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Abstract 

The effect of simultaneous ultrasonic treatment on the efficacy of gentamicin against planktonic and established 
biofilm cells of Pseudomonas aeruginosa was investigated. Planktonic ceils were treated with 6 or 12 ~tgm1-1 of 
gentamicin for 4 h with ultrasonic treatment at three levels of power density (0.2, 2 and 15 mW cm-2). Biofilm cells 
grown on stainless steel slides in a continuous flow reactor were treated with 30 ~tg ml- 1 of gentamicin and ultrasound. 
Ultrasound itself at these power levels did not cause cell killing or lysis in planktonic and biofilm cultures. 
Concentrations of 6 and 12 mgm1-1 gentamicin led to 2.65- and 2.75-1og reductions of the surviving fraction in 
planktonic cultures in the absence of ultrasound. The addition of ultrasound did not show further reduction compared 
with those without ultrasonication. Gentamicin (30 ~tg m1-1) caused variable killing in biofilms which ranged from 
0.83- to 2.86-1og reductions of the surviving fraction without ultrasonication. Gentamicin efficacy measured by the 
surviving fraction was improved by 0.28-, 1.12- and 0.58-1og when coupled with 0.2, 2 and 15 mW cm -2 ultrasonic 
treatments, respectively. Experimental results indicated that ultrasound modestly improved the efficacy of gentamicin 
against established P. aeruginosa biofilms. 
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1. Introduction 

Biofilm infections are difficult to control  with 
antibiotics, Biofilms typically require hundreds  or 
even thousands  times higher concentrat ions of 
antimicrobial  agents to achieve the same degree of  
killing as in suspended cultures [ 1 -4 ] .  One  expla- 
nat ion for biofilm recalcitrance is at tr ibuted to the 
existence of  extracellular polysaccharides (EPS) 
that  establish a diffusion barrier [ 2 , 5 - 7 ]  or  bind 
the antimicrobial  agents before they can reach the 
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bacterial cells [8 ] .  Biofilms may  also contain 
regions where microbial  growth is slow and anti- 
biotic tolerance is propor t ional ly  higher [9 ] .  

Several approaches  have been reported to 
enhance antibiotic efficacy against biofilm cells. 
Domenico  and co-workers found that bismuth 
could reduce the product ion  of  capsular  poly- 
saccharide in gram-negat ive bacteria and conse- 
quently enhance antibiotic potency [ 1 0 - 1 2 ] .  
Inhibi tory  concentrat ions of  amikacin or  tobra-  
mycin for Enterobacter cloacae or Serratia marces- 
cens were reduced four- to seven-fold in 
combina t ion  with a bismuth salt [ 10]. Selan et al. 
also found proteolytic enzymes could s ignifcant ly 
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enhance the activity of antibiotics against biofilms 
[ 13]. The minimum bactericidal concentrations of 
ofloxacin plus serratiopeptidase against Pseudo- 
monas aeruginosa and Staphylococcus epidermidis 
were 8 to 16 times lower than those of ofloxacin 
alone. Enhancement of antibiotic and biocide 
efficacy against P. aeruginosa biofilms by a low 
strength electric field has been reported [-4,14,15]. 
Ultrasound has recently been discovered to 
enhance antibiotic action on suspended gram- 
negative bacteria [16].  The purpose of this paper 
was to investigate the ability of ultrasound to 
enhance the antimicrobial activity of gentamicin 
against established bacterial biofilms. Experiments 
were conducted at three different levels of ultra- 
sonic intensity. We also conducted parallel experi- 
ments with planktonic cultures. 

2. Experimental 

2.1. Bacterial strain and media 

Pseudomonas aeruginosa ERC1 taken from the 
collection of the Center for Biofilm Engineer- 
ing was used throughout. A phosphate buffered 
(pH 7.2) minimal salts medium [ 17] supplemented 
with 0.5 g 1-1 glucose as the sole carbon source 
was used for suspended cultures. The same 
medium, but with 20 mg 1-1 glucose, was used to 
grow biofilms. 

