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Treating biofilm infections on implanted medical devices is formidable, even with extensive antibiotic
therapy. The aim of this study was to investigate whether ultrasound (US)-targeted microbubble (MB)
destruction (UTMD) could enhance vancomycin activity against Staphylococcus epidermidis RP62A biofilms.
Twelve-hour biofilms were treated with vancomycin combined with UTMD. The vancomycin and MB
(SonoVue) were used at concentrations of 100 �g/ml and 30% (vol/vol), respectively, in studies in vitro. After
US exposure (0.08 MHz, 1.0 W/cm2, 50% duty cycle, and 10-min duration), the biofilms were cultured at 37°C
for another 12 h. The results showed that many micropores were found in biofilms treated with vancomycin
combined with UTMD. Biofilm densities (A570 values) and the viable counts of S. epidermidis recovered from
the biofilm were significantly decreased compared with those of any other groups. Furthermore, the highest
percentage of dead cells was found, using confocal laser scanning microscopy, in the biofilm treated with
vancomycin combined with UTMD. The viable counts of bacteria in biofilms in an in vivo rabbit model also
confirmed the enhanced effect of vancomycin combined with UTMD. UTMD may have great potential for
improving antibiotic activity against biofilm infections.

Bacteria that adhere to implanted medical devices, such as
vascular catheters, prosthetic joints, and artificial heart valves,
can cause persistent infections because bacteria sequestered in
biofilms show increased tolerance of normal antibiotic thera-
pies (6). The mechanism of this resistance is very complicated.
Current hypotheses on the subject include the heterogeneity of
biofilm-encased bacteria and the failure of an antibiotic to
penetrate the full depth of the biofilm (10). So far, the most
effective treatment against biofilm infections is to remove the
implant, treat the patient with antibiotics at safe levels, and
later insert a new implant, which is a costly and difficult pro-
cedure (6, 7). Therefore, it is necessary to explore more effec-
tive methods of dealing with infections caused by biofilms on
implanted devices.

Studies have shown that low-frequency ultrasound (US)
combined with antibiotics can significantly enhance the bacte-
ricidal activity of antibiotics in both planktonic and biofilm
forms (2, 4, 12). The mechanism may be that US increases cell
membrane permeability (27), enhances microconvection from

ultrasonic heating, and stimulates active or passive uptake of
the antibiotics, as US can give rise to high-pressure, high-shear
stress, or cavitation, causing cell membrane and biofilm dis-
ruption (23, 31).

Recently, microbubble (MB)-based US contrast agents have
been used widely in clinical sonography. MB agents can pro-
vide nuclei for inertial cavitation and lower the threshold for
US-induced cavitation. Destruction of MBs by US increases
the membrane permeability of cells by shear stress, rising tem-
perature, and activation of reactive oxygen species. Therefore,
such MBs have also evolved as tools to deliver drugs or genetic
materials (9). Many studies have shown that US-targeted MB
destruction (UTMD) could improve transfection efficiency sig-
nificantly (13, 30), and this technology may also be used to
enhance the efficacy of thrombolysis therapy (20, 33). How-
ever, to our knowledge, the ability of UTMD to enhance an-
tibiotic transport and improve antibiotic activity against bio-
films is still unknown. Therefore, we designed this study to
investigate the effect of UTMD combined with vancomycin on
Staphylococcus epidermidis biofilms.

MATERIALS AND METHODS

Bacterial strains, media, and antibiotics. Staphylococcus epidermidis RP62A
(ATCC 35984) was selected for this study because this strain can produce a thick
biofilm after 24-hour incubation (21, 34). Tryptic soy broth (TSB; Oxoid, Bas-
ingstoke, United Kingdom) medium containing 0.25% glucose was used for
biofilm formation. Vancomycin (Sigma, St. Louis, MO) was reconstituted in
distilled water and filter sterilized.

MB and US. SonoVue MB contrast agent (Bracco, Milan, Italy) was recon-
stituted in 5 ml normal saline according to the manufacturer’s protocol. The
SonoVue reconstitution resulted in a preparation that contained 2 � 108 to 5 �
108 MBs/ml. The MB shell is composed of phospholipids and encapsulates sulfur
hexafluoride gas. The diameter of MBs is typically 1 to 8 �m (mean, 2.5 �m) (29).

