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Abstract: Background /Objectives: Pseudomonas aeruginosa rapidly acquires antibiotic re-
sistance and demonstrates increasing tolerance to antiseptics. This study evaluated the
activity of eight antiseptics against P. aeruginosa, assessed its ability to develop adaptation to
these antiseptics, and, for the first time, determined the Karpinski Adaptation Index (KAI)
for this bacterium. Methods: The minimal inhibitory concentration (MIC), susceptibility
to antibiotics, bactericidal time according to EN 1040:2005, adaptation potential, and KAI
of P. aeruginosa strains were evaluated. Results: The most effective antiseptics against
P. aeruginosa, based on MIC activity, were octenidine dihydrochloride (OCT; mean MIC
11.3 £ 4.5 ug/mL), polyhexamethylene biguanide (PHMB; MIC 22.6 + 8.0 pg/mL), and
chlorhexidine digluconate (CHX; MIC 26.6 £ 14.4 pg/mL). Sodium hypochlorite (NaOCl)
and ethacridine lactate (ET) showed moderate activity, while boric acid (BA), povidone-
iodine (PVI), and potassium permanganate (KMnQO,) exhibited the weakest MIC activity.
MIC values for NaOCl (95 £+ 15.4 ug/mL) and KMnO;, (>10 mg/mL) were close to or
exceeded the clinical concentrations used in commercial products. OCT, CHX, and PVI
exhibited the fastest bactericidal effect within 1 min. Bactericidal times were up to 15 min
for PHMB, up to 60 min for ET, and more than 60 min for BA, NaOCl, and KMnO;. The
lowest KAI values, indicating a low resistance risk, were observed for OCT (0.12), PHMB
(0.19), and BA (0.19). Moderate resistance risk was noted for PVI (0.21), CHX (0.29), and ET
(0.47). The highest KAI values, signifying a very high resistance risk, were found for NaOCl
(1.0) and KMnOy (>1.0). Conclusions: Antiseptics like OCT, CHX, and partially PVI can
be critical in quick antibacterial action on infected wounds, while agents such as PHMB
might be reserved for cases where prolonged contact times are possible. Given the rapid
adaptation of P. aeruginosa to the clinical concentrations of NaOCl and KMnOj currently in
use, reconsideration of their effectiveness in treating skin and mucous membrane infections
is recommended.

Keywords: clinical concentration; clinical dose; fold change; antimicrobial resistance; AMR;
resistance development
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1. Introduction

Currently, we are experiencing a crisis related to antibiotics and the emergence of
multidrug-resistant strains. Among the most dangerous are bacteria such as Klebsiella sp.,
Escherichia sp., Acinetobacter sp., and Pseudomonas sp., which possess New Delhi metallo-
-lactamase-1 (NDM-1). These strains are resistant to most antibiotics, including car-
bapenems [1]. According to the World Health Organization (WHO), the top-priority
multidrug-resistant pathogens, collectively referred to as ESKAPE, include Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp. [2].

Pseudomonas aeruginosa is an aerobic, motile, rod-shaped, and Gram-negative bac-
terium. It is commonly isolated from aqueous environments but can also colonize the skin,
throat, and stools of a small percentage of individuals [3]. It is an opportunistic pathogen
that primarily infects immunocompromised individuals. P. aeruginosa is responsible for
approximately 20% of hospital-associated infections (HAIs) in Europe and the United
States [4] and 4% of surgical site infections in Europe [5]. P. aeruginosa is a significant cause
of nosocomial (hospital-acquired) infections, including pneumonia (particularly ventilator-
associated pneumonia), as well as urinary tract, wound, burn, and bloodstream infections.
It also causes community-acquired infections, such as gastrointestinal disorders, skin and
wound infections, external otitis, and lower respiratory tract infections in patients with
cystic fibrosis [4,6,7].

P. aeruginosa produces various virulence factors that influence the development of
infections. The major virulence factor is lipopolysaccharide (LPS), a component of the
bacterial cell wall. LPS is associated with antibiotic tolerance and biofilm formation. An-
other important factor are the outer membrane proteins, which play roles in transportation,
adhesion, and antibiotic resistance. Drug efficacy is further impaired by the formation
of biofilms, alginate-based structures that protect bacteria from external factors. Biofilm
formation is a key driver of adaptive resistance development [3,8,9]. P. aeruginosa can also
produce toxins such as exotoxin A, which inhibits host protein synthesis, and pyocyanin,
which damages host tissues. Additionally, it secretes leukocidin, a cytotoxic factor targeting
lymphocytes and neutrophils, as well as proteolytic enzymes like elastases and proteases.
The bacterium also produces antioxidant enzymes, including catalases, reductases, and
superoxide dismutases, which neutralize the activity of phagocytes by reducing reactive
oxygen species (ROS) [3,9].

P. aeruginosa exhibits intrinsic resistance to many antibiotics, including p-lactams,
aminoglycosides, and fluoroquinolones. This resistance is associated with the low per-
meability of its outer membrane, the expression of efflux pumps, and the production of
[-lactamases, enzymes that inactivate antibiotics. Additionally, P. aeruginosa strains can
acquire resistance through gene transfer and mutations, which can result in resistance to
most antibiotics [7,8].

To date, it has been shown that repeated exposure to chlorhexidine or cetylpyridinium
chloride leads to an increase in their MIC. This increase was partially retained after subse-
quent growth without antiseptics [10]. In the case of antiseptics, the potential for bacterial
adaptation to antiseptics is known to compounds such as chlorhexidine gluconate [11],
benzalkonium chloride [11,12], cetylpyridinium chloride [13], triclosan [14], hydrogen
peroxide, and povidone-iodine [15,16]. It is assumed that the development of adaptation
to antimicrobial compounds may lead to the emergence of resistance and their lack of
clinical effectiveness [17]. This is confirmed by recent studies, which have shown that
adaptation to sodium hypochlorite and potassium permanganate can lead to the resistance
of Candida albicans to the clinical concentrations of these compounds [18]. Some studies
have also reported cross-adaptation, resulting in increased MIC of other antiseptics and/or
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antibiotics [19-21]. The suggested mechanism of bacterial adaptation to antiseptics involves
an increase in cell surface hydrophobicity and changes in the expression of proteins in-
volved, among others, in membrane transport, virulence, efflux, oxidative stress protection,
and metabolism [10,21].

