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A B S T R A C T

The use of drug combinations to re-sensitize resistant strains is a promising strategy to overcome the stagnation
in the drug discovery pipeline. Here, the results demonstrate that the combined application of the broad-
spectrum bisbiguanide antiseptic chlorhexidine (CHX) and the macrolide antibiotic azithromycin (AZM)
significantly inhibits the growth of the Pseudomonas aeruginosa strain PAO1 (isolated from a wound) compared to
the individual effects of each agent. Specifically, 1.5 μg/mL CHX caused 11.4 ± 4 % growth inhibition and 2 μg/
mL AZM resulted in 14 ± 4.5 % inhibition; however, the combination of 1.5 μg/mL CHX and 2 μg/mL AZM
achieved 58 ± 6 % inhibition, significantly exceeding the sum of their individual effects. Furthermore, the AZM
and CHX combination reduced bacterial viability in biofilms. P. aeruginosa is a common pathogen in wounds,
particularly chronic wounds, where it delays the healing process. An in vitro wound infection model further
demonstrated that CHX and AZM combination reduced bacterial density and activity in a serum-supported
collagen matrix. This combination was found to be effective not only against the Gram-negative P. aeruginosa
but also against the Gram-positive Streptococcus mutans.
To explain the observed combinatory inhibition effect mechanistically, Fourier Transform Infrared Spectros-

copy (FTIR) was employed for the first time in the literature. The results reveal that CHX increases the cellular
accumulation of AZM. Changes in the membrane lipid composition of the bacteria additionally suggest a
mechanism for enhanced antibiotic accumulation in the presence of CHX.
These findings suggest that the role of CHX as a potential partner in different syncretic combinations calls for

comprehensive exploration in antibiotic resistant bacterial infections.

1. Introduction

Despite intensive drug discovery efforts, the chemical, biological,
and pharmacological characteristics required for effective antibiotics
have resulted in a lack of new antibiotic classes for decades. Addition-
ally, the discovery of new antibiotics cannot keep pace with the rate of
antimicrobial resistance (AMR) [1,2]. In this context, the use of com-
binations to re-sensitize resistant strains should be considered a prom-
ising strategy [3].

Although comprehensive studies and publications have extensively
explored the combined effects of different antibiotic combinations, there
has been a lack of systematic investigation into the effects of using an-
tibiotics in conjunction with biocides or antiseptics as antimicrobials
[4]. Biocides have been widely used for decades to control bacteria and
are included in various products, including disinfectants, preservatives,
pesticides, cosmetics, and antiseptics [5]. Chlorhexidine (CHX;
C22H30Cl2N10), a broad-spectrum bisbiguanide antiseptic, disinfectant,

and preservative, is an effective antimicrobial agent against both aerobic
and anaerobic bacteria. Considered “safe”, it has been used in applica-
tions such as hand washing for both adults and children, pre-surgical
skin preparation, washing of equipment such as catheters, vaginal an-
tisepsis, treatment of gum inflammation, and body washing in intensive
care units [6,7]. CHX typically functions as a bacteriostatic agent at low
concentrations and as a bactericidal agent at high concentrations. It has
been reported that CHX enters the double membrane layer of bacteria at
sites where divalent cations on the outer surface are displaced, dis-
rupting the cell membrane by creating gaps between adjacent lipid
groups, including lipopolysaccharides (LPS) [8]. Additionally, CHX is
adsorbed onto phosphate-containing protein components in the bacte-
rial cell wall [9]. At low concentrations, CHX disrupts cytoplasmic
membrane integrity and the activity of membrane-bound enzymes,
while at higher concentrations, it causes membrane damage, cyto-
plasmic leakage, and the coagulation and precipitation of intracellular
components such as proteins and nucleic acids [10].
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Azithromycin (AZM; C38H72N2O12), a second-generation, broad-
spectrum, semi-synthetic antibiotic, has been employed since the 1980s
to treat respiratory, urogenital, dermal, and numerous other bacterial
infections. Additionally, it acts as an immunomodulator in chronic in-
flammatory disorders [11]. Macrolides exert their bacteriostatic effects
by inhibiting bacterial protein synthesis, thereby preventing bacterial
growth. They achieve this through reversible interaction with 23S rRNA,
inhibiting bacterial protein translation by blocking the peptide exit
tunnel of the 50S ribosomal subunit. Consequently, they impede the
progression of the nascent chain, leading to premature dissociation of
incomplete peptide chains, a phenomenon known as "peptidyl-tRNA
drop," which depletes the intracellular pools of aminoacyl-tRNA avail-
able for protein synthesis [12]. Similar to other antibiotics, suboptimal
use of AZM (incorrect dosage and/or treatment duration) is considered a
primary reason for the development of resistant bacteria [13,14]. Here,
the impact of the combined application of AZM and CHX on the Pseu-
domonas aeruginosa strain PAO1, isolated from a wound and devoid of
mutations in the 23S rRNA gene, was examined [15].

As a Gram-negative opportunistic pathogen, P. aeruginosa (PA) is
among the most common bacterial species observed in wounds, partic-
ularly chronic wounds. The microenvironment of a wound is ideal for
biological load and typically harbors numerous bacterial species. It is
known that bacterial proliferation in wounds contributes to infection
and delays wound healing. Immunocompromised patients, those with
vascular diseases, and those with comorbidities such as diabetes are
particularly susceptible to PA infections [16]. Wounds where PA is
detected tend to be larger and longer lasting, with PA exacerbating faster
deterioration and leading to a higher incidence of sepsis. Similarly, the
presence of PA in leg ulcers is associated with larger wound sizes,
delayed healing, and a higher rate of skin graft failure. Due to limited
treatment options and the potential for antibiotic resistance develop-
ment, PA is recognized as a priority pathogen by the World Health Or-
ganization (WHO) for the development of new therapies [16]. AZM has
modest activity against PA and is not considered a highly effective
antibiotic against this pathogen [17]: the minimum inhibitory concen-
tration (MIC) values are quite high (8–512 μg/mL and above), and
long-term low-dose AZM therapy [12] carries an increased risk of
resistance development [18]. The results of this study demonstrate that
the combined application of CHX and AZM exhibits a significantly
stronger inhibitory effect on the growth of the PA strain PAO1 compared
to each agent alone, similar to what we have observed previously for
Escherichia coli [19]. Additionally, this combination cumulatively re-
duces bacterial viability in the PAO1 biofilm. Moreover, in vitro wound
model studies show that the combined application reduces bacterial
density and activity in the collagen matrix. It is found that CHX increases
the bacterial accumulation of AZM, which mechanistically explains the
observed biological effects.

2. Materials and methods

2.1. Bacterial growth and treatments for minimum inhibitory
concentration (MIC) determination

Pseudomonas aeruginosa (PAO1) and Streptococcus mutans Clarke
(ATCC 35668) were cultured in tryptic soy broth (TSB; Cat no: 1224;
Condalab, Spain) or on plates (TSA) containing 1.5 % (w/v) agar (Cat
no: 1802, Condalab) in TSB at 37 ◦C as previously described [20,21].
CHX (Chlorhexidine diacetate salt, C26H38Cl2N10O4; Cat no:
sc-252569B; Santa Cruz, California, USA) primary stocks were prepared
at 19 mg/mL in sterile dH2O, as specified by the manufacturer. AZM
(Azithromycin dihydrate, C38H76N2O14; Cat no: PHR1088-1G; Sigma, St.
Louis, Missouri, USA) stocks were prepared at 100 mg/mL in cell culture
grade DMSO (Cat no: sc-358801, Santa Cruz) and stored at − 80 ◦C
protected from light. Working concentrations of CHX and AZM at 1
mg/mL were prepared in sterile dH2O and aliquoted for storage at
− 20 ◦C in the dark. Bacteria cultured overnight were diluted the

following day to 103 CFU (Colony-Forming Units)/mL in TSB. The
microdilution method was used to determine the minimum inhibitory
concentrations (MICs) of AZM and CHX against Pseudomonas aeruginosa
(PAO1) using 96-well plates (Cat. No.: 701001; Nest Scientific, New
Jersey, USA), as described elsewhere [22]. After 24 h of incubation at
37 ◦C with shaking, changes in culture turbidity were assessed by
measuring optical density at 600 nm using a microplate reader (Mul-
tiskan FC, Thermo Scientific, Waltham, Massachusetts, USA). Growth
inhibition was calculated relative to the untreated (UT) control. Medium
without bacterial inoculation was used as a blank.

