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We have developed a rapid, continuous method for monitoring the effectiveness of several antibacterial
agents in real time, noninvasively, by using a recently described mouse model of chronic biofilm infection (J. L.
Kadurugamuwa et al., Infect. Immun. 71:882-890, 2003), which relies on biophotonic imaging of biolumines-
cent bacteria. To facilitate real-time monitoring of infection, we used a Staphylococcus aureus isolate that was
made bioluminescent by inserting a modified lux operon into the bacterial chromosome. This bioluminescent
reporter bacterium was used to study the antimicrobial effects of several antibiotics belonging to different
molecular families. Treatment with rifampin, tobramycin, and ciprofloxacin was started 7 days after subcu-
taneous implantation of catheters precolonized with 104 CFU of S. aureus. Three different doses of antibiotics
were administered twice a day for 4 consecutive days. The number of metabolically active bacteria in untreated
mice and the tobramycin- and ciprofloxacin-treated groups remained relatively unchanged over the 4-week
observation period, indicating poor efficacies for tobramycin and ciprofloxacin. A rapid dose-dependent decline
in metabolic activity in rifampin-treated groups was observed, with almost a 90% reduction after two doses and
nearly undetectable levels after three doses. The disappearance of light emission correlated with colony counts.
After the final treatment, cell numbers rebounded as a function of concentration in a time-dependent manner.
The staphylococci isolated from the catheters of mice treated with rifampin were uniformly resistant to ri-
fampin but retained their in vitro susceptibilities to tobramycin and ciprofloxacin. Since the metabolic activ-
ities of viable cells and a postantibiotic effect could be detected directly on the support matrix nondestructively
and noninvasively, the methodology is specifically appealing for investigating the effects of antibiotics on
biofilms in vivo. Moreover, our study points to the possible use of biophotonic imaging for the detection of the
development of resistance to therapeutic agents during treatment of chronic infections in vivo.

Modern medical practice involves the implantation of an
increasing number of diverse prosthetic devices. Microbial ad-
hesion and biofilm formation on these devices are common
occurrences and represent serious medical problems, as these
infections are often difficult to resolve because of their in-
creased resistance to host defense mechanisms and antimicro-
bial therapy (9, 21, 32). Despite the use of drugs that are highly
active in standard in vitro susceptibility tests, the response to
therapy may be disappointing and biofilm infections are often
reestablished soon after treatment, which then leads to chronic
infections. Frequently, the affected devices must be removed to
fully eliminate the infection. Removal of these devices, for
example, heart valves, joint prostheses, and central nervous
system shunts, has serious implications (8, 25). In order to
combat biofilm-associated infections, novel, effective drugs and
new approaches to screening for the effectiveness of candidate
compounds in vivo are essential to accelerate their develop-
ment.

Attempts have been made to predict the outcomes of in vivo
antibiotic treatments associated with bacterial biofilm infec-
tions with the help of in vitro methods. However, the standard
in vitro susceptibility tests are not predictive of the therapeutic
outcomes of device-related infections (3, 44). One major prob-
lem faced in biofilm research in vivo, especially those studies

concerning antibiotic treatment, has been the lack of a nonde-
structive, reproducible, longitudinal monitoring system, which
would permit the assessment of antibiotic activity in the same
animal throughout the duration of the study. Furthermore, to
test the effectiveness of the treatment regimen, animals must
be killed at each sampling point and the foreign body must be
removed to estimate the pathogen burden within the biofilm.
Such procedures can yield large animal-to-animal variations
and the consumption of large numbers of experimental ani-
mals.

Fortunately, due to recent advances in imaging technology
and bioluminescent reporter systems, researchers can now
monitor bacterial infections noninvasively and nondestruc-
tively at various sites within the host animal (5–7, 10, 11, 19,
34). Recently, Kadurugamuwa et al. (19) demonstrated such a
method for monitoring device-related chronic biofilm infection
in a mouse model in real time through noninvasive imaging of
bioluminescent strains of two of the most common biofilm-
forming pathogens, namely, Staphylococcus aureus and Pseudo-
monas aeruginosa. Here we extended that study to investigate
whether biophotonic imaging could be used to evaluate the
therapeutic efficacies of antimicrobial agents in the in vivo
model. Additionally, the utility of the model was assessed for
its ability to monitor noninvasively the postantibiotic effects
and regrowth of biofilm bacteria in live animals through biolu-
minescent imaging.