2,2. Antibiotic 

250 ml shake flask which was agitated at 200 rev 
min -1 at 35°C for 24 h. A volume of 0.5 ml of the 
resulting culture was transferred to 50 ml of fresh 
medium. After shaking for 3 h, 2 ml of this culture 
was distributed into six disposable polyethylene 
tubes each. The tubes were divided into two sets 
and the necessary volume of gentamicin stock 
solution was added to attain the desired final 
concentrations (0, 6, 12 gg ml-~).  One set of tubes 
was treated with ultrasound and another set was 
used as a control. 

2.4. Biofilm apparatus 

Biofilms were grown on stainless steel slides in 
an annular reactor [18].  The average area on the 
stainless slide covered with biomass was 31.5 cm 2. 
The operating conditions of the reactor system 
have been described in detail previously [17]. 
Briefly, the annular reactor contained 12 remov- 
able slides and the reactors were operated at a 
dilution rate of 3.2 h-X to ensure that the growth 
of planktonic cells was negligible. Reactor effluent 
was sampled to monitor  the detachment of biofilm 
bacteria and to check for contamination on a daily 
basis. Steady state was reached after seven days of 
operation, as reflected by a constant concentration 
of cells in the reactor effluent. Biofilm slides were 
withdrawn and placed in sealable polyethylene 
bags (Ziplock, 27 × 28 cm) containing 400 ml of 
identical medium with or without gentamicin. The 
medium was aerated for 20min  before use to 
ensure that it was initially saturated with oxygen. 

Gentamicin sulfate (Sigma Chemical Company,  
St. Louis, MO) was used without further purifica- 
tion. A cooeentration of 3 mg ml-1 in phosphate 
buffered saline was prepared as a stock solution. 
Final concentrations at 6 and 12ggm1-1  were 
used for suspended cultures and 30 gg ml -~ was 
used for biofilm experiments in accordance with 
the reports of greater antibiotic resistance for bio- 
film cells [ 1-4] .  

2,3. Planktonic cultures 

An inoculum culture was obtained by inoculat- 
ing a single colony from an agar plate into a 

2.5. Ultrasonication 

Planktonic or biofilm cell samples were ultrason- 
icated for 4 h in a Sonicor SC-100 sonicating bath 
(Sonicor Instrument Co., Copiaque, NY). The 
0.23 m x 0.13 m × 0.10 m stainless steel bath con- 
tained 2.25 1 of water, resulting in a liquid depth 
of about 0.075 m. The temperature was maintained 
at room temperature (25°C) by recirculating tap 
water through a copper tube immersed in the bath. 
Two stainless slides (in bags) were placed 
lengthwise in the bot tom of the bath, 0.02 m from 
the bot tom and 0.02 m from each side with the 
biofilm side of the slides perpendicular to the 
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bottom of the bath and facing the center of the 
bath. In this bath, the ultrasound is generated by 
two piezoelectric transducers attached to the 
underside of the bath. The transducers are driven 
at 70 kHz continuous wave with two superimposed 
amplitude modulations: a 30% modulation at 
2 kHz and a 90% modulation at 110 Hz. 

The insonation intensity was controlled by plug- 
ging the Sonicor into a variable a.c. transformer 
(variac) and adjusting the voltage to the desired 
level. The voltage was measured independently by 
a voltmeter. The insonation intensity level was 
calibrated in separate experiments using the force 
deflection technique described by Christensen 
[19],  and represented a spatial average, time 
average power density. The calibration was per- 
formed by suspending a hollow aluminium target 
from below the pan ofa  Mettler MT5 microbalance 
(Mettler-Toledo, Highstown, NJ). The target had 
dimensions of 40 mm x 40 mm x 6.0 mm and was 
bent in the center at a 136 ° angle, giving a pro- 
jected area of 14.8 cm 2. The target was positioned 
in the Sonicor bath 3 cm below the surface of the 
water. A calibration of input voltage vs. insonation 
intensity was constructed by measuring the insona- 
tion intensity at several voltage levels, and the 
precision of calibration was estimated to be _+ 15%. 
Voltages of 50, 75 and 115 VAC (60 Hz), corre- 
sponding to insonation intensities of 0.2, 2.0, and 
15 mW cm-2,  were used in this study. 