2.2. Checkerboard assay for investigation of synergistic activity

The checkerboard method was applied as previously described to
assess the combination index (CI) and fractional inhibitory concentra-
tion index (FICI) values [23]. For this assay, 96-well plates (Nest Sci-
entific) were set up with varying concentrations of AZM and CHX along
the x-axis and y-axis, respectively. Each well contained 103 CFU/mL of
Pseudomonas aeruginosa (PAO1) and was incubated at 37 ◦C for 24 h with
shaking. At the end of the incubation, turbidity was assessed both
visually and bymeasuring optical density at 600 nm [24]. FICI value was
calculated using Equation-1, where FICI ≤0.5 indicates synergism, 0.5
< FICI ≤1.0 indicates additivity, and 1.0 < FICI ≤4.0 indicates indif-
ference [25,26]. As a secondary approach, the CI method, widely used in
biological studies (including assessments of synergistic interactions be-
tween paired combinations of antimicrobials), was applied using
Equation-2. In this method, CI< 1 indicates a synergistic effect, CI< 0.5
indicates a highly synergistic outcome, CI = 1 indicates an additive ef-
fect, and CI > 1 indicates an antagonistic effect [23,27,28].

FICI = (MIC of D1/MIC of D1 plus D2) + (MIC of D2/MIC of D1 plus D2)
(Equation-1)

CI = D1/(Dx)1+ D2/(Dx)2 (Equation-2)

where (Dx)1, representing the dose of the drug alone that inhibits the
growth of cells by x% and (Dx)2 is the dose of the drug D2 alone that
inhibits the growth of cells by x% (or the MIC for FICI determination).

2.3. Spot plating and MTT assays

The bacteria (103 CFU/mL in 250 μL TSB) were treated with the
indicated concentrations of AZM and/or CHX in eppendorf tubes to
ensure more homogeneous growth in suspension and ease of sample
collection compared to 96-well plates. The bacteria were incubated at
37 ◦C with shaking (160 rpm) for 24 h under aerobic conditions, after
which OD600 values were measured [29]. In experiments involving
AZM, its solvent DMSO was included as a solvent control at the corre-
sponding AZM concentrations, while untreated cells served as the un-
treated control (UT).

Growth inhibition was confirmed using the agar spotting method as
previously described [19,29]. Briefly, following a 24 h incubation with
varying concentrations of AZM, CHX, and CHX + AZM, the bacteria
were serially diluted in TSB, and 3 μL of each dilution were plated onto
TSA agar plates. After overnight incubation at 37 ◦C, bacterial growth on
TSA plates was imaged using the Gel Logic-212 Pro imaging system
(Carestream, USA). In cases where indicated, agar spot plate experi-
ments were conducted using Cetrimide agar (selective for PA). Cetri-
mide agar was prepared by dissolving 45.3 g of Pseudomonas agar base
and 10 mL of glycerol (Fluka, UK) in 1 L of dH2O, followed by auto-
claving for 15 min to sterilize. Following spot plating, the plates were
incubated overnight at 37 ◦C and visualized under UV light using a
transilluminator (DAIHAN Scientific, South Korea) [30].

Growth inhibition was also evaluated through metabolic activity
measurements using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) assay, as previously described with some
modifications [31]. MTT stock solution was prepared by dissolving MTT
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(BioVision, Pennsylvania, USA) in dH2O at 5 mg/mL 15 μL of the bac-
terial culture was incubated with 100 μL of 0.25 mg/mL MTT reagent
(diluted from the stock solution in phosphate-buffered saline, PBS) for 4
h with shaking at 37 ◦C. Subsequently, 100 μL of SDS solution (1 g SDS in
10 mL 0.01 M HCl in dH2O) was added to each well, and the incubation
continued overnight. Cell viability was monitored through the color
change resulting from the dissolution of crystals formed by MTT
reduction. Accordingly, viability was determined by measuring the
absorbance at 570 nm using a microplate reader (Multiskan FC, Thermo
Scientific). Absorbance values from wells containing MTT reagent
inoculated with culture medium (15 μL) without bacteria were used as
blanks.

2.4. Evaluation of biofilm

To determine the effect of AZM and CHX alone and in combination
on biofilm formation, the PAO1 strain (103 CFU/mL) was incubated for
24 h in 96-well flat-bottomed polystyrene cell culture plates containing
TSB medium at 37 ◦C under static conditions [32]. Untreated cells (UT)
were used as controls. Following incubation, crystal violet (CV) staining
was performed to determine the total biofilm biomass [33]. For this,
after incubation, the medium from the wells was removed, and each well
was washed three times with cell-culture grade PBS to remove plank-
tonic bacteria. Then, 200 μL of methanol was added to each well, and the
plates were incubated at room temperature for 15 min for fixation. After
the removal of methanol, the wells were dried. Subsequently, 200 μL of
0.1 % (w/v, in dH2O) CV was added to each well, and the plates were
incubated at room temperature for 15 min. After removing the CV so-
lution, the wells were washed at least three times with dH2O, and after
drying, 200 μL of 30 % acetic acid (v/v, in dH2O) was added to each well
to dissolve the CV. OD readings were determined at 550 nm using a
microplate reader (Multiskan FC, Thermo Scientific). Absorbance values
obtained from wells inoculated with medium without bacteria were
used as blanks [32]. In parallel with CV staining, cell viability in the
biofilm was also investigated using the MTT reduction assay as
described above. Briefly, after removing the medium and washing the
wells three times with PBS, 150 μL of the MTT solution (0.25 mg/mL)
was added to each well. Following incubation at 37 ◦C with shaking for
4 h, 150 μL of SDS solution (1 g SDS in 10 mL 0.01 M HCl in dH2O) was
added to each well, and the incubation continued overnight. The ab-
sorbances were measured at 570 nm using a Multiskan FC (Thermo
Scientific) microplate reader. Absorbance values from wells inoculated
with medium without bacteria were used as blanks. The experiments
were conducted as 5 biological replicates, each with at least 4 technical
replicates. In this setup, the MTT to CV rate (MCR), a measure of the
metabolic activity referring to the biofilm biomass, was calculated as
described before [34]. For this, the normalized values of CV and MTT
(CVN and MTTN, respectively) were determined according to Equation-3
and Equation-4 given below. MCR was calculated by taking the average
of the MTTN and CVN (Equation-5). The MCR parameter is a measure of
the metabolic activity referring to the biofilm biomass; however, high
values for MCR can occur when the CVN is relatively low. Therefore, a
biofilm-specific activity (BSA) value is obtained by multiplying the MCR
by the average of the MTTN and CVN (Equation-6), resulting in a
descriptor of the MCR weighted by the average of the CV and MTT
values [34].