(Parts of the present study were presented at the 42nd In-
terscience Conference on Antimicrobial Agents and Chemo-
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therapy, 2002 [J. Kadurugamuwa et al., Abstr. 42nd Intersci.
Conf. Antimicrob. Agents Chemother., abstr. B-270, 2002].)

MATERIALS AND METHODS

Bacterial strain. The bacterial strain used in this study was S. aureus ATCC
12600. This strain was engineered for bioluminescence by inserting a modified
complete lux operon, as described previously (19), and was designated S. aureus
Xen 29.

Antibiotics. Selected model antibiotics belonging to different molecular fam-
ilies and having different mechanisms of action were tested for their effects
against biofilms. The antibiotics selected for treatment of in vivo biofilm infec-
tions were rifampin, a transcriptional inhibitor; ciprofloxacin, a topoisomerase
inhibitor; and tobramycin, an aminoglycoside which acts as both a translational
inhibitor and a surface perturbating agent (18, 30).

Catheter-associated biofilms. Biofilms of S. aureus were developed on a 14-
gauge Teflon intravenous catheter (Abbocath-T; Burns Vet Supply, Vancouver,
Wash.), as described previously (19).

Antibiotic susceptibility test. (i) MIC assays. MICs were determined by the
broth dilution method with an inoculum of 108 CFU of S. aureus per ml in
Mueller-Hinton broth (MHB) by the procedures recommended by the National
Committee for Clinical Laboratory Standards (29).

(ii) Biofilm susceptibility testing. The biofilms that formed on 1-cm catheter
segments were transferred to tubes containing dilutions of the specified antibi-
otics in MHB. Following 18 h of incubation at 37°C in the presence of an
antimicrobial agent, the catheters were rinsed twice in MHB and the viability and
metabolic activity of the biofilm were determined by measurement of the viable
counts and reading of the bioluminescence with an IVIS Imaging System (Xeno-
gen Corp., Alameda, Calif.). The minimal biofilm eradication concentration was
defined as the lowest concentration of antibiotic that reduced �99.9% of the
biofilm cell numbers with respect to the cell numbers for the untreated controls
(4, 37).

Resistance to antimicrobial agents. The bacteria recovered from the catheters
were screened for the emergence of resistance to antimicrobial agents during
therapy by plating the bacteria onto MHB containing each antibiotic at the MIC.
Plates were examined for growth after 24 h of incubation at 37°C. Bacteria that
showed increased resistance to antibiotics were further tested by the broth
dilution method to determine the MIC.

Experimental model of infection and monitoring of response to therapy. The
experimental infection in a murine model was established as described previously
(19, 35). Seven days after implantation of a 1-cm segment of a precolonized
catheter carrying 104 CFU, groups of mice were treated with rifampin, cipro-
floxacin, and tobramycin. Three doses of each antibiotic (30, 20, and 10 mg/kg of
body weight) were tested by administering tobramycin (subcutaneously) or ri-
fampin and ciprofloxacin (intraperitoneally) in 0.1 ml of saline. The antibiotics
were given every 12 h for 4 consecutive days (total of eight doses). The concen-
trations of the antibiotics and the treatment regimens were selected on the basis
of information available in comparable studies in the literature (13, 16, 26, 28,
43). Since the concentrations of antibiotics used in the present study were similar
to or greater than those used in previous studies, we expected that the drug
concentrations in serum were well above the MIC for S. aureus. A separate group
of animals served as an untreated infection control group that was treated with
saline. A sterile catheter was implanted in another extra group of animals, which
served as a negative control group. The mice were maintained in an anesthetized
state with 1.5% isoflurane gas by using an IVIS manifold placed inside the
imaging chamber and were imaged for a maximum of 5 min at various time
points following inoculation by using an IVIS Imaging System. Total photon
emissions from defined regions of interest within the images of each mouse were
quantified by using the Living Image software package (Xenogen Corp.). The
photon signals from the catheter were quantified from the dorsal image of each
mouse. During the treatment and after the final imaging time point, mice were
euthanized, and the infected catheter was surgically removed for enumeration of
bacteria by both bioluminescence imaging and the conventional viable count
method. The bioluminescence of the bacteria recovered at the end of the exper-
imental period was compared with that of the inoculating strain.

