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Tuberculosis is a chronic infectious disease, the treatment of which is challenging
due to the formation of cellulose-containing biofilms by Mycobacterium
tuberculosis (MTB). Herein, a composite nanoparticle loaded with cellulase
(CL) and levofloxacin (LEV) (CL@LEV-NPs) was fabricated and then combined
with ultrasound (US) irradiation to promote chemotherapy and sonodynamic
antimicrobial effects on Bacillus Calmette-Guérin bacteria (BCG, a mode of MTB)
biofilms. The CL@LEV-NPs containing polylactic acid-glycolic acid (PLGA) as
the shell and CL and LEV as the core were encapsulated via double ultrasonic
emulsification. The synthesized CL@LEV-NPs were uniformly round with an
average diameter of 196.242.89nm, and the zeta potential of —14.96+5.35mV,
displaying high biosafety and sonodynamic properties. Then, BCG biofilms were
treated with ultrasound and CL@LEV-NPs separately or synergistically in vivo and
in vitro. We found that ultrasound significantly promoted biofilms permeability and
activated CL@QLEV-NPsto generate large amounts of reactive oxygen species (ROS)
in biofilms. The combined treatment of CL@QLEV-NPs and US exhibited excellent
anti-biofilm effects, as shown by significant reduction of biofilm biomass value
and viability, destruction of biofilm architecture in vitro, elimination of biofilms
from subcutaneous implant, and remission of local inflammation in vivo. Our
study suggested that US combined with composite drug-loaded nanoparticles
would be a novel non-invasive, safe, and effective treatment modality for the
elimination of biofilm-associated infections caused by MTB.

ultrasound, Bacille Calmette-Guerin biofilms, nanoparticles, cellulase, levofloxacin

1. Introduction

Tuberculosis (TB) is the second most common chronic infectious disease caused by
Mycobacterium tuberculosis (MTB), with approximately 10.6 million newly diagnosed cases and
about 1.6 million MTB-related deaths worldwide in 2021 (Getnet et al., 2021; Kasaeva, 2022).
The current clinical treatment of TB is generally a combination of four first-line anti-tuberculosis
drugs for 6 to 9months, even lasting for 24months in about 82% patients with
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multidrug-resistant TB (MDR-TB; Floyd et al, 2018). The long
treatment time leads to poor patient compliance and poor treatment
outcomes. Therefore, we urgently need to address the causes of MTB
drug resistance and seek for new strategies to shorten the current TB
treatment duration.

The National Institutes of Health (NIH) agency reports that 65%
of microbial diseases and more than 80% of chronic infections are
associated with bacterial biofilms, including cystic fibrosis, sinusitis,
non-healing wounds, and implanted catheters related infection
(Wolfmeier et al., 2018; Hou et al., 2019; Hu et al., 2020). Biofilms
associated with antibiotic resistance have been reported to exist in
MTB, and the extracellular material in these biofilms is mainly
composed of polysaccharides, of which cellulose is a key component
(Trivedi et al., 2016). In fact, biofilms are mainly the extracellular
polymeric substances (EPS), composed of eDNA, polysaccharides,
proteins, and lipids, which form a natural barrier to resist host
immune responses and drug attacks (Flemming et al., 2007; Alipour
et al., 2009; Limoli et al., 2015; Flemming, 2016). Thus, biofilm
formation is more conducive for bacteria to develop resistance
to drugs.

Sonodynamic antimicrobial chemotherapy (SACT), on the basis
of sonodynamic therapy (SDT), has been established and developed
as a promising alternative for microbial inactivation. SACT is a
combination of ultrasound and chemotherapeutic agents termed
sonosensitizers to produce highly oxidative active reactive oxygen
species and ultimately achieve treatment through the removal of
bacterial biofilm infections (Yang et al., 2019; Lai et al, 2022).
Compared with conventional treatment modalities, SACT has
superior penetration ability and high target specificity, and can
overcome resistance conferred by the local microenvironment.
Levofloxacin (LEV) is a highly effective broad-spectrum antibiotic
used clinically and a second-line anti-TB drug (Koh et al., 2013).
Besides, LEV has been demonstrated to act as a potential
sonosensitizer drug for SDT in previous studies, which provides the
possibility for its combination with ultrasound to achieve highly
effective acoustic dynamic antibacterial therapy (Hytonen et al., 1994;
Liu et al., 2010, 2011; Chen et al., 2014; Xie et al., 2020).

Cellulose is an important component in the extracellular matrix
of the biofilm pathogenic bacteria, including MTB formed biofilms,
so efficient removal of cellulose from the biofilm is considered as one
of the key anti-biofilm treatment strategies. Cellulases, a glycoside
hydrolase, were discovered a long time ago that specifically exert its
role in disrupting bacterial biofilms by breaking down the p-1,4
bond in polysaccharides (Van Wyk et al., 2017) (cellulose). A
previous study carried out elsewhere has reported that cellulase in
combination with antibiotics therapy can be effective to inhibit

Abbreviations: MTB, Mycobacterium tuberculosis; CL, Cellulase; LEV, Levofloxacin;
US, Ultrasound; BCG, Bacillus Calmette-Guérin; PLGA, Polylactic acid-glycolic
acid; ROS, Reactive oxygen species; TB, Tuberculosis; NIH, National Institutes of
Health; EPS, Extracellular polymeric substances; SACT, Sonodynamic antimicrobial
chemotherapy; SDT, Sonodynamic therapy; OADC, Oleic acid-albumin-dextrose-
catalase; CLSM, Confocal laser scanning microscopy; Dil, 1,1’-dioctadecyl-3,3,3",3"-
tetramethylindo carbocyanine perchlorate; CW, Calcofluor white stain; XTT, Methyl
tetrazolium salt; DCFH-DA, 2,7-dichlorodihydrofluorescein diacetate; SOSG,
Singlet oxygen sensor green; DL, Loading efficiency; EE, Encapsulation efficiency;

OD, Optical density; H&E, Hematoxylin and eosin.
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Pseudomonas aeruginosa biofilms formation and promote biofilms
clearance (Kamali et al., 2021), which is necessary to disperse the
bacteria to the planktonic state is necessary (Losada et al., 1986;
Hytonen et al., 1994; Wang et al., 2021). However, CL is an exogenous
mammalian protein and prolonged exposure to it can cause several
adverse reactions such as asthma, pharyngeal edema, and rhinitis
(Xie et al., 2020; Li et al., 2021). Therefore, there is a need to develop
a novel CL treatment strategy with higher drug efficacy and lower
drug toxicity.

