Absence of bactericidal effect of focused shock waves on an in-vitro
biofilm model of an implant
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Abstract

The objective of this study was to evaluate the bactericidal effect of shock waves (SWs) on gram-negative or gram-positive
monocultured biofilms grown on an orthopedic implant in vitro. Cortical bone screws were individually cultured with Escherichia
coli or Staphylococcus epidermidis to produce a biofilm. In each run of 8 screws, 6 screws were treated with shock waves and then
sonicated to disrupt the biofilm. One screw was sonicated only and one was not shock waved or sonicated before sampling for
plate count dilutions. Post-treatment serial dilutions and plate counts were done on an aliquot from the vial containing each
screw to obtain the number of colony-forming units (CFUs). Shock waves were at a constant energy of 0.15 mJ/mm?. Pulse
number and screw orientation were varied. A linear mixed-effects model was used with “treatment” as a fixed effect and “run”
as a random effect. Pairwise comparisons of treatments were performed with Tukey-Cramer’s adjustment for P-values. Sonicated
plate counts were greater than nonsonicated counts for each run. When all sonicated screws were compared to all nonsonicated
screws, the counts were significantly increased (P = 0.0091). For each paired comparison between sonicated and shock wave
treatment, the only significant difference was in the S. epidermidis biofilm treated at 2000 pulses in a horizontal position, which
increased the post-treatment count (P = 0.0445). No bactericidal effects were seen on monocultured biofilms on cortical bone
screws treated with shock waves.

Resume

L'objectif de la présente étude était d’évaluer Ieffet bactéricide d’ondes de choc (SW) sur des biofilms de monoculture de bactéries a Gram
négatif ou Gram positif cultivées in vitro sur des implants orthopédiques. Des vis pour os cortical ont été mises en présence de culture
individuelle d’Escherichia coli ou Staphylococcus epidermidis afin de produire un biofilm. Lors de chaque essai avec 8 vis, 6 vis ont été
traitées par SW et par la suite aux ultrasons afin de déloger le biofilm. Une vis a été traitée aux ultrasons seulement et une ne fut soumise a
aucun traitement avant un dénombrement sur gélose. Des dilutions sériées post-traitement et des dénombrements sur gélose ont été effectués
sur une aliquote provenant du tube contenant chaque vis afin d’obtenir le nombre d’unités formatrices de colonies (CFU). Les ondes de
choc étaient d’énergie constante de 0,15 mJ/mm?. Le nombre de pulsations et I'orientation des vis ont été variés. Un modéle linéaire a effets
mixtes a été utilisé avec le «traitement» comme effet fixe et «l’essai» comme Ieffet aléatoire. Des comparaisons pairées des traitements ont été
effectuées avec I'ajustement de Tukey-Cramer pour les valeurs de P. Lors de chaque essai, les dénombrements des vis soumis aux ultrasons
étaient supérieurs a ceux des vis non-traitées aux ultrasons. Lorsque tous les résultats des vis traitées aux ultrasons ont été comparés a ceux
des vis non-traitées aux ultrasons, les dénombrements étaient significativement augmentés (P = 0,0091). Pour chaque paire de comparaison
entre le traitement aux ultrasons et le traitement par SW, la seule différence significative notée était pour le biofilm de S. epidermidis traité
a 2000 pulsations dans une position horizontale, qui augmenta le dénombrement post-traitement (P = 0,0445). Aucun effet bactéricide n'a
été observé sur les biofilms de monoculture sur des vis pour os cortical traitées avec des ondes de choc.

(Traduit par Docteur Serge Messier)

treated with SWs (5) and SWs can also enhance the regeneration of

Introduction

Shock wave (SW) therapy has become commonplace for the
disruption of calculi in multiple organ systems (1,2). While the
ability to fragment calculi has been realized for years, more recent
information has shown that SWs have a positive effect when treating
musculoskeletal conditions. Enthesiopathies including tennis elbow
and plantar fasciitis (3,4) are being successfully treated with SWs to
avoid surgical procedures that are known to have notable morbidity
rates and cost. Delayed unions and nonunions are being successfully

alveolar bone that was lost due to periodontal disease (6).