CVN = (CV- CVuntreated control)/CVuntreated control (Equation-3)

MTTN = (XTT-MTTuntreated control)/MTTuntreated control (Equation-4)

MCR = MTTN/CVN (Equation-5)

BSA = (MTTN/CVN) × [(CVN + MTTN)/2] (Equation-6)

To support the findings of theMTT assay, the biofilms were dispersed
after washing three times with PBS following the removal of the medium

containing planktonic cells, in order to determine if the treatments
affected the number of viable cells in the biofilm. After the washing
steps, 200 μL of 0.1 % (v/v, in PBS) Tween-20 was added to each well of
the 96-well plate, and the plate was incubated at room temperature for
15 min on a horizontal shaker. At the end of the incubation period, 200
μL of cells from each well were collected, diluted in 2 mL of PBS, and
used for agar spot plating at the indicated dilutions.

In addition to determining the viability of the cells in the biofilm
structure, the viability and metabolic activity of the planktonic cells
during the static culture for biofilm formation were also investigated.
For this, at the end of the 24 h incubation, the bacterial suspension in the
wells was collected, and planktonic cell density was determined through
OD600 readings. The metabolic activity of the planktonic cells was
assessed using the MTT assay with 15 μL of the cell suspension, as
described above. Finally, the pyocyanin content of the suspension was
also measured at 350 nm [35].

2.5. In vitro wound infection model

The combined effect of CHX and AZM on a collagen gel matrix
wound model was investigated using previously described methods with
some modifications [36,37]. Based on the inhibition results in broth
culture, the CHX and AZM concentrations with the highest inhibition
were selected: collagen wound model experiments were conducted
using 1.5 μg/mL CHX and 2 and 4 μg/mL AZM. To prepare the matrix, 1
mL of 0.1 % acetic acid was added to 2 mL of the collagen stock solution
(High Concentration Rat Tail Collagen Type I Collagen Solution, 10
mg/mL, Cat no: IKD119261001, Advanced Biomatrix, UK), and kept on
ice. Simulated Wound Fluid (SWF) was prepared with 50 % v/v Fetal
Bovine Serum (FBS; Biological Industries, Israel) and 50 % v/v Peptone
Water (0.1 % w/v Peptone in 0.9 % w/v NaCl) and cooled on ice. Then,
6 mL of SWF was added to the collagen solution on ice. The pH was
adjusted to 7.5 with 1 mL of 0.1 M NaOH. The mixture was pipetted into
96-well cell culture plates (100 μL per well) on ice, avoiding bubble
formation. The collagenmatrix was incubated at 37 ◦C for 1 h to solidify.
PAO1 grown overnight in liquid culture was diluted in SWF to 103

CFU/mL, and AZM, CHX, or the AZM and CHX combination was added
to the bacterial suspension. 50 μL of the bacterial suspension was added
to the collagen-containing wells and incubated statically at 37 ◦C for 24
h. Collagen incubated with SWF alone served as the negative control. At
the end of the incubation, a significant change in pyocyanin production
with treatment was observed and photographed.

To investigate the effectiveness of treatment post-infection, the
collagen matrix was first inoculated with PAO1 (as described above).
After 24 h, AZM and CHXwere applied individually and in combination,
followed by an additional 24 h incubation. At the end of this period, the
MTT assay was performed, and fluorescence microscopy images were
taken, as described below.

For quantitative analysis of viable (metabolically active) bacteria
adhered to the collagen at the end of the incubation period, the MTT
assay was performed. Additionally, bacteria collected from the collagen
were plated on TSA agar for colony counting. For these experiments,
collagenase (Collagenase from Clostridium histolyticum, Cat no: C0130-
100 MG, Sigma-Aldrich, Germany) was prepared at 4 mg/mL in 20 mL
PBS (PBS with Ca2+ and Mg2+ for collagenase activity) containing 5 mL
FBS, aliquoted, and stored at − 20 ◦C. The working concentration was
500 μg/mL in PBS with Ca2+ and Mg2+ (cell culture grade). For the MTT
assay, the liquid on the collagen surface was removed, and 100 μL of
collagenase was added to each well, followed by incubation at 37 ◦C for
1.5 h. The well contents were pipetted, and 20 μL was transferred to new
96-well plates. 100 μL of MTT reagent (0.25 mg/mL) was added to each
well, and the plates were incubated at 37 ◦C for 4 h in a shaking incu-
bator. Then, 100 μL of SDS-HCl solution (described above) was added to
each well, and after overnight incubation, the color change was
measured at 570 nm.
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2.6. Propidium iodide staining

After 24 h of incubation, the SWF on the collagen surface was
removed, and methanol, stored at − 20 ◦C, was carefully added to each
well while keeping the plate on ice. The plate was incubated at − 20 ◦C
for 10 min. Then, methanol was removed, and 200 μL of propidium
iodide (PI; 1 μg/mL in PBS) was added to each well. After overnight
incubation at 4 ◦C in the dark, the PI solution was removed. A pipette tip
was cut to fit into each well, and collagen was carefully transferred to
slides for microscopic observation using an Olympus BX53 fluorescence
microscope with a U-FGNA filter (excitation: 535 nm, emission: 617 nm)
at 20X and 40X magnification. Exposure was 13.02 ms, the same for all
groups.

2.7. Culturing and treatment of mammalian epithelial cells with
chlorhexidine and azithromycin

HT-29 (ŞAP Enstitüsü, Ankara, Türkiye) and HCT-116 (DSMZ,
Braunschweig, Germany) CRC lines were cultured in RPMI-1640
without phenol red (Capricorn Scientific, Germany) containing 10 %
FBS (Biological Industries), 2 mM L-glutamine and 1 % penicillin/
streptomycin as previously described [20,38]. The day before the
treatment, the cells were seeded as 1x104 cells/well of a 96-well plate.
The cells were treated with CHX, AZM or both for 24 h at 37 ◦C in a
humidified atmosphere of 5 % CO2 and 95 % air. Since AZM is dissolved
in DMSO, cells treated with an equal volume of DMSO served as con-
trols. Untreated cells (UT) were also used as controls. At the of the in-
cubation period, the medium was removed and the MTT assay was
performed as previously described [30]. Briefly, the cells were incubated
for 4 h at 37 ◦C in 100 μL of complete RPMI-1640 medium containing
1.2 mM of MTT reagent (BioVision). Following the incubation, 100 μL of
an SDS solution (1 g of SDS in 10 mL of 0.01 M HCl) was added to
dissolve the MTT formazan crystals. Subsequently, the plates were
further incubated at 37 ◦C for 16 h. The absorbances were measured at
570 nm using a microplate reader (Thermo Fisher Scientific). Absor-
bance values which were read from the wells without cells but con-
taining complete medium with MTT and SDS solutions were used as
blanks. Before the MTT assays, cells were observed under an inverted
light microscope (Nikon Eclipse TS100, Japan) and images were
captured using a Toupcam HD camera China (China).

2.8. Fourier Transform Infrared Spectroscopy (FTIR) analyses

To determine whether the combined use of AZM and CHX affects
each other’s cellular accumulation compared to when used alone,
Attenuated Total Reflection- Fourier Transform Infrared Spectroscopy
(ATR-FTIR) was employed. Bacteria treated with AZM and/or CHX for
24 h, or untreated (UT), had their OD600 values measured. The bacteria,
at a concentration of 10⁸ CFU/mL, were then washed twice with cell
culture-grade PBS at room temperature using a bench-top centrifuge set
to 5000 rpm (1844×g) for 10 min [39]. A 2 μL aliquot of the bacterial
suspension in cell culture grade PBS at 108 CFU/mL was placed on the
crystal of the ATR unit, dried with inert nitrogen gas (N2) for 5 min, and
analyzed using an ATR-FTIR spectrometer (PerkinElmer, Spectrum 100,
Waltham, Massachusetts, USA) at a resolution of 2 cm− 1, with 32 scans
over a spectral range of 4000-650 cm− 1. Four spectra were obtained for
each bacterial sample. The spectra of the PBS and agents in PBS at
concentrations of 1.5 μg/mL CHX and 2 μg/mL AZMwere also recorded.