Nanodrug delivery systems have aroused great attention in the
treatment of antitumor and biofilm-associated infections because of
their advantages of improved drug efficacy, reduced drug dosage, and
reduced toxic side effects through the slow release of drugs in the
target tissue (Yang et al., 2019; Sun et al., 2020). Polylactic acid-glycolic
acid (PLGA) is one of the most commonly used biodegradable
nanomaterials and has been approved by the Food and Drug
Administration (FDA) for use in humans as a nanodrug delivery
system with good biodegradability and biocompatibility (Naumoff,
2011). Besides, the presence of nanoparticles (NPs) can be used as
exogenous cavitation nuclei to reduce the cavitation threshold and
amplify the cavitation effect, which can facilitate the activation of the
sonosensitizer to enhance the bactericidal effect of SDT (Salgaonkar
et al., 2009; Suk et al., 2016). Bacille Calmette-Guerin (BCG) is one of
the model strains of MTB bacterium grown with similarities of
genomic as well as cell wall structure and composition to
MTB. Therefore, BCG is an ideal substitute strain for anti-MTB
experimental studies (Maurya et al., 2020).

In this study, we have successfully fabricated the composite
nanoparticles based on PLGA polymerized organic material loaded
with (CL@LEV-NPs) and further combined them with ultrasound to
achieve the acoustic dynamic antibacterial effect of against BCG
bacterial biofilms in vitro and in vivo. US was utilized to trigger the
co-release of CL and LEV from CL@LEV-NPs. CL promoted the
disassembly of BCG biofilms and deprived the protection of the
internal bacteria, while simultaneously LEV eliminated BCG biofilms
and killed bacteria inside the biofilms. The schematic diagram of
biofilms dispase combined with antibiotic composite nanoparticles for
SACT against the BCG biofilm infections is seen in Figure 1.

2. Materials and methods
2.1. Materials

PLGA-COOH (MW 15000, Jinan Daigang Biotechnology Co.,
LTD.), Chloroform (CHCl;, MW 119.38), Isopropyl alcohol (MW
60.10, Chongqing Chuandong Co., LTD.), Polyvinyl alcohol
(PVA,MW30000-70000), Middlebrook’s 7H9 broth medium, and
Oleic Acid-Albumin-Dextrose-Catalase (OADC) were purchased
from BD biosciences (New York, USA), 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindo carbocyanine perchlorate (Dil) red fluorescence
probe, Tween-80, glycerol, cellulase (CL), Calcofluor White Stain
(CW), Methyl tetrazolium salt (XTT), and menadione were purchased
from Sigma. LIVE/ DEAD (SYTO 9 / PI) BacLight Bacterial Viability
Kit (L7012) was purchased from Thermo Fisher Technologies.
Levofloxacin (LEV), crystal violet, and citrate buffer were purchased
from Beijing Solebao Technology Co., Ltd.
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was bought
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Schematic diagram of biofilm dispase combined with antibiotic composite nanoparticles for sonodynamic antimicrobial chemotherapy of BCG biofilm

from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Singlet
Oxygen Sensor Green (SOSG) was bought from Thermo Fisher
Scientific. ELISA kits for IFN-y, IL-la, IL-6, and TNF-a were
obtained from Jingmei Biotechnology (Jiangsu, China).

2.2. Bacteria culture and biofilms formation
establishment

BCG was originally obtained from Chengdu Institute of Biological
Products, Chengdu, China. BCG was grown in Middlebrook 7H9
broth supplemented with 10% Middlebrook OADC, 0.2% glycerol,
and 0.5% Tween-80 at 37°C and shaken (shaker speed, 200 r/min)
until logarithmic growth period (ODg, = 1.0). Then, the culture was
centrifuged at 4,000 r/min for 10 min and the bottom bacteria were
re-suspended in Middlebrook 7H9 Broth without Tween-80. After
that, the bacteria were dropped them into 35 mm Petri dish (2mL of
bacterial solution per dish) and 96-well plates (200 pL of bacterial
solution per well), respectively, then were placed in a 37°C incubator
in static culture to allow the formation of a mature biofilms after about
10 days, which were finally confirmed by crystal violet staining and
XTT assay (Supplementary Figures S1D,E).

Frontiers in Microbiology

2.3. Animal species

The animals used in the experiments were SPF-grade BALB/c
female mice (4-6 weeks old, 18-22g), which were provided by the
Laboratory Animal Center of Chongqing Medical University. All
experimental animals were housed in monomer independent air
cages and given standard diet. Animal study was performed in
accordance with the Regulations for the Management of Laboratory
Animals and the Guidelines of the China Laboratory Animal
Guideline for Ethical Review of Animal Welfare (2022154), which
was approved by the Animal Ethics Committee of Chongging
Medical University.

2.4. Synthesis and characterization of
CL@LEV-PLGA nanoparticles

Cellulase and levofloxacin nanoparticles (CL@LEV-NPs) were
prepared by a double emulsion method in the following steps.
First, 40 mg PLGA-COOH was dissolved in 2 mL trichloromethane
and mixed with 300 uL aqueous phase (100 pL CL, 0.512 mg/mL
and 200 pL LEV, 5mg/mL). The mixture was emulsified in an ice
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bath by using an ultrasonic probe (XL2020 Acoustic Vibrograph,
USA) with the power of 150 W (70% amplitude) for 1 min. Then,
4mL 4% polyvinyl alcohol (PVA) was added into the initial
emulsion for second emulsification for 2.5 min to form a double
emulsion. Subsequently, the obtained emulsion was added into
6mL of 2% isopropanol and magnetically stirred for 3-6h
(80-90 r/min) to completely volatilize the organic solvent. Sterile
water-loaded nanoparticles (Blank-NPs), cellulase-loaded
nanoparticles (CL-NPs), and levofloxacin-loaded (LEV-NPs) and
Dil-loaded nanoparticles (DiI-NPs) were produced in the similar
manner. All the obtained nanoparticles were stored by
freeze-drying.