Shock waves are pressure waves that can reach 1000 times atmo-
spheric pressure in a few nanoseconds (7,8). They return to atmo-
spheric pressure or have a short period of negative pressure within
milliseconds. Shock waves can travel through fluid and soft tissues
with minimal loss of energy. When a shock wave is reflected by hit-
ting a surface with a much different acoustic impedance than fluid,
such as air or metal, a strong tensile wave is produced (7,8). Tensile
waves can cause cavitational effects and have strong disruptive
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potential at a fluid-solid interface, which increases the possibility
of cellular damage (7-9).

Investigations of shock waves (SWs) on a cellular level have
shown a cytocidal effect on neoplastic cells (10,11). In addition, a
synergism has been recognized between SWs and chemotherapy for
enhanced destruction of tumor cells (12). Different cells have been
found to respond differently to SWs. Bone marrow stromal cells
have shown an increase in proliferation, while chondrocytes have
decreased in proliferation (13).

While the literature contains many positive results for shock
waves (SWs) applied to eukaryotes, less is known about the effects
of SWs on prokaryotes. Current work with SWs and prokaryotes
is aimed not at the healing properties of SWs, but rather at their
bactericidal effects (14-17). Several studies have shown that shock
waves can be bactericidal to organisms in suspension with energy
flux densities (EFDs) and pulse numbers tolerable to surrounding
tissues (14,15,17). One study treated Staphylococcus aureus organisms
in suspension with SWs and found that 1000 pulses at an EFD of
0.96 mJ/mm? significantly decreased bacterial counts (14). Another
study reported that a minimum of 350 pulses at 20 kV (approximate
EFD of 0.5 mJ/mm?) also decreased bacterial counts (17). These
results were encouraging for the continued study of SWs as a novel
therapeutic treatment for bacterial infections. While in-vitro suspen-
sions of bacteria have been susceptible to SWs, there are additional
considerations when applying SWs to biofilms.

Biofilms are a structured consortium of 1 or several species
of bacteria embedded in a self-produced matrix of polysaccha-
rides, proteins, and deoxyribonucleic acid (DNA) (18). Biofilms can
cause chronic infections despite aggressive antibiotic treatment.
Postoperative implant infections with biofilm formation represent
a devastating complication with high morbidity and substantial
cost (19). A number of surfaces support the growth of biofilms
including heart valves (20), intravenous catheters (21), and orthope-
dic implants (22). Biofilms can be difficult to destroy as they show
an increased tolerance to antibiotics and disinfectants and resist
phagocytosis and other immune system defenses. Furthermore,
organisms in a mature biofilm may be able to increase their anti-
microbial resistance (23).

It is not known how shock waves (SWs) and bacteria interact in
a biofilm on a metallic surface. With the ultimate goal of using the
bactericidal effect of SWs to treat in-vivo bacterial infections, research
that transitions from bacterial suspensions to infected implants is
warranted. The purpose of this study was to evaluate the effects of
focused shock waves (SWs) on gram-negative and gram-positive
biofilms grown on an orthopedic implant in vitro. Our hypothesis
was that SWs are bactericidal to organisms in a biofilm.

Materials and methods

Bacterial preparation

Two organisms that are known to produce biofilms, Staphylococcus
epidermidis [ATCC #35984] and Escherichia coli [ATCC #10798], were
selected for the study (24,25). Each organism was evaluated sepa-
rately in monoculture. Bacteria were streaked onto trypticase soy
agar and incubated for 24 h at 37°C. After incubation, 5 to 10 isolated

colonies were removed with a sterile cotton swab and placed into
10 mL of trypticase soy broth. The broth was then incubated at 37°C
and agitated at 200 rpm for 1 h. A 2-mL aliquot of the broth was
diluted with fresh medium to an absorbance of 0.35 at a wavelength
of 595 nm in a spectrophotometer. This absorbance approximates
a bacterial concentration of 1 to 5 X 103/mL. The diluted bacterial
suspension was then used to inoculate the implants.

