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Background: With the antibiotic crisis, the topical antibacterial control including chronic wounds gains increasing importance.
However, little is known regarding tolerance development when bacteria face repetitive exposure to the identical antiseptics as
commonly found in clinical practice.
Materials andMethods: Clinical isolates foremost of chronic wounds were exposed in vitro to dilutions of two antiseptics used for
wound therapy: polyhexanide or octenidine. Adaptive response was determined by growth/kill curves, minimal inhibitory
concentration (MIC), and whole genome sequencing. Antiseptic/bacteriophage combinations were studied by liquid-infection
assays and bacterial plating.
Results: Polyhexanide acted stronger against Escherichia coli and Proteus mirabilis while octenidine was more potent against
Staphylococcus aureus. Otherwise, the antiseptic efficacy varied across isolates of Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Acinetobacter baumannii. Upon repetitive exposure with constant antiseptic concentrations P. aeruginosa and P.
mirabilis adaptation was evident by a reduced lag-phase and a twofold increased MIC. Under increasing octenidine concentrations,
P. aeruginosa adapted to an eightfold higher dosage with mutations in smvA, opgH, and kinB affecting an efflux pump, alginate and
biofilm formation, respectively. S. aureus adapted to a fourfold increase of polyhexanide with a mutation in the multiple peptide
resistance factor MprF, also conferring cross-resistance to daptomycin. Antiseptic/bacteriophage combinations enhanced bacterial
inhibition and delayed adaptation.
Conclusion: Different bacterial species/strains respond unequally to low-level antiseptic concentrations. Bacterial adaptation
potential at phenotypic and genotypic levels may indicate the necessity for a more nuanced selection of antiseptics. Bacteriophages
represent a promising yet underexplored strategy for supporting antiseptic treatment, which may be particularly beneficial for the
management of critical wounds.
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Introduction

Bacterial colonization and infection are the leading complications
in the management of cutaneous wounds. Chronic wounds in
particular pose a tremendous structural and financial burden to

global healthcare systems[1]. Beyond mechanical treatment of
wounds, foremost surgical debridement, antimicrobial control by
either systemic antibiotics or topical antiseptics represent the
mainstay in the repertoire of surgeons especially for invasive
infections[2]. In the midst of a rapid surge in resistant bacteria
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against antibiotics and the continuous rise of pan-drug-resistant
bacteria, wound antiseptics gain even more importance while the
use of antibiotics needs to be well-considered[3–6]. Numerous
studies report an inappropriate overuse of antibiotics by surgeons
for prophylactic or therapeutic wound management[7,8]. In gen-
eral, an avoidable antibiotic use in around 30% of cases has been
reported across medical specialties[9,10] and seems to be particu-
larly true for wound infections[11]. Hence, a rethinking of existing
clinical practice is needed to avert serious repercussions for
antimicrobial therapy in the future. This includes also an
increasing requirement for prudent use of antiseptics in health-
care settings[12,13]. In contrast to antibiotics, which are dynami-
cally selected from a large panel of substances according to
antibiograms of bacteria isolated from frequently performed
wound swabs, antiseptics are unselectively given without any
comparable testing. Although various recommendations for the
use of wound antiseptics exist[14], the choice among the different
antiseptics for cutaneous wounds is usually based on individual
preference or even availability in the healthcare institution rather
than on scientific criteria. The selection of antiseptics may not be
critical when bacteria face in-use concentrations. However,
penetration capacity in biofilms is impeded[15–18] and little is
known about antiseptic activity at reduced concentration and the
bacterial ability to adapt to lowered antiseptic concentrations.

Polyhexanide and octenidine are among the most frequently
used antiseptics, owing to their broad-spectrum antimicrobial
efficacy and low number of reported severe adverse
reactions[19,20]. Here, we first compared in vitro the activity of
polyhexanide and octenidine dilutions against a panel of clini-
cally isolated bacteria that are relevant in chronic wounds
including Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Proteus mirabillis, Escherichia coli,
and Staphylococcus aureus. We then examined the bacterial
phenotypic and genotypic adaptation potential when bacteria
were repetitively exposed to the antiseptics mimicking the
recurrent antiseptic wound therapy in the clinical scenario.
Finally, we evaluated the feasibility of adding bacteriophages as a
novel supplementary strategy to antiseptics.

