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Aims

This study investigated vancomycin-microbubbles (Vm-MBs) and meropenem (Mp)-MBs with
ultrasound-targeted microbubble destruction (UTMD) to disrupt biofilms and improve bacteri-
cidal efficiency, providing a new and promising strategy for the treatment of device-related
infections (DRIs).

Methods

A film hydration method was used to prepare Vm-MBs and Mp-MBs and examine their char-
acterization. Biofilms of methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli
were treated with different groups. Biofilm biomass differences were determined by staining.
Thickness and bacterial viability were observed with confocal laser scanning microscope
(CLSM). Colony counts were determined by plate-counting. Scanning electron microscopy (SEM)
observed bacterial morphology.

Results

The Vm-MBs and Mp-MBs met the experimental requirements. The biofilm biomass in the
Vm, Vm-MBs, UTMD, and Vm-MBs + UTMD groups was significantly lower than in the control
group. MRSA and E. coli biofilms were most notably damaged in the Vm-MBs + UTMD group
and Mp-MBs + UTMD group, respectively, with mean 21.55% (SD 0.08) and 19.73% (SD 1.25)
remaining in the biofilm biomass. Vm-MBs + UTMD significantly reduced biofilm thickness and
bacterial viability (p = 0.005 and p < 0.0001, respectively).

Mp-MBs + UTMD could significantly decrease biofilm thickness and bacterial viability (allp <
0.001). Plate-counting method showed that the numbers of MRSA and E. coli bacterial colonies
were significantly lower in the Vm-MBs + UTMD group and the Mp, Mp-MBs, UTMD, Mp-MBs +
UTMD groups compared to the control group (p = 0.031). SEM showed that the morphology and
structure of MRSA and E. coli were significantly damaged in the Vm-MBs + UTMD and Mp-MBs +
UTMD groups.

Conclusion

Vm-MBs or Mp-MBs combined with UTMD can effectively disrupt biofilms and protectively
release antibiotics under ultrasound mediation, significantly reducing bacterial viability and
improving the bactericidal effect of antibiotics.
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Article focus

* The effect of combining ultrasound-targeted microbubble
destruction (UTMD) with vancomycin-microbubbles (Vm-
MBs) and meropenem (Mp)-MBs treatment on the elimina-
tion of methicillin-resistant Staphylococcus aureus (MRSA)
and Escherichia coli biofilms and the improvement of
bactericidal efficiency, thus providing a strategy of treat-
ment of device-related infections (DRIs).

Key messages

* Vm-MBs or Mp-MBs can penetrate biofilms, enhancing the
effect of drug entry into deeper layers of the biofilm.

* When combined with UTMD, the structure of the biofilms
can be destroyed, allowing for the release of drugs and
improving bactericidal efficiency.

Strengths and limitations

* The study developed a novel way for antibiotic-loaded MBs
to penetrate biofilms, enhancing the opportunities for drug
entry into deeper layers of the biofilms and destroying
biofilms in combination with the UTMD technique, which is
of great importance to provide an experimental basis for
the treatment of biofilm-related infections.

* It is noted that antibiotic penetration of biofilm is time-
dependent. A limitation of this study is the lack of investi-
gation into the time-based relationship between antibiotic
and drug-loaded MB penetration.

* The study lacked in vivo experiments, control group with
MBs without antibiotics, and mechanism exploration of
antibiotic-loaded MBs + UTMD technique treatment for
biofilm.

Introduction

In recent years, with the growing popularity of medical devices
and implants, the rate of device-related infections (DRIs)
has continuously increased. The number of patients with
periprosthetic joint infection (PJI) is expected to increase to
250,000 per year by 2030 in the USA." The increasing number
of open fractures in older patients also adds to the risk of
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fracture-related infection (FRI), which occurs in 4% to 52% of
Gustilo-Anderson grade Ill fractures with soft-tissue damage.”
Meanwhile, the incidence rate of implant-associated spinal
infection is as high as 10%.’ Treatment of DRIs usually requires
several rounds of surgery, further increasing the financial
burden and chance of fatality postoperatively.”> Some studies
have indicated that biofilms are considered to be the main
reason for the occurrence of DRIs and the development of
chronic infections.®®

Biofilms are an aggregative form of microbial life which
tend to adhere to interfaces of prostheses or internal fixation
devices, owing to the presence of extracellular polymeric
substances (EPS) on biofilms.® On the one hand, biofilms on
prostheses protect bacteria from surrounding environmental
stresses, impede antibiotic penetration, and confer long-term
persistence capacity.'”'’ On the other hand, biofilms cause
antibiotic inactivation by degradation or absorption to EPS."
Therefore, it is hard to cure DRIs by using traditional antibiotic
therapy.””'* A therapeutic strategy, either as an adjunct to
directly break up biofilms or enhance antibiotic efficacy, would
be a significant breakthrough for DRI treatment.

