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ABSTRACT
Multispecies biofilms are becoming increasingly recognized as the naturally occurring state in which bacteria reside. One of the primary health issues that is now
recognized to be exacerbated by biofilms are chronic, nonhealing wounds such as
venous leg ulcers, diabetic foot ulcers, and pressure ulcers. Arguably three of the
most important species associated with multispecies biofilms that our group sees
clinically are Pseudomonas aeruginosa, Enterococcus faecalis, and Staphylococcus
aureus. This study was conducted to address the need for a chronic pathogenic
biofilm laboratory model that allows for cooperative growth of these three organisms. We have developed a novel media formulation, simple laboratory system, quantitative polymerase chain reaction for monitoring population
dynamics, and methods for objectively and subjectively measuring biofilm formation. The Lubbock chronic wound pathogenic biofilm withstood treatment
with a 50-fold higher concentration of bleach than that which was completely
bacteriocidal for fully turbid planktonic cultures. The Lubbock chronic wound
pathogenic biofilm when treated with biofilm effectors such as gallium nitrate and
triclosan responded with selective inhibition of Pseudomonas aeruginosa or Staphylococcus aureus, respectively, as has been reported in the literature. The ability of
this 24-hour model to react as predicted using known biofilm effectors suggests
that it will lend itself to future work in the development and testing of first-generation chronic wounds pathogenic biofilm therapeutics. We have defined a realistic in vitro multispecies biofilm model simulating the functional characteristics
of chronic pathogenic biofilms and developed effective tools for its characterization and analyses.

Chronic wounds affect millions of people, incur annual
health care cost in the billions of dollars, and contribute in
part to the mortality of hundreds of thousands of patients
annually in the United States.1–8 Typically these wounds
are described by their etiology and include the general categories of diabetic foot ulcers, venous stasis ulcers, nonhealing surgical wounds, and pressure ulcers. Each of these
wound types and their resistance to healing is beginning to
be associated, with the presence of multispecies pathogenic
microbial biofilms.9,10 The importance of pathogenic biofilms in implants11–16 and certain diseases17–20 and in dentistry21 is well documented. However, the nature and
significance of chronic wound pathogenic biofilms
(CWPB) as a factor in wound healing is only now beginning to be appreciated.6,22–25 It is becoming more accepted, although it remains to be proven by the medical
community, that chronic wounds are made chronic at least
in part due to an unbalanced host–pathogen interaction.9,22,26,27 This suspected imbalance, which keeps
wounds chronic, is postulated to be a result of factors related to both healing (host) and also to infection (pathogenic biofilm). We are only now beginning to recognize
that clinical CWPB are resistant and highly adaptable systems; we can fathom that the ability of the host to control
these multispecies entities may decrease in accordance with
the functional diversity of the wound’s bacterial community.28 Thus, a bacterial community that has many functionally cooperative components that are efficiently
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functioning to maintain the biofilm community would
likely have better success in delaying healing and hindering treatments.
Although there are important multispecies models designed to model oral biofilms,21,29 to our knowledge, there
are no 24-hour in vitro multispecies biofilm models that
will allow for rapid screening of therapeutics that have
been able to simulate clinical CWPB. This manuscript describes the development of a media formulation, simple
laboratory system, and associated methods that address
the need for a 24-hour multispecies biofilm model, which
possesses structural, behavioral, and functional characteristics that are similar to that of CWPB.

MATERIALS AND METHODS
Bacteria

Pseudomonas aeruginosa PAO1 (PA; ATCC number:
BAA-47), Enterococcus faecalis V583 (EF; ATCC number: 700802), and Staphylococcus aureus Mu50 (SA;
ATCC number: 700699) were maintained in initial cryostock cultures, resuscitated on tryptic soy agar (TSA,
Sigma Chemical Co., St. Louis, MO) plates and isolated
colonies were grown overnight growth in tryptic soy broth
(TSB, Sigma Chemical Co.) at 37 1C with shaking at
1.0062!g.
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Media selection and biofilm formation detection

