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Abstract: In diabetic foot ulcers (DFUs), biofilm formation is a major challenge that promotes wound
chronicity and delays healing. Antiseptics have been proposed to combat biofilms in the management
of DFUs. However, there is limited evidence on the activity of these agents against biofilms, and there
are questions as to which agents have the best efficiency. Here, we evaluated the antibiofilm activity
of sodium hypochlorite, polyvinylpyrrolidoneIodine (PVPI), polyhexamethylenebiguanide (PHMB)
and octenidine against Pseudomonas aeruginosa strains using static and dynamic systems in a chronic-
wound-like medium (CWM) that mimics the chronic wound environment. Using Antibiofilmogram®,
a technology assessing the ability of antiseptics to reduce the initial phase of biofilm formation, we
observed the significant activity of antiseptics against biofilm formation by P. aeruginosa (at 1:40 to
1:8 dilutions). Moreover, 1:100 to 1:3 dilutions of the different antiseptics reduced mature biofilms
formed after 72 h by 10-log, although higher concentrations were needed in CWM (1:40 to 1:2). Finally,
in the BioFlux200TM model, after biofilm debridement, sodium hypochlorite and PHMB were the
most effective antiseptics. In conclusion, our study showed that among the four antiseptics tested,
sodium hypochlorite demonstrated the best antibiofilm activity against P. aeruginosa biofilms and
represents an alternative in the management of DFUs.

Keywords: antibiofilm; Antibiofilmogram®; antiseptic; biofilm; chronic wound; Pseudomonas aeruginosa;
PHMB; PVPI; octenidine; sodium hypochlorite

1. Introduction

Diabetic foot ulcers (DFUs) in people with diabetes mellitus are a major public health
problem. Its prevalence is high, affecting 15–25% of patients with diabetes at least once
in their lifetime [1,2]. An infected DFU is a major complication; it is the main reason for
diabetes-related hospitalizations and a major cause of amputation [1,3]. DFUs are frequently
colonized and then infected by microorganisms organized in biofilms inside the wound
bed [4–6]. The biofilm is a structure of microorganism aggregates that participates in the
chronicity of the lesion and delays wound healing [6]. The production of an extracellular
polymeric substance (EPS) matrix [7] by microorganisms is essential for their adaptation to
nutritional and environmental conditions [8]. It also facilitates bacterial protection against
the hostile environment [6].

Pseudomonas aeruginosa is a ubiquitous and opportunistic pathogen with a prominent
role in many infectious diseases, such as nosocomial urinary tract infections, cystic fibrosis
infections or chronic wounds, such as DFU infections [9]. In DFUs, this microorganism
is particularly prevalent [10], notably in warm countries, and plays a key role in biofilm
organization [9,11,12]. The management of biofilms on DFUs is essential [13] and consists of
eliminating the biofilm and disrupting the structural stability of the EPS through extensive
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debridement [14]. However, debridement is not sufficient to remove all of the microorgan-
isms present in the wound bed [15,16]. Several additional antibiofilm strategies have been
developed to complement the classical management of DFUs to eradicate bacterial biofilms
and improve the healing process [17].

Antiseptics are one of the antimicrobial agents that can be used in the antibiofilm
DFU strategy due to their anti-infective benefits [13,18–20]. Although the International
Working Group on the Diabetic Foot (IWGDF) recommends against using topical antiseptics
in DFUs [1], there is evidence that some antiseptics reduce the microbial load of the
wounds [21,22]. This reinforces the need for studies to evaluate the value of antiseptics in
chronic wounds.

Many biofilm models have been developed to study antimicrobial susceptibility (e.g.,
in vitro static, in vitro dynamic or even in vivo models) [23,24]. However, none are suitable
for evaluating this activity while taking into account the wound microenvironment [23,25].
Most in vitro models generally lack the interaction of the biofilm with the host cells and
are not representative of the wound microenvironment [24], whereas in vivo models are
subject to inter-individual variation, are expensive and also fail to reproduce the wound
microenvironment [24,25]. Recently, we developed a new in vitro medium, the Chronic
Wound Medium (CWM), that mimics the microenvironment encountered in chronic
wounds [17]. Using this medium, P. aeruginosa formed a static biofilm faster and decreased
its virulence in a Caenorhabditis elegans model after culture in CWM [26]. Moreover, we
integrated this medium into a microfluidic system, the BioFluxTM 200, a new and emerging
technology adapted to study dynamic biofilm formation and the antibiofilm effects of
different compounds [26].