Before analysis, the data were processed using Spectragryph
v1.2.16.1 software, applying ATR-baseline correction, 3rd-degree
polynomial Savitzky-Golay smoothing, and vector normalization [40].
Peaks in PBS samples containing AZM or CHX were identified using the
integrated peak determination feature of Spectragryph v1.2.16.1, with
the most sensitive detection settings applied (threshold 0.01 %, scan
range 4, and peak position tolerance 0.01 %). The detected peaks were
then compared within a ±1 cm− 1 margin to distinguish those unique to

PBS, AZM, or CHX (e.g., CHX-specific peaks distinct from AZM, and vice
versa). Biologically active concentrations of both agents were used for
peak identification in this study. Once the distinctive peaks for AZM and
CHX in PBS were identified, ATR-FTIR spectra of bacteria treated with
AZM and/or CHX or left untreated were analyzed to locate the AZM and
CHX peaks previously determined in PBS. Peaks identified in cells
treated with both AZM and CHX (but absent in untreated controls) and
peaks exclusive to AZM-treated samples (absent in CHX-treated sam-
ples) were designated as AZM-specific. Similarly, peaks observed in both
AZM and CHX-treated cells (but absent in untreated controls) and peaks
unique to CHX-treated samples (absent in AZM-treated samples) were
considered CHX-specific. Relative quantification of cellular AZM and
CHX accumulation was performed by analyzing baseline-corrected peak
areas, selected based on the positions of the identified cellular AZM- and
CHX-specific peaks.

2.9. Statistical analysis

The experiments were repeated as at least two biological replicates
with at least two technical replicates and presented as mean ± SEM.
Statistical significance was determined using the t-test and the degrees
of significance are indicated with asterisks (*), as follows: *p≤ 0.05, **p
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Statistical significance was
determined compared to the untreated control group (UT), with inter-
group comparisons made where indicated. GraphPad Prism 8 (La Jolla,
CA, USA) and OriginPro 2021 v 9.8.0.200 software were used for data
analysis and graphing.

3. Results

3.1. The combination of chlorhexidine and azithromycin demonstrated
enhanced growth inhibition

In PAO1, the MIC for AZM was determined to be 70 μg/mL, while for
CHX, it was 6 μg/mL. For FICI and CI calculations, MIC values were
combined with the checkerboard assay results to evaluate the nature of
the interaction between CHX and AZM (Supplementary Fig. 1), yielding
an index of 0.61. Notably, this value suggests a synergistic effect, as a CI
< 1 indicates synergy [23]; however, it exceeds the FIC index threshold
for synergy (0.5) but falls within the range for additivity (FICI ≤1.0).

The subsequent biological evaluations of the combination were
performed using 2 and 4 μg/mL AZM and 1 and 1.5 μg/mL CHX. The
growth inhibition results obtained after 24 h treatments with CHX and
AZM alone and in combination at these concentrations are shown in
Fig. 1A as relative to the untreated (UT) control (on the left) which was
confirmed by agar spot plating (on the right). The difference in culture
densities after 24 h was photographed to show the dramatic effect of the
combined treatment and growth inhibition (lower panel). Notably,
considering the stock concentration, the DMSO ratio for 2 and 4 μg/mL
AZM is 0.02 ‰ and 0.04 ‰ by volume, respectively. At these ratios,
DMSO (the solvent) did not affect bacterial viability (Supplementary
Fig. 2). Serving as an indicator of cell cytotoxicity, viability, and pro-
liferation [20], cell viability was also confirmed using the MTT reduc-
tion assay (Fig. 1B).

In a previous study on Acinetobacter baumannii, an opportunistic
nosocomial pathogen, it was shown that the combination of CHX with
minocycline, doxycycline, meropenem, or ciprofloxacin exhibited syn-
ergistic responses across all clinical isolates, with over 50 % showing
FICI ≤0.5. Notably, combinations with imipenem or levofloxacin dis-
played indifferent effects in 10 % and 3.33 % of isolates, respectively.
Overall, CHX combined with these six antibiotics demonstrated syner-
gistic or additive effects [7]. Here, based on OD600 data, 1.5 μg/mL CHX
caused an 11.4 ± 4 % inhibition, 2 μg/mL AZM resulted in a 14 ± 4.5 %
inhibition, and 4 μg/mL AZM led to a 30.5 ± 4.7 % inhibition in PAO1.
However, the combination of 1.5 μg/mL CHX and 2 μg/mL AZM ach-
ieved a 58 ± 6 % inhibition, significantly exceeding the sum of their
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individual effects. Similarly, the combination of 1.5 μg/mL CHX and 4
μg/mL AZM produced a 64 ± 6 % inhibition, clearly demonstrating that
the combined effect surpasses an additive outcome. These results indi-
cate that the combination of AZM and CHX exerts a markedly greater
inhibitory effect compared to either agent alone, with the most pro-
nounced inhibition observed for the combination involving 1.5 μg/mL
CHX in this experimental setup.

3.2. The combined treatment changed the biofilm nature

Biofilm biomass after treatment with CHX and AZM alone and in
combination was determined using CV staining. The CV colorimetric
measurement results are shown in Fig. 2A as percentages relative to the
untreated control group (left panel), with a representative plate image
presented in the right panel. The results indicate that with the combined
treatment, the density of the CV staining increased. CV binds nonspe-
cifically to both matrix components and live and dead bacterial cells,
making it unsuitable for assessing the activity of biofilm cells [41].
Therefore, while CV staining indicates biomass, it does not reflect
cellular activity [33]. To measure cellular metabolic activity as an in-
dicator of cell viability, proliferation, and cytotoxicity, the MTT assay
was employed [20,33,42] as the results are shown in Fig. 2B with a
representative plate image on the right. These results indicate that
although the biofilm biomass increased with the combination of AZM
and CHX, as suggested by CV staining data, the cells within the biofilm
were not alive (or metabolically active). This decrease in cellular
viability within the biofilm structure, associated with the combined
treatment, was further confirmed through the agar spot plating assay.
Additionally, the decreased MTT to CV ratio (MCR; on the left) and
biofilm-specific activity (BSA; on the right) corroborate the effect of the
combined treatment on the biofilm’s nature (Fig. 2C).

Only live bacteria within the biofilm can transition to a planktonic
form, potentially initiating a new infection or forming a biofilm at
another location [43]. This phenomenon can be explained by the
dispersion process [44]. Thus, after demonstrating the decreased num-
ber of viable cells in the biofilm, the viability of the cells in the sus-
pension was also assessed. Supplementary Fig. 3 shows the effect of AZM
treatment on the viable cell count in the suspension, which was further
decreased with the AZM and CHX combination. Therefore, the reduced
bacterial density in suspension with the combination treatment in-
dicates the inhibitory effect of the combined treatment on planktonic
cells and may also reflect a reduction in dispersion capability, a marker
of virulence [45].

In PA, pyocyanin, a pigment that can be tracked in culture media due
to its greenish color [46] and a positive correlation has been found be-
tween antibiotic resistance and pyocyanin production in PA strains
isolated from patients with hospital-acquired wound infections [47].
Increased pyocyanin production and release in PA has been reported as a
virulence factor by improving bacterial adhesion and biofilm formation
[46–48]. In this study, the change in pyocyanin production in the PAO1
culture incubated statically for 24 h was monitored through color
change, and the changes in absorbance values were measured at 350 nm.
Supplementary Fig. 4 shows the changes in pyocyanin production
relative to the untreated control group. Accordingly, the production of
pyocyanin significantly decreased mainly with AZM treatment; on the
other hand, the combination with CHX slightly enhanced the effect of
AZM.