2.6. Cell enumeration 

Planktonic bacteria were analyzed directly from 
the cultures. Biofilm bacteria were collected by 
scraping the biofilms from slides into 50 ml phos- 
phate buffer followed by disaggregation of the cell 
clusters in an ice bath for 3 min with a homogenizer 
(Tekmar Co., Cincinnati, OH). Viable cells were 
determined by plate counts (PC) using R2A agar 
plates. Total cell numbers were obtained by 
acridine orange direct counts (AODC) collected 
on black polycarbonate membranes (0.2lam, 
Nucleopore). The surviving fraction was obtained 
by dividing the number of viable cells by the total 
cell number (PC/AODC). The percentage of bio- 
film cells detached from the slides during handling 
and ultrasonicating was determined by dividing 

AODC in the treatment fluid by the sum of AODC 
in the treatment fluid and on the slide. 

2.7. Statistical analysis 

In replicate experiments, direct bacterial cell 
counts were averaged from ten microscopic fields 
and plate count data were averaged from three 
plates. At each time in each experiment, the mean 
counts for total cells and viable cells were recorded. 
Statistical analyses were performed using S-Plus 
software (Version 3.1 by Statistic Science, Inc., 
Seattle, WA) and were based upon the log- 
transformational means. 

3. Results 

3.1. Planktonic cultures 

3.1.1. Total cell and viable cell counts 
Figs. l(a), (b) and (c) show total cell and viable 

cell concentrations after 4 h of gentamicin treat- 
ments under 0.2, 2 and 15 mW cm -2 ultrasonica- 
tion, respectively. There was not a significant 
difference in total cell concentrations between 
experiments. This indicated that ultrasound and/or 
gentamicin did not cause cell disruption or lysis. 
Ultrasound alone did not affect the viability of 
P. aeruginosa ERCI: no significant difference 
between viable cell concentrations in ultrasonica- 
tion and control experiments was evident. After 
4 h  treatment with 6lagml 1 gentamicin, an 
average 2.8-1og reduction of viable cell concen- 
tration (cfum1-1) was found in the absence of 
ultrasound treatment. There was an average 3.0-log 
decrease for the 12 lag ml-  1 gentamicin treatment. 
Coupling ultrasound with gentamicin treatment 
did not further reduce viable cells compared with 
antibiotic treatment alone. 

3.1.2. Surviving fraction 
The effect of ultrasound and/or gentamicin on 

the surviving fractions of planktonic P. aeruginosa 
ERC1 are tabulated in Table 1. Ultrasonication 
alone had little effect on the surviving fraction for 
planktonic cells. Antibiotic treatment alone yielded 
2.65- and 2.75-1og reductions in the surviving frac- 
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Fig. 1. Cell concentrations of planktonic P. aeruginosa ERCI 
after exposure to 4 h of gentamicin and/or ultrasonication: ~ ,  
total cell count; roll, viable cell count. C, control; U, 
ultrasonication; G6, 6 g g m l  ~ gentamicin treatment; G12, 
12 gg ml 1 gentamicin treatment. 

surviving fraction log reductions between those 
with and without ultrasound for each experiment 
were less than 15%. 

3.2. Biofilm cultures 

3.2.1. Total cell counts 
Total cell numbers determined by acridine 

orange direct count after 4 h of 30 lag m l -  1 genta- 
micin treatment under 0.2, 2 and 15 mW cm -2 of 
ultrasound are shown in Fig. 2(a), (b) and (c), 
respectively. Cell counts in the treatment fluid of 
the plastic bag were normalized by the area of the 
slide and represented the sum of biofilm cells 
detached as the slide was put into the Ziplock bag, 
those detached during the treatment with ultra- 
sound, and those resulting from growth during the 
treatment periods. Although we handled the slide 
with care, variable detachment of biofilm from 
slides was not avoidable even without the applica- 
tion of ultrasound (control or gentamicin treatment 
only). The amount  of cells detached during hand- 
ling ranged from 4 to 70% of total cells. At 0.2 and 
2 m W c m  -2 of ultrasound treatment, the total 
number of biofilm cells remaining on the slides 
was slightly lower than without ultrasound, while 
the 15 mW cm -2 ultrasound treatment resulted in 
about  a 1.5-log (cell cm -2) reduction in attached 
total cell numbers. The total biofilm densities (com- 
bined slide and treatment fluid counts) were not 
significantly different. 

tions in response to 4 h of 6 and 12 lag m1-1 genta- 
micin treatments, respectively. Combining 
ultrasound and gentamicin treatment did not 
enhance antimicrobial efficacy. The differences in 