The present work aimed to evaluate the activity of clinical concentrations used in
commercial products of antiseptics against Pseudomonas aeruginosa. To evaluate whether the
adaptation of P. aeruginosa to antiseptics observed in the study could pose a risk of resistance
development, the Karpinski Adaptation Index (KAI) was applied [22]. This index provides
a quantitative assessment of the adaptation level relative to the clinical concentrations of
the antiseptics, and its usefulness has been confirmed in previous studies [18].

2. Results
2.1. Minimal Inhibitory Concentrations (MIC)

OCT demonstrated exceptionally high effectiveness, with MIC values ranging from
7.8 to 15.6 pg/mL, which are significantly lower than its maximum clinical concentration.
This antiseptic was effective against all P. aeruginosa strains, maintaining a clear safety
margin and establishing itself as one of the most potent antiseptics. Similarly, PHMB
and CHX exhibited excellent efficacy, with MIC values ranging from 15.6 to 31.25 pg/mL,
remaining well below their respective clinical concentrations. These agents exhibit potential
for effective action against P. aeruginosa with minimal risk of resistance selection.

ET demonstrated higher MIC values (125-250 pg/mL), which, although still below
its maximum clinical concentration, require higher doses that may increase the risk of
side effects. MIC values for PVI ranged from 4.7 to 18.8 mg/mL, and for BA, from 3.75 to
7.5 mg/mL. Both compounds showed moderate efficacy against P. aeruginosa, with PVI's
activity being more variable depending on the strain.

In contrast, most of the MIC values for NaOCl were 100 pug/mL, which equals its
maximum clinical concentration, indicating no safety margin. This situation could heighten
the risk of selecting resistant strains in clinical settings. Similarly, KMnO,4 demonstrated
limited utility, with most strains falling within its maximum clinical concentration range,
although some exhibited higher MIC values (>10 mg/mL). These findings suggest that
NaOCl and KMnOy have restricted potential for treating P. aeruginosa. Detailed data are
presented in Table 1, with a sample MIC test image shown in Figure 1.

The MIC values for P. aeruginosa strains before and after the adaptation study
(Section 2.4) to various antiseptics are presented in Table 2. They show how exposure
to these agents affected the susceptibility of the strains, highlighting trends and potential
risks of resistance development.

OCT demonstrated consistent MIC values after adaptation. The MICs remained
close to the control values regardless of the antiseptic used for adaptation. As observed,
adaptation with CHX resulted in a significant cross-increase in MIC levels of OCT, but
not exceeding twice the control values. This indicates that OCT maintains its effectiveness
against P. aeruginosa and poses a minimal risk of resistance development. In contrast, PHMB
showed a significant increase in MIC values after adaptation, particularly when the strains
were exposed to PHMB itself. The increase is statistically significant, suggesting a potential
risk of reduced susceptibility with prolonged or repeated use. CHX showed a moderate
increase in MIC values after adaptation to antiseptics and only significant to CHX itself.

For NaOCl, the MIC values increase significantly after adaptation to this agent and
KMnOy;. For KMnQOy, the MIC values are the same after adaptation to this agent. However,
for strains 2, 4, and 8, the MIC values for KMnO4 amounted to clinical concentration
or above. This lack of a safety margin highlights a high risk of resistance development,
especially when either compound is repeatedly used in clinical settings.
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Table 1. Minimal inhibitory concentration (MIC) values and Clinical Efficiency of MIC (CEMIC) of the tested antiseptics against Pseudomonas aeruginosa before

adaptation studies.

