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Abstract

Biofilm formation in wounds can lead to
increased inflammation, infection and delayed
wound healing. Additionally, biofilms show
increased recalcitrance to antimicrobials com-
pared to their planktonic counterparts making
them difficult to manage and treat. Biofilms are
frequently polymicrobial, consisting of aerobic
and anaerobic bacteria, as well as fungi and
yeasts. The aim of this study was to evaluate
the effects of a concentrated surfactant gel with
antibacterial preservative agents (CSG) against
wound relevant opportunistic pathogens,
including an aerobic biofilm, anaerobic biofilm
and multispecies biofilm. The CSG was added
to a 48 h anaerobic biofilm of Bacteroides
fragilis, a 24 h multispecies biofilm of
Acinetobacter baumannii, Staphylococcus
aureus and Staphylococcus epidermidis and a
24 h biofilm of Pseudomonas aeruginosa
grown in an in vitro wound relevant environ-

ment. Following a contact time of 24 h with the
CSG, the bacterial cell density of the biofilms
was reduced by 2–4 log in comparison to an
untreated control. The results demonstrate the
ability of the CSG to disrupt wound relevant
biofilms and support the use of the CSG in the
clinic to treat wounds caused by biofilm related
infections.
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1 Introduction

Biofilms are formed when microbial cells adhere
to a surface and each other and secrete extracellu-
lar polymeric substances (EPS), encasing them-
selves in an extracellular matrix (ECM) (Percival
et al. 2014). Biofilms can form on medical
devices such as catheters leading to infection
(Donelli and Vuotto 2014). There is also increas-
ing evidence showing an association of biofilm
formation in chronic wounds, such as diabetic
foot ulcers and also acute wounds, such as surgi-
cal sites (Banu et al. 2015; Malone et al. 2017;
Percival et al. 2017a; Suryaletha et al. 2018).
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Biofilm formation in wounds leads to increased
inflammation, infection and delayed wound
healing causing a large burden on healthcare
(Attinger and Wolcott 2012; Zhao et al. 2013).

Staphylococcus aureus and Staphylococcus
epidermidis are Gram-positive bacteria that
often exist as commensal organisms on the skin;
however, they are a common cause of skin and
soft tissue infections and medical device related
infections (Rogers et al. 2009; Mork et al. 2020).
Pseudomonas aeruginosa and Acinetobacter
baumannii are Gram-negative bacteria that are
highly associated with nosocomial infections
and are often multi drug resistant (MDR)
(Esposito and De Simone 2017). S. aureus and
P. aeruginosa are the most common
microorganisms isolated from chronic wounds
(Serra et al. 2015). Although aerobic bacteria
such as S. aureus and P. aeruginosa are fre-
quently isolated from wounds, anaerobic bacteria,
such as Bacteroides fragilis are also present.
B. fragilis has been found in a number of different
wound types including diabetic foot ulcers
(DFUs) and surgical site wounds (Percival et al.
2018; Alexiou et al. 2017).

Although biofilms can consist of a single spe-
cies, often they comprise of multiple species
including aerobic bacteria, anaerobic bacteria
and fungal/yeast species (Omar et al. 2017). The
multispecies nature of biofilms can create a reser-
voir of resistance genes and an environment for
genetic exchange (Savage et al. 2013; Balcazar
et al. 2015; Aguila-Arcos et al. 2017). Due to the
close proximity of cells and increased cell-to-cell
contact, genetic exchange can occur via plasmid
conjugation and DNA transformation following
secretion during ECM formation (Molin and
Tolker-Nielsen 2003; Madsen et al. 2012; Stalder
and Top 2016).

