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Background: Periprosthetic joint infection (PJI) is a significant complication following arthroplasty, attributed to 
the biofilm formation. This study evaluates the effectiveness of vancomycin-loaded microbubbles (Van-MBs) in 
conjunction with ultrasound-targeted microbubble destruction (UTMD) on biofilm disruption and bactericidal 
efficiency.

Methods: Van-MBs were prepared using the thin-film hydration method and characterized using microscopy, 
dynamic light scattering analysis, and high-performance liquid chromatography (HPLC). Confocal laser scanning 
microscopy (CLSM) was used to assess the penetration of Van and Van-MBs into biofilms. Biofilms were treated 
with Van, Van-MBs, UTMD, and Van-MBs + UTMD. CLSM and crystal violet staining were utilized to assess the 
morphology, viability, and biomass of the biofilms. Bacterial activity was examined through scanning electron 
microscopy (SEM) and plate counting, while gene expression was analyzed using quantitative real-time poly
merase chain reaction (qRT-PCR).

Results: The results demonstrated that Van-MBs penetrated deeper into methicillin-resistant Staphylococcus 
aureus (MRSA) biofilms compared with Van alone. The combination of Van-MBs and UTMD significantly reduced 
biofilm thickness, viability, and biomass. qRT–PCR analysis revealed that the Van-MBs + UTMD group exhibited 
lower transcription levels of the icaA gene, suggesting that the treatment disrupted biofilm formation by sup
pressing this key gene. SEM further confirmed the efficacy of the treatment, showing that Van-MBs + UTMD 
induced cytoplasmic shrinkage and separation of the outer and cytoplasmic membranes in MRSA cells, indicat
ing substantial structural damage to the bacterial cells.

Conclusion: These findings demonstrate the potential of Van-MBs in combination with UTMD as an innovative 
approach to enhance antibiotic efficacy and eliminate biofilms in the treatment of PJI.
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Introduction
Periprosthetic joint infection (PJI) is a serious complication follow
ing joint surgery, and its incidence is rising with the increasing 
number of surgical procedures performed. Biofilms have been 
identified as a primary factor in the development of PJI.1,2

Biofilms are aggregates of microbial cells that adhere to surfaces, 
such as prostheses or internal fixation devices, due to the pres
ence of extracellular polymeric substances (EPS).3 These biofilms 

are responsible for approximately 80% of chronic and recurrent 
infections, presenting significant treatment challenges.4,5

Antibiotics are often ineffective against biofilm-associated 
infections due to their inability to penetrate the dense biofilm 
matrix and their susceptibility to deactivation by biofilm surface 
substances.6 As a result, PJI patients frequently require pro
longed, high-dose antibiotic regimens, which increase the risk 
of toxicity. When antibiotic therapy fails, severe complications 
can arise, often necessitating surgical intervention, although 
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complete biofilm removal is not guaranteed.7 Therefore, there is 
an urgent need for innovative therapies to enhance antibiotic ef
ficacy or eliminate biofilms.

Ultrasound-targeted microbubble destruction (UTMD) has 
emerged as a promising approach. UTMD combines contrast 
agent microbubbles with ultrasound to deliver exogenous sub
stances to a targeted area efficiently and non-invasively. This 
method can disrupt dense connective tissue and cell mem
branes, enhancing therapeutic effects and offering new possibil
ities for biofilm elimination. Additionally, research by Shayegh 
et al.8 has shown that all methicillin-resistant Staphylococcus 
aureus (MRSA) strains contain the icaABCD gene, which is crucial 
for biofilm formation.

Based on the above, the current study investigated the use of 
ultrasound-targeted vancomycin-loaded microbubbles (Van-MBs) 
to disrupt MRSA biofilms associated with the icaABCD gene 
(Figure 1). The research aims to investigate the antimicrobial effi
cacy of this method and explore the mechanisms underlying its 
ability to disrupt biofilms, thereby providing a deeper understand
ing of its therapeutic potential.

