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Vulvovaginal candidiasis represents a public health challenge due to its
reports of high incidence and recurrence. These are caused by host-related
factors like compromised immune system, or pathogen-related factors, such
as resistance to antifungal agents, making this medical problem desirable to
develop new therapeutic options. In this context, natural origin substances
like curcumin, are increasingly treatment alternatives. However, some
curcumin properties limit its therapeutic application, such as insolubility in
aqueous solvents, which leads to low bioavailability. Nevertheless,
nanotechnology association with drugs of plant origin proves to be a
promising alternative to overcome the reported drawbacks. Despite being
caused by a fungus, patients suffer significantly from the inflammation
resulting from this disease, thus this study aimed to develop a hybrid carrier
nanoformulation by microfluidics loaded with two drugs, benzydamine
hydrochloride (an anti-inflammatory drug) and curcumin (an antifungal drug).
Transmission electron cryomicroscopy combined with energy dispersive X-ray
analysis confirmed that the nanoparticle is properly developed. Through in

vitro biological studies, it is possible to observe that, in addition to being safe,

the encapsulation of both drugs in the nanocarrier drastically reduced their

cytotoxicity. Finally, although the final nanoformulation does not show in vitro

activity, the in vivo study indicated therapeutic potential.

1. Introduction

Vulvovaginal candidiasis (VVC) is an in-
fection in the vulva region caused by the
fungus Candida sp., which is considered a
public health problem since it is the second
leading cause of vaginitis. While there is a
lack of updated global prevalence data for
this disease, its prevalence can be observed
through studies carried out in specific
countries, like 18% in Brazill 33% in
sub-Saharan Africal?? 22.8% in Taiwan
and 15.5 and 14% in Belgium on summer
and winter respectively.’] Despite the wide
range of available drugs, literature reports
ineffective treatments attributed to fungus
resistance to several drugs used in therapy.
Those ineffective treatments may result
in complications, such as pelvic abscess,
pelvic inflammatory disease, infertility
and miscarriage, underscoring the clinical
importance of studying new therapeutic
options.l7) In this context, an increasing
amount of research is being done in order
to overcome this resistance issue. For
example, new strategies associating drugs
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already well established in therapeutics, such as chitosan-based
sponges containing clotrimazolel®) and stimuli-responsive in situ
miconazole nitrate spray gel.”) As well as exploring others active
molecules, like ibrexafungerp!'”! and natural products.l"! Plant-
based alternatives, such as curcumin (CUR), have been gaining
attention.

This compound, a yellow polyphenol and hydrophobic bioac-
tive extracted from the Curcuma longa L rhizome, has several
pharmacological properties, including anti-inflammatory and an-
tifungal actions, especially against Candida sp.'*'*l This drug
was selected here since several studies in the literature pointed
to its therapeutic efficiency against Candida infections, spe-
cially VVC.['>"'7I However, CUR is insoluble in aqueous sol-
vents, which leads to low bioavailability, hindering its use in
therapy.l'®1°] The association of nanotechnology with drugs of
plant origin with low solubility in aqueous media proves to be a
promising alternative.l?*-22) Although antifungals of natural ori-
gin are considered efficient to overcome some limitations, such
as resistance and conventional therapy adverse effects, it may not
be sufficient in the case of symptomatic patients. This is because,
in addition to the infection, these patients also have the recruit-
ment of polymorphonuclear leukocytes (PMN) in the vaginal lu-
men, causing acute symptoms. Therefore, the association of an-
tifungals with anti-inflammatory drugs is an interesting strategy
for the treatment of those patients.[2324]

In addition to CUR, it is worth mentioning benzydamine hy-
drochloride (BNZ), a synthetic nonsteroidal anti-inflammatory
drug.12>?°1 This drug is widely used for topical applications, and
it is possible to observe several articles in the literature where it
was used to treat VVC. Furthermore, it is the active component
of several formulations marketed worldwide for the treatment of
gynecological conditions. In addition to this activity, BNZ also
has well-documented antifungal activity, which makes it an ideal
drug for VVC treatment.[’®] It is worth mentioning that, to the
best of our knowledge, this study is the first one to propose this
innovative drug association.

Among the various systems used for drug delivery, lipid-based
ones, like liposomes, can be highlighted as it is one of the most
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widely used systems in the world. This popularity is attributed
to advantages like excellent biocompatibility, customizable size,
easy surface modulation, drug protection from degradability, abil-
ity to control the release of incorporated drugs, and high retention
of drug loads at the action site.?-3!l This type of system consists
of spherical vesicles containing one or more lipid bilayers. Since
it has hydrophobic and hydrophilic properties, it exhibit versatil-
ity to incorporate both, hydrophobic (inside the lipid bilayer) and
hydrophilic molecules (in the core).*?]

A second system that is also considered promising and needs
to be highlighted is the mesoporous silica nanoparticle (MSNs).
These nanoparticles stands out due to their widely application
for biomedicine purposes and desirable properties, such as large
surface area, high chemical and thermal stability, tunable particle
diameter and pore structure, free hydroxyl groups for functional-
ization, biodegradability, biocompatibility, low toxicity, and easy
elimination from organisms.*>-3%) Although there is a consider-
able amount of research involving MSNs, only one formulation
has been approved by the Food and Drug Administration (FDA)
for clinical trials to date. In this sense, hybrid nanoparticles, com-
bining MSNs with lipids or natural polymers for example, have
been considered an alternative to bring this type of material closer
to its application in therapy as those materials make silica more
biomolecule-friendly and stable, in addition to provide a barrier
against premature drug release and increase its circulation time
in the body.3¢37]

Thus, aiming to design, by microfluidics, a novel nanoparticle
system, which would allow controlled and prolonged antifungal
and anti-inflammatory action of CUR and BNZ, a hybrid nano-in-
nano (NIN) formulation was proposed. The strategy was to incor-
porate one drug into the lipid bilayer of a liposome-like structure
and the other into the MSNs, which would be encapsulated as the
core of this liposome. Although there are studies in the literature
describing the development of hybrid nanoparticles combining
these two types of materials, 36341 the use of microfluidics to
synthetize them, according to our knowledge of the literature,
gives an innovative character to this study. This cutting edge syn-
thesis method is proposed here because although conventional
bulk methods for nanoparticle synthesis have a broad history
of application and are considered suitable for the intended pur-
pose, when production quantity increase is wanted conventional
methods show the limitation of not being scalable, mainly due
to the lack of reproducibility.*!! In response to this, the microflu-
idics technique is increasingly gaining ground because through
precise control of chemical reactions conditions and the flow of
multiphase fluids, it is possible to establish a reproducible, con-
trollable and easily scalable methodology. Furthermore, this tech-
nique favors a higher loading degree compared to conventional
bulk methods.[*243] Tt is worth highlighting that for each different
type of nanoparticle that is intended to be obtained, there is a dif-
ferent microfluidics device to be chosen (made by different ma-
terials like polymers, silicone or paper). Aiming the production
of liposome-like particles it is worth mentioning the microfluidic
hydrodynamic flow focusing, a laminar flow method in which a
narrow fluid flows in a channel within a different fluid.[*!)

In the process of developing a formulation, it is important to
dedicate effort to the appropriate choice of the administration
route, once an inadequate route can compromise the treatment
effectiveness.**] Despite being considered alternative the vaginal
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Figure 1. Representative bare of the mesoporous silica nanoparticle Fourier-transform infrared spectroscopy spectrum baseline corrected. The charac-
teristic bands of the silica matrix were indicated as well as its respective exactly wavenumber.

route stands out mainly when a local effect is wanted, like in the
case of VVC treatment, once it can bypass first-pass metabolism,
decrease adverse effects and drug interactions.[*>6] Nevertheless,
considering the challenge of a smart administration, it is worth
mentioning that due the vaginal anatomy semi-solid formula-
tions are difficult to apply, and liquids formulations can cause dis-
comfort to the patient as they can quickly disperse and leak from
the application site. An interesting alternative for the aforemen-
tioned is the use of thermo-responsive and mucoadhesive hy-
drogels. Thermo-responsive formulations, like poloxamer-based
ones, can be liquid at room temperature (so easy to apply) and gel
at body temperature (having the ability to remain in the admin-
istration place), bypassing these limitations.["*”*] In addition to
this mucoadhesive formulations, like chitosan-based ones, has
the ability to interact with the vaginal mucosa remaining adhered
to the vaginal cavity for longer time than formulations that do not
have this property.[*]

In the present work, we sought to develop and evaluate a NIN
system incorporated with CUR and BNZ, one in each part of
the nanoparticle (MSNs and lipid bilayer) dispersed in thermore-
sponsive and mucoadhesive hydrogel and evaluate its antifun-
gal and anti-inflammatory biological activity, in vitro and in vivo,
against VVC.