The morphology and distribution of prepared nanoparticles were
evaluated by a scanning electron microscope (SEM, Hitachi SU8010,
Japan) and transmission electron microscope (TEM, Hitachi H-7600,
Japan). The particle size and Zeta potential of the nanoparticles were
detected using a Malvern laser granularity instrument (Zeta SIZER
3000HS, America). The CL@LEV-NPs were dispersed in PBS and the
change in particle size was measured over 7days to evaluate the
stability of the nanoparticles. The loading efficiency (DL) and
encapsulation efficiency (EE) of drug CL and LEV in CL@LEV-NPs
were calculated by the following formulas:

DL%=(drug content in nanoparticles/loaded nanoparticle
quality) x 100%;
EE% = (drug content in nanoparticles/total drug input) x 100%.

2.4.1. In vitro drug release experiments with US
stimulation

The in vitro drug release profiles from nanoparticles were
conducted using the dialysis method. CL@LEV-NPs (20 mg) were
re-suspended in 2mL PBS and irradiated with ultrasound at
intensity of 0.34 W/cm? with irradiation for 10min. Then, the
nanoparticles dispersion was transferred into a dialysis bag
(MWCO: 12kDa, Spectrum Laboratories, CA, USA). The dialysis
bag was placed into a beaker containing 25 mL PBS and stirred by
a magnetic stirrer, with a speed of 120 r/min at 37°C to homogenize
the solution in the beaker. At pre-determined time points (0, 1, 2,
4, 8,12, 24, 48, and 72h), the CL and LEV concentrations of each
sample were detected the by using the UV-vis spectrophotometer
with absorption values at 303nm and 281 nm, respectively. The
cumulative LEV and CL releases were calculated using the
following formula:

Cumulative release of LEV = (amount of LEV in PBS solution/total
LEV in CL@LEV-NPs) x 100%;

Cumulative release of CL=(amount of CL in PBS solution/total
CL in CL@LEV-NPs) x 100%.

2.4.2. Detection of sonodynamic properties

Singlet oxygen sensor green (SOSG) was used as singlet oxygen
detector to detect the production of reactive oxygen species (ROS;
Martins et al., 2020). SOSG solution (5 pm, 0.5mL) was added to LEV
free drug solutions and the corresponding drug-loaded nanoparticle.
Then, the solution was irradiated for 5 min with or without ultrasound
(42kHz, 0.34 W/cm?). The fluorescence intensity of the solution was
measured on a fluorescence spectrophotometer with the wavelength
of 504 nm excitation and 525 nm emission, and the generation of ROS
after ultrasound irradiation was recorded.
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2.5. Detection of antimicrobial
susceptibility of LEV and CL to biofilms

2.5.1. Antibacterial susceptibility testing of LEV

After resuscitation, BCG strain was inoculated in 7H9 broth
medium and incubated in shaker at 37°C (200 r/min) until the ODjgjqqpm
of BCG solution was 1.0, then the concentration of the solution was
adjusted to 10’ CFU/mL for backup (Gutiérrez-Larrainzar et al., 2013).
Antimicrobial tests were performed to determine the MIC of
planktonic cells for LEV according to the Clinical and Laboratory
Standards Institute (CLSI) antimicrobial susceptibility test operation
(Jean et al., 2021).

2.5.2. Minimum biofilms eradication
concentration assay of LEV

The antimicrobial susceptibility test of BCG biofilm was evaluated
as described by Jean et al. (2021). After obtaining mature biofilms in
96-well plates, a 200 pL sample of each concentration (LEV, 0-2048 ug/
mL) was added to a corresponding well, and plates were incubated
overnight at 37°C. Wells that were not treated with LEV (7H9 medium
without antibiotics was added) served as controls. After 24h of
warming, each well was gently washed three times with sterile PBS to
remove residual antibiotics, and 200 pL of fresh Tween-80-free 7H9
medium was added to each well and further incubated at 37°C for 24,
48,and 60h, allowing for bacteria that survived antibiotic exposure to
grow without antibiotics and produce detectable turbidity. Subsequently,
the OD of each well was measured at 590 nm, and the lowest antibiotic
concentration that prevented bacterial regeneration in the treated
biofilm was defined as the MBEC value (Losada et al., 1986).

2.5.3. Inhibition of biofilms formation of cellulase
After obtaining mature BCG biofilms, the BCG biofilms were
treated with different concentrations of CL (1.024, 0.512, 0.256, and
0.128 mg/mL). CL solution (200 pL) was added to each 96-well plate,
and PBS or cellulase after high-temperature inactivation was added as
the controls. After treatment, the plates were incubated in an incubator
at 37°C for 24 h. The supernatant was gently aspirated, PBS was washed
three times, and then 100 pL of 0.1% crystal violet solution was added
to each well to assess the biomass of biofilms by crystal violet staining.
The results were expressed as the percentage reduction in biofilm
biomass compared to the control or HI groups (Heat-inactivated CL).

2.5.4. Bactericidal activity of cellulase against
planktonic bacteria

To verify whether cellulase has bactericidal activity against
planktonic bacteria, a study was conducted on planktonic BCG. Briefly,
different concentrations of CL (1.024, 0.512, 0.256, and 0.128 mg/mL)
were added to 96-well plates containing BCG (ODgy=1.0) for
co-incubation, and wells of PBS-treated bacteria were used as controls.
After 0, 24, and 48h incubation at 37°C, the effect of the enzyme on
the bacterial growth was determined by measuring the optical density
(OD) of each culture in wells at 570 nm (Losada et al., 1986).