Microtiter polystyrene 96-well assay plates (Daigger, Vernon, IL) were used as a format to do initial screening of
media formulations similar to that described by Pitts et
al.30 Bolton broth (Oxoid Ltd., Basingstock, Hampshire,
UK), MRS broth (Sigma Chemical Co.), TSB, brain heart
infusion (BHI; Becton, Dickinson and Company, Sparks,
MD) media, and heparinized bovine plasma (Biomeda,
Foster City, CA) were the final media selections (data not
shown) evaluated for ability to promote overnight biofilm
formation for individual inoculations containing PA, EF,
or SA. Aliquots for each bacteria derived from overnight
TSB were diluted and OD600 measured using a GENESYS-20 spectrophotometer (Thermo Scientific, Waltham,
MA) and plate counts were performed using a Whitley automatic spiral plater (Don Whitley Scientific Ltd., Frederick, MD). For all studies between 1!103 and 1.8!103 CFU
of each bacteria were utilized as final inoculums. For final
media selection during the development process, Bolton
broth, TSB, MRS, and BHI broth, containing 0, 10, 20, 30,
40, 50, or 70% plasma, were used to evaluate biofilm formation for each of the three individual bacteria. A total of
100 mL liquid media was dispensed into each microtiter
well on a 96-well plate, and 1 mL of 1!106 CFU/mL normalized bacterial culture (103 bacteria) was inoculated accordingly into each well. Plates were sealed with parafilm
and incubated at 37 1C with gentle shaking (.69875!g) for
24 hours. After incubation the media in each well was removed, transferred to a fresh plate, and the OD620 measured using a Bio-Rad microplate reader (Bio-Rad,
Hercules, CA). The biofilm remaining in the wells was
then visualized by crystal violet (CV) staining and quantified.30 The final CV absorbance was measured using a BioRad microplate reader at OD540.
Lubbock chronic wound pathogenic biofilm (LCWPB)
model

Bolton broth with 50% plasma and 5% freeze–thaw laked
horse red blood cells (RBC) was used as the LCWPB formation media. Glass 16!150 mm test tubes with caps were
autoclaved, and 6 mL biofilm formation media aseptically
dispensed in each tube. Optical density-normalized cultures of the three bacteria were mixed and 10 mL of the
combined and normalized culture 1!106 CFU/mL were
inoculated into glass tubes. This inoculation was done by
ejecting the pipette tip along with the bacterial suspension
into the test tubes. The pipette tips act as a surface for biofilm formation in our current model. The tubes are then
incubated at 37 1C within and environmental rotating incubator for 24 hours at 1.5721875!g.
Electron microscopy

Scanning electron microscopy (SEM) of biofilm samples
was performed as follows: samples were fixed (3% paraformaldehyde and 1.5% glutaraldehyde) for 1 hour at
room temperature. After dehydration in an ethanol series,
the samples were transferred to hexamethyldisilazane for
drying. Dried samples were mounted on aluminum stubs
using aluminum paint, and sputter coated with gold. The
specimens were viewed and photographed with a Hitachi
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S-3400N (Hitachi High Technologies, Japan) SEM. Transmission electron microscopy (TEM) was performed as follows: samples were fixed (3% paraformaldehyde and 1.5%
glutaraldehyde) for 1 hour at room temperature. The samples were then processed in a Lynx microscopy tissue processor. After embedding and polymerization overnight at
60 1C, blocks were trimmed and thin sectioned to approximately 85–90 nm using a PowerTome XL ultramicrotome
(Sims Co. Ltd., Seoul, Korea) and a diamond knife. The
sections were collected on copper grids and stained for
15 minutes in 4% uranyl acetate and 3 minutes in lead
citrate. The specimens were viewed and photographed
with a Hitachi H-7650 (Hitachi) TEM.
In vivo chronic wound samples EM and visual
comparison

This study was conducted in accordance with the approved Western Institutional Review Board protocol
number 20062347. Subjects were invited to participate in
the study upon presentation to the Southwest Regional
Wound Care Center for routine wound care treatments.
Written informed consent was obtained from all subjects
included in the study. Chronic wounds were defined as being 30 days or older and failing to progress through normal wound healing trajectories. Subjects with chronic
wounds underwent standard sharp debridements of their
wounds as part of the normal course of their wound care
management. The debrided material was fixed with preservative or placed in buffer, rather than being discarded
as per standard protocol. For examination with SEM, tissue specimens were dehydrated with 95% ethanol. Double-sided carbon tape was used to adhere the tissue to
50 mm disk mounts. A colloidal graphite coating was used
to secure the specimens and prevent charging in the SEM
chamber. The mounted tissue specimens were then placed
in a coating chamber and sputter coated with gold/palladium ions under a vacuum of 80 torr. The coated specimens were examined with a SEM Jeol JSM 6100 scanning
electron microscope (Tokyo, Japan) using an electron
beam generated by a LaB6 cathode with a voltage of
12 kV. For visual comparison of debridement and
LCWPB, a venous leg ulcer was debrided using sharp
debridement and placed into phosphate-buffered saline
and allowed to settle naturally.
Minimal bactericidal concentration (MBC) and
minimum biofilm eradicating concentration (MBEC)