Biofilm growth

A 4.5-mm X 30-mm stainless steel cortical screw (Synthes, Paoli,
Pennsylvania, USA) was selected as the orthopedic implant to sup-
port biofilm growth. Sterile screws were placed individually in a
15-mL graduated conical bottom centrifuge tube (Catalog number
14-959-53A; Fisher Scientific, Pittsburgh, Pennsylvania, USA). The
head of the screw was oriented towards the top of the tube and the
screw rested in a vertical position. Trypticase soy broth (4 mL) and
2 mL of the inoculum were added to the tube, which completely
immersed the screw. The screw was then incubated under static
conditions for 18 h at 37°C. After incubation, it was observed that
a thick biofilm covered the screw. To confirm the presence of the
biofilm in this model, 2 screws cultured with the E. coli and 2 screws
cultured with the S. epidermidis, along with 1 control screw, were
imaged with scanning laser confocal microscopy (Leica Confocal
SP5X; Leica Microsystems, Exton, Pennsylvania, USA) by bright
field and ultraviolet fluorescent techniques with a 10X objective.
No fluorescent probes were used; there was autofluorescence with
ultraviolet illumination.

Screw preparation for shock wave treatment

After 18 h of incubation, each screw was removed from the culture
broth. Each screw was rinsed by grasping the head of the screw with
sterile forceps and placing it in a 50-mL conical bottom centrifuge
tube containing 20 mL of phosphate buffered saline (PBS) for 3 s.
This was repeated in 20 mL of fresh PBS at room temperature for
a total of 2 rinses. After the second rinse, each screw was placed in
a sterile 2-mL polypropylene conical bottom microcentrifuge tube
with a snap cap (Catalog number 02-681-260; Fisher Scientific) that
contained 1.7 mL of trypticase soy broth. The cap of each tube was
closed and the interface between the cap and the broth was evalu-
ated to ensure there were no air bubbles. The caps were then sealed
with paraffin wax that was evaluated after treatment to ensure that
it remained intact. In a preliminary evaluation of the methods, a
microcentrifuge tube containing methylene blue dye was sealed with
paraffin wax and treated with 2000 pulses at an EFD of 0.15 mJ/mm?
and the seal was found to be secure.

Treatment chamber

A treatment chamber containing 750 mL of degassed water was
used (Figure 1). The water was maintained at 37°C and replaced at
every third treatment. The bottom of the chamber was connected
to the shock wave probe (Equitron; Pulse Veterinary Technologies,
Alpharetta, Georgia, USA). The opposite end of the chamber con-
tained a cap with a polyvinyl chloride rod that passed through the
center of the cap. The end of the rod contained a fastener to accom-
modate the microcentrifuge tube in either a vertical or horizontal
position in the center of the focal point (Figure 2). The shock wave
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Figure 1. Shock wave generator (right) connected to a 35-mm treatment
probe shown entering the bottom of a treatment chamber (upper left).
The treatment chamber is secured to a table with wooden clamps.

generator had an elliptical focal point in the longitudinal axis of the
probe. In the vertical position, the distal end of the screw was at the
bottom of the elliptical focal point and in the horizontal position, the
screw was centered in the widest portion of the elliptical focal point.
The SW generator was set at the maximum energy of 0.15 mJ/mm?
with a pulse frequency of 4 Hz. At this energy, the focal region has
a diameter of 6.9 mm and an ellipsoid focal point of 40.5 mm long.

Treatment groups

In each treatment group of 8 inoculated screws, 6 screws were
treated with shock waves and then sonicated, 1 screw served as a
sonicated control, and the remaining screw was used as an untreated
control. This provided an unsonicated control and a sonicated control
to verify that the bacterial count increased after sonication and to
ensure that the bacteria were dislodged from the biofilm. The soni-
cated screw that was not treated with shock waves (SWs) served as
the control with which to compare the sonicated SW-treated screw
in each run. Each treatment group consisted of 6 screws with either
E. coli or S. epidermidis that were treated with the assigned number
of SW pulses. A total of 7 groups was evaluated. The number of
SW pulses administered to E. coli. biofilms was 250, 500, 1000, and
2000. Preliminary evaluation of the E. coli data showed that no dif-
ferences were detected. The 2000 horizontal group was then added
to determine if orientation was a factor which resulted in 5 E. coli
groups. The S. epidermidis was evaluated with 2000 pulses in vertical
and horizontal positions.