Collectively, it can be concluded that biomass stained with CV is
partially related to biofilm pathogenicity, as indicated by the decrease in
the count of viable cells and cell metabolism associated with biofilm,
and pyocyanin synthesis.

Fig. 1. Effect of CHX and AZM combination on the growth inhibition in P. aeruginosa (PAO1). A. The growth inhibition results based on OD600 measurements with
CHX and AZM alone and in combination are shown (on the left), which was confirmed by agar spot plating (on the right). The difference in culture densities after 24 h
was photographed and presented in the lower panel. B. MTT assay results 24 h post-treatment with CHX and/or AZM (on the left) and a representative plate image
(on the right) are shown. The results are given as mean ± SEM and presented relative to UT control. t-test was applied to compare with UT and for comparisons
between the treatment groups as indicated.
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3.3. The combination of chlorhexidine and azithromycin enhanced the
inhibitory effect in the in vitro wound infection model

The efficacy of AZM (2 and 4 μg/mL) and CHX (1.5 μg/mL) combi-
nation was investigated through experiments examining PAO1 growth
in a serum-supplemented collagen matrix. Similar to the results obtained
for suspension cultures (Fig. 1), the agents demonstrated an enhanced
effect in inhibiting bacterial growth, as evidenced by the MTT assays
shown in Fig. 3A (left panel), with a representative plate image on the
right. The reduction in pyocyanin production after 24 h of incubation is
also visible (top right). The results were further validated by colony
counting experiments, which aimed to detect viable bacteria (Fig. 3B).
The decrease in bacterial density treated with AZM and CHX was also
confirmed by PI staining shown in Fig. 3C.

To assess the effectiveness of the treatment in a post-infection model,
the matrix was treated with CHX and AZM alone or in combination for
an additional 24 h, following a 24 h initial incubation with PAO1
without CHX or AZM. The results suggest an enhanced effect of the
combined treatment (Supplementary Fig. 5).

Collagen and serum proteins promote bacterial adherence to sur-
faces, a process that negatively impacts wound healing, particularly in
chronic wounds [36,37]. The results indicate that CHX and AZM

combination exhibit an enhanced inhibitory effect on PAO1 infection in
the in vitro wound matrix structure.

3.4. Chlorhexidine supports the cellular accumulation of azithromycin

To investigate whether the enhanced inhibitory effect of the com-
bination results from increased bacterial accumulation of one or both
agents, a spectral method was employed for the first time in the litera-
ture. For this, the ATR-FTIR spectra for CHX (1.5 μg/mL) and AZM (2
μg/mL) in cell-culture grade PBS were obtained (Supplementary
Fig. 6A). Characteristic absorption bands are reported at around 3325-
3323 cm− 1, 3119 cm− 1, 2956.7 cm− 1, and 2542 cm− 1 for N-H stretch-
ing, 1519.8 cm− 1 for N-H bending, 1610 cm− 1 and 1489 cm− 1 for C = C
aromatic bending, 1650, 1600, 1550, and 1500 cm− 1 for C= C aromatic
stretching, 1259.4 cm− 1 for C–N aromatic stretching, 1022.2, 1093, and
1155.3 cm− 1 for C-N stretching, and 2947 cm− 1 for C-H stretching are
reported in the literature for the IR spectrum of CHX [49–53]. The FTIR
spectrum presented in Supplementary Fig. 6A is consistent with the FTIR
spectrum of CHX in the database (https://spectrabase.com/s
pectrum/AbZKEOrkYAi). For AZM, the descriptive FTIR absorption
bands in the literature are defined as follows: C-H at 3020-2750 cm− 1

and 1377 cm− 1, -OH at 3648 and 3560 cm− 1, -CH3 at 2973 and 2830

Fig. 2. CHX and AZM combined treatment changes biofilm mass and viability in P. aeruginosa (PAO1) biofilm. A. The crystal violet (CV) staining results for biofilm
mass determination in the 24 h static cultures of PAO1 are shown (left panel), with a representative plate image on the right. B. The results of the MTT assay applied
to the biofilm are shown in the left panel, and a representative plate image is presented on the right. The changes in bacterial viability in the biofilm were also shown
by agar spot plating (lower panel). C. For the 24 h biofilm, the MTT to CV ratio (MCR) is shown on the left, and biofilm-specific activity (BSA) is given on the right.
The results (mean ± SEM) are presented as percentages relative to the untreated (UT) control. t-test was used for comparisons with the untreated control group and
intergroup comparisons.
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cm− 1, and O=C=O stretching at 2323 cm− 1; the region of 1744-1709
cm− 1 especially for axial C=O stretching at 1724 and 1719 cm− 1, C-O
axial stretching at 1221-1134 cm− 1, stretching for R-O-R types at 1189
cm− 1, and a minor band for C-N stretching at 1090 cm− 1 [54–56]. The
ATR-FTIR spectrum of AZM in PBS is also in accordance with the liter-
ature and accessible FTIR spectrum in the database (https://spectrabase.
com/spectrum/E4cRH6RERPb). In this study, specific bands presented
in Table 1 have been identified for the concentrations of AZM and CHX
utilized in ATR-FTIR analyses. The peaks delineated in the table were
derived from the spectra depicted in Supplementary Fig. 6A using the
integrated peak determination feature of Spectragryph v1.2.16.1 soft-
ware. Subsequently, the obtained peaks were compared with a ±1 cm− 1

margin to discern peaks distinct from those of PBS and from each other
(i.e., for CHX, distinct from AZM, and for AZM, distinct from CHX).

Following the identification of the specified peaks regarding AZM
and CHX in PBS, ATR-FTIR spectra of bacteria treated with AZM and/or
CHX or left untreated were examined. The average ATR-FTIR spectra of
four replicates are presented in Supplementary Fig. 6B. In Table 1, the
peaks identified for AZM and CHX in PBS that were also detected in
bacterial samples are highlighted in bold. The ATR-FTIR spectra of
bacteria untreated and treated with CHX and/or AZM were subjected to
multivariate analysis. The loading plots belonging to the Principal
Component Analysis (PCA) are shown in Fig. 4A and B. The scores for
principal components 1 and 2 (PC1 and PC2) were 87.2 % on the PC1
plane and 8.2 % on the PC2 plane, indicating that the bacterial groups
were distinguished with a score of 95.4 % (Fig. 4C). It is observed that
although the CHX-treated samples differed from the untreated (UT)

samples on the PC1 plane, CHX was closer to the UT samples compared
to AZM and the AZM and CHX co-treated samples. On the PC2 plane, it
can be said that the UT and AZM-treated samples did not differentiate,
but the CHX and AZM and CHX co-treated samples did. The CHX group
showed the most significant differentiation from the UT on the PC2
plane. In summary, it can be suggested that a substantial proportion of
the variance (PC1) can be explained by the effects of AZM treatment,
and the second principal component (PC2) seems to correspond to the
CHX treatment-dependent changes.

