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overnight at 37°C with shaking in full-strength tryptic soy broth (TSB)
supplemented with 10g ml1chloramphenicol. In other experiments,
bacteria were grown in either full-strength or 1/10-strength TSB, also at
37°C.
Gel preparation.Sterile polycarbonate membranes were attached to

one end of a 3-mm-square glass capillary tube, 5 cm long, using small
orthodontic rubber bands in order to prevent the gel from sliding in the
tube. After membrane addition, the capillaries were sterilized by UV ex-
posure. A 1-ml aliquot of an overnight culture was centrifuged for 4 min
at 6,000 rpm, the supernatant was removed, and the cells were resus-
pended in dilution buffer (DB). For most gel experiments, 10 l of this
inoculum was added to 10 ml DB. For antibiotic susceptibility experi-
ments in 2-h gels, 1 ml of inoculum was added to 9 ml DB. The bacterial
dilution was mixed 1:1 with a freshly autoclaved 4% agarose solution to
create a final concentration of 2% agarose. The mixture of agarose and
bacteria was pipetted into the open end of the capillaries and allowed to
harden. The capillaries were overfilled so that the excess gel could be cut
using a razor blade to create a straight edge at the open end. The capillaries
were incubated at 37°C in beakers with 100 ml of 1/10-strength TSB com-
pletely covering the capillaries (Fig. 1A). Air was sparged into the medium
using anaquarium pump and an air stone. The airflow rate was controlled
using an adjustable clamp on the tubing. The gels were transferred to fresh
TSB every 24 h.
Viable cell counts.Cell counts were done by removing the rubber

band and membrane from the end of the capillary and pushing the gel out
of the open end of the capillary with a sterile stick. A 3-mm cube was cut
from the end of the gel using a ruler and a razor blade. The gel cube was
placed in 10 ml of DB and treated with a tissue homogenizer for 1 min at
5,000 rpm to break apart the gel and disperse the bacterial cells. After
homogenization, the mixture was serially diluted and plated on tryptic soy
agar to enumerate the cells by colony formation. Six experiments provid-
ing cell count data at various time points were performed. Two gels were
sampled at each time, and the log average for the two was taken.

Microscopy and image analysis.A Leica TCS SP5 confocal scanning
laser microscope was used for imaging bacterium-containing gels. Sam-
ples were prepared by removing the membrane and rubber band from the
end of the capillaries and pushing the gel slightly out of the open end using
a sterile stick. Images were taken from the open end with the gel slightly
outside the capillary tube so that the glass did not interfere. Imaging was
done with gels in a petri dish submerged in 1/10-strength TSB. A 10
(numerical aperture [NA], 0.3) water-immersible objective was used.
GFP fluorescence was excited with a 488-nm laser at 30% power, and
emission was collected at wavelengths of between 500 and 600 nm. Stacks
of images 200 m thick were taken at the open end of the gel at 1- m
intervals. Three positions along the open end of the gel were imaged.
MetaMorph image analysis software (Molecular Devices, Sunnyvale, CA)
was used to combine the stacks of images into maximum image projec-
tions. Thresholds were applied to these images to find the percentage of
the area that was occupied by bacterial cells. This was repeated for six
independent experiments. The integrated morphometry analysis within
MetaMorph was used to find the equivalent radii of individual bacterial
aggregates and their positions in the gel. Clusters with a radius smaller
than 2 m were not included in the analysis. Data from six different
experiments were fit with a second-order polynomial to describe trends.
Antibiotic susceptibility.MICs were determined using a 96-well plate