* Corresponding author. Mailing address for Wenping Wang: De-
partment of Ultrasound, Zhongshan Hospital, Fudan University, 180
Fenglin Rd., Shanghai 200032, China. Phone: 86-21-64041990-2363.
Fax: 86-21-64220319. E-mail: puguang61@126.com. Mailing address for
Di Qu: Institute of Medical Microbiology and Institutes of Biomedical
Sciences, Medical School of Fudan University, 130 Dongan Rd.,
Shanghai, China. Phone: 86-21-54237524. Fax: 86-21-64227201. E-mail:
dqu@fudan.edu.cn.

† Present address: Department of Ultrasound, Anhui Provincial
Hospital of Anhui Medical University, Hefei 230001, China.

‡ Present address: Clinical Laboratory, First Affiliated Hospital of
Medical College of Xi’an Jiaotog University, Xi’an 710061, China.

� Published ahead of print on 15 August 2011.

5331



In our study the concentration of the MB solution was defined as 100%, and the MB
solution was further diluted in the TSB medium (1:3.3) in the UTMD experiments;
therefore, the concentration of MB in medium was defined as 30% (vol/vol).

The ultrasonic apparatus (US-100; ITO Co., Tokyo, Japan) was hospital-use,
physiotherapeutic equipment with a 30-mm-diameter ultrasonic transducer (US
frequency, 0.08 MHz). The acoustic intensity of the output was set from 0.1
W/cm2 to 3.0 W/cm2, and the duty cycle was changed from 5% to 100%.

Protocol of biofilm treatment combining vancomycin with UTMD in vitro.
Biofilms were cultured and detected by using a semiquantitative plate assay (5).
A polystyrene microtiter 96-well plate was divided into six areas, and biofilm was
cultivated in the central four wells of each area, as illustrated in Fig. 1. The
effective area of the US transducer is just larger than the area of the four wells.
The ultrasonic transducer was placed 2 mm below each of the four wells, and US
was transmitted through the bottom of the 96-well plate via a coupling gel, as
reported previously (16). In the in vitro assay, vancomycin was used at a concen-
tration of 100 �g/ml (a high concentration, given that the minimal bactericidal
concentration of S. epidermidis planktonic cells is 8 �g/ml [24]). During experi-
ments in vitro, the acoustic intensity was set at 1.0 W/cm2, with a 50% duty cycle.
Sixty microliters of SonoVue was added to each well before US exposure. The
MB concentration was 30% as we defined previously.

Overnight cultures of S. epidermidis strains grown in TSB medium were diluted
1:200, inoculated into wells of polystyrene microtiter plates (200 �l per well), and
incubated for 12 h at 37°C. Biofilms formed in the six areas were treated under
six different conditions: (i) not treated (control group), (ii) vancomycin, (iii) US
only, (iv) vancomycin plus US, (v) MB � US, and (vi) vancomycin � MB � US.

Viable count of S. epidermidis. Numbers of CFU were used to determine the
viable bacteria in biofilms and supernatants. Twelve hours after treatment under
the above six conditions, the biofilms were carefully scraped from the bottom of
the 96-well plate, digested with 0.5% trypsin, and then dispersed thoroughly in
TSB by vortexing. The samples were serially diluted in TSB, and 100 �l of each
dilution was plated onto TSB agar plates and incubated at 37°C for 24 h. The
numbers of CFU were determined and expressed relative to the area of the well
(CFU/cm2) for biofilm bacteria and expressed relative to the amount of TSB for
planktonic bacteria (CFU/ml). The experiments were repeated three times.

Changes in biofilm density and morphology. After US treatment, the biofilms
in the 96-well plate were washed gently three times with 200 �l phosphate-
buffered saline (PBS) and stained with 2% crystal violet for 5 min. Then, the
plate was rinsed under running tap water and air dried. The biofilm density was
evaluated by measuring the absorbance at 570 nm using a spectrophotometer
(DTX880; Beckman Coulter, CA). Each assay was repeated three times.

After spectrophotometer readings, the biofilms were observed by macroscopy
and by optical microscopy (YS100; Nikon, Tokyo, Japan).