2. Results and Discussion
2.1. MSNs Synthesis and Characterization

According to the dynamic light scattering (DLS) analysis, the
MSNs had an average hydrodynamic size of 140.8 nm, with
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a polydispersity index (PDI) of 0.213 and zeta potential of
—23.4 mV, indicating good size distribution, and charge, similar
to previous reports.>0->3]

In order to confirm that the silica matrix had been formed,
Fourier-transform infrared spectroscopy (FTIR) analysis was first
performed. In Figure 1 it is possible to observe bands in the re-
gions of 800 and 1085 cm™' corresponding to symmetrical and
asymmetrical axial stretching of Si-O-Si respectively, which is
characteristic of the silica matrix. Furthermore, the band around
960 cm™! can be attributed to an axial Si-OH stretching, which
can be due to the silanols groups available on the surface and
inside the MSNs pores.[>*-°]

Subsequently, in order to verify whether the acid reflux process
was capable of removing the organic matter (making the pores
free for drug incorporation), a stepwise thermogravimetric (TG)
analysis was carried out. Figure 2A represents the TG graph of
weight versus temperature (Figure S1, Supporting Information
represents the TG weight vs temperature vs time graph). It is
possible to observe that initially there is a weight loss (9.2 wt%
of the initial weight) related to humidity and water bound in two
stages. The first one is due to the weakly adsorbed water from
the environment that was almost completely removed at 35 °C,
while the second one is due the hydrogen-bonded water removed
at 120 °C.PP”] Subsequently, there is a small weight loss (approxi-
mately 0.72%) starting at 495 °C, possibly due to the remaining
residue of the pore templating agent or other organic impurities
left from the synthesis process.l”>8]

Surface area and pore size distribution were analyzed by
nitrogen sorption measurement. It was observed that the ob-
tained nanoparticles have a specific surface area of 762 m?/g
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Figure 2. Representatives bare of the mesoporous silica nanoparticle A) Thermogravimetric weight loss curve; B) Brunauer-Emmett-Teller adsorption-
desorption isotherm graph; C) Transmission electron microscopy micrographs.

and an estimated pore volume of 1.58 cm?® g1, with a type
IV adsorption-desorption isotherm, as shown in Figure 2B.1"]
Pore size distribution calculation shows 2 to 4 nm cylindrical
pores, as well as some 7 nm pores. Finally, the samples were
characterized by transmission electron microscopy (TEM) and
Figure 2C shows that the MSNs have a spherical shape, with
~50 nm in size and suggestive mesopores structures, which
reinforces the Brunauer-Emmett-Teller (BET) findings described
above.
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2.2. Hybrid Nanoparticle System Development and
Characterization

The formation of the NIN by microfluidics was possible with the
flow condition of 9 and 1 mL/h for the inner and outer phases,
respectively. Figure 3A and B compare the transmission elec-
tron cryomicroscopy (Cryo-TEM) images of bare MSNs and NIN,
where it is possible to observe the lipid bilayer surrounding the
MSNs. It is also possible to observe that the nanoparticles are
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Figure 3. Nano-in-nano characterization results. A) Representative transmission electron cryomicroscopy images of the bare mesoporous silica nanopar-
ticle;B) Representative transmission electron cryomicroscopy images of the nano-in-nano (yellow arrows indicate the lipid-bilayer); C) Energy dispersive

X-ray analysis of the elemental composition of the nano-in-nano.

homogeneous, which indicates the obtention of monodisperse
hybrid nanoparticles. The presence of the lipid bilayer was fur-
ther confirmed with energy dispersive X-ray (EDX). The obtained
spectra from the area, shown in Figure 3C, indicates the presence
of phosphorus from the phosphatidylcholine in the NIN system.

From the Cryo-TEM images it is also possible to observe that
after the lipid coverage the nanoparticles maintained their spher-
ical shape but increased in size, from 50 nm to ca. 70 nm. By
DLS, an increase in the average hydrodynamic diameter was also
observed, from 140.8 nm (MSNs) to 208.8 nm (NIN). Further-
more, a change in zeta potential was also noted, from —23.4 to
—5.31 mV. The zwitterionic character of the phosphatidylcholine
group present in both lipids gives to the nanoparticles a charge
closer to neutral.[0061]

Regarding the numerical analyses, the Reynolds number ob-
tained was 40, which indicates that the viscous forces overwhelm
inertial forces resulting in fluids in laminar flow (<<2300).[6263]

Table 1. Comparison between the minimal inhibitory concentration of
curcumin and benzydamine hydrochloride alone and their combination
against a clinical resistant Candida albicans strain.

Drug MICq, alone MICqy combined
CUR 62.5 ug mL~! 19.5 ug mL™!
BNZ 125.0 ug mL~! 23.4 pg mL~!

Legend: MICgy: minimal inhibitory concentration; CUR: curcumin; BNZ: benzy-
damine hydrochloride; n = 3.

Adv. Therap. 2024, 2400342 2400342 (5 of 19)

This type of flow represents a pattern with distinct constant
streamlines parallel to the direction of the fluid. Therefore, lami-
nar flow allows the molecules within the fluid to be precisely ma-
nipulated, generating controllable monodisperse droplets, which
represents the advantage of applying this type of synthesis for
drugs encapsulation.[*#] In a previous research performed by our
group, with the aid of computational fluid dynamics, the veloc-
ity field and the flow pattern were calculated for this type of chip
configuration and it was observed that as the Reynolds number
increases the recirculation area (microvortex) also increases, im-
proving the average mass transfer rates. The presence of the two
microvortices indicates the rapid mixing of the inner and outer
fluids, which is desirable for nanoparticle synthesis once it pre-
vents the aggregation of material on the chip walls, preventing
it from clogging.[%5¢¢] The estimate mixing time is 0.67 s, which
is in accordance with the literature since times smaller than 1
minute are desirable. The shorter the time, the more efficient the
fluids mixing.[>¢7]

2.3. In Vitro Synergism Assay (Checkerboard)

Although both drugs have antifungal activity, it is of paramount
importance to predict the behavior of both drugs combined, in
order to verify whether this association is desirable. Through cal-
culations, a synergistic relationship between both drugs was ob-
served, in addition, the drugs combination minimal inhibitory
concentration (MIC,,) value was 19.5 pg mL™! for CUR and
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Table 2. Curcumin and benzydamine hydrochloride dual loading amounts and loading degree in the hybrid nanoparticle system.

System CUR BNZ
Loading amount [ug mL™"] LD% Loading amount [ug mL™"] LD%
CUR@MSNs 158 - -
BNZ@LP - 69 6.7
CUR+BNZ@NIN 477 51 25

Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; LD: loading degree; MSNs: mesoporous silica nanoparticles; LP: lipid bilayer of the NIN; NIN: hybrid nanoparticle;

@:atn=3.

23.4 ug mL~! for BNZ (Table 1). In Figure S2 (Supporting In-
formation) it is possible to observe the surface graph of all com-
binations.