Material and methods

Bacterial strains

Wounds of all anatomical locations that existed for aminimum of
4 weeks[21] were included. All wounds were treated by board-
certified plastic surgeons according to standard guidelines of
debridement, regular changes of dressings, patient positioning,
and multidisciplinary treatment of underlying diseases. Swabs
were taken for bacterial sampling using the established Levine
technique[22] by rotating the wound swab in a 1 cm² area for 5 s.
Additional bacteria were acquired from a clinical isolate collec-
tion. The patients signed a written informed consent and ethical
approval was obtained by the Ethics Committee (Ethics
Committee of the RWTHAachenUniversity Faculty ofMedicine,
Aachen, Germany; EK 077/18). In total, we included 77 clinical
isolates, comprising five gram-negative bacteria, namely P. aer-
uginosa (16 isolates), K. pneumoniae (13 isolates), P. mirabilis
(14 isolates), E. coli (15 isolates), and A. baumannii (10 isolates),
along with S. aureus (9 isolates) in this study. Species identity was
verified via MALDI-TOF mass spectrometry (Microflex LT,
Bruker Daltonik GmbH). Unless otherwise stated, bacterial

strains were grown in Mueller Hinton (MA) medium. The
automated antibiotic susceptibility testing of clinical isolates was
performed using the VITEK2 system (bioMérieux, Marcy-
l’Étoile). Selection of isolates was based on their individual anti-
biotic resistance profiles. Changes in antibiotic sensitivity upon
antiseptic adaptation and genomic mutation were verified via
determination of MICs using E-tests (bioMérieux, Marcy-
l’Étoile) and interpreted according to EUCAST Version 13.1,
2023 (http://www.eucast.org).

Transmission electron microscopy (TEM)

For TEM bacteria were cultivated overnight at 37°C on a shaker
at 120 rpm, followed by an OD600nm adjustment to 0.5. Bacteria
were then exposed to 0.04% w/v polyhexanide or 0.1% w/v
octenidine for 1 h. After subsequent centrifugation, bacteria were
resuspended in 3% (vol/vol) glutaraldehyde (Agar Scientific) in
PBS. Samples were examined at an acceleration voltage of 60 kV
using a TEM Leo 906 (Carl Zeiss) transmission electron
microscope.

Assessment of growth dynamics under reduced antiseptic
concentrations

The antiseptic products used were polyhexamethylene biguanide
hydrochloride (in short: polyhexanide) – 20% aqueous solution
(Biosynth) and octenidine dihydrochloride (in short: octenidine)
98% (Thermo Scientific). Initial concentrations were adjusted to
those used in the clinical setting, that is 0.04% for polyhexanide
and 0.1% for octenidine. Further progressive dilutions were
performed until antibacterial efficacy between polyhexanide and
octenidine were differentiable. To that end, the antibacterial
efficacy of both antiseptics was investigated based on changes in
optical density measurements at 600 nm (OD600nm) using the
microplate reader SpectraMax (Molecular Devices). Overnight
bacterial cultures were adjusted to an OD600nm of 0.5 with fresh
MH-medium and 100 µl of the bacterial culture was placed in
microtiter plate wells along with 100 µl of either polyhexanide or
octenidine, as three biological replicates. Bacterial growth
dynamics were recorded every 30 min for 18 h at 37°C, followed
by serial dilution and plating for assessment of viable bacteria.

Bacterial adaptation facing constant low-level antiseptic
concentrations

Three biological replicates of overnight bacterial cultures were
adjusted to OD600nm of 0.2 with fresh MH-medium. Bacterial
cultures were placed in cell culture flasks along with poly-
hexanide or octenidine (at a volume ratio of 1:1) using con-
centrations allowing time-delayed bacterial growth within 24 h.

HIGHLIGHTS

• Antimicrobial efficacy of polyhexanide and octenidine
differs across bacterial species and strains, indicating the
need for careful selection of antiseptics.