MIC Values of P. aeruginosa Strains Numbered Below

Clinical Efficiency of

Antiseptic Cllmcal'
Concentration 1 (Boston) 2 3 4 5 6 8 9 10 MIC (CEMIC)
OCT (ng/mL) 500 7.8 3.9 7.8-15.6 15.6 7.8 15.6 15.6 15.6 7.8 7.8-15.6 Excellent
PHMB (pg/mL) 1000 31.25 15.6 15.6 15.6 31.25 15.6 31.25 15.6 15.6-31.25 31.25 Excellent
CHX (ug/mL) 1000 31.25 15.6 15.6 31.25 15.6 31.25 62.5 31.25 15.6 15.6 Excellent
NaOCl (ug/mL) 100 100 100 100 100 50 100 100 100 100 100 Poor
KMnOy (mg/mL) 10 10 >10 10 >10 10 10 10 >10 10 10 Poor
PVI (mg/mL) 75 4.7 18.8 4.7 4.7 4.7 4.7 4.7-94 4.7 4.7 4.7 Moderate
BA (mg/mL) 30 3.75 3.75 7.5 3.75 3.75 3.75 3.75 3.75 7.5 3.75 Moderate
ET (ug/mL) 1000 125 250 125 250 250 125 125 250 250 250 Moderate
CEMIC was classified as excellent for values < 0.1, moderate for values between 0.1 and 0.9, and poor for values > 0.9. Abbreviations: OCT—octenidine dihydrochloride, PHMB—
polyhexamethylene biguanide, CHX—chlorhexidine digluconate, NaOCl—sodium hypochlorite, KMnO4—potassium permanganate, PVI—povidone-iodine, BA—boric acid, and
ET—ethacridine lactate.
Table 2. Minimum inhibitory concentration (MIC) values for control samples before adaptation and for samples after adaptation with a specific antiseptic against
10 Pseudomonas aeruginosa strains.
Antiseptic Control MICs MIC Values (Mean + SD) After Adaptation with Below Antiseptic
(Units) Before Adaptation OCT PHMB NaOCl KMnOy CHX PVI BA ET
OCT (ug/mL) 11.34+45 13.6 £ 5.6 144 +£52* 13.7 £ 3.5 144 +£52 17.2 £ 7.9 *** 13.6 £ 5.6 13.6 £ 5.6 13.3 £ 3.7
He/m (7.9-15.6) (7.8-31.25) (7.8-15.6) (7.8-31.25) (7.8-31.25) (7.8-31.25) (7.8-31.25) (7.8-15.6) (7.8-31.25)
PHMB (ug/mL) 22.6 + 8.0 414+ 185 62.5 + 35.1 ** 59.4 + 364 * 594 +364* 65.6 + 41.7 ** 594 + 364 * 59.4 + 364 * 59.4 + 364 *
HE (15.6-31.25) (31.25-62.5) (31.25-125) (31.25-125) (31.25-125) (31.25-125) (31.25-125) (31.25-125) (15.6-125)
CHX (ug/mL) 26.6 + 144 39.8 +£15.6 39.8 +15.6 414 +16.3 414 +16.3 49.2 £24.5** 36.7 + 185 36.7 + 18.5 38.3+19.3
HE (15.6-62.5) (15.6-62.5) (15.6-62.5) (15.6-62.5) (15.6-125) (15.6-62.5) (15.6-62.5) (15.6-62.5) (15.6-125)
NaOCI (ug/mL) 95+ 154 100 + 0.0 100 £ 0.0 >100 *** >100 *** 100 £+ 0.0 100 £+ 0.0 100 + 0.0 100 + 0.0
HE (50-100) (100) (100) (100 and >100) (100 and >100) (100) (100) (100) (100)
KMnOj (mg/mL) >10 >10 >10 >10 >10 >10 >10 >10 >10
g (mg/m (100 and >100) (100 and >100) (100 and >100) (100 and >100) (100 and >100) (100 and >100) (100 and >100) (100 and >100) (100 and >100)
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Antiseptic Control MICs MIC Values (Mean + SD) After Adaptation with Below Antiseptic
(Units) Before Adaptation OoCT PHMB NaOCl KMnO, CHX PVI BA ET

PVI (mg/mL) 6.8 +44 82+57 824+57 82+57 8.2+57 82+57 82+57 82+57 8.2+57

& (4.7-18.8) (4.7-18.8) (4.7-18.8) (4.7-18.8) (4.7-18.8) (4.7-18.8) (4.7-18.8) (4.7-18.8) (4.7-18.8)

BA (mg/mL) 45+15 45+1.5 45+1.5 45+1.5 53+£35 45+15 45+1.5 73+52% 454+15

& (3.75-7.5) (3.75-7.5) (3.75-7.5) (3.75-7.5) (3.75-15) (3.75-7.5) (3.75-7.5) (3.75-15) (3.75-7.5)

ET (ug/mL) 200 + 62.8 212.5 £ 58.8 212.5 + 58.8 212.5 + 58.8 212.5 + 58.8 212.5 £ 58.8 212.5 £ 58.8 212.5 + 58.8 225 £+ 87.0

e (125-250) (125-250) (125-250) (125-250) (125-250) (125-250) (125-250) (125-500) (125-500)

Statistically significant differences compared to the control before adaptation: * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: OCT—octenidine dihydrochloride, PHMB—
polyhexamethylene biguanide, CHX—chlorhexidine digluconate, NaOCl—sodium hypochlorite, KMnO4—potassium permanganate, PVI—povidone-iodine, BA—boric acid, and

ET—ethacridine lactate.
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Figure 1. A photo of the minimal inhibitory concentrations (MIC) test for strain 7 of Pseudomonas
aeruginosa. This strain produces a brown pigment, so the brown coloration indicates bacterial growth.
At the same time, the production of pigments, e.g., brown, by P. aeruginosa does not seem to be
dependent on the concentration of the antiseptic. Some antiseptics at high concentrations also exhibit
coloration, such as potassium permanganate, povidone-iodine, and ethacridine lactate. The “%”
symbol indicates the percentage concentration of the antiseptic, where 100% corresponds to the
clinical concentrations used in commercial products (see Table 1).

PVI exhibited stable MIC values across all conditions, regardless of the adaptation
agent. This stability suggests that PVI has a low potential for inducing adaptation. For BA,
there is a slight increase in MIC values after adaptation to BA itself. Lastly, ET showed min-
imal changes in MIC values, with a slight increase after adaptation to specific antiseptics.

2.2. Antibiotic Susceptibility Testing

For most antibiotics, including amikacin (AK), aztreonam (ATM), ciprofloxacin
(CIP), gentamicin (CN), imipenem (IPM), levofloxacin (LEV), tobramycin (TOB), and
piperacillin/tazobactam (TZP), the inhibition zones remained stable, indicating no signifi-
cant changes in susceptibility after the adaptation study (Section 2.4). Although decreases
in inhibition zone diameters were observed for ATM, TOB, and TZP, particularly after
adaptation to ET, these changes were not statistically significant.

However, significant reductions in inhibition zones were observed for certain antibi-
otics after adaptation to specific antiseptics. For ceftazidime (CAZ) and piperacillin (PRL),
adaptation to ET significantly decreased the inhibition zones, indicating reduced suscepti-
bility. Similarly, colistin (CT) exhibited notable reductions in inhibition zones following
adaptation to BA and ET. Norfloxacin (NOR) showed marked decreases in inhibition zones
after adaptation to NaOCl and ET. In contrast, cefepime (FEP) demonstrated no activity
against P. aeruginosa and showed no significant changes in inhibition zones after adaptation
with all the antiseptics tested.

