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Background: Candida albicans (C. albicans) forms pathogenic b ense mucus layer secreted by the epithelium is
a major barrier to the traditional antibiotic treatment of mucosa-asS{g . ans infections. Herein, we report a novel anti-
biofilm strategy of mucus-permeable sonodynamic ther: ultrasound (US)-mediated amphotericin B-loaded
PEGylated PLGA nanoparticles (AmB-NPs) to overcome and enable the eradication of C. albicans biofilm.
Methods: AmB-NPs were fabricated using ultrasgnic doub' cthod, and their physicochemical and sonodynamic proper-
ties were determined. The mucus and biofil 1 LS-mediated AmB-NPs were further investigated. Moreover, the anti-
biofilm effect of US-mediated AmB-NPs 9 5 : evaluated on mucus barrier abiotic biofilm, epithelium-associated
biotic biofilm, and C. albicans-indu o S s model. In addition, the ultrastructure and secreted cytokines of
epithelial cells and the polarizatio oges were analyzed to investigate the regulation of local cellular immune function

the strongest biofilm

local immune g

regulated local 3 ngal immunity enhancement, which may provide a new approach to treat refractory drug-resistant biofilm-
associated mucosal candidiasis.

Keywords: C. albicans biofilm, PEGylated nanoparticles, mucus penetration, sonodynamic therapy

Introduction
Candida albicans (C. albicans), a member of the mucosal flora of healthy people, is the most prevalent fungal pathogen
in humans causing superficial mucosal fungal infection. Among them, the most typical and common colonization of

C. albicans is vaginal mucosa and oral mucosa, resulting in vulvovaginal candidiasis (VVC) and oropharyngeal
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candidiasis (OPC), the most common forms of mucosal candidiasis.'” A critical step toward fungal infection in
superficial mucosa is the adhesion of C. albicans to mucosal epithelial cells and then inducing hyphal morphogenesis
(transition between single-celled yeast cells to filamentous growth forms) and the expression of destructive secretases,
such as aspartyl proteases and phospholipases, in the formation process.® Biofilms are microbial communities that attach
to the surface of mucosa or biological materials embedded in a self-produced extracellular polymeric substance (EPS;
major sugars, and proteins), which is a barrier structure with a self-protection function to evade the immune function of
the host and prevent permeation of antibiotics. Moreover, biofilms have been verified to be closely associated with
treatment failure and infection recurrence in mucosal-related C. albicans infections such as recurrent VVC.>
However, in C. albicans related mucosal infections, biofilm is not the only barrier that drugs must overcome before
successful treatment. The mucus layer, as a natural physiological barrier, is a complex biological hydrogel that covers all
wet epithelia in the body, including the oral cavity, respiratory, gastrointestinal, and vaginal tracts, ydsmlahas evolved to

properties.”®
For mucosal candidiasis of VVC or OPC, transvaginal or oral localiz

ar weight polyethylene glycol (PEG)
from adhesive interactions with mucus
and help rapid diffusion of nanoparticles through hu
limitations of traditional nanoparticles in mucus delive

Amphotericin B (AmB) is one of the mg ungal agents used to treat invasive fungal infections.

However, the physicochemical properties o \ solubility, tendency to self-aggregate in aqueous media,
and low permeability, preclude its vagina Aas ry. So despite the versatility and importance of AmB in
managing fungal infections, AmB i n very serious fungal infections via only intravenous injection.'>'*
However, the development of na; i d drug delivery system may provide the possibility to reduce drug

7, we demonstrated that AmB package loaded into poly(lactic-co-
glycolic acid) (PLGA) na i ificantly reduce toxicity with good water solubility and dispersion, making
it possible to deliver
may be activated by sonodynamic properties, which may be related to the fact that the maximum absorption

chemotherap agents (sonosensitizer) to produce highly oxidative active reactive oxygen species (ROS) and ulti-
sient bactericidal effect.'® However, sonodynamic antimicrobial chemotherapy is not totally depen-
toxicity, a sonophoresis phenomenon based on acoustic cavitation that can greatly enhance the
permeability of skin and blood-brain barrier and increase the distribution of drugs in solid tissues.'® In previous studies,
we have demonstrated that ultrasound-mediated AmB-loaded nanoparticles can improve the efficiency of intravaginal
drug delivery and play a highly effective antifungal role in in vitro plankton Candida and in vivo VVC infection.?
However, how ultrasound-mediated nanoparticles penetrate the double barrier of mucus and biofilm, as well as the
clearance effect of sonodynamic effects on the Candida biofilm associated with the epithelium under the mucus barrier
and the local antifungal immunomodulation effect on cells remain unclear.

To date, the effect of the mucus layer on the treatment of mucosal candidiasis has often been ignored, and it is
difficult to effectively cross the mucus and biofilm barrier to completely eliminate C. albicans in the biofilm. Herein, we
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utilize a novel anti-biofilm strategy of mucus-permeable sonodynamic therapy (mp-SDT) based on low-intensity US-
mediated PEGylated PLGA drug-loaded nanoparticles (AmB-NPs) to overcome both biofilm and mucus layer obstruc-
tion and enable the eradication of C. albicans biofilm (Figure 1). On the basis of the previous vaginal plankton Candida
infection research, we further systematically investigated how this mp-SDT regimen improves drug delivery in mucus
and biofilm obstruction in vitro and its significant anti-biofilm effect on mucus barrier abiotic biofilm, epithelium-
associated biotic biofilm, and C. albicans-induced rabbit vaginal biofilms model, as well as its regulating effect on local
cellular antifungal immune function.

