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ARTICLE INFO ABSTRACT
Keywords: Antimicrobial photodynamic inactivation (aPDI), using photosensitisers in combination with antibiotics, is a
Antibiotic resistance promising multi-target strategy to address antibiotic resistance, particularly in wound infections. This study

Antimicrobial photodynamic inactivation
Berberine/Curcumin-antibiotic combinations
Multi-target

aimed to elucidate the antibacterial mode of action of combinations of berberine (Ber) or curcumin (Cur) with
selected antibiotics (Ber-Ab or Cur-Ab) under blue light irradiation (420 nm) against Staphylococcus aureus,
Oxidative stress including methicillin-resistant (MRSA) and methicillin-susceptible (MSSA) strains. Multiple physiological pa-
S. aureus wound infections rameters were assessed using complementary assays (fluorometry, epifluorescence microscopy, flame emission
Photodynamic Therapy and atomic absorption spectroscopy, zeta potential, flow cytometry, and the plate agar method) to examine the
effect on ROS production, membrane integrity, DNA damage, motility and virulence factors of S. aureus. Results
indicated that blue light photoactivated Ber-Ab and Cur-Ab combinations led to substantial ROS generation, even
at low concentrations, causing oxidative stress that severely impacted bacterial membrane integrity (approxi-
mately 90 % in MRSA and 40 % in MSSA). Membrane destabilization was further confirmed by elevated
intercellular potassium release (=~ 2.00 and 2.40 ug/mL in MRSA and MSSA, respectively). Furthermore, sig-
nificant DNA damage was observed in both strains (=~ 50 %). aPDI treatment with blue light also reduced
S. aureus pathogenicity by impairing motility and inhibiting key virulence factors such as proteases, lipases, and
gelatinases, all of which play key roles in the infectious process. Overall, Ber-Ab combinations demonstrated the
highest efficacy across all parameters tested, highlighting for the first time the multi-target therapeutic potential
of this phytochemical-based aPDI strategy to combat antibiotic-resistant S. aureus infections and improve wound
infection treatment outcomes.
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1. Introduction

As the challenges to global healthcare continue to increase, the
prevalence of wounds is becoming a critical issue requiring compre-
hensive strategies for effective management and treatment [1]. Anti-
microbial resistance has reached uncontrollable levels, making wound
infections a challenge for patients, their families, and healthcare pro-
fessionals [2]. Staphylococcus aureus is indeed one of the most common
pathogens infecting wounds, especially the topical ones [3]. Various
approaches have been explored to overcome the therapeutic limitations
of conventional marketed antibiotics in treating wound infections [4-6].
These include antimicrobial photodynamic inactivation (aPDI) and
natural-based antibiotic combinations centered on the premise of
multi-targeting effects [4,5]. aPDI is a promising approach to combat
antibiotic resistance, especially in topical infections, by harnessing the
power of reactive oxygen species (ROS) from the irradiation process [7].
This approach can attack multiple bacterial structures, including cell
membranes, functional proteins, and DNA, leading to the death of bac-
terial pathogens or making them more susceptible to other therapeutic
agents, including antibiotics [8]. A crucial aspect of aPDI is that it re-
quires molecular oxygen, light of a specific wavelength, and a non-toxic
photosensitiser (PS). The choice of light in aPDI of skin wound infections
is crucial, as the health of uninfected cells must be safeguarded [9]. With
this in mind, the blue light system has been used as an approach that has
low toxicity to cells, depending on irradiance and light doses applied
[10]. Regarding PS, several compounds, including methylene and tolu-
idine blue, have shown excellent photodynamic properties [11]. In
particular, natural-based PS, such as plant secondary metabolites
(phytochemicals), have attracted attention due to their green source [8].
Among the panoply of plant-based PS, curcumin (Cur) is a well-studied
phytochemical that has shown remarkable photodynamic abilities in
inactivating both Gram-positive and Gram-negative bacteria. Another
interesting phytochemical, berberine (Ber), has been explored recently
as a PS in aPDI, although its photodynamic properties need to be further
investigated [12]. On the other hand, phytochemicals can exhibit
remarkable antibacterial activities [13]. Their differentiated/diverse
chemical structures can promote the interaction with various bacterial
components and help to surpass bacterial resistance mechanisms (e.g.,
motility, quorum sensing, efflux pumps, extracellular matrix, and
others, more detailed information is comprehensively provided in
Gongcalves et al. [13]). All these properties make phytochemicals good
candidates to restore the effect of less effective antibiotics due to their
promising multi-target activity [5]. In particular, Ber and Cur, have also
shown the ability to restore the activity of antibiotics by simultaneously
interacting with bacterial membranes, DNA, and virulence factors,
thereby sensitizing the bacteria to the effects of antibiotics [14,15].
Nonetheless, despite their interesting antibacterial and potentiating
activities, Ber and Cur are not used as antimicrobial agents in clinical
therapeutic practices.

The dual use of aPDI with natural-based antibiotic combinations has
emerged as a potential solution to overcome antibiotic resistance [16].
While the considerable antibacterial activity of ROS is evident, their
limited lifetime (3.5 ps) and short diffusion length (=~ 100 nm in an
aqueous solution) have been associated with the potential recurrence of
infections [17]. For this reason, the synergy of aPDI with
phytochemical-antibiotic combinations utilizes the versatile attack of
ROS that occurs during photoactivation and the chemotherapeutic
properties of antibiotics and phytochemicals, offering a promising
strategy to overcome the limitations of both approaches when used
individually [18]. However, although recent studies have explored the
application of light-activated antibiotic combinations [18], there re-
mains a significant gap in understanding the precise mode of action of
aPDI using phytochemical-antibiotic combinations. In particular, to our
knowledge, no studies have specifically examined the photoactivation of
Ber or Cur combined with clinical topical antibiotics in the context of
wound treatment. Additionally, the influence of light on enhancing or
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altering the antimicrobial action of natural photosensitisers in combi-
nation with clinical antibiotics remains to be understood. Therefore, this
study fills existing knowledge gaps by investigating for the first time, as
far as we know, the mode of action of combinations between Ber or Cur
with clinical antibiotics (Ber-Ab or Cur-Ab) under blue light irradiation.
A comprehensive understanding of the mode of action of photo- and
non-photoactivated Ber-Ab and Cur-Ab combinations could provide new
insights into the synergistic effects and mechanisms by which these
combinations inactivate antibiotic-resistant bacteria. In this study, two
clinical strains of S. aureus (including one from a diabetic foot ulcer
infection) were used to investigate the impact of bacterial susceptibility
profiles in aPDI with Ber-Ab and Cur-Ab combinations. In addition, three
antibiotics, gentamicin (Gen), mupirocin (Mup), and tobramycin (Tob)
were selected based on their topical use in the treatment of S. aureus
wound infections in clinical settings [19]. The effects on the bacterial
targets were investigated by assessing ROS formation, bacterial mem-
brane impairment, DNA damage, motility, and inhibition of virulence
factors. The role of blue light irradiation in the interaction of the Ber-Ab
and Cur-Ab combinations with S. aureus targets was also investigated.

2. Materials and methods
2.1. Bacterial strains and culture conditions

Two S. aureus strains were used to observe the influence of the
bacterial susceptibility profile on the antibacterial mode of action of the
presented strategy. S. aureus CECT 976 (Spanish Type Culture Collection
(CECT) strain of methicillin-susceptible S. aureus (MSSA)) was isolated
from ham implicated in a case of food poisoning. S. aureus MJMC568-B
(clinical strain of methicillin-resistant S. aureus (MRSA)) was isolated
from a patient with a diabetic foot ulcer during a diabetic foot consul-
tation at the Centro Hospitalar de Tras-os-Montes e Alto Douro
(Portugal). Both strains have a resistant and/or intermediate profile to
Gen and Tob (MRSA resistant to Gen and Tob, MSSA resistant to Gen and
intermediate to Tob). These S. aureus strains had already been used as
model microorganisms for antimicrobial testing with antimicrobial
agents [5,6]. The bacterial strains were stored at -80 °C in
Mueller-Hinton Broth (MHB, Merck, Darmstadt, Germany) supple-
mented with 30 % glycerol (v/v, VWR, Belgium) and subcultured in
MH-Agar (MHA, Merck, Darmstadt, Germany) before the experiments.
For all experiments, the bacterial suspensions were grown overnight
(16-18 h) in MHB at 37 °C with shaking (150 rpm, AGITORB 200,
Aralab, Rio de Mouro, Portugal).