Among the antiseptics tested, ET had the most pronounced cross-effect, causing
reductions in inhibition zones for multiple antibiotics, including CAZ, CT, and PRL. These
findings underscore that adaptation to certain antiseptics, particularly ET, can impact
the susceptibility of P. aeruginosa to various antibiotics, potentially increasing the risk of
resistance development. The detailed results are presented in Table 3.
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Table 3. Zones of growth inhibition (ZOL, in mm) for Pseudomonas aeruginosa strains before adaptation
studies (control) and after adaptation to specific antiseptics.

Control ZOI ZOI After Adaptation with Below Antiseptic (Ranges)
Antibiotic :
Before Adaptation ocT PHMB NaOCl KMnO, CHX PVI BA ET
AK 16.8+1.0 17.1+22 164+1.1 16.3+09 164+18 16.1+1.2 164+19 17.1+£2.0 17.1+£0.8
(15-18) (15-22) (15-18) (15-18) (14-20) (15-18) (14-20) (15-20) (16-18)
ATM 179 +6.1 185 +6.0 17.8 £ 6.6 16.0+ 6.4 13.1+8.0 15.8 £ 6.6 15.1+£6.0 17.0+£5.7 134+64
(6-24) (6-24) (6-24) (6-22) (6-23) (6-22) (6-21) (6-24) (6-20)
CAZ 188 +6.3 179+7.0 16.0+6.1 169+ 6.5 174+ 6.7 173+74 163+ 6.2 181+64 8.3 £4.2%
(6-24) (6-25) (6-22) (6-24) (6-25) (6-25) (6-22) (6-25) (6-16)
cIp 253+82 249478 251+8.0 253+84 244+81 234471 243+78 23.6+7.6 23.0+7.1
(6-32) (6-30) (6-30) (6-32) (6-32) (6-27) (6-30) (6-30) (6-28)
CN 129+23 155+4.1 12.0+3.1 134+15 125+24 128+ 1.6 126+1.6 140+£09 143+0.5
(10-17) (12-22) (10-18) (12-16) (9-15) (11-16) (11-15) (13-15) (14-15)
cT 173+1.0 164+ 0.5 176+ 1.6 170+ 1.6 16.1+£0.8 158+ 1.5 16.6 +£0.5 153+0.7* 135+ 1.7**
(16-19) (16-17) (16-20) (15-20) (15-17) (14-18) (16-17) (14-16) (12-16)
FEP 6.0+0.0 6.0+ 0.0 6.0+0.0 6.0 +0.0 6.0 +0.0 6.0+0.0 6.0+0.0 6.0+ 0.0 6.0+ 0.0
(6) (6) (6) (6) (6) (6) (6) (6) 6)
IPM 16.8+4.4 18.3+5.0 170+ 49 16.5+45 17.3+49 163+44 16.3+4.2 17.8 £5.0 174+438
(6-19) (6-20) (6-20) (6-20) (6-20) (6-20) (6-18) (6-22) (6-20)
LEV 231+2.0 225+3.0 226+18 224421 233+43 234+21 229+21 23.0+1.8 234+1.1
(20-26) (16-26) (20-25) (20-26) (18-30) (20-26) (20-26) (20-25) (22-25)
NOR 274467 269+22 25.0+4.6 203 +2.8*% 224433 229428 21.1+£27 194+15* 21.3+6.0
(16-36) (25-30) (15-30) (16-25) (16-25) (16-24) (16-24) (16-21) (16-30)
PRL 189+3.0 19.0+£2.38 13.3+64 175+7.8 18.6+55 16.1 £2.6 170+24 1514+32 83+64*
(15-22) (16-22) (6-22) (6-25) (11-24) (14-22) (15-22) (12-22) (6-24)
TOB 150+£3.7 153 +3.8 144 +3.5 154+39 15.0+3.7 153 +3.9 15.1+3.8 158 +4.3 109+5.2
(6-17) (6-18) (6-17) (6-18) (6-17) (6-18) (6-18) (6-20) (6-16)
TZP 183+5.5 18.0+5.4 125+7.0 184+59 19.3+6.5 16.6 +4.4 149+38 18.1+49 100+7.1
(6-23) (6-23) (6-20) (6-24) (6-26) (6-19) (6-18) (6-20) (6-22)

Statistically significant differences compared to the control before adaptation: * p < 0.05, ** p < 0.01, *** p < 0.001.
Abbreviations: AK—amikacin, ATM—aztreonam, CAZ—ceftazidime, CIP—ciprofloxacin, CN—gentamicin,
CT—colistin sulfate, FEP—cefepime, IPM—imipenem, LEV—levofloxacin, NOR—norfloxacin, PRL—piperacillin,
TOB—tobramycin, and TZP—piperacillin/tazobactam.

2.3. Bactericidal Time Study According to EN 1040:2005

To meet the requirements of EN 1040:2005, an antiseptic must demonstrate a 5-log
reduction against the target microorganism [23]. This corresponds to reducing the pathogen
count by 100,000 times or eliminating 99.999% of microbes or colony-forming units.

Studies showed that OCT, CHX, and PVI reduced the planktonic form of P. aeruginosa
by over 5-log (log R = 5.379) in under one minute. In comparison, PHMB exhibited
insufficient activity within 5 min, achieving a log R of only 4.145. A 15-minute contact time
was necessary for PHMB to reach optimal efficacy, whereas ET required up to 60 min to
achieve a comparable >5-log reduction. Meanwhile, NaOCl, KMnQOy, and BA exhibited
considerable bacterial growth even after one hour, with a log R of 4.006. The results are
presented in Figure 2.

Control —time 0 Octenidine dihydrochloride—1 min. Chlorhexidine digluconate—1 min.