A fresh 100% ultra bleach solution (containing 6% sodium
hypochlorite) was used to establish MBC and MBEC for
planktonic and biofilm bacteria cells. To determine the
MBC, equal amounts of the three bacteria were inoculated
into 5 mL TSB in glass tubes and grown at 37 1C in a shaker
for 24 hours. After incubation, bleach was added directly to
the tubes, making the final concentration of bleach 0.1, 0.5,
1, 2, 5, or 10%. These tubes were incubated at 37 1C with
shaking (1.0062!g) for an additional 5 hours. After the additional incubation, 100 mL of the bleach-treated culture
was plated onto a TSA plate and incubated at 37 1C overnight. The MBC was interpreted as the lowest bleach concentration to show no bacterial growth.
c 2008 by the Wound Healing Society
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MBEC assays were performed in parallel with MBC determination to evaluate the lowest bleach concentration
capable of eradicating biofilm cells grown using the
LCWPB. To determine the MBEC, equal amounts of the
three bacteria were inoculated into 5 mL of chronic wound
biofilm broth in glass tubes. The biofilm cultures were prepared identically to the cultures prepared for MBC testing
with the exception of the media. After incubation, bleach
was added directly to the tubes, making final concentrations of bleach to 1, 5, 10, 20, 30, 40, and 50%. The tubes
were subsequently incubated at 37 1C with shaking
[1](120 r.p.m.) for an additional 5 hours. After subsequent
incubation, the tubes were vortexed to free bacteria cells
from the biofilm, and 100 mL of the bleach-treated inoculums (broth) was plated onto TSA plates and incubated at 37 1C overnight. Additionally, a piece of bleachtreated biofilm was excised from each biofilm and used to
inoculate sterile glass tubes containing 5 mL TSB. These
tubes were incubated at 37 1C in a shaker overnight to
check the sterility of the bleach-treated biofilms. MBC and
MBEC assays were all performed in triplicate.
Chemical treatment on biofilm formation