Materials and methods
Preparation of the Van-MBs
Van-MBs were made using the thin-film hydration method.9

1,2-distearoyl-sn-glycero-3-phosphocholine and 1,2-distearoylsn-glycero- 
3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000] 
(DSPE-PEG2000) (Corden Pharma, Inc, Liestal, Switzerland) were dissolved 
in chloroform at a 9:1 molar ratio. One milligram of Van (Sigma–Aldrich) 
was dissolved in normal saline. The three solutions were fully dissolved 
and mixed, and the mixed solution was evaporated with a stable nitrogen 
flow and then dried under vacuum. The obtained lipid film was resus
pended in 0.1 M TBS (pH 7.4) at a ratio of 10:10:80 (v/v/v) at 65°C. The lipid 
solution was divided into vials (1 mL each). After sealing, the vials were 
vacuumed and filled with perfluoropropane (C3F8) gas. The solution 
was mixed with a silver-mercury capsule for 30 s to obtain a Van-MBs 
suspension. MBs were also made without van. Van (Sulfo-Cyanine5)- 
MBs (DiI) were prepared similarly using 1,1′-dioctadecyl-33,3′, 
3′-tetramethylindocarbocyanine perchlorate (Beyotime, Haimen, 
China). The basic composition of these MBs consists of a C3F8 gas core, sur
rounded by a membrane layer formed by lipids.

Characterization of the Van-MBs
The shapes of the MBs and Van-MBs were analyzed using a microscope. 
Van (Sulfo-Cyanine5)-MBs (DiI-labeled MBs) were viewed via confocal la
ser scanning microscopy (CLSM) (Leica, Germany). A dynamic light scat
tering analysis (Zetasizer Nano ZS, UK) was utilized to measure the size, 
potential, and dispersion index of the MBs and Van-MBs. The Van content 
within the MBs was quantified using high-performance liquid chromatog
raphy (HPLC, Agilent, USA) through an indirect quantification method. The 
procedure involved the following steps: (i) a known total amount of Van 
was added to the MBs; (ii) the residual Van concentration in the external 
solution was measured; and (iii) the encapsulated Van was calculated by 
subtracting the detected external Van concentration from the initial total 
amount of Van added. This methodology ensured an accurate assess
ment of the Van content within the MBs. The mobile phase used was 
an Agilent TC-C18 column (250.0 mm × 4.6 mm, 5 µm). It consisted of 
acetonitrile and a 0.0125 mol/L phosphoric acid solution (pH 3.2, 10:90 
ratio) at a flow rate of 1 mL/min. The column temperature was 35°C, 
and the detection wavelength was 236 nm. A 10 µL sample was used 

for analysis.10 Drug encapsulation and drug loading efficiencies were cal
culated using the following formulas:

Drug encapsulation efficiency (%) = weight of Van in MBs/weight of the 
total amount of Van in preparation of MBs × 100%

Drug loading efficiency (%) = weight of Van in MBs/weight of total 
Van-MBs × 100%

UTMD-triggered Van release
An ultrasound probe (Sonitron 2000V, Japan) triggered the release of Van 
from the Van-MBs. Five hundred microliters of Van-MBs (106 pieces/mL) 
were injected into a 5 mm agarose mold chamber. The Van-MBs were de
stroyed by UTMD (frequency = 1.7–3.4 MHz; duty cycle = 50%; mechanical 
index = 0.6) with a 2 min irradiation time.11 The optimized UTMD para
meters were used in all the following experiments. The sonicated sam
ples were then collected and centrifuged for 5 min at 1000 rpm. The 
supernatant was analyzed by HPLC to measure the Van released from 
the Van-MBs.

Bacterial strains and biofilm formation
MRSA (USA300, ATCC, USA) was grown overnight at 37°C with shaking 
(180 rpm/min) in 6 mL of TSB supplemented with 0.5% dextrose. The bac
teria were harvested and resuspended in TSB + 0.5% dextrose at a turbidity 
of 0.5 McFarland. MRSA biofilms were developed in 6-well plates, confocal 
dishes, and cell-climbing tablets (Thermo Fisher LabServ, Massachusetts, 
USA). Bacteria suspension (2 mL) at 0.5 McFarland was added into 6-well 
plates, confocal dishes, and cell-climbing tablets incubated at 37°C for 
24 h. Bacteria adhered to the bottom and formed biofilms.