Biofilms are also difficult to treat as they have
inherent tolerance to antimicrobials at therapeutic
levels that their planktonic counterparts are gen-
erally susceptible to. This can be attributed to
several factors including the ECM, presence of
persister cells, changes in gene expression and
slow growth rate (Stewart et al. 2015; Hall and
Mah 2017; Singh et al. 2017). The ECM consists

of proteins, polysaccharides, lipids and extracel-
lular DNA and often constitutes around 80–90%
of the biofilm (Flemming 2016). The ECM has
been shown to increase the tolerance of biofilms
to antimicrobials through several different
mechanisms including reducing the diffusion
rate of antimicrobials and subsequently reducing
the concentration reaching sessile microbial cells,
resulting in exposure to sub-therapeutic levels
(Van Acker et al. 2014). The heterogeneity of
cells in a biofilm, resulting in differences in
gene expression and growth rate and also
increases the tolerance of biofilms to
antimicrobials (Stewart et al. 2015; Pestrak et al.
2018). Persister cells are present in a biofilm and
exist in a dormant state; therefore, they show high
tolerance to antimicrobials and antibiotics that
target replication and metabolic pathways
(Lewis 2010; Pang et al. 2018). Persister cells
are hypothesised to reside in infected and
non-healing chronic wounds, posing a challenge
for treatment (Percival et al. 2011).

Previous studies have demonstrated the ability
of the concentrated surfactant gel with
antibacterial preservative agents (CSG) included
in this study to reduce monoculture biofilms of
aerobic strains in various biofilm models
(Salisbury et al. 2019b; Percival et al. 2017b).
The aim of this study was to evaluate the ability
of the CSG to reduce the biofilm cell density of
relevant wound pathogens including an anaerobic
biofilm of B. fragilis, a multispecies biofilm of
A. baumannii, S. aureus and S. epidermidis and
an aerobic biofilm of P. aeruginosa grown in an
in vitro wound dressing model.

2 Materials and Methods

2.1 Test Articles

PluroGel® Burn and Wound Dressing, a
concentrated surfactant gel with antibacterial pre-
servative agents (CSG) including phenoxyethanol
and potassium sorbate, was provided by Medline
Industries Inc. (Chicago, IL).
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2.2 Anaerobic Direct Contact
Method

The effects of the CSG against a 48 h biofilm of
Bacteroides fragilis ATCC 25285 was evaluated
by growing the biofilm in 12 well plates and
adding the CSG directly to it.

Briefly, a single colony of B. fragilis was
inoculated into Tryptone Soya broth (TSB) (Sci-
entific Laboratory Supplies, UK) + 5% laked
horse blood (Scientific Laboratory Supplies,
UK) and incubated anaerobically at 37 �C and
125 rpm for 24 h. The overnight culture was
added to a 12 well plate, which was then
incubated anaerobically at 37 �C for 48 h.

After incubation, the liquid was removed and
the CSG was added to the biofilm in triplicate by
adding 3 g per well to ensure complete coverage
of the biofilms. Phosphate buffered saline (PBS)
(Scientific Laboratory Supplies, UK) was also
added to the biofilm in triplicate by adding 2 mL
per well for an untreated control group. The plates
were then incubated anaerobically at 37 �C for
24 h.

After the challenge period, the contents of
each well were transferred to falcon tubes
containing 10 mL Dey-Engley neutralising broth
(Scientific Laboratory Supplies, UK) and
sonicated on full power for 30 min. Samples
were then vortexed briefly, serial diluted 1:10 in
PBS and plated onto Tryptone Soya agar (TSA)
(Scientific Laboratory Supplies, UK) + 5% sheep
defibrinated blood (Scientific Laboratory
Supplies, UK) in duplicate. The plates were
incubated anaerobically at 37 �C for 48 h. After
incubation, colonies were enumerated to calculate
average CFU/mL.

2.3 Multispecies Biofilm Direct
Contact Method

The effects of the CSG against a 24 h biofilm of
Staphylococcus aureus ATCC 29213, Staphylo-
coccus epidermidis ATCC 35984 and
Acinetobacter baumannii ATCC 19606 was
evaluated by growing the biofilm on membrane

filter discs utilising a hydrogel as a nutrient source
and adding the CSG directly to it.

The hydrogel was prepared by dissolving
3-sulfopropyl acrylate potassium salt (polymer)
in PBS and then adding PEG dissolved in PBS,
foetal bovine serum (FBS) and 1% 1-hydroxy
cyclohexyl phenol ketone prepared in 70% etha-
nol (photo-initiator) to it. The mixture was added
to a 12 well plate (2 mL/well) and set by exposing
the hydrogel to 366 nm UV light.