2.4. Drugs Encapsulation

In addition to the loading degree (LD)%, Table 2 shows the
amount of each drug, in ug/mlL, loaded into the particle based
on the amount detected by high-performance liquid chromatog-
raphy (HPLC). Highlighting this value is important once it allows
a parallel with the amount of drug necessary to have the antifun-
gal activity based on checkerboard results (Table 1). The fact that
the incorporated value per mL is at least 1 time the combined
MIC,, makes this a promising system.

2.5. In Vitro Drug Release

Figure 4A shows the release profile for both, free BNZ and
BNZ loaded into NIN, around 60%. Despite being considered a
water-soluble drug, the solubility of BNZ is not high, as reported
elsewhere.[®®] However, there is a consensus that it is better sol-
ubilized in ethanol than in water.[**7!] Another notable finding
in the BNZ release profile is the increased release of this drug

A

from NIN after a long plateau period. It is known that drugs al-
ready released can penetrate porous structures, so one possible
hypothesis would be that the BNZ may have penetrated the MSNs
and, as it has nitrogen in its structure, it could be linked with the
silica matrix by hydrogen bonds. As proven by TEM, over time
the silica matrix suffers erosion so, despite this time point was
not analyzed by TEM, it can be suggested that around this time a
more pronounced erosion happened, explaining this increase in
the release.”274

For CUR, itis possible to observe that its incorporation into the
NIN increased the solubility of this drug, as a higher percentage
of release was observed (50.3% in NIN and 31.5% for free drug),
which is desirable since this drug is hydrophobic and the issue
of its insolubility in aqueous solvent is a limiting factor for its
application in therapy. It is worth highlighting that this not so
high percentage of release is in line with previous studies in the
literature.l”>77)

Figure 4B represents the triplicate DLS size reading of the
three samples used for the release assay. It is possible to observe
that the three samples showed the same pattern, being consis-
tent with the release results, which shows a release plateau after
24 h (Figure 4A). It is worth mentioning that the measured size
was higher than the NIN in deionized water one (Section 2.2)
(Figure 4B), probably due to the simulated vaginal fluid content,
which could have led to protein corona formation.!”87°]

B
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Figure 4. Results from the drug release tests of CUR and BNZ free drug combination compared to CUR+BNZ@NIN performed in simulated vaginal
fluid under agitation at 150 rpm at 37 °C. Each experiment was performed in triplicate (n = 3) and the data are represented as the mean and the vertical
lines represent the standard deviation of each value. A) Drug release profiles; B) The same release samples replicas were measure by DLS in order to
observe the change in size during the experiment time. Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; NIN: hybrid nanoparticle; @: at.
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Figure 5. Representative transmission electron microscopy images of one release sample of some selected time points: A) at time 0 h — scale bar
corresponds to 0.1 um; B) 3 h — scale bar corresponds to 20 nm; C) 6 h — scale bar corresponds to 50 nm; D) 24 h — scale bar corresponds to 20 nm,

and E, F) 48 h — both scale bars correspond to 20 nm.

Regarding the TEM of the samples collected during the drug
release tests, it is possible to observe the formed NIN at time 0
(Figure 5A). However, at time 3 h (Figure 5B) they appear less
stained at the edge (which indicates a smaller lipid bilayer). Ad-
ditionally, at the edges of the aggregate it is possible to observe
a morphology destruction, which may be caused by the lipid be-
ing destroyed. It is worth mentioning that black dots were ob-

Adv. Therap. 2024, 2400342 2400342 (7 of 19)

served (drug crystals). At 6 h (Figure 5C), it is difficult to observe
the nanoparticle pores, which may indicate degradation, which
seems to be more drastic at 24 and 48 h (Figure 5D-F)[368081]
This monitoring of NIN morphology carried out by TEM sug-
gest that during the drug release tests, most likely, the lipid bi-
layer was disrupted, which enabled the drugs to be release from
the nanohybrid. Moreover, the lipid disintegration and the MSNs
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Table 3. Release kinetics mathematical models correlation coefficient value for curcumin and benzydamine hydrochloride combination as free drugs or

incorporated in the hybrid nanoparticle.

Sample Zero order First order Hixson Crowell Higuchi Korsmeyer-Peppas
Free BNZ 0.80 0.89 0.80 0.82 0.89
BNZ@NIN 0.84 0.91 0.84 0.89 0.91
Free CUR 0.81 0.91 0.81 0.89 0.91
CUR@NIN 0.85 0.89 0.85 0.91 0.89

Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; NIN: hybrid nanoparticle; @: at.

degradation aspect over time in the simulated vaginal fluid point
to their biodegradable behavior, which is desirable during the de-
velopment of a new formulation. 23]

Regarding the mathematical models of release kinetics the cor-
relation coefficient (R?) value is used to select the model that best
describe the release (the one closer to 1).34 According to the re-
sults (Table 3), the first order was the most appropriate to ex-
plain BNZ release from BNZ at (@) NIN. The first order model
describes drug release from a formulation as concentration-
dependent, that is, the drug concentration decrease with the
decrease in the concentration gradient over time.®S] The first
order and Korsmeyer-Peppas were the most appropriate math-
ematical models to explain the release kinetics of free BNZ
and CUR@NIN samples. Although Korsmeyer-Peppas R? for
BNZ@NIN was also the highest number, it was not mentioned
as the best model once this model is used for the first 60% of
release which, in this case, was slightly higher.®®) Additionally,
Korsmeyer-Peppas, also known as “power law”, explains release
as a semi-empirical method based on diffusion or swelling.[¥’]
Higuchi was the mathematical model most appropriate to explain
CUR release from NIN. The Higuchi model describes drug re-
lease as a time-dependent diffusion process based on Fick’s law
where the drug is released from an insoluble matrix once lig-
uid molecules penetrates the system through the mesopores and
slowly dissolves the drug into the acceptor media.[88]

2.6. Storage Stability Assessment

Stability assessment is an important tool during the development
of a formulation as it predicts its behavior during storage. Re-
garding the size, no statistically difference was observed between
times 0 and 30 days (Figure 6A). In the following times (from
45 days onwards), a statistically difference (p value < 0.0001) was
observed when compared with time 0, suggesting loss of stabil-
ity. It is worth noting that no statistically difference was observed
for the other parameters. In view of the zeta potential result, we
hypothesize that the stability loss after 30 days is due to the lipid
nanoparticle layer disintegration; MSNs without this lipid bilayer
has a highly negative zeta potential (—23.4 mV), but after its en-
capsulation by the lipids, a hybrid nanoparticle with zeta potential
close to neutrality (—5.31 mV) was obtained, therefore, the MSNs
that is losing the lipid layer would be more negative than the hy-
brid particle. For the purpose of confirming this issue, TEM anal-
ysis was carried out in the 60 day sample and as it can be seen
in Figure 6B, the amount of NIN present is lower compared to
Figure 3B, supporting the abovementioned hypothesis.
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2.7. In Vitro Cytotoxicity Evaluation

Figure 7 shows that the four highest doses tested of the free
drugs showed cytotoxicity for Normal Human Dermal Fibrob-
lasts (NHDF) cells; however, when loaded into the NIN particles,
no cytotoxicity was observed at any of the concentrations tested,
demonstrating that the drug-loaded NIN system bypassed the cy-
totoxicity limitation of the drugs combination, which is desirable
in terms of applying this formulation in therapy. Finally, Figure
S3 shows how viability affects cell morphology during 48 h of in-
cubation.

2.8. Evaluation of Antifungal Activity In Vitro

Although the Clinical & Laboratory Standards Institute (CLSI)®"!
recommends 48 h of incubation, it was decided to also test an
incubation time of 72 h to guarantee adequate time for antifun-
gal activity, since the incorporated drug would have a barrier
to overcome, meaning that the drug would have to first be
released from the nanocarrier and then be available to carry
out its activity. For the ATCC strain, it was observed that no
formulation showed activity at the tested concentrations, nei-
ther at 48 h nor at 72 h. However, for the clinical strain, the
highest concentration of CUR@MSN tested, 596.25 ug mL™!,
was MICg, in 48 h. The other conditions tested showed no
activity.