Extraction and quantification of bacteria from the catheter biofilm assay. (i)
In vitro. Two to three catheters were removed from the incubating tubes ac-
cording to each experimental objective. The catheters were rinsed in fresh Tryp-
ticase soy broth and imaged to quantify the bioluminescence signal. The cathe-
ters were then transferred to a separate tube containing 1 ml of Trypticase soy
broth. The tubes were placed in an ultrasonic bath (38.5 to 40.5 kHz; Van Waters
& Rogers, San Francisco, Calif.) and sonicated for 5 to 10 min, followed by
votexing for 1 min to remove the biofilm bacteria from the support surface. To

assess the catheters for the complete removal of the biofilm bacteria, the cath-
eters were imaged at different time intervals and the loss of a bioluminescence
signal from the catheter was used to define the complete biofilm removal pro-
tocol. The bacteria that were removed from the catheter were diluted, plated on
Trypticase soy agar, and incubated at 37°C for colony counting.

(ii) In vivo. During the evaluation period and after the final imaging time
point, the mice were humanely killed by euthanasia, and the catheters were
gently removed from the subcutaneous tissue by making an incision in the skin
approximately 2 cm from the implant wound. The harvested catheters were
imaged, and the biofilm bacteria were detached from the catheter material as
described above and enumerated by conventional colony count assay. Catheters
from the control mice were included in each experiment to assess the adequacies
of the aseptic and surgical techniques.

RESULTS

Antimicrobial susceptibility studies. The MICs of rifampin,
ciprofloxacin, and tobramycin for strain Xen 29 were 0.016, 4,
and 4 mg/ml, respectively. The corresponding minimal biofilm
eradication concentrations of these agents were 0.128, 32, and
64 mg/ml, respectively.

Response to treatment. Following implantation of the cath-
eters precolonized with 104 CFU of Xen 29 per catheter, the
bioluminescence measurements increased exponentially over
24 h. It reached approximately 105 photons/s/catheter and re-
mained moderately stable until the termination of the experi-
ment, thus allowing the efficacies of the antibiotic treatments
to be effectively assessed. Treatment with rifampin, ciprofloxa-
cin, and tobramycin was started 7 days after implantation. The
total photon emission from infected sites was quantified by
using Living Image software, with the cumulative results shown
in Fig. 1. Real-time in vivo biophotonic images of representa-
tive animals from the control group and the groups of animals
treated with the highest dose of each antibiotic are shown in
Fig. 2. Compared with the bioluminescence for the control
group, the bioluminescences for mice treated with tobramycin
or ciprofloxacin at concentrations up to 30 mg/kg showed no
apparent differences throughout the study (Fig. 1 and 2). In
contrast, a rapid dose-dependent decline in metabolic activity
in the rifampin-treated group was observed by day 1, with an
almost 90% reduction and nearly undetectable levels after
three treatments. Continuing rifampin administration dimin-
ished the luminescence to nearly background levels in all
groups. A reduction of almost 1.5 log units was observed after
the final treatment. Once the signals were reduced, after the
final treatment (day 10 postinfection) the signals remained
undetectable for the next 3 to 5 days in the group treated with
the highest dose of rifampin. Although attenuation of the sig-
nal from the biofilm was initially shown for mice treated with
all doses of rifampin, relapse was observed in each animal at
various later times, as judged by the intensity of the biolumi-
nescent signal, indicating that the biofilms were not irreversibly
damaged and could regrow (Fig. 1 and 2). This increase in the
luminescence of the biofilm images correlated with the in-
crease in viable cell numbers.

Relationship between bioluminescence measurement and
conventional viable count. In order to determine whether bac-
terial death could explain the decline in light emission, groups
of mice were killed during the course of the study to determine
the number of CFU present in the biofilm colonizing the cath-
eter material. A comparison of bioluminescence and CFU data
for control mice and tobramycin- and ciprofloxacin-treated
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FIG. 1. In vivo bioluminescence monitoring of S. aureus in the mouse model of biofilm infection during treatment with ciprofloxacin,
tobramycin, or rifampin. The total number of photons detected over the infected catheter per second was determined by using an IVIS camera
and was plotted with respect to time. Two catheters were implanted in each mouse, and each datum point is the mean � standard deviation for
two to three mice. Arrows indicate the days of antibiotic administration. The data are the averages of results from three separate experiments.
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mice revealed that the number of CFU extracted from the
catheters of the animals that had been killed closely paralleled
the bioluminescence signal (Fig. 3). Treatment with rifampin
for 1 day (day 7 postinfection) resulted in a rapid decrease in
bioluminescence. Similarly, evaluation of antibacterial activity
by the standard methodology of CFU determination also dem-
onstrated a drop in the numbers of CFU. However, the mag-
nitude of the reduction in the bioluminescent signal appeared
to be greater than that obtained by CFU determination. This is
probably because the antibiotic inhibited protein synthesis in
the cell immediately but took longer to induce cell death to
occur. Concomitant alterations in bioluminescence and the
numbers of CFU were observed for subsequent time points.
Compared to real-time bioluminescence monitoring, CFU de-
terminations took considerably longer to demonstrate a re-
sponse to treatment.

