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Indwelling prostheses and subcutaneous delivery devices are now routinely and indispensably employed in
medical practice. However, these same devices often provide a highly suitable surface for bacterial adhesion
and colonization, resulting in the formation of complex, differentiated, and structured communities known as
biofilms. The University of Washington Engineered Biomaterials group has developed a novel drug delivery
polymer matrix consisting of a poly(2-hydroxyethyl methacrylate) hydrogel coated with ordered methylene
chains that form an ultrasound-responsive coating. This system was able to retain the drug ciprofloxacin inside
the polymer in the absence of ultrasound but showed significant drug release when low-intensity ultrasound
was applied. To assess the potential of this controlled drug delivery system for the targeting of infectious
biofilms, we monitored the accumulation of Pseudomonas aeruginosa biofilms grown on hydrogels with and
without ciprofloxacin and with and without exposure to ultrasound (a 43-kHz ultrasonic bath for 20 min daily)
in an in vitro flow cell study. Biofilm accumulation from confocal images was quantified and statistically
compared by using COMSTAT biofilm analysis software. Biofilm accumulation on ciprofloxacin-loaded hy-
drogels with ultrasound-induced drug delivery was significantly reduced compared to the accumulation of
biofilms grown in control experiments. The results of these studies may ultimately facilitate the future
development of medical devices sensitive to external ultrasonic impulses and capable of treating or preventing
biofilm growth via “on-demand” drug release.

The high frequency of device-related biofilm infections has
spurred a rapidly growing field of research directed at control-
ling or eliminating biofilm formation. Various device-related
infections have been well documented on vascular catheters,
prosthetic hips, knees, and other orthopedic implants (8, 23,
29). Increasingly, biofilm formation is recognized as a signifi-
cant virulence factor in many of these infections (4, 5, 9, 26, 29,
30, 31). Among the more common pathogens are Staphylococ-
cus aureus, Staphylococcus epidermidis, and Pseudomonas
aeruginosa. The capacity to grow on any surface and the high
resistance to traditional systemic antibiotic treatments (3, 18,
19, 27) have posed serious challenges to the design of effective
biofilm treatment or prevention strategies (13). Once a biofilm
is established, it becomes increasingly difficult to eradicate as
the infection matures, and often, patients must undergo revi-
sion surgery for the debridement of infected tissue or, in many
cases, implant removal and replacement (21). This process
increases the vulnerability of the patient to further nosocomial
infections.

In recent years biomaterial scientists (8) have devoted sig-
nificant efforts to creating biocompatible materials that pre-
vent or minimize biofilm infection by inhibiting the formation
and survival of biofilms. One strategy is to incorporate drug
delivery into the device, which targets the site at which biofilm
formation is likely to occur (1, 6, 7, 25). However, in many of
these systems the release of antibiotics is through passive dif-
fusion, which results in rapid dissipation to sublethal concen-
trations and which increases the risk of selection of antibiotic-
resistant strains. To address this problem the University of
Washington Engineered Biomaterials group has adapted an
ultrasonic energy-responsive, biocompatible coating for con-
trolled antibiotic release. Originally, this method was devel-
oped for controlled insulin release (15, 16, 17); however, it was
apparent that such a delivery system might have high potential
for the control of biofilms. The drug reservoir consists of a
poly(2-hydroxyethyl methacrylate) (pHEMA) hydrogel film
that can be “loaded” with antibiotic, either as a solid or in
solution, during polymerization. The pHEMA is then coated
with ordered methylene chains. The closely packed methylene
chains create a self-assembled barrier membrane that mini-
mizes passive release. The concept of using ultrasound to in-
duce controlled drug delivery is attractive because at low
power levels it is noninvasive and has been used effectively in
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other areas of medical treatment and diagnosis (20). Although
the characteristics of release of certain drugs from the coated
pHEMA hydrogels have been documented, it remains unclear
whether these hydrogels would be effective against biofilm
formation and growth. The purpose of our research was to
investigate the effectiveness of ciprofloxacin-loaded, methylene
chain-coated pHEMA hydrogels against the formation and
growth of Pseudomonas aeruginosa biofilms.