2.2. Antibiotics

The antibiotics Gen, Mup (from AppliChem, GmbH, Darmstadt,
Germany; purity of 68 % and 90 %, respectively) and Tob (Tokyo
chemical industry Co., Itd., Tokyo, Japan; purity > 94 %) were selected
due to their topical and clinical applicability against S. aureus wound
infections [19] (Fig. 1). The stock solutions of Gen and Tob were pre-
pared in sterile distilled water (dH20) and stored in the dark at -20 °C. In
the case of Mup, the stock solution was prepared in dimethyl sulfoxide
(DMSO 100 %, VWR, Belgium). The proportion of DMSO never exceeded
10 % (v/v) of the final volume of the bacterial suspensions in all
experiments.

2.3. PS and aPDI parameters

Ber (Cayman Chemical Company, Michigan, USA; purity > 95 %)
and Cur (Alfa Aesar, Karlsruhe, Germany; purity of 95 %) were the
phytochemicals selected as PS (Fig. 1). These phytochemicals were
purchased as pure compounds and the stock solutions were prepared in
DMSO 100 % and stored in the dark at -20 °C. The proportion of DMSO
never exceeded 10 % (v/v) of the final volume of the bacterial suspen-
sions. Ber and Cur were photoactivated with a blue light-emitting diode
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Fig. 1. LED and phytochemicals spectrum characterization. (A) Chemical structure of Ber, Cur, Gen, Mup, and Tob (obtained from ChemDraw Pro 8.0). (B) Emission

spectrum of 420 nm LED. (C) UV-vis absorption spectra of Ber and Cur.

(LED) at 420 nm (30 mW/cm?) for 10 min (18 J/cm?, Fig. 1). The blue
LED array comprises 40 individual LEDs assembled using a 96-well
template. Each LED is positioned to illuminate exclusively a single
well, ensuring targeted and uniform exposure in each well. To ensure
accuracy and consistency across all samples, the irradiance of each LED
has been carefully measured and calibrated. This configuration ensures
that every sample on the test plate is exposed to the same irradiance
conditions, ensuring the reliability and repeatability of test results.

2.4. Photoirradiation of Ber-Ab and Cur-Ab combinations

The antibacterial photodynamic activation of Ber-Ab and Cur-Ab
combinations was performed according to Silva et al. [20], with some
modifications. In brief, after overnight bacterial growth at 37 °C in MHB,
bacterial cells were centrifuged (3772 x g, 10 min) and resuspended in
sodium chloride solution (NaCl: 0.85 % v/v, VWR, Belgium) to obtain an
optical density of 0.132 + 0.02 (corresponding to 108 CFU/mL) at 600

Table 1
MIC and concentrations used of Ber, Cur, and antibiotics in the combinations applied as a treatment to S. aureus strains.
Ber-Ab and Cur-Ab combinations Phytochemicals Antibiotics
MIC Selected concentrations (ug/mL) MIC Selected concentrations (ug/mL)
(ug/mL) (ug/mL)
MRSA strain Ber-Tob 800 50 64 0.50
Ber-Gen >1024 0.50
Cur-Tob 200 3.13 64 0.13
Cur-Gen >1024 0.50
Cur-Mup 16 8
MSSA strain Ber-Mup 100 6.25 8 1
Cur-Mup 200 3.13 4
Cur-Tob 4 0.25
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nm. Subsequently, 180 pL of cells, 20 uL of Ber, Cur, Gen, Mup, Tob, and
the respective Ber-Ab and Cur-Ab combinations were inoculated into
96-well polystyrene microtitre plates (Orange Scientific, BraineL’ Alleud
- Belgium). The Ber, Cur, Gen, Mup, and Tob concentration used were
selected based on the previous statement of Goncalves et al. [21]
(Table 1). Specifically, the concentrations for the Ber-Ab and Cur-Ab
combinations that achieved the most significant reductions in bacte-
rial culturability were used as a reference for the mode of action studies
on S. aureus. Negative controls were performed with 5 % DMSO (in the
cases of the Ber and Cur combinations with Tob and Gen diluted in
dH»0) and 10 % (Ber-Mup and Cur-Mup combinations) and with bac-
terial cells exposed or not exposed to blue light irradiation. Positive
controls were performed using H>O5 at 3 % (v/v), Ber at 800 (for MRSA)
and 100 pg/mL (for MSSA), and Cur at 200 pug/mL (for both MRSA and
MSSA). Ho0, was chosen to evaluate its influence on ROS production
and its possible impact on the other mechanisms of action investigated
due to its known effects in this regard [22]. Considering the known ef-
ficacy of Ber and Cur in affecting membrane integrity, DNA damage, and
impairment of bacterial virulence, these phytochemicals were used at
concentrations higher than the selected for the tests (at minimum
inhibitory concentrations (MIC)) [14,15,23-27]. The plates were then
incubated at 37 °C for 30 min, at 150 rpm in the dark. The cells were
then irradiated for 10 min with a 420 nm LED at 30 mW/cm? under a
laminar flow hood in the dark. The control groups received no irradia-
tion treatment. After irradiation, an incubation period of 6 h at 37 °C,
150 rpm, and in the dark was performed. As topical antibiotics are
usually applied 2-3 times a day [28] to maximize their effectiveness, an
incubation period of 6 h following irradiation was implemented. This 6 h
incubation period also simulates a realistic topical application of aPDI
for acute skin wound infections. Subsequently, the targets of antibac-
terial activity were investigated by evaluating the combined effects of
photo- and non-photoactivated optimized Ber-Ab and Cur-Ab concen-
trations on different bacterial physiological indices: Generation of ROS,
alteration of membrane integrity through propidium iodide (PI) uptake,
potassium (K) leakage and alteration of bacterial surface charge, DNA
damage, inhibition of motility and production of virulence factors as
total proteases (Prot), gelatinases (Gel) and lipases (Lip).

2.5. Assessment of the antibacterial mode of action

2.5.1. ROS generation

The generation of intracellular ROS was measured using the probe
2,7-dichlorodihydrofluorescein diacetate (DCF-DA, Alfa Aesar, Karls-
ruhe, Germany), as described by Zhang et al. [29]. DCF-DA was used as a
fluorescent probe to detect the intracellular ROS content [30]. After 6 h
of incubation, the DCF-DA probe was added to all conditions at a final
concentration of 10 pM and incubated in the dark at 37 °C for 30 min
under agitation (150 rpm). DCF-DA fluorescence (Aex = 488 nm and Aem
= 540 nm) was quantified using a microplate reader (Synergy HT,
Biotek, Winooski, VT, USA).

2.5.2. Membrane integrity

2.5.2.1. PIluptake. The Live/Dead BacLightTM Viability Kit was used to
assess the integrity of cell membranes according to Borges et al. [31].
This kit contains two nucleic acid-binding dyes, SYTO9™ and PI, which
allows the determination of membrane integrity by selective dye
exclusion. SYTO9™ (green bloomdye) can penetrate all bacterial cells
and stains the cells green, while PI (red dye) can penetrate only the
bacterial cells with damaged membrane and bind to double-stranded
DNA, resulting in red-stained fluorescence cells [31]. After 6 h of in-
cubation, a volume of 700 pL of each bacterial suspension was stained
with 250 pL SYTO9™ and 50 pL PI and allowed to react in the dark for 7
min. Then, the mixture was filtered through a black 0.22 pym poly-
carbonate nucleopore membrane (Whatman International Ltd.,
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Maidstone, UK). Finally, the membranes were mounted on a microscope
slide and the samples were observed in a LEICA DMLB2 epifluorescence
microscope (LEICA Microsystems Ltd., Weltzlar, Germany) using ultra-
violet light. The optimal optical filter combination for viewing stained
mounts is a 480-500 nm excitation filter paired with a 485 nm emission
filter (Chroma 61,000-V2 DAPI/FITC/TRITC). In addition, a Leica
DFC300 FX camera was connected to the microscope and a 100 x oil
immersion fluorescence objective was used. The total number of cells
and the number of Pl-stained cells on each polycarbonate membrane
were determined using 20 fields of view. The number of cells with intact
(green) and damaged (red) membranes per mL of sample was calculated
using the following Eq. (1):
nx A

N:vaxD (€9)]

where N is the number of cells in the sample per mL, n is the average
number of cells per microscopic field, A is the membrane area (cmz), Bis
the microscopic field area (cmz), V is the sample volume filtered (mL)
and D is the dilution factor.

2.5.2.2. Intracellular K' leakage. Flame emission and atomic absorption
spectroscopy were used for K" titration in solutions of the bacterial
suspensions [31]. After 6 h of incubation, samples were collected,
filtered and then analysed on a GBC AAS Device 932plus using GBC
Avante 1.33 software (GBC Scientific Equipment, Hampshire, IL, USA).

2.5.2.3. Bacterial surface charge change. The zeta potential of bacterial
suspensions, after 6 h of incubation, was determined using a Nano Zeta-
sizer (Malvern Instruments) [31]. Zeta potential was measured by
applying an electric field through the bacterial suspensions.

