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Introduction

Abstract

Aims: To develop an in vitro model (Colony/drip-flow reactor — C/DFR) for
the growth and analysis of methicillin-resistant Staphylococcus aureus (MRSA)
biofilms.

Methods and Results: Using the C/DFR model, biofilms were grown on the
top of polycarbonate filter membranes inoculated with a clinical isolate of
MRSA, placed on absorbent pads in the DFR and harvested after 72 h. The
biofilms varied from 256 to 308 pum in thickness with a repeatability standard
deviation of 0-22. Testing of antimicrobial agents was also performed where
C/DFR biofilms were grown in parallel with conventional colony biofilms. A
saline solution (control), 1% silver sulfadiazine solution, and 0-25% Dakin’s
solution were used to treat the biofilms for 15 min. Microscopic evaluation of
biofilm morphology and thickness was conducted. The Dakins solution in both
models produced statistically significantly higher log reductions than silver sul-
fadiazine treatment.

Conclusions: The C/DFR biofilms were thick and repeatable and exhibited
higher resistance to Dakins solution than the treated colony biofilms.
Significance and Impact of the Study: The C/DFR can be used as a tool for
examining complex biofilm physiology as well as for performing comparative
experiments that test wound care products and novel antimicrobials.

Association 1999). In normal wound healing, keratino-
cytes, endothelial cells and fibroblasts are coordinated by

Chronic wounds are an important world public health
problem that has increased with the ageing and obesity of
the population (Miller et al. 1992).

Nonhealing wounds, whose main forms are venous,
pressure and diabetic ulcers, affect approx. 1% of the US
population, resulting in suffering, disability and a large
burden on financial resources (Ruckley 1997). More than
five billion dollars are spent in the treatment for pressure
ulcers every year (Brown and Smith 1999), and in 2005,
4-8 in 1000 Americans with diabetes suffered lower-
extremity amputations according to Centers for Disease
Control and Prevention despite the effort directed at pre-
vention in the last decade.

Unlike acute wounds, chronic wounds lack an orderly
and predictable process of healing (American Diabetes
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a complex group of interactions involving cells and
matrix, but in chronic wounds, there is a failure in this
process leading to a defective wound matrix and lack of
re-epithelization (Herrick et al. 1992; Martin 1997).

According to Davies et al. (2001), although there is no
single theory to explain the behaviour of chronic wounds,
it is likely that the aetiology is multifactorial, including
ischaemia, trauma and infection (Tarnuzzer and Schultz
1996). The presence of infection, in which bacteria release
toxins in the wound bed and cause an increased inflam-
matory response, thrombocytopenia and platelet aggluti-
nation, can impair the normal sequence of wound healing
(Brown and Smith 1999).

Wounds are susceptible to microbial contamination
from both exogenous and endogenous sources, including
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the nose, skin, mouth and gut, and it is likely that such
organisms are involved in the evolution of resistant
microbial communities (Percival and Bowler 2004).

The control of bioburden is known as an important
aspect of wound management as microbial infection has
deleterious effects on wound healing, but for decades, the
bacteria in chronic infections were considered to be grow-
ing in planktonic state (James et al. 2008). This belief has
been changing over the past years with the increasing
acknowledgement that the bacteria-colonizing chronic
wounds are organized in complex communities and
enmeshed in an exopolysaccharide matrix as biofilms
(Bjarnsholt et al. 2008; James et al. 2008).

The impaired penetration of antibiotics in these com-
munities, the reduced growth rate of bacteria, the altered
micro-environment, the particular gene expression and
the presence of an intricate cell to cell communication
system (quorum sensing) make the biofilm difficult to
treat and eliminate (Percival and Bowler 2004). Biofilms
tolerance to antibiotics and other antimicrobials can be
hundreds to thousands times higher when compared to
planktonic bacteria (Ceri et al. 1999) and of further con-
cern is the emergence of the so-called super bugs such as
methicillin-resistant Staphylococcus aureus (MRSA), which
have been found more frequently infecting chronic
wounds (Demling and Waterhouse 2007).