• Bacteria can adapt to low-level amounts of antiseptics at
phenotypic and genotypic level, with mutations potentially
conferring also cross-resistance to antibiotics.

• Suppression of bacteria can be enhanced by combining
antiseptics with lytic bacteriophages.
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To this end, the relevant antiseptic concentrations were deter-
mined a priori individually for each strain, as described in the
aforementioned section. After 24 h (time point T1), bacteria were
centrifuged and the pellet resuspended in fresh medium contain-
ing the same antiseptic concentration as before, followed by
incubation for 24 h (time point T2). This process was repeated
two more times leading to the time points T3 and T4. Aliquots
from T1 to T4 were stored at − 80°C for later joint analysis. In
order to determine possible adaptation, bacteria from T1 to T4
were simultaneously challenged with either antiseptic at previous
concentrations (and same volume ratios) in microtiter plates.
Growth dynamics were measured via optical density for 18 h
using the microplate reader SpectraMax (Molecular Devices).

Adaptation experiments with increasing antiseptic
concentrations

One P. aeruginosa and one S. aureus strains were grown at initial
concentrations of polyhexanide and octenidine of 2 µg/ml in
10 ml medium. After 18 h of incubation 1 ml of each culture was
transferred to 9 ml of fresh medium and incubated for 18 h
without antiseptic to ensure stability of the phenotype.
Thereafter, the cultures were progressively incubated with the
double antiseptics’ concentration, whereby between each dou-
bling stage the cultures were allowed to grow overnight without
antiseptic. The process was repeated until bacteria failed to fur-
ther adapt to increasing antiseptic concentrations.

Antiseptic-phage-interactions

The lytic phages used were the P. aeruginosa specific phage
NP3[23], and the S. aureus specific phage Sb-1[24]. Both phages
were isolated from the commercially available ‘Pyophage’ and
‘Staphylococcal Bacteriophage’ cocktails[25], respectively,
obtained from the Eliava Institute of Bacteriophages,
Microbiology, and Virology (Tbilisi). Bacteria were exposed to
antiseptics with or without lytic phages at an MOI of 0.1 in
liquid-infection assays using the microplate reader SpectraMax
(Molecular Devices). Lowest antiseptic concentrations where
positive interactions with phages occurred were established as
12.5 µg/ml and 1.25 µg/ml of either antiseptic against P. aerugi-
nosa strain PZ and S. aureus strain SA1, respectively. Infection
assays were run for 22 h, followed by bacterial plating on anti-
septic-free and phage-free solid growth medium. After overnight
incubation single colonies were picked for a second exposure to
the same antiseptic dilutions in liquid culture with or without
phage addition. After incubation for 22 h, bacteria were plated
and single colonies were again subjected to a third round of
antiseptic/phage challenge.

Following the positive phage/antiseptic interaction observed at
lower antiseptic concentrations, the potential of complete bac-
terial eradication in liquid culture was tested over a broader
antiseptic range (i.e. from 0 to 40 µg/ml and from 0 to 400 µg/ml
for strains SA1 and PZ, respectively) and verified via plating of
treated bacteria on antiseptic-free and phage-free solid media.
Single colonies from cultures surviving the highest antiseptic
concentrations were picked for a second exposure to all antiseptic
dilutions in liquid culture with or without phage addition.

Whole genome sequencing and bioinformatics analysis

Bacterial genomic DNA was isolated using the QIAamp DNA
Mini Kit (Qiagen). Library preparation was performed using
the NEBNext Ultra II DNA protocol (New England Biolabs).
Samples were sequenced using a high output Sequencing Kit
v2.5 (150 cycles) on a NextSeq500 Next-Generation
Sequencing System (Illumina). Samples were processed using
the nf-core/bacass pipeline version 2.0.0 implemented in
Nextflow 22.04.5 with the minimal command. In brief, reads
were trimmed via skewer 0.2.2 and evaluated for quality by
FastQC 0.11.9 (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc). Reads were de novo assembled using unicycler
0.4.8 and assembly quality was evaluated by QUAST 5.0.2[26].
The assemblies were verified using kraken2 2.1.1. Genomes
were annotated using Prokka 1.14.6[27].

