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INTRODUCTION

Microbial resistance constitutes a major global pub-
lic health concern, as highlighted by the World Health
Organization (WHO).' The WHO reports that infections
caused by resistant bacteria significantly contribute to the
growing threat of antimicrobial resistance (AMR), which
could result in up to 10 million deaths annually by 2050
if effective measures are not implemented.*> Bacterial re-
sistance has been documented since the discovery of anti-
biotics, involving mechanisms such as genetic mutations,
horizontal gene transfer, and modifications of antibiotic
targets.”> Beyond resistance, phenomena such as toler-
ance and persistence also play critical roles in antibiotic
treatment failure.

Tolerance is a population-wide phenomenon that pro-
longs bacterial survival under lethal antibiotic exposure in
the absence of classical resistance mechanisms. Studies
have shown that this extended survival period offers a crit-
ical window for the evolution of resistance.®” Moreover,
tolerance can enhance survival under protection against
multiple classes of antibiotics, as it is not mediated by spe-
cific resistance determinants targeting individual antibi-
otic types.

Persistence is a subset of tolerance, in which only
a small fraction of the population exhibits the tolerant
phenotype. It is characterized by biphasic killing curves:
an initial rapid death of susceptible bacteria followed by
a slowed death rate, allowing persisters to survive pro-
longed antibiotic exposure, even in the presence of high
antibiotic concentrations. In addition, bacterial popula-
tions derived from persister survivors exhibit the same bi-
phasic survival curve when treated again, indicating that
persistence is not a heritable trait, but rather a transient,
phenotypic adaptation.*®

A key parameter in treating persistent bacteria is the
minimum duration of killing (MDK), which denotes the
time required to eradicate a significant portion of a mi-
crobial population.’ In the initial phase, the MDKy,, de-
fined as the time needed to kill 99% of the population, is
similar to that of sensitive bacteria, indicating that a sub-
stantial portion of the population is eliminated quickly.
However, the death rate drastically slows in the second
phase, reflecting the presence of a persistent subpopu-
lation. At this stage, the MDK 99.99% of the population
(MDKyy 49) is significantly extended relative to popula-
tions for sensitive populations. This shift serves as a per-
sistent phenotype marker, indicating that these cells can
survive for prolonged periods even under high antibiotic
concentrations. When using concentrations far above the
minimum inhibitory concentration (MIC), it is possible
to evaluate the weak dependence of persister killing rates
on antibiotic levels, attributed to a metabolic dormancy

state. In this state, essential biological processes such as
cell division and protein synthesis are reduced or halted,
thereby reducing the efficacy of antibiotics that target ac-
tively growing cells, which typically rely on metabolically
active cells.*

Persistent bacterial populations contribute to recur-
rent or chronic infections, as seen in S. aureus-related
diseases. S. aureus, a Gram-positive bacterium, is one of
the most prominent opportunistic human pathogens,
capable of adapting to adverse conditions and caus-
ing severe infections such as endocarditis, pneumonia,
meningitis, sepsis, and osteomyelitis.'® These infections
can be acute, recurrent, or persistent. The evolution of
pathogens in cases of antimicrobial resistance and per-
sistent infections occurs within the host environment,
where additional selective pressures, such as immune
responses and antibiotic exposure, can contribute to
both drug resistance development and immune system
evasion.'®!

One adaptive mechanism in S.aureus involves
macrophage-induced antibiotic tolerance, associated
with the oxidative and nitrosative stress generated during
phagocytosis (ROS and RNS). Upon phagocytosis, mac-
rophages generate various reactive oxygen species (ROS)
and reactive nitrogen species (RNS), such as superoxide,
hydrogen peroxide, nitric oxide, and peroxynitrite, which
can damage cellular structures and promote bacterial kill-
ing. However, S.aureus has a robust antioxidant defense
system, including superoxide dismutases (SodA, SodM),
catalase, and antioxidant molecules such as staphylox-
anthin, enabling survival within macrophages. Notably,
bacteria that withstand this hostile environment develop
near-complete tolerance to bactericidal antibiotics.'*?

Photodynamic inactivation (PDI) represents a promis-
ing strategy for microbial eradication through the genera-
tion of ROS, which induce oxidative stress within bacterial
cells.’*!* PDI is based on the interaction between light and
photosensitizing agents, resulting in the formation of sin-
glet oxygen and other ROS that compromise essential cel-
lular structures and functions.'