Figure 2. Cont.
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Povidone-iodine—1 min.

Boric acid —60 min. Sodium hypochlorite—60 min. Potassium permanganate —60 min.

Figure 2. Sample photos of the growth of Pseudomonas aeruginosa or the bactericidal effect after
incubation with a given antiseptic at clinical concentration for the mentioned time.

2.4. Adaptation of P. aeruginosa Strains to Antiseptics

The detailed data on the adaptation of P. aeruginosa strains to antiseptics is presented
in Tables 4 and 5. An example image of the adaptation study is shown in Figure 3.

Table 4. Adaptation of Pseudomonas aeruginosa strains to antiseptics. The highest concentrations of
antiseptics at which bacterial growth was observed are shown.

Adaptation of Pseudomonas aeruginosa Strains Numbered Below

Antiseptic Clinical-

Concentration 1 (Boston) 2 3 4 5 6 7 8 9 10

OCT (ng/mL) 500 75 50 75 50 75 50 75 50 50 50
PHMB (ug/mL) 1000 250 150 200 150-200 250 200 150 200 200 150
CHX (ug/mL) 1000 350 250 150-250 450 350 250-350 150 250 350 250
NaOCl (ug/mL) 100 100 100 100 100 100 100 100 100 100 100
KMnOy (mg/mL) 10 10 10 10 10 10 10 10 10 10 10
PVI(mg/mL) 75 15 15 15 18.8 15 15 15 15 15 15

BA (mg/mL) 30 45 6 45-6 6 6 6 45 6 6 6
ET (ng/mL) 1000 450 500 400-450 500 450 550 400 450 500 450

Abbreviations: OCT—octenidine dihydrochloride, PHMB—polyhexamethylene biguanide, NaOCl—sodium
hypochlorite, KMnOs—potassium permanganate, CHX—chlorhexidine digluconate, PVI—povidone-iodine,
BA—boric acid, and ET—ethacridine lactate.

The data in Tables 4 and 5 demonstrate varying levels of adaptation among P. aeruginosa
strains to different antiseptics, offering valuable insights into their potential risks for
resistance development. OCT and PHMB showed significant increases in bacterial tolerance
following adaptation, with a maximum fold increase in MIC reaching 12.8. However, the
Karpinski Adaptation Index (KAI) values, 0.12 for OCT and 0.19 for PHMB, indicate a
low risk of clinical resistance for both antiseptics. These findings suggest that, despite
the observed adaptation, these antiseptics maintain a sufficient safety margin, making the
likelihood of resistance development by P. aeruginosa relatively low.
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Table 5. Fold increase in adaptation to antiseptics relative to the initial MIC and Karpinski Adaptation
Index (KAI) of Pseudomonas aeruginosa strains.

Clinical Mean Initial Mean Fold Increase in Karpinski Adaptation
Antiseptic Concentration MIC =+ SD (Before Adaptation Adaptation Relative to PIn dex (K AI})
Adaptation) + SD Initial MIC
OCT (ng/mL) 500 11.3£45 60+12.6 x3.2-12.8 0.12
PHMB (pg/mL) 1000 22.6+8.0 193 +37.3 x4.8-12.8 0.19
BA (mg/mL) 30 45+15 5.6+0.7 x0.6-1.6 0.19
PVI(mg/mL) 75 6.8+4.4 154+1.2 x0.8-4.0 0.21
CHX (ng/mL) 1000 26.6 +14.4 290 + 88.3 x2.4-22.4 0.29
ET (ug/mL) 1000 200 £ 62.8 468 +-43.8 x1.8-4.4 0.47
NaOCl (pg/mL) 100 95 +15.4 100 £ 0.0 x1.0 1.0
KMnO4 (mg/mL) 10 10+ 0.0 10+0.0 x1.00r<1.0 >1.0

Interpretation of the adaptation index (KAI): 0.1 < KAI < 0.2: low risk of clinical resistance; 0.2 < KAI < 0.8:
moderate risk of clinical resistance; 0.8 < KAI < 1.0: high risk of clinical resistance; KAI > 1.0: very high risk of
clinical resistance [22].

Sodium hypochlorite A {

Potassium permanganate | _l

(G

D

Chlorhexidine digluconate
Povidone-iodine ’ ,..-

Boric acid [ {

Ethacridine lactate | ( {0
'K 5%

Figure 3. Example image of plates from an adaptation study showing the effect of increasing
concentrations of eight antiseptics on Pseudomonas aeruginosa strain 7. The antiseptic doses ranged
from 5% to 100% of the clinical concentrations used in commercial products, with increments of 5%
every two days. Some antiseptics at high concentrations also exhibit coloration, such as povidone-
iodine and ethacridine lactate.

CHX exhibited a substantial increase in bacterial tolerance after adaptation, with the
highest fold increase in MIC reaching 22.4. Its moderate KAI value of 0.29 signals an
elevated risk of resistance development. This underscores the critical need for careful
monitoring and judicious use of CHX in infection control practices to preserve its long-term
efficacy and mitigate the risk of resistance emergence.

BA and PVI demonstrated relatively minor increases in bacterial tolerance, with BA
showing a low KAI value of 0.19 and PVI a moderate KAI value of 0.21. These findings
suggest that these antiseptics are less likely to drive significant adaptation in P. aeruginosa.

ET showed a moderate increase in bacterial tolerance following adaptation, accom-
panied by a moderate KAI value that amounted to 0.47. This indicates a notable but
manageable risk of resistance development, emphasizing the need for careful use of this
agent to maintain its clinical utility.

In contrast, NaOCl and KMnOy displayed no significant increase in tolerance during
adaptation; however, their high KAI values (1.0 and >1.0, respectively) raise concerns. For
these agents, the clinical concentrations are close to the observed adaptation thresholds,
suggesting a very high risk of resistance development when these antiseptics are repeatedly
used in clinical settings.

