRef]

Shankar, S.; Tanomrod, N.; Rawdkuen, S.; Rhim, ].W. Preparation of pectin/silver nanoparticles composite films with UV-light
barrier and properties. Int. J. Biol. Macromol. 2016, 92, 842-849. [CrossRef] [PubMed]

Ezati, P; Rhim, J.W. pH-responsive pectin-based multifunctional films incorporated with curcumin and sulfur nanoparticles.
Carbohydr. Polym. 2020, 230, 115638. [CrossRef]

Villa-Rojas, R.; Valdez-Fragoso, A.; Mdjica-Paz, H. Manufacturing methods and engineering properties of pectin-based nanobio-
composite films. Food Eng. Rev. 2018, 10, 46-56. [CrossRef]

Alnusaire, T.S. Olive leaves (Olea europaea L) extract loaded lipid nanoparticles: Optimization of processing parameters by
Box-Behnken statistical design, in-vitro characterization, and evaluation of anti-oxidant and anti-microbial activity. J. Oleo Sci.
2021, 70, 1403-1416. [CrossRef] [PubMed]

Pineda-Hernandez, M.T.; Pérez-Urizar, ].T.; Ganem-Rondero, A. Thermo-reversible in situ forming implant with nanostructured
lipid carriers (NLC) as a delivery system for the administration of estradiol valerate. Drug Deliv. Transl. Res. 2020, 10, 1393-1402.
[CrossRef] [PubMed]

Tamjidi, F.; Shahedi, M.; Varshosaz, J.; Nasirpour, A. Nanostructured lipid carriers (NLC): A potential delivery system for
bioactive food molecules. Innov. Food Sci. Emerg. Technol. 2013, 19, 29-43. [CrossRef]

Vitorino, C.; Carvalho, F.A.; Almeida, A.].; Sousa, ].].; Pais, A.A.C.C. The size of solid lipid nanoparticles: An interpretation from
experimental design. Colloids Surf. B Biointerfaces 2011, 84, 117-130. [CrossRef]

Kim, B.D.; Na, K.; Choi, H.K. Preparation and characterization of solid lipid nanoparticles (SLN) made of cacao butter and
curdlan. Eur. J. Pharm. Sci. 2005, 24, 199-205. [CrossRef] [PubMed]

Szekalska, M.; Czajkowska-Kosnik, A.; Maciejewski, B.; Misztalewska-Turkowicz, I.; Wilczewska, A.Z.; Bernatoniene, J.; Winnicka,
K. Mucoadhesive alginate/pectin films crosslinked by calcium carbonate as carriers of a model antifungal drug—Posaconazole.
Pharmaceutics 2023, 15, 2415. [CrossRef] [PubMed]

Nascimento, T.A.; Calado, V.; Carvalho, C.W.P. Development and characterization of flexible film based on starch and passion
fruit mesocarp flour with nanoparticles. Food Res. Int. 2012, 49, 588-595. [CrossRef]

Gongalves, M.M.; Carneiro, J.; Justus, B.; Espinoza, ].T.; Budel, ].M.; Farago, P.V.; Paula, J.P.D. Preparation and characterization of
a novel antimicrobial film dressing for wound healing application. Braz. . Pharm. Sci. 2020, 56, €18784. [CrossRef]

de Moura, M.R.; Aouada, FA.; Avena-Bustillos, R.J.; McHugh, T.H.; Krochta, ].M.; Mattoso, L.H.C. Improved barrier and
mechanical properties of novel hydroxypropyl methylcellulose edible films with chitosan/tripolyphosphate nanoparticles. J.
Food Eng. 2009, 92, 448-453. [CrossRef]

Aburto, J.; Moran, M.; Galano, A.; Torres-Garcia, E. Non-isothermal pyrolysis of pectin: A thermochemical and kinetic approach.
J. Anal. Appl. Pyrolysis 2015, 112, 94-104. [CrossRef]

Rangelova, N.; Aleksandrov, L.; Nenkova, S. Synthesis and characterization of pectin/SiO; hybrid materials. . Solgel Sci. Technol.
2018, 85, 330-339. [CrossRef]