For variant detection, the QIAGEN CLC Genomics
Workbench 23.0.1 was used (https://digitalinsights.qiagen.com/).
The function of the mutated genes was investigated using Uniprot
(https://www.uniprot.org/) and The Kyoto Encyclopedia of
Genes and Genomes database (KEGG; http://www.genome.jp/
kegg/).

Statistical analysis

Bacterial growth inhibition was determined from the area under
the curve (AUC) calculation of bacterial growth curves relative to
the untreated controls. Normality of the data was verified by the
Shapiro–Wilk test and significant differences were assessed using
Student’s unpaired t-test (two-tailed). Graphics were created
using the Microsoft Excel and Graphpad Prism v8, which was
also used for AUC calculation and statistical analyses.

Results

Comparison of the antibacterial activity of polyhexanide and
octenidine

The differential antibacterial mechanisms of polyhexanide and
octenidine at cellular level is evident via TEM (Supplementary
Figure S1, Supplemental Digital Content 1, http://links.lww.com/
JS9/C538) and is due to the fact that polyhexanide causes chro-
mosome condensation[28] while octenidine impacts cell mem-
brane and cell wall integrity[29]. Figure 1A shows that the
representativeK. pneumoniae isolate Ia was significantly stronger
suppressed by various dilutions of polyhexanide compared to
equal octenidine dilutions. For instance, in the presence of 1% of
the polyhexanide working solution bacterial growth arrest
occurred over the whole testing period. In contrast, an equivalent
1% of the octenidine working solution enabled growth after
around 6 h of exposure (Fig. 1B). No viable bacteria were
recovered on solid growth medium after exposure to poly-
hexanide as opposed to octenidine (Fig. 1C). Figure 1D depicts
the comparative results of both antiseptics for all tested isolates.
The range of antiseptic dilutions within which bacteria were still
able to grow extended from 0.2 to 10% of clinical in-use for-
mulations. In case of P. aeruginosa, K. pneumoniae and A. bau-
mannii, the superiority of either antiseptic varied from strain to
strain. In contrast, for the majority of P. mirabilis isolates and
throughout all E. coli isolates, polyhexanide showed superior
antibacterial efficacy. Conversely, octenidine was more effective
against all but one S. aureus isolates (Fig. 1D). Hence, drug
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Figure 1. Antibacterial effect of two antiseptics against a panel of clinical isolates. (A) Relative growth inhibition compared to the untreated control (CTRL) of various
dilutions of octenidine and polyhexanide on K. pneumoniae strain Ia. Inhibition was determined via area under the curves (AUC) calculated from optical density (OD)
measurements of liquid culture assays, as shown in (B), representatively for the dilution factor 0.01. (C) Bacterial plating after 18 h-exposure to the antiseptics, in
order to assess retained bacterial viability. (D) Heatmap indicating the growth suppression effect of the antiseptics octenidine and polyhexanide on all tested
bacterial isolates. The color scale represents different dilutions of the antiseptics, ranging from deep blue to light blue (i.e. ranging from 10 to 0.2% of the individual
working concentrations of both compounds, respectively). The heatmap depicts those dilutions at which bacterial growth arose for the first time. Red stars indicate
the more effective antiseptic per tested strain (i.e. bacterial suppression was possible at a higher dilution or the bacteria were suppressed for a longer time period at
the same dilution). All experiments were performed as three independent biological replicates. Stars indicate statistical support for an enhanced antibacterial effect
of one antiseptic compared to the other at the same dilution. ****P<0.0001, ***P<0.001, **P< 0.01.
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predominance was either species-specific or showed interstrain
variability.

Bacterial adaptation to constant low-level antiseptic
concentrations

Bacterial adaptation upon four consecutive challenges (T1–T4)
with constant low-level concentrations of either polyhexanide or
octenidine was observed for three P. aeruginosa and two P.
mirabilis strains out of 10 strains tested (Fig. 2, Supplementary
Table S1, Supplemental Digital Content 2, http://links.lww.com/
JS9/C539). Bacterial adaptation was evident by a reduced lag-
phase in the growth curves. Bacterial adaptation emerged either
in T4 (Fig. 2B and E), T3 (Fig. 2A), or already from T2 (Fig. 2C,
D, F, and G).

