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Abstract: Combination therapies appear to be beneficial for preventing bacterial resistance to an-
tibacterial approaches. The aim of this study was to define and determine an optimal effective
concentration combination (OPECC) for binary application of antibacterial compounds. The anti-
septics chlorhexidine (CHX), benzalkonium chloride (BAC), and cetylpyridinium chloride (CPC),
as well as the antibiotic ciprofloxacin (CIP), were tested against planktonic Escherichia coli in binary
combinations by applying a checkerboard assay, and then evaluated according to the established
synergism principles. Extending the checkerboard method, the optical density (OD) of the wells was
measured photometrically. On the borderline between effective (OD = 0) and non-effective (OD > 0)
eradication of the bacterial cultures, the OPECC was determined. Binary combinations of CPC or
CHX with BAC were assessed as either synergistic or indifferent, respectively, while there was no
OPECC to calculate. For all other binary combinations, an OPECC was derivable, and these were
assessed as either synergistic or indifferent. In conclusion, the evaluation of the binary combination
application of antibacterial compounds based on the checkerboard method was refined to such an
extent that it was possible to determine at least one concentration pair that could be defined and
considered as an OPECC, independently of the evaluation of the system according to the different
synergy principles. In general, the method presented herein for determining an OPECC can be
applied to any conceivable method or system aimed at the eradication of a pathogen.

Keywords: optimal effective concentration combination (OPECC); synergy; bacterial resistance;
checkerboard assay; binary; combination therapy; antibiotics; antiseptics; Escherichia coli

1. Introduction

Even today, microbial infections play a major role in medicine, mostly due to the
development of multiple-drug resistance [1,2]. This is even more alarming as the further
development of antibacterial compounds is stagnating [3], and the development of an-
timicrobial resistance (AMR) might be causative of the death of 10 million people per
year by 2050 [4,5]. In 2019, 4.95 million deaths were associated with AMR, and of these,
1.27 million deaths were caused by AMR. There is a need for forward-looking strategies
to slow the spread of AMR [5]. Therefore, testing methods including, for example, com-
binations of antimicrobial compounds are important to enable new treatment strategies
against infections caused by bacteria that are resistant to current therapy regimens [6,7].
The question of whether combination therapies are advantageous over monotherapies has
not been fully clarified, and is the subject of much current research [8]. However, there
is evidence that combination therapies might be advantageous, as it can be assumed that
the simultaneous development of resistance is rather unlikely [9,10]. The binary effect of
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two antibacterial compounds is usually evaluated based on the principle of synergism.
According to the American Society of Microbiology (ASM) [11], only a few methods are
suitable for detecting synergistic effects of the binary application of two antibacterial com-
pounds. The checkerboard test may be used to determine the binary interaction between
two compounds [12,13]. For this test, two compounds are serially diluted and displayed
two-dimensionally on a microtitration plate [13]. The checkerboard method is designed to
produce wells with different concentrations of the single antimicrobials that provide infor-
mation on the respective minimum inhibitory concentrations (MIC), as well as combination
pairs of the antimicrobials used at different concentrations to determine the fractional in-
hibitory concentration (FIC) [11]. Based on this one-dimensional FIC for one compound, the
combination of two compounds was proposed to be evaluated by the ) FIC-Index [7,11,14].
Thereby, the } FIC is defined as “ . .. the concentration of each antibiotic in the combination that
produces the specified effect is expressed as a fraction of the concentration that produces the same
effect when the antibiotic is used alone, i.e., its fractional inhibitory concentration.” [11]. Notably,
different authors and scientific societies interprete the } FIC-Index differently. For example,
Y_FIC =1 is interpreted as additivity by Berenbaum and Dawis et al. [7,14], whereas the
ASM [11] defines this as indifferent (Table 1).

Table 1. Assessment of synergism, partial synergism, indifference, additivity, and antagonism based
on the )} FIC *-Index by different authors.