Minimum inhibitory concentration, MBC and minimum 
biofilm eradication concentration
The antimicrobial effect of Van was tested by diluting it in Mueller-Hinton 
broth. Dilutions ranging from 32 to 0.5 mg/L were prepared. The min
imum inhibitory concentration (MIC) and minimum bactericidal concen
tration (MBC) for Van were determined using the methods of Kot 
et al.12 Each well with a biofilm received Van at various concentrations 
(200 µL) and was then incubated for 24 h at 37°C. The medium was re
moved, and the biofilms were washed twice with 250 µL of sterile PBS. 
Crystal violet stain was then added to each well, and the microplates 
were incubated for 8 min at room temperature.13 The lowest Van concen
tration with no color change was the MBEC value.

Penetration of Van and Van-MBs into MRSA biofilms
After 24 h of biofilm growth, the supernatant was replaced with either 100 µL 
of 32 mg/L vancomycin (Cy5-labeled Van) or 106 pieces/mL Van-MBs 
(DiI-labeled). The biofilms were then incubated for 5 min at room tempera
ture and washed with 1 mL of double-distilled water to remove excess Van 
or Van-MBs. CLSM revealed Van or Van-MBs in biofilms, and their penetration 
was assessed. Additionally, Van or Van-MB concentrations that penetrated 
biofilms were compared. Bacteria were stained with SYTO9 (Thermo Fisher 
Scientific, USA) and excited at 480/500 nm to visualize biofilms.

Treatment of biofilms
MRSA biofilms were treated with Van (32 mg/L), MBs (106 pieces/mL) 
or Van-MBs (106 pieces/mL). Biofilms were randomly divided into five 
groups: control, Van, Van-MBs, UTMD and Van-MBs + UTMD. Biofilms 
were stained with SYBR Green I (Thermo Fisher Scientific, USA).14

Biofilm morphology and structure were observed using CLSM and ana
lyzed with Image J to assess viability. The biomass of the biofilm was ob
tained using the crystal violet staining method. In brief, the biofilm was 
stained with crystal violet and then fixed with 100% methanol. After fix
ation, the stained biofilm was dissolved using 30% acetic acid, and the 
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optical density corresponding to the biofilm biomass was measured using 
a microplate reader. Plate counting was used to determine cfu counts for 
live bacteria in the biofilm. Bacterial cell morphology was visualized on 
cell-climbing slides. Various treatments were applied before fixing the 
cells with a 2.5% glutaraldehyde solution for 4 h and dehydrating them 
for 15 min with ethanol at different concentrations (50%, 70%, 80%, 
90% and 100%). The samples were then subjected to gold sputtering 

to enhance conductivity. Bacterial morphology was subsequently ob
served using a scanning electron microscope (SEM) (Leica, Germany).

Gene expression experiment
The biofilm was subjected to diverse treatments and collected by centri
fugation. Following three times washes, total bacterial RNA was isolated 

Figure 1. Schematic image illustrating Van-MBs combined with US to disrupt biofilms and kill bacteria in vitro. PIA, polysaccharide intercellular adhesin; 
UTMD, ultrasound-targeted microbubble destruction; Van, vancomycin; Van-MBs, vancomycin-microbubble.
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with the Bacteria RNA Extraction Kit (Vazyme, Nanjing, China). mRNA was 
reverse transcribed to cDNA using the Color Reverse Transcription Kit 
(EZBioscience, Roseville, MN, USA) along with a 2× Color SYBR Green 
qPCR master mix (EZBioscience). The relative gene expression level was 
assessed utilising the 2−ΔΔCt method with 16S rRNA as the internal refer
ence gene.15,16 The primer sequences for target gene amplification are 
detailed in Table 1.

Statistical analysis
SPSS 25 (SPSS, Chicago, IL, USA) was used to analyze the data. The 
Shapiro–Wilk test was used to check for normality. ANOVA and t-tests 
were used for normally distributed data, while Kruskal–Wallis and 
Mann–Whitney U-tests were used for non-normally distributed data. A 
P value < 0.05 was considered to indicate statistical significance.

