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Abstract

The widespread occurrence of multi-resistant bacteria is a health problem of global dimension. Infections caused by multi-
resistant pathogens are difficult to treat and often associated with high mortality. Therefore, new treatment strategies are of
interest, such as the use of differently acting antibacterial concepts. One of these new concepts is the use of antiseptics in
combination with the antibacterial photodynamic therapy (aPDT). Currently, no method has yet been established as a standard
procedure for investigating combined effects and evaluating them in a generally valid and unambiguous manner. The focus
of this study was on how cationic antiseptics benzalkonium chloride (BAC) and chlorhexidine digluconate (CHX) behave
in a combined application with aPDT using the photosensitizer TMPyP. For this purpose, BAC and CHX were applied in
combination with the aPDT using TMPyP in non-lethal concentrations to the three bacteria Escherichia coli, Staphylococ-
cus aureus, and Enterococcus faecalis. The results of the combination experiments with sublethal concentrations of BAC
or CHX with the aPDT showed that the binary application had a lethal effect. Irrespective of the bacteria, the reduction in
concentrations in OPECC, compared to individual concentrations, was more than 50% for TMPyP, 23-40% for BAC, and
18-43% for CHX. Furthermore, the optimal effective concentration combinations (OPECCs) could be determined. The lat-
ter showed that the combined application allowed the reduction of both concentrations compared to the single application.
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Antimicrobial resistance (AMR) has emerged as one of
the greatest public health challenges of our time [1, 2]. For
instance, AMR was called an overlooked pandemic persist-
ing in the shadows of COVID-19 in a comment on the report
of the Antimicrobial Resistance Collaborators group around
Christopher Murray that was published 2022 in the Lancet
[3]. This report identified AMR as the leading cause of death
globally in 2019, with 4.95 million deaths related to AMR
and 1.27 million deaths directly caused by AMR [4]. During
the COVID-19 pandemic, there was also an increased use
of biocides and antiseptics for various applications, such as
preprocedural mouthwashes [5], which may have posed the
risk of accelerating the spread of AMR by exerting selec-
tion pressure and promoting mutations and horizontal gene
transfer among microorganisms [6].

Therefore, there is an urgent need of alternative treat-
ment approaches that are capable of inactivating resistant
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microorganisms without posing the risk of inducing new
resistances in bacteria [7-9]. One of these approaches is
antimicrobial photodynamic therapy (aPDT), which relies
on the combination of an intrinsically non-toxic dye (called
a photosensitizer, PS), light of a wavelength (no UV) suit-
able for exciting the PS, and molecular oxygen to inactivate
bacteria through an oxidative process [10]. Upon absorp-
tion of a photon, the PS enters an excited state, from which
there are two mechanisms to return to the ground state. In
type I mechanism, charge is transferred to oxygen or other
substrates leading to the generation of reactive oxygen spe-
cies (ROS) such as superoxide radicals (O,™), hydroxyl
radicals (HO-), or hydrogen peroxide (H,0,), while in type
II mechanism, energy is transferred directly to molecular
oxygen leading to generation of high-energy singlet oxygen
(102) [8, 9]. The ratio of both processes is described by the
singlet oxygen quantum yield ®, which is unique for each
PS and depends on the respective chemical structure. Par-
ticularly, PS that mainly acts according to type II mechanism
such as the fourfold positively charged porphyrin derivative
TMPyP [5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)-21,23H-
porphine tetratosylate)] has shown promising antibacterial
efficacy in vitro [11-15].

Due to the continuing spread of AMR, it has also been
proposed to combine multiple antimicrobial compounds
or approaches as new treatment strategies against infec-
tions caused by bacteria resistant to conventional therapeu-
tic regimens [16—18]. Evaluating potential “synergistic”
effects of binary combinations of antibacterial compounds
or approaches can be challenging due to unclear defini-
tions of what “synergism” actually means [19-22]. Our
group recently proposed an extension of the conventional
checkerboard method for evaluation of binary combinations
of antimicrobials that allows one concentration pair to be
determined as an optimal effective concentration combina-
tion (OPECC), independent of the various synergy prin-
ciples [22]. When selecting such binary combinations of
antibacterial compounds or approaches, it may be worth-
while to choose some with similar cellular targets in bacte-
ria to potentially achieve “synergistic” effects [22-24]. For
aPDT, there has been some debate about the actual cellular
target structures [25, 26], but recent research suggests that
aPDT mainly acts on bacterial cytoplasmic membranes [13,
27-30]. Cationic biocides and antiseptics such as the qua-
ternary ammonium compound (QAC) benzalkonium chlo-
ride (BAC) and the bisbiguanide chlorhexidine digluconate
(CHX) also target cytoplasmic membranes by forming
hydrophilic domains that impede membrane functions and
finally lead to leakage of cytoplasmic components [31, 32].