Some researchers have proposed that physical
methods will become a potential method to destroy biofilm
structure and then improve sterilization efficacy.”'® Tahir et
al'” made use of silver substitution of cobalt ferrite under laser
stimulation, which has an optimal sterilization effect. However,
the uptake of Ag+ in this method damages cells. Meanwhile,
research has indicated that photodynamic therapy has certain
limitations, including the phototoxicity of the photosensitizer
and the efficacy of photodynamic therapy, which is related to
irradiation depth.” Light can only be irradiated to 2 to 3 um
below the skin’s surface, meaning that it only has a therapeutic
effect on superficial bacteria.

Sonodynamic therapy makes up for the shortcom-
ings of photodynamic therapy. First, it can reach deep into
the tissue and exert a bactericidal effect. Moreover, it is
safer, owing to the harmlessness of the clinical contrast
agent known as microbubbles (MBs) as a medium compared
with photodynamic therapy. Under the effect of ultrasound
(US), MBs can contract oscillatory (continuous changes in
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Methodology of this study

Schematic illustration of the difference between this study’s treatment method and conventional treatment methods, and the mechanism of
ultrasound-targeted microbubble destruction (UTMD) combined with vancomycin-microbubbles (Vm-MBs) and meropenem (Mp)-MBs to exert

cavitation effect. EPS, extracellular polymeric substances; US, ultrasound.
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Experimental interventions.

Group Intervention

MRSA

Control Saline
Vm diluted with saline to

Vm concentration of 32 ug/ml
Vm-MBs diluted with saline to

Vm-MBs concentration of 10° pieces/ml
MBs with 10° pieces/ml combined

UTMD with US

Vm-MBs with 106 pieces/ml

Vm-MBs + UTMD combined with US

E. coli
Control Saline
Mp diluted with saline to
Mp concentration of 16 pg/ml
Mp-MBs diluted with saline to
Mp-MBs concentration of 10° pieces/ml
MBs with 10° pieces/ml combined
UTMD with US

Mp-MBs with 10° pieces/ml

Mp-MBs + UTMD combined with US

MB, microbubble; Mp, meropenem; MRSA, methicillin-resistant
Staphylococcus aureus; US, ultrasound; UTMD, ultrasound-targeted
microbubble destruction; Vm, vancomycin.

microbubble pressure are induced by ultrasound, which
dynamically responds to pressure changes by contraction
and expansion; when excited with sufficient amplitude, the
bubble radius and external pressure are inhomogeneous,
suggesting that the bubbles may rebound upon collapse or
exhibit expansion or complete implosion, which is known
as the cavitation effect), and generate local microstreams by
inertial cavitation to disrupt the integrity of cell membranes
near MBs, thus increasing the dose of drugs reaching specific
sites and their efficacy.”” The exerting sonodynamic effect
was also used as the theoretical basis of ultrasound-targe-
ted microbubble destruction technology (UTMD). So far, the
application of UTMD in anti-infection treatment is still in its
infancy. Therefore, we selected methicillin-resistant Staphylo-
coccus aureus (MRSA) and Escherichia coli, which are often used
in biofilm experiments. Then, considering the high efficacy of
vancomycin (Vm) and meropenem (Mp) on treating Gram-pos-
itive and Gram-negative infection,”®’' we designed Vm-MBs
and Mp-MBs to interfere with biofilms of the two bacteria
species. We performed the study to determine the effect of
Vm-MBs and Mp-MBs combined with UTMD on the disrup-
tion of different bacterial biofilms and the protective release
of antibiotics to improve the antibiotics' bactericidal effect,
in order to provide some insight into the efficacy of sonody-
namic therapy in treating biofilm-associated infections (Figure

1).