in accordance with standards established by the Clinical and Laboratory
Standards Institute. Antibiotics were used at approximately 20 times the
MIC to challenge the bacteria. Killing of planktonic bacteria was mea-
sured by diluting an overnight culture 1:1,000 in TSB, placing the diluted
cultures into two identical flasks, growing the bacteria for 3 h with shaking
at 160 rpm, and then adding antibiotic, either oxacillin (20 g ml1),
minocycline (50 g ml1), or ciprofloxacin (25g ml1), to both flasks.
After 24 h of antibiotic treatment, a 1-ml sample from each flask was
centrifuged for 4 min at 6,000 rpm, the supernatant was removed, and the
cells were resuspended in DB. The samples were serially diluted and plated
on tryptic soy agar to measure the number of CFU per milliliter. The log
reduction in bacterial counts was calculated by comparison to the viable
cell count before the addition of antibiotic. Two samples, each from a
separate flask, were taken at each time, and the log average for the two was
used.
Killing of bacteria in the gel system was measured by adding antibiotic

at the previously specified concentrations to the medium incubating 2- or
24-h-old gels and then treating the bacteria for 24 h. The gel biofilm was
still in the capillary tube, and the antibiotic was delivered into the gel by
diffusion from the end of the gel in contact with the antibiotic-containing
medium. Plate counts were done before and after treatment to calculate
the log reduction in viable cell numbers. For the 2-h gels, samples were
homogenized in 5 ml of buffer, whereas 24-h gels were homogenized in 10
ml of buffer. Duplicate gels were sampled at each time, and the log average
for the two was used. Three trials were done for each antibiotic in both the
planktonic and gel experiments.
Oxygen concentration profiles.Oxygen concentration profiles in the

gel biofilm model were measured with a Clark-type oxygen microelec-
trode (Fig. 1B) with a sensor tip with a 10-m diameter(Unisense A/S,
Aarhus, Denmark). The microelectrode was connected to a millivolt me-
ter, and data were logged onto a laptop computer with Sensor Trace Pro
software (Unisense). A motor-controlled micromanipulator (model
MM33; Unisense) was used to move the oxygen electrode in 25- m in-
tervals during profile measurements. Two-point calibrations were per-
formed using air-saturated medium and anoxic medium (sparged with
nitrogen gas).
For these experiments, the capillaries were not completely filled with

gel so that some space was left at the end with the membrane. After the gels
had grown for 24 h, they were positioned vertically with the membrane
end facing down. The gel was allowed to slide down into the capillary, and
the space at the top was filled with 1/10-strength TSB. Air was blown over
the surface of this medium reservoir with an aquarium pump connected
to a glass pipette. The medium layer on top of the gel was refilled period-

FIG 1Experimental system. (A) Square glass capillary tubes were loaded with
agarose gel seeded withS. aureusand then submerged in air-sparged 1/10-
strength TSB. (B) After 24 h of incubation, oxygen profiles were measured by
probing with an oxygen microelectrode through the open end of the capillary
tube. A small volume of air-sparged medium was placed on top of the gel
biofilm to maintain hydration.



the nutrient and oxygen source were larger than the clusters more
deeply embedded in the gel.
Quantitative image analysis of the area of green fluorescence in

images like those inFig. 3recapitulated the shape of the growth
curve determined from cell counts (Fig. 4). For the data obtained
from 15 to 30 h, the estimated specific growth rate was 0.02 0.01
h1. The size of the aggregates and their distribution with depth
were measured (Fig. 5). These summary data show the develop-
ment of a size gradient of aggregates with time. At time zero, the
clusters were small and uniform in size. At 5 h, the clusters were
slightly larger but still uniformly sized. By8hofgrowth, the ag-
gregates were larger near the gel-nutrient interface than in the gel
interior. At 30 h, aggregates as large as 50m in diameter were
visible near the gel-nutrient interface, whereas the mean diameter
of aggregates at a depth of 1.5 mm in the same gels was approxi-
mately 15 m.
Antibiotic tolerance of bacteria in agarose gel biofilms.Bac-