Liu, L.; Cao, J.; Huang, J.; Cai, Y.; Yao, ]. Extraction of pectins with different degrees of esterification from mulberry branch bark.
Bioresour. Technol. 2010, 101, 3268-3273. [CrossRef]

Ghadiri Alamdari, N.; Salmasi, S.; Almasi, H. Tomato seed mucilage as a new source of biodegradable film-forming material:
Effect of glycerol and cellulose nanofibers on the characteristics of resultant films. Food Bioproc. Tech. 2021, 14, 2380-2400.
[CrossRef]

Mujtaba, M.; Akyuz, L.; Koc, B.; Kaya, M.; Ilk, S.; Cansaran-Duman, D.; Martinez, A.S.; Cakmak, Y.S.; Labidi, J.; Boufi, S. Novel,
multifunctional mucilage composite films incorporated with cellulose nanofibers. Food Hydrocoll. 2019, 89, 20-28. [CrossRef]
Lorevice, M.V.; Otoni, C.G.; Moura, M.R.d.; Mattoso, L.H.C. Chitosan nanoparticles on the improvement of thermal, barrier, and
mechanical properties of high- and low-methyl pectin films. Food Hydrocoll. 2016, 52, 732-740. [CrossRef]

Karaki, N.; Aljawish, A.; Muniglia, L.; Humeau, C.; Jasniewski, J. Physicochemical characterization of pectin grafted with
exogenous phenols. Food Hydrocoll. 2016, 60, 486—493. [CrossRef]

Orgovan, G.; Kelemen, H.; Noszal, B. Protonation and -cyclodextrin complex formation equilibria of fluconazole. J. Incl. Phenom.
Macrocycl. Chem. 2016, 84, 189-196. [CrossRef]


https://doi.org/10.1016/j.ejpb.2007.01.010
https://www.ncbi.nlm.nih.gov/pubmed/17321731
https://doi.org/10.1007/s11095-018-2428-z
https://doi.org/10.1111/j.1745-4530.2007.00123.x
https://doi.org/10.1021/jf804019x
https://www.ncbi.nlm.nih.gov/pubmed/19610645
https://doi.org/10.1080/10717540590929966
https://www.ncbi.nlm.nih.gov/pubmed/16025844
https://doi.org/10.1016/j.carbpol.2010.06.031
https://doi.org/10.1016/j.ijbiomac.2016.07.107
https://www.ncbi.nlm.nih.gov/pubmed/27492557
https://doi.org/10.1016/j.carbpol.2019.115638
https://doi.org/10.1007/s12393-017-9163-9
https://doi.org/10.5650/jos.ess21149
https://www.ncbi.nlm.nih.gov/pubmed/34615828
https://doi.org/10.1007/s13346-019-00704-4
https://www.ncbi.nlm.nih.gov/pubmed/31942699
https://doi.org/10.1016/j.ifset.2013.03.002
https://doi.org/10.1016/j.colsurfb.2010.12.024
https://doi.org/10.1016/j.ejps.2004.10.008
https://www.ncbi.nlm.nih.gov/pubmed/15661491
https://doi.org/10.3390/pharmaceutics15102415
https://www.ncbi.nlm.nih.gov/pubmed/37896175
https://doi.org/10.1016/j.foodres.2012.07.051
https://doi.org/10.1590/s2175-97902020000118784
https://doi.org/10.1016/j.jfoodeng.2008.12.015
https://doi.org/10.1016/j.jaap.2015.02.012
https://doi.org/10.1007/s10971-017-4556-z
https://doi.org/10.1016/j.biortech.2009.12.062
https://doi.org/10.1007/s11947-021-02734-8
https://doi.org/10.1016/j.foodhyd.2018.10.021
https://doi.org/10.1016/j.foodhyd.2015.08.003
https://doi.org/10.1016/j.foodhyd.2016.04.004
https://doi.org/10.1007/s10847-016-0595-2

Int. J. Mol. Sci. 2024, 25, 5413 15 of 15

49.

50.

51.

52.

53.

54.

55.

56.

