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A shockwave is a very strong pressure impulse in any elastic 

medium (such as air, water, or a solid), produced by supersonic 

craft, lightning, explosions, or other extreme phenomena that create 

sudden and significant changes in pressure.  Focused shockwaves 

have an extremely rapid rise time and result in negative pressure 

causing cavitation.  Liquids are the best medium for producing and 

transmitting shockwaves.  Focused shockwaves concentrate in -

6dB focal volume and 5MPa pressure regions.  These features are 

shown diagrammatically in Figure 1. 

Introduction 

Biofilms were grown using the CDC Biofilm Reactor (model CBR 90, 

Biosurface Technologies Corporation, Bozeman, MT) based on 

ASTM 2562-12.  S. aureus ATCC 6538 and P. aeruginosa ATCC 

15442 were grown on polycarbonate coupons with a 1%-strength 

BHI broth and 0.5% serum medium, at 37°C for 24 hours in batch-

mode and 24 hours in continuous-flow mode.  Coupons were placed 

in a sanitized testing fixture (see Figure 2) filled with sterile saline 

solution and then attached to the shockwave applicator. 
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Figure 1.  Diagram of Pulsed Acoustic Cellular Expression (PACE) applicator 
showing focused shockwaves. 
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Figure 3.  Log reductions versus number of pulses for S. aureus.  The red line 
shows the Michalis-Menten regression (LR=3.89*Pulses/479+Pulses), the 
green lines show the upper and lower 95% confidence intervals. 

Figure 4. Log reductions versus number of pulses for P. aeruginosa.  The red 
line shows the Michalis-Menten regression (LR=3.15*Pulses/237+Pulses), the 
green lines show the upper and lower 95% confidence intervals. 
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Figure 5.  Confocal images of  control, sham-control and shockwave exposed 
coupons. 

For S. aureus, the log densities of control coupon biofilms (coupons 

not place in the testing fixture and not exposed to shockwaves) 

ranged from 5.41-5.84 (mean ± standard deviation = 5.59±0.22).  

The log densities for the sham-control coupon biofilms (coupons 

placed in the testing fixture for equivalent amounts of time to the 

shockwave active application, without applying any shockwaves) 

was slightly lower, with a range of 4.87-5.49 and mean of 5.20±0.15.  

For P. aeruginosa, the log densities of control biofilms ranged from 

5.84-6.46 (mean 6.42±0.35).  The sham-control biofilms were 

similar, with a range of 5.33-6.64 and mean of 5.93±0.44.  The 

duration of sham simulated shockwave exposure did not have a 

significant effect on bacterial counts for either species. 

Log reductions produced by shockwaves on shockwave-exposed 

coupons for both S. aureus and P. aeruginosa showed a non-linear 

increase as the number of pulses was increased (Figures 3 & 4). 

Shockwave technology has a variety of potential uses in medicine 

and industry for biofilm removal without direct contact or the use of 

chemical agents. 

Bacterial counts were log (10) transformed and log reductions 

were calculated relative to the corresponding sham-control for 

each experiment.  The data was analyzed using Minitab® 17.  Log 

reduction data was fitted using a Michalis-Menten regression.  

For imaging, coupons were removed from the texting fixture, 

stained with LIVE/DEAD™, and examined using a Leica SP4 

confocal scanning laser microscope (CSLM).  Image stacks were 

recombined and converted to maximum projection images using 

Metamorph®. 

As seen in Figure 5, CSLM imaging of LIVE/DEAD™ stained 

control coupon biofilms (coupons not place in the testing fixture and 

not exposed to shockwaves) showed that S. aureus control biofilms 

consisted of clustered microcolonies of green cells (live).  P. 

aeruginosa control biofilms consisted of more dispersed green cells 

with some red cells.  The S. aureus sham-control coupon biofilms 

(coupons placed in the testing fixture for equivalent amounts of time 

to the shockwave active application, without applying any 

shockwaves) had fewer cell clusters than the control biofilms, in 

agreement with the plate count results.  For P. aeruginosa sham-

control coupon biofilms, most of the cells were red.  This result did 

not agree with the plate count results, which indicated similar 

numbers of viable cells in between the control biofilms and sham-

control biofilms. 

After 500 pulses of shockwave applied to the biofilms, few S. 

aureus cells were observed on the coupons’ surfaces and some P. 

aeruginosa cells were apparent, although high background 

fluorescence interfered with interpretation of the P. aeruginosa 500-

pulse images.  For shockwave applications with 2000 to 8000 

pulses, only background fluorescence was observed on the biofilm 

coupons exposed to shockwaves.  

Based on the lower 95% confidence intervals of the Michaelis-

Menten regressions, for S. aureus, a 2 log reduction could be 

achieved with 779 pulses and a maximum log reduction of at least 

3.2 could be achieved with 6528 pulses.   

For P. aeruginosa, a 2 log reduction could be achieved with 626 

pulses and a maximum log reduction of at least 2.8 could be 

achieved with 4889 pulses.   

The plate count results indicated that shockwave applications were 

effective for reducing viable biofilm bacteria from the test surfaces. 

The CSLM imaging results indicated that this reduction was due to 

biofilm removal.  Whether the removed biofilm cells were also killed 

was not addressed in this study. 

It should be noted that the shockwave device used in this testing 

was a commercially available system for stimulating regeneration of 

human tissue and was not optimized for removing or killing biofilms 

on hard surfaces.  Optimization for specific applications may lead to 

even better performance against biofilms.   

It is important to note that the shockwave application was done in a 

non-flowing/static environment, which means that the removal of 

the biofilm was strictly the result of the shockwaves and was not 

facilitated in any way by a liquid flow/stream. 

Shockwave technology may be suitable for biofilm eradication for a 

broad-range of medical and industrial applications.  

■ Exposure of biofilms to shockwaves resulted in 

significant reductions in viable biofilm cells/bacteria 

in both S. aureus and P. aeruginosa biofilms. 

 

■ Shockwave application to the biofilms developed on 

hard surfaces removed the biofilm cells/bacteria 

from the shockwave exposed surfaces. 
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In this project, the shockwave technology, Pulsed Acoustic 

Cellular Expression (PACE), was evaluated in-vitro for effects on 

difficult to remove biofilms created by both a Gram-negative 

bacterial species (Pseudomonas aeruginosa) and a Gram-positive 

species (Staphylococcus aureus). 

Sham-control coupons were placed in the testing fixture for 

equivalent amounts of time to the shockwave active application, 

without applying any shockwaves.  For shockwave-exposed 

coupons, the shockwaves were applied at energy setting E6 for a 

predetermined number of pulses.  After shockwave application, the 

coupons were removed from the testing fixture and the coupon side 

facing the applicator was scraped into 10 ml of phosphate-buffered 

saline.  Samples were then sonicated, vortexed, sonicated again, 

and bacteria were enumerated by plate count. 

Figure 2.  Experimental shockwave fixture used for biofilms testing 
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