3.2.2. Plate counts 
Figs. 3(a), (b) and (c) illustrate viable cell count 

data after 4 h of 30 lag ml-1 gentamicin treatment 
under 0.2, 2 and 15 mW cm-2  ultrasound, respec- 

Table 1 
Effects of ultrasound and gentamicin on surviving fractions of planktonic cells 

Ultrasound 
power 
(mW cm -2) 

log C - l o g  U log C - l o g  G6 Log U-- log  (U&G6) log C-- log  G12 log U- - log  (U&G12) 

0.2 -0 .20  2.77 3.10 
2 0.09 2.61 2.23 

15 -0 .04  2.56 2.24 

3.15 
2.5 
2.6 

3.37 
2.21 
2.36 

C, control; U, ultrasonication; G6, 6 I.tg ml-1 gentamicin; G12, 12 p.g m1-1 gentamicin. 
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Fig. 3. Viable cell biofilm density of P. aeruginosa ERC1 after 
exposure to 4 h of gentamicin and/or ultrasonication: [ ] ,  on 
stainless steel slides; mini, in treatment fluid; [], sum of attached 
and suspended. C, control; U, ultrasonication; G30, 30 txg ml- 1 

gentamicin treatment. 

Fig. 2. Total cell biofilm density of P. aeruginosa ERC1 after 
exposure to 4 h of gentamicin and/or ultrasonication: [ ] ,  on 
stainless steel slides; g ,  in treatment fluid; [], sum of attached 
and suspended. C, control; U, ultrasonication; G30, 30 ~tg ml 
gentamicin treatment. 

tively. For  three different power  levels of  ultra- 
sound, the total viable biofilm densities (combined 
slide and t reatment  fluid counts) before and after 
u l t rasound t reatment  were almost  identical. This 
indicated that  u l t rasound alone had little effect on 
the killing of  biofilm cells. Ul t rasound applied in 
combina t ion  with 4 h of  30 ~tg m l -  1 gentamicin 
t reatment  slightly enhanced the killing over that  
seen with gentamicin alone. A 1.15 reduct ion of  
viable biofilm cell density (cfu cm -z)  was observed 
without  ultrasound, whereas a 1.20-log reduct ion 
was seen with 0.2 m W c m  -2 ultrasound. At the 
intermediate power  level, the reduct ion of  viable 
biofilm density was 2.29-1og in the absence of  
u l t rasound and 3.20-1og with 2 m W  cm -2 ultra- 

sound. Viable biofilm density decreased by 2.78-1og 
without  u l t rasound and decreased by 3.34-1og 
when 15 m W  cm -2 ul t rasound was applied. 

3.2.3. Surviving fraction 
The effect of  4 h of  30 Hg m l -  1 gentamicin and/or  

u l t rasound treatments on surviving fractions for 
undetached biofilms (cells left on slides) is summa-  
rized in Table 2. The surviving fraction was insensi- 
tive to ul t rasound without  gentamicin t reatment  
and the variat ion was within 0.21-log. Gentamicin  
treatments caused 0.83- to 2.86-1og decreases in 
the surviving fraction for biofilm samples. The 
variability of  these values was at tr ibuted to biofilm 
heterogeneity and non-cons tan t  biofilm thickness 
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Table 2 
Effects of ultrasound and gentamicin on surviving fractions of biofilm cells 

Ultrasound power log C -  log U log C -  log G30 log U -  log (U&G30) 
(roW cm -2) 

0.2 0.21 0.83 1.11 
2 -0.21 1.92 3.04 

15 0.07 2.86 3.44 

C, control; U, ultrasonication; G30, 30 gg ml 1 gentamicin. 

after putting slides into the Ziplock bags. The 
combination of gentamicin and ultrasound mod- 
erately enhanced the killing of biofilm cells. 
Gentamicin efficacy, measured in terms of the 
surviving fraction, was improved by 0.28-, 1.12- 
and 0.58-1og when coupled with 0.2, 2 and 
15 mW cm-z  ultrasound treatments, respectively. 