These findings illustrate the variability in the ability of P. aeruginosa to adapt to different
antiseptics. They highlight the importance of evaluating both adaptation levels and KAI
values to guide the use of antiseptics in clinical and non-clinical environments. Special
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caution is warranted for antiseptics such as NaOCl, KMnOy, and ET, where the risk of
resistance development appears to be the highest.

A tabular summary of the obtained MIC results, bactericidal time, and KAl is presented
in Table 6.

Table 6. Summary of the activity of eight antiseptics against Pseudomonas aeruginosa.

OCT CHX PHMB PVI ET BA NaOCl KMnO,
Clinical Efficiency of MIC (CEMIC) Excellent Excellent Excellent Moderate Moderate Moderate Poor Poor
Bactericidal time . . . . . . . .
(EN 1040:2005) <1 min. <1 min. <15 min. <1 min. <60 min. >60 min. >60 min. >60 min.
Karpinski Adaptation Index (KAI) Low Moderate Low Moderate Moderate Low High Very high
Recommended use in the treatment of wounds Yes Yes Yes Partially No No No No

infected with P. aeruginosa

3. Discussion

Antiseptics are used worldwide as a means of infection control and prevention. Recent
data indicate that many so-called “old antiseptics’, such as KMnOy, BA, and ET, should no
longer be used today. This is related, among other factors, to their toxicity, side effects, or
weak antimicrobial activity [24,25]. In these studies, the weak efficacy of KMnO, against
P. aeruginosa and a moderate KAI index for ET were confirmed. According to current
guidelines in wound lavaseptic and treatment, OCT, PHMB, PVI, or hypochlorites are
recommended for use [26-28]. In oral antiseptics, CHX is also commonly applied [29,30].
As demonstrated in this article, OCT, PHMB, PVI, and CHX show good activity against
P. aeruginosa. OCT and PHMB have KAI values at the low-risk level, while PVI and CHX
have KAI values at the lower boundary of a moderate risk of resistance development.

Studies have shown that the bactericidal time against planktonic P. aeruginosa for OCT,
CHX, and PVI s less than 1 min. Similar results for OCT are reported in other publications.
Products containing OCT at concentrations of 500 or 1000 png/mL eliminated S. aureus
within 15 s of contact time and S. epidermidis and K. pneumoniae within 40 s [31,32]. Data
for CHX and PVI indicate that they have a bactericidal effect against S. aureus planktonic
bacteria within 15 min but are not bactericidal against biofilm [33]. This is confirmed by
in vivo studies conducted by Traore et al. [34], which showed that even 2 h of CHX and
PVI application on the skin did not eliminate aerobic and anaerobic microbiota. Similarly,
another study [35] demonstrated that 2 h of CHX and PVI exposure to biofilms of P.
aeruginosa and methicillin-resistant S. aureus (MRSA) did not result in complete bacterial
eradication. In studies on Candida fungi, OCT, CHX, and PVI showed fungicidal activity
after 30 min of incubation [36].

In the presented studies, the required bactericidal time for PHMB ranged between
5 and 15 min. In the research by Lu et al. [37], it was found that a 99.99% reduction in
the number of Streptococcus agalactiae, S. dysgalactiae, S. aureus, and E. coli required 5 min.
However, for a product containing 1 mg/mL of PHMB, a 5-log reduction against S. aureus
was achieved after 60 s of contact time [32].

For NaOCl, KMnQy, and BA, it was demonstrated that even after 1 h of incubation, a
5-log reduction of P. aeruginosa was not achieved. For KMnOj and ET, no relevant literature
data were found describing the speed of the bactericidal effect. In the case of BA, a study
was identified indicating that this compound requires 1 h against Candida albicans and
2 h against non-albicans Candida for a significant 3-log10 reduction [36]. Literature data
concerning hypochlorites are varied. Some studies reported rapid antibacterial activity
of products containing hypochlorites, including hypochlorous acid and NaOCl at low
concentrations, achieving a 3-log or 5-log reduction within 30 s to 3 min [32,38,39]. Research
by Wang et al. [40] indicates that hypochlorous acid acts faster, achieving effects within
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1 min, whereas NaOCl requires 5 min for E. coli and up to 20 min for P. aeruginosa. Some
studies suggest that NaOCl exhibits antibacterial activity only at very high concentrations.
Vianna et al. [41] presented that 0.5% (5 mg/mL) NaOCl required 30 min to completely
kill Enterococcus faecalis, S. aureus, and C. albicans. Similarly, other studies found that 0.5%
NaOCl eliminated E. faecalis after 30 min of incubation [42]. An experiment conducted on
infected dentin cylinders showed that 5.25% NaOCl required 40 min of incubation to kill E.
faecalis, whereas 1.3% and 2.5% NaOCl were ineffective within the same time frame [43].

P. aeruginosa has been known to have the ability to adapt to increasing concentra-
tions of antiseptics. This phenomenon has been demonstrated following exposure to low
doses of sodium dodecyl sulfate, didecyldimethylammonium chloride, OCT, CHX, and
benzalkonium [44-48]. Sublethal concentrations of antiseptics have been shown to induce
phenotypic changes that enhance tolerance, with these changes remaining stable even
after prolonged periods without exposure to the antiseptic [45]. This has been confirmed
through previous studies on Candida albicans demonstrating significantly higher MICs for
CHX and ET after adaptation than those prior to adaptation [18]. Similar findings have
been reported for Pseudomonas adaptation to CHX, where repeated exposure resulted in
progressively higher MICs [49]. Increased efflux pump expression appears to contribute
to the heightened tolerance of Gram-negative bacteria, such as Pseudomonas, to CHX and
OCT [44,46,50,51]. In the case of PHMB, the possibility of resistance development in this
bacterium has been observed [52].