teria entrapped in agarose gels were less susceptible to killing by all
three antibiotics tested in comparison to the killing measured with
planktonic cultures (Fig. 6). MICs were determined to be 0.78g
ml 1, 2.4g ml1, and 1.1g ml1for oxacillin, minocycline,
and ciprofloxacin, respectively. Antibiotic challenges were per-
formed at approximately 20 the respective MIC. Ciprofloxacin
was the most effective agent but still achieved only a 1.25-log re-
duction in viable cell numbers in a 24-h treatment of mature (24-
h-old) gel biofilms. Oxacillin and minocycline were less effective
against 24-h-old biofilms, with mean log reductions of 0.48 and
0.31, respectively. Young (2-h-old) biofilms exhibited susceptibil-
ities intermediate between those of planktonic and 24-h-old bio-
film gels. Pairedttests between the planktonic culture, 2-h-old gel
biofilm, and 24-h-old gel biofilm data sets were performed. For
the comparisons of the planktonic culture and 24-h-old gel bio-
film data,Pvalues were 0.016 for oxacillin, 0.023 for minocycline,
and 0.002 for ciprofloxacin. These values demonstrate that bacte-
ria within 24-h-old gel biofilms were statistically significantly less
susceptible to all three antibiotics than were planktonic cells. For
the comparison of killing in 24-h-old gel biofilms and 2-h-old gel
biofilms,Pvalues were 0.004, 0.064, and 0.063 for oxacillin, mi-

FIG 2Growth curve forS. aureusAH2547 in the gel biofilm model system
determined by viable plate counts. Data points show combined results from six
independent experiments.

ically to prevent the system from drying out. Measurements were taken by 
probing into the gel at five different locations. The experiment was dupli-
cated.
Planktonic ldh reporter gene experiments. A shake flask culture of 

the reporter strain was grown overnight in TSB with 10 g ml1 chlor-
amphenicol. A 1-ml sample was centrifuged, the supernatant was re-
moved, and the cells were resuspended in DB. The cells were subcultured 
1:1,000 in fresh TSB into two flasks. Both flasks were grown aerobically for 
4 h in an incubator with shaking at 160 rpm and 37°C. After4hof growth, 
one of the cultures was moved into a static incubator to grow hypoxically, 
and the other was kept aerobic on the shaker. Images of samples from both 
flasks were taken at 4 h (just before one flask was moved to a static incu-
bator), 7 h, and 24 h of growth. Samples were centrifuged and resus-
pended in buffer, and a 10-l volume was placed on a microscope slide 
with a coverslip. Imaging was done on an inverted Leica TCS SP5 confocal 
microscope with a 63  (NA, 1.2) water immersion objective. GFP fluo-
rescence was excited with a 488-nm laser at 55% power, and emission was 
collected at wavelengths of between 500 and 654 nm. Three different fields 
of view were imaged for each sample. Images were analyzed using Meta-
Morph image analysis software. A square region 600 pixels by 600 pixels 
was created in the center of the transmission image. The cells within that 
region were identified by doing a threshold and then creating regions 
around the objects. The regions were transferred to the fluorescence im-
age, and the average intensity of the cell region was measured. Three trials 
were done for this experiment.
Gel biofilm ldh reporter gene experiments. Gel biofilms were pre-

pared with a shake flask culture of the reporter strain as the inoculum. The 
gels were grown as described above, except that chloramphenicol (10 g 
ml 1) was added to the medium covering the capillaries. Gels were stained 
with propidium iodide (PI) for 45 min at a concentration of 6 l ml1 

prior to imaging. Images were taken at 5, 6, 7, and8hof growth on a Leica 
TCS SP5 confocal scanning laser microscope as described above. GFP 
fluorescence was excited with a 488-nm laser at 55% power, and emission 
was collected at wavelengths of between 500 and 542 nm. PI fluorescence 
was excited with a 561-nm laser at 33% power, and emission was collected 
at wavelengths of between 573 and 650 nm. GFP fluorescent images were 
collected using two line averages per frame.
In MetaMorph image analysis software, a threshold was done on the 

red PI image to identify the cell clusters. Regions were created around the 
threshold area to select for the clusters. Regions were transferred to 
the green GFP image, and the average intensity of the clusters and their 
depth in the gel were measured. Three trials of this experiment were done. 
For each trial, the peak intensity, peak depth, and depth of no discernible 
expression were measured. The peak intensity was found from a third-
order polynomial fit to the raw data. The peak depth and the depth of no 
discernible expression were measured from graphs of the raw data.

