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Abstract: Objective: To study the curative effect of low frequency ultrasound targeted radiation plus self-prepared 
human beta-defensins-3 (HBD-3) lipidosome microbubble fluorescent composite carrier for methicillin-resistant 
Staphylococcus aureus (MRSA) biofilm infection of intra-articular implant from an animal experiment based on the 
primary mechanism of the long-lasting recurrence of intra-articular implant infection (bacterial biofilm and bacterial 
internalization). Methods: Ti sheet and MRSA were co-cultivated for 24 hours. After the formation of biofilm, they 
were placed on both sides of dorsal spine of mice subcutaneously. These mice were divided into 6 groups (6 mice 
for each group) according to the form of carrier, which were HBD-3 group (Group A), HBD-3 fluorescent liposome 
group (Group B), HBD-3 lipidosome-microbubble fluorescent composite carrier group (Group C), low frequency ultra-
sound + HBD-3 group (Group D), low frequency ultrasound + HBD-3 fluorescent liposome group (Group E) and low 
frequency ultrasound + HBD-3 lipidosome-microbubble fluorescent composite carrier group (Group F). The remain-
ing viable bacteria quantities in biofilm under different experimental treatment conditions were observed through 
coated sheet count, laser scanning confocal microscope and electron microscope. The relevant film-forming genes 
and drug resistant genes were analyzed quantitatively and statistically by real-time PCR. Results: Compared with 
other groups, the remaining viable bacteria percentage of Group F was significantly dropped, and the differences 
had statistical significance (P<0.05). The gene expression of Group F was higher than other groups, showing sta-
tistically significant differences (P<0.05). Conclusion: Low frequency ultrasound + HBD-3 lipidosome microbubble 
fluorescent composite carrier can greatly enhance the killing effect of HBD-3 to drug resistant staphylococcus in 
biofilm and inhibit the further maturity of bio-film. It also can help to treat  MRSA biofilm infection in femoral implant 
of rats, thus providing a new thought for the current antibiotic treatment of bone and joint infection, and increasing 
the diagnosis rate and cure rate of implant infection at early stage in bone joint.
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Introduction

Lipidosome, a vesicle with monolayer or multi-
layer film structure formed by the directional 
arrangement of phospholipid when dispersed 
in water, has the ability to envelop fat-soluble or 
water-soluble drugs. The antibiotic lipidosome 
prepared by using lipidosome as carrier has a 
good targeted bacterial biofilm effect, thus 
compensating the low concentration of hydro-
philic antibiotic around the biofilm [1]. Moreover, 
lipidosome can also mediate the cell entry of 

antibiotics to realize intracellular anti-bacteria. 
Lipidosome is an effective sustained-release 
carrier as well. It can maintain high anti-micro-
bial concentration for a long time and prevent 
internal drug from degradation [2, 3]. Low-
frequency ultrasound usually refers to the fre-
quency with 20 kHz to 1 MHz ultrasound. It has 
longer wavelength and can easilly pierce th- 
rough the tissue. Low-frequency ultrasound 
combined with contrast agent has an important 
value in the treatment of tumors, and its bio-
logical effects include mechanical effects, cavi-
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tation effects, thermal effects and chemical 
effects [4]. The cavatition created by low fre-
quency ultrasound combined with microbubble 
contrast agent can enhance the permeability of 
the cell membrane and form some so-called 
“acoustic holes”, so that the plasmid can enter 
the cell, and the gene transfection efficiency 
can be increased [5]. SonoVue, whose micro-
bubble wall consists of phospholipid, is a com-
mercialized microbubble contrast agent (MBCA) 
that contains sulfur hexafluoride gas. This FDA 
approved agent has been widely used in clinical 
ultrasound imaging. By binding specific ligands 
onto the surface of contrast agent, the imaging 
and targeted imaging of the lesion can be 
achieved at the molecular level, and the target-
ed treatment of drug can be mediated by load it 
with microbubble. An ideal microbubble pos-
sesses the ability to realize good targeted imag-
ing and targeted treating, so as to increase the 
specificity and accuracy of diagnosis and treat-
ment. The experiment of Joel E has shown that, 
the particle diameter of a microbubble with 
good imaging and cavitation effect should 
reach micron level. However, particles with this 
diameter cannot penetrate capillary wall, mak-
ing it hard to carry drug into the lesion to take 
its effect [6]. It has been discovered in recent 
years that human beta-defensins-3 (HBD-3) is 
a new β-defensin endogenous antibiotic pep-
tide with features like non-toxicity, broad spec-
trum and stable physical and chemical proper-
ties. It has strong bactericidal effects for 
gram-positive/negative bacteria and fungus, 
and can connect congenital and acquired im- 
mune responses through the mediation of Toll-
like receptor [7]. The minimum inhibitory con-
centration (MIC) of HBD-3 against various gram 
positive bacteria is only 1.6-16 mg/L, and its 
MIC against staphylococcus aureus is slightly 
lower than vancomycin [8, 9]. So far, the in vivo 
application of antibacterial peptide HBD-3 in 
treating infections is faced with the biggest 
barrier--the degradation of polypeptide in the 
body. Gene transfection can help solving the 
degradation of HBD-3 and maintain a stable 
HBD-3 concentration in the body. Mannina  et 
al. have proved that the tissue-engineered skin 
carrying target gene can continuously express 
HBD-3 and treat the mice with staphylococcus 
aureus infection in wound secondary to third-
degree burns [4]. However, due to the high cost 
and hidden dangers of transgenic treatment, it 
is hard to apply it in clinical practice. Therefore, 