P. aeruginosa exhibits several mechanisms that contribute to tolerance or resistance
to oxidizing agents, such as NaOCl and hydrogen peroxide. These agents induce the
expression of catalases, peroxidases, and superoxide dismutase, which mitigate the effects
of oxidative stress [53-55]. Exposure to hypochlorites also triggers the expression of chap-
erones and DNA repair systems while altering membrane permeability through increased
hydrophobicity and reduced porin expression. These membrane changes are further asso-
ciated with the upregulation of efflux pumps and beta-lactamases, leading to enhanced
tolerance to chlorine-based biocides and cross-resistance to antibiotics such as ceftazidime,
chloramphenicol, and ampicillin [56-58]. Additionally, sublethal concentrations of NaOCl
have been shown to induce biofilm formation. The production of exopolysaccharides
within these biofilms contributes to increased tolerance against oxidative stressors [59,60].

4. Materials and Methods
4.1. Used Antiseptics and Bacteria

The selection of antiseptics for the study was based on current guidelines of wound
treatment [25-28], which recommend the following four compounds: OCT, PHMB, PV,
and hypochlorites. Additionally, CHX used in oral and wound infections and three widely
available antiseptic substances (KMnOjy, BA, and ET), no longer recommended for wound
treatment, were also examined. All 8 antiseptics are listed in Table 7. The initial concentra-
tions of active substances were identical to those found in clinical /commercial products
used for wound antiseptics.

This study utilized 10 strains of P. aeruginosa, including a reference strain Boston 41501
ATCC-27853 (LGC Standards, L.omianki, Poland) and 9 clinical strains obtained from skin
wounds, which are part of the collection of the Department of Medical Microbiology at
PUMS. All strains were confirmed on cetrimide agar and through biochemical methods
using the ERBA bacterial identification system (Erba Lachema, Brno, Czech Republic).
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Antiseptic and Its Clinical

Table 7. Antiseptics along with their initial concentrations used in the experiments and chemical
structure.

Concentration Chemical Structure Producer
Octenidine célg}_;(flrochlorlde, Schiilke & Mayr GmbHL
500 ug//mL H Norderstedt, Germany
I;oilyf:ri(i?i?e[t}gﬁgé Arxada AG, Basel,
E000 pg/mL Switzerland

Sodium hypochlorite, NaOCl; Na cl Cerkamed, Stalowa Wola,
100 pug/mL e Poland
i o} [o
Potassmrlr<1 hp/){fgﬁnganafe, \\M - K Hasco-Lek S.A., Wroctaw,
10 mg/mL O// \\O Poland
H N H
)\ HH HH HH i : H
N \NW( “ﬁ/ Y H
)|\ HH HH HH
N N
Chlorhexidine digluconate, Py n-H H. H HOH HTTH B
CHX;
1000 pg/mL

! (6] 0 bl Sigma-Aldrich, Poznar,
H HH H H H E H _H 4 _H Poland
y0 oM [ 0 O'H
iH H 2
H : : 4

o. Hs iH HH
H [} (o} 0 H H
Cl 3
(o] H .0 O.H
H H
H H
H
Povidone-iodine, PVI; H SN o] Sigma-Aldrich, Poznan,
75 mg/mL —t Poland
H% H
H
.0 (o]
L H™>g~"H
Boricacid, BA; | Herbapol, Poznar, Poland
30 mg/mL o
H

Ethacridine lactate, ET;
1000 pg/mL

Herbapol, Poznari, Poland
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4.2. Minimal Inhibitory Concentrations (MIC)

The minimal inhibitory concentrations (MIC) of antiseptics were determined using
the micro-dilution method on 96-well plates (Nest Scientific Biotechnology, Wuxi, China)
in tryptic soy broth (TSB; Graso Biotech, Starogard Gdarski, Poland). This method is
described in detail in our previous publication [30]. Serial dilutions of each antiseptic
were prepared, starting from the concentrations specified in Section 2.1. The final bacterial
inoculum concentration was 10° CFU/mL. The plates were incubated at 36 °C for 24 h.
After incubation, MIC values were determined visually. The tests were performed in
3 repetitions. In interpreting the results, a new index, Clinical Efficiency of MIC (CEMIC),
was introduced, representing the ratio of MIC values to clinical concentrations, according
to the formula:

Clinical Efficiency of MIC (CEMIC) = Clinical i\fifentration

Efficiency was classified as excellent for values < 0.1, moderate for values ranging
from 0.1 to 0.9, and poor for levels > 0.9.

4.3. Antibiotic Susceptibility Testing

Antibiotic susceptibility testing was performed using the disk diffusion method on
Mueller Hinton II Agar, following the EUCAST guidelines (Graso Biotech, Starogard
Gdanski, Poland). The density of the bacterial inoculum was adjusted to the McFarland
0.5 turbidity standard, which corresponds to approximately 1.5 x 10® CFU/mL. Ready-
to-use antibiotic disks with clinical concentrations were applied, included amikacin 30 ug
(AK), aztreonam 30 pg (ATM), ceftazidime 30 pg (CAZ), ciprofloxacin 5 ug (CIP), gen-
tamicin 10 pg (CN), colistin sulfate 50 pg (CT), imipenem 10 pg (IPM), levofloxacin 5 pg
(LEV), norfloxacin 10 pg (NOR), piperacillin 30 ug (PRL), tobramycin 10 pug (TOB), and
piperacillin/tazobactam 36 pg (TZP) (Argenta, Poznan, Poland). The inhibition zones were
measured and recorded in millimeters (mm).