Gallium (III) nitrate hydrate (gallium) was dissolved in
distilled water with sodium citrate and neutralized as described previously.31 Triclosan (2,4,4 0 -trichloro-2-hydroxydiphenyl ether) was dissolved in 75% ethanol. Gallium
(0.1, 1, and 10 mM) and triclosan (1, 10, and 100 p.p.m.)
were tested against the LCWPB. Each treatment was evaluated comparing with control biofilms containing the respective vehicle (sodium citrate or ethanol). Individually
grown bacteria cultures of EF, PA, and SA were diluted to
1!106 CFU/mL, and mixed together in equal amounts
and were used to inoculate 5 mL of LCWPB media that
contained concentrations of gallium, triclosan, or respective vehicle. The tubes were incubated at 37 1C with
shaking (1.0062!g) for 24 hours. Biofilm formation was
subjectively observed and tubes were then vortexed for 2
minutes. The planktonic cells and biofilms were collected
separately. A set of tubes were placed in an oven at 80 1C
for 48 hours to obtain a dry weight. The biomass dry
weight was measured as the difference of the total weight
minus the empty tube weight measured before use. Tests
were performed in triplicate for each treatment group. A
separate set of tubes in triplicate were used for quantitative
polymerase chain reaction (PCR) analyses as described
below.
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ical protein gene (Gene ID: 1120090) of SA were used to
design specific primer pairs for SYBR green real-time PCR
analysis by using Primer Express 2.0 (ABI, Foster City,
CA). The designed primers were as follow: PA (Pseu-ae-F,
5 0 -TAA GGA CAG CCA GGA CTA CGA GAA-3 0 ;
Pseu-ae-R, 5 0 -TGG TAG ATG GAC GGT TCC CAG
AAA-3 0 ); EF (Ent-fa-F, 5 0 -ACC AAG CGG CGT CAA
GTA TCA AGA-3 0 ; Ent-fa-R, 5 0 -GTG TGC GCA ATC
GCT CCA ATT TCT-3 0 ); SA (Sta-au-F, 5 0 -ATT TGG
TCC CAG TGG TGT GGG TAT-3 0 ; Sta-au-R, 5 0 -GCT
GTG ACA ATT GCC GTT TGT CGT-3 0 ).
To test the specificity and cross-reactivity of these primers real-time PCR assays and endpoint PCR assays were
performed. Genomic DNA was extracted from planktonic
cells using a QIAamp DNA mini kit (Qiagen, Santa Clara,
CA). DNA samples were quantified using a Nanodrop
spectrophotometer (Nyxor Biotech, Paris, France). Genomic DNA from each of the three bacterial strains were
diluted from 1 to 25 ng/mL per reaction and each species of
DNA was individually tested against each of the other
species primer sets.
Biofilm samples were ground to powder on dry ice using
disposable mortar and pestles (Fisher Scientific, Waltham,
MA). Bacterial genomic DNA extraction and quantification were performed as described above, and samples were
diluted to a final concentration of 20 ng/mL of total DNA.
The relative ratios of each bacterium were evaluated using
the ABI 7500 Real Time PCR System (Applied Biosystems,
Foster City, CA). Primers for PA, EF, and SA along with
Bio-Rad iTaq SYBR-Green Supermix with ROX was used
for 50 mL real-time quantitative PCR reactions as follows:
95 1C for 10 minutes, and 40 cycles of 95 1C for 15 seconds
and 60 1C for 60 seconds. All reactions were performed in
triplicate. The relative genome copy number ratios were
calculated and analyzed (User Bulletin #2, ABI PRISM
7700 Sequence Detection System). In brief, the threshold
cycle (Ct value) of the target genes in different samples was
obtained after quantitative real-time PCR reaction. The
normalizer control DNA Ct value was subtracted from the
gene of interest Ct (target gene) to produce the dCt value of
the sample. The dCt value of the calibrator (the sample
with the highest dCt value) was subtracted from every
other sample to produce the ddCt value. Two to the #ddCt
power (2ddCt ) was taken for every sample and used to evaluate relative ratios of each bacteria. This real-time assay is
designed to provide relative ratios of each bacterium within a given DNA extracted sample.

RESULTS AND DISCUSSION
Primer design and reverse transcription-PCR (RT-PCR)

Genome sequences of PA (GenBank number: AE004091),
EF (GenBank number: AE016830), and SA (GenBank
number: BA000017) were downloaded from NCBI website. The individual genome sequence noted above were
used to BLAST against each other using a WNDBLAST.32 The selected ‘‘no-hit’’ genes (genes unique to
each bacterium) were used to design isolate specific primers. These primers were tested for amplification efficiency
and cross-reactivity. Each of the genes selected were also
determined to be single copies in the respective genomes. A
transcriptional regulator LasR gene of PA, L-ribulose-5phosphate 4-epimerase araD gene of EF, and a hypothetc 2008 by the Wound Healing Society
Wound Rep Reg (2008) 16 805–813 "

Our goal was to develop a biofilm model that could mimic
as much as possible the type of biofilm we see as part of our
clinical practice. We had several criteria for this model,
which included (1) multispecies model incorporating three
of the bacteria typically seen together in chronic wound
biofilms as part of our clinical practice; (2) synergistic
growth of these three bacteria in roughly equal ratios in
the biofilm; (3) biofilm formation in 24 hours allowing for
a more rapid screening of biofilm effectors; (4) ability to
evaluate changes in the populations of the three bacterial
species; (5) ability to evaluate objectively the formation of
biofilms within the model; (6) a highly visible biofilm formation to allow for rapid subjective evaluation of biofilm
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formation; (7) a relatively compact and inexpensive model
system (e.g., test tubes), which would allow for parallel
testing of hundreds of compounds; (8) a biofilm media that
utilizes three of the major host factors (damaged tissue,
RBC, and plasma) that are within the wound bed; and (9)
a set of tools to evaluate population dynamics (changes in
the bacterial population ratios), rapid subjective visual
analysis to allow for high-throughput screening, and
objective quantitative measurement changes in biofilm
biomass.
The model described here incorporates plasma and
RBC to directly provide these components in support of
our goals to better simulate the nutrient environment in a
chronic wound. Additionally, the choice to utilize a
chopped meat-based medium models the nutrients likely
to be presented by damaged tissue in early stages after
debridement. Primary tools were developed to address our
goals included quantitative real-time PCR analysis to all
for evaluation of population dynamics, a large highly visible biofilm biomass to allow for rapid subjective analysis
of biofilm formation, and an accompanying objective analysis of biomass based on the dry weight of the biofilm. The
format of the assay in test tubes allows for a rapid subjective visual evaluation of biofilm formation without the
need for staining steps, while the dry weight analysis allows for an objective measurement of biomass formation.