Methods

Vm-MB and Mp-MB preparation and characterization

The Vm-MBs and Mp-MBs were prepared using the thin-film
hydration method.”” Briefly, 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC) and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(DSPE-PEG2000), in a molar ratio of 9:1, were dissolved in
chloroform together with 20 ul Vm stock solution and 20 pl
Mp stock solution (1 mg Vm and 1 mg Mp dissolved in 20 pl
saline). The solvent was evaporated using a steady stream
of nitrogen and dried under a vacuum for over three hours.
The resulting lipid film was reconstituted by suspending it in
a solution containing glycerol, propylene glycol, and 0.1 M
Tris-buffered saline (TBS, pH 7.4) in a ratio of 10:10:80 (v/v/v),
at a temperature of 65°C. The lipid solution was then subpack-
aged into vials (1 ml per vial). After sealing the cap, the gas was
replaced with perfluoropropane gas (C3Fg) in vials. Subse-
quently, the vial was shaken mechanically for 30 seconds using
an agitator. ‘Empty’ MBs were made using the same method
as above, without adding antibiotics during the preparation
process.

The morphologies of MBs, Vm-MBs, and Mp-MBs were
observed by confocal laser scanning microscope (CLSM) (Leica,
Germany). A zeta potential analyzer (Brookhaven Instruments,
USA) calculated the size, zeta potential, and polydispersity
index (PDI) of MBs, Vm-MBs, and Mp-MBs. The content of Vm
and Mp loaded in MBs was calculated using high-performance
liquid chromatography (HPLC) (Agilent, USA). Drug encapsu-
lation and drug loading efficiencies were calculated using
the following formulae: Drug encapsulation efficiency (%) =
weight of antibiotics in MBs/weight of the total amount of
antibiotics in the preparation of MBs x 100%; Drug loading
efficiency (%) = weight of antibiotics in MBs/weight of total
antibiotics-loaded MBs x 100%.

Storage time may result in changes in drug loading
and encapsulation efficiencies. The Vm-MBs and Mp-MBs were
stored in small glass vials at 4°C for one, three, five, 12,
and 24 hours, respectively, and periodically centrifuged. The
collected solution was used to estimate the amount of Vm and
Mp leakage by HPLC. The percentage of leakage of Vm(%) =
weight of leakage of Vm/weight of Vm in MBs X 100%. The
percentage of leakage of Mp was the same as Vm.

Cultivation of bacteria and biofilm formation

MRSA (USA300) and E. coli (ATCC25922) were inoculated
in 5 ml tryptic soy broth (TSB) + 0.5% dextrose (Solar-
bio Science & Technology, China), and allowed to grow
overnight at 37°C with agitation (180 rpm/min). The
bacteria were harvested and resuspended in TSB + 0.5%
dextrose at a turbidity of 0.5 McFarland. MRSA and E. coli
biofilms were developed in six-well plates, confocal dishes,
and cell-climbing tablets (LabServ; Thermo Fisher Scientific,
USA). Bacteria suspension (2 ml) at 0.5 McFarland was
added into six-well plates, confocal dishes, and cell-climbing
tablets incubated at 37°C for 24 hours. Bacteria adhered to
the bottom and formed biofilms.

Minimum inhibitory concentration and minimum
bactericidal concentration

The antimicrobial effect of Vm and Mp was assessed using
a serial two-fold dilution technique. Vm and Mp were first
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Fig. 2