Materials and Methods

Synthesis and Characterization of AmB-NPs
Amphotericin B-loaded PEGylated PLGA nanoparticles (AmB-NPs) were fabricated accorgf
two-step ultrasonic emulsification method, as described previously.'®?! A typical synt

PEG;, powder (Daigang Biomaterial Co., China) was dissolved completely in dichlo 2 mL) and
mixed with AmB solution (5§ mg/mL, 400 pL). Then, the polymeric mixture was s [ i ulsification at
150 W (50% duty ratio) for 2 min (work 5 s, interval 5 s) to obtain an initial wat on. Next, 4% PVA
aqueous solution (4 mL) was added to the polymeric mixture and proceeded rasonic oscillation for
another 5 min to form water-in-oil-in-water (W/O/W) nanoemulsion fo repared AmB-NPs were

purified by magnetic stirring (80-90 r/min) and triple centrifugation remove any impurities. The

yellowish AmB-NPs were re-suspended in distilled water and at 4°C il further use. PLGA 5, nanoparticles
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Figure | The schematic illustration of low intensity US-mediated PEGylated PLGA AmB-loaded nanoparticles (AmB-NPs) overcomes mucus barrier and eradicates of
C. albicans biofilm.

Notes: (A) The synthesis of AmB-NPs and US-responsive drug release from nanoparticles, the enhancement of cavitation effect, and the production of ROS by ultrasound-
mediated AmB-NPs. (B) The double barriers of mucus and biofilm EPS prevent drug penetration in the epithelium associated with Candida infection. (C) US-mediated AmB-
NPs overcome both biofilm and mucus layer obstruction and effectively eradicates C. albicans biofilm under synergistic enhancement effect of SDT and chemotherapy.
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the nanoparticles were determined by scanning electron microscopy (SEM, Hitachi S-3400N, Japan), transmission
electron microscopy (TEM, Hitachi H-7600, Japan), and dynamic light scattering (DLS, Malvern Instruments, UK).
The drug-loading content (LC%) and encapsulation efficiency (EE%) of AmB-NPs were analyzed using a UV-vis
spectrophotometer (UV-2600 SHIMADZU, Japan) at 365 nm.

Detection of Sonodynamic Properties of AmB-NPs

The generation of singlet oxygen ('O,) was detected using a singlet oxygen sensor green kit (SOSG, Sigma, USA).
Briefly, the SOSG probe (5 uM, 0.5 mL) was mixed with 2 mL of the free AmB and AmB-NPs solutions (4 pg/mL).
Then the mixture was sonicated by a low-intensity US at an intensity of 1.0 W/em?® for 5 min (50% duty ratio). After
sonication, the fluorescence intensity (FI) of SOSG was immediately detected using a fluorescence spectrophotometer at

Microbial Strains and Cell Culture
The standard strain, ATCC 10231 C. albicans was provided by the China Ge
Center. The cryopreserved fungal solution was inoculated into Sabouraud D icrobial Co., China)
at 37°C for 24 h with agitation at 150 rpm, cells were then harvested, oswell Park Memorial
Institute 1640 (RPMI, Gibco, USA) medium containing 10% fet
formation.

Human vaginal epithelial cells (VECs) of VK2/E6E7 (Bio
macrophages (RAW264.7, Shanghai Institute of Cell Researc
Dulbecco’s modified Eagle’s medium (DMEM, Gibco supp

(100 mg/L), and 10% FBS at 37°C in a 5% CO, incuba

Biobw Biotechnology Co. LTD) and
demy of Sciences) were cultured in

Mucus and Biofilms Permeabili
Particle-Mucin Binding Assay
In this study, Dil fluorescent-labelle

-Mediated Nanoparticles

(Dil-NPs, 20 pg/mL) were used as a model to study the permeability
. To measure particle-mucin aggregates, PLGA Dil-NPs and PLGA-