As stated by Percival and Bowler (2004), wound bio-
film research is necessary to improve the understanding
of the impact of biofilms and bacterial interactions on
wound healing and this is the aim of the Colony/drip-
flow reactor (C/DFR) in vitro model described in this
manuscript.

Materials and methods

Model development

The model described in this study is a combination of
the colony biofilm model (Anderl ef al. 2000) and the
DFR (Xu et al. 1998). Photographs of the model are
shown in Fig. 1. A six-chamber DFR (Biosurface Tech-
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nologies Corporation, Bozeman, MT, USA) was assem-
bled using plain glass slides, to which 25-mm Millipore
absorbent pads were attached with silicone aquarium
sealant. This apparatus was sterilized by autoclaving for
25 min. Black polycarbonate filter membranes with 0-22-
um pore size and 25 mm in diameter (Osmonics, Inc.,
Minnetonka, MN, USA) were sterilized with germicidal
UV light for 15 min on each side and positioned over
the absorbent pads in the DFR. A MRSA clinical wound
isolate obtained from the South West Regional Wound
Care Clinic in Lubbock, Texas, was used as inoculum.
Absorbance of the overnight culture was measured at a
600-nm wavelength, using a spectrophotometer, and the
culture was diluted with sterile tryptic soy broth (TSB) to
obtain a 0-05 absorbance. The average log colony-forming
units per ml (CFU ml™) in the inocula was 426 + 0-44.
The membranes were inoculated with 10 ul of the diluted
overnight culture of MRSA and allowed to dry for
30 min earlier starting the medium flow. The reactor was
operated at room temperature using a peristaltic pump
to provide a flow rate of 5 ml h™" of 10%-strength TSB
to each channel. After 72 h, the polycarbonate mem-
branes were transferred to 10 ml of phosphate buffer
solution and the biofilms were dispersed by a vor-
texing/sonication procedure, serially diluted and plated
on tryptic soy agar (TSA) in triplicate. Following 24 h of
incubation at 37°C, the colonies on the plates were
counted and the colony-forming units per membrane
(CFU M%) were calculated. This experiment was con-
ducted five times to evaluate the within-experiment and
among-experiment variability of the C/DFR model. The
CFU M~ were log-transformed and analysed using a
random effects analysis of variance (ANova) which was
fit using the computer software package MINITAB
(Release 13; Minitab, State College, PA, USA). The
ANovA provided estimates of the variance because of
within-experiment sources and the variance because of
among-experiment sources (Pinheiro and Bates 2000).
The square root of the sum of those two variances is the
repeatability standard deviation, which is interpreted as
the typical distance between the log density for a single

Figure 1 C/DFR setup (a) general view; (b)
close-up view of the biofilm. C/DFR,
Colony/drip-flow reactor.
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(randomly chosen) experiment and the mean log density
across many independent, identical (same operational fac-
tor settings in the same laboratory) experiments.

Testing of antimicrobial agents and comparison with the
colony biofilm model

Another series of experiments was conducted to evaluate
the efficacy of common antimicrobial agents in reduc-
ing/killing MRSA biofilms grown in the C/DFR. The
same agents were applied side-by-side to biofilms grown
in the colony model, and the log reductions in the two
models were compared. The C/DFR was prepared as
described earlier, and the membranes were inoculated
with 10 gl of the MRSA wound clinical isolate. The bio-
films were grown at room temperature with a flow rate of
5 ml h™" per chamber of 10%-strength TSB.

The colony biofilms were grown on black UV-sterilized
polycarbonate membrane filters (diameter 25 mm, pore
size 0-22 pum; Osmonics, Inc.) resting on 10%-strength
TSA plates. An overnight culture of the MRSA clinical
isolate was diluted to an optical density of 0-05 at 600 nm
in TSB, and a 10 pl drop was used to inoculate each
membrane.