Berenbaum [7]

Botelho, The American Society of Microbiology [11] Dawis et al. [14]

. YFIC < 1: synergism . Y_FIC < 0.5: synergism . YFIC < 0.5: synergism
e Y FIC =1: additivity . 0.5 < Y FIC < 4.0: indifference e 0.5 <YFIC < 1: partial synergism
. Y FIC > 1: antagonism . Y_FIC > 4.0: antagonism . Y FIC = 1: additivity
. 1 < Y FIC < 4: indifference
. Y FIC > 4: antagonism
* .. the concentration of each antibiotic in the combination that produces the specified effect is expressed as a fraction of the

concentration that produces the same effect when the antibiotic is used alone, i.e., its fractional inhibitory concentration” [11].

The fluoroquinolone antibiotic ciprofloxacin (CIP) acts by inhibiting bacterial DNA
gyrase, and is used in a wide range of clinical applications [15]. Chlorhexidine digluconate
(CHX), benzalkonium chloride (BAC), and cetylpyridinium chloride (CPC) are cationic an-
tiseptics that are commonly used in clinics as well as in over-the-counter products [16-20].
However, only a few studies have investigated the effect of combined application of anti-
septics so far. Pons et al. evaluated the combination effect of CHX, BAC, and alkyltrimethy-
lammonium bromide (cetrimide) against Escherichia coli and Staphylococcus aureus. The
interactions between the combination pairs were described as synergistic and additive [21].

The synergism principle for evaluating binary combinations of antibacterial com-
pounds does not specify an explicit combination of concentrations that will produce a
result. However, it is based on the use of concentrations that effectively eliminate bacterial
cultures [7,11,14].

The aim of the study was (1) to present definitions as to when concentration condi-
tions are termed effective or optimal, and, based on these definitions, (2) to determine an
optimal effective concentration combination (OPECC) of binary application of antimicrobial
compounds against planktonic bacterial cultures.

2. Materials and Methods
2.1. E.coli Strains and Growth Conditions

Escherichia coli (ATCC 25922) was obtained from the American Type Culture Collection
(Manassas, VA, USA). E. coli was cultured and stored on Mueller-Hinton agar plates
(MH; provided by the Institute of Clinical Microbiology and Hygiene, University Hospital
Regensburg, Germany, for this, 38.0 g of powdered Mueller-Hinton agar, ready to use
(Merck KGaA, Darmstadt, Germany; composition: agar (17.0 g/L), beef infusion substances
(2.0 g/L), casein hydrolysate (17.5 g/L), and starch (1.5 g /L)) were dissolved in 1 L Millipore
water). A single colony of E. coli was picked from the agar plate and transferred to
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5 mL media for an overnight (0/n) culture on an orbital shaker at 37 °C (180 rpm), with
vigorous agitation to ensure proper aeration. Thereafter, the o/n planktonic cultures were
centrifuged, the supernatant medium was removed, and pellets were dissolved in ion
phosphate buffered saline (PBS; Dulbecco’s Phosphate Buffered Saline; Sigma-Aldrich,
St. Louis, MO, USA). The bacterial suspension was adjusted to an optical density (OD) of
0.6, as measured at 600 nm (SPECORD 50 Plus, Analytik Jena, Jena, Germany).

2.2. Antibacterial Compounds

The antibacterial compounds benzalkonium chloride (BAC), chlorhexidine (CHX),
cetylpyridinium chloride (CPC), and ciprofloxacin (CIP) were purchased from Sigma
Aldrich. Considering the methods presented by Botelho et al. [11] and Schramm et al. [20],
stock solutions of the antimicrobials BAC and CPC were prepared in distilled water (aqua
dest.) and adjusted to a concentration of 128 pug/mL. For CHX, a stock solution of 20% (w-v;
200,000 pg/mL) was used. For CIP, a stock solution with a concentration of 128 ug/mL was
prepared using aqua dest. with a pH of 4.8. All compounds were filter-sterilized (Acrodisc®
Syringe Filters, Pall, Newquaw, UK) to a pore size of 0.2 um. For the determination of a
sublethal dose for subsequent combination experiments, serial dilutions were prepared.
BAC and CPC were diluted in PBS (Sigma-Aldrich); CHX and CIP in aqua dest., according
to the respective manufacturer’s instructions.