Results
Characterization of MBs, Van-MBs and Van release under 
UTMD
Figure 2a shows bright-field images of MBs and Van-MBs. 
Microscopy images revealed that all MBs and Van-MBs were 
spherical and dispersed. CLSM images showed that Van was suc
cessfully encapsulated within the MBs (Figure 2b). Zeta potential 
analysis indicated that the average sizes of the MBs and Van-MBs 
were 514.0 ± 12.994 nm and 570.9 ± 9.845 nm, respectively 
(Figure 2c). The zeta potential increased from 0.79 ± 0.253 mV 
to 2.49 ± 0.755 mV in the Van-MBs group (Figure 2d). The polydis
persity indices for the MBs and Van-MBs were 0.398 ± 0.023 and 
0.238 ± 0.037, respectively (Figure 2e). HPLC was used to assess 
standard Van solution, and an absorption peak at 236 nm was 
detected (Figure 2f). The peak area-concentration standard curve 
for Van was plotted (Figure 2j). The separation of Van-MBs from 
the supernatant was carried out using a 0.22 μm filtration pro
cess. This process involved several steps: first, the prepared 
Van-MBs were thoroughly mixed using a silver-mercury amalga
mator to ensure uniform dispersion. Next, the homogenized mix
ture was drawn into a syringe and passed through a 0.22 μm filter 
membrane. Finally, the resulting filtrate, which was free of MBs, 
contained Van in its free form. The residual Van concentration 
in the supernatant determined an encapsulation efficiency 
of 86.03 ± 0.061% and a drug loading efficiency of 25.913 ±  

0.184%. The controlled release of Van from Van-MBs by UTMD 
was achieved, with a release concentration of 34.0 ± 0.4 mg/L.

Antibacterial activity of Van against the MRSA strain
We reviewed the antibacterial effects of Van on different S. aur
eus strains. We also assessed Van’s MIC and MBC against plank
tonic USA300 bacteria and the MBEC against USA300 bacterial 
biofilms (Table 2).

Penetration of Van and Van-MBs into biofilms
Confocal laser microscopy was used to study Van and Van-MBs 
penetration into MRSA biofilms on collagen-coated glass slides. 
Van seemed to only attach to the surface of the biofilms, and 
bacteria in the deepest layers showed little red fluorescence 
(Figure 3a). In contrast, when Van-MBs were added to the biofilm, 
deeper layers became fluorescent (Figure 3b). Compared with 
Van alone, Van-MBs penetrated significantly deeper into the bio
film (P < 0.05) (Figure 3c).

Biofilm elimination and mechanism
3D CLSM showed that the control group biofilms were dense and 
that the Van and Van-MBs groups were stable. The UTMD and 
Van-MBs + UTMD groups had loosened structures and increased 
microporosity, which was most pronounced in the Van-MBs +  
UTMD group (Figure 4a–e). Biofilm thickness and viability were 
analyzed using CLSM images and Image J software. Compared 
with those in the control and Van groups, the biofilm thickness 
in the Van-MBs + UTMD group decreased (Figure 4f). Green fluor
escence in CLSM images indicated lower biofilm viability after 
treatment with Van-MBs + UTMD than after treatment with the 
other groups (except for the UTMD group) (Figure 4g). Biofilm re
moval was confirmed with crystal violet staining. The biomass in 
the different groups differed significantly from that in the 
Van-MBs + UTMD group, indicating effective biofilm disruption 
through physical destruction and antibiotic treatment (P < 0.05).

The qRT–PCR results showed that the Van-MBs + UTMD group 
had lower icaA transcription than the control group (P < 0.05). 
No significant differences were detected among the other groups 
(P > 0.05). The expression levels of icaB, icaC and icaD were similar 
among the groups (P > 0.05) (Figure 5).

Antimicrobial assays and antimicrobial mechanism
CLSM revealed live green bacteria and dead red bacteria 
(Figure 6a). Quantitative analysis was used to determine the pro
portion of live bacteria in the total population. As shown in 
Figure 6b, the group treated with Van-MBs + UTMD exhibited 
greater bacterial cell death than the other groups (P < 0.05). 
This was confirmed by colony-forming unit enumeration. The 
Van group, which was only treated with antibiotics, had a modest 
30.77% inactivation rate, showing that the use of antibiotics 
alone is not enough against MRSA. In contrast, the Van-MBs +  
UTMD treatment group had the greatest reduction in bacterial 
viability, which was much greater than the reductions observed 
in the Van-MBs (51.35%) or UTMD groups (55.38%) alone 
(Figure 6c).