to find a new way to prevent the degradation of 
polypeptide and continuously keep it at a high 
concentration level has become a top priority. 
In this research, we carried out an animal 
experiment to explore the effect of low frequen-
cy ultrasound + fluorescent composite carrier 
for the diagnosis of MRSA biofilm infection in 
bone joint implant. Now the specific report is as 
follows.

Materials and methods

Experimental materials and instruments

Staphylococcus aureus ATCC6538 was pur-
chased from American Type Culture Collection. 
The following materials were also bought: 
Ultrasonic contrast agent Microbubble SonoVue 
(Brzc-co); HBD-3 (Sigma Company); DSPE-PEG 
(Lipoid Company); anhydrous ethanol, glutaral-
dehyde and sodium dihydrogen phosphate 
(Xi’an Kehao Biological Engineering Co., Ltd.); 
donkey anti-mouse IgG antibody Cy3 label 
(Sigma Company); lysostaphin (Sigma Com- 
pany); RNeasy mini kit (Qiagen Company); 
transmission electron microscope (TEM, Oly- 
mpus Company), fluorescence microscope (Oly- 
mpus), flow cytometry (Becton, Dickinson and 
Company), and US-100 physiotherapy and re- 
habilitation equipment (Ito Co., Ltd.).

The preparation of HBD-3 lipidosome-micro-
bubble fluorescent composite carrier

HBD-3 was stored in the form of freeze-dried 
powder, diluted and dissolved in 0.1% acetic 
acid, and made into 1 mg/mL stock solution for 
storage. HBD-3 lipidosome was prepared with 
thin-film dispersion method and freeze-thawing 
method. A total of 15 mL 1.25% glutaraldehyde 
solution was mixed with 5 mL HBD-3 lipido-
some for reaction. Rhodamine was used to 
mark lipidosome. After dialysis, 0.8 μm cellu-
lose filter membrane was used for filtration. A 
total of 1 mg DSPE-PEG was added into 5 mL 
SonoVue microbubble suspension to obtain 
amino-microbubbles. And 1.5 μg biotin-labeled 
specific antibody was then added into every 
1*107 microbubbles. Incubation was performed 
on ice for 30 minutes, and then centrifugation, 
floating and washing were conducted. Then the 
glutaraldehyde-lipidosome suspension was ad- 
ded for reaction, and floating method was 
employed to wash the complex to obtain HBD-3 
lipidosome-microbubble dual fluorescent posi-
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tively-labeled complex. See Figure 1. The en- 
capsulation efficiency was calculated as per 
the lipidosome computation formula regulated 
in Chinese pharmacopoeia 2010. Five batches 
of sample were tested and measured for en- 
capsulation efficiencies, when the efficiencies 
were higher than 80%, indicating a successfully 
encapsulation, the next step of experiment co- 
uld then be conduct.