A doubling of the MIC occurred in P. aeruginosa isolate IB
(from 6.25 to 12.5 µg/ml polyhexanide) and P. mirabilis isolates
1062 and 1044 (from 8 to 16 µg/ml octenidine), while in other
cases the MIC remained unchanged (Fig. 2H). Whole genome
analysis revealed no mutations associated with the MIC increase.

Adaptation to increasing antiseptic concentrations

Upon repeated exposure to increasing polyhexanide concentra-
tions a slight tolerance development was observed for P. aerugi-
nosa strain PZ (i.e. from initial 32 µg/ml to 64 µg/ml). However,
the S. aureus strain SA1 survived initially 8 µg/ml of poly-
hexanide, but was ultimately able to endure a fourfold higher
dosage (i.e. 32 µg/ml). Conversely, strain PZ was initially able to
survive 32 µg/ml of octenidine but adapted to an eightfold higher
dosage (i.e. 256 µg/ml). No tolerance development against octe-
nidine was observed with SA1.

Genomic analysis revealed one de novo non-synonymous
mutation in the polyhexanide adapted strain SA1 affecting the
gene mprF encoding for the phosphatidylglycerol lysyltransfer-
ase. Three mutations were observed in the octenidine adapted
strain PZ affecting a MFS efflux pump, as well as glucan and
alginate biosynthesis (Supplementary Table S2, Supplemental
Digital Content 3, http://links.lww.com/JS9/C540).

The adaptation to polyhexanide conferred strain SA1
cross-resistance to daptomycin (Supplementary Table S2,
Supplemental Digital Content 3, http://links.lww.com/JS9/
C540). In the octenidine-adapted strain PZ, a 12-fold increase of
the MIC for ceftazidime occurred, while the MIC for aztreonam
was reduced by around fivefold.

Bacterial growth dynamics upon repeated phage/antiseptic
exposures

Despite being detrimental at high concentrations, a sufficiently
high fraction of infective phages could be recovered from
appropriate antiseptic dilutions (Supplementary Figure S2,
Supplemental Digital Content 4, http://links.lww.com/JS9/
C541).

Lowest antiseptic concentrations where positive interactions
with phages occurred were established as 12.5 µg/ml and 1.25 µg/
ml of either antiseptic against P. aeruginosa strain PZ and S.
aureus strain SA1, respectively. Repeated exposure showed that
the phage-mono-application and the polyhexanide/phage com-
binations became more effective after the second and third
exposures, in contrast to polyhexanide alone (Fig. 3B and C).

Likewise, the octenidine-/NP3 combination suppressed strain
PZ stronger than octenidine alone and there was an increasing
effectiveness of NP3 from the second exposure against strain PZ
(Fig. 3D). In addition, while S. aureus adapted to octenidine
alone, the co-presence of phage Sb-1 impeded this (Fig. 3E).
Furthermore, bacteria becamemore susceptible to the phage after
having been initially exposed to the phage/antiseptic combination
(green lines, Fig. 3E).

Bacterial eradication upon antiseptic/phage exposure

The potential of complete bacterial eradication in liquid culture
was tested over a broader antiseptic range (i.e. from 0 to 40 µg/ml
and from 0 to 400 µg/ml for strains SA1 and PZ, respectively). A
complete eradication of the S. aureus strain SA1 was achieved
with 20 µg/ml of polyhexanide with or without phage (Fig. 4A,
upper plates). Bacteria surviving the next lower amount of
polyhexanide, i.e. 10 µg/ml (Fig. 4A, upper plates, blue, and red
circles), were re-exposed to all antiseptic concentrations in liquid
culture with and without the phage. Subsequent plating showed
that SA1 now survived an antiseptic concentration of 40 µg/ml,
without phage (Fig. 4A, lower plates, red circle). However, with
the antiseptic/phage combination bacteria remained sensitive and
could only survive a concentration of 10 µg/ml (Fig. 4A, lower
plates, blue circle).