Distribution
To observe the sB

{anoparticles in Simulated Vaginal Mucus

ific distribution of nanoparticles in mucus after sonication, a simulated vaginal mucus (SVM) was
developed using the®hethod previously described by Owen and Katz.*> The SVM was composed of 1.0 g acetic acid,
0.018 g bovine serum albumin, 0.222 g Ca(OH),, 0.6 g glycerol, 5.0 g glucose, 1.4 g KOH, 2.0 g lactic acid, 3.51 g NaCl,
and 0.4 g urea in 1 L of distilled water, which had a similar viscosity to mid-cycle cervicovaginal fluid. The SVM was
adjusted to pH 7.0 by adding 0.1 N NaOH solution to simulate the environment found in the case of vaginal infection.”
Then, PLGA Dil-NPs and PLGA-PEG Dil-NPs were added to the SVM in the culture plates, and ultrasonic irradiation
was then performed at an intensity of 1.0 W/cm?® for 5 min at the bottom of culture plate. After irradiation and static
reaction for 2 h at room temperature, the infiltration and distribution of Dil-NPs (red fluorescence) into the mucus was
observed using a laser scanning confocal microscope (LSCM, Nikon, Japan), and the average area of Dil in the top,
middle, and bottom layers of the mucus was calculated using five randomly selected view fields per layer.
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Biofilm Permeation Analysis Under the Mucus Barrier
C. albicans (100 pL, 3.0x10® CFU/mL) was inoculated on transwell inserts with polycarbonate membranes (3 um pore size) to
form mature biofilms after 48 h of inoculation. Then, 100 uLL of SVM was placed on the biofilms, and 100 uL of Dil-NPs were
gently added onto the surface of the mucus to construct a double barrier model of mucus-coated biofilms. The upper chamber
was inserted into the bottom chamber (contained 0.8 mL PBS), and the plate was immediately irradiated at an intensity of 1.0
W/em? for 5 min at the bottom of the culture plate. Then, the bottom chamber samples were individually collected after 24
h incubation at a speed of 100 rpm at 37°C to detect FI of Dil and calculate the cumulative permeation using the following
equation: Cumulative rate % = FI; / FIyx100% (FIj is the initial fluorescence intensity of Dil in the upper chamber, FI is the
fluorescence intensity of Dil in the bottom chamber). Subsequently, the C. albicans biofilms were labeled with calcium
fluorescent white (CFW; Sigma), and the infiltration and distribution of Dil-NPs in the top, middle, and bottom layers of the
biofilm were observed using LSCM scanning with a layer spacing of 2 pm.

In vitro Cellular Uptake of Nanoparticles Assay Under the Mucus Barrier
To explore whether US can affect the cellular uptake of nanoparticles in the presence of,

were not taken up, and the nuclei were stained with 4,6-diamidino-2-p otime) for cellular uptake of

nanoparticles using CLSM. In addition, the cells were re-suspen ), and the cellular uptake rate of the

nanoparticles was further verified quantitatively using a flow ¢

Anti-Biofilm Effect of US-Mediated AmB-N

Constructed Mucus Barrier Biofilm Model and

Mature C. albicans biofilms were developed on 24- er 48 h of incubation, and 200 uL. PBS was added just
enough to touch the bottom of the Transwell insert ’rile transwell inserts were then placed on top of the
biofilms, and 50 pL of sterilized SVM o of the transwell inserts. A mucus barrier biofilm model was

constructed and subjected to the follo ntrol (no drug, no US, only PBS); 2) US; 3) free AmB (only
AmB); 4) US combined with free B-NPs; and 6) US combined with AmB-NPs (US+AmB-NPs)
. Sterilized AmB-NPs and frg W at final equivalent AmB concentrations of 4 pg/mL were added to the

s, Viability, and Ultrastructure

The transwell inse and biofilms were rinsed and stained with 1% (w/v) crystal violet solution for 30
min, aft etic acid solution was added for decolorization and the biofilm biomass of different
groups suring the absorbance at 570 nm using a microplate reader. Then, LIVE/DEAD BacLight
Bacter vitrogen, CA) were used to evaluate the viability of fungi in biofilms and simultaneously

observe th&@ofilm architecture. The biofilm was stained with a mixture of SYTO 9 (stained live cells) and propidium
iodide (PI, sta
CLSM with a z-step size of 2 um to reconstruct a 3D image of the biofilm. Live and dead fungi in the biofilm after

g dead cells) solution at room temperature in the dark for 30 min. The stained biofilm was scanned using

treatment were calculated using green and red FI using ImageJ (National Institute of Health, USA). In addition, the
overall morphology of the biofilm under mucus and the ultrastructural changes of mycothalli in the biofilm were
observed using SEM.

Evaluation of Biofilm EPS

After 24 h of incubation following the experimental treatment, the EPS of the biofilm was stained with FITC-conA (500
pg/mL, Sigma) for 30 min in the dark, followed by observation using CLSM at an excitation wavelength of 488 nm and
emission wavelength of 525 nm. The protein and polysaccharide contents in the EPS were determined using
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bicinchoninic acid protein assay kits and the phenol-sulfuric acid method, respectively.'® Briefly, EPS was first extracted
from the biofilm by ultrasonication (60 W, 4 min) and centrifugation (11,000 x g, 45 min), and the supernatant was
filtered through a 0.22 um membrane. To determine polysaccharides, the purified EPS sample (90 pL) was mixed with
5% phenol solution (90 pL) and sulfuric acid (300 pL) in water bath at 90°C for 1 h incubation. The polysaccharide
content was determined by measuring the absorbance at 490 nm, and the protein concentration was determined using
a BCA assay kit (Beyotime, China) at 562 nm, according to the manufacturer’s guidelines. The contents of polysacchar-
ide and protein in treated biofilms were normalized to control (100%).

Analysis of Biofilm Hypoxia Changes
Image-iT™ Red Hypoxia Reagent (Invitrogen, CA) contains live-cell permeable compounds, which increase fluores-

cence in environments with low oxygen concentrations. C. albicans biofilm was grown on cell plates for 3 days as

C. albicans biofilms profile was labeled with CFW for 30 min to observe the changes
biofilm formation process. Next, to explore the hypoxia changes of internal biofilm aft