Characterization of vancomycin (Vm)/meropenem-microbubbles (Mp-MBs). a) Schematic illustration of the preparation of Vm/Mp-MBs. b) to d)
Confocal laser scanning microscope (CLSM) images of blank MBs, Vm-MBs, and Mp-MBs (200x). e) Vancomycin (Vm) high-performance liquid
chromatogram (HPLC). f) Meropenem HPLC. g) Vm concentration versus peak area standard curve. h) Meropenem (MP) concentration versus
peak area standard curve. i) Drug leakage of Vm or Mp from Vm-MBs or Mp-MBs into phosphate-buffered saline (PBS) at 4°C at different
timepoints. j) Size of blank MBs, Vm-MBs, and Mp-MBs. k) Zeta potential of blank MBs, Vm-MBs, and Mp-MBs. 1) Polydispersity index of blank
MBs, Vm-MBs, and Mp-MBs. DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPE-PGE2000, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000].
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Vancomycin (Vm), Vm-microbubble (MB), meropenem (Mp), and Mp-MB penetration through biofilms. a) to d) 3D confocal images of different
bacterial biofilms (green) and Vm, Vm-MBs, Mp, and Mp-MBs (all red). a) Confocal image of Vm penetration through methicillin-resistant
Staphylococcus aureus (MRSA) biofilms. b) Confocal image of Vm-MB penetration through MRSA biofilms. ¢) Confocal image of Mp penetration
through Escherichia coli biofilms. d) Confocal images of Mp-MB penetration through E. coli biofilms. e) Comparison of Vm and Vm-MB concentration in
different layers through detection of the fluorescence intensity in the upper, middle, and deep layers. f) Comparison of Mp and Mp-MB concentration
in different layers through detecting the fluorescence intensity in the upper, middle, and deep layers. The results are presented as mean and SD (n =
3), and p-values were calculated using independent-samples t-test. *p < 0.05; **p < 0.01; ***p < 0.001.

diluted in Mueller Hinton Broth (MHB). Successive two-fold
dilutions of Vm and Mp were made to achieve concentrations
ranging from 0.5 to 32 pg/ml. The determination of minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) for Vm and Mp followed the method
outlined by Kot et al.”

Vm, Vm-MB, Mp, and Mp-MB penetration through biofilms
After 24 hours of growth, the biofilms were treated with
20 pmol/l SYTO9 dye (Thermo Fisher Scientific) for 15 minutes
at room temperature to ensure complete penetration and
shield from light. Subsequently, they were rinsed three times
with double-distilled water to remove the supernatant. Vm,
Mp at a concentration of 32 pg/ml (Cy5-labelled) (Rui Xi
Biotechnology, China), Vm-MBs, and Mp-MBs at a concen-
tration of 10° pieces/ml were stained with Dil (Ruitaibio,
China), and then incubated with SYTO9-labelled biofilms for
15 minutes in a dark room. Following this, the supernatant was
removed, and the biofilms were washed with 1 ml double-dis-
tilled water to eliminate excess Vm, Mp, Vm-MBs, and Mp-MBs.
To assess the ability of the two antibiotics and two antibiotics-
MBs to penetrate the biofilms, we examined their distribu-
tion within the biofilms using CLSM. SYTO9 was excited at
480/500 nm, Dil used the 549 nm laser line, and Cy5 was
excited at 650/670 nm.

Experimental ultrasound-targeted microbubble destruction

protocol

For the MRSA, the experiment was divided into a control
group, Vm group, Vm-MBs group, UTMD group, and Vm-MBs +
UTMD group. For the E. coli, the experiment was divided into
a control group, Mp group, Mp-MBs group, UTMD group, and
Mp-MBs + UTMD group. Vm and Mp were diluted with saline
to a final concentration of 32 ug/ml.'"** Vm-MBs and Mp-MBs
were diluted with saline to a final concentration of 10° pieces/
ml.”> Ultrasonic parameters: frequency was 1.7 to 3.4 MHz,
mechanical index (MI) was 0.6, and duration of stimulation was
two minutes.”® Later, the bacteria suspension that grew for
24 hours was removed, and planktonic bacteria were washed
out. Then, for the MRSA, saline was added to the control
group, and corresponding concentrations of Vm, Vm-MBs were
added to the other four groups. The Vm-MBs + UTMD and
UTMD groups were intervened by ultrasound under specified
ultrasonic parameters. The experimental process of E. coli was
the same as MRSA (Table ).

Biofilm elimination and bactericidal efficacy

Biofilm biomass was quantified using the quantitative
crystalline violet staining method. First, the supernatant of
the biofilm was removed and washed by phosphate-buf-
fered saline (PBS) three times. Next, biofilm was fixed with
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Fig. 4

Treatment of methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli biofilms with vancomycin-microbubbles (Vm-MBs) or
meropenem (Mp)-MBs + ultrasound-targeted microbubble destruction (UTMD) in vitro. a) 3D confocal laser scanning microscope (CLSM) images
of MRSA and E. coli biofilms stained with LIVE/DEAD after treatment. b) and f) Crystal violet-stained MRSA and E. coli biofilm biomass after various
treatments (n = 3, means and SD). ¢) and g) Relative MRSA and E. coli biofilm thickness after various treatments. d) and h) Relative MRSA and
E. coli biofilm bacterial viability after various treatments. ) and i) Relative MRSA and E. coli bacterial colony counts after various treatments. j)
Relative standard plate-counting method of MRSA and E. coli biofilms after various treatments. k) Scanning electron microscopy (SEM) images of
MRSA and E. coli biofilms after various treatments (10,000x). The results are presented as mean and SD (n = 3). All the results were calculated using

independent-samples t-test. *p < 0.05; **p < 0.01.