Sonication

Sonication was performed to release bacteria in the biofilm for
plate counting (26-28). The sonication procedure was similar to
that used in previous studies, but was optimized for this study by
sonicating screws with E. coli and S. epidermidis biofilms at vari-
ous amplitudes in preliminary studies to maximize the number of
bacteria on plate counts. The sonicator used produces a constant
frequency of 20 kHz and was fitted with a microtip probe with a
diameter of 1.6 mm (Sonicator 4000; Misonix Sonicators, Qsonica,
Newtown, Connecticut, USA). The time of sonication was held
constant at 30 s and the amplitudes were varied to determine the

Figure 2. A treatment chamber demonstrating the different treatment
orientations. The probe enters the chamber from the bottom. A threaded
lid at the top of the chamber can be removed to exchange screws. The
chamber contains degassed water which surrounds the microcentrifuge
tube that holds the screw.

optimum amplitude for releasing bacteria from each different bio-
film. The final selection of parameters for sonication of the E. coli
was an amplitude of 40, which translates to 9 W of power and
260 ] of energy over 30 s. Staphylococcus epidermidis was sonicated
at an amplitude of 90, which translates to 30 W of power and 900 ]
of energy over 30 s. For sonication, the microcentrifuge tube with
the biofilm-coated screw was placed in a beaker containing 80 mL
of sterile water and sonicated at the predetermined amplitude in a
horizontal position for 30 s.

Serial dilutions and plate counts

After sonication, the paraffin seal of the microcentrifuge tube was
broken, the screw was removed with sterile forceps, and 0.5 mL
of broth was removed. This volume was used to carry out 7 serial
10-fold dilutions. A spread plate method was used, with 0.1 mL
of broth from each of the 7 dilutions on trypticase soy agar plates.
Plates were incubated at 37°C for 24 h and isolated colonies were
counted and recorded. The dilution with a count of 20 to 200 colonies
was used for statistical analysis.

Data analysis

All data were entered into an Excel spreadsheet (Microsoft
Office; Microsoft, Redmond, Washington, USA) and imported into
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Figure 3. Overlaid bright field and ultraviolet fluorescence images. The
control screw (A) shows a smooth surface of the screw with no adherent
material for fluorescence. The S. epidermidis (B) and E. coli (C) have an
adherent layer with areas of fluorescence.

a statistical software package (Version 9.2, SAS System for Windows;
SAS Institute, Cary, North Carolina, USA) for analysis. Data were
log, transformed to remove skewness. A linear mixed-effects model
was used to analyze data with ‘treatment’ as a fixed effect and ‘run’
as a random effect. Pairwise comparisons of treatments were per-
formed with Tukey-Cramer’s adjustment for P-values. P-values of
= 0.05 were considered to be significant.

A biofilm was imaged on the surface of the screws cultured
with each organism (Figure 3). When all sonicated screws (mean
* SE; log, 16.8758 * 0.3438) were compared to all nonsonicated
screws (log, 15.4494 *+ (.3438), the group means were significantly
different (P = 0.0091). In every run, the sonicated plate count was
greater than the nonsonicated plate count, which indicated that
the bacteria were released from the biofilm and were available for
counting.

For each individual paired comparison of sonicated and shock
wave (SW) treatment, the only significant difference was in the
S. epidermidis biofilm treated at 2000 pulses in a horizontal posi-
tion (log, 18.9623 = 0.6200), at which the post-treatment count was
increased (P = 0.0445) over the sonicated control (log, 16.8758 *
0.3438) (Figure 4).
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Figure 4. The treatment effect was determined as the difference of log
transformed count between each treatment and the paired sonicated
control that removed any variation between runs. A negative number
indicates fewer organisms and a positive number indicates a higher
plate count. Standard error bars are included. All of the E. coli groups
are centered around 0, which means there were no differences. There
were more organisms in the S. epidermidis groups treated with shock
waves, with the group treated with 2000 pulses in the horizontal position
being significantly higher (P = 0.0445).

In this study using E. coli or S. epidermidis cultured on a cortical
bone screw to form a biofilm, no bactericidal effect of shock wave
treatment was observed. There are a number of possible explana-
tions for not seeing an effect, including the energy flux density
(EFD), pulse number, and model of generator chosen. The maximum
energy setting of the generator used herein was 0.15 mJ/mm?. The
maximum number of pulses was stopped at 2000 per screw because
we felt that 2000 pulses was the maximum amount for a reasonable
treatment protocol in a clinical case of implant infection.