Vlaia, L.; Olariu, I.; Mut, AM.; Coneac, G.; Vlaia, V.; Anghel, D.F.; Maxim, M.E ; Stanga, G.; Dobrescu, A.; Suciu, M.; et al. New,
biocompatible, chitosan-gelled microemulsions based on essential oils and sucrose esters as nanocarriers for topical delivery of
fluconazole. Pharmaceutics 2022, 14, 75. [CrossRef] [PubMed]

Kaur, R.; Sharma, N.; Tikoo, K.; Sinha, V.R. Development of mirtazapine loaded solid lipid nanoparticles for topical delivery:
Optimization, characterization and cytotoxicity evaluation. Int. J. Pharm. 2020, 586, 119439. [CrossRef]

Nirbhavane, P.; Sharma, G.; Singh, B.; Khuller, G.K.; Goni, V.G.; Patil, A.B.; Katare, O.P. Preclinical explorative assessment of
celecoxib-based biocompatible lipidic nanocarriers for the management of CFA-induced rheumatoid arthritis in Wistar rats.
AAPS PharmSciTech 2018, 19, 3187-3198. [CrossRef]

Li, H.; Dai, F; Liu, H.; Tao, Q.; Hu, J.; Zhang, Y.; Xiao, Z.; Rupenthal, I.D.; Li, H.; Yang, F,; et al. Physicochemical properties
and micro-interaction between micro-nanoparticles and anterior corneal multilayer biological interface film for improving drug
delivery efficacy: The transformation of tear film turnover mode. Drug Deliv. 2023, 30, 2184312. [CrossRef] [PubMed]

Gaur, PK,; Mishra, S.; Bajpai, M.; Mishra, A. Enhanced oral bioavailability of efavirenz by solid lipid nanoparticles: In vitro drug
release and pharmacokinetics studies. Biomed. Res. Int. 2014, 2014, 363404. [CrossRef] [PubMed]

Eid, HM.; Elkomy, M.H.; El Menshawe, S.E; Salem, H.F. Development, optimization, and in vitro/in vivo characterization
of enhanced lipid nanoparticles for ocular delivery of ofloxacin: The influence of pegylation and chitosan coating. AAPS
PharmSciTech 2019, 20, 183. [CrossRef] [PubMed]

Guo, Y,; Karimi, F; Fu, Q.; Qiao, G.; Zhang, H. Reduced administration frequency for the treatment of fungal keratitis: A sustained
natamycin release from a micellar solution. Expert Opin. Drug Deliv. 2020, 17, 407-421. [CrossRef]

Phaechamud, T.; Mahadlek, J. Solvent exchange-induced in situ forming gel comprising ethyl cellulose-antimicrobial drugs. Int. J.
Pharm. 2015, 494, 381-392. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/pharmaceutics14010075
https://www.ncbi.nlm.nih.gov/pubmed/35056971
https://doi.org/10.1016/j.ijpharm.2020.119439
https://doi.org/10.1208/s12249-018-1148-3
https://doi.org/10.1080/10717544.2023.2184312
https://www.ncbi.nlm.nih.gov/pubmed/36866574
https://doi.org/10.1155/2014/363404
https://www.ncbi.nlm.nih.gov/pubmed/24967360
https://doi.org/10.1208/s12249-019-1371-6
https://www.ncbi.nlm.nih.gov/pubmed/31054011
https://doi.org/10.1080/17425247.2020.1719995
https://doi.org/10.1016/j.ijpharm.2015.08.047

	Introduction 
	Results and Discussion 
	The Particle Characteristic of FZ-SLNs in Pectin Solutions 
	The Mucoadhesion of Pectin Films Containing FZ-SLNs 
	The Mechanical Properties of Pectin Films Containing FZ-SLNs 
	FTIR Spectra 
	Differential Scanning Calorimetry 
	In Vitro Release of FZ 
	Permeation Study 
	In Vitro Antifungal Activity 

	Materials and Methods 
	Materials 
	Preparation of FZ-SLNs in Pectin Solutions and Pectin Films Containing FZ-SLNs 
	The Particle Size and the Nanoparticle Size Distribution Characterization 
	Mechanical Characterization and Mucoadhesion Studies 
	FTIR Spectroscopy 
	DSC Measurements 
	In Vitro Drug Release Study 
	In Vitro Permeation Study 
	In Vitro Antifungal Activity 
	Statistical Analysis 

	Conclusions 
	References