To explain how Van-MBs + UTMD treatment works, we used 
SEM to observe changes in microorganisms. Figure 7 shows 

Table 1. Sequences of primers designed for qRT–PCR analyses

Genes Sequences of primers

icaA F:TACGTTGTCTAATGTTCTTGC
R:AGTATCTGCATCCAAGCAC

icaB F:TGCAGATGACGATTCACC
R:TAGCATCATGTGATTTTAGCC

icaC F:TCTTGTCACAGTTACTGACAACC
R:TACCATTGACCTAATAGGAC

icaD F:AGAGAAACAGCACTTATCGC
R:AGCAACACGTATTGTATTG

rRNA F:CGGCCTAACTACGTGCCAGCAGC
R:GCGCTTTACGCCCAATAATTCC

F, forward primer; R, reverse primer.
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that the MRSA bacteria in the control group maintained their 
round shape with smooth cell envelopes, indicating that they 
were alive. No significant changes were detected in MRSA cells 
treated with Van, Van-MBs or UTMD alone, but cells treated 
with Van-MBs + UTMD showed cytoplasmic shrinkage, separating 
the outer and cytoplasmic membranes.

Discussion
The current investigation represents the inaugural application of 
high-resolution CLSM to verify the encapsulation of vancomycin 
within microbubbles, an innovative strategy for antibiotic delivery. 
These Van-encapsulated MBs exhibited a superior capacity for 
penetrating the deeper strata of biofilms, a critical enhancement 
given the suboptimal performance of conventional antibiotic 

Figure 2. Characterization of Van-MBs and UTMD-triggered Van release. (a) Bright-field microscopy images of MBs and Van-MBs. (b) CLSM image of 
Van-MBs. (c) Particle size of MBs and Van-MBs. (d) Zeta potential of MBs and Van-MBs. (e) Dispersion indices of MBs and Van-MBs. (f) Van high- 
performance liquid chromatograms. (j) The peak area-concentration standard curve for Van. The values represent the means plus SDs of three 
measurements.

Table 2. MIC, MBC and MBEC values of Van for S. aureus strains

S. aureus strains MIC (mg/L) MBC (mg/L) MBEC (mg/L)

ATCC49230 2 — >800017

ATCC BAA-1556 2 — >8000
ATCC6538P 0.5 0.5 >200018

MRSA16 1 1 >2000
ATCC29213 1 1–2 >102419

UOC18 1–2 1–2 >1024
USA300 2 8 >8192

ATCC BAA-1556, UOC18 bacteria belong to the MRSA strain.
MBC, minimum bactericidal concentration; MBEC, minimum biofilm eradi
cation concentration; MIC, minimum inhibitory concentration.
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therapies against such resilient structures. The internal disruption 
of the biofilm, precipitated by the synergistic action of Van-MBs 
and ultrasound, facilitated antibiotic liberation, resulting in ele
vated drug concentrations at subsurface levels and thereby signifi
cantly boosting bactericidal activity. Notably, the Van 
concentration required to achieve effective biofilm penetration 
was 34.0 ± 0.4 mg/L, which is markedly lower than the established 
minimum biofilm eradication concentration and suggests a poten
tial reduction in the necessary antibiotic dosage and could contrib
ute to the attenuation of antimicrobial resistance. This approach 
was strategically designed to impact biofilm architecture through 
the suppression of icaA gene expression, which is implicated in bio
film formation. Furthermore, it elucidated a bactericidal mechan
ism characterized by the separation of the bacterial cell wall and 
plasma membrane, culminating in bacterial death.