P. aeruginosa strain PZ was completely eradicated with phage
NP3 combined with polyhexanide at a concentration of 50 µg/ml,
while this was achieved with polyhexanide alone at 100 µg/ml
(Fig. 4B, upper two plates). With the second exposure both
approaches achieved eradication with 50 µg/ml of the antiseptic.
However, bacterial density was markedly lower in the phage/
antiseptic combination compared to the antiseptic-only approach
at 25 µg/ml (Fig. 4B, lower plates red and blue circles).

The use of the octenidine/Sb-1 combination was initially more
effective in eradicating SA1, compared to the antiseptic alone (i.e.
eradication at 5 µg/ml vs. 10 µg/ml, Fig. 4C, upper plates). During
the second exposure, an increase in tolerance with both approa-
ches occurred, as bacteria survived now 10 µg/ml octenidine
(Fig. 4C, lower plates, blue and red circles), which means that in
this case there was no beneficial effect mediated by phage Sb-1.

The initial challenge of strain PZ by octenidine with or without
the phage NP3 was equally effective (i.e. bacteria survived a
concentration of 50 µg/ml, Fig. 4D, upper plates, blue, and red
circle). Repeated exposure did not show tolerance development
with octenidine alone (Fig. 4D, lower plates, red circle). However,
with the octenidine/NP3 combination bacteria became more
sensitive in the repeated exposure surviving only 25 µg/ml of
octenidine (Fig. 4D, lower plates, blue, and red circles).

Discussion

In the present study, various bacteria found in chronic and hard-
to-heal wounds were investigated by exposure to low-level con-
centrations of polyhexanide and octenidine. While in-use con-
centrations of antiseptics are high enough to exert a bactericidal
effect, little is known about the consequences when bacteria get
into contact with sub-inhibitory concentrations. This could
happen in chronic wound biofilms where drug penetration might
be hampered[30–33]. Other factors, such as dilution of the anti-
septics through wound fluids or simple physical factors such as
evaporation, drying or dislocation of the wound disinfectant-
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Figure 2. Bacterial adaptation to constant low-level concentrations of polyhexanide and octenidine. (A-G) Different bacterial isolates were challenged with either
polyhexanide (POL, red curves) or octenidine (OCT, blue curves) at concentrations indicated in brackets after the strain designation; Shown are liquid culture assays
of bacterial isolates that have been challenged with constant low-level concentrations for four times (T1 to T4; T1= first exposure, T2= second exposure, etc.).
Bacterial growth was measured via optical density at 600 nm (OD600nm). Adaptation is evident by an earlier re-growth of T2 compared to T1, or T3 compared to T2,
and so on. The significance of the acquired tolerance was determined via comparison of the area under the curves (AUC) calculated from the growth curves and is
indicated by the gray shade. The control refers to the growth of the parental strain that was not exposed to the antiseptics. All experiments were performed as three
independent biological replicates. Given P values indicate statistical support for an enhanced bacterial tolerance between the different generations (T1–T4). (H)
Comparison of the MIC values of the adapted strains from T4 with the parental strains (Ctrl= control). The letters A-G refer to the seven bacteria/antiseptic
challenges, as displayed in Figure 2.
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Figure 3. Bacterial growth dynamics upon repeated phage/antiseptic exposures. (A) Scheme indicating the overall workflow of three subsequent exposures in
liquid cultures with either antiseptic or phage alone or both combined (e.g. bacteria that were exposed to the antiseptic/phage combination were subsequently
exposed to the phage alone and again with the combination). P. aeruginosa strain PZ (B and D) was challenged with 12.5 µg/ml of polyhexanide or octenidine,
respectively, + /- phage NP3. S. aureus strain SA1 (C and E) was challenged with 1.25 µg/ml of polyhexanide or octenidine, respectively, + /- phage Sb-1. The
phage MOI was 0.1. All experiments were performed as three independent biological replicates, with the mean bacterial density (OD600nm) displayed. Bars
indicate SD.
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loaded dressing add to uncertain contact of the antiseptic at the
wound[34]. Bacteria were able to grow at 0.2–10% of clinical in-
use formulations but this was characterized by a large interspecies
and/or interstrain variability between polyhexanide and octeni-
dine. This fluctuating antimicrobial efficacy underscores the need
for a scientifically based antiseptic therapy in wound care. While
clear statements in favor of a particular antiseptic may be

established for bacteria with a consistent susceptibility against
bacterial species (e.g. polyhexanide against E. coli), more
sophisticated measures are recommended in bacterial species
with high levels of variability such as P. aeruginosa.