2.3. Determination of Sublethal Concentrations, Area under the Curve (AUC), and Classical Methods

To determine the sublethal concentrations, E. coli cultures were treated with varying
concentrations of BAC, CHX, CPC, and CIP in 48-well plates containing 250 pL (control:
500 pL) of MH broth (21.0 g of powdered Mueller-Hinton broth, ready to use (Merck;
composition: beef infusion substances (2.0 g/L), casein hydrolysate (17.5 g/L), and starch
(1.5 g/L))), which was dissolved in 1 L Millipore water. Compounds were added to
varying final concentrations (ug/mL) for BAC (64-32-16-8-4-2-1), CPC (64-32-16-8-4-2-1-
0.5), CIP (64-8-0.5-0.03-0.008-0.004-0.002-0.001), and CHX (50-12.5-3-1.6-0.8-0.4-0.1). Four
wells were used per each concentration. Finally, 50 uL of the E. coli suspension was added.
E. coli without any compound (positive control, four wells) and the respective compounds
alone (two wells) served as controls. MH broth with the compounds alone present at
different concentrations (blank values) was considered as an internal control, tested in
duplicate, and used to correct the optical density (OD) values. The optical density was
determined spectroscopically (VarioSkan Flash; Skanlt v. 2.4.5, Thermo Fisher Scientific,
Vantaa, Finland) at 600 nm every 30 min from 0 to 180 min after treatment. In between, the
plates were incubated at 37 °C under aerobic conditions without shaking, as previously
established by our group [20]. Three independent experiments were performed for BAC,
CPC, and CHX, and four for CIP.

To specifically determine the sublethal concentrations for further use in the combi-
nation experiments, the areas under the growth curves (AUC) for each compound and
concentration were calculated, and for each compound, the plot of these areas against
their various concentrations was subjected to a 2-dimensional fit (TableCurve 2D, v 5.01;
SYSTAT Software, Palo Alto, CA, USA). The concentration component of the inflection
point derived from this fit was used as the sublethal concentration (Figure 1), and served
as the initial concentration for the further combination experiments which applied the
checkerboard method. This method was denominated as the AUC method. In parallel with
this newly introduced AUC method, sublethal concentrations were determined classically
from growth curves by visual assessment (Figure 1).
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Figure 1. Determination of sublethal concentrations of the single compounds used for further combi-
nation experiments, as derived using the classical empirical method (a) and the newly introduced area
under the curve (AUC) method (b), shown with the example of BAC. Various concentrations, from 0 to
128 mg/uL, were used to generate growth curves (as determined by optical density (OD) readings)
during the 3 h of incubation, and were plotted in different colors (a). The area under the curve (AUC)
values from each curve, representing the different concentrations of the applied antibacterial com-
pound of panel (a), were calculated, visualized, and plotted against the corresponding concentrations,
then fitted 2-dimensionally (TableCurve 2D); then, the inflection point (red dot) was derived (b) by
applying the default modes of the utilized software. The concentration component of the inflection
point was chosen as the sublethal concentration (b). Here, the sublethal concentrations derived
empirically and by using the AUC method were 4 and 2.5 ug/mL (black arrows), respectively.