An overnight inoculum of S. aureus ATCC
29213, S. epidermidis ATCC 35984 and
A. baumannii ATCC 19606 was set up by
inoculating 10 mL of TSB with a single colony
and incubating at 37 �C and 125 rpm. Overnight
cultures were adjusted to 1� 108 CFU/mL before
adding all 3 strains together in TSB at a final
concentration of 1 � 106 CFU/mL. Durapore
13 mm (1 μM) membrane filter discs (Merck,
UK) were incubated with the adjusted culture
for 2 h at 37 �C and 125 rpm. Following this,
the filters were transferred to a 12 well plate
containing the hydrogel (1 filter/well) and
incubated at 37 �C for 24 h.

Following 24 h biofilm growth, the filters were
transferred to fresh 12 well plates and treated with
theCSGby adding 3 gdirectly to eachwell to ensure
complete coverage of the biofilm (n¼ 3). PBS was
added to the untreated control by adding 2 mL per
well. Biofilms were treated for 24 h at 37 �C.

To determine bacterial cell density, the
contents of each well were transferred to 10 mL
Dey-Engley neutralising broth and sonicated at
full power for 30 min. Samples were vortexed
briefly, serial diluted 1:10 in PBS and plated out
onto TSA. The plates were incubated overnight at
37 �C and the following day counts were
enumerated to calculate average CFU/mL.

2.4 Drip Flow Bioreactor Wound
Dressing Model

The effects of the CSG was evaluated against a
24 h biofilm of Pseudomonas aeruginosa ATCC
700888 by growing the biofilm in the drip flow
bioreactor. The biofilm was grown at an air/liquid
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interface, under low fluid shear conditions to rep-
resent an exuding wound environment.

The drip flow bioreactor was prepared by
adding a clean borosilicate microscope slide,
with a 2.5 cm2 absorbent pad attached, to each
channel of the bioreactor. The drip flow bioreac-
tor was then autoclaved at 121 �C.

An overnight inoculum was set up by
inoculating 10 mL TSB with a single colony of
P. aeruginosa ATCC 700888 and incubating at
37 �C and 125 rpm. The following day the absor-
bent pads were moistened with TSB and 2 cm2

membrane filter discs were added to each pad. The
overnight culture was adjusted to 1 � 108

CFU/mL and used to inoculate the filter membrane
discs. The inoculated discs were air dried for
30 min before connecting the drip flow to a nutri-
ent flow of 270 mg/L TSB at 5 mL/h/channel.

After 24 h, sterile gauze was cut into 2 cm2

sections and 4 g of the CSG was added to each
gauze to completely coat it. The coated gauze was
added to the biofilm in triplicate before
reconnecting the drip flow to the nutrient flow.
A biofilm growth control group was included and
remained untreated (n ¼ 3). Treatment was
applied for 24 h.

To determine bacterial cell density, each mem-
brane filter disc was transferred to 10 mL
Dey-Engley neutralising broth and sonicated on

full power for 30 min. Samples were then
vortexed briefly, serial diluted 1:10 in PBS and
plated onto TSA. The plates were incubated over-
night at 37 �C and the following day bacterial
colonies were enumerated.

2.5 Statistical Analysis

Raw data was entered into Microsoft Excel and
average CFU/mL was calculated. To determine if
there was a statistical difference between the
untreated control and the CSG treated biofilms
the unpaired t-test was carried out using Prism
7 software.

3 Results

3.1 Effects on Anaerobic Bacteria

Following growth of a 48 h biofilm of B. fragilis
ATCC 25285, the untreated control had a bacte-
rial cell density of 1.01 � 109 CFU/mL (Fig. 1).
In comparison, biofilms treated with the CSG had
a bacterial cell density of 3.47 � 107 CFU/mL,
showing nearly a 2 log reduction in cell count.
The log reduction in bacterial cell count of
B. fragilis following 24 h treatment with the

Fig. 1 Log10 cell density
of B. fragilis ATCC 25285
48 h biofilm following 24 h
treatment with a CSG. Error
bars represent standard
error of the mean. *
represents a significant log
reduction in comparison to
the untreated control
( p 0.0432)
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CSG was significant in comparison to the
untreated control ( p 0.0432).