Quantification of ROS in Biofilm

The total intracellular ROS within the biofilm was first analyze
(DCFH-DA, Sigma) reagent kit. Prior to experiments, the biofil
medium containing DCFH-DA (1 pM) at 37°C for 30 min t
experimental treatment described above, C. albicans biofilms w i stained with CFW. Intracellular ROS

fter 2 h of incubation following the

ation) and 529 nm (emission). In addition,
DHE), 30-(p-hydroxyphenyl) fluorescein (HPF),

three representative types of ROS were detected using di .
fhion (O, "), hydroxyl radical (:OH), and singlet oxygen ('

and SOSG probes, which are reagents that monijg

fferent methods and incubation for another 2 h, the biofilm

with SYTO Q6% . albi atio of bacteria/cells: 1:100). C. albicans adhesion and invasion of epithelial cells was
observed 4 of continuous culture. After that, to evaluate whether US- mediated AmB-NPs could
inhibit adhesid

serum-free mediu

C. albicans to the cell biotic surface, the sterilized AmB-NPs and free AmB were re-suspended in
olution containing 10% SVM at final equivalent AmB concentrations of 4 pg/mL and added to the
plates. The bottom Of the plates were irradiated immediately at a US intensity of 1.0 W/ecm?® for 5 min as described
previously. After the treatment was completed, the cells were incubated for another 6 h. Finally, cells were labeled with
DAPI and C. albicans adhesion to VK2/E6E7 cells in different treatments was observed by CLSM and detected by flow

cytometry to quantitatively analyze the C. albicans-cell adhesion rate in each group.

Elimination of C. albicans Biofilm Formed on VK2/E6E7 Cells Surface

To further evaluate whether US-mediated AmB-NPs could effectively eliminate C. albicans biofilm formed on the biotic
surface of VK2/E6E7 cells, DAPI-labeled cells were infected with 200 uL SYTO 9-labeled C. albicans for 24 h to form
a mature C. albicans biofilm on the cell surface. After 24 h of incubation following 1) to 6) experimental treatment, the
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elimination of C. albicans biofilm formed on the VK2/E6E7 cell surface was observed by CLSM. The survival of
C. albicans colony in the biofilm was estimated by plating serially diluted cultures on SDA plates, and colony-forming
units (CFUs) were counted after 48 h. After that, cells and C. albicans were collected and re-suspended in RPMI 1640
medium containing 10% FBS, and the re-suspended solution was added to a 96-well plate and continued to culture for 48
h. Crystal staining was used to observe the biofilm formation in the wells to analyze the biofilm re-formation rate.

Observation of Cell Ultrastructure Changes by TEM
After treatment for 24 h, the cells and C. albicans were washed, collected, and then fixed in 3% glutaraldehyde for 24 h at
4°C. After treatment, the cell samples were cut into ultrathin sections and then double-stained with 5% uranyl acetate and
lead citrate. Subsequently, internal ultrastructural changes in epithelial cells and adherence and invasiveness of
C. albicans in different groups were observed using TEM.

Cytokine Analysis by Enzyme-Linked Immunosorbent Assay

IL-4, IL-10, and IL-17 in the supernatant samples was determined using enzy
test kits (Jingmei, China) according to the manufacturer’s instructions. The a

Analysis of Macrophage-Associated Antifun
Phagocytosis of Macrophages on the C. albicans Under
To study the phagocytic effect of macrophages on C. albicarfgnder sonicfion, the RAW264.7 cells were inoculated in

plate. Those cells without ultrasonic irradiation
es were washed three times and the RAW264.7 cells

/mL, Sigma) or IL-4 (50 ng/mL, Sigma) was added to each well for 24
d M2 macrophages, respectively. After 24 h incubation following 1) to 6)

In vivo Eval®ation of Antifungal Efficacy in Vaginal C. albicans Biofilms Model

All animal experiments were carried out according to the guidelines of the China Laboratory Animal Guideline for
Ethical Review of Animal Welfare (GB/T35892-2018) and approved by the Experimental Animal Ethics Committee of
Chonggqing Medical University (approval number: 2022162). The in vivo antifungal efficacy of the US-mediated AmB-
NPs was evaluated in rabbit vaginal C. albicans biofilms model. Healthy rabbits were subcutaneously injected with
0.2 mL of estradiol benzoate injection (2 mg/mL) once daily for 3 days. On the fourth day, 100 uL of pre-cultured
C. albicans biofilm solution was injected into the vagina with a pipette gun once a day for 3 days, and the rabbits were
fed normally for another 1 day. Infected rabbits were intravaginally injected with 200 pL of saline, pure AmB (1 mg/mL),
and AmB-NPs (20 mg/mL, equivalent to a pure AmB concentration of 1 mg/mL) solution, and then immediately
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performed intravaginal US irradiation by a tubular annular transducer immediately at an intensity of 1.0 W/cm? for 5 min
with a 50% duty cycle for 3 consecutive days treatment. On the third day after treatment completion, vaginal lavage fluid
was collected for quantitative analysis of C. albicans cell viability and vaginal microbiome analysis using 16S rRNA
gene sequencing. All groups of rabbits were euthanized, and vaginal tissues were collected for histopathological analysis
using H&E staining and TEM.

Statistical Analysis
Statistical analyses in the present study were performed using GraphPad Prism 8.0 software (GraphPad Software, CA,
USA). All data are presented as mean + standard deviation (SD). The significance of the differences between two groups
was determined using a two-tailed Student’s ¢-test, and comparisons among multiple groups were performed using one-
way ANOVA. Statistical significance was set at P < 0.05.