Upon irradiation with light of a specific wavelength,
the PS transitions to an excited state and can engage in
two types of photochemical reactions: Type I and Type
I1.'% In the Type I mechanism, electron transfer occurs be-
tween the excited triplet state of the PS and surrounding
biomolecules, forming radical species that subsequently
react with molecular oxygen to produce ROS. In Type II
reactions, energy is directly transferred from the excited
PS to molecular oxygen, yielding singlet oxygen (*0,), the
primary cytotoxic species responsible for photodynamic
damage." These processes culminate in oxidative modi-
fications of proteins, lipids, and nucleic acids, ultimately
leading to microbial cell death."”
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Bacteria possess antioxidant defense systems—in-
cluding superoxide dismutase (SOD), catalase, and per-
oxidases—to counteract ROS. However, PDI overwhelms
these mechanisms via excessive ROS generation, resulting
in irreversible cellular damage.'® Notably, singlet oxygen
generated through Type II reactions is particularly delete-
rious, as conventional antioxidant defenses are ineffective
against this species.'” Photosensitizers such as porphyrins,
phthalocyanines, and phenothiazines (e.g., methylene
blue) exhibit high quantum yields for singlet oxygen pro-
duction, whereas photosensitizers like curcumin predom-
inantly generate free radicals and hydrogen peroxide.**"

Curcumin, a polyphenolic compound derived from
turmeric (Curcuma longa), has low toxicity and is safe
for food, medical, and environmental applications. It ex-
hibits a broad absorption spectrum in the visible range
(340-535nm), making it compatible with widely avail-
able and cost-effective blue light sources. It demonstrates
broad-spectrum antibacterial activity against both Gram-
positive and Gram-negative bacteria, including S.aureus,
Enterococcus faecalis, Staphylococcus intermedius, Bacillus
subtilis, Escherichia coli, and Salmonella typlfzimz,trium.22
The combination of PDI and antibiotic administration has
shown synergistic effects, enhancing bacterial eradication
beyond conventional antibiotic therapy, and offering an al-
ternative to the treatment of resistant bacteria.”*** On pho-
toactivation, curcumin generates ROS via both type I (free
radical-mediated) and type II (singlet oxygen-mediated)
pathways. However, it has low singlet oxygen (*0O,) yield,
generating predominantly type I ROS, such as free radi-
cals (superoxide O; and hydroxyl radical OH-) and hydro-
gen peroxide (H,0,), known to induce a tolerance state in
S. aureus by stimulating the bacteria to enter dormancy or
reduce their metabolic activities, enhancing bacterial cell
survival to antibiotic treatment.'“**?! As such, it is of in-
terest to evaluate the effect that subinhibitory doses of
curcumin-mediated PDI may promote in combination with
antibiotic treatment, as, in this context, PDI may serve both
as a promising tool to combat persistent bacterial popula-
tions or hinder antimicrobial efficacy. Therefore, this study
aimed to analyze the persistence behavior of an S.aureus
strain and evaluate the effects of PDI treatment with cur-
cumin on bacterial survival and killing kinetics.

MATERIALS AND METHODS
Bacterial strains

Staphylococcus aureus (ATCC 25923) and a clinical iso-
late of methicillin-resistant S. aureus (MRSA) were used.
Bacterial strains were stored at —80°C in brain heart in-
fusion (BHI) broth supplemented with 20% glycerol.

Inoculum was prepared by thawing bacterial stocks,
followed by incubation in BHI at 37°C with agitation
(0.125xg) in a shaker incubator (Quimis®). Cells were sub-
sequently centrifuged at 3000xg, washed twice with phos-
phate buffered saline (PBS), and resuspended in PBS. The
optical density at 600 nm (OD600) was measured using a
spectrophotometer (Cary UV-Vis50, Varian) to adjust the
bacterial concentrations to approximately 10’-10° colony-
forming units per milliliter (CFU/mL).

Bacterial persistence assays
MIC

The MIC was determined according to Clinical and
Laboratory Standards Institute (CLSI)* guidelines using
Oxacillin. Serial dilutions of Oxacillin were prepared in 96-
well plates using Mueller-Hinton broth. Bacterial suspen-
sions were adjusted to a final concentration of 10° CFU/
mL, and positive (growth control) and negative (medium-
only) controls were included. Plates were incubated at
37°C for 24h. Following incubation, resazurin solution
(0.002%) was added to each well and incubated for 4h at
37°C to determine MIC, defined as the lowest antibiotic
concentration inhibiting visible bacterial growth.

