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Abstract

Bacterial biofilms have been found in many, if not all, chronic wounds. Their excessive
extracellular matrix secretion and the metabolic changes that they undergo render them
highly tolerant of many antibiotic and antimicrobial treatments. Physical removal and/or
disruption are a common approach to treating wounds suspected of having bacterial
biofilms. While many of these techniques use mechanical energy as the primary means
of removal, we have begun to investigate if surfactants could facilitate the removal of
bacterial biofilms, or if they might sensitise the biofilms to antimicrobial interventions.
We tested a new surfactant-based wound gel on an ex vivo porcine skin explant model
infected with a functionally tolerant 3-day biofilm. The wounds were dressed with a
surfactant-based gel directly on the wound or with moistened gauze. The wounds were
then wiped daily with moistened gauze, and the gel or gauze was re-applied. Each
day, an explant from each group was harvested and tested for total viable bacteria
counts and viable biofilm-protected bacteria counts. The results show that daily wiping
with moistened gauze led to an initial decrease of bacteria, but by day 3, the biofilm
had been fully re-established to the same level prior to the beginning of treatment.
For the surfactant-based treatment, there was no detectable functional biofilm after
the first treatment. The gauze control, which was also subjected to daily wiping, still
contained functional biofilms, indicating that this result was not due to wiping alone.
The total bacteria in the surfactant-treated explants steadily decreased through day 3,
when there were no detectable bacteria, while the wiping-only control bacteria counts
remained steady. The use of a moist gauze to wipe the visually apparent slime off
of a wound appears to be insufficient to reduce biofilm over a 3-day period. Daily
application of the surfactant gel dressing and wiping reduced the biofilm to undetectable
levels within 3 days in a skin explant model. A 3-day regimen of dressing the wound
model with a surfactant gel followed by gentle removal of the gel by wiping with
a moistened gauze appears to be a simple and adequate approach to removing a
bacterial biofilm infection in an ex vivo model. Additional clinical evidence is needed to
determine if this promising approach can perform the same in clinically infected chronic
wounds.

Introduction

Bacterial biofilms have been demonstrated to be present in
chronic wounds and to be protected from many antimicro-
bial agents as well as antibiotics (1–7). The current clinical
evidence suggests that bacterial biofilms are currently best
treated by sharp debridement in concert with an antibac-
terial agent (6). The debridement both physically removes
the biofilm and keeps any remaining biofilm in a more
antibiotic-/antimicrobial-sensitive state (6).

For clinicians unable to perform sharp debridement, autolytic
debridement has been used to improve the appearance of

Key Messages

• Surfactant-based gel dressings wiped off and reapplied
daily can eliminate all viable bacterial from skin within
3 days
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• Twelve large pig skin explants infected with 3-day
biofilms were subjected to a daily wiping and re-dressing
regimen to determine if a surfactant-based gel dressing
could aid in the complete elimination of viable bacterial
biofilms

• An initial wiping, or daily wiping, with saline was
not sufficient; after the first day of incubation with
surfactant-based gel dressings, there were no detectable
functionally tolerant biofilms, and within 3 days of this
regimen, no detectable planktonic bacteria were present

wounds. Given their gel-like nature, non-ionic surfactant gels
may also provide the occlusion necessary to aid in stimulat-
ing autolytic debridement. Non-ionic surfactants are common
staples in molecular biology to aid in the solubilisation and
disaggregation of proteins, to block surfaces against protein
adhesion, and to prevent suspended cells in culture from adher-
ing (8). Given that biofilms are aggregations of attached bacteria
and extracellular biomolecules, the concept that a non-ionic sur-
factant can interfere with these aggregations, or solubilise their
matrix, appears biochemically plausible. The consequences of
this plausible interruption would be to render the biofilm more
susceptible to antimicrobial therapy. The possibility that a gel
could aid in occlusion-mediated autolytic debridement and
potentially sensitise biofilms is interesting and potentially very
clinically valuable.