Upon drying of the inoculum, the plates were inverted
and incubated at 37°C for 72 h, with the membrane-sup-
ported biofilm transferred to fresh culture medium after
every 24 h.

After 72 h, the biofilms on two of the six C/DFR slides
and the corresponding colony biofilms were each treated
with saline solution (control), 1% silver sulfadiazine solu-
tion (1000 ug ml™), or a 025% Dakin’s solution. The
treatments were applied for 15 min by pipetting 0-5 ml of
the treatment solution on top of the biofilms at room
temperature. After 15 min, the membranes/biofilms were
transferred to 10 ml of Difco™ Dey Engley neutralizing
broth (Fisher Scientific, Pittsburgh, PA, USA) for neutral-
ization, dispersed, serially diluted and plated on TSA. Fol-
lowing 24 h of incubation at 37°C, colonies were counted
and the CFU M™! were calculated. The experiment was

Figure 2 MRSA biofilm grown in the
C/DFR. (a) General view; (b) close-up view
of the biofilm. MRSA, methicillin-resistant
Staphylococcus aureus; C/DFR,
Colony/drip-flow reactor.
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repeated four times, and the log reductions relative to sal-
ine and the repeatability standard deviation were calcu-
lated for each treatment.

The mean log reductions were then compared using
Welch t-tests, which accounted for the different variability
of each of the treatments.

Microscopic examination

C/DEFR biofilms and colony biofilms were also examined
by microscopy for the comparison of architecture and
measurement of thickness. Biofilms were grown for 3 days
as described earlier, embedded in OCT (Optimum Cut-
ting Temperature; Sakura Finetek, Torrance, CA, USA),
frozen and cryosectioned in 5-pm-thickness sections using
a cryostat.

The sections were examined using light microscopy
with a Nikon Eclipse E800 microscope with a 100x oil
immersion objective (Nikon, Melville, NY, USA). Images
were taken with a Photometrics CoolSNAP EZ camera
(Photometrics, Tucson, AZ, USA) and analysed with
MEeTAMORPH 7.5 software (Molecular Devices, Sunnyvale,
CA, USA).

Results

MRSA biofilms grown in the C/DFR over five indepen-
dent experiments grew roughly within the confines of the
inoculated area of the membranes to form circular bio-
films with a diameter of approx. 5 mm (Fig. 2a,b). The
density of bacteria within these biofilms ranged from a
log CFU M~ of 8:62-9-39 with a mean 9-11 (Fig. 3). The
repeatability standard deviation was 0-22, with 64% of the
variability of the data attributable within-experiment
sources and 36% attributable to among-experiment

sources.

The log densities from four independent experiments
testing the effect of the antimicrobials on the C/DFR bio-
films are shown in Fig. 4. The statistical results, given in
average

Table 1, showed an bacterial density of
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Table 1 Results of the statistical analysis applied to the four indepen-
dent experimental runs of the Colony/drip-flow reactor (C/DFR) and
colony models run in parallel

C/DFR Colony
Repeatability Repeatability
Variable Mean SD Mean SD
LD (saline) 9274 0-0345 9435 0-546
LR (Dakins) 2:157 0-1814 6:076 1-419
LR (silver) 0-061 0-1344 0422 0-431

LD, log density (in CFU per membrane); LR, log reduction; SD, stan-
dard deviation.

9-27 log CFU M for the saline-treated biofilms. The sil-

ver sulfadiazine treatment did not present a statistically
significant log reduction in the biofilms (P-value =

1278

0-431), while the Dakin’s solution log reduction was
statistically significantly smaller than the saline control
(P-value < 0-0001).

For the colony biofilms, the cell density ranged from a
log CFU M™" of 8-83-10-00. An average log density of
9-44 was observed with saline solution treatment. Silver
sulfadiazine treatment resulted in a 0-42 log reduction
while Dakin’s solution reduced the biofilms by 6-08 log, a
statistically significant difference (P-value = 0-0030) from
the control.