3.2 Effects on a Multispecies Biofilm

Following growth of a 24 h multispecies biofilm
of S. aureus, S. epidermidis and A. baumannii the
untreated control had a bacterial cell density of
6.43 � 108 CFU/mL (Fig. 2). Following treat-
ment with the CSG a bacterial cell density of
2.74 � 104 CFU/mL was found, showing a
4 log reduction in cell count. The log reduction
in bacterial cell count of the multispecies biofilm
following 24 h treatment with the CSG was sig-
nificant in comparison to the untreated control
( p 0.0014).

3.3 Effects on a Biofilm Grown
in a Wound Dressing Model

Following growth of a 24 h P. aeruginosa biofilm
in a wound dressing model, the untreated control
had a bacterial cell density of 9.72 � 108 CFU/

mL (Fig. 3). Biofilms treated with the CSG
showed a bacterial cell density of
1.09 � 107 CFU/mL showing ~2 log reduction
in cell count. Although a ~ 2 log reduction in the
P. aeruginosa biofilm cell density was found in
this model the difference was not deemed as
statistically significant ( p 0.1762).

4 Discussion

In this study the effects of a CSG on an anaerobic
biofilm of B. fragilis, a multispecies biofilm of
S. aureus, S. epidermidis and A. baumannii and a
P. aeruginosa biofilm grown in an in vitro wound
dressing environment was evaluated.

B. fragilis is a common anaerobic strain
isolated from wounds, with it being one of the
most frequent strains isolated from patients with
diabetic foot ulcers (DFUs) in several clinical
studies (Ramani et al. 1991; Percival et al. 2018;
Al Benwan et al. 2012). B. fragilis is also a
common anaerobic strain isolated from surgical
site infections (SSIs). In a recent study B. fragilis
was the fourth main pathogen isolated from

Fig. 2 Log10 cell density of a 24 h multispecies biofilm of
Staphylococcus aureus ATCC 29213, Staphylococcus
epidermidis ATCC 35984 and Acinetobacter baumannii
ATCC 19606 following 24 h treatment with the CSG.

Error bars represent the standard error of the mean. * ¼ a
significant log reduction in comparison to the untreated
control ( p 0.0014)

The Ability of a Concentrated Surfactant Gel to Reduce an Aerobic, Anaerobic. . . 153



patients with SSIs, with the other strains being
aerobic strains (Alexiou et al. 2017). In this study,
treatment of a B. fragilis biofilm with the CSG
resulted in nearly a 2 log reduction in bacterial
cell density ( p 0.0432), showing the ability of the
CSG to reduce the bacterial cell count of the
anaerobic biofilm and potentially disruption of
the biofilm.

Clinical studies have demonstrated that
biofilms present in wounds, such as surgical site
wounds, are often multispecies (Alexiou et al.
2017). The ability of A. baumannii,
S. epidermidis and S. aureus to form biofilms is
well documented (de Oliveira et al. 2016;
Pakharukova et al. 2018; Olwal et al. 2018). Addi-
tionally, A. baumannii and S. aureus are both
included on the list of ESKAPE pathogens, a list
of the most common MDR (multi drug resistant)
bacterial species causing nosocomial infections
(Esposito and De Simone 2017). The presence of
S. aureus, including methicillin resistant S. aureus
(MRSA), is frequently reported as a predominant
organism colonising wounds, such as surgical
sites, diabetic foot ulcers and chronic wounds
(Krishna and Gibb 2010; Banu et al. 2015; Serra
et al. 2015; Obermeier et al. 2018). Additionally,

increasing incidents of A. baumannii infection
have been found, particularly in military unit
associated wounds has been found (Davis et al.
2005; Schafer and Mangino 2008; Aurora et al.
2018). S. epidermidis is a commensal bacterium
that is part of the normal skin flora; however, it has
been shown to be a common cause of nosocomial
infections in the immunocompromised, being
associated with medical device related infections
(Ziebuhr et al. 2006). It is estimated that up to 80%
of infections of medical implant devices are
caused by S. epidermidis biofilms (Rogers et al.
2009). In this study, the CSG reduced a multispe-
cies biofilm by 4 log in comparison to an untreated
control ( p 0.0014), showing a reduction in the
biofilm bacterial cell count and potentially disrup-
tion of the biofilm.