The use of surfactants has oscillated into and out of clinical
practice, with some believing that antibiotics were a sufficient
substitute (discussed in 9). Evidence that bacterial biofilms
are physically tolerant of antibiotics (6,7) has greatly chal-
lenged the clinical reliance on antibiotics in the treatment of
infected chronic wounds. To date, surfactants have been pri-
marily employed as wound scrubs and cleansing solutions
(9–20) and also as carriers for antibiotics and antimicrobials
(21). The cleansing solutions are applied and then immediately
removed by wiping, severely limiting the duration of exposure.
The antibiotics and antimicrobials are left in place, enabling
a prolonged exposure of the surfactant to the bacteria. The
use of poloxamer-based non-ionic surfactant gels as carriers
for antibiotics and antimicrobials has been strongly supported,
based both on the sustained localisation of antimicrobial activ-
ities (because of the gel’s viscosity) and the ease of removal
when compared with common clinical staples like silver sulfa-
diazine creams (22,23).

Aside from their efficacy in cleansing a wound or delivering
an antimicrobial agent, the poloxamer surfactants have been
demonstrated to be highly tolerated by patients when topically
applied (9,10,12,24,25). Initial evidence indicates that polox-
amer surfactants applied and left in place do not interfere with
the healing of bone defects (24) nor do they interfere with
the healing of full-thickness skin wounds in animal models
(25). What is more, they may even have pro-healing effects on
full-thickness skin wounds (25). At the cellular level, polox-
amer surfactants are commonly added to bioreactor-suspended
cell cultures, resulting in greater-than-normal cell survival and
resiliency (8).

One report on the use of several different classes of surfac-
tants, including the use of surfactants on orthopaedic implants,
bone, and muscle, has shown that including any one of several
surfactants in the fluid jet-based cleaning device improved the
removal of short-term biofilms (9). It should be noted, however,
that the ‘biofilms’ tested by Anglen et al. were established for
only 24 hours. These ‘slimes’ are physically film-like, but as has
been shown, they are not functionally tolerant biofilms (6,7) as
they are still susceptible to antibiotics and antimicrobials.

While the clinical reports of the efficacy and toleration
of poloxamer gels are encouraging, no direct data exist to
describe how microbicide-tolerant bacterial biofilms respond
to treatment with these gels. The initial evidence supports a
hypothetical role in sensitisation; however, direct evidence
to support this mechanism is lacking. Herein, we test two
non-ionic surfactant-based wound dressing gels in a previously
established and tested porcine skin explant model (3,7) for their
ability to aid in the sensitisation of viable bacterial biofilms.

Materials and methods

Porcine skin explant model

To test the capacity for a poloxamer-based dressing (Plurogel®,
PluroGen Therapeutics, Inc., Charlottesville, VA USA) to kill
or reduce bacterial biofilms, we used our model for creating
bacterial biofilms in a medically relevant matrix (3,7). Briefly,
pigskin is obtained from a local meat-processing facility. It
is cleaned and shaved; then, a dermatome is used to create
a partial-thickness wound exposing the dermis. Next, the
wounded explants are sterilised. The dermis of the wound
is then inoculated with 106 colony forming units (CFU)
of the bacteria being tested (herein, Pseudomonas aerugi-
nosa, PA01), and the inoculated wound is then dressed with
phosphate-buffered saline (PBS) moistened gauze. The skin
is placed on agar with antibiotic to prevent the bacteria from
perforating the explant. The explant is incubated at 36∘C with
daily agar changes. After 3 days of incubation (Figure 1), the
explant is ready for material testing.

Wound cleansing-based follow-up

In previously published work, we have tested the capacity
of many agents to kill biofilm-associated microbes directly
(2,7). In the typical bench-top model, the ability of the agent
to devitalise the biofilm layer that forms on top of the explant
is used to determine the intrinsic ability of an agent to kill
biofilm-associated bacteria directly. However, in the clinic, the
visible portions of a biofilm would never be left in place during
a dressing change but would, at the very least, be wiped off
and removed with moist gauze. For the work presented herein,
we will use this more clinically relevant approach of wiping
the explant clean prior to treatment. The treatment phase
consists of a 24-hour constant exposure to a surfactant-based
gel covered with a secondary dressing. Everyday, for 3 days,
the gel is wiped clear during a dressing change and re-applied
prior to re-incubation for another day. We believe that the entire
practice described above better mimics an acceptable clinical
treatment regimen.
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Figure 1 The starting point for the porcine skin explant model. The
wounded explant is sterilized, inoculated, and incubated for 3 days. At
this point, the wound has visible biofilm on the surface. The explants are
then ready for testing.