2.5.3. DNA damage

Bacterial DNA damage was assessed by flow cytometry by the
detection of intact DNA using PI (from the Live/Dead BacLightTM
Viability Kit), according to Gao et al. [32], with some modifications. In
brief, after 6 h of incubation, all bacteria were centrifuged (3772 x g, 10
min) and resuspended in 500 mL ethyl alcohol (VWR, Belgium) 50 % to
permeabilize the membrane. After 30 min at -20 °C, all conditions were
centrifuged and resuspended in 500 mL dH20 and 100 pL PI at 10 pg/mL
was added. After 30 min, the cells were centrifuged and resuspended in
dH,0. Samples were analysed with CytExpert software (version
2.4.0.28, Beckman Coulter, Brea, CA, USA) in a CytoFLEX flow cytom-
eter, model VO-B3-R1 (Beckman Coulter, Brea, CA, USA), through filter
PC5.5-A (hex = 488 nm, hem = 665-715 nm). DNA fragmentation was
observed by the decrease in PI fluorescence. It should be noted that this
test only allows the observation of double-stranded DNA breaks. Since PI
cannot bind to broken DNA chains, the decrease in PI fluorescence
correlates directly with the decrease in double-stranded DNA content.
To confirm this, additional measurements were conducted using acri-
dine orange (AO, Panreac; Montplet & Esteban S.A., Barcelona, Spain),
following the method of Diaper et al. [33], with some modifications.
Briefly, after permeabilization with ethyl alcohol, all samples were
centrifuged and resuspended in 500 pL of dH>0. Subsequently, 100 uL of
AO at a concentration of 10 pg/mL was added. The samples were
incubated for 15 min, centrifuged again, and resuspended in dH50.
Analysis was performed using CytExpert software through the FITC filter
(Aex=488 nm, Aem=>525+40 nm). AO emits green fluorescence when
bound to double-stranded DNA and orange when it interacts with
single-stranded nucleic acids or RNA [34]. The measurement of green
fluorescence allows the assessment of DNA integrity, with a decrease in
signal indicating damage. This dual-dye approach provides comple-
mentary evidence, strengthening the reliability of the observed DNA
damage.
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2.5.4. Motility inhibition

The inhibition of bacterial motility of both S. aureus strains was
evaluated as described by Borges et al. [35]. S. aureus spreads on soft
agar plates through sliding motility. For this purpose, after 6 h of in-
cubation, 15 uL of the bacterial suspension was added to the center of
agar plates containing 10 g/L (1 %) tryptone (Merck, Darmstadt, Ger-
many), 2.5 g/L (0.25 %) NaCl (VWR, Belgium) and 3 g/L (0.30 %) agar
(VWR, Belgium). The plates were incubated at 37 °C and the diameter
(mm) of the bacterial motility halos was measured after 24, 48, and 72 h.

2.5.5. Inhibition of virulence factors

Inhibition of factors associated with virulence of both S. aureus
strains was assessed after 6 h by measuring total Prot production, as well
as Lip and Gel activity. The production of total Prot was assessed as
described by Abdelmotele et al. [36]. In brief, after 6 h of incubation, 10
uL of each condition was added to Petri dishes containing plate count
agar (PCA; VWR, Belgium) with 10 g/L (1 %) of skim milk powder
(Merck, Darmstadt, Germany) and incubated at 37 °C for 72 h. The
presence of clearance zones indicated the production of total Prot. Lip
production was determined according to Meheissen et al. [37]. After the
exposure time, 10 pL of each bacterial suspension was added to agar
plates containing 2 g/L (0.20 %) CaCly (Merck, Darmstadt, Germany),
15 g/L (1.50 %) agar (VWR, Belgium), 20 g/L (2 %) Luria-Bertani broth
(LBB; Sigma-Aldrich, St. Louis, MO, USA) and 9.44 mL/L Tween 80
0 (VWR, Belgium). The plates were incubated at 37 °C for 48 h. Lip
production was detected by the appearance of a light-yellow clear halo
around the bacterial colony. Gel activity was evaluated using the
method described by Lopes et al. [38]. For this purpose, after 6 h of
incubation, 10 uL of each condition was plated out on Petri dishes
containing gelatine agar (5 g/L peptone (0.50 %) (Merck, Darmstadt,
Germany), 3 g/L (0.30 %) yeast extract (Oxoid, United Kingdom), 30 g/L
(3 %) gelatine (Oxoid, United Kingdom), 15 g/L (1.50 %) agar (VWR,
Belgium). After 48 h at 37 °C, the plates were flooded with a saturated
solution of ammonium sulphate (VWR, Belgium). Gel production was
observed through a transparent halo around the colony.

2.6. Combinatorial index of Ber-Ab and Cur-Ab

The interaction between the different combinations of Ber and Cur
was scored using the ) Combinatorial Index (> CI) proposed by Bap-
tista et al. [39]. The combinatorial index for Ber and Cur (Clppy) was
calculated according to Eq. (2):

VPhy

VPhy + Ab 2

C Phy —

Where Vpyy represents the values obtained for Ber and Cur individ-
ually for each method (ROS formation, bacterial membrane integrity,
DNA damage, motility, and virulence factor production), and Vphyab
denotes the results obtained from the use of Ber-Ab and Cur-Ab com-
binations and for each method.

The evaluation of the antibiotic Combinatorial Index (CIap) followed
a similar approach. The sum of Clpyy and Clap then gives XCI, as shown
in Eq. (3):

Z CI = CIphy + CIAb 3)

The ZCI values calculated were further classified based on the
interaction between the phytochemicals (Ber and Cur) and the antibi-
otics (Tob, Gen, and Mup). Values lower than 0.5 indicate a synergistic
effect (+++), between 0.5 and 2 indicate an additive effect (++), be-
tween 2 and 4 is categorized as an indifferent effect (+), and higher than
4 indicates an antagonistic effect (-).

2.7. Statistical analysis

The mean =+ standard deviation (SD) of each sample were calculated.
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Experimental data were analysed with the statistical program GraphPad
Prism 8.0.1 for Windows (GraphPad Software, La Jolla, California, USA)
using one-way ANOVA multiple comparisons. Statistical differences
were determined for a probability level of 95 % (P < 0.05; * P < 0.05, **
P < 0.01, *** P < 0.001, **** P < 0.0001). All experiments were per-
formed in duplicate with at least three replicates per condition.

3. Results

3.1. Antibacterial mode of action of blue light photoactivated and non-
photoactivated Ber-Ab and Cur-Ab combinations

To study the effects on the different bacterial targets, Ber-Ab and
Cur-Ab were used at selected concentrations (Table 1) obtained in a
previous study [21]. The combinations of Ber-Ab and Cur-Ab that
resulted in complete inhibition of culturability were selected to evaluate
the antibacterial mode of action.

3.1.1. Ber-Ab and Cur-Ab combinations ROS generation profile

The ROS production capacity of both photoactivated and non-
photoactivated Ber-Ab and Cur-Ab combinations, along with their
respective compounds, is presented in Fig. 2. The intensity of the DCF-
DA probe directly correlates with ROS levels, as DCF-DA binds to ROS
and emits fluorescence, allowing the quantification of ROS production.

ROS production was observed in the negative controls (bacterial
cells, DMSO 5 % and 10 %) for both S. aureus strains, although at
significantly lower levels compared to the positive controls (H2O3 at 3 %
v/v, Ber at 800 pg/mL for MRSA and 100 pg/mL for MSSA and Cur at
200 pg/mL). Treatment with antibiotics led to a small increase in ROS
levels in both strains compared to the untreated bacterial cells (P <
0.05). Nevertheless, a significant decrease in ROS levels was observed
with low concentrations of Mup (of the MRSA strain, Fig. 2B) and Tob
(at 0.13 pg/mL of the MSSA strain, Fig. 2D) after photoactivation (P <
0.05). Photoactivated Mup at a concentration of 8 pug/mL exhibited an
opposite effect on the MRSA strain and led to increased ROS levels (P <
0.05). In the case of non-photoactivated Ber and Cur alone, a slight in-
crease in ROS production was observed in both strains (except for Ber at
50 pg/mL in the MRSA strain), although the effect was more pronounced
in the MSSA strain (Cur at 3.13 pg/mL, P < 0.05, Fig. 2D). Furthermore,
photoactivation of Ber and Cur with blue light resulted in a notable
increase in ROS levels, specifically for Cur at 3.13 pg/mL in the MRSA
strain (P < 0.05, Fig. 2B). Non-photoactivated Ber-Ab and Cur-Ab
combinations (except Cur-Gen and Cur-Mup combinations in MRSA)
promoted lower ROS formation in both strains than their respective
compounds alone. However, blue light photoactivation of the Ber-Ab
(Fig. 2A and C) and Cur-Ab (Fig. 2B and D) combinations resulted in
an increased capacity for ROS production compared to their non-
photoactivated counterparts.