2.4. Combination Experiments

The checkerboard assay on 48-well plates was used for the combination experi-
ments [11,13]. All six combination pairs of BAC, CPC, CHX, and CIP were examined.
The dilution series were based on the calculated sublethal concentrations of the individ-
ual compounds, as derived by applying the AUC method (Table 2). The following final
concentrations (ng/mL) were used: BAC 20-5-2.5-1.25-0.62; CIP 4.48-0.56-0.07-0.035- 0.018-
0.009-0.002; CPC 24-12-6-3-1.5; and CHX 50-12.5-3-1.6-0.8-0.4-0.1. First, 300 uL. MH broth
was pipetted into each well, except the wells for single concentrations, where 450 uL MH
broth was added. This was followed by adding 150 pL of the compounds and, finally, 50 pL
E. coli suspension, to each well. Optical density was determined spectroscopically (Var-
ioSkan Flash, Skanlt v. 2.4.5) at 600 nm both immediately (baseline, BL) and after incubation
at 37 °C under aerobic conditions for 180 min. The plates were further incubated overnight
at 37 °C under aerobic conditions. Three independent experiments were performed on the
six respective combination pairs.

Table 2. Sublethal single concentrations derived and used for further combination experiments on all
compounds tested, as determined by applying the newly introduced area under the curve (AUC) and
classical empirical methods (Figure 1).

Sublethal Concentration (ug/mL)

Compound AUC Method Classical Empirical Method
BAC 2.5(2.1;2.8) * 4
CprC 6.1(5.2;7.0) 4
CHX 0.9(0.8,1.2) 0.8
CcIp 0.035 (0.031; 0.058) 0.03

* 95% confidence limits in parentheses; see Figure 1b.

2.5. Synergism, Indifference, or Antagonism of the Binary Combinations

The well plates that were cultured overnight were classically analyzed for synergy
by visual inspection. Hereby, it was decided whether a well was turbid or not. Based on
these results, the synergism, indifference, and antagonism of the binary combinations of
antibacterial compounds were evaluated according to the method described by Botelho [11].
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2.6. Effective Concentrations and the Optimal Effective Concentration Combination (OPECC)

Generally, a certain condition applied in an antibacterial approach is defined to be
effective if its use results in at least 99.9% (3 logyg steps) inactivation of the bacterial culture,
applying the definition of an antibacterial effect used by the American Society of Microbiol-
ogy [22,23]. In the present case, this means that a certain single concentration or binary
combination of concentrations of the utilized compounds is effective if it eradicates the
cultures in this sense.

The method for determining the Optimal Effective Concentration Combination (OPECC)
is detailed in Figure 2; the procedure was as follows. The optical density of each 180 min
plate was normalized to its baseline value. For each binary combination of antibacterial
compounds, the normalized optical density values of all plates were pooled together for
further analysis. Embedded in the three-dimensional Euclidian x-y-z-space, the normalized
OD values (ODn, z-axis) of a binary combination were plotted against the respective
concentration combination pairs (x-y plane) and fitted three-dimensionally (TableCurve 3D,
v 4.0; SYSTAT Software, Palo Alto, CA, USA), with the result being z = f (x,y). The set of
2-dimensional intersection points of this function with the x-y plane was determined by
applying the condition z = f (x,y) = 0. The points of this solution set in the 2-dimensional
x-y (concentration) space were fitted 2-dimensionally (TableCurve 2D v 5.01; SYSTAT
Software, Palo Alto, CA, USA) and displayed together with their corresponding 95%
confidence intervals. The inflection point and the corresponding 95% confidence limits in
both dimensions were determined and denominated as the Optimal Effective Concentration
Combination (OPECC; Figure 2). This OPECC was used as a describing parameter for
presentation of the results of the study.

Compound 1
o0 &
00 ¢
- QD QP‘ gf
ie
300 c°b
.. | TR
[ Jel _
o
S 1m0
l TableCurve 3D o no growth
; 10000 growth (effective)
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Vv 06 200 5000 - 7500
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O,)c/ UJ ® \(‘0