Observation of biofilms by CLSM. To observe the biofilms by confocal laser
scanning microscopy (CLSM), the S. epidermidis cells were cultivated in
FluoroDish (FD35-100; WPI, United States). Briefly, overnight cultures of S.
epidermidis grown in TSB medium were diluted 1:200, inoculated into the dishes
(2 ml per dish), and then incubated at 37°C for 12 h. After the incubation, the
biofilms were treated under the six different conditions described above. The
sterile transducer was placed 10 mm above the biofilm, and US was transmitted
through the TSB medium to the biofilms. SonoVue microbubbles (900 �l) were
added into the corresponding dishes. The acoustic intensity and duty cycle were
set at 1.0 W/cm2 and 50%. Then, the biofilms were incubated at 37°C for another
12 h. The dishes were washed carefully with PBS and stained with a LIVE/

DEAD kit (containing SYTO9 and propidium iodide [PI]; Invitrogen Molecular
Probes, United States) according to the manufacturer’s instructions. SYTO9
stains viable bacteria green, while PI stains dead bacteria red. The biofilms of S.
epidermidis were observed under a TCS SP5 CLSM (Leica, Germany) using a
63�, 1.3 oil water immersion lens. Images were generated by the Imaris software
package (Bitplane, Zurich, Switzerland).

Protocol for in vivo studies. All animals were cared for according to the
approved guidelines of the Institute of Animal Care and Use Committee, and the
protocol was approved by the committee. Forty-eight hours prior to surgery,
sterile polyethylene dishes (8-mm diameter, 1-mm thickness, with a 20-mm
chimb) were placed in separate sterile glass petri dishes containing 20 ml TSB
and 100 �l overnight cultures of S. epidermidis. The dishes were inoculated at
37°C for 24 h. This procedure was repeated again for formation of a biofilm on
the polyethylene dishes. Twelve New Zealand White female rabbits (2.0 to 2.5
kg) were randomly divided into six groups and anesthetized with ketamine (35
mg/kg of body weight) and diazepam (5 mg/kg), which was administered intra-
muscularly into the caudal thigh muscles as a single dose. After the back of the
rabbit was denuded of fur, biofilm-infected polyethylene dishes were implanted
subcutaneously bilateral to the spine, as reported previously (2, 25, 26), with
three dishes on each side (Fig. 2).

The rabbits in six groups were treated as follows: (i) untreated control, (ii)
vancomycin, (iii) US only, (iv) vancomycin � US, (v) MB � US, and (vi)
vancomycin � MB � US. Vancomycin (50 mg/kg) was administered through a
marginal vein in the appropriate rabbits’ ears immediately after surgery and 3
times a day thereafter. Twenty-four hours after surgery, US exposure or UTMD
was performed for 20 min immediately following the administration of vanco-
mycin, 3 times a day. The SonoVue MB (200 �l) was injected subcutaneously
into the area of the dishes at 5-min intervals for a total 800 �l per treatment. The
acoustic intensity was set at 500 mW/cm2, and the duty cycle was 50%. The
ultrasonic transducer was placed on the skin over one of the implanted biofilm-
infected dishes using an acoustically conductive gel adhesive. At 4 days after the
surgery, the nine treatments were completed. Twelve hours after the last treatment,
the rabbits were euthanized and the implants were taken out with sterile forceps.
Biofilms were scraped from the dishes, and the viable bacteria were determined by
CFU counting as previously described. The hearts, livers, and kidneys of rabbits were
collected for independent histopathological examinations.

Blood samples were collected from the marginal ear veins before and after
treatment to determine if bacteria had escaped from the biofilms into the blood-
streams. The first sample was taken before surgery, the second sample was made
just prior to treatment with vancomycin or vancomycin plus US or UTMD, and
the third sample was done prior to euthanasia and 12 h after the final vancomycin
dose. Blood samples were diluted and plated onto TSB agar plates via the
membrane filtration method.

Statistical analysis. All data were expressed as the mean � standard deviation.
Differences in A570 values and log10 CFU counts among groups were assessed
with one-way analysis of variance (ANOVA) tests. SPSS version 11.5 (SPSS, Inc.,
Chicago, IL) was used for statistical analyses. A P value of �0.05 was considered
statistically significant.

FIG. 1. Schematic diagram of biofilm treatment. Ultrasound is
transmitted though the bottom of the wells via coupling gels.

FIG. 2. Schematic diagram of biofilm infection in a rabbit. Biofilm-
infected polyethylene dishes were implanted subcutaneously bilateral
to the spine, with three dishes on each side.
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RESULTS

Influence of vancomycin combined with UTMD on biofilm
morphology. To investigate whether UTMD could influence
the modality of S. epidermidis biofilms, the biofilms were ex-
amined by macroscopy and microscopy after treatment (Fig.
3). A thick and compact biofilm was observed with both the
control group and the vancomycin group. Interestingly, many
micropores were found in both biofilms of the US-only-treated
group and vancomycin � US-treated group, and even bigger
micropores were observed with the biofilms of both the US �
MB-treated group and vancomycin � US � MB-treated group.