To understand the combined effect of Ber-Ab and Cur-Ab combina-
tions, the Y CI scoring in Table S4 was analysed. These combinations
without irradiation led to an antagonistic effect (-) in both Ber-Ab
combinations and to an additive effect (++) in Cur-Gen and Cur-Mup
of the MRSA strain, while all Ber-Ab and Cur-Ab combinations led to
an indifferent effect (+) against the MSSA strain. Nonetheless, upon
photoactivation, all combinations demonstrated increased ROS pro-
duction capacity compared to the photoactivated individual compounds
(P < 0.05), resulting in an additive effect (++).

3.1.2. Effect of Ber-Ab and Cur-Ab combinations on membrane integrity

3.1.2.1. Influence on PI uptake. Non-photoactivated positive controls
(H20 at 3 % v/v, Ber at 800 pg/mL for MRSA and 100 pg/mL for MSSA
and Cur at 200 pg/mL) resulted in a significant membrane damage for
both S. aureus strains. However, blue light irradiation increased this
effect only for HoO3 (P < 0.05). On the other hand, blue light irradiation
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Fig. 2. ROS production assessed by DCF-DA fluorescent probe after treatment of MRSA (A and B) and MSSA (C and D) strains with the combination of Ber (A and C)
or Cur (B and D) with several antibiotics (Mup, Tob, and Gen) at different concentrations, under irradiation and darkness conditions. Data are presented as mean +
SDs for two independent experiments with at least three replicates. a stands for ****, b stands for ***, ¢ stands for ** and d stands for *. Statistical analyses were
performed between irradiated and non-irradiated groups (represented by the letters above the bars) and compared to bacterial cells without irradiation (represented
by the * above the bars). Additionally, a statistical analysis comparing Ber, Cur, Tob, Gen, and Mup alone and combined in respective combinations was performed

(represented by + above the bars).

alone and DMSO (5% and 10%) exhibited no significant effect on the
membrane integrity of MSSA (P > 0.05, Fig. 3). In the case of MRSA
strain, DMSO (5 % and 10 %) showed a slight decrease in membrane
integrity (P < 0.05, Fig. 4).

Regarding the MSSA strain (Fig. 3), non-photoactivated Ber and Cur
alone promoted a significant increase in membrane damage (P < 0.05).
Blue light photoactivation of Ber and Cur alone significantly enhanced
their membrane damage ability (P < 0.05). In the case of Mup and Tob,
photoactivation showed no significant effect (P > 0.05), except Mup (at
1 ug/mL), where a slight decrease in the percentage of cells stained with
PI was observed. The percentage of cells stained with PI was higher with
photoactivated Ber-Ab and Cur-Ab combinations than with Ber, Cur, and
the antibiotics alone (P < 0.05, Fig. 3). Nevertheless, the non-
photoactivated Ber-Ab and Cur-Ab combinations had a lower effect
than the respective compounds alone.

In the case of the MRSA strain (Fig. 4), non-photoactivated Ber and
Cur did not demonstrate any effect on membrane integrity (P > 0.05),
whereas their photoactivated counterparts significantly damaged the
membrane (P < 0.05). An increase in PI-stained cells was observed when
the antibiotics Tob (at 0.50 ug/mL), Gen, and Mup were used, whether
with or without photoactivation. The photoactivated Ber-Ab combina-
tions (Ber-Tob and Ber-Gen) promoted the highest reduction in mem-
brane integrity (=~ 90 %), while the same non-photoactivated conditions
resulted in a percentage of PI permeabilization close to 50 %. Moreover,
Tob and Gen (at 0.50 pg/mL) alone caused only ~ 10 % of PI

permeabilization. Photoactivated Cur-Tob and Cur-Gen combinations
also showed a high ability to damage the membrane of the MRSA strain
(=~ 60 % and 40 %, respectively). However, non-photoactivated and
photoactivated Cur-Mup showed the lowest ability to increase MRSA
membrane damage (= 25 %).

The percentage of cells with damaged membranes was more pro-
nounced in the MRSA strain (Fig. 4A and B) than in that MSSA (Fig. 3A
and B). While only about 40 % of the MSSA cells were stained with PI,
circa 90 % of the MRSA cells were stained with PI. Figs. 3C, 4 C, and
Fig. 5 show that photoactivated Ber-Ab and Cur-Ab combinations
significantly decreased the number of total cells in comparison to the
non-photoactivated conditions.

The 3" CI scoring in Table S4 demonstrated that although non-
photoactivated Ber and Cur did not exhibit increased membrane dam-
age, the non-photoactivated Ber-Ab and Cur-Ab combinations showed
an additive (Cur-Mup for both strains) and a synergistic (Ber-Tob, Ber-
Gen and Cur-Tob in MRSA) effect. In de case of photoactivated Ber-Ab
and Cur-Ab combinations, an overall additive effect (++) was
observed (except Cur-Tob and Cur-Gen in the MRSA strain, which
resulted in a synergistic effect (+++)).

3.1.2.2. Interference with intracellular K+ release. Non-photoactivated
positive controls (H203 at 3 % v/v, Ber at 800 ug/mL for MRSA and 100
ug/mL for MSSA and Cur at 200 ug/mL) significantly increased the K
release by both S. aureus strains (P < 0.05) (Table S1). Irradiation
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Fig. 3. Membrane integrity evaluated by PI uptake of MSSA strain after Ber-Ab (A) and Cur-Ab (B) combinations treatment, under irradiation and darkness con-
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Additionally, a statistical analysis comparing Ber, Cur, Tob, Gen, and Mup alone and combined in respective combinations was performed (represented by + above

the bars).

improved the ability of positive controls to increase intracellular K+
release (P < 0.05). DMSO (5% and 10%) exhibited a significant impact
on K release for both strains (P < 0.05), especially for MRSA
(Table S1). Similarly, photoactivation promoted increased K release (P
< 0.05). Furthermore, non-photoactivated phytochemicals and antibi-
otics alone led to significant K release from both strains compared to
positive controls (P < 0.05). In general, blue light photoactivation of all
compounds tested when used alone improved their K' release capacity
for both strains (P < 0.05). Notably, photoactivation of Ber-Ab and Cur-
Ab combinations significantly enhanced K release from both strains,
particularly when compared to non-photoactivated conditions (P <
0.05) and the positive controls (Table S1).

Based on the } CI scoring (Table S4), all photoactivated Ber-Ab and
Cur-Ab combinations led to an additive effect (+-+4) on both S. aureus
strains.

3.1.2.3. Action on bacterial surface charge. Both strains without any
treatment had a negative surface charge: -16.76 + 1.34 mV for the

MRSA and -18.89 + 0.95 mV for the MSSA (Table S1). Nonetheless,
after treatment with positive controls (H203 at 3 % v/v, Ber at 800 pg/
mL for MRSA and 100 pug/mL for MSSA, and Cur at 200 ug/mL), the zeta
potential of both strains changed to less negative values (P < 0.05)
(Table S1). Furthermore, blue light irradiation of positive controls
amplified this effect (P < 0.05). In contrast, photoactivated Ber-Ab and
Cur-Ab combinations, as well as their respective compounds alone,
resulted in minor decreases in cell surface charge (approximately 2-3
mV, P < 0.05) in both S. aureus strains. Furthermore, non-
photoactivated Ber-Ab and Cur-Ab combinations did not show any
improvement compared to their respective compounds
(Table S1).

Based on the ) CI scoring (Table S4), non-photoactivated Ber-Tob,
Ber-Gen and Cur-Tob and photoactivated Ber-Gen, Cur-Tob, and Cur-
Gen combinations had an indifferent effect (+) on MRSA. In contrast,
only the photoactivated and non-photoactivated Cur-Mup had an
indifferent effect (+) on MSSA, while the other photoactivated and non-
photoactivated combinations had an additive effect (++).

alone
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3.1.3. Effect of Ber-Ab and Cur-Ab combinations on DNA damage
Non-photoactivated positive controls (H202 at 3 % v/v, Ber at 800
pug/mL for MRSA and 100 pg/mL for MSSA and Cur at 200 ug/mL)
significantly increased the DNA damage of both S. aureus strains (P <
0.05) (Fig. 6). Furthermore, blue light irradiation increased this effect
for all positive controls used (P < 0.05). On the other hand, irradiation
alone and DMSO (5% and 10%) had no significant effect on DNA
damage of both strains (P > 0.05). Analysis of PI and AO fluorescence
revealed consistent trends for the DNA-double strand damaging effects
of the compounds tested. Non-photoactivated Ber caused no significant
DNA damage in MRSA (P > 0.05, Fig. 6A and C), but caused significant
damage in MSSA, as shown by AO fluorescence under photoactivation
conditions (P < 0.05, Fig. 6G). Similarly, Cur alone did not exhibit
significant DNA-damaging effects in MSSA based on PI staining (P >
0.05, Fig. 6F), while AO staining showed significant DNA damage,
especially under photoactivation (P < 0.05, Fig. 6H). All antibiotics

tested without irradiation induced DNA damage in both strains (P <
0.05). Blue light irradiation did not significantly enhance DNA damage
for most compounds alone (P > 0.05), except Ber and Mup in MSSA and
MRSA strains (P < 0.05), respectively. However, both PI and AO ana-
lyses confirmed that blue light-based photoactivation enhanced the
ability of all Ber-Ab and Cur-Ab combinations to induce DNA damage in
both strains (P < 0.05), except for Cur-Mup in the MRSA strain (P >
0.05).