The treatment of biofilm and the preparation 
of model

The bacteria incubated overnight were diluted 
to 1:1,000, 50L ATCC43300 bacterial suspen-
sion (the bacterial count was around 106) was 
added into 0.5×BBL trypticase soy broth (TSBG, 
BD Biosciences) containing Ti sheet and 0.2% 
(w/v) glucose [9]. Before inoculation, the Ti 
sheet (1 mm thick, 10 mm in diameter) was 
sterilized and co-cultured with bacteria for 24 
hours to form biofilm. Forty-eight BALB/c inbred 
male mice aged 8 to 12 weeks were randomly 
divided into 6 groups. After anesthesia through 
intraperitoneal injection, the back skin was cut 
opened to make an incision of about 10 mm 
under aseptic conditions. Following the forma-
tion of biofilm on the surface of Ti sheet, the Ti 
sheet was placed on the both sides of the back 
subcutaneously.

Experiential grouping and treatment methods

These mice were divided into 6 groups accord-
ing to different carriers, 6 mice for each group: 
HBD-3 group (Group A), HBD-3 fluorescent lipi-
dosome group (Group B), HBD-3 lipidosome-
microbubble fluorescent composite carrier gro- 
up (Group C), low frequency ultrasound + HBD-3 
fluorescent group (Group D), low frequency 
ultrasound + HBD-3 fluorescent lipidosome 

group (Group E), and low frequency ultrasound 
+ HBD-3 lipidosome-microbubble fluorescent 
composite carrier group (Group F). After inject-
ing HBD-3 subcutaneously, ultrasound target-
ed microbubble or ultrasound was applied for 
20 minutes locally, 3 times a day. A total of 30 
μl contrast microbubble was injected subcuta-
neously around the Ti sheet. The ultrasonic fre-
quency was maintained at 0.08 MHz with a 
sound intensity of 200 mW/cm2 and 50% duty 
cycle. The mice in each group treated under dif-
ferent experiment conditions were executed 
before removing out the Ti sheet 7, 14 and 21 
days after operation.

Bacterial count in biofilm on the surface of Ti 
sheet

In this experiment, the remaining viable bacte-
ria inside biofilm were determined by the quan-
tity of colony-forming units (CFUs) on Ti sheet 
surface. The Ti sheet was put into a disinfected 
sterile tube containing 0.5 mL 0.5×TSB, and 
the bacteria were collected by ultrasound bath 
shaking. Then a double dilution was conducted 
on TSA coated sheet, and a count analysis was 
performed 24 hours later. The result was the 
superficial area of bacterial count/Ti sheet 
material (CFU/mm2).

Observation under laser scanning confocal 
microscope and scanning electron microscope

The experimental treatment conditions were 
the same with the above coated sheet counting 
method. The Ti sheets covered with biofilm 
were removed from the mice for fluorescent 
staining. There were two fluorescent staining 
solutions inside Live/Dead kit. Viable bacteria 
could display green fluorescence in SYTO fluo-
rescent staining solution, while dead bacteria 

Figure 1. The structural diagram of HBD-3 lipidosome-microbubble fluorescent composite carrier HBD-3, human 
beta-defensins-3.
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could display red fluorescence in PI. The mor-
phological structure and bacterial viability of 
the biofilm on the surface of the Ti material 
were observed under laser scanning confocal 
microscope. Live and dead cells could be dis-
tinguished under fluorescent microscope. Vi- 
able bacteria would show green fluorescence 
due to the intact cell membrane, while dead 
bacteria would emit red fluorescence because 
of the damaged cell membrane. The Ti sheets 
covered with biofilm were removed out of the 
mice and fixed with 2.5% glutaraldehyde solu-
tion. Then it was dehydrated by using graded 
ethanol, dried at critical point and sprayed with 
metal. Finally, observation and photograph 
were taken under scanning electron micro-
scope (SEM).

Real-time quantitative analysis

ATCC43300 was selected to analyze the ex- 
pression of mecA gene. After removing the Ti 
sheets inside the mice, the bacterial biofilm on 
the surface of Ti sheet from each group was 
collected by ultrasound and sterile scraper, and 
then dissolved in bacteria RNA protective solu-
tion to protect the integrity of bacteria RNA. 
Then the solution was centrifuged in a centri-
fuge tube for 8 minutes at 4°C and 8,000 g; 
after discarding the protective solution, 200 L 
buffer solution of 100 g/mL lysostaphin was 
used to dissolve bacterial strain. Total RNA was 
extracted and reversely transcribed to cDNA. 