Herein, we assessed the antibiofilm properties of four antiseptic agents (sodium
hypochlorite, polyvinylpyrrolidone iodine (PVPI), polyhexamethylene biguanide (PHMB)
and octenidine) on clinical P. aeruginosa strains isolated from infected DFUs using two
in vitro static models and one dynamic model.

2. Results
2.1. Evaluation of the Susceptibility of P. aeruginosa Strains to Antiseptics

We evaluated the susceptibility of four strains of P. aeruginosa (PAO1 and three clinical
strains, PAC1, PAC2 and PAC4) to four compounds (sodium hypochlorite, PHMB, PVPI
and octenidine). The MIC and partial biofilm Minimum Inhibitory Concentration (MICb)
values of the antiseptics are displayed with their concentrations (10−3 g·L−1) and ratios in
commercial solutions (V:V) (Table 1). MIC and MICb values were obtained in six replicates
for each antiseptic agent for each strain. The MIC values were 1660 × 10−3 g·L−1 (1:3
dilution factor) for sodium hypochlorite, 12,500 × 10−3 g·L−1 (1:8 dilution factor) for PVPI,
15.6 × 10−3 g·L−1 (1:64 dilution factor) for PHMB and 7.8 × 10−3 g·L−1 (1:64 dilution factor)
for octenidine. All MIC values were lower than the commercial concentrations, regardless
of the antiseptic agent. The same trend was observed for MICb values (625 × 10−3 g·L−1

(1:8 dilution factor) for sodium hypochlorite; 5000 × 10−3 g·L−1 (1:20 dilution factor) for
PVPI; 25 × 10−3 g·L−1 (1:40 dilution factor) for PHMB; and 12.5 × 10−3 g·L−1 (1:40 dilution
factor) for octenidine).

Table 1. Minimum Inhibitory Concentration (MIC) and partial biofilm Minimum Inhibitory Concen-
tration (MICb) values (in 10−3 g·L−1) and dilution ratios (in V:V) determined for the reference strain
PAO1 and three clinical P. aeruginosa strains (PAC1, PAC2 and PAC4) against four antiseptic solutions.

Sodium Hypochlorite PVPI PHMB Octenidine

MIC V:V MICb V:V MIC V:V MICb V:V MIC V:V MICb V:V MIC V:V MICb V:V

PAO1 1660 1:3 625 1:8 12,500 1:8 5000 1:20 15.6 1:64 25 1:40 7.8 1:64 12.5 1:40
PAC1 1660 1:3 625 1:8 12,500 1:8 5000 1:20 15.6 1:64 25 1:40 7.8 1:64 12.5 1:40
PAC2 1660 1:3 625 1:8 12,500 1:8 5000 1:20 15.6 1:64 25 1:40 7.8 1:64 12.5 1:40
PAC4 1660 1:3 625 1:8 12,500 1:8 5000 1:20 15.6 1:64 25 1:40 7.8 1:64 12.5 1:40
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Two antiseptic profiles were observed. The first profile, including sodium hypochlorite
and PVPI, had MICb values that were lower than the MIC values, whereas the second one,
including PHMB and octenidine, presented MICb values higher than the MIC values.

2.2. Effects of Antiseptics on the Biofilm Living Bacterial Load

We first quantified the bacterial loads of mature P. aeruginosa biofilms at 72 h [27].
The strains were cultivated in the reference medium (BHI) and CWM. The results are
presented in Figure 1 and Table S1 (see supplementary materials). No statistical difference
in the mean living bacterial load was noted when the bacteria were cultivated in the BHI
medium (p = not significant, NS). Similarly, no difference was observed when bacteria
were cultivated in CWM (p = NS). Interestingly, the mean load value distribution was
significantly higher when P. aeruginosa strains were cultivated in CWM compared to BHI
(p < 0.01), demonstrating that CWM conditions favor biofilm formation.
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Figure 1. Mean living bacterial load after 72 h biofilm formation by P. aeruginosa strains (the reference
strain PAO1 and three clinical strains, PAC1, PAC2 and PAC4) cultivated in two media, BHI and
CWM. The average CFU per well was calculated from six independent experiments and determined
by an automatic counting system. Results are presented as the mean ± standard deviation. Statistics
were performed using a Wilcoxon Rank-Sum test using the R® software in its 4.0.2 version to compare
the difference in the mean bacterial load of each strain in two culture media. **, p < 0.01.