There is also an emerging view that bacteria can adapt to
antiseptics similar to antibiotics[12,35–37]. Such adaptation could
occur during clinical practice or beyond therapeutic settings, for

Figure 4. Assessment of retained bacterial viability. Bacteria were grown on antiseptic-free and phage-free solid media after two rounds of exposure to poly-
hexanide (A and B) and octenidine (C and D) with or without the phage Sb-1 (S. aureus strain SA1) or phage NP3 (P. aeruginosa strain PZ) in liquid media for 22 h.
Exposure in liquid media was done with twofold serial dilutions of the antiseptics, starting with 40 (S. aureus) or 400 µg/ml (P. aeruginosa), respectively. The phage
MOI was 0.1. The upper plates in A to D show the plating results after the first round of exposure. Bacteria surviving the highest concentrations (blue and red circles)
were used for the second round of exposure in liquid media, again with all dilutions with and without the phage, as in round 1. The lower plates in A to D show the
plating results after the second round of exposure. Bacteria surviving the highest concentrations are again marked by blue and red circles. The numbers above and
below the plates indicate the concentrations of the antiseptics in the former liquid culture assays (note, that the zero with a blue star indicates that bacteria were
exposed in liquid culture to the phage alone).
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example, in water sink systems[38], an otherwise known reservoir
of antibiotic resistance genes[39–41]. Even worse, adaptation to
antiseptics can also lead to cross-resistance to antibiotics, for
example, by modification of the membrane or cell wall
barrier[35,38,42–46] with inconceivable clinical consequences par-
ticularly in the severely ill patient. In addition, exposure to low-
level concentrations of biocides might promote horizontal
transfer of multidrug resistance genes, biofilm formation and the
increase of the genetic mutation frequency[47] further adding to
the importance of a scientifically sound application of antiseptics.

In our study, we exposed bacteria consecutively to either
constant or gradually increasing low-level concentrations of
antiseptics. Both modes are relevant in the clinical scenario of
wound treatment as in common practice the identical wound
antiseptic is applied repetitively and often with increasing fre-
quency for the same wound.

Interestingly, adaptation to constant low-level concentrations
of antiseptics followed by a subsequent increase of the MIC did
occur without mutations. Such phenotypical adaptation may be
reversible as soon as the administration of the antiseptic is dis-
continued. However, repeated antiseptic administrations in
wound biofilms could mean the foundation for further adapta-
tion towards stronger antiseptic concentrations linkedwith stable
mutations.

Adaptation to increasing concentrations of antiseptics occur
frequently with gene mutations regulating the activity of efflux
pumps. For instance, P. aeruginosa adapting to octenidine
showedmutations in the gene smvRmodulating smvA expression
and lipid membrane modification[37]. Adaptation of P. mirabilis
to chlorhexidine and octenidine has also been associated with
mutations in smvR[48]. In our study, no mutation in smvR were
observed in P. aeruginosa, but directly in the gene smvA, which
corroborates the importance of this efflux pump system across
different species and strains for repelling antiseptic-induced
stress[49]. The additional mutations found in the octenidine
adapted strain PZ affected the genes opgH and kinB leading to
amino acid changes in the glycosyltransferase H and the alginate
biosynthesis sensor protein KinB. Both genes are involved in
forming mucoid biofilms, for example, in CF patients, making P.
aeruginosa more resistant against antibiotics and the immune
system[50–52].

The MRSA strain SA1 did not adapt to increasing levels of
octenidine aligning with the findings of another in vitro study[53].
However, after introduction of octenidine for MRSA decoloni-
zation in a hospital trust in the UK, S. aureus isolates with reduced
susceptibility have emerged[36]. This indicates that failure to
adapt in vitro does not preclude the potential of bacteria to adapt
under environmental, ‘real-world’ conditions.