Development of the biofilm model

A wide variety of media types were initially screened and
failed to generate overnight biofilm formation for each of
the isolates individually (data not shown). Ultimately, we
chose several chopped meat-based media formulations as
a logical foundation to simulate a chronic wound environment. Because chronic wounds can be considered rich in
degraded and damaged host tissue with an abundance of
extracellular matrix components. We identified chopped
meat-based media as most closely resembling what nutrients are present in a wound bed. These media included
Bolton broth, MRS broth, and BHI broth. TSB was also
utilized as a control as it is often utilized as a biofilm-inducing media in the scientific literature. Bolton, MRS,
TSB, and BHI broths with 0, 10, 20, 30, 40, 50, and 70%
bovine plasma were ultimately tested for bacteria growth
and overnight biofilm formation. The 96-well screening
method described by Pitts et al.30 was used to identify a
media formulation that would promote biofilm formation
within 24 hours for each of the three bacteria. As shown in
Table 1, PA formed an obvious biofilm when growing in
Bolton, TSB, or BHI broth. The strain formed more biomass with 10% plasma, but the biofilm’s biomass reduced
with the addition of more plasma. EF failed to form biofilm when grown in Bolton, TSB, or BHI broth alone.

Table 1. Relative CV stained results of biofilm formation on 96-well plates

Pseudomonas aeruginosa
Enterococcus faecalis
Staphylococcus aureus

Pseudomonas aeruginosa
Enterococcus faecalis
Staphylococcus aureus

Pseudomonas aeruginosa
Enterococcus faecalis
Staphylococcus aureus

Pseudomonas aeruginosa
Enterococcus faecalis
Staphylococcus aureus

Bolton10%
plasma

Bolton110%
plasma

Bolton125%
plasma

Bolton150%
plasma

Bolton170%
plasma

3
##
##

3
##
2

2
##
3

11
6
6

1
6
6

TSB10%
plasma

TSB110%
plasma

TSB125%
plasma

TSB150%
plasma

TSB170%
plasma

2
##
##

4
##
##

3
##
4

1
5
5

1
5
5

MRS10%
plasma

MRS110%
plasma

MRS125%
plasma

MRS150%
plasma

MRS170%
plasma

##
##
##

1
##
##

3
1
##

3
##
##

3
##
##

BHI10%
plasma

BHI110%
plasma

BHI125%
plasma

BHI150%
plasma

BHI170%
plasma

2
##
##

3
##
3

2
##
4

1
##
5

1
4
5

The CV absorbance was measured by using a Bio-Rad microplate reader at OD540. OD540 readings from 0 to 0.5 were represented
by ‘‘##,’’ 0.5–1.55‘‘1,’’ 1.5–2.55‘‘2,’’ 2.5–3.55‘‘3,’’ 3.5–4.55‘‘4,’’ 4.5–5.55‘‘5,’’ 5.5 and above5‘‘6.’’ There were three replicates
analyzed for each treatment on each media array. Every media array was repeated three times. The results are averaged for replicates.
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However, EF formed notable biofilm when 50% plasma
concentrations were added to Bolton or TSB broth or
when 70% plasma was added to BHI broth. SA formed
biofilms in Bolton and BHI broth when 10% plasma was
added and in TSB broth when 30% plasma was added.
The amount of biomass produced by SA increased in accordance with the amount of plasma in the media. In MRS
broth neither EF nor SA was able to form biofilm under
any condition tested. Conversely, PA was able to form
biofilm in MRS with higher concentrations of plasma. The
final media for the LCWPB media was chosen and tested
in a multispecies format and found to generate a 24-hour
biofilm that consisted of roughly equal molar ratios of
each of the three bacterial species as determined using
quantitative PCR (Table 2).
The bacteria chosen for the model are those we have
most often seen in chronic wound biofilms in our clinical
practice and often co-occur in wounds in very similar ratios to that seen in the model.9 Adding validation to our
choice of bacteria for this model is the recent work by
Gjodsbol et al.,10 where they showed that SA, PA, and EF
were the bacteria most prevalent in chronic wounds and
co-occurred. They also indicated that none of the wounds
were colonized by only a single bacterium, which is also
what we note in our clinical practice.9
Examination of biofilms by electron microscopy