We next evaluated the activity of antiseptic agents on the living bacterial load (Table 2).
In practice, antiseptic agents are used to complement the bacterial offloading action of
debridement by 10 to 15% [15]. We then determined the antiseptic concentrations needed
to obtain a 10-log reduction in the living bacterial load of the studied P. aeruginosa strains.
The same sodium hypochlorite concentration was needed, regardless of the studied strain
and the culture medium used. This concentration was equivalent to the MIC previously
determined. For the three other antiseptic agents, higher concentrations were needed
to obtain a 10-log reduction in the living bacterial load in CWM compared to BHI. No
variations were noted between strains, except for PAC4, for which the concentrations of
PHMB and octenidine were higher than those used for the other strains. Interestingly, the
concentration of PHMB was lower than the MIC values obtained with the studied strains,
whereas the concentration of octenidine was higher.
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Table 2. Antiseptic concentrations (in 10−3 g·L−1) and dilution ratios (in V:V) needed to obtain a
10-log reduction in the living bacterial load of P. aeruginosa strains (the reference strain PAO1 and
three clinical strains, PAC1, PAC2 and PAC4) cultivated in two media, BHI and CWM.

Sodium Hypochlorite PVPI PHMB Octenidine

BHI V:V CWM V:V BHI V:V CWM V:V BHI V:V CWM V:V BHI V:V CWM V:V

PAO1 1660 1:3 1660 1:3 12,500 1:8 50,000 1:2 10 1:100 20 1:50 10 1:50 12.5 1:40
PAC1 1660 1:3 1660 1:3 12,500 1:8 50,000 1:2 10 1:100 20 1:50 10 1:50 12.5 1:40
PAC2 1660 1:3 1660 1:3 12,500 1:8 50,000 1:2 10 1:100 20 1:50 10 1:50 12.5 1:40
PAC4 1660 1:3 1660 1:3 12,500 1:8 50,000 1:2 10 1:100 25 1:40 10 1:50 25 1:20

2.3. Antiseptic Efficiency after In Vitro Automatized Debridement on a Pre-formed
P. aeruginosa Biofilm
2.3.1. Evaluation of P. aeruginosa Biofilm Formation under Flow Conditions

To evaluate the potential of biofilm formation by the four strains, we determined the
percentage of biofilm formed in the BioFluxTM 200 system in the control BHI medium and
in CMW [26].

All strains were able to form biofilms and to remain attached under shear force
(Table 3). The kinetics of biofilm formation of the reference strain PAO1 showed no
difference in the percentage of biofilm formation after 24 h between the two media (p = NS),
whereas these percentages were significantly different at 48 h (p < 0.1) and at 72 h (p < 0.01).
All three clinical strains demonstrated significantly higher percentages of biofilm formation
when bacteria were cultivated in CWM compared to BHI, regardless of the time point
(Table 3).

Table 3. Kinetics of biofilm formation by P. aeruginosa strains in the BioFluxTM system. The percent-
ages of biofilm formation were determined for the reference strain PAO1 and three clinical strains,
PAC2, PAC3 and PAC4, at 24 h, 48 h and 72 h post-incubation in BHI and CWM after six independent
experiments. Results are presented as the mean ± standard deviation. Statistics were performed
using a t-test in GraphPad Prism version 9.2 to compare the percentage of biofilm formed in BHI and
CWM for each time point.