In the present study, Van-MBs were fabricated utilising the thin- 
film hydration method, with subsequent high-resolution CLSM 
verification of successful vancomycin encapsulation. The construc
tion of the MBs entailed a phospholipid bilayer configuration, 
where the hydrophilic heads were oriented internally to accommo
date the hydrophilic Van, thereby circumventing the direct expos
ure to the biofilm that is known to precipitate antibiotic 
deactivation.20 The structural integrity of the Van-MBs preserved 
their antimicrobial efficacy and facilitated augmented infiltration 
into the recalcitrant biofilm matrix. This enhanced penetration 
capability is likely due to the phospholipid bilayer’s ability to mimic 
cellular membranes, which is postulated to play a role in their cel
lular uptake.21 This concept aligns with the findings of Walsh 
et al.22 who reported that liposome-encapsulated antibiotics, 
such as AmBisome with its amphotericin B integrated within the 

Figure 3. Confocal laser microscopy image results of the penetration of vancomycin and Van-MBs into a biofilm. (a) CLSM image results showing more 
Van in the upper layer and less Van in the deeper layer. (b) Observation of Van-MBs in the upper, middle and deep layers of the biofilm by CLSM. 
(c) Comparison of Van and Van-MBs concentrations in different layers by detecting the fluorescence intensity in the upper, middle and deep layers.
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lipid bilayer, exhibited superior permeability in contrast to their free 
counterparts in antifungal applications, underscoring the pivotal 
role of liposomal bilayers in mediating biofilm interactions.

The USA300 strain of MRSA, known for its clinical prevalence 
and resistance, demonstrated elevated MICs, MBCs and MBECs 
in comparison to those of other bacterial strains. The complexity 
of biofilms, whether they are formed on prosthetic devices or bio
logical tissues, necessitates antibiotic dosages that are more 
than a 1000-fold greater than those effective against their plank
tonic counterparts because of the dense and intricate three- 
dimensional structure of biofilms, which acts as a barrier to 
antibiotic diffusion. Jefferson et al.23 have articulated the risk 

associated with heightened antibiotic dosages required for bio
film penetration, which may precipitate systemic toxicity beyond 
the threshold of human safety. High-resolution CLSM analyses 
within the scope of this research revealed that the majority of 
non-encapsulated antibiotics were intercepted at the surface of 
the biofilm, failing to infiltrate and reach lethal concentrations 
within its internal matrix. This ineffective penetration results in 
antibiotics being metabolically exhausted by surface-residing 
bacteria over time, leading to a decrease in their effective con
centration and the potential for fostering antibiotic-resistant po
pulations within the biofilm.23

Our study revealed that while Van-MBs can transport Van into 
deeper biofilm layers, the encapsulated antibiotic requires exter
nal force to be activated and thus lacks significant bactericidal ef
ficacy on its own. UTMD treatment alone disrupted the biofilm but 
had limited bactericidal impact; antibiotics are still required for 
sterilisation. Kouijzer et al.10 successfully used a ‘two-step pro
cess’ combining MBs with ultrasound for biofilm disruption fol
lowed by antibiotic administration. However, limitations exist in 
this approach’s bactericidal efficacy due to the presence of 
EPSs, which can chemically react with antibiotics, reducing their 
activity.24 The MBs in this study protected the encapsulated anti
biotics from inactivation and enhanced their bactericidal efficacy. 
The effective Van concentration was 34.0 ± 0.4 mg/L, which was 
significantly lower than the MBEC for various S. aureus strains, 
suggesting that this method can reduce antibiotic dosage, im
proving safety in clinical biofilm infection treatments.

The disruption of the structure of MRSA biofilms and bacterial 
eradication by this method remain underexplored. In this study, 
we investigated for the first time the mechanism of biofilm dis
ruption and sterilisation. On the one hand, MRSA biofilms are 
orchestrated by a network that modulates gene expression for 

Figure 4. Effect on MRSA biofilms. Three-dimensional CLSM images of MRSA biofilms. (a) Control. (b) Van. (c) Van-MBs. (d) UTMD. (e) Van-MBs + UTMD. 
(f) Relative MRSA biofilm thickness after various treatments. (g) Relative MRSA biofilm viability after various treatments. (h) Crystal violet-stained MRSA 
biofilm biomass after various treatments. The values represent the means plus SDs of three measurements (*P < 0.05, **P < 0.01 compared with all 
other groups).