Results and Discussion
Physicochemical Characterization and Sonodynamic Properti

analysis revealed that the prepared AmB-NPs had a spherical shape, unifo
adhesion or local agglomeration (Figure 2A), with a consistent core-shell s
US-responsive drug release (Figure 2C). AmB-NPs exhibited a mean dia
index (PDI) of 0.091+0.03 and a zeta potential of —22.0+0.78
(Figure 2D and E). The physical properties of the nanoparticles t

m with a polydispersity
had a narrow size distribution

arter ultrasonic irradiation, AmB and AmB-NPs solutions (4
od the FI of 'O, in ultrasonic interaction with AmB-NPs was higher

inescence, similar to both ciprofloxacin (Amax at 276, 316, and 328 nm) and

levofloxacin 'm)-mediated sonodynamic effects.!”?

Mucus, as an a ive, viscoelastic gel is the first-line defense that covers all mucosal surfaces and effectively traps

many pathogens, as®vell as antifungal agents. Mucin-nanoparticle aggregates can be used to predict the penetration
ability of nanoparticles in mucus, and reduced binding with mucin is usually correlated with more rapid penetration
through mucus.''*® The binding rates of PLGA Dil-NPs or PEGylated PLGA Dil-NPs to gastric mucin solution with or
without sonication were comparatively measured. As shown in Figure 3A, PLGA NPs showed the highest aggregation
rate (76.4%), followed by 52.8% of PEGylated NPs, while after US irradiation, the aggregation rate of PLGA NPs and
PEGylated NPs were significantly decreased to 45.1% and 30.3%, respectively. The specific distribution of the
nanoparticles in the mucus after sonication was observed using CLSM. Only weak Dil-red fluorescence was evident
in the PLGA NPs group, while the fluorescence was somewhat stronger in the PEGylated NPs group and was markedly

stronger in the PLGA-PEG NPs+US group, with clear red Dil fluorescence mainly distributed in the middle and bottom
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US-Mediaté® Nanoparticles Improved Sub-Mucus Biofilm Penetration Enhancement

Mucus and biofilm structure are two barriers that antifungal drugs must break through in the treatment of mucosa-
associated Candida infection.” The SVM is employed due to similarity of rheological and viscosity properties to mid-
cycle cervicovaginal mucus.”® The permeability of US-mediated nanoparticles through double barrier of mucus and
biofilm was further evaluated and the schematic diagram as shown in Figure 4A. We visualized the transport of
nanoparticles through a double barrier and the distribution of Dil-NPs in the biofilm after 24 h of incubation using
CLSM (Figure 4B). Notably, PLGA-PEG NPs+US treatment resulted in a large number of red fluorescent particles
mainly distributed deep inside the biofilm. However, the red fluorescence particle distribution at the bottom of the biofilm
was not obvious in the other groups. The cumulative permeation (%) of Dil-NPs from the apex of the donor chamber to
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Figure 3 Mucus permeability analysis of PLGA-NPs and PEGylated PLGA-NPs with or with
Notes: (A) Particle-mucin aggregation rate in mucin solutions. (B) The distribution of Dil-lab
by CLSM observation (scale bar = 100 um). (C) The average fluorescence intensity of Dil in
selected view fields. **P < 0.001.

us.
d red fluoresce

hnoparticles in the mucus with or without US irradiation
bottom layers of mucus was calculated by five randomly

the receptor chamber was quantitatively calculated within C). Consistently, the permeation rate of PLGA-
ation, which was 1.78- and 2.88-fold higher than that of
data suggest that US-mediated PEGylated NPs possess

and biofilm for mucosa-associated Candida infection

. the dynamic VK2/E6E7 cells uptake profiles of various nanoparticles were investigated
of CVM as shown in Figure 5. CLSM observations revealed that the PLGA-PEG NPs+US group
ious and rapid cellular internalization among the four groups. However, individual nanoparticles,

under the condit
exhibited the most 0%
either PLGA NPs or PLGA-PEG NPs, could not automatically cross the mucus barrier and be taken up by cells even after
24 hr (Figure 5A). The cellular uptake rate was quantitatively analyzed using flow cytometry at different time points
(Figure 5B). Specifically, 22.25% Dil-positive fluorescent cells were detected during the first 2 hr, reaching 75.09% at 24
hr in PLGA-PEG NPs+US group. A higher number of positive cells were detected in the PLGA NPs+US group (57.68%)
then that in the PLGA NPs group (15.31%) or PLGA-PEG NPs group (32.57%) at 24 hr. Consistently. The quantitative
fluorescence intensity of Dil in the reaction system was also the highest in the PLGA-PEG NPs+US group at all time
points (Figure 5C). These data suggest that US could promote the cellular uptake of nanoparticles under mucus
conditions, which is conducive to the removal of cell-related biofilms in later studies.
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usters. However, the US+AmB-NPs group displayed the greatest eradicating effect with full
destruction S@he biofilm architecture and almost all fungi emitting red fluorescence, and the quantitative analysis of the
psity of green (live cells)/red (dead cells) also supported the findings of CV assays and CLSM
observations (Figure 6D). The morphological characteristics and mycothallus ultrastructural damage to the biofilms
following different treatments were further assessed using SEM (Figure 6E). A complete, dense, and thick biofilm
structure with wrapped EPS matrix was observed in the control group. The dense biofilm structure is dispersed after
ultrasonic irradiation. Treatment with AmB and AmB-NPs alone resulted in minor disruption of the biofilm structure,
with a slight reduction in the EPS matrix. In contrast, single yeast colonies within the biofilm became swollen, broken,
and inactivated (black arrow), with mycelium fracture and deformity (red arrow) in the US+AmB-NPs group, which
further indicated the excellent anti-biofilm activity of US-mediated AmB-NPs treatment even at lower drug
concentrations.
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groups after 2, 6, and 24 h incubation.