Figure 2. OPECC (Optimal Effective Concentration Combination) calculation. From a checkerboard plate
(top left panel), the normalized OD values (ODn; z-axis, bottom left panel; ODn = OD values from
plates incubated for 180 min, normalized to their baseline (0 min) values) were plotted against the
respective concentration combination pairs (x-y plane) and fitted three-dimensionally (TableCurve 3D),
with the result being z = f (x,y) (bottom left panel; colored 2 dimensional surface in 3 dimensional
space). ODn = 0 is equivalent to no growth, thus indicating effective concentration combinations,
whereas ODn > 0 is equivalent to growth, and, thus, non-effective concentration combinations. The set
of 2-dimensional intersection points of this function f with the x-y plane was determined by applying the
condition z = f (x,y) = 0 (black curve in panel bottom left separating no growth (effective concentration
combinations) and growth (non-effective concentration combinations)). The points of this solution set in
the 2-dimensional x-y (concentration) space were fitted 2 dimensionally (TableCurve 2D) and displayed
together with their corresponding 95% confidence intervals (right panel). The inflection point (red dot)
and the corresponding 95% confidence limits in both dimensions (insert) were determined (right panel)
and used as describing parameters for the presentation of the results of the study. This inflection point
was denominated as the optimal effective concentration combination (OPECC).
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3. Results
3.1. Sublethal Concentrations

For all tested compounds (BAC, CPC, CHX, and CIP), it was possible to calculate a
point of inflection by applying the newly introduced area under the curve (AUC) procedure
to derive sublethal concentrations (see Figure 1). These sublethal concentrations and those
derived using the classical empirical procedures all fell into the same ranges (Table 2).

3.2. Optimal Effective Concentration Combination (OPECC)

For two of the six combination pairs (namely, CPC or CHX with BAC), an OPECC was
not derivable, but for all other binary combinations, OPECCs could be determined. In these
latter cases, each individual concentration component was lower than the concentration
that would have needed to be used to eradicate the culture alone (Table 3).

Table 3. OPECCs (optimal effective concentration combinations), including 95% confidence intervals, for
binary combinations of the four tested compounds.

OPECC # (ug/mL)

Compound 1 Compound 2

Compound 1 Compound 2 Concentration 95% Conf § Concentration 95% Conf

CPC BAC —9* -9

CHX BAC -9 -9

CHX CPC 1.11 1.10; 1.11 2.19 1.96;2.42

CHX CcIp 0.93 0.92; 0.935 0.108 0.0105; 0.111

CIP BAC 0.069 0.068; 0.0699 2.2633 2.214;2.313

CIP CpPC 0.018 0.017; 0.0197 204 19.2;21.5

# OPECCs were derived according to the procedure described in Figure 2 and discussed in Figure 3. Normalized
optical density readings of checkerboard plates were three-dimensionally fitted (TableCurve 3D). The intersection
of this fit with the concentration plane (interface between effective and non-effective eradication) was fitted
two-dimensionally (TableCurve 2D). The concentration pair, including 95% confidence limits in both directions at
the point of inflection of this curve, was derived and called the optimal effective concentration combination (OPECC)
(see insert in Figure 2). § 95% confidence limit. * —9 indicates that no point of inflection was derivable, in this case
use one of the single boundary concentrations (see Figure 4).

3.3. Fractional Inhibitory Concentration (}_FIC) and Synergism

The results of the experiments leading to the fractional inhibitory concentration (}_FIC),
as defined by Botelho [11], showed that the combinations BAC-CPC, CHX-CIP, and CHX
-CPC were classified as synergistic, while all other binary combinations showed indifferent
behavior (Table 4). Note that for each combination that was assessed to be synergistic based
on the median of the ) _FIC, at least one of the samples was in the indifferent range, while
for the indifferent combinations, the entire range of } FIC values fell into the indifferent
range (Table 4).

Table 4. Fractional inhibitory concentration (LFIC) presented as median and range for binary
combinations of the four tested compounds.