The gene primer sequence biosynthesized by 
Shanghai Sangon was applied for PCR amplifi-
cation in the following conditions: 50°C, 20 
seconds per cycle; 95°C, 15 seconds; 60°C, 1 
minute, 40 cycles; 95°C, 10 minutes. 16S rRNA 
was used as the reference gene, and the CT 
value of each sample was considered the base. 
Each sample was repeatedly determined for 
three times on average.

Statistical treatment

The observation results were statistically pro-
cessed with SPSS23.0 statistical software. The 
bacteria quantity was expressed as mean ± 
standard deviation (

_
x  ± sd). The comparison 

among multiple groups was performed by inde-
pendent sample F test. P<0.05 was considered 
to indicate statistically significant difference.

Results

Count of viable bacteria on the carrier surface 
7, 14 and 28 days after reaction by group

Compared with other groups, the viable bacte-
ria percentage of Group F was apparently 
declined, and the differences had statistical 
significance (P<0.05). See Table 1.

The destructive effect on staphylococcus au-
reus and its biofilm in each group

Live/dead cells can be distinguished under flu-
orescence microscope. Live bacteria emit gre- 
en fluorescence due to their intact cell mem-
branes, while dead bacteria emit red fluores-
cence due to their damaged cell membranes. 
Compared with Group A, The quantity and den-
sity of red fluorescence and green fluorescence 
in Group F were reduced significantly, indicating 
a significant reduction of biofilm and bacteria 
after the intervention of ultrasound (Figure 2). 
After a further observation under SEM, there 
were still many small bacterial colonies on the 
surface of bacterial Ti sheets in Group A, Group 
B, Group C, Group D. On the contrary, only few 
small single colonies grew on the surface of Ti 
sheet in Group E or Group F. See Figure 3.

MecA gene expression in each group

The expression of mecA gene in Group F was 
higher than those in other groups, showing sta-
tistically significant differences (P<0.05). See 
Table 2.

Table 1. Count of viable bacteria on the car-
rier surface 7, 14 and 28 days after reaction 
by group (_x  ± sd, %)
Group 7 d 14 d 28 d
Group A 5.67±0.19 6.09±0.12 6.82±0.24
Group B 5.46±0.58 5.87±0.11 6.04±0.15
Group C 5.27±0.42 5.64±0.12 5.89±0.13
Group D 4.25±0.32 4.73±0.42 5.02±0.23
Group E 4.16±0.28 4.23±0.14 4.37±0.16
Group F 4.02±0.26 4.06±0.27 4.12±0.32
F 10.36 11.92 10.81
P 0.01 0.00 0.01
Note: Group A, HBD-3 group; Group B, HBD-3 fluorescent 
lipidosome group; Group C, HBD-3 lipidosome-microbub-
ble fluorescent composite carrier group; Group D, low 
frequency ultrasound + HBD-3 group; Group E, low fre-
quency ultrasound + HBD-3 fluorescent liposome group; 
Group F, low frequency ultrasound + HBD-3 lipidosome-
microbubble fluorescent composite carrier group; HBD-3, 
human beta-defensins-3.



Effect of low frequency ultrasound in treating MRSA infection bone joint implant

803 Int J Clin Exp Med 2018;11(2):799-805

Discussion

First and foremost, by realizing the coupling of 
aminofluorescent with lipidosome, as well as 
testing the efficiency of carrying HBD-3 lipido-
some by microbubble, taking lipidosome-mic- 
robble complex as the drug carrier in combina-
tion with targeted low frequency ultrasound 
can better improve the drug concentration of 

In this experiment, we first prepared the na- 
noscale fluorescent HBD-3 lipidosome label- 
ed with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylin- 
docarbocyanine perchlorate, and studied the 
effect of low frequency ultrasound + fluores-
cent composite carrier in the diagnosis and 
treatment of MRSA biofilm infection in bone 
joint implant through in vitro and animal trials 
[18-20]. This study suggests that, the use of 

Figure 2. The destructive effect of different treatments on Staphylococcus 
aureus and its biofilm (200×). Group A, HBD-3 group; Group B, HBD-3 fluo-
rescent lipidosome group; Group C, HBD-3 lipidosome-microbubble fluores-
cent composite carrier group; Group D, low frequency ultrasound + HBD-3 
group; Group E, low frequency ultrasound + HBD-3 fluorescent liposome 
group; Group F, low frequency ultrasound + HBD-3 lipidosome-microbubble 
fluorescent composite carrier group; HBD-3, human beta-defensins-3.