Degradation of EPS Reliev

3D architecture of the biofilm, which acts as a physical barrier that not

only prevents the penetratio imi but also creates unique conditions in the biofilm hypoxic microenvironment.*>

was visually observed nA staining, which specifically binds to the D-(+)-glucose and D-(+)-mannose groups of
polysaccharides. Iy

attered green fluorescence (Figure 7A). The elimination of EPS was further probed by quantitative
determination of W@acellular polysaccharides and proteins (Figure 7B and C). Similarly, the contents of polysaccharide and
Bf biofilm were significantly reduced by 80.2% and 57.2%, respectively, after US+AmB-NPs treatment

compared with the control group (both P < 0.01), with the lowest content among the groups.

protein in EPS matrt

After identifying the EPS degradation properties of US-mediated AmB-NPs, their ability to relieve hypoxia in the
biofilm was further evaluated. During biofilm formation, 3D reconstruction of the biofilm showed that hypoxia inside the
biofilm gradually increased from 12 to 72 h, showing an obvious time-dependent characteristic (Figure S1). However,
hypoxia in the C. albicans biofilms was significantly relieved after US-mediated AmB-NPs treatment, with the lowest red
fluorescence signal expression compared with the other treatment groups (Figure 7D). Specifically, the red hypoxic area
was reduced by nearly 80% compared with the control group (Figure 7E), indicating US-mediated AmB-NPs treatment
can effectively improve the degree of hypoxia in biofilms in vitro. Hypoxia is a typical characteristic of almost all
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+AmB-NPs group.

biofilms and is an important reason for the antibiotic resistance of biofilm-encased bacteria. In many previous studies,
oxygen was transmitted by nanocarriers or produced in situ through the catalytic function of enzymes.**** In this study,

US-mediated AmB-NPs therapy could also affect the hypoxic microenvironment of biofilms, which might be achieved by
destroying the structure of biofilms and excellent osmotic promotion.

US-Mediated AmB-NPs Induces Biofilm Intracellular ROS Generation

SDT is a novel antibacterial strategy that can efficiently eliminate bacteria by generating ROS under US stimulation,
among which, ROS generation is a critical factor in conventional SDT-induced cell apoptosis.>> Therefore, an
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intracellular on DCFH-DA was used to further evaluate the feasibility of SDT anti-biofilm therapy-
AmB-NPs. As shown in Figure 8A, more ROS, indicated by green fluorescence, were observed in the
han in the other groups. This may be related to the fact that nanoparticles volumetric oscillations
facilitate cavitation-related phenomena and induce stronger sonochemical reactions to enhance the efficiency of ROS
generation.*® Then, to identify which ROS species are involved in US-mediated AmB-NPs SDT anti-biofilm, three
representative types of ROS were measured using DHE, HPF, and SOSG to detect O, , ‘OH, and 'O, generation,
respectively. Quantitative analysis of the FI of DHE and HPF confirmed that O,", -OH, and 'O, generation increased in
the AmB-NPs+US treatment, but -OH and 'O, had a higher FI (Figure 8B-D). This is consistent with previous reports
that -OH was the main ROS species after US exposure, which may be due to cavitation bubbles induced by US
irradiation producing high local temperatures upon collapse, thus generating ‘OH by water pyrolysis.>>*” 10, is a type II
ROS mediated by sonoluminescence and induces photooxidation of cellular components, thereby causing cell death.
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Effect of US-Mediated AmB-NPs on Epithelium-Associated Biotic Biofilms

Epithelium-associated biotic biofilms are grown on active mucosal surfaces where C. albicans interacts with epithelial