Bactericidal effects in suspension have been shown with as few
as 100 pulses at an EFD of 0.3 mJ/mm? with Streptococcus mutans
and Porphyromonas gingivalis (16). A threshold of 2000 pulses at an
EFD of 0.96 mJ/mm? or 0.59 mJ/mm? at 4000 pulses was required
to be bactericidal to S. aureus in suspension (14). A number of gram-
positive and gram-negative organisms in suspension was killed at a
set treatment of 4000 pulses at an EFD of 0.96 mJ/mm? (15).

The energy flux density (EFD) may not be as important as the
environment. Most of the previous studies on the effect of shock
waves on bacteria were conducted on bacterial suspensions (14-16).
The media in which the bacteria are located can change the effect of
the shock waves. Proteus mirabilis organisms in agar were reduced
by 55% with 1000 pulses with an estimated EFD of > 0.5 mJ/mm?
(29). When the bacteria were encompassed in agar beads under the
same testing parameters, there was no reduction in organisms. When
calcium carbonate crystals were added to the beads to simulate stru-
vite stones, however, viable organisms were reduced by 82% (26).
The addition of the solid surface (crystals) to the media increased
the bactericidal effect.

This outcome can be explained by the change in acoustic imped-
ance at the interface of the liquid media and the solid. The reflec-
tion of the wave at the interface creates large tensile stresses and
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cavitation which are capable of cellular disruption (7-9). Organisms
in the biofilm on the surface of the screw would be subjected to these
forces. It was a feasible hypothesis that there would be a bactericidal
effect in the biofilm at the pulse numbers and EFD used in this study.

The biofilms in this study were maintained in broth at 37°C for
treatment with shock waves. In vivo, the organisms in a biofilm
would not be devoid of nutrients as they would be if treatments
were done in a saline solution. The results of studies of bacteria in
saline suspension at 20°C with limited metabolic activity are different
than those in broth (29). When known bactericidal SW treatments of
4000 pulses at an EFD of 0.59 mJ/mm? were administered to S. aureus
suspended in broth at 36°C, the number of colony-forming units
(CFUs) increased significantly compared to a significant decrease
in CFUs with the same treatment parameters in saline suspension
at 20°C. In this study, an untreated control was run in each group to
remove any differences in time on bacterial proliferation. A number
of environmental variables including temperature and the presence
of biofilms require further in-vitro investigation before any in-vivo
studies are carried out.

The 4.5-mm X 30-mm cortical bone screw provided a clinically
relevant, consistently sized structure on which to grow the biofilm.
Shock waves (SWs) are entirely reflected or refracted by the metal.
This could be both beneficial and detrimental. The maximum physi-
cal effect of the SWs would occur at the interface of the biofilm and
screw on the surface of the screw. The threads of the screw create an
uneven surface so that the entire surface area is not directly exposed
to the SWs, which could protect the bacteria in the biofilm. To see
if the threads provided some protective mechanism, we added the
horizontal treatment group. This would expose the area between the
threads on the side of the screw to the generator. When the screws
were treated with the shock waves (SWs), the screws vibrated so they
rotated and exposed the circumference of the screw to the generator.
While no attempt was made to quantify this rotation, it was clear
from observation of the hexagonal head that the circumference of
the screw was exposed to SWs during the 2000 pulses. The surface
of the screw does add a variable when compared to using a simple
flat metallic object. We elected to use a screw, however, because of
its clinical relevance.

For this in-vitro model, the screws had to be placed within a
container to perform the study. Polypropylene vials are routinely
used for studies, but the curvature of the vial may affect the SW
(30). We recognized this potential effect and selected tubes with
conical bottoms to provide a surface as perpendicular as possible
to the converging shock waves. Furthermore, we also evaluated
the effect with the tube turned perpendicular to the SWs. It may be
possible to perform a similar study with the media contained in a
latex-type balloon, which would decrease the potential effect of the
polypropylene vial. The polypropylene vials have the advantage of
making it easier to remove the visible air bubbles from the container.
Air bubbles within the test system can increase nuclei for cavitation
and increase cell death (31).