The ability of the CSG to disrupt a
P. aeruginosa biofilm grown in the drip flow
bioreactor was also evaluated. The drip flow bio-
reactor test method, ASTM E2647–13, is
designed to grow a biofilm close to the air/liquid
interface in an environment with continuous
nutrient flow under low shear conditions (ASTM
2013). In this study, the method was adapted to
represent a highly exudative wound environment,

Fig. 3 Log10 cell density of P. aeruginosa ATCC 700888
24 h biofilm grown in the drip flow bioreactor wound
dressing model following 24 h treatment with the CSG.

Error bars represent standard error of the mean. No signif-
icant difference was found between the CSG treated bio-
film and the untreated biofilm ( p 0.1762)
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as described previously (Bourdillon et al. 2017;
Lipp et al. 2010). The constant flow of proteina-
ceous media allows the formation of a robust
biofilm, while potentially washing away
antimicrobials, which could occur in an exuding
wound environment (Bourdillon 2016). In this
model, the CSG reduced the P. aeruginosa bio-
film cell density by ~2 log, showing a reduction in
bacterial cell count and potentially disruption of a
pre-formed biofilm in an in vitro model
simulating the exuding wound environment.

The authors have previously shown a 3 log
reduction in monoculture A. baumannii 24 h
biofilms of clinical isolates grown in the CDC
bioreactor model following treatment with the
CSG (Salisbury et al. 2019b). Additionally, a
reduction in biofilm cell density of
P. aeruginosa, S. aureus, Methicillin resistant
S. aureus (MRSA), S. epidermidis and Entero-
coccus faecalis has also been demonstrated in
various biofilm models, but no antimicrobial
activity was found against the same strains in
the zone of inhibition assay, suggesting a poten-
tial detachment or dispersion effect in the biofilm
models (Percival et al. 2017b). A more recent
study demonstrated that treatment of a
P. aeruginosa biofilm with the CSG reduced
components of the biofilm ECM, particularly the
extracellular DNA (eDNA) (Salisbury et al.
2019a).

Several publications have demonstrated the
importance of eDNA for bacterial adhesion,
structure of the biofilm and maturation of the
biofilm (Whitchurch et al. 2002; Yu et al. 2019;
Blakeman et al. 2019; Cherny and Sauer 2019).
Therefore, the ability of the CSG in this study to
disrupt the biofilm may be through its ability to
reduce eDNA present in the ECM (Salisbury et al.
2019a). Presence of eDNA in the ECM has also
been shown to contribute to biofilm mediated
antimicrobial resistance of certain antibiotic clas-
ses. One study showed the presence of eDNA
increased resistance to cationic antimicrobial
peptides and aminoglycosides, but not
fluoroquinolones or β-lactams, by upregulating
PA3552-PA3559 cationic antimicrobial peptide
resistance operon (Mulcahy et al. 2008). There-
fore, the CSG in this study could potentially be

used in combination to increase the susceptibility
of biofilms to certain antimicrobials and improve
treatment outcome of chronic wounds.

The data presented in this study highlights the
potential ability of a CSG to disrupt wound
related biofilms, with it demonstrating a reduction
in bacterial cell count of an anaerobic biofilm of
B. fragilis by nearly 2 log ( p 0.0432) and a
multispecies biofilm of S. aureus, S. epidermidis
and A. baumannii by 4 log ( p 0.0014). The CSG
also exhibited a potential ability to disrupt
P. aeruginosa reducing a biofilm grown in an
in vitro model simulating the exuding wound
environment by ~2 log, but this outcome was
not deemed significant ( p 0.1762). Previous stud-
ies support the ability of the CSG to cause biofilm
disruption, with treatment of biofilm with the
CSG resulting in reduction of biofilm ECM
components. However, to further confirm biofilm
disruption, it would be useful to carry out addi-
tional studies such as fluorescent staining of the
ECM and bacterial cells and visualisation using
confocal scanning laser microscopy. Addition-
ally, to further investigate the activity of the
CSG on biofilms, it would be interesting to com-
pare the CSG to control gels, for example one
without the antimicrobial preservatives, to evalu-
ate the components having the largest impact on
biofilm disruption. The data helps to support the
use of the CSG in the clinic to aid in the manage-
ment of biofilms in chronic wounds.
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