100% methanol for 15 minutes before removing the metha-
nol. The residual methanol was evaporated at 37°C for ten
minutes, followed by staining with 1% crystal violet solu-
tion for eight minutes before removal. The supernatant was
washed with running water until colourless to get rid of
the residual unbound crystal violet, and 10% acetic acid
was added. Finally, the optical density (OD) value was read
using the enzyme-labelled plate (DeTie, China) absorbance
meter at a wavelength of 570 nm. After undergoing exper-
imental intervention, the biofilms were stained with LIVE/
DEAD (Thermo Fisher Scientific) for 15 minutes and protected
from light after various treatments, and the morphology and
thickness of the biofilms, as well as the viability of the bacteria
inside the biofilm, were observed by CLSM. Meanwhile, the
colony-forming units (CFUs) of viable biofilm bacteria was
analyzed using the standard plate-counting method.”” Bacteria
were grown on the surface of cell climbing tablets to show
the morphology of bacteria cells. After various treatments, the
tablets were fixed with glutaraldehyde solution (2.5%) for four
hours and then sequentially dehydrated with series concentra-
tions of ethanol solutions (50%, 70%, 80%, 90%, and 100%)
for 15 minutes. The morphology of bacteria was obtained by
scanning electron microscopy (SEM) (Leica) after being coated
with gold.

446

Statistical analysis

SPSS Statistics 25 (IBM, USA) was used to analyze the data.
The Shapiro-Wilk test was used to test the normality of
the datasets. One-way analysis of variance and independ-
ent-samples t-test were used for normally distributed data.
The Kruskal-Wallis and Mann-Whitney U tests were used for
non-normally distributed data. Differences with a p-value <
0.05 were considered statistically significant.

Results

Characterization of Vm-MBs and Mp-MBs

The Vm-MBs and Mp-MBs were prepared by the thin film
hydration method, where CsFg gas and Vm or Mp solution
were filled inside MBs (Figure 2a). CLSM images (Figure 2b
to 2d) showed that the blank MBs, Vm-MBs, and Mp-MBs
exhibited spherical shapes and were well dispersed. The initial
dose of 1.0 mg Vm and Mp was used to prepare the Vm-
MBs and Mp-MBs, respectively. The mean drug encapsulation
efficiency of Vm-MBs and Mp-MBs was 84.66% (SD 0.38) for
Vm and 74.70% (SD 0.45) for Mp. The mean drug loading
efficiency was 27.13% (SD 0.24) for Vm and 23.94% (SD 0.15)
for Mp (Figure 2e to 2h). When stored at 4°C, the mean
drug leakage from Vm-MBs and Mp-MBs after 24 hours was
measured to be 15.93% (SD 0.03) for Vm and 28.27% (SD 0.26)
for Mp (Figure 2i). The mean size, zeta potential, and PDI of the
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Treatment of methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia coli biofilms with vancomycin-microbubbles (Vm-MBs) or
meropenem (Mp)-MBs + ultrasound-targeted microbubble destruction (UTMD) in vitro. a) Relative standard plate-counting method of MRSA and E.
coli biofilms after various treatments. b) Scanning electron microscopy (SEM) images of MRSA and E. coli biofilms after various treatments (10,000x).
The results are presented as mean and SD (n = 3).

blank MBs, Vm-MBs, and Mp-MBs are summarized in Figure 2j
to 2l

Antimicrobial susceptibility results of planktonic bacteria
We tested the MIC and MBC of planktonic MRSA bacteria to
Vm and planktonic E. coli bacteria to Mp. The results indicated
that the MIC and MBC values for MRSA were 2 pg/ml and
8 ug/ml, respectively, while the MIC and MBC values for E. coli
were 0.015625 pg/ml and 0.0625 ug/ml, respectively.