MATERIALS AND METHODS

Polymers. The pHEMA polymer hydrogels were manufactured as described
previously (15, 16, 17). The hydrogels had a thickness of 0.38 mm and were cut
to the dimensions of a standard microscope slide (24 by 60 mm) so that they
could be accommodated in biofilm flow cells. For those hydrogels “loaded” with
the antibiotic, ciprofloxacin was added to the HEMA solution in excess of
saturation at a concentration of 11.1 mg/ml before polymerization. The solubility
of ciprofloxacin in water at physiological pH (7.4) and 25°C is approximately 100
�g/ml (32).

Bacteria and nutrients. To aid with the visualization of live biofilms without
staining, we used the constitutive green fluorescing protein (GFP)-producing P.
aeruginosa PAO1 strain carrying plasmid pMF230 Car (22) for all experiments.
We determined that the MIC of ciprofloxacin against P. aeruginosa (pMF230)
was 0.125 �g/ml by using ciprofloxacin-loaded Etest strips (AB Biodisk). Over-
night (20-h) batch cultures grown on full strength Luria-Bertani (LB) broth were
used to inoculate the hydrogel containing flow cell biofilm reactors. The doubling
time under biofilm growth conditions was approximately 2 h (data not shown).
To avoid the potential complication of interactive effects between multiple an-
tibiotics, we cultured pMF230 biofilms without the addition of the selective
marker carbenicillin. We periodically compared confocal images taken in the
transmitted mode with maximum projections made from image stacks in the
GFP channel. The images were in good agreement, indicating that there was no
noticeable plasmid loss over the culturing period (data not shown).

Planktonic experiments. To assess whether enhanced killing may be due to a
“bioacoustic effect” (i.e., an enhanced antibiotic killing of bacteria in the pres-
ence of ultrasound [20, 24]) rather than local concentrated antibiotic delivery, we
exposed planktonic cells to the same treatments used for the flow cell biofilms.
Stationary-phase, 48-h shake flask cultures grown at 37°C on full-strength LB
broth were exposed to (i) ultrasound (20 min in a 43-kHz Branson 200 ultrasonic
bath) with added ciprofloxacin (5 �g/ml), (ii) ciprofloxacin only, (iii) ultrasound
only, and (iv) no ultrasound or ciprofloxacin (control). The flasks were incubated
for a further 1 h 40 min (total time � 2 h) before serial dilutions were made and
plated on solid agar.

Flow cell biofilm reactor. Hydrogels (unloaded or loaded with ciprofloxacin)
hydrated in purified water for 24 h were incorporated into flow cells (BST-FC81;
BioSurface Technologies, Inc., Bozeman, Mont.), which consisted of a polycar-
bonate base with a lumen that was 5.08 cm long, 1.27 cm wide, and 0.203 cm deep
(Fig. 1). The flow cell lumen was bounded on the top by a rectangular microscope
coverslip (24 by 60 mm) and on the bottom by a sheet of hydrogel supported by
a standard microscope slide. The flow cell was inoculated with 2 ml of an
overnight batch culture (ca. 2 � 109 CFU/ml) by injection through a septated Y
fitting port immediately upstream of the flow cell so that the flow cell was
completely filled. The flow cell was allowed to incubate for 30 min before a
continuous flow of 1/10 strength LB broth was pumped (Cole-Parmer 7553-80
peristaltic pump) at 1 ml/min through the flow cell into a waste carboy. The
hydraulic residence time in the flow cell was 1.8 min, which was much less than
the doubling time (�120 min), so that planktonically growing populations would
be continually washed out. A bubble trap-mixing chamber was positioned up-
stream to remove in-line bubbles and allow aeration with a sterile filtered air-
stream. The flow cell experiments were conducted at 25°C.