4. Discussion 

4.1. Planktonic cultures 

Research on the bactericidal effect of ultrasound 
has yielded mixed results. Scherba et al. [20] 
reported that ultrasound in the low kilohertz fre- 
quency range (26kHz) can kill bacteria 
(Escherichia coli, Staphylococcus aureus, Bacillus 
subtilis, and Pseudomonas aeruginosa), fungus 
(Trichophyton mentagrophytes) and viruses (feline 
herpesvirus type 1) to some degree at power levels 
more than an order of magnitude greater than 
those used in this study. Another group showed 
that the bactericidal effect of ultrasound in static 
water increased with increasing sonication time 
[21].  In contrast, Pitt et al. [16] found 67 kHz 
ultrasound at 15 mW cm -2 itself did not affect 
bacterial viability. Our data also indicated ultra- 
sound alone had little effect on bacterial survival. 
The efficiency of using ultrasound to inactivate 
microorganisms depends on the ultrasonic sensitiv- 
ity of the microorganisms, the ultrasonic frequency, 
the specific ultrasonic power density, and the geo- 
metric and acoustic character of the sonication 
bath. The ultrasound treatments used in this study 
did not cause detectable killing in planktonic 
P. aeruginosa ERC1 in 4 h. 

Gentamicin exerts its antimicrobial action by 
binding to ribosome subunits and interfering with 
protein synthesis. In the absence of ultrasound, 6 
and 12ggm1-1 gentamicin caused 2.65- and 
2.75-1og reductions of the surviving fraction in a 
4 h treatment. Pitt et al. [16] tested P. aeruginosa 
(GNRNF-PsA-1) and found bactericidal activity 
of gentamicin is dependent on the age of the 
culture. As the age of the culture increased, the 
bacteria became more resistant to gentamicin 
alone. They also reported that the addition of 
ultrasound stimulation to gentamicin exposure 
enhanced the efficacy against rapidly growing 
planktonic P. aeruginosa. Our experimental data 
did not reproduce this trend. Possible explanations 
for the different results obtained include our use 
of a different bacterial strain and a minimal growth 
medium in place of tryptic soy broth. 

4.2. Biofilm cultures 

Unlike planktonic bacteria which float or swim 
in the bulk fluid and are relatively susceptible to 
antimicrobial agents, biofilm bacteria can be quite 
resistant to the same agents. Most researchers 
believe the recalcitrance of biofilm bacteria to 
antimicrobial agents results from either their low 
growth rate or otherwise altered physiology 
[-3,22-24] or the protection of EPS which provides 
a diffusion barrier [2 ,5-7]  and binds these agents 
before they react with bacteria [8] .  It is plausible 
to assume that the enhancement of antimicrobial 
agent efficacy can be achieved if mass transfer 
resistance within biofilms was reduced. Ultrasound 
is known to affect biological systems in two aspects: 
thermal effects and cavitation [25,26]. Ultra- 
sonically induced thermal effects were negligible in 
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our experiments since temperature was controlled. 
Cavitation can cause a localized temperature rise, 
mechanical stress, and/or free radical production 
[-20]. However, the insonation intensities used in 
this study are well below the reported threshold 
values (around 1 to 2 W cm -2) for transient cavita- 
tion of aqueous solutions [27,28]. Although there 
is no direct evidence to prove that ultrasonic 
treatment can improve antibiotic transport, it is 
reasonable to postulate that stable cavitation or 
acoustically driven shear forces could perturb the 
cell membrane and increase mass transfer of anti- 
microbial agents into the bacteria. 

Our data suggested that ultrasonic stimulation 
led to moderate enhancement of gentamicin effi- 
cacy against biofilm P. aeruginosa ERC1. There 
are two possible explanations for this result. The 
ultrasound may remove the upper layers of the 
biofilms which were killed by gentamicin, thus 
making increased layers of biofilms accessible to 
gentamicin. This may be the case when the power 
density of ultrasound was high. However, this 
explanation is less likely in low and intermediate 
intensities of ultrasound because little biofilm was 
detached (i.e. total cells left on the slides were 
similar for gentamicin alone and for the combina- 
tion of gentamicin and ultrasound). The second 
explanation is the disruption of the biofilm struc- 
ture by the ultrasonic stimulation. Such disruption 
may increase the diffusion of nutrients and genta- 
micin and thus make biofilm bacteria more accessi- 
ble to the antibiotic. Testing this hypothesis 
requires further study using, for example, confocal 
laser scanning microscopy to examine biofilm 
structural changes after ultrasonication. 
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