2.6. Penetration analysis of ultrasound
mediated nanoparticles in BCG biofilms

Dil-NPs were used to evaluate the permeability of nanoparticles
in BCG biofilms by confocal laser scanning microscopy (CLSM, A1R;
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Nikon, Tokyo, Japan) after ultrasonic irradiation. Briefly, 400 pL of
Dil-NPs (red fluorescence) solution was added to the mature BCG
biofilms developed on the cell culture plate and then the plate was
placed directly above the transducer, followed by ultrasound
irradiation as shown in Figure 2. The ultrasonic parameters used in
this study were selected at a fixed frequency of 42 kHz and an intensity
of 0.34W/cm? with irradiation for 10min based on the result of
percutaneous radiation safety testing (Supplementary Figure S3).
After 12h of incubation, the biofilms were washed three times with
PBS and then stained with SYTO 9 for 30 min. Subsequently, the
biofilms were washed with PBS to rinse SYTO 9 as well as
non-infiltrating nanoparticles. Finally, the penetration of Dil-NPs into
the biofilms was observed by CLSM with a scanning thickness of 3 pm
for each layer, and the distribution of Dil-NPs at the bottom, middle,
and top layer of the biofilm was compared. At the same time, the
quantitative analysis of red fluorescence of Dil-NPs was performed
using Image] software.

2.7. Anti-biofilm effect of ultrasound
combined nanoparticles in vitro

To further explore the anti-biofilm effect of ultrasound combined
nanoparticles in vitro, mature biofilms were established in 35 mm Petri
dishes and then treated with ultrasound and CL@LEV-NPs separately
or synergistically and grouped as follows: control group (Control, only
PBS without US and drug), ultrasound group (US), CL-loaded
nanoparticles group (CL-NPs), LEV-loaded nanoparticles group
(LEV-NPs), ultrasound combined CL-loaded nanoparticles group
(US+CL-NPs), ultrasound combined LEV-loaded nanoparticles group
(US+LEV-NPs), CL and LEV composite nanoparticles group (CL@
LEV-NPs), and ultrasound combined CL and LEV composite
nanoparticles group (US+CL@LEV-NPs). The final concentrations of
CL and LEV in the corresponding drug-loaded nanoparticles were
0.512mg/mL and 4pg/mL (based on sensitivity testing, Figure 3),
respectively. The ultrasound-related group was also irradiated with US
ata frequency of 42kHz and an intensity of 0.34 W/cm? for 5 min. The
ultrasonic irradiation method is the same as described above
(Figure 2). The experiments were repeated independently three times.

10.3389/fmicb.2023.1108064

2.7.1. Evaluation of biofilms biomass

After 24h of post-treatment reaction, the supernatant was gently
washed three times with PBS, and 1 mL of 0.1% crystal violet solution
was added to each dish for staining for 10 min, then the unbound crystal
violet was washed away with PBS. After air drying at room temperature,
1 mL of 33% acetic acid solution was added for decolorizing, and the
biofilm biomass of different groups was determined by measuring the
absorbance at 570 nm using a microplate reader.

2.7.2. Analysis of biofilms activity and structure by
CLSM

SYTO 9/PI dyes were employed to perform a fluorescence-based
biofilms live/dead observation. After the biofilms treatment with
different methods, the biofilms were incubated with 100 pL fluorescent
dye SYTO 9 for 30 min, gently washed three times in PBS, then 100 pL
fluorescent dye PI was added to avoid light and incubated for another
5-10min in the dark. Finally, the 3D reconstruction map and
maximum area projection (200x) of BCG biofilm were visualized
under CLSM.

2.7.3. SEM observation of biofilms morphology
and ultrastructure

Before the experiment, special coverslip from the electron
microscopy room was placed in a 12 well plate. A mature BCG biofilm
was established on this coverslip and treated by different ways. After
that, it was washed with PBS for three times, and gently added 2.5%
glutaraldehyde fixative for 4 h at 4°C. The damage effects of differently
treated BCG biofilms on ultrastructural morphology were
observed by SEM.

2.7.4. ROS generation

In Vitro The level of intracellular ROS was detected using the
redox-sensitive probe DCFH-DA. DCFH-DA itself is not fluorescent,
but can react with ROS and convert to green fluorescent
2',7-dichlorofluorescein (DCF), which is used as a probe to monitor
intracellular ROS accumulation. After BCG biofilms were treated in
different ways, medium containing DCFH-DA (1,000 uL, 1 pM) was
added to the culture dish and co-cultured for 30 min to generate the
steady green fluorescence signals (DCF) for observation by

Germ Petri Dish

.

BCG Biofilm ——— Il @— Couplant

Transducer/

FIGURE 2

Schematic diagram of the ultrasound irradiation process. The germ culture dish is placed upright in the transducer.
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(where, A=absorbance).

Antimicrobial susceptibility of LEV and CL to biofilm. (A) ODgq, values of BCG solutes after treatment with different concentrations of LEV, Negative
(adding only blank broth without bacterial solution), Positive (adding bacterial solution without drug solution); (B) Effect of different times of LEV action
of 1/2xMBEC on the activity of BCG biofilm; (C) Inhibition effect of different concentrations of CL on BCG biofilm; (D) Effect of different
concentrations of CL on planktonic BCG ***p<0.001; HI: Heat-inactivated; Percentage of bacterial viability =(Ayeament — Abiani)/ Acontrol — Apiani) X100%

CLSM. Besides, the fluorescence intensity of DCF was quantitatified
by flow cytometry (CytoFLEX, Beckman Coulter, Inc. CA, USA).
Next, the dishes were rinsed thrice with sterile PBS to eliminate
redundant DCFH-DA probes.

2.8. Establishment of subcutaneous BCG
biofilms infection in vivo

The BCG biofilm implant infection model was established using
polydimethylsiloxane (PDMS) slices as reported by previous literature
(Naparstek et al., 2014). PDMS sections (7 x4 mm) were completely
immersed in 3mL of 7H9 medium containing BCG (10* CFU/mL)
and incubated for 10 days (37 £ 0.5°C) to form biofilms on the surface
of PDMS sections. In addition, methylprednisolone (5.4 mg/kg) was
injected intramuscularly into the right buttock of BALB/c mice for
three consecutive days prior to implantation to suppress immunity.
After that, PDMS slices were surgically implanted into the back of the
mice. PDMS slices infected by biofilms were sandwiched between the
muscle and epidermis, separated from the muscle by the peritoneum.
Three days after implantation, a portion of the tissue was taken and
BCG biofilm infection was confirmed by acid fast staining
(Supplementary Figure S4).