Ultrasound application. Ultrasound was applied by immersing the complete
flow cell assembly in a 43-kHz ultrasonic bath (Branson 200), consistent with the
methods used in previous studies. To establish that the ultrasonic bath could
stimulate the controlled release of ciprofloxacin in the flow cell, the effluent
concentration of ciprofloxacin was monitored over a 4-h period, during which
ultrasound was applied for 15 min at three distinct time points. The ciprofloxacin
concentration from 5 ml of effluent collected by an adaptation of the method
used by Kwok et al. (15) was measured with a spectrometer (A339) in duplicate
experiments. The absorption was measured at 339 nm, which corresponds to the
third maximal absorption peak at pH 7 (33). The ciprofloxacin concentration was
found from a standard curve (by using the linear regression expression cipro-

floxacin concentration (�g/ml) � 46.02 A339 � 0.0176 [r2 � 0.99; n � 6 over a
range of 0.15 to 5 �g/ml]). During the biofilm experiments all ultrasound appli-
cations were delivered in a 20-min pulse.

pHEMA hydrogels: biofilm control. P. aeruginosa PAO1 (pMF230) biofilms
were grown on pHEMA-coated ultrasonically responsive hydrogels for 3 days.
Four sets of triplicate independent experiments were conducted to determine if
the methylene chain-coated polymers, in conjunction with low-intensity ultra-
sonic energy, had significant effects on the biofilm structure over a 72-h time
period. These four sets of experiments were designed to separate the effects of
the applied ultrasound and the release of ciprofloxacin into the bulk fluid.
Biofilms were grown in flow cells containing either ciprofloxacin-loaded or un-
loaded hydrogels. In one set of experiments the biofilms were exposed to ultra-
sound for 20 min daily. In a control set of experiments, the flow cells were placed
in the ultrasonic bath, but no ultrasound was applied (Table 1).

Image acquisition and COMSTAT image analysis. A Leica TCS-NT confocal
scanning laser microscope was used to collect images of biofilms growing on the
hydrogels in the flow cells in situ. A Leica �40 long-working-distance microscope
objective was used to collect all image stacks. For the hydrogel systems not
exposed to ultrasound, 10 microscopic fields were imaged at 24, 48, and 72 h. For
the hydrogel systems that were exposed to ultrasound, five fields were imaged
before and after (five different fields) ultrasound application. The biofilm struc-
ture was quantified from the confocal stacks by using the image analysis software
package COMSTAT (Technical University of Denmark, Lyngby) (11). The soft-
ware interfaces with Matlab and utilizes Matlab’s image analysis software tool-
box. COMSTAT offers an array of functions and is capable of generating up to
10 different statistical parameters for the purpose of quantifying the three-
dimensional biofilm structure. For the purposes of the present study, four COM-
STAT parameters were utilized to determine the differences between biofilms
grown under each of the four hydrogel system configurations. These parameters

FIG. 1. Standard flow cell configuration used for methylene chain-
coated pHEMA hydrogel controlled release and pHEMA hydrogel
biofilm control experiments. Nutrients (a) were pumped through the
flow cell (b) by using peristaltic pumps (c) and placed into an effluent
waste vessel (d). A mixing chamber (e) was used as a bubble trap, and
aeration was supplied from a fish tank pump through a sterile 0.22-
�m-syringe filter (f); fluid depth was maintained by a gravity feed
overflow to waste. Backcontamination was prevented by using bubble
traps (g). (A and B) The flow cell immersed in a water bath for
ultrasound application and positioned on the confocal microscope
respectively. (C) Exploded view of the flow cell; (h) aluminum plates;
(i) silicone gasket; (j) microscope coverslip; (k) polycarbonate body; (l)
hydrogel and microscope slide. The hydrogel was positioned on top of
the microscope slide and is not shown separately. The flow cell was
held together by screws between plates (h).
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were maximum biofilm thickness, average biofilm thickness, roughness coeffi-
cient, and biomass. The maximum biofilm thickness was the maximum distance
from the substratum that the biofilm colony reaches. The average thickness was
the average biofilm height taken over the entire field of view. The roughness
coefficient is a measure of variability in biofilm thickness and, consequently, is an
indicator of biofilm heterogeneity. A roughness coefficient approaching zero
would represent a flat slab. The biomass was calculated by normalizing the
volume of the biofilm by the surface area of the field of view, which gives the
biomass parameter as biofilm volume per unit surface area. The biomass param-
eter represents the volume of biofilm cells present in a given confocal image
stack.