No spontaneous healing of implant infections occurred in
the untreated group, even after a prolonged (40 days) obser-
vation period (data not shown). Each bacterium from all col-
onies harvested from the in vivo biofilm infections expressed
luciferase activity that was comparable to that of the original
inoculum. These findings demonstrate that the engineered
strain is stable in vivo and indicate that the reduction in ap-
parent growth determined by luminescence is due to a reduc-
tion in metabolic activity and not to a loss of the lux insertion.
The infection remained localized to the catheter.

Emergence of resistance during therapy. The potential
emergence of resistant mutants during therapy of chronic bio-
film infection was determined for staphylococci recovered

from the catheters in all groups. No evidence of resistance to
tobramycin or ciprofloxacin was observed when the biofilm
bacteria were cultivated on plates containing the respective
antibiotics. In contrast, a large proportion of the bacteria re-
covered from the biofilms after rifampin treatment were resis-
tant to greater than 2.5 mg of rifampin per ml. Compared with
the MIC for the strain recovered from untreated animals, the
MIC for rifampin-resistant isolates showed an approximately
�64-fold increase.

DISCUSSION

We have demonstrated the use of biophotonic imaging to
evaluate the efficacies of antimicrobial agents against a subcu-
taneous catheter-associated S. aureus biofilm infection in mice.
To facilitate real-time monitoring of infection, we used bacte-
ria that expressed a modified lux operon from Photorhabdus
luminescens (10) and a low-light imaging system. In this man-
ner, the bioluminescent light generated within the pathogen
can be used to monitor the progression of infection and the
efficacy of antibiotic treatment noninvasively in animals in real
time. Images of the mice in each group revealed spatial distri-
bution and temporal patterns of biofilm development that rep-
resented a full range of responses to therapy, including disap-
pearance, relapse, and apparent unimpeded growth. By this
methodology we have demonstrated that not only antibacterial
properties but also the course and the relapse of the infection
can be monitored optically in vivo in real time in living animals.
In addition, the approach resulted in a considerable savings in

FIG. 1—Continued.
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time, since results were obtained in minutes rather than days,
as with conventional methods.

Bioluminescent bacteria have previously been used success-
fully for the measurement of antibacterial activity in vitro (14,
22, 33, 36, 38, 40, 41) and for the measurement of activity
against acute in vivo infections (5, 6, 10, 11, 16, 34). The model
presented here permits for the first time longitudinal monitor-
ing of chronic biofilm infections and the response to therapy.
Prior to the introduction of this novel methodology, the re-
sponse to therapy for device-related infections in animal mod-

els had been monitored mainly by CFU determinations. These
methods suffer from the disadvantage of requiring large num-
bers of animals, in addition to more labor, more time, difficul-
ties in extraction of the bacteria from the support matrix, and
sampling limitations (6, 20). The guinea pig tissue cage model
of Zimmerli et al. (46) allows repeated sampling of fluid for
bacterial enumeration and for determination of the pharma-
codynamics of antibiotics or the specifics of the local host
response. However, this method provides the number of sessile
bacteria within aspirated tissue cage fluid surrounding the for-

FIG. 2. Real-time monitoring of the effects of antibiotics on S. aureus Xen 29 biofilm infection in mice. Seven days after implantation of
precolonized catheters with 104 CFU of S. aureus, the mice were treated or not treated with antibiotics (twice a day for 4 consecutive days) and
were imaged periodically over a 4-week period by using an IVIS camera. A representative animal from the group receiving the highest dose of
antibiotic or the untreated control group is shown. The color bar indicates the signal intensity. p/sec/cm^2/sr, number of photons per second per
square centimeter of catheter/steradian.
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eign body but not the number of biofilm bacteria. Moreover,
this method, like other conventional ex vivo methods, does not
provide data in real time. By the method described here, it was
possible to evaluate antibacterial effects and the regrowth of
biofilm bacteria in living animals without the limitations asso-
ciated with death as an end point for sampling. In addition, our
methodology is not subject to the problems of plate contami-
nation or antibiotic carryover effect that can bias the results for
treated groups.