4.4. Bactericidal Time Study According to EN 1040:2005

The kill-time required for the bactericidal activity of antiseptics was studied in
accordance with the European Standard EN 1040:2005 “Chemical disinfectants and
antiseptics—Quantitative suspension test for the evaluation of basic bactericidal activ-
ity of chemical disinfectants and antiseptics—Test method and requirements (phase 1)” [23].
In this study, a modification was applied, and a reference strain of P. aeruginosa Boston
41501 ATCC-27853 (strain no. 1) was used. In brief, 1 mL of water was mixed with 1 mL
of bacterial cell suspension at a density of 1.5 x 108 CFU/mL and 8 mL of antiseptics.
The activity of clinically used concentrations and the control MICs of antiseptics were
evaluated. The mixture was incubated for 5, 15, and 60 min at room temperature. After
each incubation period, 1 mL of the sample was transferred to a neutralizer and left at
room temperature for 5 min to neutralize the antiseptic’s activity. Subsequently, 1 mL of
each sample was inoculated onto agar, and the Petri dishes were incubated at 37 °C for
24 h. The results were interpreted following the guidelines of EN 1040:2005.

4.5. Adaptation of P. aeruginosa Strains to Antiseptics

P. aeruginosa strains were initially cultured at 5% of the clinical concentrations of each
antiseptic used in commercial products, equivalent to 25 ug/mL OCT, 50 pg/mL PHMB,
5 ug/mL NaOCl, 0.5 mg/mL KMnOy, 50 pg/mL CHX, 3.75 mg/mL PVI, 1.5 mg/mL
BA, and 50 pg/mL ET. Additionally, for OCT, PHMB, and CHX, testing was performed
at concentrations ranging from 0.5% to 4.5% of the initial clinical concentration, which
corresponded to 2.5 ug/mL OCT, 5 ug/mL PHMB, and 5 pg/mL CHX (Figure 4).
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in 200 pl TSB antiseptic  antiseptic  antiseptic  antiseptic  antiseptic
DAYS: 0 2 4 6 8 10 12

Figure 4. The initial stages of the study on the adaptation of Pseudomonas aeruginosa strains to
antiseptics were conducted using 96-well plates. In this setup, the bacteria were cultured in tryptic
soy broth (TSB) containing a starting antiseptic concentration equal to 5% of the clinical concentrations
used in commercial formulations. This low concentration allowed the bacteria to survive and initiate
adaptation without immediate inhibition.

The experiments were conducted according to details in our previous publications [18,22].
The 96-well plates with 200 uL of TSB in each well were applied. Every 48 h, 2 uL of
bacterial culture was transferred into new wells filled with TSB, where the concentration of
the antiseptic was incrementally increased. This stepwise exposure allowed the bacteria to
gradually adapt to higher levels of the antiseptic. The adaptation process was continued
systematically until the concentrations reached the full levels of clinical concentrations
used in commercial products specified for each antiseptic, as illustrated in Figure 4. The
tests were performed in 3 repetitions.

Following the completion of the adaptation phase, the bacteria were passaged twice
in TSB without any antiseptic to ensure colony stabilization and to eliminate any transient
physiological changes due to direct antiseptic exposure. Adapted colonies underwent
additional tests, including a new determination of their MIC values to assess any changes in
tolerance to the antiseptics. Furthermore, the antibiotic resistance profiles of these adapted
strains were re-examined to evaluate potential cross-resistance or altered susceptibility to
commonly used antibiotics.

4.6. Karpinski Adaptation Index (KAI)
The KAI for antiseptics can be calculated according to the formula [22]:

Adaptation

Karpinski Adaptation Index (KAI) = Clinical concentration

In this paper, “Adaptation” represents the highest concentration of the antiseptic
at which the microorganism is still able to grow. Meanwhile, “Clinical concentration”
refers to either the standard commercially available concentration, the therapeutic dose
used to treat a particular disease, or the recommended dosage for the compound. In
summary, KAI values of <0.1 indicate a very low risk of clinical resistance, as the level
of bacterial adaptation remains significantly below the antiseptic’s clinical concentration.
Values between >0.1 and <0.2 represent a low risk of resistance development, while values

ranging from >0.2 to <0.8 suggest a moderate risk. A KAI value > 0.8 but <1.0 indicates
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a high risk of clinical resistance. Finally, a KAI value of >1.0 signals a very high risk of
resistance or suggests that resistance may have already developed.

4.7. Statistics

One-way ANOVA with Tukey post-tests were applied to determine the statistical
significance of differences in the biofilm bacteria numbers. The results were considered
significant at the level of p < 0.05. Data were tested using InStat v3.10 software (GraphPad
Software, Boston, MA, USA).

5. Conclusions

The best activity against P. aeruginosa was demonstrated by OCT, PVI, and CHX, which
exhibited the fastest bactericidal effect within 1 min. This rapid action underscores their
effectiveness in quickly reducing bacterial populations, which is particularly advantageous
in clinical settings where time-sensitive interventions are crucial. PHMB showed effective
bactericidal activity within 15 min, making it a slower but still reliable agent in controlling
P. aeruginosa. In contrast, other agents required significantly more time to achieve similar
reductions, indicating their limited efficiency.

Additionally, OCT and PHMB had low KAI values, signifying a minimal risk of
resistance development. This combination of rapid bactericidal action and low resistance
potential highlights their suitability as first-line choices for treating infections caused by
P. aeruginosa. ET, PVI, and BA exhibited weaker activity, with KAI values for PVI and
BA falling between low and moderate risk, while ET indicated a moderate risk of clinical
resistance development. The poorest activity and highest KAI values were observed for
NaOCl and KMnOy, which not only demonstrated a prolonged bactericidal effect but
also allowed significant bacterial survival even after extended exposure. These findings
highlight a substantial risk of resistance development, especially with repeated clinical use
of these agents, necessitating caution and the exploration of alternative solutions.

To summarize, antiseptics like OCT, CHX, and partially PVI can be critical in quick
antibacterial action on infected wounds, while agents such as PHMB might be reserved for
cases where prolonged contact times are possible.
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