Selection of representative biofilm images. Representative images of the var-
ious biofilms were selected nonsubjectively by calculating an “experimental er-
ror” (E) for each stack and then selecting the image with the lowest E for Fig. 5.
E was found by summing the parameter errors (EP; [EP1 to EP4] associated with
each of the four individual parameters calculated by COMSTAT for a particular
hydrogel configuration:

E � EP1 � EP2 � EP3 � EP4 (1)

EPn was found from the equation

EPn � �Pn � Pn(avg)�/Pn(avg) (2)

where Pn was the parameter value for a particular stack and Pn(avg) is the average
parameter value for all five stacks from each of the three independent replicate
experiments for a particular hydrogel configuration.

Statistical analysis. Means and standard errors were based on the average of
each parameter over three experiments calculated by COMSTAT from 10 con-
focal image stacks per experiment.

For experiments that included ultrasound, the confocal image stacks acquired
before and immediately after ultrasound application were grouped to increase
statistical power, due to the following rationale. Sixteen of 18 tests generated P
values greater than 0.05, indicating that there were no statistically significant
differences between the confocal image stacks acquired before and after ultra-
sound application (data not shown). When the three experiments were grouped
and analysis of variance (ANOVA) tests were performed on a daily basis, there
were no statistically significant differences by any of the tests (P 	 0.232). Based
on these results, the populations of before ultrasound application and after
ultrasound application were grouped into one population for further ANOVA
studies on the statistical differences in biomass between each of the hydrogel
system configurations.

ANOVA was used to determine the statistical significance of the results
generated by COMSTAT. The commercially available software package
MINITAB 13 was used to perform all ANOVA comparisons. All ANOVA
operations were performed on the biomass parameter. The P values generated by
ANOVA comparisons were considered significantly different when P was 
0.05.

Effluent collection. To assess the effect of ultrasound exposure on detachment
and the viability of detached cells, the effluent from the two hydrogel systems that
were exposed to ultrasound application were collected over the application time
period of 20 min. The optical density at 660 nm (OD660; Spectronic Genesys 5
spectrophotometer) was used to assess the total biomass effluent concentration.
Enumeration and the viability of detached cells were assessed by culturing
samples from serial dilutions (Ringer’s buffer) and plating (LB agar).

RESULTS

Planktonic control. Ultrasound alone had no significant ef-
fect (P � 0.896) on the viability of planktonic cells in compar-
ison to the control (no ultrasound application or ciprofloxacin
treatment) (Fig. 2). However, ciprofloxacin alone (5 �g/ml)
caused a significant (P 
 0.001) 1.5-log reduction. There was
no significant difference in cell viability between samples ex-
posed to ciprofloxacin alone and those exposed to both cipro-
floxacin and ultrasound (P � 0.604).

FIG. 2. Effects of various combinations of ultrasound (20 min, 43
kHz) and ciprofloxacin (5 �g/ml) on viability of stationary-phase flask
cultures. Data represent the geometric mean and 1 standard deviation
(n � 5 independent experiments).

FIG. 3. Ultrasonic release characteristics of ciprofloxacin (effluent
concentration) from the pHEMA hydrogel incorporated into the flow
cell from one of the duplicate experiments. The shaded areas indicate
the 15-min periods during which ultrasound was applied.

TABLE 1. Matrix of combinations of biofilm exposure to
ciprofloxacin and ultrasound and P values for the COMSTAT

“biomass” parameter for biofilms grown on various configurations
compared with the negative control

Hydrogel configuration Ciprofloxacin
exposure

Ultrasound
application

P value

Day 1 Day 2 Day 3

Experiment � � 0.627 0.021a 
0.001a

Control for ultrasound
only

� � 0.222 0.232 0.803

Control for
ciprofloxacin only

� � 0.219 0.332 0.602

Negative controlb � �

a Significantly different result (P 
 0.05).
b Negative by ciprofloxacin exposure and ultrasound application.
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Ultrasonic controlled release of ciprofloxacin in the flow
cell. Before the application of ultrasound there was a residual
release of ciprofloxacin into the effluent so that the concentra-
tion was approximately 0.1 and 0.3 �g/ml for the duplicate
experiments (Fig. 3). When the ultrasound was applied there
was a corresponding sharp spike in effluent concentration. The
peak concentrations were 0.52 � 0.04 and 1.8 � 0.40 �g/ml for
the duplicate experiments (n � 3 peaks), which reflected four-
and sevenfold increases over the background concentration,
respectively. When ultrasound was turned off there was an
exponential decay over the 45 min back to the background
level.