XFIC *
Compound Compound Median Range Assessment Sar.nple OP.EC(;

1 2 Size Exists

CPC BAC 0.31 0.19-0.56 synergism 3 no

CHX BAC 0.66 0.52-0.75 indifference 3 no
CHX CPC 0.50 0.39-0.52 synergism 3 yes
CHX CIP 0.50 0.18-0.78 synergism 3 yes

cIp BAC 0.63 0.38-0.75 indifference 3 yes

cIp CPC 1.00 1.00-1.00 indifference 1 yes

* ... the concentration of each antibiotic in the combination that produces the specified effect is expressed as a fraction of the

concentration that produces the same effect when the antibiotic is used alone, i.e., its fractional inhibitory concentration” [12].
§ See Table 3. ZFIC was calculated from experiments with the indicated sample sizes, as defined by Botelho [11],
for the six binary combinations of antibacterial compounds tested against E. coli. Binary combinations were
assessed as synergistic or indifferent, and the coarsened information from Table 3 on the existence of an optimal
effective concentration combination (OPECC) was also used.
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Figure 3. Discussion of the OPECC (Optimal Effective Concentration Combination) calculation process.
The two-dimensional intersection line of the fitted three-dimensional curve (z = f (x,y)) with the x-y
(concentration) plane (see Figure 2), i.e., the curve in the concentration plane resulting from the equation
z = f (xy) = 0 and here shown as a blue line, depicts the shift from non-turbid (z = ODn =0, blue line;
green and black areas, no growth, i.e., effective concentration combinations) to turbid (z = ODn > 0, brown
area; growth, i.e., non-effective concentration combinations) wells (see Figure 2). Concentration pairs
in the brown area show growth of the bacteria, and are, therefore, non-effective. For all concentration
pairs in the green or black range (effective concentration pairs, exemplary dots in respective colors), both
concentrations can be lowered down to the blue line, and the resulting, in both concentrations lower
concentration pair, remains effective. Thus, the search for an optimal effective concentration pair is reduced
to the blue line. On the blue line, it is true that a decrease in one of the two concentrations necessarily
results in an increase in the other if the resulting concentration pair is to remain effective. The balance
between the decrease in one concentration and the increase in the other is optimally achieved at the
inflection point of the curve. Therefore, this inflection point is named the optimal effective concentration
combination (OPECC).
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Figure 4. Discussion of the OPECC (Optimal Point of Effective Concentration Combination) calculation process.
This is an example of a binary combination (CHX-BAC) for which no OPECC is directly determinable
because this zero curve, representing the shift from non-effective to effective concentration pairs, is a
strictly decreasing function without sign change of the derivation and, therefore, has no inflection point. In
this case, the search for an optimal concentration pair is naturally still reduced to the blue line in Figure 3,
shown here as a thin black line. If no further influencing constraints or factors are available, one of the
single boundary concentration combinations ((Cp; 0) or (0; C1)) can then be taken as the OPECC.
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3.4. Optimal Effective Concentration Combination (OPECC) and Synergism

For CPC or CHX with BAC, an OPECC was not derivable, and these combinations
were assessed as synergistic or indifferent. For all other combinations with a derivable
OPECC, two (CHX with CPC or CIP) combinations were synergistic, whereas the remaining
two (CIP with BAC or CPC) were indifferent (Tables 3 and 4).

4. Discussion
4.1. Compounds

In this study, the cationic antiseptics CHX, BAC, and CPC, which are commonly
applied for disinfecting skin and mucous membranes, were used. For experimental reasons,
the antibiotic CIP was also used. CIP belongs to the group of fluoroquinolones; it inhibits
the enzyme gyrase and, thus, induces disruption of the DNA synthesis of bacteria [24,25].
This mechanism of action differs from that of the three antiseptics used. Normally, the lipid
bilayer of bacteria is stabilized by cations, but if quaternary ammonium compounds (QACs)
such as BAC and CPC, or bisguanides such as CHX, act on the bacteria, the cations are
replaced by the positively charged head groups of the antibacterial compounds, which can
bind to negatively charged phospholipids of the bacterial lipid bilayer [16,19]. Although
all three antiseptics have the bacterial envelope as a common site of attack, they differ in
detail. First, CHX has two positive charges, resulting in stronger bonding than BAC and
CPC, which have a single positive charge. Furthermore, the hydrophobic regions of QACs
become solubilized within the hydrophobic core of the cytoplasmic membrane, whereas
those of CHX do not [26]. These minor differences in the mechanisms of action could
explain the different results of the range-finding experiments. Both the large and the small
differences in the antibacterial mode of action make all these compounds suitable model
candidates to achieve the determination of an OPECC.