Even though CUR+BNZ@NIN did not show activity in this
in vitro study, it was decided to continue the development of
this formulation since although in vitro tests are used to predict
the behavior of a formulation during its in vivo application, it
is possible to observe in the literature that this is not always
the case. For example, in a study whose objective was the devel-
opment of a nanoemulsion containing micafungin against C.
auris infection, it was observed that although free micafungin
presented excellent activity (MIC,, of 0.062 mg mL™!) when
incorporated into the nanoemulsion no activity was observed
in vitro. However, in the antifungal in vivo assay with Galleria
mellonella it was observed that in addition to having extremely
superior activity compared with the free drug (greater reduction
in the counting forming units (CFU) number) the nanoemulsion
incorporated with the drug was also able to completely eradicate
the infection on the second day of treatment.”!l In a study
performed elsewhere, 2] it was observed that lower doses of
silver nanoparticles showed low percentages of fungal inhibition
(Iess than 20%); however, in the in vivo test, a better activity was
observed.
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Figure 6. Stability of CUR+BNZ@NIN particles over time stored in a refrigerator A) tracking by dynamic light scattering for 75 days after synthesis, the
data are represented as the mean of a triplicate (n = 3) and the vertical lines represent the standard deviation of each value. B) Representative trans-
mission electron cryomicroscopy image after 60 days of synthesis (white arrows indicate the lipid-bilayer). Legend: CUR: curcumin; BNZ: benzydamine
hydrochloride; NIN: hybrid nanoparticle; @: at; PDI: polydispersity index; ZP: zeta potential.

2.9. Thermo-Responsive and Mucoadhesive Hydrogel Containing
CUR+BNZ@NIN Development, Characterization and In Vitro
Drug Release Test

From the formulations developed, the best one contained 19%
of poloxamer, since when associated with NIN it has a gela-
tion point of ca. 33 °C (Figure 8A), within the range considered
ideal for thermosensitive hydrogels for topical application (26 to
34 °C).[*9] Without NIN, the observed gelation point decreases
(Figure 8B), a behavior that has already been reported in the liter-
ature; however, the point of choice was based on the final formu-
lation NIN@hydrogel(HG).[*®! In Figure S4 it is possible to ob-

Adv. Therap. 2024, 2400342 2400342 (9 of 19)

serve the gelation graph of the other attempts. According to the
literature, to be considered viscous, a substance must have a vis-
cosity greater than 1000 mPas.l?¥l In Figure 8C and D it is possi-
ble to observe that at temperatures of 30 °C and 25 °C, NIN@HG
and the pure hydrogel, respectively, present this viscosity, which
is in agreement with the gelation data.

In Figure 8E and F it is possible to observe the frequency
sweep, it is worth noting that the lower angular frequencies
observed indicates a solid-like substance. Additionally, the fact of
the almost crossover observed in the NIN@HG graph indicates
that it is stickier than the pure hydrogel, probably due to the
fact that the temperature influences its viscosity.®>! Finally,
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Figure 7. Cytotoxicity evaluation of CUR+BNZ versus CUR+BNZ@NIN in NHDF cells at 24 h A) and 48 h B), using the CellTiter-Glo™ assay. Concen-
trations of 477, 238.5, 119.3, 59.6, 29.8 and 14.9 ug/mL of CUR and 52, 26, 13, 6.5, 3.3 and 1.6 ug mL~" of BNZ were analyzed of both samples. Each
experiment was performed in triplicate (n = 3) and the data are represented as the mean were analyzed by two-way ANOVA (****p < 0.0001). Legend:
CUR: curcumin; BNZ: benzydamine hydrochloride; NIN: hybrid nanoparticle; @: at; NHDF: Normal Human Dermal Fibroblasts; ANOVA: Analysis of

Variance.

the linear viscoelastic region determination allowed an imme-
diate distinction to be made between gels and entanglement
networks, and it is possible to observe in Figure 8G and H that
both presented this region up to 0.1%, as the storage modu-
lus were drastically greater than loss modulus.””] Regarding
the injectability test carried out with vaginal applicators on
a texture analyzer, it was observed that at both temperatures
tested, 37 °C and 25 °C, the force required to inject is low,
around 1 N for the free hydrogel and between 0 and 1 for
NIN@HG.

After the physical characterization, in vitro drug release tests
were carried out, and the drug release profiles obtained with the
samples dispersed in hydrogel (Figure 9) were compared with
those without the hydrogel (Figure 4A). It is possible to observe
that CUR showed a similar pattern (once free drug dispersed
in the hydrogel showed 48.2% of release and CUR incorporated
in the NIN and dispersed in the hydrogel showed 52.85% of re-
lease). However, the solubility of the BNZ increased significantly
in both samples, loaded and free. This may be due to the pres-
ence of poloxamer in the formulation. In a study of hydrogel for-
mulations with poloxamer and chitosan containing BNZ, it was
observed that the formulation containing only poloxamer was
the one with the highest percentage of release (100% in 6 h),
which is in accordance with what was observed in this study.®®!
Other studies in the literature have also shown that after disper-
sion in hydrogels, BNZ shows 100% of release.””] In another
study, where two percentages of poloxamer were compared (18
and 20%), although not statistically different (p > 0.05), the au-
thors also highlighted that the increase in poloxamer 407 concen-
tration reflects an increase in BNZ release.[*®] A possible hypoth-
esis for this fact would be that the mixture of polymers present
in the hydrogel can affect the crystallinity of this drug, increasing
its solubility.[1%]

Regarding the mathematical models of release kinetics, ac-
cording to the results (Table 4), the zero order and Hixson Crowell
was the most appropriate models to explain the release kinetics
of BNZ and CUR@HG and BNZ@NIN@HG samples. The zero
order model is related to a slow release of drugs from formula-
tions that do not disaggregate.!'®!] The Hixson Crowell model cor-
relates the initial drug mass present in the system with the drug
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mass remaining at time t, that is, the drug not released.l'®! This
model defines releases where changes in surface area occur, it
is suitable for representing dissolution processes and may there-
fore represent the action of the hydrogel in the drugs release.!®’]
Finally, sample CUR@NIN@HG can be explained by the first
order and Korsmeyer-Peppas models, both already discussed in
section 2.5. However, it is worth highlighting that, according to
the literature, the Korsmeyer-Peppas method can properly repre-
sent drug release from hydrogels.[®”]

2.10. Antifungal and Anti-Inflammatory Activity Evaluation in In
Vivo Mice Model

BALB/c mice were chosen as they have a better response to
PMN cells, which have been shown to act directly to combat this
type of fungal infection in humans.['*-1%] To monitor the effect
of the three doses administered to the animals in the statistical
analysis the log CFU/mL value of each post-treatment sample was
compared with the respective log CFU/mL value after infection
(before starting the treatment) and it was observed that only the
BNZ@NIN group did not show statistically differences (p value
0.0921), showing that this sample prevented fungal load to in-
crease. In all other groups, this increase was statistically different
(p value < 0.0001), except in the negative infection control group.