When comparing the log reductions for both models,
the treatment with silver sulfadiazine did not result in
statistically ~significant differences (P-value = 0-9021).
Dakin’s solution, however, was more effective in killing
colony biofilms than C/DFR biofilms (P-value = 0-0001).
Also, for every treatment including the controls, the

© 2011 The Authors
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C/DFR biofilms were more repeatable (see the standard
deviations in Table 1).

The microscopic analysis of the biofilms showed that
those grown in the C/DFR ranged from 256 to 308 um
in thickness and channels between cell clusters were read-
ily apparent (Fig. 5a). However, colony biofilms were
approx. 1/3 as thick, ranging from 109 to 119 um, and
channels were not present as in the C/DFR biofilms

(Fig. 5b).

Discussion

Several methods of biofilm growth have been developed
over the years using numerous types of micro-organisms
for different applications. Ideally, an in vitro model
should mimic the clinical situation as closely as possible
(Percival et al. 2007). However, methods like the Colony
Model (Anderl et al. 2000), the DFR (Xu et al. 1998), the
Capillary Flow Cell (Mittelman et al. 1992) or the CDC
reactor (Donlan et al. 2002), while extensively used in our
laboratory and capable of producing consistent and
repeatable biofilms, fail in our opinion to recreate the
unique environment present in wounds.

A method is considered repeatable if independent
repeats of the same experiment in the same laboratory
produce similar results. The conventional measure of
repeatability is the standard deviation (Zelver et al. 1999;
Feldsine et al. 2002). The statistical analysis of the data

Figure 5 Micrographs of biofilms. (a) C/DFR
MRSA biofilm; (b) colony MRSA biofilm.
MRSA, methicillin-resistant Staphylococcus
aureus; C/DFR, Colony/drip-flow reactor.

C/DFR for the growth and analysis of MRSA biofilms

indicated that biofilms grown under both control and
active treatment conditions in the C/DFR exhibited excel-
lent repeatability, much better than the colony model
from which it was derived. Growth of the biofilms was
conducted at a different temperature for each model. We
do not believe this difference impacted the repeatability of
the models. The repeatability standard deviations for the
C/DFR model are also similar to those reported in 2007
by Buckingham-Meyer et al. (2007) for control and trea-
ted Staph. aureus biofilms grown in the drip-flow and the
CDC reactors, which are approved ASTM International
methods. The ‘weaker’ treatments (defined by the authors
as treatments that produced a log reduction <1-0) were
comparable to silver sulfadiazine in our study, and ‘stron-
ger’ treatments (that produced a log reduction >1-0) were
comparable to Dakins solution in our study (Table 2).
Recently, several manuscripts describing new in vitro
models for the growth of chronic wound biofilms have
been published (Sun et al. 2008; Hill et al. 2010; Kostenko
et al. 2010 and Werthen et al. 2010), and although they
contribute to the scientific and clinical research of wound
biofilms, they fail to mimic the clinical environment of
wounds. The in vitro multispecies model specific for
reproducing chronic wound biofilms developed by Sun
et al. (2008) allows the growth of biofilms in 24 h for
rapid screening of therapeutics; however, such a model
produces microbial communities fully immersed in liquid
nutrient medium, a situation that dramatically differs

Table 2 Comparison of the results of the Colony/drip-flow reactor (C/DFR) and colony models for Staphylococcus aureus from this paper (first
two rows of the table) to the results for the CDC reactor and DFRs (3rd-4th rows of the table) reported in Buckingham-Meyer et al. (2007)

Treated biofilms

Control biofilms

Weaker treatment

Stronger treatment

Model Mean LD Repeatability SD Mean LR Repeatability SD Mean LR Repeatability SD
C/DFR 91 0-223 0-061 013 2:157 01814

Colony 94 0-546 0-422 0431 6:08 1-419

DF 86 0-586 <1 134 >1 127

CDC 83 0-224 <1 0-31 >1 0-36

LD, log density; LR, log reduction; SD, standard deviation.