Figure 5. Transcriptional reprogramming of the icaABCD operon. Values 
represent the mean plus SD of three measurements (*P < 0.05, 
**P < 0.01 compared with all other groups).
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biofilm integrity. Key regulators include the Agr system, SarA 
proteins, σB factor and LuxS/AI-2, which govern QS, virulence 
secretion, and biofilm cell dispersion.25 The genes atlE, bap, 
sasG and ica also play roles in surface adherence and cell clus
tering.26 This study highlights the pivotal role of the ica operon 
in biofilm regulation. When icaABCD genes are downregulated, 
PIA synthesis decreases via glucosamine aminotransferase, 
inhibiting biofilm formation. Conversely, upregulation of this 
gene enhances PIA production and biofilm development.27

PCR results revealed reduced icaA expression, suggesting 
that this treatment method might impede biofilm structure 
by suppressing ica gene expression and PIA synthesis. The 

expression of other genes was unchanged, indicating that 
these genes play distinct roles in PIA synthesis.28 For instance, 
icaA and fnbA are essential for biofilm genesis,29 while a cor
relation between icaAD and mecA gene frequency exists.8

Biofilms can also induce bacterial gene mutations, enhancing 
antimicrobial resistance and immune evasion.30 On the other 
hand, after Van-MBs + UTMD intervention, large numbers of 
bacteria died, and only a few less active planktonic bacteria re
mained, as shown by SEM visualisation of the separation of the 
bacterial cell wall from the cytoplasm. This may be related to 
changes in the osmotic pressure of the bacterial cytoplasm.31

Luo et al.32 study suggested that ion channel dysfunction, 

Figure 6. Antibacterial properties of Van-MBs + UTMD against MRSA bacteria. (a) Images of the live/dead bacteria assay for MRSA, in which green sig
nals represent the surviving bacteria, while red signals indicate dead bacteria; scale bar = 2 µm. (b) Relative MRSA biofilm bacterial/viability after various 
treatments. (c) Relative MRSA bacterial colony counts after various treatments (n = 3, means ± SDs) (*P < 0.05, **P < 0.01 compared with all other 
groups).
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such as that of K+ channels, alters cytoplasmic osmotic pres
sure, causing CMs to detach from the OM and leading to cell 
death. Although it is unclear whether MBs can enter the inter
ior of live MRSA cells and cause changes in bacterial cytoplas
mic osmotic pressure, the zeta potentials of MBs and Van-MBs 
are positively charged on the surface; these MBs can bind to 
negatively charged bacteria and then combine with ultra
sound to exert a cavitation effect, which contributes to the en
hancement of bacterial cell membrane permeability. This 
study suggested that because MBs have a lower positive 
charge and stick less to the bacterial surface, they have less 
of an impact on bacteria. Because Van-MBs were more posi
tively charged and more likely to stick to the bacterial surface 
in large quantities, they had the greatest bactericidal effect 
when mediated by ultrasonic waves. This more intense cavita
tion caused plasmic wall separation, which ultimately resulted 
in bacterial death.

Although the in vitro results are promising, they may not 
fully account for the complex interplay of factors within a living 
organism. The role of the immune system, the potential develop
ment of resistance, and the intricate architecture of biofilms in 
vivo may significantly influence the efficacy of this treatment. 
Furthermore, the study did not explore the potential systemic ef
fects of high-concentration antibiotic delivery or the long-term 
implications on bacterial ecology and resistance patterns. 
Additionally, the impact of different UTMD intervention times 
on Van release was not investigated, leaving a gap in understand
ing how timing variations might affect treatment outcomes. 
Moreover, this study lacks an assessment of the MIC, MBC and 
MBEC values for the Van-MBs, which are critical for evaluating 
the effectiveness of this treatment approach.

Conclusion
In summary, Van-MBs have exhibited a superior capacity for 
penetrating the deeper layer of biofilms. This strategy effectively 
disrupts biofilm structures by downregulating the icaA gene, 
which plays a pivotal role in biofilm matrix formation. 
Additionally, it promotes bactericidal activity through the induc
tion of plasma wall separation, thereby impairing bacterial sur
vival. The innovative application of Van-MBs in conjunction with 
UTMD has shown considerable promise in addressing the chal
lenges posed by biofilm-associated infections.
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Figure 7. SEM images of MRSA bacterial morphology. (a) Control. (b) Van. (c) Van-MBs. (d) UTMD. (e) Van-MBs + UTMD. The red arrow indicates the morpho
logical changes in the pathogenic microbes. CM, cytoplasmic membrane; OM, outer membrane; the images were further observed at 10 000× magnification.
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