Vm, Vm-MB, Mp, and Mp-MB penetration through biofilms

Gram-positive bacteria MRSA and Gram-negative bacteria E.
coli were chosen as models to investigate Vm, Vm-MBs, Mp,
and Mp-MBs that could penetrate biofilms. 3D CLSM images
confirmed that Vm appeared to bind only to the surface of
the biofilms, with bacteria within the deepest layers exhibit-
ing minimal red fluorescence (Figure 3a). In contrast, upon
addition of Vm-MBs to the biofilm, deeper layers became
fluorescent (Figure 3b). Compared with Vm alone, Vm-MBs
showed significantly greater penetration into the deeper

layers of the biofilm (p = 0.014, independent-samples t-test)
(Figure 3e). A similar result could be observed using E. coli
as the experimental model (p < 0.01, independent-samples
t-test) (Figures 3¢, 3d, and 3f).

Evaluation of biofilm elimination and bactericidal efficacy
against biofilm bacteria

The elimination of biofilms was confirmed through crystalline
violet staining and CLSM. 3D CLSM images demonstrated
that dense and packed biofilms were observed in the control
group. The structures of MRSA biofilms in Vm and Vm-MBs
groups exhibited limited changes. In contrast, loosened
structure and many micropores were observed after treatment
in the UTMD or Vm-MBs + UTMD groups. The same results
were demonstrated in E. coli biofilms (Figure 4a). The results
of MRSA biofilm crystal violet staining showed statistically
significant differences in the biofilm biomass of the Vm,
Vm-MBs, UTMD, and Vm-MBs + UTMD groups as compared
to that of the control group (results were expressed as mean +
SD (N = 3), p = 0.002, 0.009, 0.007, and < 0.0001, respectively,
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and were calculated using the Student's t-test calculation. *P <
0.05; **P < 0.01; ***P < 0.001).

Meanwhile, the MRSA biofilm was more notably
damaged, with approximately mean 21.55% (SD 0.08)
remaining in biofilm biomass in the Vm-MBs + UTMD group
(Figure 4b). The E. coli biofilm was destroyed, with approxi-
mately mean 19.73% (SD 1.25) remaining in biofilm biomass
in the Mp-MBs + UTMD group (Figure 4f). A more noticeable
decrease in mean biofilm thickness (9.6 um (SD 1.56)) was
found in the Vm-MBs + UTMD group (Figure 4c). A signifi-
cant decrease in mean biofilm thickness was found in the
Mp-MBs + UTMD group (4.5 um (SD 0.3)) (Figure 4g). On CLSM
images, green fluorescence represents viable cells, whereas
red fluorescence represents dead cells. As indicated in Figure
4d, significantly more dead bacteria were found in the Vm-MBs
+ UTMD group than in the other groups (p < 0.001, independ-
ent-samples t-test). Similar changes were observed for E. coli
biofilm (p < 0.001, independent-samples t-test) (Figure 4h). As
shown in Figures 4e and 4i, the bacteria within the MRSA
biofilms in the Vm-MBs + UTMD group showed the most
significant reduction (p = 0.31, independent-samples t-test),
much higher than in the UTMD group (51.35%). The bacte-
ria within the E. coli biofilms in the Mp-MBs + UTMD group
showed the most significant reduction (p < 0.001), which was
much higher than that in the UTMD group (46.81%) (Figure 5a)
(p < 0.001, both independent-samples t-test).

Moreover, SEM was used to investigate the morphol-
ogy changes of bacteria after various treatments, indicat-
ing bacterial activity. As shown in Figure 5b, control group
MRSA bacteria were typically spherical-shaped with intact
and smooth cell walls, and many bacteria accumulated.
With the increase in biofilm breakdown, antibiotic penetra-
tion efficiency, and antibacterial activity, the MRSA cell walls
became wrinkled and rough in the UTMD and Vm-MBs +
UTMD groups. The Vm-MBs + UTMD group was the most
notable for this, with only a small amount of remaining
bacteria. Similar morphology changes could be observed
when E. coli bacteria was the experimental model.

Discussion

Our study is the first to explore the potential of Vm-MBs or
Mp-MBs to infiltrate bacterial biofilms. Nevertheless, we used
them in combination with US to assess the sonodynamic
effect. The results indicate that Vm-MBs + UTMD or Mp-MBs
+ UTMD can significantly change the structure of biofilms and
enhance the bactericidal activity of Vm or Mp.