2.8.1. Synergistic therapy with ultrasound and
drug-loaded nanoparticles in vivo evaluation

After successful establishment of the subcutaneous BCG biofilm
infection in mice, mice infected with BCG were randomly grouped
(n=5 in each group): (1) PBS alone (Control), (2) PBS with ultrasound
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(US), (3) CL-NPs alone (CL-NPs), (4) LEV-NPs alone (LEV-NPs), (5)
CL@LEV-NPs alone (CL@LEV-NPs), (6) CL-NPs with ultrasound
(US+CL-NPs), (7) LEV-NPs with ultrasound (US+LEV-NPs), and (8)
CL@LEV-NPs with ultrasound (US+CL@LEV-NPs). For in vivo
administration, mice received tail vein injections with a dose of 0.2 mL
PBS or the suspension of different NPs (corresponding to LEV
concentration of 5mg/kg, CL concentration of 0.512 mg/mice) once
every 2 days for 10 days. For the ultrasound-related groups, ultrasound
treatment (42 kHz, 0.34 W/cm?) was performed once for 5min at 24h
after each injection. The skin sample exposed to ultrasound with the
parameters (the intensity of 0.34 W/cm? for 5 min) showed no obvious
changes in the skin surface (Supplementary Figure S3). At 2 days after
treatment, PDMS slices and surrounding tissues were taken out from
the mice for the bacterial count as previously reported (Tang et al.,
2021; Zuo et al., 2021). Serum had been taken from the mice before
they were sacrificed, and was used for cytokine, liver, and kidney
function measurements. A hematoxylin and eosin (H&E) staining
assay was utilized for observing the histological condition of skin
tissues surrounding the implanted sites. Meanwhile, their organs
(heart, liver, spleen, lung, and kidney) were carefully were carefully
removed, embedded, sectioned, and processed for H&E staining.
Toxicity Assays in Vitro and in Vivo Safety is a prerequisite for
the use of nanoparticles for in vivo experiments. We evaluated the
effect of CL@LEV-NPs on erythrocytes in vitro by incubating
different concentrations of CL@LEV-NPs with erythrocytes and
observing the hemolysis. To further evaluate the in vivo safety of CL@
LEV-NPs, peripheral blood was collected from BALB/c mice of
different experimental groups at the end of in vivo treatment (on day
10 after injection) for blood biochemical analysis. The heart, liver,
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spleen, lung, and kidney of BALB/c mice were also collected for
histopathological analysis.

2.9. ELISA quantification assay

ELISA Kkits (Jiangsu Jingmei Biotechnology Co., Ltd., China) were
used in accordance with the manufacturer’s instruction. Mouse IFN-y
ELISA Kit, Mouse IL-1a ELISA Kit, Mouse IL-6 ELISA Kit, and
Mouse TNF-a ELISA Kit were employed to measure the expression of
immune factors in serum.

2.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism version
9.0 for Windows (GraphPad Software; La Jolla, CA, United States). All
data were expressed as mean * standard deviation (SD). Significant
differences among groups were analyzed using a one-way ANOVA

10.3389/fmicb.2023.1108064

and differences for individual groups were determined using Student’s
t-test. The results were regarded as a significant difference when
p<0.05. *p<0.01, **p<0.001.

3. Results
3.1. Physical properties of the nanoparticles

Under the electron microscope, CL@LEV-NPs showed a spherical
shape, uniform size, good dispersion, and no obvious adhesion or local
agglomeration (Figures 4A-C) under the electron microscope. Blank
nanoparticles are shown in Figure 4B. The nanoparticle size of CL@
LEV-NPs was 196.2 +2.89 nm, and zeta potential was —14.96+5.35mV
(Figures 4D-E). Detection of sonodynamic properties of LEV was
detected and the results showed good ability to produce single linear state
oxygen in vitro (Figure 4F). The standard curve of CL and LEV aqueous
solution was drawn (Supplementary Figures S2B,E) and a linear equation
underneath the concentration-absorbance intensity relationship was
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FIGURE 4

Basic properties of nanoparticles. (A) SEM observation of CL@LEV-NPs (SEMx50k); (B) TEM observation of Blank-NPs (TEMx20k OR x40k); (C) TEM
observation of CL@LEV-NPs (TEMx50k OR x120k); (D) Particle size distribution of different nanoparticles; (E) Zeta potential of different nanoparticles;
(F) SOSG detection of singlet oxygen of different drugs; (G) UV spectra of different drug-loaded nanoparticles; (H) Release profiles of two drugs from
nanoparticles (CL@LEV-NPs) with or without ultrasound irradiation (0—72h). (I) Particle size variation of CL@LEV-NPs dispersed in PBS with time
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calculated, as shown in Supplementary Figures S2A,C. The drug loading
and encapsulation efficiencies of LEV and CL were (3.8+0.09)%,
(3.5£0.12)%, (69.3+0.52)%, and (63.5+0.86)%, respectively (Table 1).
The analysis from UV-vis spectrophotometry showed the characteristic
absorption peaks of CL@LEV-NPs at 281 nm and 303 nm, respectively,
thus proving that the drugs (CL and LEV) were successfully encapsulated
into the nanoparticles (Figure 4G). The particle size of CL@LEV-NPs
dispersed in PBS did not change significantly within 7 days (Figure 41),
indicating the good stability of CL@LEV-NPs.

3.2. Ultrasound-triggered drug release
in vitro

CL and LEV releases in CL@LEV-NPs significantly increased after
ultrasound irradiation compared with those without sonication,

TABLE 1 The physical characterization of the nanoparticles.

Particle size Zeta potential

10.3389/fmicb.2023.1108064

reaching a platform after 60h (Figure 4H). At 72h, CL and LEV
releases in CL@LEV-NPs after ultrasound irradiation amounted to
66.1 and 65%, respectively, as compared with 44.53 and 43.40%,
respectively, in CL@LEV-NPs without sonication, which showed that
ultrasonic irradiation can promote the release of drugs from
nanoparticles, thus increasing cumulative release.