Percentages of Biofilm Formation

At 24 h At 48 h At 72 h

BHI CWM p BHI CWM p BHI CWM p

PAO1 12% ± 0.3 13% ± 0.5 NS 38% ± 0.1 53% ± 0.3 <0.1 70% ± 0.1 99% ± 0.2 <0.01
PAC1 11% ± 0.4 25% ± 0.5 <0.01 45% ± 0.5 64% ± 0.3 <0.01 69% ± 0.5 99% ± 0.2 <0.01
PAC2 14% ± 0.5 17% ± 0.3 <0.1 42% ± 0.4 59% ± 0.5 <0.01 70% ± 0.2 98% ± 0.2 <0.01
PAC4 12% ± 0.3 15% ± 0.2 <0.1 42% ± 0.5 62% ± 0.2 <0.01 75% ± 0.5 99% ± 0.1 <0.01

2.3.2. Antiseptic Efficiency on a Pre-formed P. aeruginosa Biofilm under Flow Conditions

To mimic the management of chronic wounds and evaluate antiseptic action in a
constituted biofilm, we developed a method for the in vitro automatized debridement of
the biofilm inside the BioFluxTM system, as previously validated [26]. After in vitro au-
tomatized debridement, we administered the four antiseptic agents at the commercialized
concentrations on pre-formed biofilms of all strains in BHI and CWM. The results are
presented in Figure 2 and detailed in Table S2 (Supplementary Data).
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Figure 2. Percentage of biofilm reduction in pre-formed P. aeruginosa biofilms using commercialized
concentrations of three antiseptics (sodium hypochlorite (A, pink), PHMB (B, blue) and octenidine
(C, red)) in BHI and CWM. In vitro automatized debridement left a mean of 12% of biofilm in
the microfluidic channel before antiseptic treatment after 72 h of culture. The mean percentage of
biofilm after in vitro automatized debridement and before antiseptic treatment is represented by
the dashed line. Samples were tested in six independent experiments. Results are presented as the
mean ± standard deviation. Statistics were performed using a t-test using the R® software version
4.0.2 to compare the efficiency of antiseptics on biofilms after in vitro automatized debridement.
*, p < 0.1; ** p < 0.01.

After in vitro automatized debridement of the biofilm formed inside the BioFluxTM

system, a mean of 12% (see Supplementary Data, Table S2) of bacteria remained in biofilms
and were not completely removed to mimic clinical data that estimated the effectiveness
of debridement at around 85–90% [16]. We administered the antiseptics at commercial
concentrations without dilution. We were unable to test the activity of PVPI, as its color
interfered with the MetaVueTM software (Molecular Devices, Sunnyvale, CA, USA).

The use of sodium hypochlorite and PHMB significantly reduced the pre-formed
biofilm, regardless of the strain and the medium used (p < 0.01) (Figure 2). The residual
biofilm percentage was reduced to 5.98% in BHI and 6.8% in CWM for sodium hypochlorite
and 8.5% in BHI and 8.54% in CWM for PHMB (see Supplementary Data, Table S2).
However, the antiseptic efficiency was better when bacteria were cultivated in BHI than in
CWM. The results were further improved when we evaluated the octenidine action, which
showed strain-dependent efficiency. The use of this antiseptic significantly reduced the pre-
formed biofilms of PAO1, PAC1 and PAC4 cultivated in BHI and PAC1 and PAC4 cultivated
in CWM (p < 0.01). However, no significant effects were observed when octenidine was
administered after the in vitro automatized debridement of the biofilm formed by the PAC2
strain (in CWM and BHI) and PAO1 (in CWM only) (p = NS).

3. Discussion

The diagnosis of chronic wound infections remains problematic, leading to the inappro-
priate use of antibiotics and a high prevalence of multidrug-resistant bacteria carriage [28].
Moreover, commensal and pathogenic bacteria are organized in biofilms, maintaining the
chronicity of the lesion and delaying wound healing [7]. New alternative solutions must
be developed and evaluated. Our study aimed to assess the antibiofilm properties of four
antiseptic agents (sodium hypochlorite, PVPI, PHMB and octenidine) against P. aeruginosa
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strains, a species frequently isolated in chronic wounds [10] and classified as a strong
biofilm producer [29,30]. Moreover, we studied this activity in a medium mimicking the
environment encountered in chronic wounds to better evaluate the antiseptic effects.

The MIC values of the four antiseptic agents against our panel of four P. aeruginosa
strains were always lower than initial commercialized concentrations. Previous studies
have evaluated the MIC values of antiseptics on P. aeruginosa strains (see Supplementary
Data, Table S3).