Pilot testing

A pilot test was performed to determine how much bacteria
and bacterial biofilms are removed by PBS-moistened gauze.
As we found that there still remained a substantial amount
of both planktonic- and biofilm-protected bacteria (Figure 2),
we proved that wiping with moistened gauze is not sufficient
to remove or kill the entire planktonic- or biofilm-associated
microbial load on a simulated wound. We thus continued to
use this protocol to determine if non-ionic surfactant-based
wound dressings could improve the efficacy of the daily wip-
ing routine with respect to the elimination of planktonic- and
biofilm-associated bacteria.

Testing daily application and removal

of a surfactant-based gel

Two different non-ionic surfactant-based dressings were tested.
Both were based on well-documented poloxamer surfactants,
but one contained the antibacterial agent silver sulfadiazine
(SSD) [Plurogel® with Silver Sulfadiazine (PSSD), PluroGen
Therapeutics, Inc., Charlottesville, VA USA]. A four-point time
course (0, 1, 2 and 3 days) with daily viable bacteria counts
(both total and biofilm) was chosen to follow the effect of daily
wiping and re-dressing of the wound, with or without treatment,
with a surfactant-based dressing (Figure 3).

A total of four explants were prepared for each condition. At
each time point, the explants were wiped clean with moistened
gauze. One explant from each group was then harvested for bac-
terial quantification (Figure 4), while the others were re-dressed
with gauze alone, surfactant gel or surfactant gel with SSD.

The harvested explant was then randomly sampled with a
punch biopsy in four different places for total bacteria and

Figure 2 Wiping the visible materials away with a moistened gauze
is not sufficient to remove all bacteria. The difference in total bacteria
was statistically significant by Student’s t-Test (P =0⋅.0003), while the
difference in biofilm trended towards a difference (P =0⋅07).

another four places for biofilm (Figure 5). Four of the biop-
sies were sonicated in growth media and subjected to standard
quantitative microbiological plating to determine total bacte-
ria counts. The remaining four biopsies were submerged in
50 times the minimal inhibitory concentration (MIC) of gen-
tamicin for 24 hours; this step kills any planktonic bacteria,
while the biofilm-associated bacteria are tolerant and, therefore,
continue to survive. The explants were then rinsed to prevent
gentamicin carry-over and then sonicated and plated as before.
These bacterial counts represent the biofilm-protected bacteria
present in the biopsies.

Statistical analysis

The presence of many samples with 0 CFU/ml precluded the
use of log10-transformation. The ASTM standard for count-
ing bacteria on membranes suggests treating these samples as
though there were 1 CFU per unit of tested volume (26). For
plates without any colonies, the limit of detection of 1 CFU/ml
was used and assigned to the plate, and the entire dataset was
log10 transformed. The resultant transformed groups were com-
pared by a Student’s t-test. Reductions or increases in bacterial
numbers are typically reported in ‘logs’, which refers to 10-fold
changes. In wound care, a wound with bacteria with 5× 105

CFU is considered to be ‘critically colonised’. Reductions to
levels below this threshold are considered to be clinically sig-
nificant, but reductions to no detectable bacteria are the best
possible outcome.

Results

For the explants that received only daily wiping with moist
gauze, the initial reduction of planktonic bacteria was
significant, while biofilm reductions were too modest to
reach significance (Figure 2 and represented in Figure 6).
Thereafter, both the biofilm and total bacterial counts contin-
ued to rise daily, even in the face of continued gauze wiping
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Figure 3 The gross experimental design. There were 3 groups: 1) only being wiped daily, but dressing with nothing more than moist gauze, 2) treated
surfactant and moist gauze after wiping daily, and 3) surfactant-SSD and moist gauze after wiping daily. Prior to application of the test agents, the
prepared explants were wiped with PBS moistened gauze until the wound appeared clean. The test agents were then applied (or not for the control).
The wound and test agents were covered with moistened gauze and incubated for 24 hours. One explant from each group was assayed at this point,
while the rest will be re-cleaned until visually clean with moist gauze and the test agents re-applied.