RESULTS

Bacterial growth in agarose gels. S. aureus inoculated into 2%
agarose gels grew within the gel matrix (Fig. 2). The growth curve 
exhibited characteristic exponential and stationary growth phases. 
The specific growth rate estimated from the exponential-phase 
portion of the data (0 to 10 h) was 0.73  0.04 h1. This value was 
similar to the growth rate measured in six replicate planktonic 
cultures of 0.71  0.11 h1. Growth slowed as the system matured. 
For the stationary-phase portion of the data from 15 to 30 h, the 
estimated specific growth rate was 0.06  0.02 h1.
Confocal microscopy showed that the bacteria grew in dense, 

discrete aggregates within the agarose gel (Fig. 3). Each aggregate 
appeared to arise from an individual inoculated cell or a clump of 
a few cells. All aggregates enlarged with time, but their size in-
creased unevenly. At later times (15, 24, and 30 h), the clusters 
adjacent to the open end of the capillary and therefore closest to



nocycline, and ciprofloxacin, respectively. In the comparison of
the killing of cells in planktonic cultures with that in 2-h-old gel
biofilms,Pvalues were 0.099, 0.056, and 0.105 for oxacillin, mi-
nocycline, and ciprofloxacin, respectively.
Thus, for minocycline and ciprofloxacin it cannot be said that

the differences between the 2-h gel biofilm data sets with either the
planktonic cultures or the 24-h gel biofilm data sets were not due
to random chance with a significance threshold of 0.05. The de-
tection limit was reached in all three trials of ciprofloxacin in 2-h
gels and one trial of oxacillin in 2-h gels. No growth was visible
after antibiotic treatment in those experiments.
Oxygen concentration profiles in agarose gel biofilms.Oxy-

gen profiles measured using a microelectrode revealed an oxygen
concentration gradient in 24-h-old gel biofilms (Fig. 7). The oxy-
gen concentrationdecreased with depth into the gel, and the gel
became anoxic at approximately 500 m into the gel.
Spatiotemporal expression of theldhgene in agarose gel bio-

films.Expression of the lactate dehydrogenase gene,ldh, has been
reported to be modulated by oxygen tension in the strain ofS.
aureusused in this study(21). To confirm this relationship, we
measured theaverage cellular fluorescence of theldh::gfpreporter
strain in parallel planktonic cultures, one of which was shaken and
one of which was kept static (Fig. 8). Both cultures grew as indi-
cated inFig. 8by determination of an increase in the optical den-

FIG 3Representative confocal microscopy images ofS. aureusAH2547 in the gel biofilm model at various times. The left edge of each image corresponds to the
boundary of the gel directly exposed to nutrients and oxygen.

FIG 4Growth curve forS. aureusAH2547 in the gel biofilm model system
determined by image analysis of confocal images like those shown inFig. 3.
The area occupied by cells was determined on the basis of the green fluores-
cence. Data points show combined results from six independent experiments,
with three images being analyzed at each sampling time.

FIG 5Size of bacterial clusters versus their depth in the gel biofilm model
system, based on analysis of images like those inFig. 3. The data for each time
point were fitted with a second-order polynomial. Each of the fitted curves was
derived from between 1,026 and 6,796 individual data points.