4.2. Sublethal Concentrations

The sublethal concentrations of the individual compounds were determined visually
according to the established empirical method. An additional mathematical method was
also used, namely, the newly introduced AUC (area under the curve) method. A sublethal con-
centration is defined as “a dose or a concentration defined as inducing no statistically significant
mortality in the experimental population” [27]. The classical method allows for an individual
influence of the evaluator assessing the turbidity of the well in binary decisions; therefore,
it is necessary that this evaluation be performed only by experienced researchers. The AUC
method does not allow an individual to have a subjective influence on the choice of the
sublethal concentration. In our case, the empirically and mathematically derived AUC re-
sults were rather similar, as the senior author, a highly experienced microbiologist, applied
the established method. Even the supposedly different BAC values of 2.5 and 4 pg/mL,
which were derived by applying the AUC and the classical empirical methods, respectively,
had no negative effect on the following combination experiments, since dilutions of the
substances in both directions beyond the mentioned values were to be applied.

4.3. Minimum Inhibitory Concentration (MIC)

The MIC of CHX was reported to be 2 pg/mL when measured in planktonic E. coli
cultures [28], similar to the 0.8 pg/mL found in our study. The MICs of BAC, CHX, and
CPC, measured on wet and dry plates, were reported to be 16 to 64 pg/mlL, 1 to 8 pg/mL,
and 16 to 32 pug/mL, respectively, when tested against E. coli [29]. Although the latter study
used the same laboratory strain as our study, the differences observed in our study may
have been caused by the different culture conditions. From our laboratory, the MICs of
BAC (10 pg/mL), CPC (10 ng/mL), and CHX (1 pg/mL) were reported for E. coli [30].

4.4. Incubation Period

For the evaluation of binary combination experiments, the colony-forming unit (CFU)
method is often used, and the evaluation is frequently performed after 24 h [31,32]. Com-
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pared to this method, our study evaluated the results after the first 3 h of treatment as
established and discussed in our laboratory [20] for the determination of the OPECC. In
order to be able to relate our results to the established synergism method according to
Botelho [11], the plates were subsequently additionally evaluated according to this method
after 24 h.

4.5. Combination Experiments

Pons et al. tested the compounds CHX and BAC in binary combination against
E. coli. The MICs for BAC were identical in both studies, but slightly different for CHX.
In both studies, the system was evaluated as synergistic according to the Berenbaum [7]
method [21].

4.6. Definition and Determination of the Optimal Effective Concentration Combination (OPECC)

An established method to evaluate binary combinations of antibacterial compounds is
based on the checkerboard method [13]. The checkerboard method distinguishes between
turbidity (no antibacterial effect; in our terms, non-effective) and non-turbidity (antibacterial
effect; in our terms, effective) of the wells. The checkerboard method provides information
about the MICs of single concentrations and about the effect of combination pairs of
antimicrobials in different concentration combinations to determine fractional inhibitory
concentrations. Based on these results, several definitions of synergism, partial synergism,
additivity, indifference, and antagonism were presented by different authors [7,11,14], as
shown in Table 1. All these definitions have one attribute in common: that they make a
general statement about the utilized system without intending to provide guidance on
how to calculate a synergistic, partially synergistic, indifferent, additive, or antagonistic
combination of concentrations in the case of application.