cells, which may differ from abiotic biofilms in many different ways, including their functioning fixedness and
susceptibility to conventional antifungals.’® After confirming the excellent ability of mucus penetration and biofilm
removal on abiotic surfaces of US-mediated AmB-NPs effect, we further investigated the sonodynamic penetrated
therapy of US-mediated AmB-NPs on epithelial cell-associated candida infections and the schematic diagram as shown
in Figure 9A. The dynamic process of C. albicans invading epithelial cells to form biofilms showed that a large number
of C. albicans adhered to the VECs within 2 h, mycelia formed and infiltrated the cells at 6 h, and biofilm formation was
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visible after 24 h of co-incubation (Figure 9B). The biofilm formation time was shorter than that of the culture on
microplates, which also indicated that the formation of epithelium-associated biotic biofilms was different from that on
abiotic surfaces. Then, the VECs-C. albicans co-culture system was pretreated with US and AmB-NPs separately or
jointly and observed in the early phase after 6 h of incubation. The combined effect of US and AmB-NPs exhibited the
strongest inhibitory effects on C. albicans adhesion, with very few C. albicans around cells, and no obvious intracellular
infiltration was observed (Figure 9C). Moreover, the quantitative FI of SYTO 9-labeled C. albicans in the reaction
system was also the lowest in the US+AmB-NPs group at 2228.7+47.5, which was more than a fivefold reduction
compared to the control group (12,454.5+28.8) (Figure 9E). Generally, early adherence and mycelial phase transition to
infiltrate epithelial cells are two key steps in biofilm formation in mucosal-associated Candida infections in vivo.® This
result further confirmed the efficacy of US-mediated AmB-NPs in inhibiting C. albicans adhesion and infiltration and
preventing biofilm re-formation.
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Figure 9 Human vaginal epithelial cell related anti-biofilm assay.
Notes: (A) Schematic illustration of anti-biofilm effect of US-mediated AmB-NPs in a co-culture model of VK2/E6E7 epithelial cell and C. albicans in the presence of mucus.
(B) The process of C. albicans (FITC-labeled, green) adhesion, infiltration, and biofilm formation on the cell (DAPI-labeled, blue) surface from 2 to 24 h co-culture under
CLSM observation (scale bar = 50 um). (C) Inhibition of early adhesion and infiltration of C. albicans to VECs after US-mediated AmB-NPs treatment (scale bar = 50 um).
(D) Elimination effect of biofilms formed on VECs surfaces was observed by CLSM following different treatment (scale bar = 50 um). (E) The adhesion rate of C. albicans to
cells was quantitatively detected by flow cytometry. (F) CFU analysis of C. albicans cultures from biofilm after 24 h of treatment by different modalities. (G) Biofilm re-
formation rate was analyzed using crystal violet staining for biofilm formation observation. *P < 0.05, **P < 0.01, ***P < 0.001.
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The elimination effect of US-mediated AmB-NPs on mature C. albicans biofilms formed on VECs surfaces in the
presence of mucus was further verified. As indicated in Figure 9D, the C. albicans biofilm in the control group showed
a classic compact biofilm structure with both yeast cells and hyphal elements distributed on the cell surface and
apparently internalized by epithelial cells. However, US-mediated AmB-NPs almost completely removed the biofilm
structure on the cell surface, with the lowest fluorescence signal compared to the other treatment groups. Moreover,
AmB-NPs+US group showed the lowest fungi number of (1.057+0.11) Log;o CFU/mL and the fungicidal rate was more
than 100-folds higher than that of free AmB (Figure 9F). In addition, US combined AmB-NPs effect could almost
completely inhibit biofilm re-formation with inhibition rates up to of 97.3% (Figure 9G), also demonstrating the superior
anti-biofilm efficacy and inhibition of biofilm regeneration effect of US-mediated AmB-NPs on epithelium-associated
biotic biofilms.

Effects on Ultrastructural and Immune Function of Infected VEC
For further insight into the interactions of C. albicans with VECs, the internal ultrastructd BV ECs and the
adherence and invasion of Candida in different groups were observed using TE t 10A, in the

control group, large numbers of C. albicans yeast colonies and mycelia were scatt,

esponse to vaginal infection by C. albicans,

particularly in the activation and recruitment of adap esponses to eliminate pathogenic bacteria.*'

Since mucosal epithelial cells produce okines and chemokines in response to microorganisms and
C. albicans is closely associated with m | i Is as a commensal, we further analyzed the levels of IL-2, IL-
er treatment. Cytokines IL-2, IL-17, IL-4, and IL-10 were all
s after infection compared with normal cells (Figure S2). However, 24 h

cased significantly, but the levels of IL-4 and IL-10 in the US+AmB-NPs

upregulated in the culture supe
post-treatment, the levels of [

-treated culture supernatan er than tM¥se in the control groups (Figure 10B). Epithelial cells of host mucosal
surfaces represent the e against Candida infection and the cytokines produced by epithelial cells are
one of important d Ived in epithelial cell responses to Candida invasion.** IL-2 and IL-4 are the
classical represen h1 agd Th2 cytokines, respectively. Thl-type cytokines play a strong role in mediating
immunity agzasms eficial for pathogen or cancer elimination, while Th2 responses correlate with disease
exacerbajg ression.*> Our results revealed that the increased expression of IL-2 and the decreased
expre be USTAmB-NPs group, which indicated that US-mediated AmB-NPs treatment can indirectly up-
regulate aginal local cellular immunity under the infective status to promote the host defense against invading

pathogenic porganisms.

Increase in Phagocytosis and Regulation of Macrophage Polarization

In addition to the local antifungal immunity of epithelial cells, macrophage is also one of the most critical regulator in
multiple biological processes. In response to pathophysiologic conditions such as mucosal candidiasis, phagocytosis by
macrophages and their macrophage polarization state are key factors in the host’s resistance to pathogens and anti-
bacterial action, which determine the control and outcome of infection.** We coincubated macrophages with C. albicans
for a phagocytosis assay and found that US stimulation could significantly enhance the phagocytosis ability of
macrophages. Quantitative analysis of phagocytosis by flow cytometry showed that the percentage of phagocytosis
was significantly higher in the US groups, and the phagocytosis rate was up to 68% after 300s irradiation, 3-folds higher
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swollen, and red arrow shows autophagosomes formed (scale baj

than that in the control group (Fi . ocytosis of pathogenic bacteria and foreign bodies by macrophages is
the basis of wound debrideme i atory period, and low-intensity US can enhance phagocytosis of

an oxidative stress microenvironment that induces not only tumor cell apoptosis but
antitumor applications.* To further investigate the immunoregulatory effects of