Figure 4 For each of the 3 groups, 4 explants will be generated. At 0h, 24h, 48h, and 72h, one explant per group will be removed and assayed for
total and biofilm bacteria.

(Figure 6). On day 1, the wiping only control had only one of
four biopsies that was positive for any biofilm bacteria, while
everyday thereafter, the biofilm counts continued to rise. On
the other hand, at no time after application of the poloxamer
gel-based dressings were there any detectable biofilms (4/4
biopsies were continually 0 CFU) after the first 24 hours of
surfactant exposure.

The observed reduction of total bacteria was statistically sig-
nificant for both poloxamer gel types compared with control on
day 1 (P= 0⋅03, +SSD P= 8× 10−8). The differences between
the two poloxamer gels was also significant (P= 6× 10−5).
On day 2, the difference in total bacteria remained significant
(P= 0⋅02,+SSD P= 0⋅002), with the poloxamer gel having one
of four biopsies with no detectable bacteria, and the gel with
SSD had three of four biopsies with no detectable bacteria. On
day 3, all poloxamer gel (both with and without SSD)-treated
samples were 0 and statistically significantly better than the
control (both P= 4× 10−9).

On day 1, neither of the gel-treated groups had any detectable
biofilms; however, the wiping control also had a substantially

low count, rendering the differences to be found not statisti-
cally significant (P= 0⋅35 for both gels). On day 2, neither of
the gel-treated groups had any detectable biofilms, while the
numbers for the control continued to rise, resulting the in start
of a statistical trend (P= 0⋅10 for both gels). By day 3, the
gel-treated groups did not present with any detectable biofilms,
and the increase present in the daily PBS wiping only control
lead to a statistically significant difference (P= 0⋅003 for both
gels).

Discussion and conclusions

Anecdotally, some clinicians have expressed confidence in
their ability to remove biofilms based on visual appearances.
However, here, we demonstrate that wiping an infected wound
until it appears clean is probably not sufficient to remove
all biofilm. Furthermore, even in the face of daily wiping,
the bacterial biofilm population can increase. As daily wiping
certainly removes the superficial layers each day, the contin-
ued growth is likely explained by the biofilms invading deeper
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Figure 5 8 samples from each explant
were collected via punch biopsy. Four of
the biopsies were individually sonicated
in growth media and the media plated
to quantify the total bacteria present.
The remaining 4 biopsies were individu-
ally submerged in 50× MIC gentamicin for
24 h prior to sonication and plating to quan-
tify viable biofilm-protected bacteria.

Figure 6 The time courses for porcine skin explants infected with 3 day biofilms. The explants that were only wiped daily had increasing amounts
of bacterial biofilm after the first day. The surfactant-treated explants did not have any measureable biofilm after the first treatment, but did still have
some planktonic bacteria up through Day 2.

into the explant, where the wiping action cannot displace them.
These data reinforce the inadequacy of the visual appearance of
the wound bed in determining the presence or absence of bac-
terial biofilms and indicate the need for intervention above and
beyond ‘soft’ debridement with moistened gauze.

At the early time points, the surfactant gel dressing and
daily wiping did not remove all bacteria, but it did appear to
sensitise the biofilms and cause the bacteria to behave more
like planktonic bacteria. This observation is supported by a
trend that was observed in a previous trial, wherein none
of a small number of patients receiving topical washes of a
solution containing the same non-ionic surfactant tested herein
and taking oral antibiotics presented with an infection (11).
Similarly, Wolcott et al. reported a ‘sensitisation window’ of
biofilms to antibiotics following sharp debridement that lasted
between 48 and 72 hours, depending on the model, with the
window being between 24 and 48 hours in human patients.
The data we have reported herein indicate that the use of a
surfactant-based gel dressing confers sensitisation of biofilm
in an ex vivo model. Daily application of the gel followed by
‘soft’ debridement using moistened gauze within 24 hours of
application led to no detectable bacteria after 3 days.