sity. Cells in the aerated culture developed less fluorescence than
those in the static culture. A pairedttest showed that the mean
cellular fluorescence from the two cultures was statistically signif-
icantly different at both the 7-h (P 2 106) and 24-h (P 9
107) time points. Microscope images (not shown) of bacteria
taken from planktonic cultures of the reporter strain grown aero-
bically and hypoxically visually confirmed thatldhexpression was
higher under conditions of less oxygen.
Confocal microscopy images of theldh::gfpreporter strain

grown in agarose gels revealed a distinct spatiotemporal pattern of
fluorescence development (Fig. 9). At an early time point (Fig. 9A,
5h), there was little detectable fluorescence. Weak fluorescence
began todevelop at6hinaninterior stratum of the gel approxi-
mately 1 mm distal from the nutrient interface (Fig. 9A). The band
of fluorescence became brighter and shifted toward the nutrient
interface in time (Fig. 9C). From the image analysis summary
shown inTable 1, the peak intensity increased with time and the
peak location moved closer to the gel-nutrient interface. The di-

mension of the region adjacent to the gel-nutrient interface, where
there was no discernibleldhexpression, shrank in time.

DISCUSSION

Bacteria entrapped in a hydrogel matrix grew and generated intri-
cate structures that captured many of the features of biofilms that
form in soft tissues or mucusin vivo. In a system in whichS. aureus
was embedded within an agarose gel, bacteria were distributed
throughout the gel in dense aggregates, approximately 5 to 50m
in diameter, separated by regions of uncolonized gel matrix (Fig.
3). This organization, which involved no attachment substratum,
neither biomaterialnor epithelium, is representative of the way in
which biofilms have been described in the lungs of people with
cystic fibrosis (3), in chronic wounds (5), and in periprosthetic
tissue (7–9). Prior work with gel-entrapped bacteria has also re-
ported an organization of microorganisms in dense, small clusters
within the gel matrix (13,16,17,22).
Bacterial growth in the gels was initially rapid, and the specific

growth rate was similar to that of the planktonic cells. After a day
of incubation, the specific growth rate was lowered to less than
10% of its maximum value, with estimates by two different ap-
proaches being 0.06 h1and 0.02 h1. These measurements reca-
pitulate the observation of slow growth that has been reported in
many conventional biofilm systems (23–26) and has recently been
demonstrated byexvivomeasurements of bacterial growth rates
in sputum specimens from people with cystic fibrosis (27) and in
a rat model of prosthetic joint infection (28). For example, the
median growth rate ofS. aureusin the sputum of people with
cystic fibrosis was 0.014 h1(27), and a typical value in the rodent
joint was 0.087 h1(28). Theseex vivogrowth rates bracket the
measurements in ourin vitrogel biofilm system. The nutrient
source used in this research, 1/10-strength TSB, likely provides a
growth milieu richer than that found under the conditionsin vivo.
In preliminary work culturingS. aureusin bovine serum, for ex-

FIG 6Comparison of killing in planktonic culture (black bars), 2-h-old gel
biofilms (gray bars), and 24-h-old gel biofilms (white bars) ofS. aureus
AH2547 by three antibiotics. OXC, oxacillin; MNC, minocycline; CIP, cipro-
floxacin. *, statistical significance (P 0.05) for comparisons between plank-
tonic and gel biofilm conditions.

FIG 7Oxygen concentration profiles in gel biofilms containingS. aureus
AH2547. The data points are averages of the oxygen concentrations at five
different spots in the gel. The results of two trials from two different gels are
shown, and a representative error bar (standard deviation) is shown for each.
Error bars on all other points were of similar magnitudes. Zero on the depth
scale corresponds to the gel-nutrient medium interface.

FIG 8Average cell intensity for a shake flask culture (open circles) and a static
culture (closed circles) from confocal images of planktonic cells of strain
UAMS-1/pEM87 containing theldh::gfpreporter. Both flasks were grown on
the shaker for 4 h, and then one was moved to a static incubator. *, statistical
significance (P 0.001) for comparisons between the two culture conditions.