Although not one of the standard tools utilized as a
method for evaluating biofilm formation in our model we
performed SEM and TEM to evaluate the ultrastructure
of the biofilm model. A complex interconnected fibrous
network of EPS of differing thickness was visible when using SEM (Figure 2A), and all three types of bacterial cells
were observed in the biofilm matrix (Figure 1B). The aggregation of bacterial cells within the biofilm (Figure 1C) is
common in actual CWPB, and the cross-linking of the
bacterial cells with the EPS (Figure 1D) is an integral part
of the biofilm structure. TEM observation also showed the

interconnected extracellular biofilm matrix of the LCWPB
(Figure 2A). It is clear that the bacterial cells are encased in
the lumen of the biofilm extracellular matrix (Figure 2B).
Dividing bacterial cells were frequently observed inside the
biofilm matrix (Figure 2C). Two distinct spherical types of
bacterial cells were observed inside the biofilm matrix, representing the cells of EF and/or SA (Figure 2D) along with
the typical rod-shaped forms of PA.
MBC and MBEC

The ability to withstand folds higher concentrations of
disinfectants is a hallmark of a biofilm. To evaluate
whether our biofilm had increased resistance to disinfectants, we challenged it with bleach solutions. Bleach, containing sodium hypochlorite, is widely used as an
antimicrobial agent to kill bacteria, fungi, and viruses. To
evaluate the LCWPB resistance to a traditional antimicrobial agent, bleach was used to compare the MBC and
MBEC for planktonic and biofilm bacteria cells, respectively. For planktonic cells, which were grown overnight to
concentrations of 1!109 CFU/mL, 1% bleach solution
was required for 100% disinfection. One of the physiological characteristics of biofilms are that they should be more
resistant to disinfection than planktonic cells33; thus, we
compared MBC with MBEC. Even after 5-hour exposure
to a 50% bleach solution, the LCWPB retained living cells
that reproduced when inoculated onto TSA or TSB. Thus,
the LCWPB exhibits at least 50-fold increased resistance to
disinfection with bleach solution.
Population monitoring—RT-PCR

Here we present the development of our quantitative PCR
assay, which is one of the standard tools we developed to
evaluate population dynamics in the chronic wound biofilm model. In order to monitor the relative ratio of the
three different species as part of the biofilm community,
we developed species-specific primers with comparable

Table 2. Effect of chemical treatment on biofilm formation, dry weight, and the bacteria ratios
Biofilm dry weight (mg $ SD)
Control
0.1 mM gallium
1 mM gallium
10 mM gallium
1 p.p.m. triclosan
10 p.p.m. triclosan
100 p.p.m. triclosan

156.3 $ 16.5
122.3 $ 23.2
78.0 $ 9.8
No biofilm observed
108.0 $ 17.4
66.3 $ 12.7
42.7 $ 8.5

Paeruginosa aeruginosa

Enterococcus faecalis

Staphylococcus aureus

24.7 $ 2.7%

30.5 $ 1.5%

44.7 $ 1.8%

43.4 $ 4.8%
15.0 $ 1.3%
(0.7 $ 0.1%)n

32.1 $ 5.3%
46.8 $ 5.0%
(72.9 $ 7.7%)n

24.5 $ 3.5%
38.3 $ 5.0%
(26.5 $ 5.9%)n

55.4 $ 6.7%
47.2 $ 6.7%
61.9 $ 7.3%

27.1 $ 4.5%
49.8 $ 4.9%
37.9 $ 5.9%

17.4 $ 2.8%
3.0 $ 0.1%
0.2 $ 0.0%

This table provides the objective measurement of biomass in dry weight during each of the treatments used to verify the functionality of the Lubbock chronic wound biofilm model. It also provides a normalized ratio for each of the bacteria within the biomass. It
should be noted that in the control biofilm each of the three bacteria are present in nearly equal ratios. Thus, this system provides a
valuable model for characterizing the differential effects of treatments on diverse populations. The dry weights were means for
three replicates for each treatment. The bacteria ratios were calculated based on the Ct values of qRT-PCR. Every qRT-PCR array
was repeated three times with three replicates. The results are means for nine replicates.
n
These are the ratios of planktonic cells from 10 mM gallium-treated cultures included for reference only, as no visible biofilm was formed.
QRT-PCR, quantitative reverse transcription-polymerase chain reaction.
c 2008 by the Wound Healing Society
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Bar = 100 µm