© 2011 The Authors
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from the clinical reality. The same problem is observed in
the models presented by Hill et al. (2010) using a con-
stant depth film fermenter and Kostenko et al. (2010)
that used MBEC plates (MBEC™ high-throughput (HTP)
assay plates) to grow wound biofilms. Werthen et al.
(2010) published a very interesting in vitro model for the
growth of chronic wounds and other soft-tissue biofilms
using collagen matrices, but for the entire period of bio-
film growth, there is no addition of fresh medium simu-
lating the continuous production of exudate by the
wound. The method described here was developed with
the objective of reproducing some characteristics of the
environment of the wound, in which the exudate perfuses
to the surface of the ulcer, feeding the biofilm that stays
in contact with air. In addition, the flow rate of the med-
ium through the reactor can be adjusted to reflect the
exudate production observed in different types of chronic
wounds, and the temperature for biofilm growth can be
altered to reflect contrasts in clinical conditions present
in different limb diseases.

As the biofilms grown in the C/DFR are supported by
polycarbonate membranes, it enables the transfer of the
biofilms from the reactor for various types of analysis,
such as confocal microscopy, scanning electron micros-
copy, fluorescence microscopy and light microscopy fol-
lowing cryosectioning, all without disturbance of the
morphology or structure of the biofilms.

Considering that a chronic wound that presents >10°
bacteria per gram of tissue has been considered ‘infected’
(Robson 1997), the biofilms grown in the C/DFR over
the period of 3 days of incubation, which exhibited about
10° bacteria per membrane, may be representative of
those in severely infected wounds. Even though this level
of bioburden is unlikely under the care of a competent
wound care professional, it does provide advantages for
understanding the dynamics of growth of chronic wound
biofilms as well as provides a more realistic test of anti-
microbials when compared to testing against planktonic
bacteria.

In the last three of five experiments with the C/DFR,
the variability in log CFU M~' was lower than the first
two experiments. This may have been due to the techni-
cian gaining more experience with the technique.

Increasing evidence suggests that micro-organisms
inhabiting chronic wounds exist as biofilms, but traditional
research, development and testing of antimicrobial agents
have focused on the more-susceptible planktonic bacteria
(Costerton et al. 1995, 2003). Furthermore, important
emerging multi-drug resistant strains such as vancomycin-
intermediate Staph. aureus, vancomycin-resistant Entero-
coccus and MRSA have not been thoroughly studied.

Even though there is no single answer to why bacterial
cells living as biofilms present increased antimicrobial tol-
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erance, several mechanisms seem to be involved: penetra-
tion of antibiotics, physiological state of the bacteria,
heterogeneity within the biofilm, general stress response,
quorum sensing and the altered phenotype (Mah and
O’Toole 2001).

While the colony biofilms replicate some of the chronic
wound environment characteristics by allowing the
growth of biofilms on a semi-solid medium in contact
with air, the microscopic comparison of the C/DFR and
colony biofilms justifies the use of the former based on
the differences between biofilm thickness and morphol-
ogy. Although the C/DFR biofilms were grown at room
temperature and the colony biofilms at 37°C, the bacterial
densities on the membranes for both methods were
around the same order of magnitude (10° CFU M™), the
thickness and the morphology of the biofilms differed
dramatically. Several studies have shown that the penetra-
tion of an antimicrobial can be influenced by the bacterial
composition of the biofilm as well as the type of anti-
microbial applied (Mah and O’Toole 2001) but a com-
mon observation is that independently of these variables,
the thicker a biofilm is, the more tolerant it seems to be.
The increased thickness of the C/DFR biofilms (on aver-
age, triple the thickness of the colony biofilms), although
grown at room temperature implies that a greater amount
of extracellular polymeric matrix is present, which may
play an important role in the high tolerance to antimicro-
bials observed in this model. We predict that colony bio-
films grown at room temperature would be thinner and
have lower cell density than those grown at 37°C in this
study. Biofilms grown at room temperature would be less
comparable to the C/DFR biofilms, which have similar
cell densities to the 37°C colony biofilms. Furthermore,
we believe that the selection of an in vitro biofilm model
that produces a more complex biofilm morphology like
the C/DFR over the colony biofilms represents a more
stringent challenge to the efficacy of antimicrobials.