Biofilm development and COMSTAT analysis. After 24 h
biofilms formed on both ciprofloxacin-loaded and unloaded
hydrogel surfaces. The biofilms were similar in structural mor-
phology and consisted of distinct microcolonies separated by
interstitial voids and channels. However, P. aeruginosa biofilms
showed significant structural differences when the ultrasound
regime was initiated (Fig. 4). The biomass, maximum biofilm
thickness, and average biofilm thickness all increased over time
for biofilms grown on methylene-coated hydrogels without cip-

rofloxacin loading both with and without ultrasound applica-
tion. The same was true for biofilms grown on hydrogels with
ciprofloxacin loading when ultrasound was not applied. The
biomass, maximum biofilm thickness, and average biofilm
thickness all decreased over time for biofilms grown on cipro-
floxacin-loaded hydrogels exposed to ultrasound. The rough-
ness coefficients displayed opposite trends for all hydrogel sys-
tem configurations. The biofilms that were grown on hydrogels
loaded with ciprofloxacin and to which ultrasound was applied
demonstrated decreasing microcolony sizes over the 3-day ob-
servation period compared with those of biofilms grown on the
control hydrogel system configurations, which all showed in-
creasing sizes (Fig. 5).

Statistical significance by ANOVA. Biofilms grown on meth-
ylene chain-coated hydrogels without ciprofloxacin and with-
out ultrasound application were compared to the other hydro-
gel system configurations on each observation day. Table 1
shows the P values for the results for each hydrogel configu-
ration compared to the results for hydrogels without cipro-
floxacin and without ultrasound application. There were no
significant differences in biomass populations after 1 day. On

FIG. 4. Biofilm development over a 3-day time period. Each datum point represents the average of the respective parameter over three
experiments calculated by COMSTAT from 10 confocal image stacks per experiment. Hydrogel configurations: no ciprofloxacin or ultrasound
application (�); ciprofloxacin treatment, no ultrasound application (Œ); no ciprofloxacin treatment, ultrasound application (�); ciprofloxacin
treatment and ultrasound application (■ ). Bars indicate 1 standard error. The datum points are staggered on the x axis for clarity.
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FIG. 5. Biofilm images from methylene chain-coated pHEMA hydrogel experiments. Images are shown for each observation time period and
each system configuration. Biofilms grown on hydrogels configurations: no ultrasound application or ciprofloxacin (row A); ultrasound application,
no ciprofloxacin (row B); no ultrasound application, ciprofloxacin treatment (row C); and ultrasound application and ciprofloxacin (row D). Scale
bar, 50 �m.
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day 2 and day 3, however, the biomass populations for the
hydrogels with ciprofloxacin and with ultrasound application
were significantly different, with all P values being 
0.05.
There were no significant differences in biofilm biomass be-
tween hydrogels without ciprofloxacin and ultrasound applica-
tion and hydrogels with ciprofloxacin and ultrasound applica-
tion on days 2 and 3 (P 	 0.05).

Effluent biomass. The viable counts from effluent collected
during ultrasound application with and without ciprofloxacin
are reported in Table 2. There were no significant differences
(P � 0.32) between the two hydrogels in the cell concentra-
tions measured by determination of the absorbance (OD660)
on day 1. However, the OD660 increased to 0.07 by day 3 for
hydrogels with no ciprofloxacin but remained steady for hydro-
gels with ciprofloxacin. Similarly, for the hydrogel with no
ciprofloxacin, the viable counts increased from 1.5 � 104

CFU/ml (from the geometric mean) on day 1 to 1.1 � 107 CFU
by day 3. The effluents of the hydrogels with ciprofloxacin did
not yield any detectable CFU for any of the triplicate experi-
ments on any of the days (detection limit � 17 CFU/ml).