Previous ideas about surfactant gels in wound healing held
that the inclusion of the surfactant enabled better penetration
of the agent into the tissue, allowing the manifestation of
some properties associated with surfactants, such as creation
of micelles and removal of debris by emulsification-like
processes. While likely true, our data now support another sur-
prising and interesting function: the sensitisation of otherwise
insensitive biofilms, perhaps by the emulsification of the biofilm
exopolymeric matrix itself by surfactant action. The change
of the nature of the biofilm to planktonic-like phenotype may
provide the ability of the patient’s own immune system to

dispatch the bacterial cells, allowing for quicker attenuation
of the inflammatory phase of wound healing. Previous studies
have indirectly hinted at the findings that we report in this
paper. For example, a study of surgical scrubs, which included
pre-treatment with a poloxamer surfactant, increased the effi-
cacy of povidone iodine (15), while the surfactant or povidone
iodine alone did not. These previously reported observations
would be consistent with the mechanism we have observed in
the work reported herein.

One of the arms of our explant trial included a gel with
silver sulfadiazine. Silver sulfadiazine cream is a staple in the
current clinical treatment of burns. Unlike the formulation
tested herein, silver sulfadiazine is typically formulated in a
cream-based vehicle. This vehicle reacts with the host wound
exudates to form a rigid adhesive ‘crust’ or ‘pseudoeschar’,
which is both painful and time consuming to remove. The use
of a surfactant gel as a vehicle for SSD has led to reduced
pain (23) and dressing change duration in a human trial (22)
and was found to be superiorly effective in an animal trial
(21). The lack of pain in these studies is ascribed to the
ease of removal, but the mechanism for increased efficacy in
vivo still remains to be demonstrated and warrants additional
research.

Our results suggest that with the right treatment regimen, a
resilient biofilm infection can be eliminated within 3 days in our
explant model through simple ‘soft’ debridement with the aid of
daily application and wiping off of a non-ionic surfactant-based
gel dressing. The data also suggest that the inclusion of sur-
factant aided in turning the biofilm-associated bacteria into a
more susceptible planktonic-like phenotype. Irrespective of the
mechanism, the surfactant-based gel has outperformed many
antimicrobial compounds and devices tested in this model
(2,27).
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Previous trials with similar surfactants have used them as
cleansers to wash wounds, but the washes were immediately
wiped off, and neither frequency of the wash nor the soaking
time, if any, were reported (11). In addition, liquid cleansers do
not contain surfactant concentrations on parity with the gels we
tested. These gels are more than 50% surfactant and, as such,
are highly viscous. The approach tested in our model left the
surfactant gel in place for 24 hours, enabling an increased dura-
tion of exposure of the biofilm to the surfactant. Unlike liquid
cleansers, the viscous gels can be retained on the site of applica-
tion without immediate absorption into the secondary dressing.

For these experiments, we chose to subject the explant
wound model to daily treatments. This is because of emerging
evidence that treating a critically colonised, biofilm-infected
wound only once per week is inadequate to clear the wound
of the infection. While our data indicate positive antibiofilm
effects from the first day that were maintained throughout the
experiment, additional reductions in bacterial counts were seen
with extended daily use.

In this initial test, P. aeruginosa was the only pathogen tested.
Other reports have indicated that some strains are more or less
responsive than others to surfactants in cleansing solution form
(9). Our future work will include the testing of other bacterial
biofilms from wound-relevant bacteria.

A typical concern with antimicrobial products is whether
there are detrimental consequences to the host cells. So far,
these surfactants have been very well tolerated clinically, and
there is emerging data of either no impact or possibly improved
healing in animal models (23). We acknowledge that our work
does not address this concern, and more detailed work on
healing in impaired wounds is warranted.

While our model recapitulates the dermal and epidermal
matrix for the biofilm to form on, there are still differences
between it and an actual wound. These differences war-
rant controlled clinical testing to ensure that these findings
are clinically applicable. These initial results of treatment
with a surfactant-based gel dressing leading to no detectable
gentamicin-tolerant biofilms within 24 hours and no detectable
bacteria by 72 hours, with a historically biocompatible and
non-toxic material, is are very promising and therefore very
exciting.
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