In this in-vitro study, we used a fairly simplistic, static biofilm
model that has been used in a number of previous studies (32-35).
This model used biofilms with a single organism, whereas naturally
occurring biofilms often contain multiple species acting in syner-
gism. A monoculture, as used in this study, provides an environment

with a high degree of reproducibility. It has been stated that data
generated from pure cultures are accurate and useful, but must be
considered in relation to the entire system (27). Biofilms that form on
solid-liquid interfaces may be exposed to shear forces, which could
affect the composition of the biofilms (28,34). Devices that rotate
or utilize flow of media over colonized surfaces can create more
complex biofilms (27,34). The biofilms in this study were grown in
nutrient-rich broth that was devoid of inflammatory cells, which can
result in protein deposition within the biofilm as can occur in vivo
(19,36). If SWs can be used to destroy bacteria in a simple in-vitro
model, more complex models will be needed before the outcome can
be considered for in-vivo use.

We chose a biofilm model utilizing both a gram-negative (E. coli)
and a gram-positive (S. epidermidis) organism known to produce bio-
films that occur with implant infection. Not all bacteria are equally
susceptible to shock waves (SWs). Streptococcus mutans were killed
by SWs with as little as 100 pulses at an EFD of 0.3 mJ/mm? but there
was no effect on S. aureus at 500 pulses (16). It has been suggested
that gram-negative bacteria are more susceptible because of the thin
peptidoglycan layer, which is more sensitive to disruption (16). Not
all gram-positive organisms are equally sensitive. Staphylococcus
aureus and S. epidermidis were more sensitive to 4000 pulses at an
EFD of 0.96 mJ/mm? than Entercoccus faecium (15). Staphylococcus
aureus is an organism that is more resistant to killing by ultrasound
energy than other organisms, so it may be less likely to be damaged
by SWs (37).

Shock waves (SWs) and ultrasound can both lead to disaggrega-
tion of bacterial agglomerates (16,38). There was a similar finding
in this study when the number of S. epidermidis organisms increased
after 2000 pulses in the horizontal position. We assume that the SWs
created further disruption of the biofilm, which exposed more bacte-
ria that was then available for plate counting. The preliminary work
to identify the sonication parameters required to release the organ-
isms from the biofilm to be available for plate counting worked well
for the E. coli. There were differences in the sonication parameters for
both organisms, with the S. epidermidis requiring greater sonication
amplitude. Data would indicate that there is a potential for improv-
ing the technique of sonication for the S. epidermidis.

In our study we chose to use 1 sonicated control within each
run. The largest variable in the methods was the initial inoculation
based on spectrophotometry. Potential differences in incubation
time, temperature, or initial inoculations were removed by running
a group of 8 screws at 1 time and comparing the treated screws to
each group’s sonicated control. Only the maximum number of pulses
was done for the S. epidermidis in the vertical and horizontal posi-
tions. The hypothesis that shock waves (SWs) were bactericidal to
these organisms in biofilms was rejected when the bacterial counts
did not decrease at the maximum treatment dose of 2000 pulses at
0.15 mJ/mm?.

In a study using uroliths, it was found that the biofilm may
dampen the bactericidal effect of SWs in some way (26). While the
results of this study indicate no direct bactericidal effect, they may
indicate a potential for SWs to disrupt biofilms. In studies with
ultrasound, it has been demonstrated that there are 2 phases, first
disruption of aggregates followed by decreasing bacterial cell counts
(38). As indicated by the S. epidermidis group with the increased plate
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counts, the physical disruption of the biofilm with SWs could be
clinically useful by exposing the bacteria within the biofilm to anti-
microbial therapy. It could also be detrimental by releasing a number
of sequestered organisms that lead to septicemia or endotoxemia.

While disrupting the biofilm to expose organisms may be useful,
shock waves (SWs) did not increase the susceptibility of S. aureus to
gentamicin (39). Potential mechanisms for the bactericidal effect in
previous studies are unknown. When SWs, ultrasound, pneumatic,
and laser-induced lithotripsy were evaluated on infected struvite
stones, the Holmium:YAG laser was the only mechanism that
decreased Proteus organisms (40). The bactericidal effect likely came
from thermal mechanisms. There are minimal thermal effects with
shock waves. Alternative mechanisms of bacterial death have been
investigated. Disruption of cell wall permeability does not appear
to be the sole mechanism of bactericidal effects (39). Other effects
may occur, including intracellular formation of free radicals and
disruption of organelles. Despite the lack of knowledge about the
mechanism, the bactericidal effect on suspensions treated with shock
waves is irreversible (39). In the study reported here, no bactericidal
effect of shock waves was seen.
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