3.3. Antimicrobial susceptibility of LEV and
CL to biofilms

Since the biofilm formation is a hallmark of chronic infection,
we explored whether cellulose structures could be detected in mature
BCG biofilms in vitro. We conducted a series of preliminary
experiments and have confirmed that cellulose is the main structural
component of the biofilm and have determined the mature growth

Formulations PDI LC (% EE (%
(nm) ) (%) )
Blank-NPs 162.8+0.49 —13.5+£0.61 0.040+0.018 e —_
LEV-NPs 206.2+2.78 —8.19+£0.97 0.092+0.052 3.9+0.12 78.9+0.11
CL-NPs 187.6£6.04 —9.5+0.46 0.126+0.029 3.2+0.07 73.5+4.09
CL@LEV-NPs 196.2+2.89 —14.96+£5.35 0.122£0.029 3.8+0.09 (LEV) 69.3+0.52 (LEV)
3.5+0.12 (CL) 63.5+0.86 (CL)
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FIGURE 5
Biofilms permeability analysis following ultrasound treatment. (A) CLSM to observe the aggregation of nanoparticles between different layers in the
biofilm with and without ultrasonic irradiation, respectively; green fluorescence: SYTO 9 labeled BCG biofilm; red fluorescence: Dil labeled
nanoparticles, scale bar 50pm (200x); (B) Quantitative analysis of Dil fluorescence intensity in the top, middle and bottom layer of biofilm after
ultrasonic irradiation. ***p<0.001.
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cycle of BCG biofilms (Supplementary Figures S1A-C,E). Of note,
after drug sensitivity testing, we derived MIC and MBEC values of 4
and 1,024 pg/mL for LEV on BCG and BCG biofilm, respectively
(Figures 3A,B). The MBEC value was 256 times higher than the
MIC. Besides, after treating mature biofilms with CL at three different
concentrations of 1.024, 0.512, and 0.256 mg/mL, the BCG biofilm
biomass values were significantly decreased compared to the controls
(p<0.001); while with increasing concentrations of CL, they reduced
to 70.6, 66.7, and 66.2%, respectively (Figure 3C). However, the
experiment of bactericidal activity showed CL had no bactericidal
effect on BCG planktonic bacteria (Figure 3D). Finally, we screened
0.512mg/mL of CL as in vitro and in vivo concentration.

3.4. Biofilms penetration of BCG biofilms
in vitro

Penetration and distribution of fluorescent nanoparticles Dil-NPs
in biofilms were observed by CLSM. As shown in Figure 5A, aggregation
of Dil-NPs in different layers of the biofilm significantly increased after
ultrasonic irradiation, indicating that ultrasound can effectively

10.3389/fmicb.2023.1108064

promote the entry of nanoparticles into the biofilm. The Dil fluorescence
intensity statistics of ultrasonic and non-ultrasonic irradiated
nanoparticles in different layers are shown in Figure 5B. The quantitative
calculation of fluorescence in each layer of biofilms also showed that the
average area of red fluorescence intensity in Dil-NPs ultrasonic group
was significantly higher than that in single Dil-NPs group.

3.5. In vitro BCG biofilms elimination

To quantify biofilm elimination effects of LEV-NPs and CL@
LEV-NPs, biofilm biomass value was determined and biofilm reduction
rate was calculated using crystal violet assay. The biofilm biomass value
in the US + CL@LEV-NPs group was significantly reduced compared
to control and single CL@LEV-NPs groups, being the lowest among
all the experimental groups (p <0.001) (Figures 6A,B). Moreover, CL@
LEV-NPs and CL@LEV-NPs +US could reduce the biomass values of
biofilms to 68.3 and 92.8% due to inherent antibacterial and degradable
properties of LEV and CL (Figure 6B).

These results were further confirmed by SEM investigation. SEM
images demonstrated that the morphology of the BCG biofilm treated
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with PBS was a three-dimensional structure composed of BCG closely
adhering to each other. In sharp contrast, the treatment of CL@
LEV-NPs significantly dispersed the BCG biofilm (Figure 6C). Under
high magnification, obvious wrinkles, holes, and damages were
observed in BCG biofilms exposed to CL@LEV-NPs treatment after
US irradiation, as compared with obvious wrinkles on the surface of
a small part of bacteria exposed to CL@LEV-NPs treatment without
US irradiation. These findings indicate that the CL release from CL@
LEV-NPs at 37°C could effectively degrade the BCG biofilm and kill
a small part of bacteria, while CL release was accelerated with US
irradiation and synergized with US to further eliminate BCG
biofilm infections.

3.6. Antibacterial activity of BCG biofilms
in vitro

To further investigate the antibacterial effects of different
treatments on the BCG biofilm, we used CLSM to evaluate the BCG
biofilm killing effect of LEV-NPs and CL@LEV-NPs with or without
US by Live/Dead dyes (SYTO 9 and PI) staining. As shown in
Figure 7A, the control group displayed an integrated and dense piece
of the membrane with green fluorescence, indicating that the biofilm
was not destroyed, while LEV-NPs group displayed a slightly
decreased density and thickness but still high activity of BCG biofilm
due to the unbroken biofilm integrity. The addition of CL (CL@
LEV-NPs group) accelerated the dispersal of the biofilm, which agrees
with the result from the crystal violet assay. After 5min of US
irradiation, the CL@LEV-NPs+US group showed the decreased

10.3389/fmicb.2023.1108064

density and thickness of the BCG biofilm and a large number of dead
bacteria. The quantitative analysis of red fluorescence intensity is
shown in Figure 7B. In combination of US, the anti-biofilm property
of CL@LEV-NPs was further strengthened significantly. The reason is
that high concentration of CL not only reduced the protective effect
of the biofilm but also synergized with US and LEV to achieve more
effective killing of BCG under the biofilm protection. Calculating
Logl0 CFU/mL for bacterium colony counts after 24h incubation
showed that the living colonies in US+CL@LEV-NPs group were
significantly decreased compared to all other groups (p <0.001), and
US+CL@LEV-NPs exhibited better anti-biofilm properties than
US+LEV-NPs without CL (Figure 7C).