Figure 3. The formation of ATCC43300 biofilm on Ti sheet surface treated 
by different methods under SEM (1000×). Group A, HBD-3 group; Group B, 
HBD-3 fluorescent lipidosome group; Group C, HBD-3 lipidosome-microbub-
ble fluorescent composite carrier group; Group D, low frequency ultrasound 
+ HBD-3 group; Group E, low frequency ultrasound + HBD-3 fluorescent 
liposome group; Group F, low frequency ultrasound + HBD-3 lipidosome-
microbubble fluorescent composite carrier group; HBD-3, human beta-de-
fensins-3.

HBD-3 in the biofilm on the 
implant surface, which enha- 
nces the drug concentration in 
osteoblasts and has the effect 
of intracellular anti-infection 
[10, 11].

Secondly, by intercalating  
1,2-distearoyl-sn-glycerol-3- 
phosphoethanol-amine-N-(Ami- 
no (polyethyl-eneglycol)-2000) 
(DSPE-PEG (2000) Amine) la- 
beled with fluorescein isothio-
cyanate, the amino-SonoVue 
fluorescent microbubble is pr- 
epared [12, 13]. Eventually, 
the coupling between the fl- 
uorescent amino-microbubble 
and lipidosome can be achi- 
eved, and the efficiency of  
carrying HBD-3 lipidosome by 
microbubble can be tested 
[14]. This experimental study 
offers multi-functional charac-
teristics to microbubbles while 
increasing the encapsulating 
capacity of drugs. The binding 
of the luminescent dye to mi- 
crobubble lipidosome leads to 
the targeted imaging and tar-
geted release of specific fluo-
rescence of inflammatory si- 
tes. The present research ai- 
ms to explore a better diagno-
sis and treatment method for 
common drug resistant biofilm 
infection in the arthrosis, and 
proposes to take the study of 
MRSA as an example to fur-
ther study the application of 
HBD-3 and fluorescent com-
posite carrier + targeted ultra-
sound in the diagnosis and 
treatment of other bacterial 
biofilm infections, such as 
gram negative bacteria, fun-
gus, etc. [15-17].
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low frequency ultrasound + HBD-3 lipidosome-
microbubble fluorescent composite carrier can 
significantly enhance the killing effect of HBD-3 
to MRSA in biofilm and inhibit the further matu-
rity of bio-film. The mechanism of ultrasound-
increased antibacterial effect of HBD-3 is com-
plicated. On the one hand, as a mechanical 
pressure wave, ultrasound can generate high 
pressure and high shear force in the body, 
enhance the micro-convection between cells, 
increase the permeability of the cell mem-
brane, and promote the passage of HBD-3 
through the biofilm [16]. On the other hand, 
ultrasound can also increase the local temper-
ature in ultrasound regions and generate free 
radicals in tissues, so as to potentially promote 
the permeability of bacterial cell membranes 
[17].

The formation of bacteria biofilm begin with the 
attachment of bacteria to host tissue or implant 
surface, and then the proliferation and aggre-
gation of attached bacteria form biofilms. mecA 
gene coding for PBP2, which can reduce the 
antimicrobial activity of β-lactam antibiotics ag- 
ainst pathogenic bacteria, is one of the mecha-
nism for MRSA and methicillin-resistant Sta- 
phylococcus epidermidis (MRSE) to resist drug. 
Research shows that, ultrasound + HBD-3 lipo-
some + microbubble can significantly lower the 
expression of MecA gene in biofilm, which may 
increase the sensitivity of MRSA and MRSE to 
oxacillin.

The indicators selected for the animal experi-
ments in this study are still not comprehensive 
enough. It is expected that these indicators  
can be further enriched and improved in later 
studies.

In conclusion, ultrasound microbubble can in- 
crease the antimicrobial activity of HBD-3 ag- 
ainst the biofilm formation of antibiotic-resis-
tant bacteria and provide a non-invasive and 
targeted approach to treat antibiotic-resistant 
biofilm infections.
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