For sodium hypochlorite, the MIC values obtained in our study (1666 mg·L−1 and
1:3 dilution) are 3- to 5-fold higher than the ones previously obtained [31–35]. This variation
may be related to the differences in the studied strains and in the media used, as previ-
ously noted [36]. We observed the same trend using PVPI. The MIC was 12,500 mg·L−1

(1:8 dilution factor), higher than the values found in previous studies [37–40]. However,
although the values obtained were high, their dilution ratios were low, varying between
0.04% and 5% (1:2 to 1:250 dilution factor) [37–40]. Moreover, we noted no difference in
the MIC values of the other antiseptics compared with previous studies, suggesting that
the BHI medium was not solely responsible for the results obtained with the two first
antiseptics. The MIC values of PHMB and octenidine were 15.6 mg·L−1 and 7.8 mg·L−1,
respectively, in accordance with previous studies [33,37,40–43]. These findings support
weaker concentrations compared to the commercialized solutions routinely used.

Classically, most studies on antiseptic efficiency determined the Minimal Biofilm Erad-
ication Concentration (MBEC) values to evaluate the potential of antiseptics to eradicate
mature and established biofilms. Here, we adapted the Antibiofilmogram® test to obtain
the MICb and assess the antiseptic impact on the biofilm formation kinetics [44,45]. The
principle was to use a diagnostic tool derived from the BioFilm Ring Test® (BioFilm Control,
St Beauzire, France). This test studies early biofilm formation by bacteria. We adapted this
method to assess the ability of antiseptics to inhibit early biofilm formation [44]. We deter-
mined the MICb, reflecting the minimum concentration of antiseptic agents that inhibits
biofilm formation. Our MICb values were lower than commercial concentrations, with
dilution ratios ranging from 1:8 for sodium hypochlorite to 1:40 for PHMB and octenidine.
The comparison between MICb and MIC values revealed two profiles of antiseptic agents:
one profile (for sodium hypochlorite and PVPI) with MICb values higher than MIC values,
suggesting that biofilm formation was inhibited at lower concentrations than those needed
to inhibit bacterial growth. The second profile (for PHMB and octenidine) had MICb values
lower than MIC values, suggesting that biofilm formation was inhibited by concentrations
higher than those needed to inhibit bacterial growth, and a delayed antibiofilm forma-
tion effect. This effect is certainly related to faster biofilm formation upon exposure to
antiseptic agents rather than a defense mechanism. Thus, higher octenidine and PHMB
concentrations are needed to inhibit biofilm formation.

Our results thus highlighted two profiles of the studied antiseptic agents. Sodium
hypochlorite and PVPI can complement wound debridement by preventing new biofilm
formation without altering bacterial growth. PHMB and octenidine can also be interesting
in complementing debridement procedures by coupling antibiofilm formation properties
with bacterial growth inhibition properties. For both profiles, at commercial concentrations,
all tested antiseptics induced bacterial growth inhibition and biofilm formation inhibition.
These findings shine a light on the antimicrobial effects of the antiseptic agents in the early
phases of biofilm formation.

We also assessed the effect of the selected antiseptics on the living bacterial load
of mature biofilms, which are predominant in chronic wounds [7]. First, we observed
that the biofilms formed after 72 h were denser and heavier, and the bacterial load was
higher when P. aeruginosa strains were cultivated in CWM compared to BHI, as previously
reported [26]. This effect was confirmed in the dynamic flow model, BioFluxTM 200, where
we also noted the influence of CWM on the development of biofilm formation. Altogether,
we demonstrated the influence of the environment on biofilm formation. The decreased
antimicrobial activity of antiseptics has been documented in the presence of organic matter,
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such as the blood included in CWM [46,47]. Due to the denser biofilm matrix and the effect
of the medium mimicking the wound environment, a 10-log higher antiseptic concentration
(PVPI, PHMB and octenidine) was necessary to reduce the living bacterial load. Sodium
hypochlorite was an exception, with no difference in the MICs needed to obtain this 10-log
reduction in biofilms of P. aeruginosa cultivated in BHI or CWM. This result could be related
to the fact that this antiseptic agent is less affected by the organic load [48].