3.7. Sonodynamic effects of CL@LEV-NPs
promote ROS production

The capability of ultrasound mediated CL @ LEV-NPs to produce
ROS in BCG in vitro was observed by CLSM and flow cytometry with
DCFH-DA (Figure 8A). CLSM qualitative observation found that the
ROS levels (green fluorescence) in the US+LEV-NPs group and the
US+CL@LEV-NPs group were higher than those in the other groups,
with the least green fluorescence signal in the control group and the
experimental group without ultrasound excitation (Figure 8A). The
quantification results of ROS level by flow cytometry were consistent
with the CLSM observation, as shown in Figure 8B. The green
fluorescence intensity of the US+CL@LEV-NPs group was
significantly higher than that of all the other groups, reaching
2361.5+272.7 (p<0.001) (Figure 8C).
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3.8. In vivo elimination of implant biofilms
infections

A schematic of the in vivo treatment protocol is shown in

. To evaluate the anti-infective therapeutic properties of
CL@LEV-NPs quantitatively, the PDMS slices and surrounded tissue
were removed from mice 2 days after treatment completion. The
quantification analysis of bacteria on the implants and surrounded
tissue after treatment found that the number of bacterial colonies in
the CL@LEV-NPs+US group was the lowest (4.25+0.065)
compared to the other infection groups ( ). Furthermore,
the implant surrounded tissues were collected and evaluated with
H&E staining. When an infection occurs, neutrophils are attracted
to the area of the infected tissue to play a role in inhibiting bacterial
proliferation, and they are stained blue to in the infected tissue. As
shown in , histological examination found obvious blue
areas in the control group, indicating that the surrounded tissues
were severely infected. Meanwhile, H&E staining displayed the least
inflammatory cell aggregation in the infected tissues of the CL@

LEV-NPs+US group, indicating that ultrasound treatment
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combined with CL@LEV-NPs had the greatest effect on BCG
biofilm infection.

3.9. ELISA analysis

The progression of inflammation is closely related to the level of
inflammatory factors. The inflammatory factors associated with
bacterial infection of IFN-y, TNF-a, IL-1a, and IL-6 were measured
by ELISA analysis. Serum IFN-y level in the US+CL@LEV-NPs group
was higher than that in the other groups (p <0.001) ( ), but
the TNF-q, IL-1a, and IL-6 levels were lower in the US+CL@LEV-NPs
group than in the other groups (p<0.01) ( ).

3.10. In vitro and in vivo biosafety
evaluation

To evaluate in vitro biocompatibility, we performed in vitro blood
hemolytic assays and found the hemolysis rate gradually increased
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with the increase of nanoparticle concentration, but was still lower
than 5% even when the concentration increased to 10mg/mL,
indicating that the prepared CL@LEV-NPs had almost no effect on
erythrocytes (Figure 11F). To assess the in vivo biosafety of CL@
LEV-NPs, we observed blood biochemical parameters and compared
organ histopathologies in different groups of BALB/c mice. The data
of the serum biochemical parameters (ALT, AST, TBIL, CREA, and
BUN) were within the normal reference range (Figures 11A-E),
indicating that the various treatment methods did not induce liver and
kidney function damage. Moreover, after the treatment, we dissected
the heart, liver, spleen, lung, and kidney tissues from each group of
BALB/c mice and prepared H&E sections. As shown in Figure 11G,
BALB/c mice in the US+CL@LEV-NPs group had no significant
necrosis, apoptosis, or structural cellular and histological damage in
the major organs (heart, liver, spleen, lung, and kidney) compared
with those in the control group.

4. Discussion

Tuberculosis is a chronic infectious disease with the occurrence
of antibiotic recalcitrance, which is often associated with pathogenic
biofilm infections (Wang et al., 2017; Martin et al., 2018; Brown,
2021). The biofilm structure as the protective layer for the bacteria is

Frontiers in Microbiology 12

an important reason for the treatment failure of MTB biofilm
infections (Liao et al., 2018; Chakraborty et al., 2021). The scientific
community has been of interest in new therapeutic approaches against
biofilm infections, including targeted degradation of extracellular
matrix components to allow more antibiotics to penetrate into the
biofilm for effective bactericidal action. In this study, we utilized the
combination strategy based on US mediated compound drug-loaded
nanoparticles (CL@LEV-NPs) to eliminate the BCG biofilm and kill
bacteria inside the biofilm to degrade the structure of biofilm, thus
enhance drug penetration in a shorter time and maximize eradication
of biofilm.

Cellulose is a key structural component of the extracellular matrix
of MTB biofilms and may be speculated as an important target for
disrupting the BCG biofilm structure (Trivedi et al., 2016). Previous
studies have shown that the combination of CL with anti-tuberculosis
drugs INH and RIF could enhance the anti-tuberculosis effect because
the main effect of CL is to destroy biofilms rather than Mycobacterium
tuberculosis cells (Chakraborty et al., 2021). In this study, we first
demonstrated that a large number of cellulose structures existed in the
BCG bioflm via calcofluor white (CW)  staining
(Supplementary Figure S1) and further treated the BCG biofilm with
CL. We found that CL degraded the biofilm in a concentration
dependent manner, but did not have a significant antibacterial effect
on the free BCG bacterial suspension (Figure 3D).
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FIGURE 10
ELISA assay. The concentrations of IFN-y (A), IL-1a (B), IL-6 (C), and TNF-a (D) in the serum of BALB/c mice in each group were measured by ELISA
after the treatment of different experimental groups,**p<0.01, ***p<0.001.

With the development of efficient drug delivery strategies, it is a
new direction to integrate multiple drugs or antibodies into a single
nanodrug delivery system (Han et al., 2015; Wan et al., 2020). In this
study, the nanoparticles co-loaded with CL and LEV were successfully
prepared by the double emulsification method, which are called CL@
LEV-NPs with homogeneous in size and regular in shape
(Figures 4A,C). In addition, the loading efficiency and encapsulation
efficiency of LEV and CL were (3.8+0.09)%, (3.5+0.12)%;
(69.3+£0.52)%, and (63.5+0.86)%, respectively (Table 1), which is
ideal for experimental study of multidrug co-loading in nanoparticles.
In addition to effective drug packaging, the efficient site-specific
release of the drug at the target site is also a key factor in the design of
nanomedical delivery. Under natural conditions, the release rates of
CL and LEV of CL@LEV-NPs after 72h were 44.5 and 43.4%,
respectively (Figure 4H). However, when CL@LEV-NPs were
combined with US (42kHz and 0.34 W/cm?2) for 5min, the CL and
LEV release rates of CL@LEV-NPs after 72 h reached 66.1 and 65.0%,
respectively (Figure 4H). This finding showed that ultrasound
irradiation could promote the release of drug from nanoparticles,
improve the slow release efficiency, and effectively increase the drug

Frontiers in Microbiology

concentration at the local infection site. On the other hand, the
nanoparticles themselves could act as exogenous cavitation nuclei,
which could enhance the cavitation effect of ultrasound and increase
the bacterial biofilm permeability while promoting more drug entry
into the biofilm (Yang et al., 2019; Sun et al., 2020; Lyu et al., 2021;
Zhang et al., 2021). After ultrasound treatment, the penetration of
DiI-NPs (Dil as a model drug, fluoresces red) in the biofilm was
observed by CLSM. It was found that ultrasound significantly
promoted the penetration of nanoparticles into the bottom of the
biofilm (Figure 5), thereby increasing the effective drug concentration
in the BCG biofilm.