According to the candidiasis distribution in the vaginal epithe-
lium, in histopathological analysis (main results summarized in
Table 5 and Figure 10A), it was observed that the combination
of the two drugs was the most effective treatment in reducing
the fungal amount, highlighting the potential of this combina-
tion for the treatment of this disease. Another factor that rein-
forces this observation is its greater efficiency compared to the
commercial formulation. However, about the semi-quantitative
candidiasis analysis (fungal burden) it is important to highlight
that CUR@MSNs showed better results both in this parame-
ter and in the in vitro study (Section 2.8). It was observed that
CUR+BNZ@NIN, BNZ@NIN and the commercial formulation
were the second-best treatment options, which indicates that they
present similar therapeutic efficiencies. It is also important to
highlight that in the groups treated with CUR+BNZ@HG, CUR

© 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BATE81D 3(dfedl|dde ayy Aq peusencb a.e seolle O ‘88N Jo sejni Joj AIq1 8UIUQ A8]IM UO (SUORIPUOD-PUR-SWLBIAL0D" AB 1M ARe.d1|BU[UO//SANY) SUONIPUOD PUe SWB | 8L 88S *[7202/0T/yT] uo A%l auluo A8|im ‘min L jo AiseAlun Ag zye00rz0z dipe/z00T 0T/10p/wod As | Akegjeul|uo//sdny wo.j pepeojumod ‘0 ‘/86£99€2


http://www.advancedsciencenews.com
http://www.advtherap.com

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com www.advtherap.com
100000 10000
n G s G
" e G"
10000 -J * G P ———— 1000 -
.
% .
.
1000 - 3 100 -
59 3
w3
23 .
1004 ] g 10 ‘j
2 .
s p
| £z
10 4 22 14 L e
LJ w
[
1 T, ~ 01
T T T T T T T g T T T T T T T
0 5 0 15 20 25 30 3% 40 0 5 0 15 2 25 30 3 40
c Tempereture in °C Tempereture in °C
[
w0 ® 7 3000+ n
o .,i"’
I.. 2500 -
2500 - 7 >
-
k .
% 2000 . 2000 .
g " .
£ . g
g .
2 1500+ S S 1500 .
g . > :
3 . ]
2 10004 - % 10004 -
K > .
500 4 \_______.—-" 500 | v.
. 0 et e
0 5 10 15 20 25 30 3% 40 $ 2 ¥ B X I N I @ B
Tempereture in °C Tempereture in °C
100000 100000
10000 1000
o ST
1000 4 Sectd B SHCREE
& z Te
£ 1000 € e N
5 S £5 1004 Se—e 0|
E Temee | B
23 E 3 10
F1 4 325
22 100 32 1
2% 2%
£ PR
=% 104 @
= G' iim G
"
: e G ¢ G"
T T : 001 ; ; . 4
0.1 1 10 100 0,01 0.1 1 10 100
Angular frequency in rad/s Angular Frequency in rad’s
100000 100000
10000 4
e
10000 - —
e 1000
- . Je -
L 1000 e—e—e" \'i'\. £
o £ E " el S 100
S . Qs
E Nl v~ Ei
= <. | 33
23 10 Ny 23 104
2 § 2
=32 . =3
% ™ 3 1
g% Eg ]
%= 104 @G-
'
" G wuim G
"
e G" e G
1 : : 0.01 T T
0,01 o1 1 0.01 0.1 1

Shear Strainin % Shear Strainin %

Figure 8. Rheology results of the prepared hydrogel (n = 3). A) Pure hydrogel gelation analysis; B) NIN@HG gelation analysis; C) Pure hydrogel viscosity
versus temperature analysis; D) NIN@HG viscosity versus temperature analysis; E) Pure hydrogel frequency sweep analysis; F) NIN@HG frequency
sweep analysis; G) Pure hydrogel linear viscoelastic range analysis; H) NIN@HG linear viscoelastic range analysis. Legend:NIN: hybrid nanoparticle;
@: at; HG: hydrogel; G': storage modulus; G": loss modulus.
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Figure 9. Release profile of CUR and BNZ from dual-loaded
CUR+BNZ@NIN@HG compared to CUR+BNZ@HG in simulated
vaginal fluid kept under agitation at 100 rpm at 37 °C. Each experiment
was performed in triplicate (n = 3) and the data are represented as the
mean and the vertical lines represent the standard deviation of each
value. Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; NIN:
hybrid nanoparticle; HG: hydrogel; @: at.

and BNZ, a high increase in the scale points was observed, and in
the case of BNZ, statistically difference (p value of 0.0203) was ob-
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served when compared with the infection control; showing that
the incorporation of the drugs in the NIN increased their ther-
apeutic potential. When incorporated in the hydrogel, the NIN
nanosystem was not as effective as the non-incorporated one;
however, the efficacy was still superior when compared to the free
drugs groups (p value of >0.9999 in both cases).

One of the characteristic inflammation symptoms present in
VVC is itching and redness (like in eczematous dermatitis), in
histopathological analysis it reflects in epidermis infiltration with
PMN cells characterizing spongiosis (Figure 10C and D).[19.107]
In this study, the presence of infection, although not statistically
different (p = 0.050), was shown to increase the amount of
spongiosis (Table 5). When comparing the infection control
group with other groups, it was observed that mice treated
with CUR+BNZ@NIN@HG, CUR+BNZ@NIN, CUR+BNZ
and commercial formulation showed, although not statistically
different (p = 0.9815, 0.9815, 0.9998 and 0.8298, respectively), an
expressive reduction in the spongiosis amount. This confirms the
already well-established fact that the use of BNZ in the treatment
of VVC is an interesting option. It is worth highlighting that it
is common to observe residual inflammatory infiltrates in VVC
treated groups in in vivo model.l'%®] In parallel, a correlation anal-
ysis was carried out between candidiasis-fungal burden and spon-
giosis parameters of each sample, and the CUR+BNZ@NIN

Table 4. Release kinetics mathematical models correlation coefficient value for free curcumin and benzydamine hydrochloride dispersed in the hydrogel
and curcumin and benzydamine hydrochloride incorporated in the hybrid nanoparticle and dispersed in the hydrogel.

Sample Zero order First order Hixson Crowell Higuchi Korsmeyer-Peppas
BNZ@HG 0.96 0.77 0.96 0.93 0.77
BNZ@NIN@HG 0.82 0.73 0.82 0.77 0.73
CUR®@ HG 0.82 0.73 0.82 0.77 0.73
CUR@NIN@HG 0.86 0.93 0.86 0.92 0.93

Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; NIN: hybrid nanoparticle; HG: hydrogel; @: at.

Table 5. Main results of the histopathological analysis performed with the vulva and vagina stained with periodic acid-Schiff. These values represent the
average of an n = 7 animals per group (except group 9 where the values represent the average of an n = 6 animals).

Group Parameter in scoring units
Candidiasis Spongiosis Sawtooth projections
Distribution Fungal burden

Negative for infection 0.000 0.000 0.000 0.000
Positive for infection 1.285 1.428 1.142 0.714
CUR+BNZ@NIN@HG 1.166 1.500 0.666 0.571
CUR+BNZ@NIN 1.571 1.166 0.666 0.714
CUR+BNZ@HG 1.166 2.000 0.857
BNZ@NIN 0.857 1.166 2.000 0.714
CUR@MSNs 1.000 1.000 1.428 1.000
CUR+BNZ 0.666 1.142 0.857 0.571
CUR 1.000 2.000 1.333 1.000
BNZ 1.666 2.667 0.500 1.000
Commercial formulation 0.833 1.166 0.500 0.500

Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; NIN: hybrid nanoparticle; HG: hydrogel; MSMs: mesoporous silica nanoparticles; @: at; commercial formulation:

clotrimazole.
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Figure 10. Representative histopathological sections of vulva and vagina stained with periodic acid-Schiff, all scale bars correspond to 100 um A)
Candidiasis and tissue desquamation with fungi; B) Epithelium with “sawtooth projections”; C) Spongiosis (20x); D) Spongiosis (40x).

group were the only treatment group that showed a statistically
difference (p value of 0.0161), which indicates that the decrease
in spongiosis observed in the CUR+BNZ@NIN group is directly
connected to the decrease in fungal load in this same group. An-
other parameter that is worth highlighting is the sawtooth projec-
tions (Figure 10B), which is very common in histological findings
of inflammatory diseases.!'!!!] It is formed from a corrosive
action of the inflammatory infiltrate on the epithelium, leading
to disorganization of the basal layer.'®! These three parameters
combined (fungal burden, spongiosis and sawtooth projections)
suggest the therapeutic potential of CUR+BNZ@NIN@HG
and its therapeutic equivalence with the commercial
formulation.