MBs are micrometre-scale spheres with gas cores and
stabilizing shells. They have been considered not only as
clinical contrast agents but also as alternative platforms for
drug delivery, due to their unique sonodynamic effect.”®”'
In this study, Vm-MBs or Mp-MBs were created using the
thin-film hydration method,”” maintaining high drug loading
and encapsulation rates in stable conditions. The MBs
were constructed with a phospholipid bilayer configuration,
allowing for the accommodation of hydrophilic Vm or Mp
internally, thus avoiding direct exposure to the biofilm that
can lead to antibiotic deactivation. The structural integrity
of Vm-MBs or Mp-MBs preserved antimicrobial efficacy and
facilitated enhanced infiltration into the recalcitrant biofilm
matrix. This improved penetration capability is likely due to
the phospholipid bilayer’s resemblance to cellular membranes,
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which is thought to play a role in their cellular uptake.*
This aligns with Walsh et al's*® findings, which showed that
liposome-encapsulated antibiotics, such as AmBisome with
amphotericin B integrated into the lipid bilayer, had better
permeability compared to free antibiotics in antifungal use,
highlighting the crucial role of liposomal bilayers in biofilm
interactions.

According to EUCAST** the MRSA epidemiological
cut-off value (ECOFF) is 2 ug/ml. The complexity of biofilms,
whether formed on prosthetic devices or biological tissues,
requires antibiotic dosages that are 1,000-fold higher than
those effective against planktonic counterparts. This is due to
the dense and intricate 3D structure of biofilms, which acts
as a barrier to antibiotic diffusion. Jefferson et al** previously
highlighted the risk associated with the increased antibiotic
dosages needed for biofilm penetration, which may lead
to systemic toxicity beyond the threshold of human safety.
High-resolution CLSM analysis in this study showed that most
non-encapsulated antibiotics were stopped at the biofilm
surface, unable to penetrate and reach lethal levels within its
internal matrix. This ineffective penetration causes antibiot-
ics to be used up by surface bacteria over time, reducing
their effectiveness and potentially promoting antibiotic-resist-
ant populations within the biofilm. The Vm-MBs or Mp-MBs
prepared for this study had the potential to penetrate the
deeper layers of the biofilm and enhance the effectiveness
of antibiotics in reaching those deeper layers. However,
although the Vm-MBs and Mp-MBs remained stable, fewer free
antibiotics were available, thus allowing many live bacteria to
persist within the biofilm. As a result, the antibiotic-loaded
MBs must be combined with US to produce sonodynamic
effects that disrupt the permeability of the tissue surrounding
the MBs, and target the drug release inside the MBs.

Sonodynamic therapy is a safe physical targeting
method with positive application prospects in the treatment
of cancer,’® acute cardiac transplantation rejection therapy,”
and ocular diseases.’” This study applied sonodynamic therapy
to MRSA and E. coli biofilm treatment, and the results indicate
that the method was strong in disrupting the biofilm structure,
but was weak in killing bacteria. As sonodynamic therapy can
disrupt the structural integrity of the microvesicle periphery
through mechanical forces, eventual sterilization may also
require the involvement of antibiotics. In the present study,
UTMD was combined with Vm-MBs or Mp-MBs, and the results
revealed that the removal of biofilm and killing of bacteria
were statistically significantly improved. This result demon-
strates that UTMD alone only disrupts biofilm structure, and
that the bactericidal efficacy is greatly enhanced in combina-
tion with antibiotics. The possible reason for the results could
be as follows. First, MBs protectively carry antibiotics into the
deep layer of biofilms. The antibiotics penetrate the deeper
layer of the biofilm along with the MBs. After the interven-
tion with UTMD, the MBs have a cavitation effect, destroy-
ing the structure of the surrounding biofilm and releasing
the antibiotics into the deeper layer accurately to improve
the antibiotics’ ability to exercise bactericidal activity more
deeply. Second, the antibiotics' ability to kill deep bacteria was
enhanced so that the number of deep bacteria decreased, the
extracellular matrix produced by the bacteria (e.g. adhesins,
bacterial toxins) decreased, and the biofilm further disinte-
grated and died. Therefore, the biofilms in the Vm-MBs +
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