The aim of the present study was to investigate the effects
of binary applications of the antiseptics BAC and CHX
with TMPyP-mediated aPDT toward planktonic cultures of
Escherichia coli, Staphylococcus aureus, and Enterococcus
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faecalis. Particularly, we investigated whether it was pos-

sible to determine OPECCs for the respective combination
treatments and whether the antibacterial efficacy could be
influenced by the order of application of antiseptics and
aPDT.

2 Materials and methods
2.1 Bacterial strains and culture conditions

Staphylococcus aureus (ATCC 25923), Escherichia coli
(ATCC 25922), and Enterococcus faecalis (ATCC 4083)
were obtained from DSMZ (Deutsche Sammlung von Mik-
roorganismen und Zellkulturen, Braunschweig, Germany)
and grown on Mueller—Hinton (MH; S. aureus, E. coli) or
Brain Heart Infusion (BHI; E. faecalis) agar plates, provided
by the Institute for Clinical Microbiology and Hygiene (Uni-
versity Hospital Regensburg, Germany). Single colonies
were inoculated in 5 mL MH (Merck, Darmstadt, Germany;
S. aureus, E. coli) or BHI (Sigma-Aldrich, St. Louis, MO,
USA,; E. faecalis) broth, respectively, and incubated as over-
night cultures on an orbital shaker (180 rpm) under aerobic
conditions at 37 °C. Then, each culture was centrifuged at
2500g for 10 min at 20 °C, and the pellets were resuspended
in a phosphate-buffered saline solution (PBS; Dulbecco’s
phosphate-buffered saline; Sigma-Aldrich, St. Louis, MO,
USA) and adjusted to an optical density (OD) of 0.1 at 600
nm (SPECORD 50 Plus, Analytik Jena, Jena, Germany) to
be used for the checkerboard method.

2.2 Test substances and light source

TMPyP [5,10,15,20-Tetrakis-(N-methyl-4-pyridyl)-21,23H-
porphine tetratosylate], chlorhexidine digluconate (CHX),
and benzalkonium chloride were obtained from Sigma-
Aldrich. For irradiation of TMPyP, a gas-discharge lamp
(Waldmann UV 236; Waldmann Medizintechnik, Villingen-
Schwenningen, Germany; 4., 380-600 nm) was used with
irradiance adjusted to 18 mW/cm? at sample level.

2.3 Minimum inhibitory concentrations (MICs)

For each bacterial strain, the minimum inhibitory concentra-
tions (MICs) of the three individual antibacterial approaches
BAC, CHX, and TMPyP-mediated aPDT were determined
according to the classic method [22, 33]. A 48-well plate
was filled with 250 pL each of the compounds (CHX, BAC,
TMPyP) in a twofold dilution series and 250 pL of bacterial
suspension and then incubated overnight at 37 °C. In case
of TMPyP, the wells were either exposed to irradiation for
10 min (light dose: 10.8 J/cm?) and then incubated overnight
in the dark or kept in the dark at all (dark control). After
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overnight incubation, the MICs of each agent were deter-
mined visually.

2.4 Checkerboard assay

Based on the MICs determined, the checkerboard method
[20, 34, 35] was used in 48-well plates to evaluate the binary
combination experiments, according to the method used in
our laboratory described in detail earlier [22]. The antisep-
tics BAC and CHX, respectively, were applied in binary
combination with aPDT using the PS TMPyP. Four differ-
ent experimental conditions with six replicates each were
considered for each binary combination against E. coli, S.
aureus, and E. faecalis. Sterility and growth controls were
included in each experiment. All experiments were per-
formed with (experimental situation) and without (dark
control) light exposure. In the binary application, two dif-
ferent sequences of application were examined each. The
evaluation was done immediately after application or after
10 min. To identify a potential pattern of antiseptic interac-
tions with aPDT, four experimental conditions were exam-
ined and termed 0_0, 0_10, 10_0, and 10_10, whereby the
first digit O or 10 represents the incubation period in minutes
of BAC or CHX, and the second represents the incubation
period in minutes of the PS TMPyP. The plates were either
irradiated for 10 min or kept in the dark during the same
period (dark control).