It is accepted that eradication of a foreign body-related
infection generally requires long courses of combination anti-
biotic therapy (1, 2, 12, 13, 21, 23, 27, 31, 32, 37, 39, 47).
However, in this study the main intent of the evaluation was
the application of an in vivo imaging technology to monitor the
effects of different antibiotics on bacterial growth and the re-
currence of infection rather than the clinical response per se.

We therefore opted to treat the mice singly with a relatively
short course of antibiotics. In this way we could demonstrate
the ability to monitor the regrowth of the biofilm noninvasively
in real time in the same animal following repeated treatments.
Unlike other methods, removal of the infected device was not
necessary to enumerate its pathogen burden. The ability to
monitor the postantibiotic effect and detect the in vivo de-
velopment of survivors resistant to a given therapeutic agent
during treatment in living individual animals under various
therapeutic regimens provided both temporal and spatial
information. As reported previously (19), catheter segments
with preformed biofilms containing 104 CFU/catheter pro-
duced a chronic infection in 100% of the mice into which the
catheters were implanted without causing spread of the in-
fection beyond the implant, delayed death, or spontaneous
resolution. In this respect, the catheter model simulates

FIG. 3. Growth and bioluminescence signals of S. aureus in the mouse model of biofilm infection during treatment with phosphate-buffered
saline (untreated control group), tobramycin, ciprofloxacin, or rifampin. Viable counts are reported as the number of CFU per catheter, and
bioluminescence is represented as the number of photons per second per catheter determined with an IVIS camera. Each datum point is the mean
� standard error for three to four catheters. Bioluminescence was determined at each time point immediately prior to determination of the viable
cell count by harvesting the catheter.
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human infections, in the sense that no spontaneous cure
occurs. In addition, the potential for a relapse of infection
following treatment mimics the clinical condition. This is
therefore an acceptable model for evaluating an antibiotic’s
ability to alter an otherwise defined outcome.

The ability to rapidly assess microorganism viability is im-
portant in the evaluation of susceptibility to antimicrobial com-
pounds. The light emission from the biofilm paralleled the
number of CFU and reflected the metabolic status of the
biofilm cells. Bacterial bioluminescence depends on a complex
cellular biochemistry, in which a large number of genes (five
structural genes, luxABCDE) and proteins are involved in a
highly controlled manner (24). Consequently, light production
indicates that the genetic and biochemical apparatuses of the
cell are intact. The variation in color intensity of the biofilm
represents the relative metabolic activity at a given location of
the biofilm, indicating the physiological heterogeneity within
the biofilm, as shown previously (17). We found that rifampin
was effective, causing �1.0 to 1.5 log reductions in the number
of CFU and the bioluminescence signal within the catheter.
This proves that the catheter-associated biofilm in mice re-
sponded to the antibacterial agents, and the response could be
detected noninvasively by the methodology described here.
Tobramycin and ciprofloxacin did not reduce the biolumines-
cence or bacterial counts during treatment and did not cure the
infection. This relative resistance of the biofilm to tobramycin
and ciprofloxacin is in accordance with previous observations
in the literature (15, 27, 44). Our results are consistent with
those of previous studies demonstrating the significant bacte-
ricidal effect of rifampin against staphylococcal biofilm infec-
tions (1, 2, 12, 13, 27, 31, 37, 42, 44–47). In addition, our in vivo
results confirm the high risk of the rapid emergence of a
rifampin-resistant population, as reported previously, which
can result in clinical failures when rifampin is used alone (12,
23, 31, 44, 47).

At present, convenient methods that allow the detection of
bacterial resistance to antibiotics that develops during treat-
ment of in vivo biofilm infections are not available. By our
methodology, the efficacies of antibacterial agents against bio-
film infections could be rapidly evaluated in vivo at multiple
times during the course of disease, allowing single animals to
be monitored over time and removing intersample variability.
Thus, far fewer animal subjects are required to obtain statis-
tically meaningful results. Moreover, because the studies can
be performed with minimal invasiveness, the stress on the
animals can be reduced dramatically. We have demonstrated
that the imaging technology simplifies the evaluation of biofilm
viability in an experimental infection and accelerates the in
vivo analysis of the efficacies of drugs against biofilm infec-
tions. We believe that the model presented here offers spatio-
temporal information about biofilm formation and drug treat-
ment not available from other conventional methods. In
addition, this technology permits a more convenient and rapid
means of assessing the in vivo potentials of novel antimicrobial
compounds, susceptibility testing, resistance development, and
compound screening at an early stage in drug development.
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