DISCUSSION

By incorporating methylene chain-coated pHEMA hydro-
gels into a flow cell system and by utilizing GFP-expressing P.
aeruginosa and confocal microscopy, we were able to assess the
efficacy of an ultrasonically controlled antibiotic delivery sys-
tem against live biofilms by direct observation without requir-
ing culturing. By positioning a flow cell in a standard labora-
tory ultrasonic bath, we were able to stimulate pulsed releases
of ciprofloxacin from the pHEMA hydrogels in a similar man-
ner to that previously achieved with “free-floating” pieces of
hydrogel (15). Successful adaptation to the flow cell configu-
ration allowed the coated hydrogel to be held in place for
direct observation of the attachment of bacterial cells and
subsequent quantification of biofilm development directly on
the surface.

The ultrasonic release of ciprofloxacin administered in a
20-min pulse daily significantly reduced the accumulation of an
established 24-h P. aeruginosa biofilm over a 3-day period by a
factor of approximately 50 from approximately 5 �m3/�m2 in
the controls (ultrasound alone, ciprofloxacin alone, or neither
ciprofloxacin nor ultrasound) to 0.1 �m3/�m2. In terms of cell

numbers, if a biofilm cell concentration of 1010 cells/ml of
biofilm (not including channels) is assumed (D. deBeer and P.
Stoodley unpublished results) this converts to a reduction from
5 � 106 to 1 � 105 cells/cm2. A similar reduction (a factor of
ca. 60) was reflected in average biofilm thickness, which de-
creased from approximately 8 �m in the controls to 0.14 �m in
the treatment experiment. Since we started treatment after a
biofilm had been allowed to develop for 24 h and we saw a
reduction in biofilm from the initial condition as well relative
to the condition for the controls, we believe that this technol-
ogy holds promise not only for retarding biofilm accumulation
but also for eradicating established biofilms. The ability to
retard biofilm accumulation may have been even more pro-
nounced if controlled delivery had been initiated sooner rather
than at the 24 h over which the biofilm was allowed to become
established. The results of the planktonic control experiment
suggest that biofilm suppression was due to growth inhibition
and killing from the localized release of high concentrations of
ciprofloxacin in the immediate vicinity of the biofilm and not a
bioacoustic effect. Although we did not directly measure the
local concentration of ciprofloxacin at the surface of the hy-
drogel, it was likely to approach saturation (ca. 100 �g/ml)
since the internal hydrogel ciprofloxacin concentration was
greatly in excess at 11.1 mg/ml. Thus, the biofilm cells may have
been exposed to concentrations approximately 800 times the
planktonic cell MIC (0.125 �g/ml). For severe or complicated
bone and joint infections, an oral dose of 750 mg (adult, usual),
which achieves peak serum levels ranging from 1.97 to 5.39
�g/ml (12), every 12 h for 4 to 6 weeks is recommended (19a).
The ratio of the ciprofloxacin concentration in synovial fluid to
that in plasma has been measured to be 0.9 (2). The aqueous
solubility of ciprofloxacin under physiological conditions (pH
7.4, 37°C) is approximately 200 �g/ml (32). Thus, in the context
of an orthopedic implant equipped with an ultrasound-acti-
vated hydrogel delivery system, if ciprofloxacin is saturated at
the implant surface, the local concentration may be 2 orders of
magnitude greater than that which can be achieved by systemic
delivery. In terms of the lives of these hydrogels in our exper-
iments, the hydrogel had an area of 14.4 cm2 and contained
approximately 6 �g of ciprofloxacin. With a background leach
rate of 0.2 �g ml�1 min�1, the ciprofloxacin would be lost after
21 days (if a constant leach rate is assumed). With three 15-min
pulses per day at an ultrasound-induced release rate of 5.4
�g/pulse (measured from curve areas in Fig. 3), the hydrogel
would last 20 days. However, these time estimates are specific
to our system and will vary according to the hydrogel dimen-
sions, the antibiotic concentration, and the external mass trans-
fer conditions.