Nevertheless, strain SA1 could adapt to polyhexanide which
came alongwith one de novomutation in the genemprF encoding
for the phosphatidylglycerol lysyltransferase MprF. Mutations in
this enzyme seem to be a universal response of S. aureus to oppose
polyhexanide-induced stress, which also leads to cross-resistance
against daptomycin[54–56], similarly to what has been observed in
our study.

One approach to battle most recalcitrant wound infections
may be the concomitant use of lytic phages, considering the
recognized synergistic antibacterial effects of antibiotics com-
bined with phages[57,58]. To the best of our knowledge, positive
interactions between antiseptics (at low concentration) and
phages against wound pathogens have not been described so far.

Our study shows an enhanced antibacterial control and a delay in
antiseptic adaptation. Further studies involving other bacterial
species and phages are therefore warranted. Instead of simulta-
neous use, phages could be applied first to breakdown the wound
biofilm thereby increasing the antibacterial efficacy of the sub-
sequent antiseptic treatment. This order strategy has been
described for antibiotics and disinfectants, where bacterial con-
trol was stronger, when phages were given beforehand[23,59].

A limitation of this study is that it primarily focuses on the
antibacterial efficacy of polyhexanide and octenidine in a con-
trolled in vitro setting which does not account for all challenges
related to the actual clinical situation found in wounds. For
instance, chronic wounds are often polymicrobial[60,61] and other
confounders need to be considered such as cytotoxicity[62], bio-
film penetration and breakdown capabilities[63] along with indi-
vidual patients’ conditions, for example, hyperglycemia which
promotes biofilm formation and impairs wound healing[64,65].
However, while those aspects are beyond the scope of the present
study, our in vitro results provide basic knowledge needed for
designing meaningful in vivo experiments[66,67]. In order to
ensure the overall clinical validity and generalizability, our find-
ings should be corroborated through clinical randomized con-
trolled trials including the investigation of bacterial antiseptic
tolerance development in polymicrobial wound infections,
potential cross-resistance against antibiotics, and the additional
antimicrobial value provided by lytic phages[68,69]. The use of
phages may become particularly important in light of the con-
tinuing rise and spread of multidrug resistant bacteria[70].

It is also noteworthy, that in our study, bacteria from wounds
irrespective of their anatomical area were included as our focus
was on the chronicity rather than location. Clearly, in the clinical
situation, the anatomical site is a highly relevant factor as bac-
terial species (e.g. in pressure ulcers, diabetic foot ulcers, and
venous leg ulcers) and therapeutic strategies may vary vastly[2,71].
This means, that future in vivo studies need to account for the
features of the individual locations and for the bacterial species
typically present in the chronic wounds. Finally, antiseptic solu-
tions are only one element of a multidimensional treatment plan
of complex chronic wounds and cannot replace other key com-
ponents. Wound antiseptics complement a multifaceted network
consisting of proper debridement, which can range from less
invasive solutions (e.g. enzymatic, biological, and mechanical) to
surgical debridement[72], regular wound assessment and appli-
cation of various dressings, advanced therapies such as hyper-
baric oxygen therapy, patient positioning, nutrition, and suitable
surgical wound coverage[2].

Concluding remarks

Our results underline the possible emergence of bacterial toler-
ance/resistance in the clinical setting in response to recurrent
utilization of antiseptics. Therefore, a more nuanced choice of
available antiseptics based on results of wounds swabs in close
collaboration with microbiologists represents a facile solution
surgeons may embark on.

The change of antiseptics may be a potential solution to
counteract bacterial adaptation and may also account for the fact
that different bacterial species and/or strains respond unequally
to low-level antiseptic concentrations.

Notably, bacteria can change phenotype or genotype in order
to withstand repeated exposures to antiseptics. This adaptation
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can induce cross-resistance against clinically relevant antibiotics,
the consequences of which should be addressed by in vivo
investigations. In addition, research should be intensified to
device strategies for combined approaches employing lytic phages
and antiseptics for increasing our antibacterial power against
bacterial wound pathogens.
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