A quantitative analysis was performed using the Image J
program (quantitative analysis software; http://rsbweb.nih.gov/ij)
to compare the ratios of the areas of the micropores to the
total areas in photos taken under light microscopy. Five sample
points were selected for each group, and the ratios for (i) the
control group, (ii) the vancomycin group, (iii) the US-only
group, (iv) the vancomycin � US group, (v) the MB � US group,
and (vi) the vancomycin � MB � US group were 0.04% �
0.02%, 0.08% � 0.03%, 12.04% � 1.21%, 18.06% � 1.72%,
24.81% � 3.02%, and 29.02% � 3.16%, respectively. The total
micropore area in the vancomycin � US � MB group was
significantly larger than those in the other groups (P � 0.05).

Effect of vancomycin combined with UTMD on biofilm den-
sity. To test the effect of UTMD on biofilm density, the ab-
sorbance of biofilms stained with crystal violet was detected at
570 nm using a spectrophotometer. The A570 value in the
control group, representing the biofilm density, was slightly
higher than that of the vancomycin-treated group, but there
was no significant difference between the two groups (P �

0.05). The biofilm density in the vancomycin � US-treated
group, the US-only-treated group, the MB � US-treated
group, and the vancomycin � MB � US-treated group was less
than that of the control group and vancomycin-treated group
(P � 0.01). The vancomycin � MB � US-treated group had
the minimum lowest biofilm density (P � 0.01) (Fig. 4).

Bactericidal action of vancomycin combined with UTMD in
vitro. To assess the antibacterial activity of vancomycin com-
bined with UTMD, viable Staphylococcus epidermidis from the
biofilms and planktonic growth was recovered. The log10 num-
ber of CFU/cm2 of viable bacteria recovered from biofilms in
the vancomycin-treated group (9.73 � 0.12) was slightly lower
than that of the control group (10.51 � 0.14) (P � 0.01). The
log10 numbers of viable CFU/cm2 from the biofilms of the
US-only-treated group and the US � MB-treated group were
10.26 � 0.16 and 10.19 � 0.19, respectively, which is not sig-
nificantly different from that of the control group. The log10

numbers of viable CFU/cm2 significantly decreased in the van-
comycin � US-treated group (8.66 � 0.16) (P � 0.01) and in
the vancomycin � MB � US-treated group (7.17 � 0.17) (P �
0.01) compared with those of other groups (Fig. 5a). The
results of the log10 numbers of CFU/ml of viable cells obtained
from the planktonic bacteria were similar to the results from
the biofilms (Fig. 5b).

To confirm the activity of vancomycin combined with
UTMD against bacteria in biofilms, the biofilms were exam-
ined by CLSM (Fig. 6). Packed and thick biofilms were ob-
served with the control group and the vancomycin-treated
group, and many dead bacteria could be found in the vanco-
mycin-treated group. Similar to the results acquired by macros-

FIG. 3. Morphology of biofilms examined by macroscopy (MACS) and light microscopy (MICS) (original magnification, �200). Overnight
cultures of bacteria were diluted 1:200 and cultured in 96-well plates (200 �l/well) at 37°C for 12 h, and then the biofilms underwent the six different
treatments outlined in the figure (A to F). The biofilm was then washed gently 3 times with PBS and stained with crystal violet. After treatment,
the biofilms were stained with 2% crystal violet.
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copy and by light microscopy, many micropores were observed
with the biofilms treated with US with or without vancomycin
and/or MB. The biofilms treated with US � MB in the presence
or absence of vancomycin exhibited larger micropores than those
in other groups. Furthermore, many more dead bacteria were
detected in biofilms treated with vancomycin � US or with van-
comycin � MB � US, than in those of biofilms treated with
vancomycin only, with US, or with US � MB.

To evaluate the ratios of viable cells to dead cells in biofilms
after the different treatments, a fluorescence quantification
based on the original CLSM data was conducted using the

Image J program by measuring the green fluorescence (GF)
and red fluorescence (RF) in the z-stack composite confocal
photomicrographs. Those stacks of viable cells (GF), dead cells
(RF), and both (GF � RF) were generated separately. The
quantitative values (mean values and standard deviations of
five sample points) were calculated (Table 1). Compared with
those of the other groups, the total bacteria (RF � GF) and
the percentage of viable cells (GF/total fluorescence [TF]) in
the vancomycin � US � MB group were significantly de-
creased (P � 0.05).