De Beer et al. (1994) used selective chlorine micro-
eletrodes to measure chlorine penetration within a mixed
species biofilm of Pseudomonas aeruginosa and Klebsiella
pneumoniae and verified that the limited penetration is
not due simply to transient diffusion but is caused by the
neutralization of the chlorine in the biofilm matrix, char-
acterized as a reaction—diffusion interaction. Similarly, the
low efficacy of the Dakin’s solution against the C/DFR
biofilms may be due to chlorine inactivation by the
matrix and is also evidence that supports the suggestion
that this model is a good in vitro representation of recal-
citrant clinical biofilms.

In spite of the fact that the antimicrobial properties of
silver have been recognized for a long time and its broad
spectrum against bacteria including MRSA has been pro-
claimed, the testing of the 1% silver sulfadiazine solution

© 2011 The Authors
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(1000 pug ml™") had little, if no effect against the biofilms
grown in this model. Bjarnsholt et al, in 2007, while
treating Ps. aeruginosa biofilms grown in continuous-cul-
ture once-through flow chambers verified that concentra-
tions of silver sulfadiazine between 5 and 10 ug ml™'
were able to eradicate the biofilms in 24 h, while a lower
concentration of 1 ug ml™" had no effect. The discrepancy
in the effect of silver sulfadiazine in the study performed
by Bjarnsholt et al. (2007) and our study, that used a
much higher concentration of silver sulfadiazine, may be
due to the shorter duration of our treatment but could
also indicate that the C/DFR model produces biofilms
that are more tolerant to antimicrobial agents.

Wounds can support a very diverse and complex
microflora even including strict anaerobes (Dowd et al.
2008) and it is likely that the interactions between these
different micro-organisms have a synergistic effect,
increasing their pathogenicity. Trengove et al. (1996)
found that wounds with four or more bacterial species
had a significantly lower rate of healing when compared
to wounds infected with fewer species of bacteria. Thus, a
system that facilitates the study of the interactions
between micro-organisms is highly desirable. The C/DFR
model is not restricted to the development of single spe-
cies communities; it allows the introduction of multiple
species in the biofilm, including anaerobes, as well as the
use of selective or reinforced growth media. Another
advantage of this model is that the treatments can be
applied on the top of the biofilms simulating a topical
treatment; pumped through the system, mimicking a sys-
temic treatment; or used both topically and systemically
to evaluate the performance of a dual approach.

Although it is recognized that in vitro data cannot
be directly extrapolated to clinical outcomes (Percival
et al. 2007) and that more sophisticated models such as
biofilm/cell culture, biofilm/tissue culture and a variety
of animal models are being developed to investigate
biofilm-host interactions, the value of in vitro models
cannot be overlooked. In vitro models allow the study
of complex phenomena that are not observed using tra-
ditional culture methods and that may be difficult to
evaluate in vivo. Furthermore, in vitro models can be
used to test antimicrobial agents that may facilitate
wound management by providing a screening mecha-
nism prior to further testing in in vivo models and
clinical trials.

In conclusion, the C/DFR model is a repeatable, rela-
tively simple and a particularly versatile in vitro system
for growing several types of biofilms including multi-spe-
cies that can be used as a tool for understanding complex
biofilm physiology as well as for performing comparative
experiments testing wound care products and novel anti-
microbials.

© 2011 The Authors
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