In the combined application of CHX and AZM, to determine whether
one agent affects the cellular accumulation of the other, the peaks
identified as belonging to AZM or CHX in Table 1 and highlighted in
bold were used. From these peaks, those detected in the ATR-FTIR
spectra of cells treated with both AZM and CHX (but not found in the
untreated control group, UT) and those found in samples treated only
with AZM (and not in samples treated only with CHX) were described as
AZM-related peaks. Similarly, those detected in the ATR-FTIR spectra of
cells treated with both AZM and CHX (but not found in the untreated
control group, UT) and those found in samples treated only with CHX
(and not in samples treated only with AZM) were described as CHX-
related peaks. The most prominent AZM and CHX-related peaks are
presented in Supplementary Fig. 7. In AZM-related bands, the peaks
around 2749 [57], 2650 cm− 1 [58,59] and 2645 cm− 1 [60,61] are
assigned to C-H stretching, 1746 for the C=O group [62–64] and 1345
cm− 1 assigned to N-O stretching [65], and 1334 for C-Nmoiety [66]. For
CHX, the identified peaks were around 2510 cm− 1 [67] and 2366 cm− 1

assigned for NH [68], 2247 cm− 1 [69], 1390 [70], 1196 [71],1185 [71]

Fig. 3. CHX and AZM co-treatment is effective in a wound infection model with P. aeruginosa (PAO1). A. CHX and AZM co-treatment resulted in enhanced activity in
inhibiting PAO1 growth, shown by the MTT assay applied to the serum-supported collagen matrix incubated with the pathogen for 24 h (left panel; presented as %
relative to the untreated control-UT). In the top of the right panel, the reduction in pyocyanin production is presented. Below it, a representative plate image from the
MTT assay is given. B. At the end of the 24 h incubation, the viable bacteria associated with the collagen matrix were evaluated through spread plating. The colony
counting results are shown at the top, and the representative plates are shown at the bottom. C. The density of the pathogen associated with the matrix at the end of
the 24 h incubation was evaluated by propidium iodide (PI) staining. The results are given as mean ± SEM and t-test was used to compare with the UT and for
comparisons between the treatment groups as indicated.
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and 1176 cm− 1 for CN [72], 1301 and 1283 (1301-1229 cm− 1) for C-N
stretching, N-H bending [73], 1441 and 1224 for C(ring)-N and C-C
groups [74]. As a side note, it has been observed that some of the peaks
provided for CHX in PBS exhibit slight shifts in the ATR-FTIR spectrum
of cells treated with CHX: the peak obtained at approximately 1444
cm− 1 in the ATR-FTIR spectrum of PBS is observed at 1441 cm− 1 in
bacterial samples, the peak obtained at 1394 cm− 1 in PBS is observed at
1390 cm− 1, and the peak obtained at 1302 cm− 1 in PBS is observed at
1301 cm− 1. However, no significant shift is observed among the peaks of
interest in cells treated with AZM compared to the ATR-FTIR spectrum
of AZM in PBS.

For relative quantification, baseline-corrected peak areas which
were selected based on covering the positions of the cellular AZM and
CHX-related peaks were used. The start and end points of the baseline
for bacteria samples treated with CHX were 2512.90–2509.60 cm− 1,

2367.10–2364.14 cm− 1, 2248.88–2242.23 cm− 1, 2223.17–2218.62
cm− 1, 1442.47–1439.83 cm− 1, 1396.50–1393.18 cm− 1,
1285.77–1282.89 cm− 1, 1225.48–1221.26 cm− 1, 1198.92–1194.48
cm− 1, 1180.35–1175.70 cm− 1, and 1189.52–1183.87 cm− 1 and for AZM
were 2751.68–2744.73 cm− 1, 2646.72–2636.82 cm− 1,
2654.08–2646.56 cm− 1, 1747.70–1743.04 cm− 1, 1350.95–1342.14
cm− 1, and 1337.59–1333.04 cm− 1. The peak areas corresponding to
these regions for combined treatment and CHX- or AZM-only samples
are provided in Supplementary Table 1 and Supplementary Table 2.
Fig. 4D shows the relevant peak areas as fold changes for the combined
applications compared to the applications with each agent alone. As can
be seen, the peak areas related to CHX do not change with the combined
AZM and CHX treatment (left panel). However, there is a prominent and
significant increase (more than 2-fold) in the samples co-treated with
AZM and CHX compared to the AZM-only group (right panel). This
result suggests that CHX treatment can increase the bacterial accumu-
lation of AZM.

To determine if the treatments specifically affect lipids and proteins,
changes induced by CHX and/or AZMwere analyzed using FTIR spectra.
Fig. 4E shows the ratio of the integrated peak area (1737-1730 cm⁻1) for
ester bonds, attributed to the C=O stretches of ester functional groups
[75–77] to the sum of the integrated intensities of CH₂ symmetric and
asymmetric stretching bands (2859-2842 cm⁻1 [78,79] and 2928-2916
cm⁻1 [79,80]) which correspond to saturated lipids and indicate the total
lipid content [79]. It appears that when the agents are applied together,
the amount of ester bond formation (between fatty acids and glycerol)
decreases significantly compared to when the agents are used alone.
This result can support the enhanced cellular accumulation of AZM
through potential alterations in membrane lipid content and
organization.

Since AZM functions as a protein synthesis inhibitor, changes in the
protein content of the cells when the agents are applied alone or in
combination were analyzed. For this, the integrated peak areas for
Amide I (C=O stretching; 1696-1671 cm⁻1) and Amide II (NH bending;
1550-1516 cm⁻1) [81] were calculated. As shown in Fig. 4F, AZM
treatment causes a significant decrease in cellular protein content, while
co-treatment with AZM and CHX increases the protein content. The
Amide I band is widely used to study protein structural changes [82].
The observed pattern in the changes in Amide I and Amide II areas
suggests that the presence of CHX modulates the expression of genes
affected by AZM. This can be supported by the finding that
AZM-dependent translational inhibition is selective; in other words,
AZM acts as a context-specific ribosome modulator (rather than a uni-
versal inhibitor), where the fate of the protein synthesized by the
macrolide-bound ribosome is defined by its amino acid sequence [83]. It
is possible that during co-treatment, the translated protein repertoire of
the cell changes. This may explain the similar changes in the Amide I
band, related to protein backbone conformation and a source of
important structural information [82], and the Amide II band.

3.5. The combination offers an enhanced anti-growth effect on
Streptococcus mutans

To determine whether the enhanced anti-growth effect of the com-
bined AZM and CHX treatment, compared to each agent alone, is specific
to Gram-negative bacteria like P. aeruginosa and E. coli [19], growth
inhibition experiments were conducted with S. mutans, a Gram-positive
pathogen primarily found in the human oral cavity and an important
etiologic agent of dental caries [20]. The OD600 measurements demon-
strated that, when used together, AZM (2 and 4 μg/mL) and CHX (0.5
μg/mL) achieve a greater inhibitory effect on S. mutans growth
compared to their individual effects and exceed the sum of their inhib-
itory activities when used alone (Fig. 5). This inhibition was further
confirmed by the agar spot assay, as shown in the right panel of Fig. 5.

CHX is used as an oral disinfectant [84]. A 0.2 % CHX solution has
been shown to effectively reduce salivary S. mutans counts [85]. In vitro,