Interestingly, we measured biofilm accumulation in the cip-
rofloxacin-treated, ultrasound application-negative control,
even though in our release experiment the background leach
rate resulted in an effluent ciprofloxacin concentration in the
range of 0.1 to 0.3 �g/ml. The concentration at the surface
would have been higher and would certainly have been above
the measured MIC (0.125 �g/ml). This indicates that the nas-
cent biofilm cells have a higher MIC than planktonic cells, even
when they are freshly attached and the biofilm is thin. Another
possible explanation is that we inoculated the flow cells with 2
ml of an overnight culture containing approximately 2 � 109

CFU/ml. This is much higher than that used to obtain a con-

TABLE 2. Viable cell concentration and OD660 in the bulk fluid
effluent collected during ultrasound application from flow cells

Hydrogel
configurationa Day

Viable cell
concn (log10

CFU/ml)b
OD660

US�, cipro� 1 4.18 � 0.18 0.046 � 0.003
2 6.96 � 1.14 0.067 � 0.010
3 7.06 � 1.12 0.070 � 0.010

US�, cipro� 1 NDc 0.044 � 0.001
2 ND 0.043 � 0.001
3 ND 0.041 � 0.001

a US�, cipro�, ultrasound application without ciprofloxacin; US�, cipro�,
ultrasound application with ciprofloxacin.

b Data represent the geometric mean and 1 standard deviation.
c ND, nondetectable (detection limit � 17 CFU/ml; log10 � 1.2).
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ventional MIC (2 � 104 to 105 CFU/ml), and it is known that
MIC is sensitive to the inoculum concentration. Regardless,
ideally, we aim to achieve a background leach rate of zero (i)
to minimize sublethal exposure, with the possibility for the
selection of resistant strains, and (ii) to lengthen the useful life
of the hydrogel.

In addition to the killing of bacteria on an implant surface,
it is also important to consider the viability of cells that may
detach from the biofilm during a treatment. This may result
not only in systemic infection (10) but also in the dissemination
of the biofilm infection, as suggested by the findings of Kuri-
hara et al. (14). One concern of introducing ultrasonic pressure
waves at locations where the biofilm is already established is
that detachment and dispersion might be augmented (28), with
detrimental effects to the health of the patient. However, our
studies show that although the total number of detached cells
was similar on day 1 (as assessed by determination of the
OD660), culture demonstrated that the presence of ciprofloxa-
cin had reduced the viable cell concentration by over 3 log
units, from 1.5 � 104 CFU/ml to less than 1.7 � 101 CFU/ml.
This CFU reduction may be due to the killing of cells in the
biofilm prior to detachment, as well as the killing of any sur-
viving detached biofilm cells by exposure to antibiotics while
they are in the bulk fluid. The detached cell effluent concen-
tration increased, as determined by measurement of the viable
count and the OD660 measurement for the hydrogel with no
ciprofloxacin. This is expected, since it is reasonable to assume
that the detachment rate will be directly related to the biomass
of the attached biofilm, which also increased over the 3 days. In
the effluent from the hydrogel with ciprofloxacin, the OD660

decreased slightly from 0.044 to 0.041 in a trend consistent with
that of the biofilm biomass (Fig. 4). Importantly, no viable cells
were cultured from the effluent, suggesting that the ciprofloxa-
cin released during ultrasound application acted not only
against biofilm bacteria growing on the surface but also against
detached cells that were washed downstream of the biofilm.

Finally, our in vitro system represents the first step in as-
sessing the potential of ultrasound-induced release of antibi-
otics from hydrogels to control biofilms. The system may be
used for future optimization studies in which the pulse times,
the type of antibiotic, and the challenge organism may be
varied over more extensive time periods. For example, the
immediate application of ultrasound after inoculation may de-
termine if biofilm formation can be eliminated altogether with
an immediate dose of ciprofloxacin. It would be beneficial to
approach the problem in this manner since bacterial cells com-
ing to the surface in a planktonic state are generally more
susceptible to antibiotics. Another advantage of our con-
trolled-release technology is that it has the potential to be
tailored for efficacy against nonvegetative, resistant persister
populations or even spore formers in a manner analogous to
Tyndalization. Sequential releases may allow the outgrowth of
nonvegetative populations, which could then be killed while
they are growing between antibiotic applications.

Ultimately, one might envision medical devices implanted
with an antibiotic reservoir. If the device ever became infected
with a biofilm, using externally applied high-intensity focused
ultrasound, the physician might attack the biofilm by triggering
antibiotic release from the reservoir without the need for the
use of massive systemic antibiotics or surgical intervention.
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