According to the > CI scoring (Table S4), both non-photoactivated
and photoactivated combinations of Ber-Ab and Cur-Ab showed an ad-
ditive effect (4+), compared to the respective compounds alone, in both
strains and methods (PI and AO).

3.1.4. Effect of Ber-Ab and Cur-Ab combinations on bacterial motility
inhibition
Both S. aureus strains presented an increase in sliding motility over
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time. However, the motility of both S. aureus strains decreased signifi-
cantly over time (P < 0.05) for all non-photoactivated positive controls
(H203 at 3 % v/v, Ber at 800 ug/mL for MRSA and 100 pg/mL for MSSA
and Cur at 200 pg/mL) (Table S2). Irradiation with blue light showed no
improvement in motility reduction in the positive controls (P > 0.05).
Likewise, blue irradiation alone and DMSO (5% and 10%) had no sig-
nificant effect on the motility of the S. aureus strains. Nonetheless, a
significant decrease in motility was observed for most photoactivated
and non-photoactivated Ber-Ab and Cur-Ab combinations (Fig. 7) (P <
0.05), compared to the positive controls. All combinations tested
significantly reduced the motility of MRSA after 24 h (Fig. 7Aand B, P <
0.05), but only the photoactivated combinations were able to maintain
this reduction up to 72 h. Among the photoactivated combinations, Cur-
Tob in MRSA showed the lowest reduction performance compared to the
other combinations. Conversely, photoactivated Ber-Tob and Cur-Mup
in MRSA maintained the same effect over a longer period (P < 0.05).
In MSSA (Fig. 7C and D), all combinations significantly reduced motility
over time (P < 0.05), with no significant differences between irradiated
and non-irradiated combinations (P > 0.05), suggesting that photo-
activation does not play a critical role in this strain.

Based on the Y CI scoring (Table S4), all combinations of Ber-Ab
and Cur-Ab had an additive effect (++) on both S. aureus strains,
except non-photoactivated Ber-Gen, Cur-Tob, and Cur Mup and photo-
activated Ber-Tob on the MRSA strain which had a synergistic effect
(+++).

3.1.5. Effect of Ber-Ab and Cur-Ab combinations on the production of
virulence factors

The total halo, which includes bacterial growth and virulence factor
production halo, and the halo of virulence factor production were
measured for all conditions (Table S3). The results showed that both
strains (without treatment) produced Prot (which was higher in the
MRSA strain than in the MSSA strain), while the production of Lip and

Gel was specifically observed only in the MRSA strain.

The non-photoactivated positive controls (H202 at 3 % v/v, Ber at
800 pg/mL for MRSA and 100 pug/mL for MSSA and Cur at 200 ug/mL)
significantly decreased the production of virulence factors by both
S. aureus strains (P < 0.05). Irradiation with blue light showed no
improvement in the activity of positive controls in reducing the pro-
duction of virulence factors (P > 0.05). Similarly, no decrease in the
production of virulence factor was observed with blue light irradiation
alone. Furthermore, most non-photoactivated Ber-Ab and Cur-Ab com-
binations, as well as the respective compounds alone, did not alter the
production of virulence factors. Some conditions should be highlighted
due to their more noticeable activity (Fig. 8). In the MSSA strain (Fig. 8C
and D), Mup and Cur alone showed the best anti-virulence activity,
compared to the positive controls. In addition, all Ber-Ab and Cur-Ab
combinations effectively inhibited the production of total Prot (P <
0.05). On the other hand, blue light irradiation did not increase the
reduction of total Prot production by non-photoactivated Ber-Ab and
Cur-Ab combinations. Even though, based on the ) CI scoring
(Table S4) all photoactivated and non-photoactivated combinations had
an additive effect (++). In MRSA (Fig. 8A and B), photoactivated Cur-
Gen and Cur-Mup were effective in reducing or completely inhibiting
total Prot production (in the case of Cur-Mup), compared to the positive
controls. Similar to the MSSA strain, in the MRSA strain all photo-
activated and non-photoactivated combinations exhibited an additive
effect (++). Regarding Gel production (Fig. 8G and H), all non-
photoactivated Ber-Ab and Cur-Ab combinations and respective com-
pounds alone do not affect significantly the production of Gel (P > 0.05).
Conversely, all photoactivated Ber-Ab and Cur-Ab combinations
inhibited Gel production (P < 0.05), resulting in a synergistic effect
(+++), compared with the respective compounds alone (Table S4).
Concerning Lip production, non-photoactivated Cur-Mup achieved a
significant reduction (P < 0.05). Additionally, blue light irradiation
enhanced the activity of certain Ber-Ab and Cur-Ab combinations in
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Statistical analyses are presented in Table S2.

reducing Lip production in the MRSA strain (Fig. 8E and F). In partic-
ular, Ber-Tob, Cur-Gen (which had a synergistic effect (+++) compared
to photoactivated Ber, Cur, Tob and Gen alone) and Cur-Mup (additive
effect (++) compared with photoactivated Cur and Mup), while Mup
alone led to a significant reduction (P < 0.05, Table S4).

4. Discussion

The emergence of antibiotic-resistant strains such as MRSA makes
treating S. aureus wound infections even more difficult [40]. Bacteria
have a distinct ability to adapt to high-stress situations [13]. Never-
theless, when simultaneously exposed to different stress stimuli, bacteria
may not be able to develop different responses to cope with all stimuli
[22]. This high stress pressure could be a promising solution to effec-
tively overcome antibiotic resistance. In this sense, photoactivation of
Ber-Ab and Cur-Ab combinations may represent an effective therapeutic
multi-target strategy. Despite the various known modes of action of ROS,
this study is pioneering in investigating the targets of blue light photo-
activated and non-photoactivated Ber-Ab and Cur-Ab combinations. In
addition, the 6 h incubation time of the combinations more accurately
simulates a realistic topical application in the clinic, further empha-
sizing the novelty of this study. First, we studied the ability of the
combined approach to generate ROS and then evaluated the effects of
ROS and Ber-Ab and Cur-Ab combinations on membrane integrity, DNA
damage, motility, and key virulence factors associated with the estab-
lishment of S. aureus acute skin wound infections. All these mechanisms
were explored in both MSSA and MRSA strains to observe the influence
of bacterial susceptibility profiles on the performance of the combined
strategy.

In aPD], the activation of PS through light absorption produces ROS,
which are responsible for its therapeutic effect. The process occurs when
an electron is stimulated from its ground state to an excited singlet state.
After passing through the system, this excited state becomes a triplet
state (°PS), which has a comparatively long half-life. ROS are generated
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by the triplet state via two different photoprocesses (type I and II) [41].
In type I, an electron is transferred from the 3PS to a substrate, which is
often a biomolecule. This produces an intermediate that combines with
molecular oxygen in the ground state (?05) and generates a superoxide
radical (Os.”). After the Haber-Weiss reaction, this radical reacts further
and forms other ROS, such as HyO5 and OH®. Type Il is a triplet-to-triplet
energy transfer between 3PS and 30, leading to the formation of a
short-lived, highly cytotoxic molecular singlet oxygen (O3*), whereas
type [ is a charge transfer [13]. ROS cause a high degree of bacterial
cytotoxicity by promoting the destruction of the bacterial membrane.
Moreover, ROS can cause damage by oxidizing intracellular bio-
molecules such as nucleic acids and proteins [42]. Although bacteria
have defense mechanisms to neutralize low levels of ROS, excessive
production of ROS can overwhelm these defense mechanisms and lead
to oxidative stress and cell damage [43].

In the present study, it was possible to observe the production of ROS
in all the conditions tested, even without irradiation. This effect is
related to the inherent potential of tested phytochemicals and antibi-
otics tested to produce ROS. Ber and Cur have been identified as ROS
producers even without photoactivation [14,23,24,44]. For example,
Zhang et al. [23], demonstrated the production of ROS in a MRSA strain
after treatment with Ber (at 128 pug/mL). Likewise, it was also reported
that Cur (at 192 pg/mL) increased the ROS concentration in Escherichia
coli [14].