The itching characteristic of VVC leads the patient to scratch
or rub in the hope of relieving this uncomfortable symptom.
However, this act can lead to tissue hyperkeratosis, which cor-
responds to keratinization of the affected area.''>!!3] In this
study, hyperkeratosis showed no statistically difference (p value
of >0.9999), between the control groups; this can be attributed
to the increase in keratinization observed with the complete
resolution of the skin rash, considering a seven-day therapeutic
regimen, this time may have been enough to improve symp-
toms and infection resolution, but not enough for mucosal
keratinization.''*] Furthermore, the inflamed tissue may have
lesions, which as they progress to chronicity, become thicker due
to hyperplasia of the epithelium (acanthosis). This parameter is
generally mild or absent when there is spongiosis or inflamma-
tion, probably this may be the reason why this parameter was
not relevant for this study during data analysis (negative and
positive control groups for infection presented very close values).
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It is worth highlighting that acanthosis generally occurs in areas
with the presence of fungal hyphae and its occurrence is related
to the clinical progression to vulvar carcinoma.['’>118] Finally,
atrophy is a common histopathological finding during VVC as it
is a consequence of the decrease in estrogen levels.''?] However,
in this study, changes in this parameter were unremarkable
probable due to the estradiol doses administered during the
trial, a key step for the establishment of vaginal infection in
Vivo.[120121]

Finally, it is worth mentioning that during this experiment
there was only the death of one animal in group 9 (treated
with free curcumin), this fact occurred on the 22" day of the
experiment.

3. Conclusion

In this study, we reported the development of a hybrid nanopar-
ticle dual-loaded with CUR and BNZ to combat not only the Can-
dida infection but also to relieve the inflammation symptoms
caused by the invasion of this fungus’ pseudohyphae in the vagi-
nal mucosa. In order to develop a hybrid nanoparticle composed
by MSN inside a liposome in a reproducible manufacturing way
a new microfluidics approach was optimized as an innovative
and efficient solution. Through in vitro cytotoxicity studies, it was
possible to determine that in addition to being safe, the drugs-
loading in the nanoparticle drastically reduced their toxicity. In
addition, despite the checkerboard microdilution assay pointed
to how promising the antifungal activity of these drugs combina-
tion is against resistant Candida albicans strains, after the load-
ing in the hybrid nanoparticle no activity was observed in vitro.
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Figure 11. Microfluidics microchip used for the hybrid nanoparticle synthesis. A) Graphic representation; B) Microscope image of the inner capillary
with 100 um diameter; C) Side view of the microfluidics chip; D) Top view of the microfluidics chip; E) Schematic hypothesis of the hybrid nanoparticle
system assembly by the co-flow microfluidics system. The hybrid nanoparticle consists of CUR-loaded MSN encapsulated into a BNZ-loaded lipid-bilayer.
Legend: CUR: curcumin; BNZ: benzydamine hydrochloride; MSN: mesoporous silica nanoparticle.

However, the histology performed in the in vivo study pointed to
CUR+BNZ@NIN antifungal and anti-inflammatory therapeutic
potential. Ultimately, this study offers new possibilities for the de-
velopment of silica-based hybrid nanoparticles by microfluidics
and at the same time highlights the potential combination of
CUR and BNZ for the treatment of VVC.

4. Experimental Section

Mesoporous Silica Nanoparticles Synthesis and Characterization: MSNs
were synthesized according to Carvalho et al.[’*] with some modifications.
First, 0.61 g of cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich)
and 180 mL of distilled water were added in a round bottom flask and
kept under stirring at 60 °C for 30 min. Then, 55.8 mL of octane (Fisher
Scientific), 105 uL of styrene (Fisher Scientific) (previously washed three
times with 2.5 M NaOH), 0.14 g of L-Lysine (Fisher Scientific), 6.42 mL
of tetraethyl orthosilicate (TEOS) (Sigma-Aldrich), 0.20 g of sodium di-
hydrochloride 2,2'- Azobis (2-methylproprylnamide) (AIBA) (Fisher Scien-
tific), were added. After, with the help of a needle, nitrogen was immersed
in the mixture for approximately 30 min, then the needle was lifted but
kept inside the flask throughout the reaction time (3 h). It is worth noting
that during this period the magnetic stirring and the temperature of 60 °C
were maintained.

After, the suspension was transferred to a separatory funnel for
phase separation overnight (room temperature). Then, the suspension
phase was collected and centrifuged (Sorvall Discovery 90SE, Kendro
Laboratory Products) at 21,000 rpm for 15 min, the precipitate was
washed 5 times with distilled water and ethanol. At the end of the washes,
the precipitate was suspended in 60 mL of methanol. Sequentially, the
particles were subjected to an acid reflux step, for this 15 mL of chloro-
form and 1.5 mL of hydrochloric acid were added and kept under reflux
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with magnetic stirring at 60 °C for a period of 6 h. Then, the resultant
solution was centrifuged at 21,000 rpm for 15 min, the precipitate was
washed 5 times with distilled water and ethanol.[#] Last, the precipitate
was dispersed in 4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid
(Hepes buffer) (pH 7.4) (Sigma-Aldrich) and kept under refrigeration
(1°C—4°0).

In order to evaluate the MSNs formation hydrodynamic size, PDI and
zeta potential were evaluated by DLS (ZEN3600, Malvern Panalytical Ltd.,)
using Hepes buffer (pH 7.4) as the dispersant. Additionally, FTIR Golden
Gate Single Reflection Diamond attenuated total reflectance (ATR) Sys-
tem (AgilentTechnologies Cary 670 and sliding wear tester TR-17), TG
(PerkinElmer TGA-7) (using a synthetic air purge; measure program done
stepwise using 10 °C min~! heating ramp with 25 min isothermal seg-
ments at 35 °C and 120 °C) and nitrogen sorption analysis (at 196 °C in
a Micromeritics 3Flex 3500) using the BET method to calculate the sur-
face area. Pore volume was estimated as the total adsorbed amount at
a relative pressure of p/p, = 0.97 while pore size distribution was calcu-
lated with MicroActive v5.01 software (Micromeritics Corp.) using density
functional theory, assuming cylindrical pores with kernel model for oxide
surfaces. Prior analysis the sample was degassed at 120 °C under high
vacuum. Finally, TEM (TalosF200i operating at 80 KeV with a Ceta 16 M
camara) was also carried out.

Preparation and Characterization of the Hybrid System: A cylindrical
borosilicate glass capillary (WPI) (external diameter of 1000 um) was
tapered at one of its ends with the aid of a micropipette puller (P-1000
Sutter Instrument). Then it was polished until an internal diameter of
100 um.[122-124] |t was then inserted into a cylindrical borosilicate glass
capillary, (internal diameter of 1.1 mm). Dispensing needles (McMaster-
carr) were fixed at the beginning of each capillary to facilitate the entry
of inner and outer fluids (Figure 11A-D). The inner fluid was composed
of MSNs (2 mg mL™") and the outer fluid composed by egg yolk phos-
phatidylcholine (E80 ©Lipoid) and soybean phosphatidylcholine (S100
©Lipoid) solubilized in ethanol (10 mg mL™" each). It is worth noting
that the microfluidics system consisted of two syringe pumps (PHD
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Ultra Harvard Apparatus) and a microscope (Leica DM IL LED).1125-127]

Regarding the flow, several attempts were made (1:7; 1:10; 1:5; 1:2.5;
9:1; 7:1).1124128] |t is worth mentioning that the samples were collected
in a solution containing 1% poloxamer in deionized water. Formulations
with a PDI close to or below 0.2 in DLS analyses (using deionized water
as the dispersant) were further characterized by TEM. Additionally, to
confirm the formation of the hybrid nanoparticle Cryo-TEM (Tecnai T20
— FEI, Eindhoven the Netherlands with an Us400 slow scan CCD camara
and operating at 200 keV) and EDX (X-max 80T SDD detector, Oxford
instruments) analyzes were performed.

In order to better understand the chosen synthesis condition, numer-
ical analyzes were carried out. First, to confirm the laminar flow, the
Reynolds number was calculated according to Equations 1-3. Equation 4
was used to estimate the mixing time:(62]

L
Reynolds number = oL

M

where, p was the fluid density, U the average fluids velocity, L the hy-
draulic diameter and u the fluid viscosity. Equations 2 and 3 were used to
calculate U and L respectively.