ample, the specific growth rate was approximately 40% of the rate
measured in dilute TSB.
TheS. aureusgel biofilm system harbors an oxygen concentra-

tion gradient (Fig. 7) and therefore represents a common feature
of biofilm infections, where multiple lines of evidence point to
hypoxic conditions (29–33). Hypoxia within the gel biofilm is also
indicated by localized expression of the lactate dehydrogenase
gene, which is expressed in the transition to anaerobiosis (Fig. 9).
These signatures for local hypoxia and anaerobiosis agree with
those from previous transcriptomic, proteomic, and metabolo-
mics comparisons of planktonic and biofilm staphylococcal cells,
which collectively revealed decreased aerobic energy metabolism
and increased fermentative activity in biofilms (34–39). More spe-
cifically, thespatial pattern ofldhexpression conforms to the qual-
itative pattern predicted for a gene whose expression is induced
under conditions of diminished oxygen (40). The modeled pat-
tern predicts maximal expression at an intermediate depth from
the oxygenated interface of the biofilm. At depths closer to the oxic
boundary, the oxygen concentration is too high to allow induc-

tion, and at deeper locations, the growth rate of the bacteria is too
low to permit much new protein synthesis. InS. aureusgel bio-
films formed with a hemispherical shape, complex patterns ofldh
expression that depended on the initial density of gel inoculation
were observed (41).
Though nutrient concentrations within gel biofilms were not

measured, it is possible to place rough estimates on these concen-
trations. Because the carbonaceous substrate concentration in
1/10-strength TSB is so high (2,250 mg liter1) in comparison to
the amount of oxygen available (approximately 6 mg liter1in
equilibrium with air at the altitude in Bozeman, MT), oxygen is
limiting (as demonstrated experimentally) and most of the carbo-
naceous substrates are present in excess throughout the gel bio-
film. However, it is possible that concentration gradients of cer-
tain substrates that can be used in the absence of oxygen, such as
glucose, whichS. aureuscan ferment, could develop. Gel biofilms
were initially fabricated without nutrients in the gel matrix. The
delivery of nutrients into the gel occurred by diffusion. An order-
of-magnitude estimate of the depth,d, to which nutrients could
diffuse in the 24-h incubation period is given byd (Dt)1/2, where
the diffusion coefficient,D, of a representative substrate (here,
glucose) is taken to be 7.3 106cm2s1and the time (t) is
86,400 s (42). The penetration depth thus estimated is 8,000m.
This is much greater than the experimentally observed penetra-
tion depth of oxygen of 500m.
Our measurements are consistent with physiological heteroge-

neity within the gel biofilm system. In particular, the difference in
the sizes of bacterial aggregates within the gel structure (larger
clusters near the nutrient- and oxygen-provisioned interface,
smaller clusters deeper in the gel biofilm) presumably reflects dif-
ferences in the local growth rate of the bacteria. Some earlier stud-
ies with gel-entrapped bacteria reported finding a distribution of
microaggregate sizes within the gel conforming to the presumed

FIG 9Analysis ofldh::gfpreporter strain UAMS-1/pEM87 in the gel biofilm system from one representative experiment. (A) Confocal images over a 3-h time
period. The left edge of each image corresponds to the gel interface directly exposed to nutrients and oxygen. (B) Green fluorescence images (ldh::gfpreporter
strain) at 7 h overlaid with propidium iodide (red). (C) Average cluster green fluorescence intensity versus depth in the gel from 5 to 8 h.

TABLE 1Image analysis summary of the reporter strain
UAMS-1/pEM87 in the gel system for three experiments

Expt
no.

Peak intensityaat the
following time (h):

Peak depth (m) at
the following time
(h):

Depth ( m) of no
expression at the
following time (h):

5 6 7 8 5 6 7 8 5 6 7 8

1 15 95 95 195 NAb 900 450 0 1,515 400 250 0

2 13 14 140 95 NA NA 500 300 1,515 1,515 170 100

3 13 16 79 105 NA NA 550 300 1,515 1,515 300 100

Avg 13.7 41.7 104.7 131.7 NA 900 500 200 1,515 1,143.3 240 66.7

aIntensity units are arbitrary.
bNA, not applicable because no peak was present.
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