In a biofilm, antiseptic penetration is reduced with a decreased growth rate of persis-
tent cells [49]. We thus developed a protocol to test the efficiency of antiseptics after in vitro
automatized debridement, mimicking a key step in the management of chronic wounds [26].
We observed the efficiency of sodium hypochlorite and PHMB and the strain-dependent
activity of octenidine. In clinical practice, 85% of biofilm bacterial load offloading is ob-
tained through debridement, with 10 to 15% of residual biofilm. Our results indicate that
sodium hypochlorite can significantly complement wound debridement and reduce this
percentage to around 6%, and PHMB can reduce it to 8%. This residual biofilm allows
residual microbiota, which participates in DFU healing [50,51]. In addition, this biofilm re-
duction was effective 72 h after the antiseptic addition. Previous studies demonstrated that
adhesion to surfaces for biofilm formation was accelerated in P. aeruginosa following their
release from biofilms, which happens through debridement [52]. This study highlighted
that sodium hypochlorite and PHMB prevented this faster biofilm formation. These results
could be due to the mechanism of action of the antiseptic agents. Indeed, for octenidine,
this mechanism is directly linked to its interaction with the bacterial membrane [53]. It is
possible that the EPS plays a role in biofilm survival and reduces the ability of octenidine
to reach the membrane of P. aeruginosa. Octenidine activity was particularly reduced when
the antiseptic was used against bacteria cultivated in CWM, which enhanced the biofilm
density and thickness. Moreover, P. aeruginosa was previously reported to adapt to octeni-
dine by membrane remodeling and the production of efflux pumps [54]. Investigating
these mechanisms in biofilm models would be a fruitful area for further work. Although
the PHMB effect was also linked to its interaction with the bacterial membrane [55], the
commercial solution used in our study also included betaine, a compound that disrupts
EPS proteins [56], explaining the antibiofilm properties of PHMB. Finally, sodium hypochlo-
rite has multiple mechanisms of action (reactive oxygen species, protein degradation and
oxidizing action) with passive diffusion inside the microorganisms [48], suggesting that
this antiseptic is an optimal candidate for eliminating bacterial biofilms associated with
chronic wounds. Overall, our results reinforce the need to use a dynamic in vitro system
and media mimicking the conditions encountered in the clinical situation.

4. Materials and Methods
4.1. Bacterial Strains, Culture Conditions and Antiseptic Agents

The bacteria and media used in this study are listed in Table 4
CWM is a previously described and patented in vitro media model that reproduces

the chronic wound environment [17,26]. CWM has a fixed pH of 8, as seen in non-healing
wounds [26]. Its composition includes Bolton broth, heat-inactivated human serum, debris
of human keratinocytes and hemolyzed human blood.

Four previously characterized P. aeruginosa strains were used. PAO1, a reference
strain [57,58], and three clinical strains (PAC1 [17], PAC2 [52] and PAC4 [52]) isolated from
Grade 3 [59] diabetic foot ulcers of patients at the University Hospital of Nîmes.

Bacteria were grown overnight in bacterial culture tubes with shaking at 200 rpm in
aerobic conditions at 37 ◦C in brain heart infusion (BHI, Sigma-Aldrich, Saint-Quentin-
Fallavier, France) broth or CWM (European patent application EP21305337) [17].

Four antiseptic agents were tested for tolerance and available data on their in vitro or
clinical efficiency on chronic wounds: (i) sodium hypochlorite, 5 g·L−1 (Dakin®, Cooper,
France), (ii) PVPI or Povidone iodine, 100 g·L−1 (Betadine®, Mylan Medical, France),
(iii) PHMB, 1 g·L−1 (Prontosan® 0.1% undecylenamidopropyl-betaine and 0.1% PHMB
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in aqueous solution; B. Braun Melsungen AG) and (iv) octenidine 0.5 g·L−1 (Octenelin®

wound irrigation solution, Schuelke und Mayr, Norderstedt, Germany).

Table 4. Bacterial strains and media used in this study.