Table 1
Spectral peaks detected for AZM and CHX in PBSa

AZM CHX

Wavenumber (cm− 1) Absorbance Wavenumber (cm− 1) Absorbance

2924.4 0.021983 2991.7 0.010003
2762.3 0.012977 2957.6 0.016416
2749.3 0.012369 2954.4 0.016176
2650.6 0.0088785 2685.3 0.010262
2645.2 0.006673 2659.7 0.010194
2630.6 0.006269 2619 0.0057165
2605.5 0.0032746 2598.7 0.0047517
2585.4 0.001505 2510.7 0.003891
2487.1 0.004198 2503.3 0.0041509
2467.3 0.0048896 2426.9 0.0071725
2360.4 0.033302 2365.7 0.031391
2321.1 0.037741 2281 0.022107
2258.7 0.017828 2273.6 0.022828
2168.9 0.0083819 2247.6 0.016941
2109 0.01401 2240.7 0.016177
1921.8 0.010465 2220.3 0.012171
1914.2 0.010295 2209.4 0.012367
1861.9 0.0097159 2064.9 0.014576
1801.8 0.0072227 2044.6 0.0076507
1746.2 0.0042993 1904 0.014394
1642 0.028642 1599.5 0.013757
1567.2 0.011341 1479.2 0.003464
1500.9 0.0062142 1450.7 0.0057267
1345.1 0.003821 1444.8 0.004749
1334.1 0.004301 1432.1 0.005386
1283.9 0.0055696 1403.5 0.0058426
1277.1 0.0057389 1394.2 0.005429
1241.6 0.0029073 1383 0.0050252
1004.9 0.00879 1333.4 0.0027492
927.84 0.007383 1302.5 0.003
876.17 0.013622 1282.5 0.003852
775.75 0.004895 1269.7 0.0045942
749.82 0.0034056 1261.6 0.0041608
​ ​ 1251.6 0.0030553
​ ​ 1224 0.0014085
​ ​ 1196.7 0.00080028
​ ​ 1191.5 0.0014428
​ ​ 1185.9 0.0017226
​ ​ 1176.7 0.0036544
​ ​ 1164.1 0.0053136
​ ​ 1134.8 0.013639
​ ​ 1086.3 0.041786
​ ​ 984.28 0.012076
​ ​ 951.58 0.0057625
​ ​ 867.93 0.010217
​ ​ 835.83 0.007526
​ ​ 825.01 0.0057823
​ ​ 820.59 0.0053354
​ ​ 816.41 0.0052009
​ ​ 801.59 0.0038431
​ ​ 785.15 0.0026311

a The peaks highlighted in bold were also detected in treated bacterial samples
but not in untreated samples.
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Fig. 4. FTIR analysis reveals distinctive features of the co-treatment. A. The loading plot with the reference spectrum (untreated; UT), B. The loading plot with the
principal components PC1 and PC2 and C. The score plot of the principal component analysis (PCA) are shown. D. The integrated peak areas for the cell-associated
CHX and AZM are presented as fold changes respect to the areas belonging to the combined treatment. Each spot represents an individual spectral band peak range
area. E. The ratio of the peak area for C=O stretches of ester functional groups to the sum of peak areas for CH2 symmetric and asymmetric stretching bands is shown
as a normalized ratio relative to the UT. F. Peak areas for the Amide I and Amide II regions are presented as fold changes relative to the untreated control (UT).
Spectral data were obtained from bacteria treated with 1.5 μg/mL CHX and/or 2 μg/mL AZM and grown in suspension for 24 h aerobically. Results are presented as
mean ± SEM. t-test was used for comparisons with UT and between treatment groups.

Fig. 5. CHX and AZM combined treatment shows enhanced growth inhibitory activity on the oral pathogen S. mutans. A. After 24 h of incubation in suspension
culture, the growth of S. mutans treated with the agents alone or in combination was analyzed through OD600 measurements. The results are presented as % inhibition
relative to the untreated control (UT) and shown as mean ± SEM. Growth inhibition was further assessed through agar spot plating assay. t-test was used for
comparisons with UT and between the indicated treatment groups.
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a concentration of 1.25 μg/mL CHX has been reported as the MIC value
for S. mutans [84], which is consistent with the findings of this study.
Although no previous reports specify the MIC for AZM treatment, it
appears that a 10 μg/mL concentration of AZM results in complete
growth inhibition after 24 h of culturing.

3.6. Chlorhexidine and azithromycin co-treatment results in enhanced
cytotoxicity in human cancer epithelial cells

The combination was also tested on two colorectal cancer epithelial
cell lines, HCT-116 (Fig. 6A) and HT-29 (Fig. 6B). The results show that
cytotoxic activity is enhanced when the agents are used together.
Notably, the inhibitory concentrations of the agents are significantly
higher in the human epithelial cells compared to those used in anti-
bacterial activity analyses. The result also highlights the potential of
CHX as a partner in combination with different drug classes for cancer
treatment, warranting further investigation.

It appears that the cell’s sensitivity to CHX determines the enhanced
effectiveness of the AZM and CHX combination. AZM’s efficacy may be
promoted in bacteria more sensitive to CHX, which is also applicable to
the mammalian cancer cells investigated here. Among the two colorectal
cancer cell lines, the combination of AZM and CHX showed a higher
cytotoxic effect in HCT-116 cells, which are more sensitive to CHX. The
greater effectiveness of the combination in cells more responsive to CHX
suggests the hypothesis of a CHX-driven mechanism.

Studies on human skin fibroblasts have shown that AZM exhibits
cytotoxicity at concentrations of 16 μg/mL and above, and in human
skin keratinocytes at concentrations of 64 μg/mL [86]. CHX in a 0.05 %
dilution is designed for wound cleansing, and 2 % and 4 % dilutions are
designed for surgical skin preparation and as a hand scrub [87].

Therefore, the concentrations used in this study for antibacterial effects
for CHX and AZM appear to be safe for mammalian cells, and the
effectiveness of the combination warrants investigation in vivo and in
clinical applications.

4. Discussion

CHX, an antiseptic widely used for about 50 years (both domestically
and in healthcare units), is active towards a wide range of Gram-positive
and Gram-negative bacteria [88]. Several studies have demonstrated
that CHX exhibits greater efficacy than other biocides. Tattawasart et al.
compared the activity of cetylpyridinium chloride and CHX against
Pseudomonas spp., reporting a lower MIC for CHX. Another study
involving healthy volunteers highlighted the superior skin disinfection
efficacy of CHX over triclosan, recommending its use as an antiseptic
prior to surgical procedures [89]. Thus, based on its effectiveness,
particularly against P. aeruginosa, CHX was combined with AZM in this
study. As mentioned above, AZM has modest activity against
P. aeruginosa and is not considered a highly effective antibiotic against
this pathogen, and with long-term low-dose therapy increasing the risk
of resistance development. Therefore, CHX was investigated to enhance
AZM activity and reduce the antibiotic’s MIC.

The results demonstrated here show that the combined application of
CHX and AZM significantly inhibits the growth and collagen matrix
interaction of the Pseudomonas aeruginosa strain PAO1 (isolated from a
wound), compared to the individual effects of each agent. Apart from the
phenomenon of antibiotic resistance, the use of conventional antibiotics
can lead to the extensive release of immunostimulatory bacterial com-
ponents [90]. While inflammation is a part of the wound healing pro-
cess, excessive inflammation can result in chronic non-healing wounds,

Fig. 6. CHX and AZM show enhanced cytotoxic activity when used in combination in human cancer epithelial cells. After 24 h of incubation, the MTT assay was
applied to analyze the cytotoxic effect on A. HCT116 (with photographed cells on the right) and B. HT29 human colorectal cancer cell lines. Cytotoxic activities were
evaluated by comparing MTT reduction in the treatment groups with the reduction in untreated control (UT) cells (% inhibition). t-test was used for comparisons with
the untreated control and between the treatment groups where indicated. Results are presented as mean ± SEM.
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preventing progression to the remodeling stage and thereby delaying
healing [91] CHX is capable of neutralizing pro-inflammatory cell wall
components such as LPS and lipoteichoic acid (LTA) released from
bacteria after the bactericidal activity of antibiotics. Thus, when com-
bined with AZM in topical applications, CHX not only has the potential
to lower the required antibiotic concentrations but also to neutralize the
pro-inflammatory constituents released from bacteria killed by the
antibiotic [90]. Additionally, clinical and in vivo reports have shown that
AZM possesses anti-inflammatory effects and supports the terminal
differentiation of keratinocytes in psoriasis against long-term imiqui-
mod use, which is a ligand for Toll-like Receptors TLR7 and TLR8 [92].
Therefore, the combination of AZM and CHX can enhance antibacterial
effects in inflamed wounds and has the potential to promote tissue
regeneration through immune regulation in inflammatory skin
conditions.