Flow rate
U=s ———— 2
WH )

where, W was the width and H the height of the channel.

| 4WH )

Pwet

Where, Pwet was the wetted perimeter.

w2
Tmix = % (4)

where, wf was the inner stream width and D the solvent diffusion con-
stant.

In Vitro Synergism Assay (Checkerboard): Figure S5 describes this
methodology in detail. Briefly, for this assay, two 96-well microplates were
used. One of them with CUR (Pharmaceutical Secondary Standard from
Supelco) in the concentration range of 1000~7.8125 ug mL™', and the
other with BNZ (analytical standard from Sigma-Aldrich) in the concentra-
tion range of 1000—12.625 ug mL~". Concentration of 1x10% yeasts/mL
of C. albicans FMB-01 (clinical strain resistant to azoles provided by
the Medical School of Sdo Paulo State University; Ethical Assessment:
55758222.6.0000.5411) was used as the inoculum. The results were an-
alyzed according to the fractional inhibitory concentration index (FICI), if
FICI < 0.5 the drugs combination have a synergism effect, if FICI in the
range of > 0.5 — < 4.0 the drugs combination has a neutral effect and if
FICI > 4.0 the drugs combination has an antagonistic effect.[%0.129]

Drugs Encapsulation:  Prior to the drug encapsulation stage in the hy-
brid nanoparticle system, there was a need to develop and validate an
HPLC (Agilent, 1260 infinity Il) analytical method with a C18 column
(Sulpelco 15 cm X 4.6 mm, 5 pum) in order to allow the separation and
detection of both drugs, CUR and BNZ. Regarding the development of the
HPLC method, the best condition observed was the gradient of 70:30 ace-
tonitrile and 0.2% phosphoric acid in water 0.9 mL mi~'n over 1.5 min,
change in the flow to 1.5 mL mi~'n over 0.5 min and change of the
mobile phase composition to 80:20. The best detection wavelength was
230 nm.["313% |n Figure S6 it is possible to observe the HPLC chro-
matogram, the first peak corresponds to the BNZ and the second cor-
responds to CUR.

After, the drugs were encapsulated. Firstly, CUR was loaded into MSNs,
and for this, 2.5 mg mL~" of the drug was dissolved in 750 uL of ethanol
and kept stirring at 8 °C. Next, 250 uL of MSNs (20 mg mL™" in Hepes
buffer) was added, and the solution was kept shaking for 24 h. Then, the
nanoparticles were collected, centrifuged at 14 000 rpm for 15 min and the
precipitate was resuspended in a basic ethanolic solution and maintained
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under magnetic stirring for 24 h to destroy the MSNs. After this period,
it was centrifuged under the same conditions mentioned above and the
supernatant was read in HPLC.

For BNZ encapsulation into the lipid bilayer, T mg mL~" of the drug
was dissolved in an ethanolic solution containing the lipids, then the hy-
brid nanoparticle system was synthesized as described in Section “Prepa-
ration and Characterization of the Hybrid System”. To evaluate the amount
of incorporated drug, 1T mL of NIN was centrifuged (Eppendorf 5417r) at
3000 rpm for 5 min and the precipitate was resuspended in 500 uL of chlo-
roform in order to destroy the lipid bilayer of the particle. The solution was
filtered and analyzed in HPLC. Finally, after evaluating the amount of drug
incorporated separately, the simultaneous incorporation was evaluated,
and for this, immediately after CUR encapsulation in the MSNs the NIN
was prepared with the other drug, and the quantification of both drugs en-
capsulation was performed in both methods mentioned above. The LD%
was calculated according to Martins et al.[82] The hybrid nanoparticle sys-
tem formation after the drugs’ encapsulation was evaluated by both TEM
and Cryo-TEM.

In Vitro Drug Release: To have a preview of the developed nanosys-
tem behavior, a preliminary release study was performed on a shaker in-
cubator equipment, which allowed the samples (CUR+BNZ@NIN and
CUR+BNZ, in triplicate) to remain at 37 + 0.5 °C under constant stir-
ring of 150 rpm during the entire assay.l'”] For this study, the sink condi-
tions were respected.[">"l To mimic the vaginal environment, the acceptor
medium contained simulated vaginal fluid (Biochemazone), 2% tween 80
and 5% propanol, with a pH of 4.5, compatible with the human vaginal
one.[31132] Samples aliquots (200 pL) were collected at multiple times
points (10 min; 30 min; 1 h; 2 h; 3 h; 6 h; 12 h; 24 h, 36 h, 48 h, 60 h,
72 h 84 h and 96 h), additionally, at each collection point the same volume
of acceptor medium was replaced. The drug content in the aliquots was
quantified by the validated HPLC method, as described above. Addition-
ally, the samples collected at times 0, 3 h, 6 h, 24 h e 48 h were evaluated
for its size by DLS and morphology by TEM (CM12, Philips Eindhoven,
operating at 120 keV with an Us400 slow scan CCD camara). For the TEM
the samples were negatively stained with phosphotungstic acid (PTA) 1%
in water.['?#] Different mathematical models were applied to analyze the
release kinetics of CUR and BZH incorporated in the hybrid nanoparticle.
The release results were analyzed following zero order (Equation 5), first
order (Equation. 6), Hixson Crowell (Equation. 7), Higuchi (Equation. 8)
and Korsmeyer-Peppas (Equation. 9) calculations.[133:134]

M. _ Kot 5
M Ko (5)
M

ek ©6)
MOO

Qp, — Q3 = Kict %
M, .

M—w = Kth (8)
Mt

—L = Kypt" 9
M. kP 9

where, M, was the amount of drug released at time t; M, the amount
of drug released after infinite time; K, was the release rate constant for
zero-order; K; the release rate constant for first-order; Ky, the release rate
constant for Higuchi diffusion; Q was the residual drug % in the matrix at
time t; Ky was the Hixson-Crowell constant; Kyp was a constant related
to the dosage form structural and geometric characteristics; n was the
release exponent.

Storage Stability Assessment:  In order to determine the time range that
a formulation will still be adequate for use in the laboratory and also to
make a correlation with its shelf-life, samples were prepared (day 0) and
analyzed by DLS regarding its size, PDI and zeta potential. The samples
were then stored in a refrigerator and analyzed every 15 days. It was worth
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noting that shortly before DLS analysis, the samples were centrifuged at
3000 rpm for 5 min and the precipitate was resuspended in T mL of deion-
ized water. Finally, using Cryo-TEM, at a time point of choice that they were
not stable, the difference in the nanosystem morphology was evaluated.

In Vitro Cytotoxicity Evaluation: NHDF were maintained in culture in
Dulbecco’s Modified Eagle’s Media (high glucose) (Gibco) containing
10% fetal bovine serum and 1% Pen-Strep (Gibco).['3>136] Prior to the
test, the cells were harvested with trypsin-ethylenediaminetetraacetic acid
(EDTA)-phosphate buffer solution (Gibco) and diluted at a density of
1.5 x 10° cells mL™1. Then, the cells were seeded in a 96-well (0.2 mL
per well) and left to attach for 24 h. After the attachment, the medium
was discarded, and the cells were washed with 200 pL of phosphate Buffer
(PBS) pH 7.4. Next, the cells were exposed to the controls (9% Triton X-100
solution (Boom) as positive control and cell media as negative control),
CUR+BNZ@NIN (concentration range 1-0.031 mg mL~") and free drugs
(in concentrations corresponding to the drug amount present in the for-
mulation dilutions, for CUR and BNZ respectively: 477-14.9 ug mL~" and
52-1.6 ug mL™"). Then, the plate was incubated for 24 and 48 h at 37 °Ciin
5% of CO, and 95% relative humidity. In order to quantify the number of
viable cells CellTiter-Glo (©Promega corporation) assay was performed.
The experiment was performed in triplicate.[137-13°]