Each well in the checkerboard system contained a volume
of 500 pL, comprising 125 pL of each compound and 250 uL
of the respective bacterial suspension. After irradiation for
10 min or keeping in the dark for the same period in case of
dark controls, 250 pL was taken from each well and trans-
ferred to another 48-well plate each containing 250 pL of
pre-loaded culture broth and incubated overnight, protected
from light. After this incubation period, each well was visu-
ally rated as turbid (growth of bacteria) or not (no growth,
i.e., effective eradication of the bacterial sample).

2.5 Optimal effective concentration combinations
(OPECCs)

The evaluation of the checkerboard results of the present
study was based on the determination of the optimal effec-
tive concentration combinations (OPECCs) as introduced
recently [22]. In this previous study, OD readings from a
checkerboard plate were plotted against the concentration
combination pairs and fitted three-dimensionally (Table-
Curve 3D v 4.0; SYSTAT), resulting in a two-dimensional
surface in the three-dimensional Euclidean space. The bor-
derline between no growth and growth was fitted two-dimen-
sionally (TableCurve 2D v 5.01; SYSTAT). From this fit,
the inflection point and the corresponding 95% confidence

limits in both dimensions were derived and denominated as
OPECC [22].

In the present work, the dichotomous results (turbid or
not) of each well were determined. From this, the frequency
of occurrence of turbidity of the six samples was determined
for a given binary combination and normalized to the inter-
val between 0 and 1. These frequencies were then subjected
to analysis as briefly described above and detailed in [22] to
determine the OPECCs of binary combinations of TMPyP-
mediated aPDT with BAC or CHX, respectively. The two-
dimensional fitted curves, from which the OPECCs were
derived, were further used to determine the marginal con-
centrations, including the associated confidence intervals,
of the single compounds. That is, the concentrations to be
used for each of the two substances were determined when
the other is zero.

2.6 Statistical analysis

The OPECC was depicted graphically along with its asso-
ciated 95% confidence limits in both directions [22]. The
discriminatory statistics were performed using an extended
Tukey interval method. The results of two study groups were
assessed as significantly different if the two rectangles that
were spanned by the confidence limits in both directions
did not overlap. Results of individual substances were sta-
tistically evaluated in an analogous manner using the usual
1-dimensional Tukey interval method.

3 Results

The results of the determination of the OPECCs and mar-
ginal single concentrations are summarized in Fig. I.
OPECCs were determinable for all experimental condi-
tions (0_0, 0_10, 10_0, and 10_10) of both binary com-
binations of BAC or CHX with aPDT for all bacteria E.
coli, S. mutans, and E. faecalis examined, except for CHX
with aPDT against E. coli under condition 0_10. The indi-
vidual concentrations of all determinable OPECCs were all
lower than the respective concentrations in the individual
applications (red and blue symbols in Fig. 1, respectively).
No pattern of antiseptic interactions with aPDT could be
detected with respect to the influence of the four experi-
mental conditions (black symbols in Fig. 1). Only for the
experimental condition 0_0 at BAC (open black circles) a
tendency was observed that the OPECCs showed the low-
est concentrations (TMPyP; BAC): E. coli (7700 ug/mL;
4000 pg/mL), S. aureus (8200 ug/mL; 2500 pg/mL), and
E. faecalis (9300 pg/mL; 3900 ug/mL)). Furthermore, all
determinable OPECCs were significantly different from the
concentrations in each individual application (i.e., results
shown in black versus blue or red), except for the binary
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Fig. 1 OPECC:s (see [22]) of the binary application of BAC and CHX
with TMPyP-mediated aPDT (left and right columns, respectively)
against E. coli, S. aureus, and E. faecalis (top, middle and bottom
rows, respectively) with corresponding 95% confidence limits in both
directions (black symbols and lines), as well as marginal concentra-
tions with corresponding 95% confidence limits of the compounds
(BAC or CHX) or TMPyP-mediated aPDT alone (red or blue sym-
bols and lines, respectively). The confidence limits may be overlaid
by the respective symbols. The different symbols of each color indi-
cate the experimental conditions 0_0, 0_10, 10_0, and 10_10, where
the first digit O or 10 represents the incubation period in minutes of
BAC or CHX, and the second represents the incubation period in