Bactericidal action of vancomycin combined with UTMD in
vivo. Visual observation showed that neither burns nor any type
of skin damage was found after US or UTMD treatment. The
viable counts of S. epidermidis CFU recovered from the im-
planted dishes in rabbits are shown in Fig. 7. The log10 num-
bers of viable CFU/cm2 from biofilms of (i) the untreated
control group, (ii) the vancomycin group, (iii) the US-only
group, (iv) the vancomycin � US group, (v) the MB � US group,
and (vi) the vancomycin � MB � US group were 5.21 � 0.28,
5.16 � 0.25, 4.68 � 0.17, 5.11 � 0.26, 5.01 � 0.23, and 3.76 �
0.14, respectively. There was no significant difference among
the untreated control group, the vancomycin group, the US-
only group, and the MB � US group (P � 0.05). However, the
log10 numbers of viable CFU/cm2 were significantly decreased
in biofilms treated with vancomycin � US with or without MB
(P � 0.05). The vancomycin � US � MB group contained the
smallest log10 number of CFU/cm2 compared with the other
groups (P � 0.05).

None of the blood samples, before or after treatment of any
of the rabbits, showed any signs of S. epidermidis. The tissue
around the implant dishes had large numbers of bacteria, but
none of such organs as hearts, livers, or kidneys showed any
colonization by S. epidermidis.

DISCUSSION

Biofilm infections are a common complication associated
with implanted medical devices. Mature biofilms are demon-
strably resistant to concentrations of antibiotics 500 to 5,000

FIG. 4. Semiquantitative analysis of biofilm density. The biofilms of
S. epidermidis RP62A were detected by semiquantitative microtiter
plate assay. Briefly, overnight cultures of bacteria were diluted 1:200
and cultured in a 96-well plate (200 �l/well) at 37°C for 12 h, and then
the biofilms were treated with the six different conditions denoted in
the figure. The biofilm was washed gently 3 times with PBS and stained
with crystal violet, and the absorbance at 570 nm was measured by a
spectrophotometer. Data are presented as means plus standard deviations
(n � 12). The error bars represent 95% confidence intervals. Asterisks
denote statistically significant differences: *, P � 0.05, and **, P � 0.01.
# denotes no significant difference between groups, P � 0.05.

FIG. 5. Comparison of viable bacteria recovered from biofilms and planktonic bacteria after treatments. Data are expressed as means plus
standard deviations (n � 9). (a) Viable counts recovered from biofilms. (b) Viable counts from planktonic cells. The error bars represent 95%
confidence intervals. Asterisks denote statistically significant differences; **, P � 0.01. # denotes no significant difference between groups, P �
0.05.
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times more than that necessary to kill planktonic cells of the
same organism (15). Successful therapies for infections on
implanted medical devices are very difficult and quite rare,
even with extensive antibiotic treatment (8). To the best of our
knowledge, this study is the first to investigate the effect of
UTMD on enhancing vancomycin’s antibacterial activity
against biofilm cells both in vitro and in vivo. Compared with
antibiotics combined with US alone, UTMD could further
enhance the activity of antibiotics against bacterial biofilms.
Our results indicated that the biofilms treated with vancomycin
combined with UTMD contained the largest percentage of
dead bacteria compared to the other groups. Furthermore, we
found that the biofilm density was significantly lowered and
larger micropores were observed after treatment with a com-
bination of vancomycin and UTMD.

The mechanism of the enhancement of antibiotic action by
US is complex. First, US can increase cell permeability (27)
and stimulate transport of the antibiotics through the biofilm
(4) due to cavitation, high pressure, and high shear stress.
Second, a temperature increase and generation of intracellular

reactive oxygen species following the application of US might
permeabilize the cell membrane (14, 17). In this study, UTMD
exhibited the ability to destroy the biofilm matrix and give rise
to larger micropores in the biofilm than US alone, which im-
proved antibiotic transport significantly. The reason for this
may be that MB can act as cavitation nuclei and significantly
lower the threshold energy needed for cavitation (13, 19).
Many studies have shown that US can increase gene or drug
delivery (16, 18) in eukaryotic cells, and the mechanism has
been explained convincingly by the repairable sonoporation
phenomenon, as visualized by scanning electron microscopy
(32). However, bacteria are significantly smaller than eukary-
otic cells and have a higher tensile-strength cell wall, and the
occurrence of sonoporation through bacterial walls needs fur-
ther research.