Time-kill assay

Overnight cultures were diluted 1:200 in Mueller-Hinton
broth and incubated at 37°C with agitation (0.125xg) for
3h to reach mid-exponential phase. Samples were ad-
justed to 10°CFU/mL and treated with oxacillin at 10x
and 50x MIC. At predefined time points, bacterial cultures
were centrifuged, washed, serially diluted (107! to 1079),
and plated on Mueller-Hinton agar for CFU/mL deter-
mination. The stationary phase of the time-kill curve was
analyzed to identify persistent cells, and survivors were
collected for hereditary testing.

Hereditary testing

Overnight cultures were diluted 1:200 in Mueller-Hinton
broth and incubated at 37°C with agitation (0.125xg) for
3h. Cultures were then exposed to Oxacillin and incu-
bated for 24 h to induce partial population lysis. Surviving
cells were centrifuged (3000xg, 5min), resuspended in
fresh BHI broth, and incubated at 37°C with agitation for
16-24h. This new population of persistent cells was re-
tested for antibiotic survival. This procedure was repeated
three times.
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Growth phase dependence of persistence
formation

Overnight cultures were diluted 1:200 in BHI and incu-
bated at 37°C with agitation (0.35xg). At different growth
phases (lag, log, and stationary), cultures were treated
with oxacillin to induce persistence and incubated at 37°C
with agitation for 21h. Samples were collected pre- and
post-antibiotic treatment, centrifuged, serially diluted,
and plated for CFU/mL determination. The frequency
of persister cells was compared across growth phases, in-
cluding under PDI conditions.

PDI

A stock solution of curcumin (5mM) was prepared in
ethanol and diluted in distilled water to obtain final
concentrations of 2.5, 2.0, 1.5, and 1pM. Experimental
groups included a general control (bacteria+ PBS), a dark
control (bacteria+curcumin no light), a light control
(bacteria+1light no curcumin), and a PDI-treated group
(bacteria + curcumin + light). In the PDI and dark control
groups, 500pL of bacterial suspension was mixed with
500 uL of curcumin solution in a 24-well plate and incu-
bated in the dark at 37°C for 15min. After incubation, the
light control and PDI groups were irradiated with 5.0 or
2.5J/cm?* using a 450nm LED-based device (Biotable®)
with a power output of 40 mW.
Light dose was calculated using Equation (1):

D=1t €Y)

D, dose (fluence); I, light intensity (mW/ cm?); t, irradi-
ation time (s).

Samples were serially diluted and plated to determine
CFU/mL post-treatment. Surviving bacteria at the se-
lected dose and irradiation conditions were centrifuged
and resuspended in Mueller-Hinton medium before being
transferred to Falcon tubes containing 10x and 50x MIC
of oxacillin. Samples were collected, diluted, and plated
hourly to assess CFU/mL, following the established time-
kill methodology. Similarly, a second time-kill assay was
performed after metabolic recovery of the PDI-surviving
population. The microorganism was kept under agitation
and at optimal growth temperature for 4h to allow met-
abolic restoration and subsequently following the same
time-Kkill assay methodology described above.

Data analysis

Data analysis was guided by the study's specific objectives,
focusing on reducing bacterial survival times (MDK) using

oxidative photodynamic methods. The experiments were
performed in independent triplicates (N=9) for each group
studied. Results were evaluated based on microbial inhibi-
tory effects observed under PDI treatment and analyzed
by ANOVA associated with post hoc Tukey test; the error
bar was determined by standard deviation. A p-value <0.05
was considered statistically significant, and Origin Version
2020 was used for plotting the graphics.

RESULTS
Bacterial persistence characterization
MIC

The MIC of oxacillin for the S. aureus strain analyzed was
determined to be 0.125pg/mL, indicating susceptibility,
according to Clinical and Laboratory Standards Institute
(CLSD)* guidelines. The MIC of oxacillin for the MRSA
strain analyzed was determined to be 64 pg/mL, classify-
ing it as resistant according to CLSI guidelines. Based on
the found MIC, concentrations of 10x and 50x MIC were
selected for the time-Kkill assays.

Time-kill assay

Time-kill assays were conducted to determine whether the
studied bacterial population exhibited persistence charac-
teristics (Figure 1). For the S.aureus strain, the observed
killing curves displayed a biphasic pattern, which is indic-
ative of a persistent subpopulation containing persistent
phenotypes. The initial phase showed rapid elimination
of susceptible cells, followed by a second phase where the
death rate slowed considerably, allowing a subpopulation
of bacteria to survive prolonged antibiotic exposure.