combination of aPDT with CHX under the conditions 0_10
and 10_0. For all determinable OPECCs, the OPECCs for
each pairwise comparison of the four experimental condi-
tions (i.e., the different symbols of the results shown in black
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minutes of TMPyP. The exposure period was 600 s for E. coli and
S. aureus, and 1200 s for E. faecalis. The results are based on six
independent samples. If a symbol is not plotted in the graph, either
no OPECC could be determined in the respective binary application
(black symbols) or the marginal concentrations of the application of
the single compounds were not derivable (red symbols). In each case,
however, at least one limit of the confidence interval could be deter-
mined. In general, each individual concentration component of the
OPECC (black symbols) was lower than the concentration that would
have needed to be used to eradicate the cultures alone (red and blue
symbols) for all four experimental conditions

against each other) were significantly different from each
other. CHX concentrations required as monotherapy were
highest for E faecalis (14 pg/mL or higher) compared to
the other bacteria (less than 8 ug/mL) tested (red symbols)
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(Fig. 1). Irrespective of the bacteria, the reduction in con-
centrations in OPECC, compared to individual concentra-
tions was more than 50% for TMPyP, 23-40% for BAC and
18-43% for CHX. All dark controls showed no antimicrobial
effect of the PS TMPyP on the results (data not shown).

4 Discussion

Combining different antimicrobial approaches may be ben-
eficial for combating AMR. Thus, in the present work, the
antibacterial efficacy of binary applications of antiseptics
combined with aPDT using the porphyrin-based photosen-
sitizer TMPyP was investigated.

In a previous study by our group, the effect of aPDT
with the hematoporphyrin-based PS Photosan was evalu-
ated with or without additional application of EDTA [36].
The combination of EDTA and aPDT with Photosan resulted
in biological inactivation of Gram-negative Aggregatibac-
ter actinomycetemcomitans. In contrast, the use of aPDT
without EDTA showed no effect [36-38]. Pretreatment with
EDTA increased the permeability of the bacterial membrane
and allowed the PS to penetrate and accumulate in the bac-
terium [36]. In the current study, BAC and CHX, which are
frequently used antiseptics in dentistry, dermatology, and
infection control [31, 39-42], were used in binary combina-
tions with aPDT using the PS TMPyP. BAC and CHX exert
their antibacterial effects by bacterial membrane damage
[29, 43, 44] and thus potentially increase the diffusion of
the PS TMPyP into the bacterial cell. Accumulation inside
might improve the efficacy of aPDT compared to attachment
of PS to the bacterial membrane alone [25, 26].

TMPyP has been used as PS in numerous in vitro stud-
ies [11-13, 27, 45], and several studies have also demon-
strated the efficacy of aPDT using this PS in single applica-
tion against the three bacterial species used in the present
study [46—48]. For E. coli, Preuss et al. demonstrated that
the accumulation of the PS on the bacterial cell wall resulted
in photodynamic inactivation [48]. For the Gram-positive
bacteria S. aureus and E. faecalis, Hanakova et al. concluded
that TMPyP was the most effective PS in their studies [46,
47].

In general, there are differences in the effect of antibac-
terial substances (e.g., antiseptics and antibiotics) against
Gram-positive and Gram-negative bacteria. The same
applies to aPDT. It was already shown by different research
groups that, for example, the number of positive charges and
the charge distribution of different photosensitizers seem to
have different effects on the photo inactivation of both bacte-
ria species [49-51]. Furthermore, since antiseptics and some
antibiotics typically target the cell membrane, which is the
main difference between Gram-positive and Gram-negative
bacteria [52]. Therefore, we have used both Gram-positive

and Gram-negative bacteria species. One of the character-
istics that set enterococci apart from staphylococci includes
their capacity to endure longer on environmental surface
[53]. Consequently E. faecalis is even better adapted to
extreme living conditions and therefore, a longer irradia-
tion period was needed in the present study to successfully
kill E. faecalis compared to S. aureus by the antibacterial
photodynamic process.