To mechanistically explain the observed combinatory effect of CHX
and AZM, FTIR spectroscopy was used to identify the bacterial peaks
associated with CHX and AZM. This approach shows that while the
accumulation of CHX in P. aeruginosa does not change with combined
application, the bacterial accumulation of AZM increases. Macrolide
antibiotics are primarily used for Gram-positive bacterial infections. In
Gram-negative bacteria, reduced membrane penetration limits the use
of macrolides. However, AZM is more basic in character, resulting in
higher permeability across the outer membrane [93]. It is proposed that
the electrostatic interaction between AZM and the negatively charged
heptose-phosphate region of LPS in the outer membrane structure of
Gram-negative bacteria forms a permeability barrier, preventing effec-
tive entry of AZM into the cell. AZM has a molecular weight of 749 Da
(1.16 nm; 1.3 × 1.0 × 0.92 nm cuboid structure), which is well over the
exclusion limit (~600 Da) for passive diffusion across the outer mem-
brane protein (Omp) porin channels located in the outer membrane
(OM) of Gram-negative bacteria. However, it enters the cell with the
support of its structure, known as “self-promoted uptake.” The
self-promoted uptake mechanism has been hypothesized as the mecha-
nism for AZM uptake in Gram-negative bacteria. This suggests that after
the initial interaction of polycationic antibiotics with divalent cation
binding sites on LPS, these compounds competitively displace divalent
cations and bind to the LPS, thereby increasing the permeability of the
outer membrane to the polycationic antibiotic (hence the name
self-promoted uptake) [94,95]. At sub-inhibitory concentrations,
cationic CHX molecules can interact with negatively charged LPS re-
gions, effectively “locking” into them. Therefore, the outer membrane of
Gram-negative bacteria acts as a permeability barrier for CHX, limiting
its antibacterial activity as it cannot reach the cytoplasmic membrane.
However, the simultaneous utilization of these two agents in
Gram-negative bacteria may transform the drawback of each agent into
a benefit. This can be attributed to the possible creation of a hydrophilic
interaction zone, which could enhance the entry of AZM into the cell,
thereby potentially increasing its effectiveness through CHX action.
Alternatively, CHX-dependent perturbations on the outer membrane can
affect the structure of outer membrane channel proteins and facilitate
the passage of AZM [19].

Studies show that AZM can alter membrane phospholipid organiza-
tion [96–100]. Most of these studies have investigated the interaction of
AZM with model membrane systems. For instance, 31P nuclear magnetic
resonance spectroscopy has been used to characterize AZM-induced
changes in interactions between neighboring phospholipid head
groups. Specifically, membrane-inserted AZM electrostatically binds to
anionic phospholipids, reducing the mobility of the phospholipid head
groups while increasing the fluidity of the hydrophobic acyl chains.
Similarly, atomic force microscopy studies have revealed AZM-induced
variations in membrane phospholipid organization. It has been sug-
gested that AZM inserts itself into the bilayer at the interface between
the phospholipid head groups and the fatty acyl chains, thereby dis-
rupting the phospholipid organization. Sharifian Gh. et al. used
time-resolved second-harmonic light scattering (SHS) to quantify

AZM-induced changes in bacterial membrane permeability in colloidal
suspensions of living E. coli. They showed that immediate treatment
with AZM caused no significant changes in membrane permeability.
However, prolonged pretreatment with sub-MIC concentrations of AZM
resulted in a significant increase in the permeability of both the outer
membrane and, through the facilitation of a new transport mechanism,
the cytoplasmic membrane of the bacteria. The authors speculated that
AZMmight be creating well-defined pores across the membrane, but it is
also plausible that, similar to the proposed carpet disruption mecha-
nism, AZM induces localized thinning of the membrane. The density of
such regions would scale with AZM concentration, allowing for
comparatively rapid transport across the membrane, as the authors
propose [95]. As presented in this manuscript, the decrease in
AZM-dependent ester bond formation in the presence of CHX can sup-
port enhanced cellular accumulation of AZM through the phenomenon
previously suggested as “localized thinning” [95].

For CHX’s interaction and effect on the cell membrane, biguanide
groups strongly associate with exposed anionic sites on the cell mem-
brane, as well as the cell wall, particularly acidic phospholipids, and
proteins. Binding to these sites displaces wall and membrane-associated
divalent cations (Mg2⁺, Ca2⁺). The hydrophobic region of CHX, being six
carbons long, is somewhat inflexible and incapable of folding suffi-
ciently to interdigitate into the bilayer. Therefore, CHX bridges between
pairs of adjacent phospholipid headgroups, each bound to a biguanide
moiety, and displaces the associated divalent cations. The distance be-
tween phospholipid headgroups in a closely packed monolayer is
roughly equivalent to the length of a hexamethylene grouping. Hence, a
bisbiguanide would be capable of binding to two adjacent phospholipid
headgroups. Such an interaction with the cell membrane reduces
membrane fluidity at low concentrations and affects the osmoregulatory
and metabolic capabilities of the cell membrane and its enzymes. These
effects have been reported as cellular leakage of potassium ions and
protons, as well as inhibition of respiration and solute transport.
Conversely, at higher concentrations, these interactions are more severe,
causing the membrane to adopt a liquid crystalline state, lose its struc-
tural integrity, and allow catastrophic leakage of cellular material [88].
Thus, when CHX is used at low concentrations, as in this study, the
progressive decrease in the fluidity of the outer phospholipid layer and
the creation of hydrophilic domains within the bilayer by CHX can
facilitate the passage of AZM from the cellular membrane and enhance
its cellular accumulation. It is noteworthy that CHX has been shown to
bind LTA similarly to its interaction with LPS [90]. For both
Gram-positive and Gram-negative bacteria, particles of approximately 2
nm can pass through the peptidoglycan [101]. Therefore, it can also be
speculated that CHX’s interaction with peptidoglycan-associated lipids
in Gram-positive bacteria (like S. mutans) can favor cellular AZM
accumulation.

As mentioned, CHX is known to alter the outer membrane charge,
which can subsequently affect susceptibility to various antimicrobials
[89]. It is also compatible with several commonly used antibiotics [88].
However, in recent decades, numerous reports have highlighted an in-
crease in bacterial resistance to CHX across different species. Studies on
in vitro CHX-adapted bacteria have revealed cross-resistance between
CHX and other antimicrobials, potentially linked to shared resistance
mechanisms or the selective pressure caused by the widespread use of
CHX, as previously reviewed [89]. This issue is particularly concerning
in healthcare settings, where continuous selection pressure from
sub-lethal concentrations of CHX could potentially lead to
cross-resistance to antibiotics [6], including macrolides [102,103].
Similar caution should be applied to the potential cross-resistance be-
tween CHX and other antimicrobials [89], highlighting the importance
of recognizing this as a significant concern. Therefore, healthcare pro-
viders across various disciplines should be made aware of the potential
risks associated with excessive use of CHX in contributing to antimi-
crobial resistance. To better understand the role of CHX in the selection
of multidrug resistance, it is essential to investigate CHX resistance and
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cross-resistance not only in the in vitro systems, but also in both clinical
and environmental isolates.

5. Conclusion

This study highlights the potential of the CHX and AZM combination
for topical applications targeting skin infections. Notably, the combi-
nation’s high efficacy against S. mutans suggests the possibility of
developing formulations for oral health applications. To advance these
prospects, clinical isolates should be tested to evaluate the combina-
tion’s efficacy. Additionally, investigating other antiseptics for potential
synergistic combinations with antibiotics or antimicrobials is warranted.
However, it is also important to assess whether such combinations,
including CHX with antibiotics, might contribute to resistance
development.
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