Strain Characteristics References

PAO1 Reference strain [57,58]

PAC 1 Pseudomonas aeruginosa clinical strain isolated
from a Grade 3 DFI * (patient n◦1) [17]

PAC 2 Pseudomonas aeruginosa clinical strain isolated
from a Grade 3 DFI * (patient n◦2) [52]

PAC 4
Pseudomonas aeruginosa clinical strain isolated

from a Grade 3 DFI *
(patient n◦3)

[52]

Media

BHI Brain heart infusion Sigma-Aldrich
LB Luria–Bertani broth Sigma-Aldrich

CWM Patented medium mimicking in vivo
conditions encountered in chronic wounds [17,26]

* DFI, diabetic foot infection.

4.2. Susceptibility Testing Assays

Antimicrobial susceptibility testing (MIC) of isolates was performed by the broth
microdilution method on BHI according to EUCAST recommendations (https://www.
eucast.org/clinical_breakpoints, accessed on 2 August 2022). Fresh bacterial cultures were
used after overnight incubation at 37 ◦C in aerobic conditions. The range of dilution was
1:2 to 1:2048 for all antiseptic agents. Each antiseptic agent was tested in six independent
assays in six replicates for each strain.

Antibiofilmogram® [44,60] is a diagnostic tool using the Biofilm Ring Test® to study
antiseptic actions on biofilm formation [61]. Briefly, P. aeruginosa strains were subcultured
on BHI agar at 37 ◦C for 24 h. Six colonies were inoculated into BHI broth and homogenized.
The bacterial suspension was standardized to an optical density (OD) of 1.00 ± 0.05 at
600 nm and diluted 1:250 in BHI broth to obtain a final concentration of 4 × 106 CFU/mL
using a defined calibration curve between OD and CFU/mL. Two hundred microliters of
this bacterial suspension, 1% (vol/vol) magnetic beads (TON004) and antiseptics (20 µL of
dilutions of each antiseptic) were then incubated, in triplicate, at 37 ◦C for 4 h (time needed
to form P. aeruginosa biofilm in this model [17]) in a 96-well microplate (Falcon 96 Flat
Bottom Transparent, Corning, United States). The microplate was placed onto a magnetic
block for 1 min and analyzed. Due to the color of the antiseptic agent solutions, it was
not possible to use a microplate scanner, and we compared the results visually. The MICb
was therefore defined as the minimum concentration of the antiseptic agent that inhibited
early biofilm formation. This MICb was visually detected as the minimum concentration
that allowed brown spot formation at the bottom of the wells. Assays were replicated six
times. Four wells without antiseptics filled with the bacterial suspension and magnetic
beads were used as the positive control.

4.3. Antiseptic Effect on 72 h Biofilm Living Bacterial Load

The living bacterial load of 72 h-old biofilms before and after the antiseptic agent addi-
tion was quantified using an adapted method previously described [27]. Fresh overnight
bacterial cultures were adjusted to an OD600 nm of 1 ± 0.05. The cultures were then diluted
at 1:100 and incubated for 72 h at 37 ◦C without shaking in three flat-bottom 96-well plates
for biofilm formation. Fresh culture medium was added every 24 h until 72 h. Wells with
medium without bacterial culture were used as the negative control. At 72 h, one plate
was used as the control for biofilm formation (C1). In the second plate, several dilutions
(1:2 to 1:1028) of each antiseptic agent were added in three replicates. The plates were then
incubated for an additional 24 h at 37 ◦C. The third plate served as a negative antiseptic

https://www.eucast.org/clinical_breakpoints
https://www.eucast.org/clinical_breakpoints
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effect control (C2), containing only fresh culture medium incubated for an additional 24 h
at 37 ◦C. After incubation, the microplates were washed three times with 200 µL of 1× PBS.
Finally, 200 µL of 1× PBS was added to the well before biofilm disruption by sonication for
10 min at 40 kHz. Each well was then serially diluted, and the last dilution was plated on
LB agar. The agar plates were then incubated overnight at 37 ◦C, and CFUs were counted
to quantify the living bacterial load in each well. We determined the concentration of each
antiseptic needed to obtain a 10-log reduction in the living bacterial load, since antiseptic
agents are used to complement debridement offloading by 10 to 15%. The experiment was
performed six times for each strain.