Binary application of TMPyP-mediated aPDT in combi-
nation with BAC or CHX attempts to optimize the concen-
trations required for antibacterial effects, possibly slowing
or even preventing the development of resistance [16—18].
BAC and CHX exert their antibacterial effects by creating
hydrophilic domains in the lipid bilayers of the bacterial
cytoplasmic membrane, finally resulting in leakage of cyto-
plasmic components [31, 32, 41, 43]. Due to the similar site
of action, similar or amplified behavior is expected when
using binary combinations of aPDT and BAC or CHX. The
primary site of action of aPDT with the PS TMPyP is also
assumed to be located at the cell membrane and its antibac-
terial effect depends on the TMPyP concentration and on the
light dose applied [54].

Based on the checkerboard method, the use of binary
combinations was evaluated according to the recently intro-
duced OPECC method, i.e., optimal effective concentration
combinations were determined [22]. The calculation of an
OPECC is based on the determination of the borderline of
the shift from non-turbid (showing antibacterial efficacy) to
turbid wells. Applying the checkerboard method, the dichot-
omous results (turbid or not) of each well were determined.
In the present work, each checkerboard plate was treated
as one sample. From the six samples per study group, the
frequency of occurrence of turbidity was determined for
each pair of concentrations used and normalized to values
between 0 (no turbidity, effective) and 1. This made it pos-
sible to apply the procedure to determine OPECCs for the
data of this study [22].

In detail, it was investigated whether OPECCs could be
determined for the selected combinations of the four exper-
imental conditions (0_0, 0_10, 10_0, 10_10). These four
experimental conditions were designed to give an indica-
tion on how pre-incubation with BAC or CHX, or pretreat-
ment with aPDT affects antibacterial efficacy. In experi-
mental condition 10_0, BAC and CHX, respectively, are
first incubated for 10 min. Subsequently, TMPyP is added
and activated by light exposure immediately. In experimen-
tal condition 10_10, BAC or CHX and TMPyP are added
simultaneously, incubated for 10 min, and subsequently
exposed to light. Since the effect of aPDT is limited to the
exposure period, similar experimental results are expected
as compared to the other experimental conditions [55]. Nev-
ertheless, the experimental results differ. First, this could
be attributed to the dark toxicity of TMPyP and second, to
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a potential "light pollution" in the laboratory. However, in
our experiments, dark toxicity can be neglected due to the
experimental design, because unexposed dark controls per-
formed in each individual experiment revealed that there was
no dark toxicity in the used concentration range of TMPyP.
On the other hand, Eckl et al. showed that even a low light
intensity is sufficient for activation of the PS TMPyP and
can cause antibacterial effects [56]. Therefore, even weak
ambient light due to the insufficient darkening of the labo-
ratory rooms may have caused slight antibacterial effects,
potentially explaining the observed results.

The combination of BAC and TMPyP revealed OPECCs
for all of experimental conditions. This means that for each
combined application, regardless of the experimental design,
lower concentrations of BAC and TMPyP are required com-
pared to the single application to achieve an effective anti-
bacterial effect. In contrast, OPECC could not be determined
for all experimental combinations of CHX and TMPyP. For
both antiseptics, the observation of the experimental condi-
tions with pre-incubations did not allow a clear statement
about the influence of the conditions. Therefore, it can be
assumed that more decided differences in incubation peri-
ods or light doses are needed for being able to determine a
possible difference. As discussed earlier [22] the process
of identifying an OPECC (optimal effective concentration
combination) based on the specific organism and substances
employed can be expanded to encompass various pathogens,
including bacteria, fungi, viruses, and parasites, as well as
clinical isolates and their combinations, among other pos-
sibilities. In principle, there are no limitations regarding the
substances utilized. In addition to traditional antibiotics and
antiseptics, a wide array of techniques may be employed,
such as antimicrobial photodynamic therapy (aPDT) and
cold atmospheric plasma (CAP), among others. In general,
any procedure with the objective of eliminating pathogens
in the broadest sense can be applied.

5 Conclusions

Here, the optimal effective concentration combination
(OPECC) was determined for the first time for the binary
use of antiseptics with aPDT, here mediated by the PS
TMPyP. The determination of OPECCs is a new method
for the evaluation of combinations of different antibacterial
compounds and allows the comparison of the lethal concen-
trations of the combined application with the concentrations
for a lethal single application. The results of the combina-
tion experiments with sublethal concentrations of BAC and
CHX, respectively, with TMPyP-mediated aPDT for the
bacteria E. coli, E. faecalis, and S. aureus showed that the
binary application had a lethal effect, but an influence of the
sequence of the application was not derivable. The combined
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application allowed the reduction of the concentrations of
each substance compared to its single application.
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