Evaluation of Antifungal Activity in Vitro:  For the determination of the
CUR+BNZ@NIN MIC two C. albicans strains were used, ATCC 18 804 and
FMB-01. In addition to the main nanosystem, CUR@MSNs, BNZ@NIN
and NIN (without drug) were also analyzed as controls. Since all formula-
tions had the same amount of the respective drug present, the CUR and
BNZ range evaluated was 596.25—4.65 pg mL~' and 63.75—0.5 uyg mL™".
Prior the test, both strains were cultivated in 2 mL of sabouraud dextrose
broth (SDB) (Difco-Becton) and incubated at 37 °C for 48 h, then, a sus-
pension corresponding to 0.5 on the McFarland scale, and confirmed by
cells count in a Neubauer chamber (ca. 1x 10° cells mL™), were prepared.
In order to have a inoculum with 5.0 x 10% cells mL™" two consecutive di-
lutions were made (1:100 and 1:20).[0]

After, in a 96-well microplate 100 uL of Roswell Park Memorial Institute
(RPMI 1640) medium with pH 7.0-7.2) was added in each well. The sam-
ples were added in the first-row wells and a serial dilution in the 8 sub-
sequent wells were performed. Then, 100 pL of the inoculum were also
added. It is worth mentioning that sterility and growth controls were also
performed.[®*] The microplate was incubated at 37 °C for 48 h. Finally,
20 pL of 2% triphenyltetrazolium chloride (TTC) (Sigma-Aldrich) solution
was added and after an incubation of 2 h at 37 °C a visual reading was
performed (lack of fungi growth remain colorless and growth turn the so-
lution pink).

Thermo-Responsive  and ~ Mucoadhesive ~ Hydrogel ~ Containing
CUR+BNZ@NIN Development, Characterization and In Vitro Release
Test: Chitosan (1%) (Sigma-Aldrich) and poloxamer 407 (Sigma-
Aldrich) were used to confer mucoadhesive and thermo-responsive
characteristics, respectively, to the hydrogel.[*61%0] various poloxamer
percentages were tested (15, 16.5, 17, 18, 19, 20, 25%) with the same
manufacturing methodology. Initially, deionized water with 1% acetic
acid was kept under magnetic stirring in an ice bath for 2 min. Then,
chitosan was added and kept in magnetic stirring for another 40 min.
After obtaining a homogeneous viscous substance, poloxamer was added
gradually under magnetic stirring with the aid of manual stirring until a
homogeneous solution was obtained. Subsequently, it was kept overnight
in an ice bath.["*1l To manufacture the hydrogel containing the nanosys-
tem (CUR+BNZ@NIN@HG), a volume of 5 mL of CUR+BNZ@NIN
was centrifuged at 3000 rpm for 5 min and then the precipitate was
resuspended with 1 mL of hydrogel. A rheometer (Anton Paar MCR 92)
was used to characterize the hydrogel with and without the nanosystem
concerning its gelation point, viscosity versus temperature, frequency
sweep (at 37 °C) and linear viscoelastic range (at 37 °C).[142-144] Ad.
ditionally, a texture analyzer (Brookfield CT3) was used to evaluate the
injectability of the final hydrogel (with and without CUR+BNZ@NIN)
with the aid of a vaginal applicator, temperatures of 25 and 37 °C were
tested.[142:144]

For the in vitro release test, some changes to the methodology carried
out in Section “In Vitro Drug Release” were made. The experiment was
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performed in a 12-well microplate, while the acceptor media was added
to the microplate well, the sample was added to cell culture inserts. The
stirring speed was changed to 100 rpm. The samples analyzed were the
NIN@hydrogel containing both drugs and the hydrogel with the combi-
nation of both free drugs. The same mathematical models used to analyze
the release kinetics in Section “In Vitro Drug Release” were also applied
here.

Antifungal and Anti-Inflammatory Activity Evaluation in In Vivo Mice
Model:  Female BALB/c mice with 8 to 10 weeks weighing around 20 to
25 g were used to this experiment. The animals were kept in cages at ap-
propriate temperature, with ventilation, 12-h light/dark cycle with water
and food available. In order to assist in the induction of the disease, the
mice received 0.1 mL of estradiol solution (2 mg day™') intraperitoneally
twice in week two.l 29121 Vaginal infection was induced by intravaginal ap-
plication of 20 uL of a C. albicans suspension containing 2.5x 108 cells/mL.
In the post-infection period, doses of estradiol (Sigma-Aldrich) (alternate
days) were administered (also intraperitoneally) to maintain the pseudo-
estrus state. In order to evaluate the formulation antifungal activity, vagi-
nal washes were carried out with PBS 6 h before treatment, part of the
collected volume was sown in sabouraud dextrose agar (SDA) with chlo-
ramphenicol (Difco-Becton). The plates were incubated at 37 + 0.5 °C for
48 h, and the colony count was expressed in CFU/mL. The experimental
protocol design, summarized in Figure S7 had a total treatment period of
seven days.['14] It is worth highlighting that the experimental groups for
the in vivo were carefully selected to obtain the smallest number of groups
that included all the necessary comparisons (Table S1), with the smallest
number of animals (sample calculation carried out in the software “Power
& Sample Size Calculator”).

As for dosage, 25 pg of BNZ (1 time the combined MICqy, value) and
239 pg of CUR (12 times the combined MICq, value) were administered
per application. It is worth noting that all formulations were applied at
the same dosage, adjusting the final volume in order to standardize the
same drug concentration. For the commercial formulation, Clotrimazole
(Medley), one of the recommended medications by the Center of Dis-
ease Control and Prevention (CDC) for VVC treatment, was the one of
choice.[*8] The recommendation in the medicine leaflet was followed, ad-
justing dosage according to the animal’s weight.

Immediately after the euthanasia, the animals were shaved in the vagi-
nal region and through a longitudinal cut in the infra-abdominal region,
the vulva and vagina of all animals were collected (and preserved in 4%
formaldehyde for 7 days) for histopathological analysis. After this period,
a macroscopic analysis was performed to identify the anatomical parts,
which were sectioned longitudinally and included in paraffin. After, 4 uM
sections were obtained, stained in periodic acid-Schiff and blindly eval-
uated by an experienced pathologist, previously calibrated. The analyses
were performed at two different times with a minimum interval of 1 week
between them. Light microscope (Carl Zeiss, Primo Star, Germany) was
used at 100, 200, and x 400 magnifications.

Candidiasis was analyzed in two ways, first distribution classification
as absent (0); focal (1), multifocal (2) and diffuse (3) and evaluated semi-
quantitatively (fungal burden) in the absence of fungi (0), up to 5 fungal
elements per section (standard: 5 mm punch) (1), from 6 fungal elements
per section to 5 per field at high magnification (x400) (2), from 6 to 50 per
field at high magnification (3) and more than 50 per field at high magnifica-
tion (4).47] In addition, other parameters were evaluated, such as spon-
giosis (absent (0), focal (1), multifocal (2) and diffuse (3)), and presence
(1) and absence (0) of atrophy, acanthosis, hyperkeratosis and sawtooth
projections. This in vivo experiment was approved by the School of Phar-
maceutical Sciences of S3o Paulo State University; Ethical accreditation
number: 02.00082.2019.

Statistical Tests: All statistical analyzes performed in this study were
carried out in the software GraphPad Prism. For the Storage stability as-
sessment two-way Analysis of Variance (ANOVA) with Tukey’s multiple
comparisons were carried out in order to determine significant changes in
the evaluated parameters. Two-way ANOVA with Sidak’s multiple compar-
isons was used to analyze the cytotoxicity results. To monitor the compar-
ison of the log CFU/mL of each post-treatment sample with the respective
log CFU/mL value after infection (before starting the treatment) Two-way
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ANOVA with Dunnett's multiple comparisons was used, and to analyze
the histology findings Two-way ANOVA with Tukey’s multiple comparisons
test were performed.
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