Extending the checkerboard method, the optical densities were measured; therefore,
the dichotomous decisions (turbid or not turbid) for each well were refined to a continuous
range, expressed as normalized optical densities > 0. Thus, it was possible to visualize
the results in a three-dimensional Euclidean space (Figure 2) and to distinguish between
non-effective, effective, and optimal effective concentration combinations. A stepwise
method was introduced to first find the effective, and then the optimal, combinations
among these effective concentrations (Figures 2 and 3). The latter were termed optimal
effective concentration combinations (OPECCs). For a detailed discussion of why OPECCs
should be considered optimal and effective, see the legend to Figure 3. Thus, an action
instruction was given as to which particular combinations of concentrations should be
optimally used to eradicate the bacteria in the binary application. It should be noted that
this definition of an OPECC is independent of and does not touch any of the differing
definitions of synergism, partial synergism, additivity, indifference, or antagonism. It may
well be that a system is evaluated as not synergistic, but an OPECC is still to be determined.
On the other hand, it is not necessarily true that in the case of an existing OPECC, the
system must be synergistic. Three out of six of the binary combination pairs of the present
study indicated a synergistic system, according to the classical checkerboard evaluation.
Four of the six systems were evaluated as indifferent [11], including the combination pair
BAC-CIP; however, it was possible to identify an OPECC in this system. The binary system
BAC-CPC was evaluated as a synergistic system [11], but an OPECC was not able to be
derived here (Tables 2 and 3; Figure 4).

This points to another characteristic feature of the OPECC. If the zero curve, represent-
ing the shift from non-effective to effective concentration pairs (black line in the bottom left
panel of Figure 2; blue line in Figure 3; and thin black line in Figure 4) has no inflection
point, an OPECC cannot be determined directly, according to our definition. In this case,
the search for an optimal concentration pair is, naturally, still reduced to the blue line in
Figure 3 or the thin black line in Figure 4. If no further influencing constraints or factors are
available, one of the single boundary concentration pairs (Figure 4) can then be taken as
the OPECC. However, if other influencing factors are available, they can be considered to
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determine one of these combinations as optimally effective. Among such factors can be, for
example, the price of a compound or the incubation period, or it could be considered that a
compound can only be used up to a certain maximum concentration.

More generally, such and many other constraints can, but do not necessarily need
to, be taken into account when determining the OPECC. It should be noted that if an
OPECC exists, no other information needs to be available to determine an optimal effective
concentration combination. If an OPECC exists in the present case, the interaction of the
two compounds brings a positive effect such that less of each compound needs to be
applied than when used alone.

4.7. Predictive Statements and Future Perspectives

The procedure for determining an OPECC based on the organism and the substances
used can be extended to any pathogen, including bacteria, fungi, and parasites, as well as
to clinical isolates and combinations thereof, etc. Theoretically, there are no restrictions on
substances either. Aside from classical antibiotics and antiseptics, all conceivable proce-
dures can be used, such as antimicrobial photodynamic therapy (aPDT), cold atmospheric
plasma (CAP), etc. Generally, any procedure aimed at the eradication of any pathogen in
the broadest sense can be applied. The only condition that must be met is that there must
be a unique zero line in the three-dimensional space (Figure 2, bottom left panel) which can
then be further analyzed (Figures 2—4).

If the zero curve (Figure 2, panel right) has an inflection point, the binary application
of the OPECC concentrations determined from it leads to reductions in both concentrations
for both substances compared to single applications. This can have beneficial effects on
the cost of treatment. Even more importantly, reducing concentrations can decrease the
likelihood of side effects, toxicity, resistance development, etc.

5. Conclusions

In this study, for the first time, a method for determining sublethal concentrations that
is free of subjective influences was introduced. The evaluation of the binary combination
application of antibacterial agents based on the checkerboard method was refined to such an
extent that it was possible to determine at least one concentration pair that could be defined
and considered as an optimal effective concentration combination (OPECC), independently
of evaluation of the system according to different synergy principles. In general, the method
presented herein for determining an OPECC can be applied to any conceivable method or
system aimed at the eradication of any pathogen.
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