Qian et al. (22) reported that low-intensity US (10 mW/cm2,
2 h) could enhance the activity of antibiotics against biofilms
without disrupting the biofilm or dispersing the bacteria. How-
ever, in the present study, many micropores were observed in
the biofilms treated with US or US plus MB, which indicated

FIG. 6. (A to F) Three-dimensional structural images of biofilms. The biofilms of S. epidermidis RP62A in FluoroDishes were visualized by
CLSM with the LIVE/DEAD viability stain (SYTO9/PI). Viable cells exhibit green fluorescence, whereas dead cells exhibit red fluorescence. Many
micropores (white arrow) could be observed in the biofilms treated with US with or without MB. The images are three-dimensional reconstructions
using Imaris software, based on CLSM data at approximately 0.5-�m-depth increments. The experiments were repeated twice with similar results.

TABLE 1. Quantitative analysis of fluorescence in CLSM images of biofilms by use of the Image J programa

Group
Fluorescence quantificationb Ratio

GF RF TF RF/GF GF/TF

Control 1,492 � 79 337 � 23 1,829 � 89 0.23 0.82
Vancomycin 1,254 � 61 352 � 26 1,606 � 73 0.28 0.78
US alone 1,175 � 53 184 � 13 1,359 � 64 0.16 0.86
Vancomycin � US 782 � 32 463 � 31 1,245 � 56 0.59 0.63
US � MB 1,043 � 47 186 � 16 1,229 � 51 0.18 0.85
Vancomycin � US � MB 522 � 25 505 � 33 1,027 � 47 0.94* 0.51*

a z-stack composite confocal photomicrographs were generated for fluorescence quantification based on the original CLSM data shown in Fig. 6, and those stacks
of viable cells (GF), dead cells (RF), and all cells (TF � GF � RF, viable and dead) were generated separately. GF stands for the green fluorescence quantities of
the viable cell stacks. RF stands for the red fluorescence quantities of the dead cell stacks. TF represents the fluorescence quantities of all the cell stacks. �, P � 0.05.

b Values are expressed as means � standard deviations of five sample points.
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that biofilms might be disrupted and portions of them de-
tached. The findings might be attributed to the higher-intensity
US (0.08 MHz, 1 W/cm2 with 50% duty cycle, but a duration of
only 10 min) used here. These US parameters are within the
range of clinical physical therapy (11, 28). The similar US
parameters (0.07 MHz, 1.5 W/cm2, 45 min) were also utilized
in another related study (4). Although no bacteria were found
in blood samples from rabbits and no organs showed any col-
onization by S. epidermidis in the in vivo experiment, it is
necessary to maintain an effective antibiotic dose to avoid a
potential infection in other parts of the body resulting from
dissemination of biofilm fragments, given that the technology
might be applied in clinical practice in the future. Lowering the
power of the US treatment might also be an alternative choice.
Further research is necessary to resolve these problems.

Multiple factors affect the activity of US-mediated antibiot-
ics against bacteria in biofilms. First, the US parameters, in-
cluding acoustic intensity, duty cycle, frequency, and duration,
may be the main factors (23). Greater power and longer du-
ration could promote antibiotic transport (4, 25). However,
this may cause skin or tissue damage, although pulsed US
could significantly reduce bacterial viability without tissue
damage (25). It has been reported that the bactericidal effect
of US combined with an antibiotic on biofilms decreased as the
US frequency increased (23). Second, the species of bacteria
and the age of the biofilm may also influence antibiotic action.
Carmen et al. (3) have reported that the combination of gen-
tamicin and ultrasonic irradiation for 24 h reduced the viability
of Escherichia coli biofilms in vivo, and such treatment for 48 h
reduced viable bacteria to nearly undetectable levels. How-
ever, when Pseudomonas aeruginosa biofilms were treated with
US for 24 and 48 h, no appreciable reduction of viable bacteria
was observed. The authors believed that the difference in the
responses of these two organisms was due to the greater im-

permeability and stability of the outer membrane of Pseu-
domonas aeruginosa. In addition, it is noteworthy that the
amount of antibiotic penetrating the biofilm significantly de-
creased with an increase in age of the biofilm (4). Older bio-
films are frequently observed to be more resistant to antimi-
crobial agents (1). Therefore, it is very important to optimize
the US exposure parameters and to treat biofilm infections as
early as possible with antibiotics in combination with UTMD.

In conclusion, UTMD may enhance antibiotic activity
against biofilms, providing a noninvasive and targeted ap-
proach to cure biofilm infections.
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