4.4. Dynamics of Antiseptic Agents on Biofilm

The previously described BioFluxTM 200 microfluidic system (Fluxion Biosciences Inc.,
Alameda, CA, USA) was adapted to assess the dynamics of biofilm formation and biofilm
quantification, along with the dynamics of antiseptic agents in biofilm disruption [62]. This
system is composed of microfluidic channels incorporated in 48-well plates. The bottom
of the plate is made of a 180 µm glass coverslip, allowing microscopic examination [63].
Thus, the system was coupled with a Leica DM IRB inverted fluorescence microscope
for biofilm visualization and a CoolSNAP FX black and white camera (Roper Scientific®,
Trenton NJ, United States) for automated image acquisition and recording. Images were
processed with MetaVueTM software (Molecular Devices, Sunnyscale, CA, USA). Image
analysis was processed using ImageJ® software. The analysis included 16-bit grayscale
image adjustment with the threshold function, and the biofilm percentage was calculated
with the “Analyzes particles” function, as previously established [62,64]. Colonies of
P. aeruginosa strains were resuspended in 3 mL of BHI and were incubated at 37 ◦C with
shaking (220 rpm) overnight. A bacterial suspension was then prepared from this overnight
culture standardized to an OD600 of 0.1 ± 0.05 following a serial 1:200 dilution. The channel
was first primed with 500 µL of medium without bacteria in the inflow well with a pressure
setting of 1 dyne/cm2 for 10 min. The remaining medium in the well was then withdrawn.
The microfluidic channels were then inoculated by injecting the bacterial suspension from
the output reservoir for 30 min at 1 dyne/cm2. The setup was placed on the heating plate at
37 ◦C. Finally, the bacterial suspension was added to the inflow well for 72 h with pressure
and temperature settings of 0.2 dyne/cm2 and 37 ◦C. Fresh medium was added every
24 h to the input well, and the medium in the output well was discarded. Biofilms were
recorded at 24, 48 and 72 h.

To mimic the first step of clinical management of a chronic wound, we developed an
in vitro automatized debridement method to remove part of the pre-formed biofilm [26].
After 72 h of biofilm formation, a shear flow of 5 dynes/cm2 was applied from the inflow
well to the outflow well for 10 min. The flow was then reversed between the inflow and the
outflow wells for 10 min. This process of flow reversion was performed twice. The aim of
this flow inversion was to significantly reduce the biofilm constituted in the microfluidic
channel to 10–15% of the remaining biofilm in the channel to mimic in vivo conditions [16].
After this in vitro automatized debridement, a dynamic flow (0.2 dyne/cm2 at 37 ◦C for
24 h) of antiseptics was applied to evaluate their actions on the remaining pre-formed
biofilm. The residual biofilm percentage after antiseptic contact was calculated by dividing
the biofilm percentage after antiseptic contact by the biofilm percentage before antiseptic
contact *100. The concentrations of antiseptics used corresponded to the commercialized
compounds at their pure concentrations.

4.5. Statistical Analysis

All statistical analyses were carried out using the R® software version 4.0.2. A
Wilcoxon Rank-Sum test was used to analyze the distribution of the living bacterial load
results and assess the residual biofilm in the dynamic model.
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5. Conclusions

In chronic wounds, pathological biofilms formed by P. aeruginosa are particularly
prevalent and difficult to treat. Indeed, new therapeutic strategies are needed, and the
determination of the in vitro efficiency against pre-formed biofilms is a great first step in the
discovery of methods for the future management of these infections. Our study highlighted
that sodium hypochlorite was the most effective antiseptic against biofilms formed by
P. aeruginosa. This compound was active against these bacteria at concentrations lower than
the commercialized one. It presented a MICb lower than MIC (1:8 vs. 1:3), demonstrating
its activity against biofilm formation. Moreover, at this concentration, it reduced the living
P. aeruginosa load formed in biofilms by 10-log, suggesting that there was no need to
increase the antiseptic concentration to reduce mature biofilms. Finally, the use of sodium
hypochlorite significantly reduced the biofilms after in vitro automatized debridement.
Clinical studies are now necessary to confirm the results of this study, demonstrating that
antiseptics are an interesting alternative solution for the management of DFUs.
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