Despite limited information on the mechanism by which Gen, Mup,
and Tob increase oxidative stress, the observed results could be due to
their chemical structure (Fig. 1). The antibiotics tested have a structure
rich in hydroxyl groups (OH’) and when an electron is removed from the
OH configuration, the hydroxyl radical (OH®) is formed [45]. However,
a significant decrease in ROS values was observed from Mup and Tob
exposure and photoactivation. This effect could be due to the chemical
changes induced by the irradiation of these compounds with blue light,
which led to a decrease in the amount of OH" and thus reduced their
ability to increase ROS levels. These changes could be indirectly
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decrease in ROS levels for Mup at 1 and 4 pg/mL after photoactivation in
the MSSA strain, compared to the increase observed in the MSSA strain
responses between these bacterial strains [47]. MRSA and MSSA strains

have different regulatory pathways to cope with oxidative stress, which
could explain the strain-specific responses to the photoactivated Mup

with Mup at 8 pg/mL, can be attributed to the different oxidative stress
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and, H) combinations treatment at different concentrations, under irradiation and darkness conditions. Data are presented as mean

Fig. 8. Production of total Prot (A, B, C, and D), as well as Lip (E and F) and Gel (G and H) by MRSA (A, B, E, F, G, and H) and MSSA (C and D) strains after Ber-Ab (A,
F,

C, E, and G) and Cur-Ab (B, D,
+ SDs for two independent experiments with at least three replicates. Statistical analyses were presented in Table S3.

promoted by the activation of bacterial enzymes responsible for chem-
ical reactions that affect the structure of the antibiotic [45]. In contrast
to these results, photoactivated Mup showed the opposite effect in MRSA
and led to an increase in ROS levels. This could be due to increased
oxidative stress, as an increase in ROS levels has been described as a
possible bacterial response to stressful situations [46]. The observed
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[46]. In MRSA, the lower concentration of Mup could trigger stronger
bacterial defense mechanisms. This defense appears to lead to a reduc-
tion in ROS levels by scavenging ROS more effectively at lower anti-
biotic concentrations. On the other hand, the photoactivation of Mup at
a higher concentration (8 pug/mL) in MSSA probably overwhelms the
oxidative defense systems of bacteria, leading to an increase in ROS
production.

Alongside the inherent ROS production capacity of each compound,
exposure to blue light significantly increased this capacity, which is
particularly noticeable after exposure to Ber-Ab and Cur-Ab combina-
tions. The photoactivation of Ber and Cur has been reported to be
associated with their increased phototoxicity [44,48]. However, a
decrease in ROS production by MRSA after contact with photoactivated
Ber was observed when compared to non-irradiated conditions. This
effect can be attributed to the fact that Ber at the concentration tested
(50 pg/mL) may not have the potential to cause a significant increase in
ROS production when photoactivated. Moreover, it is crucial to high-
light that ROS have a short lifetime [49]. Since ROS measurement
occurred 6 h after photoactivation, it is important to recognize that the
measured ROS amount may not precisely represent that generated
during irradiation. The incubation time could help the bacteria to acti-
vate defense mechanisms against the ROS produced and reduce their
levels [43].

In combination with the respective antibiotics, the duration of the
antibacterial effect of Ber may be prolonged over time, which contra-
dicts the immediate effect after photoactivation. In fact, phytochemicals
and antibiotics used in combination could synergistically interact to
disrupt bacterial homeostasis, enhancing ROS production [18]. Such
effect could be corroborated by the lower efficacy of non-photoactivated
combinations of Ber-Ab and Cur-Ab compared to the individual com-
pounds. This phenomenon could be explained by possible interactions
between the phytochemicals and the antibiotics [21]. In combination,
these compounds might stabilize each other or result in a lower oxida-
tive response from the bacteria, especially in the absence of photo-
activation. The synergistic effects of these combinations are more
pronounced when subjected to photoactivation, probably due to the
activation of ROS-generating pathways specific to light exposure [17].
The lower ROS formation without light may also indicate that the full
potential of the combination is only realized during the photodynamic
process, further enhancing the antimicrobial activity upon photo-
activation. In our recent study, the photodynamic potential of Ber-Ab
and Cur-Ab combinations was investigated, where a remarkable effi-
cacy was observed in inactivating both MRSA and MSSA strains [21].
Notably, a complete inhibition of culturability was verified after 6 h of
incubation. These results corroborate the ROS production data obtained
in the present study, where the photoactivated combinations originated
higher ROS levels, resulting in the complete inactivation of both
S. aureus strains. Although there is a clear correlation between ROS
production and photodynamic antimicrobial activity, it is noteworthy
that photoactivation with blue light was not the only contributor to ROS
formation. Consequently, the interaction of antibiotics, phytochemicals,
and blue light proved to be an effective strategy to achieve complete loss
of culturability of S. aureus strains and at the same time increased ROS
production.

ROS target the bacterial membrane and promote various effects that
compromise its integrity [42]. Indeed, the photoactivation of Ber and
Cur resulted in a higher reduction of the membrane integrity compared
to non-photoactivated cells and the positive controls, which is consistent
with the results of ROS production. These results are consistent with
previous data [23,50,51]. For example, Jiang et al. [51], observed that
Cur when activated by blue light induced stronger red fluorescence in
S. aureus compared to untreated bacterial cells. In the present study, it is
noteworthy that the percentage of cells stained with PI was higher with
photoactivated Ber-Ab and Cur-Ab combinations than with Ber, Cur, and
the antibiotics alone. However, in MSSA the non-photoactivated Ber-Ab
and Cur-Ab combinations had a lower effect than the respective
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compounds alone, which is coherent with the results of ROS production,
suggesting an antagonistic effect. In the case of Mup and Tob, photo-
activation showed no significant effect except for Mup (at 1 pg/mL),
where a slight decrease in the percentage of cells stained with PI was
observed. These results are also consistent with the ROS results, where a
decrease was observed for photoactivated Mup at 1 pg/mL.

The strong correlation between ROS production and PI uptake results
confirms the key role of ROS as a disruptors of membrane integrity. ROS
can attack and damage the lipid molecules that make up the bacterial
cell membrane. This can occur through lipid peroxidation, where ROS
react with the unsaturated fatty acids in the lipid bilayer and generate
peroxides and other reactive products. These products can lead to
degradation of membrane lipids, resulting in loss of cell membrane
integrity and increased permeability [47]. ROS can also damage mem-
brane proteins by oxidizing their amino acid residues, causing protein
dysfunction. In this case, the membrane proteins are no longer able to
fulfill their roles in maintaining membrane integrity and transport
functions [52]. Furthermore, the results demonstrate that ROS produc-
tion capacity is sustained even in the absence of photoactivation. This
intrinsic ROS-generating ability is also evident in the capacity of
non-photoactivated Ber-Ab and Cur-Ab to induce significant membrane
damage.

Although the strong activity of ROS increased the membrane damage
of both S. aureus strains, it is also possible to link this activity to the
intrinsic antibacterial properties of Ber and Cur without photo-
activation, as observed in the results of the positive controls used. Much
is already known about the mode of action of Cur, particularly its effects
on bacterial membranes [53]. The impairment of membrane integrity is
related to its lipophilic structure, which allows it to penetrate deep into
the membrane, disrupting 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
and interfering with exocytotic and membrane fusion processes [14,25].
On the other hand, Ber can increase the fluidity of membrane lipids and
alter the conformation of membrane proteins [23].

Changes in membrane integrity lead to an imbalance of ions,
including K*, which is important for the regulation of cellular processes
[54]. The results showed that all conditions tested, even without pho-
toactivation, led to increased K release by both strains. These results
are also consistent with the PI uptake experiments, where an increase in
membrane damage was observed for all the conditions without irradi-
ation. These results follow other works that have studied the effect of
phytochemicals without any irradiation [31,54]. For example, Borges
et al. [54], observed that two phytochemicals, allylisothiocyanate and
2-phenylethylisothiocyanate, increased K release in S. aureus CECT 976
(1.14 and 0.92 pg/mlL, respectively, versus 0.78 of the control). Addi-
tionally, a strong correlation was observed between PI uptake and K*
release, confirming the ion imbalance caused by membrane disruption.