B

Bar = 10 µm

D

A

Bar = 2 µm

B

Bar = 0.5 µm

C

Bar = 0.2 µm

D

Bar = 1 µm

Bar = 5 µm

Bar = 3 µm

Figure 2. Transmission electron micrographs of the Lubbock
chronic wound biofilm model. The transmission micrographs are
able to show not only the coexistence of rod and cocci populations
as seen in SEM (Figure 1), but also the cohabitation of two species
of cocci. In (D) we can see Enterococcus with the larger halo (solid
arrow) surrounding the cell and Staphylococcus with the compact
halo (dashed arrow). These images show how the bacteria congregate in enclosed and protected foci within the biofilm.

810

Figure 1. Scanning electron micrographs of the Lubbock chronic
wound biofilm model. These micrographs illustrate the complex
extracellular matrix (dotted arrows)
created by the bacteria. Higher
magnification images show both
rod (solid arrow) and cocci bacteria
(dashed arrow) in close proximity
indicating the cooperative interaction of these populations.

amplification efficiencies. These primers were proven specific for each of the respective species. When relatively low
concentrations (20 ng) of DNA were used for SYBR green
real-time PCR analysis, the threshold cycle (Ct) values of
the gene amplification were in the range of 20–22 and the
background Ct values were > 33, indicating the specificity
of these three primers. The Ct functions and relative ratios
were also shown to be consistent and predictable when
DNA from each isolate was mixed in various known ratios
normalized to genome copy number. Extensive evaluation
of the primers was performed to ensure their linear amplification range, proper dissociation curves, and lack of nonspecific amplification over extended cycling. Dissociation
curves of all PCR products showed sharp peaks for each
primer pairs at the expected Tm of the products (data not
shown). Figure 3 illustrates the linear plots of the Ct value
versus the DNA dilutions of these three bacteria, indicating high real-time PCR amplification efficiency along with
the noted specificity. These results clearly showed that the
three primer pairs were specific and sensitive within this
system and able to be used to monitor the populations of
each of the three species within the biofilm community.
Treatment response evaluation: exemplifying the use
of the LCWPB

We wanted to perform a cursory evaluation of how the
populations of bacteria in the biofilm model responded to
two treatment agents we have evaluated clinically and to
exemplify how this model can be used to evaluate treatment agents. The LCWPB was exposed to various concentrations of gallium or triclosan to evaluate the population
responses within the biofilm community. Subjective observations of the biofilm formation were also made (Table 2)
c 2008 by the Wound Healing Society
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25
Ct value

23
21
19

R2 = 0.9968

23
21

100

50

25

17

10

15

5

19

2.5

17
1

Ct value

Sun et al.