cted in Figure 11A. C. albicans infection promoted M1 polarization of Raw264.7 cells,
¥Sion of CD86 was observed in the US+AmB-NPs group, and the C. albicans clearance
effect was obviS@ Simultaneously, the expression of CD86 was also enhanced in the LPS-induced M1 polarization
model after US-meS@@ted AmB-NP treatment. In contrast, the fluorescence expression of CD206 significantly decreased
in the IL-4-induced M2 model in the US+AmB-NPs group (Figure 11C). Moreover, the expression of the M1-type
markers IL-1p and TNF-a was significantly increased, whereas that of the M2 markers IL-10 and TGF-B was
significantly decreased in the US+AmB-NPs group (Figure 11D). Macrophages can function as different phenotypes,
such as M1 and M2 macrophages, M1-type plays a role in presenting antigens, secreting inflammatory factors,
phagocytic sterilization, initiating adaptive immune responses, and play a major role in host defense against various
microbial pathogens, including fungi.***” Finally, the results demonstrated that US-mediated AmB-NPs could increase
the phagocytosis by macrophages and regulate the polarization of macrophages to the M1 phenotype, thus enhancing the
efficient elimination of pathogenic fungi through the dual action of bacteriostasis and immune activation.
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Antifungal Effects of US-Mediated AmB-NPs on Rabbit Vaginal C. albicans Biofilms

To further assess its potential as an effective strategy for biofilm-associated mucosal candidiasis, we demonstrated the
antifungal effects of US-mediated AmB-NPs on rabbit vaginal C. albicans biofilms in vivo and the treatment scheme is
shown in Figure 12A. The antifungal efficiency of the different treatment modalities was studied by measuring the
number of fungi in the vaginal washes on the third day post-treatment (day 14). The cell viability and colony formation
of C. albicans were significantly decreased in the US+AmB-NPs group compared to the other treatment groups
(Figure 12B), indicating the excellent antifungal efficiency of US-mediated AmB-NPs in vivo. Histochemical analysis
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Figure 12 Antifungal effects of US-mediated AmB
Notes: (A) Experimental scheme of C. albicans y del. (B) Count of viable of C. albicans in vaginal washes after indicated treatments. (C) H&E staining
images of the vaginal tissue (scale bar = 50 aginal epithelium ultrastructure observation in different treatment modalities (scale bar = 2 um,
the red arrows show yeasts and hyphae pene | layers of the'vaginal mucosa and immersed epithelial cell). (E and F) a-Diversity Chao and Shannon indexes of
the vaginal microbiome by 16S rRNA ing. tive abundance of order-level taxa for Lactobacillales. (H) Heatmap of the relative abundance of phylum-level

taxa for each group. “ns” indicates

infiltration was slightly relieved by treatment with AmB or AmB-NP alone. The
in the vaginal epithelium and submucosal inflammatory cell infiltration were significantly
relieved, and th
US+AmB-NPs gro
(Figure 12D). Following infection with C. albicans, the entire epithelial layer was destroyed and VECs exhibited

ithelial structure of the vaginal mucosa was roughly restored with stratum corneum formation in the
Figure 12C). Subsequently, the ultrastructure of the vaginal epithelium was observed using TEM

ultrastructural impairment, including cytoskeleton disintegration, incomplete plasma membrane rupture, nucleolysis,
desmosome damage, and increased intercellular space (Figure S3A). In addition, a greater number of yeasts and hyphae
penetrated the superficial layers of the vaginal mucosa and immersed epithelial cells (red arrow). However, the
ultrastructure of the vaginal epithelium was notably improved after US-mediated AmB-NPs treatment, which showed
that stratified epithelial cells were arranged in an orderly manner, and new immature epithelial cells were formed to
promote the repair of the vaginal mucosa (Figure S3B). Next, the amelioration of the vaginal microbiome in C. albicans-
induced vaginitis after US-mediated AmB-NPs treatment was investigated using 16S rRNA gene sequencing. Analysis of

7960  rees International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com/get_supplementary_file.php?f=437726.docx
https://www.dovepress.com/get_supplementary_file.php?f=437726.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Yang et al

vaginal wash samples revealed that the Chao and Shannon entropy indices of a-diversity were significantly increased in
the US+AmB-NPs group, indicating that bacterial diversity markedly improved after US treatment (Figure 12E and F).
Furthermore, the relative abundance of Lactobacillus significantly increased (Figure 12G), which is thought to reinforce
the defense against invasion and colonization by pathogenic microorganisms and promote the maintenance of vaginal
homeostasis. Further analysis at the phylum level revealed that US treatment markedly increased the relative abundance
of Firmicutes, reshaping the healthy vaginal microbiome (Figure 12H). On the basis of effective antifungal results
obtained in the previous study of US-mediated AmB-NPs therapy for VVC infection,® these part results further
confirmed that US-mediated AmB-NPs treatment exhibits excellent therapeutic efficacy against C. albicans vaginal
biofilms in vivo, promotes the recovery of damaged mucosal epithelial ultrastructure, and contributes to the reshaping of
a healthier vaginal microbiome.

Conclusion
Biofilms and mucus layers are both major barriers in the treatment of mucosa-associatgd

reshaping a healthier vaginal microbiome for Candida vagini efore, we implemented a promising strategy

to effectively eradicate C. albicans hidden in the biofilm a e barrier and simultaneously regulate local
antifungal immunity enhancement, which may prgvide a n to treat refractory drug-resistant biofilm-

associated mucosal candidiasis.
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