The release of K* by MSSA was slightly higher than the values ob-
tained for the MRSA strain without blue light irradiation. While our
results differ slightly from those of Borges et al. [54], for the same
S. aureus strain, it is important to note that a full correlation could not be
established because our study used an incubation time of 6 h in NaCl,
which does not provide the ideal conditions for normal bacterial growth
and may lead to changes in membrane permeability and consequently to
the release of K. Hajmeer et al. [55], for example, investigated the
effect of NaCl on the cell morphology of E. coli (ATCC 51657, 43889,
35150, 43894, and 43895) and S. aureus strains (ATCC 13565, 25923,
27154, 27664 and 29213). For this purpose, different concentrations of
NacCl (0 %, 5 %, and 10 %) were used, which were incorporated into the
brain-heart infusion broth. The results showed that cell damage was
dependent on the NaCl concentration. It was also found that E. coli
strains showed lower tolerance to NaCl than S. aureus strains. The au-
thors reported some changes in the membrane permeability of S. aureus.
However, transmission electron microscopy images showed that the
structural integrity of the membrane was maintained, indicating that the
growth environment was still conducive to microbial proliferation.
These results indicate that although NacCl slightly decreases membrane
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permeability, the observed changes in membrane integrity do not affect
the viability of S. aureus. Similar results were observed in our study for
bacterial cells irradiated with blue light alone, which resulted in
increased K release in both strains. This differs from the results of the PI
uptake recording, which showed no effect of blue light irradiation on
bacterial membrane integrity. Dos Anjos et al. [56], for example,
investigated the antibacterial effect of blue light alone against S. aureus
(ATCC 25923), E. coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC
27853). Different doses of blue light at 410 + 10 nm (38.2 mW/cm?)
were used. The authors determined the lethal dose of blue light irradi-
ation that killed 90 and 99.9 % of the three bacterial strains. The results
showed that the two Gram-negative bacteria were more sensitive to the
antibacterial effect of blue light irradiation than the S. aureus strain. The
authors found that sublethal doses of blue light (< 63.5 J/cmz) did not
damage the cell membrane of S. aureus. The incorporation of PI was only
detected after a blue light exposure of 549.6 J/cm?, which was higher
than the lethal dose that killed 100 % of the bacteria (397.7 J/cm?). The
light dose used in the present work (18 J/crnz) was much lower than that
used in the above-mentioned study [56]. The increase in K level could
be related to membrane permeability without obvious structural dam-
age, such as activation of ion channels or changes in the conformation of
membrane proteins [57]. Nevertheless, a strong correlation between K
release and PI uptake results was observed. For example, photoactivated
Ber-Ab and Cur-Ab combinations led to increased K' release in the
MRSA strain (= 90 %). In the case of the MSSA strain, membrane
permeability to PI (approximately 40 %) did not appear to be related to
the striking K™ release when Ber-Ab and Cur-Ab were photoactivated.
These results may confirm that the membrane of the MSSA strain is
completely disrupted, which promotes the release of intercellular com-
ponents such as K. For example, a significant decrease in the number of
total cells treated with photoactivated Ber-Ab and Cur-Ab combinations
was observed, mostly in comparison to those not photoactivated (Fig. 5).
This decrease can be explained by the severe damage of bacterial cell
membranes [58]. This phenomenon could affect PI staining and possibly
lead to an underestimation of the proportion of bacterial cells with
damaged membranes, as has been emphasised elsewhere [59]. Changes
in membrane integrity could also promote modifications in the bacterial
surface charge. Therefore, changes in surface charge that may occur due
to membrane damage, affecting the adhesion properties of bacteria and
their susceptibility to environmental stresses [60,61].

Both bacterial cells tested without treatment had a negative surface
charge, which can be attributed to the presence of anionic groups (e.g.
carboxyl and phosphate) [62]. However, the photoactivation of Ber-Ab
and Cur-Ab combinations and the respective compounds alone leads to
slight changes in the surface charge of the MRSA strain to less negative
values. This increase in zeta potential to less negative values can be
associated with a more permeable membrane [63]. Furthermore, there
were no substantial changes between all conditions without blue light
irradiation. The bacterial surface charge of the MSSA strain also did not
change considerably under all non-photoactivated and photoactivated
conditions. These results align with the findings of Borges et al. [54],
who reported that some phytochemicals cause substantial damage to the
S. aureus membrane but do not cause significant changes to the bacterial
surface charge. Although the bacterial membrane damage may affect the
surface charge, this study has shown that the present strategy does not
effectively destabilize the bacterial surface charge. This fact could be
due to the photoactivated Ber-Ab and Cur-Ab combinations being not
able to induce changes in the structure or composition of the carboxyl
and phosphate groups, which interferes with the bacterial surface
charge [62].

Significant DNA damage was observed from the use of all Ber-Ab and
Cur-Ab combinations and the respective compounds alone. Indeed, a
strong correlation was observed between ROS production and DNA
damage, underscoring the pivotal role of ROS in inducing DNA damage.
Furthermore, the remarkable ability of all photoactivated Ber-Ab and
Cur-Ab combinations to increase DNA damage is attributed to the
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amplified effect between the intrinsic DNA damage of all compounds
tested and the ROS generated by photoactivated Ber-Ab and Cur-Ab
combinations. These results are consistent with other studies, as all
compounds tested can damage DNA, even without photoactivation [14,
64-67]. Ber can inhibit DNA synthesis, while Cur inhibits the bacterial
DNA damage response (SOS response) and interacts with DNA molecules
[14,15]. This genotoxic activity can be related to the upregulation of key
proteins involved in DNA damage response and repair mechanisms.
Karaosmanoglu et al. [68], found that the RecA protein in E. coli was
significantly upregulated after Ber treatment. RecA is crucial for DNA
repair and recombination, SOS response, horizontal gene transfer,
motility, and biofilm formation. On the other hand, the aminoglycoside
antibiotics Gen and Tob bind to bacterial ribosomes, interfering with the
translation process and ultimately inhibiting the synthesis of bacterial
proteins, which may indirectly lead to DNA damage in bacteria,
resulting in the production of misfolded or partially folded proteins
[69]. The accumulation of these abnormal proteins can overwhelm
bacterial protein quality control systems and lead to the formation of
protein aggregates [70], which can disrupt normal cellular processes
and potentially contribute to DNA damage [71]. Similarly, Mup
reversibly inhibits isoleucyl transfer RNA, thereby inhibiting bacterial
protein and RNA synthesis [67]. These mechanisms can also increase the
production of misfolded proteins and thereby cause DNA damage [71].

The DNA damage results obtained with PI and AO were generally
consistent, confirming the effectiveness of both methods in detecting
double-stranded DNA damage. Despite the same tendency of PI and AO
results (which was also confirmed by > CI scoring), some results differed
slightly. In fact, PI and AO bind to DNA in distinct ways, making them
sensitive to different types of damage. PI intercalates between the bases
of double-stranded DNA, particularly in regions where the helix exposes
the bases, strongly binding to the DNA [59]. Its interaction with DNA is
less selective regarding the conformation or structure of the molecule.
Even if the DNA is damaged, by double-strand breaks or distortions, PI
can still penetrate the damaged area and generate red fluorescence [72].
However, PI does not distinguish between specific types of DNA damage,
such as small base changes or structural alterations that do not involve
complete breaks [73]. In contrast, AO is more sensitive to structural
changes in double-strand DNA, including minor distortions in the helix
caused by subtle damage, such as oxidation or base modifications. When
AO binds to double-strand DNA, it intercalates between the nitrogenous
bases, mainly in purine-rich segments (adenine and guanine), producing
intense green fluorescence [34]. AO binds to DNA more flexibly and
specifically, and its green fluorescence is enhanced when it efficiently
intercalates into the intact double helix. In addition, AO can also bind to
single-strand DNA and RNA through distinct mechanisms. Its binding to
single-strand DNA and RNA primarily occurs via electrostatic in-
teractions with the negatively charged phosphate backbone or stacking
interactions with unpaired bases [74]. Unlike its intercalation into
double-stranded DNA, binding to single-strand DNA and RNA typically
results in less stable associations and produces red fluorescence. This
heightened sensitivity of AO to minor structural changes allows for more
precise and comprehensive detection of DNA damage, including
impairment that does not result in complete strand breaks but still im-
pacts the conformation of the helix.

Motility plays a crucial role in the physiology of bacteria and in-
fluences vital functions such as colonization, biofilm formation, and the
ability to adapt to different environments. Although S. aureus is a non-
flagellated bacterium, it exhibits a particular form of motility known
as sliding or colony spreading [75]. All combinations tested significantly
reduced the motility of both strains after 24 h, but only the photo-
activated combinations were able to maintain this reduction up to 72 h.
The reduction observed may be due to oxidative stress caused by the
intrinsic antibacterial activity of each compound used [64]. This
assumption is confirmed by the effect of positive control - HoO3 at 3 %
(v/v), which acts through the production of ROS. This oxidative stress
condition could downregulate the activity of motility-related gene
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expression and, consequently, help S. aureus to preserve resources and
energy under pressure [76]. Additionally, the strong correlation
observed between PI uptake, DNA damage, and sliding results highlights
the significant impact of DNA damage and membrane disruption on
bacterial motility. When combined, these effects compromise both the
structural integrity and energy systems essential for bacterial motility
[13].