E. faecalis genomic DNA (ng/reaction)

R2 = 0.9922

1.0

2.5

5.0

10.0

25.0

P. aeruginosa genomic DNA (ng/reaction)

27

Ct value

25
23
21
R2 = 0.9939

19
17

100

50

25

10

5

2.5

1

15
S. aureus genomic DNA (ng/reaction)

and the biomass dry weight was also measured, which provides objective measurement of biofilm formation. Both of
the treatments, as expected, exhibited lower biomass formation, based on dry weight, than the control biofilms,
and the decrease of the biomass correlated with the visible
reduction of the biofilm formation (Table 2). Gallium and
triclosan both demonstrated an obvious and significant
(p < 0.01) inhibitory effect on biofilm formation. No visible biofilm was evident following treatment with 10 mM
gallium and significantly (p < 0.01) less biofilm formed
with 10 or 100 p.p.m. triclosan (Table 2). To further characterize the effects the chemicals had on the individual
bacterial populations within the mixed species biofilm, the
real-time PCR assay developed as part of this study was
utilized. This test was used to compare vehicle-only controls with the gallium- and triclosan-treated samples. Gallium was seen to have a marked inhibition of PA
(p < 0.01) at 1 mM over both SA and EF. Triclosan had a
selective inhibitory effect on SA (p < 0.01) at all three
concentrations (Table 2) over PA and EF. These results
provide validation of the biofilm model as a system to
evaluate treating agents and exemplifies the predictable response of the model and its bacterial populations to welldocumented treatments.
Triclosan has been extensively studied as an antibacterial agent.34 It is particularly noted for ability to affect
Streptococcus and Staphylococcus spp.35–37 while other
studies have shown that Pseudomonas spp. is resistant35,38
or even able to inactivate triclosan.39 Our results agreed
with previous findings that PA is more tolerant of triclosan
than SA. In contrast to triclosan, gallium nitrate has been
reported to be most effective against Pseudomonas spp.
c 2008 by the Wound Healing Society
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Figure 3. Linear plots of the
qRT-PCR amplification profile
for diluted genomic DNA. (A)
Pseudomonas aeruginosa, (B)
Enterococcus faecalis, and (C)
Staphylococcus aureus. qRTPCR, quantitative reverse transcription-polymerase chain reaction.

biofilms.31 This is, however, likely the first report of gallium nitrate’s activity against a multispecies biofilm containing SA and EF. PA was shown here to be the most
sensitive of the three organisms to the inhibitory effects of
gallium at the lower concentrations tested. At higher concentrations of gallium, all three bacteria showed sensitivity
to the treatment.
In conclusion, one of the most encouraging aspects of
this in vitro model is the morphological similarity we see
with the naked eye (Figure 4) and electron micrographs
(Figure 5), compared with that seen in actual chronic
wound biofilms. While there are inherent artifacts generated by the preparation of such samples for EM work,40 we
still see the similarity in the component structure when
comparing the LCWPB with actual CWPB. This study reveals that distinct and seemingly realistic interconnected fibrous networks of the extracellular matrix are formed
within the LCWPB. During the media selection process of
biofilm formation, bovine plasma was found to be critical
for this kind of ‘‘wound-like’’ biofilm growth. Early tests
with serum-based media, for instance, did not yield this type
of result (data not shown). It is likely that SA coagulase enzyme and its ability to convert fibrinogen to fibrin plays a
key role in developing the anatomy of the LCWPB EPS.
Taken together, the effects of these chemical treatments
and the development of population and biomass measurements show the functionality of the LCWPB as a valuable
in vitro method for the study of the chronic wound paradigm. Our media, which contains laked RBC, plasma, and
a foundation derived from chopped meat (Bolton media),
represents a logical nutritional base, which can arguably
simulate the nutrients available to bacteria in a wound
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study of the chronic wound biofilm paradigm. This model
will facilitate the search for therapeutics that can effectively target chronic wound biofilms and other biofilm diseases and is now being used to screen next generation
biofilm effectors. Current work is focused on the refinement of the model conditions, fine tuning the analytical
measurement tools, development of new analytical tools
(e.g., population microarrays), and increasing the functional and species diversity of the bacterial populations
within the model.

ACKNOWLEDGMENTS
USDA disclaimer: The use of trade, firm, or corporation
names in this publication is for the information and convenience of the reader. Such use does not constitute an
official endorsement or approval by the United States Department of Agriculture.
Invivo

Invitro

Figure 4. Visual comparison of an actual debridement sample
taken from chronic wound biofilm with the Lubbock chronic
wound biofilm. This image compares a typical chronic wound
biofilm on the left and the Lubbock chronic wound biofilm on
the right showing the similarity in texture and consistency between the in vivo biofilms we typically recover and the in vitro
model described in this manuscript.

environment. This model provides a functional system for
future testing of additional host factors, antimicrobial,
and antibiofilm treatments. The rapidity of biofilm development and maturation, the ease of use, the tools described herein for evaluation of the individual bacterial
populations, a heterogeneous composition, high reproducibility, the use of plasma and RBC, and the relatively low
cost of the model provides definite advantages for the

In Vivo Bar = 10 µm

In Vitro Bar = 10 µm

Figure 5. Scanning electron micrograph comparison of in vivo
and in vitro biofilms. These images, which are at only slightly
different magnifications, highlight the similarity in the structure
and community of the biofilm and its resident bacterial populations. In both images we can see rod-shaped (solid arrows) and
cocci-shaped bacteria (dashed arrows) in close proximity.
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