In this experiment, the antibacterial effect of ultrasound
combined with CL@LEV-NPs on BCG biofilm was analyzed from the
structure of biofilm to the activity of bacteria hidden in the biofilm.
We first verified that the free drug of levofloxacin (LEV) and cellulase
(CL) alone exhibited low antibacterial sensitivity to BCG biofilms and
had little effect on biofilm clearance (Figure 3D)(Ramage et al., 2001;
Naparstek et al., 2014). However, when the two drugs were loaded
into PLGA nanoparticles and combined with ultrasound irradiation,
the biofilm biomass value in the US+CL@LEV-NPs group was
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In vitro and in vivo biosafety evaluation. (A) serum CREA, (B) BUN, (C) TBIL, (D) ALT and (E) AST indices of BALB/c mice after 12days of treatment;
(F) Hemolysis assay; (G) H&E staining images of major organs of BALB/c mice after intravenous injection.

reduced by 92.8%, which was significant compared to control group
and single CL@LEV-NPs group(p <0.001) (Figure 6B). Moreover,
SEM, as the “gold standard” for measuring the elimination of
bacterial biofilms (Miyake et al., 2019) showed that the most serious
damages, even the physical damage of bacteria (e.g., fracture)
(Figure 6), were observed in US+CL@LEV-NPs group where bacteria
were directly exposed to the microenvironment (Figure 6C). In
addition, CLSM examination showed a higher proportion of dead
bacteria in US+CL@LEV-NPs group than in the other groups
(Figure 7A), which confirmed that the combination strategy of
ultrasound and CL@LEV-NPs is more effective against BCG biofilm
in vitro than other treatments.

Next, we further evaluated the therapeutic effect of ultrasound
combined with CL@LEV-NPs on biofilm infection in vivo.
We constructed the BCG biofilm subcutaneous infection model based
on PDMS slices. We found that US+CL@LEV-NPs group had the
lowest bacterial counts on bacterial plates after treatment (Figure 9B),
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presumably due to the degradation of the biofilm by CL, allowing for
more release of drug into the biofilm by US. Histopathological
observations also showed minimal neutrophil aggregation in the
tissue structure of infected lesions in US+CL@LEV-NPs group
(Figure 9C).

Inflammation manifests itself as vascular response, permeability
changes, regenerative repair, etc. (Wei et al., 2015; Das et al., 2016),
all of which involve the participation of more cytokines with different
functions. The level of cellular inflammatory factors in the animals is
also an indirect indicator of the improvement of the bacterial
infection (Puntel et al., 2013). The cytokines TNF-a, IL-1a and IL-6
promote the synthesis of acute phase proteins such as C-reactive
protein, by hepatocytes, the concentration of which is significantly
increased during bacterial infection or tissue damage (Wang et al.,
2017). In contrast, IFN-y can be used to treat chronic granulomas,
malignancies and infectious diseases, among others (Bokhari et al.,
2008; Shen et al., 2017; Park et al., 2020). After treatment, cytokines
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in the murine serum from each group were tested by ELISA test
(Figure 10). The US+CL@LEV-NPs group had a significantly lower
levels of TNF-a, IL-1a, and IL-6 proteins and the higher level of
IFN-y protein than other groups, indicating the combined strategy of
and CL@LEV-NPs
inflammation regression.

ultrasound is  most effective for

Another mechanism of enhanced antimicrobial action may
be related to sonodynamic antimicrobial chemotherapy effect, which
relies on ultrasound activated sonosensitizers of LEV to produce
highly oxidative active reactive oxygen species (ROS) and ultimately
achieve treatment by eliminating for the removal of bacterial biofilm
infections. ROS is the collective name for substances including
peroxides, hydroxyl radicals, and superoxide, which can also
be effective in the treatment of bacterial infections, and
ROS-mediated oxidative stress usually leads to oxidation of
biomolecules and cellular components (Sirin and Aslim, 2020),
resulting in severe cellular damage. Earlier studies by Gao et al.
showed that under the acidic pH conditions of the Streptococcus
pyogenes biofilm, iron oxide particles could produce strong
peroxidase-like activity through local pH-dependent free radicals,
leading to extracellular polysaccharide (EPS) degradation and
bacterial cell death (Taylor and Webster, 2009). In our experiments,
we observed a significant increase in intracellular ROS levels in the
ultrasound combined with CL@LEV-NPs group (Figure 8) compared
with the control or ultrasound combined with LEV-NPs group,
which is consistent with previous research report that LEV can
be activated as an acoustic sonosensitizers and generate ROS under
ultrasound stimulation (Naumoff, 2011). Besides, the degradation of
cellulose by CL resulted in more release of LEV into the BCG
biofilm, generating more ROS under the irradiation of ultrasound.
Under the synergistic effect of ultrasound, CL and LEV, bacteria
were effectively killed and the BCG bacterial biofilm was destroyed
(Figure 8C). Overall, the ultrasound treatment platform based on
CL@LEV-NPs proposed in this study offered new possibilities for

eliminating resistance of TB biofilms.

5. Conclusion

CL@LEV-NPs were successfully prepared in this experiment, and
a large amount of reactive oxygen species could be generated after
ultrasonic irradiation of CL@LEV-NPs. Ultrasound irradiation
synergizing with CL@LEV-NPs exhibited significantly removal and
bactericidal effects on biofilm by in vitro and in vivo assays; thus, it can
effectively solve the problem of MTB drug resistance. This combination
treatment strategy can be applied in the biomedical field and expected
for the treatment of chronic infections caused by biofilms.
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