The production of virulence factors plays a crucial role in the ability
of bacteria to evade the host immune system, cause tissue damage, and
establish persistent infections [77]. Actually, S. aureus can cause a wide
range of infections due to its diverse virulence factors. These factors
enable the bacterium to adhere to surfaces, invade the immune system,
and exert toxic effects on the host [78]. Among the virulence factors
with potential implications for skin wound infections are Prot, including
Gel and Lip [79]. Prot plays a crucial role in delaying the wound healing
process, thus increasing the likelihood of chronic wound infections [80].
However, it is worth noting that the majority of Prot found in
non-healing wounds are produced by the host in response to the ongoing
inflammation [80]. Lip is an important virulence factor produced by
S. aureus during wound infections of the skin. These enzymes can
weaken host granulocyte function and enhance bacterial survival during
host defense by deactivating germicidal lipids [81]. When S. aureus
colonizes the skin, it degrades human sebum by liphydrolysis and uses it
as a nutrient source. This process not only maintains bacterial growth
but also significantly reduces the skin’s barrier function [82]. S. aureus
has been reported to produce Gel, also known as type IV collagenase
[83]. These enzymes act by specifically cleaving the collagen sequence
in the extracellular matrix, thereby increasing the ability of the bacteria
to infect the host [84]. It has been observed that S. aureus can trigger
secondary activation of Gel in the host, contributing to the proteolytic
activity necessary for dissemination in infected host tissue [85]. The
production of Lip and Gel has been described for some S. aureus strains
[82,83]. However, the strains differ from each other, which leads to
variations in the production of virulence factors. The incubation time of
6 h in NaCl seems to influence the conformation of S. aureus. For
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example, in K release results, higher values were observed for the
MSSA strain compared to the MRSA strain. This altered performance of
the MSSA strain could potentially affect normal Lip and Gel production
[86]. In addition, the high antibiotic resistance of the MRSA strain could
contribute to its increased tolerance in hostile environments, allowing it
to exhibit a more virulent behavior [40].

Despite all these differences, photoactivation of Ber-Ab and Cur-Ab
combinations showed great potential to enhance the anti-virulence ac-
tivity of combinations without irradiation. In fact, Ber-Ab and Cur-Ab
combinations led to increased ROS levels, membrane damage, K*
release, DNA damage, and bacterial motility (Fig. 9). These effects not
only impair the motility of S. aureus but also hinder its ability to express
and secrete virulence factors, as evidenced by the reduced production of
Total Prot, Gel, and Lip. The inhibition of Prot, which are crucial for the
adhesion and degradation of host substrates, may be an indirect
consequence of this damage. Oxidative stress and structural alterations
resulting from membrane and DNA damage can impair the expression
and activity of these enzymes, ultimately leading to a decrease in bac-
terial virulence. The oxidative stress promoted by photoactivation can
disrupt regulatory pathways responsible for the production of total Prot,
including Lip and Gel, leading to a decrease in the expression of these
enzymes [22]. Hu et al. [26], found that Cur can effectively inhibit the
activity of sortase A (belonging to the cysteine Prot family) in Strepto-
coccus mutans UA159. Additionally, Cur has been reported to reduce
important virulence factors such as alpha-hemolysin (Hla) and protein A
(Spa), as well as the expression of the respective genes (hla and spa),
indicating its ability to suppress the production of virulence factors [87,
88].

Added to the observed remarkable multi-target effect of all Ber-Ab
and Cur-Ab combinations, a critical consideration in the development
of antimicrobial therapies for wound infections is the potential cyto-
toxicity of the compounds employed. For instance, the median lethal
dose (LD50) values for Ber in rats following oral administration are re-
ported to be 329 mg/kg [89]. Nonetheless, the concentrations of Ber
utilized in the present study are significantly lower, indicating a
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Fig. 9. Proposed antibacterial mode of action of blue light photoactivated Ber-Ab and Cur-Ab combinations against S. aureus. Upon photoactivation, these com-
binations triggered a marked increase in ROS production leading to severe oxidative stress. This process caused substantial damage to the bacterial cell membranes,
with approximately 90 % disruption in MRSA and 40 % in MSSA, as evidenced by the significant release of intracellular K" (~2.00 pg/mL in MRSA and 2.40 ug/mL in
MSSA). Additionally, the treatment inflicted considerable DNA damage (=~ 50%) in both strains. Beyond its bactericidal effects, aPDI treatment also impaired
S. aureus pathogenicity by reducing motility and inhibiting key virulence factors, including Prot, Lip and Gel, which are critical for infection progression. These
results underscore the multi-target activity of Ber-Ab and Cur-Ab combinations in aPDI as a novel strategy to combat S. aureus infections effectively.



A.S.C. Gongalves et al.

substantial margin of safety. Similarly, Cur has demonstrated no toxic
effects even at high doses, with oral administration of up to 5000 mg/kg
for 14 days showing no adverse reactions [90]. This remarkably low
toxicity profile of curcumin underscores the safety of the Cur-Ab com-
binations in the present study, especially since the concentrations used
were well below the tabulated value.

Concerning antibiotics, Mup topical ointments typically use a con-
centration of 2% (20 mg/mL) [91]. Similarly, Gen ointments and creams
are commonly formulated at a concentration of 0.1% (1 mg/mL), while
Tob eye ointments contain a concentration of 0.3% (3 mg/mL) [92,93].
It is noteworthy that the concentrations used in the present study are
significantly lower than those employed in clinical settings, emphasizing
the safety margin of our experimental approach. Additionally, it is
important to recognize that the toxicity associated with topical appli-
cations may differ from oral administration due to variations in ab-
sorption, metabolism, and distribution. Topical administration often
results in lower systemic exposure, thereby reducing the likelihood of
systemic toxicity [28].

5. Conclusion

This study showed the multi-target activity of photoactivated and
non-photoactivated Ber-Ab and Cur-Ab combinations. Blue light irra-
diation contributed significantly to increasing the action of all combi-
nations tested. In particular, photoactivated Ber-Ab and Cur-Ab
combinations were able to induce significant ROS production even at
low concentrations. Although blue light irradiation notably augmented
ROS production capacity, it is noteworthy that all compounds individ-
ually and without irradiation exhibited considerable ROS generation
potential. The strong induction of ROS created an initial oxidative stress
environment that leads to a remarkable decrease in membrane integrity,
as confirmed by the release of K. Following this destabilization, all
compounds interacted with the intracellular content, promoting effec-
tive antibacterial activity. The compounds further exhibited a remark-
able potential to induce DNA damage, even without blue light
irradiation. Photoactivated Ber-Ab and Cur-Ab combinations were able
to reduce the virulence and pathogenicity of S. aureus strains by
impairing motility and Prot production.

While blue light irradiation exhibited a high potential to enhance the
activity of all phytochemical-Ab combinations, an amplified effect was
observed for these combinations without irradiation when compared to
the respective compounds alone. Notably, despite the considerable po-
tential observed across all combinations tested, those incorporating Ber
consistently outperformed others across all bacterial physiological
indices of both strains. These results suggest that photoactivation of Ber-
Ab and Cur-Ab combinations could be an effective strategy for the
treatment of topical S. aureus wound infections. Moreover, due to its
multi-target nature, this approach could efficiently overcome bacterial
resistance to antibiotics and restore their efficacy. Added to this, the
present study provides a solid basis for future research involving bio-
films and chronic wound models (in vitro and in vivo). By focusing on
planktonic cultures, this approach enables controlled research into the
effects of Ber-Ab and Cur-Ab combinations and the influence of incu-
bation time on their antimicrobial activity, which could support the
development of translational therapies for topical infections.

Glossary

AO: Acridine Orange

aPDI: Antimicrobial photodynamic inactivation
Ber: Berberine

Ber-Ab: Berberine-antibiotic combinations

Cur: Curcumin

Cur-Ab: Curcumin-antibiotic combinations
dH,O0: Distilled water

DMSO: Dimethyl sulfoxide
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EPS: Extracellular polymeric substances
Gel: Gelatinases

Gen: Gentamicin

DCF-DA-2',7’: Dichlorodihydrofluorescein diacetate
K*: Potassium

LBB: Luria-Bertani broth

LED: Light-emitting diode

Lip: Lipases

MHA: Mueller-Hinton agar

MHB: Mueller-Hinton broth

MIC: Minimum inhibitory concentration
MRSA: Methicillin-resistant S. aureus
MSSA: Methicillin-susceptible S. aureus
Mup: Mupirocin

NaCl: Sodium chloride

PCA: Plate count agar

PI: Propidium iodide

PS: Photosensitiser

Prot: Proteases

ROS: Reactive oxygen species

SDs: Standard deviations

Tob: Tobramycin
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