The biphasic nature of the killing curves suggests the
presence of a metabolically dormant subpopulation capa-
ble of enduring prolonged antibiotic exposure. The same
pattern was observed at both 10x and 50x MIC, which
supports the idea that persistence is independent of anti-
biotic concentration beyond a certain threshold. This sur-
vival mechanism is linked to metabolic dormancy, where
essential cellular processes, such as division and protein
synthesis, are downregulated, reducing the efficacy of an-
tibiotics that target metabolically active cells.*

The analysis of time-kill data also showed that the
minimum duration for killing 99% of the population
(MDKy,) was comparable to that of fully susceptible
strains, indicating that a significant portion of the popu-
lation was eliminated rapidly. However, in the persistent
subpopulation, the MDKyq 4o Was significantly extended,
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demonstrating that these cells can survive for extended
periods even in the presence of elevated antibiotic concen-
trations. This temporal shift in bacterial survival further is
consistent with the persistence phenotype.

The MRSA strain exhibited a biphasic survival curve,
similar to the susceptible strain (Figure 2). However, dif-
ferences were observed between the 10x and 50x MIC
conditions, suggesting that the survival of MRSA may be

10° 4 10x MIC Oxacilin
3 ® 50x MIC Oxacilin

Fit Curve 10x CIM

-~

- 4 — Fit Curve 50x CIM

g 107 5 - - - Expected Curve for

=) Susceptible Population

=

Q02

~ 10~ 4

w

s

>

=

Z 107 5

=

1]

4t

=}

= 10 4

510

=

Q

<

=

M= 10"

10 -
0

Time (h)

FIGURE 1 Time-kill curve of Staphylococcus aureus using
10x and 50x MIC of oxacillin. The fitted curves for the data points
collected over 24h at 10x and 50x MIC exhibit the typical biphasic
behavior of populations with persistent phenotypes. The dashed
curve represents the expected behavior for sensitive bacterial
populations. Created by the authors.
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FIGURE 2 Time-kill curve of Staphylococcus aureus-MRSA
using 10x and 50x MIC of oxacillin. The fitted curves for data
points collected over 24h at 10x and 50x MIC exhibit biphasic
behavior associated with populations containing persistent
phenotypes. Created by the authors.

influenced by heteroresistance rather than persistence.
The distinct killing dynamics observed at different anti-
biotic concentrations indicate that a subpopulation might
be adapting to high oxacillin concentrations rather than
entering a metabolically dormant state.

Heritability of persistence

To assess whether persistence is an inherited trait, surviv-
ing bacterial populations from the time-Kkill assays were
isolated and re-exposed to Oxacillin for three consecu-
tive days (Figure 3). The results showed that the derived
populations retained the biphasic killing profile without
an increase in the proportion of persisters. These findings
indicate that, as expected for the persistence phenotype,
the population maintains a reversible phenotypic state in
which bacterial cells do not pass on the dormant state to
their progeny. Together with the previous results, this con-
firms that the analyzed population maintains persistence
characteristics. This conclusion is further supported by the
absence of MIC alterations compared to susceptible bacte-
ria, excluding the possibility of heteroresistance.

Growth phase dependence

To investigate whether persistence formation depends on
bacterial growth phase, cultures were harvested at differ-
ent growth phases (lag, early log, late log, and stationary)
and exposed to antibiotic treatment (Figure 4). The analysis
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FIGURE 3 Time-kill curve of Staphylococcus aureus using 10x
and 50x MIC of oxacillin. DO: Day 0, sensitive population; D1: Day
1, population derived from persister survivors of DO; and D2: Day
2, population derived from persister survivors of D1. Created by the
authors.
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FIGURE 4 Growth curve of Staphylococcus aureus over 6 h and
persister survivors after treatment with 50x MIC of oxacillin for
21h. Created by the authors.

of bacterial killing kinetics showed a marked increase in
the fraction of persister cells at the end of the exponential
phase and in the stationary phase. This suggests that rapid
growth conditions may favor the formation of these sub-
populations, with the greatest abundance of persisters ob-
served in the stationary phase. These findings support the
hypothesis that factors such as nutrient limitation and high
population density contribute to persister cell emergence,
as previously described in other studies.” These results
indicate that persister formation is tightly associated with
the metabolic state of the bacterial population and is influ-
enced by the stage of the growth cycle.

PDI optimization

The effects of different curcumin concentrations (1.0-
2.5pM) and light doses (2.5 and 5.0 J/cm?) on bacte-
rial survival were analyzed (Figure 5). Control groups
(dark and light-only conditions) showed no significant
bacterial reduction, demonstrating that bacterial inacti-
vation requires both curcumin and light exposure. A dose-
dependent response in bacterial load was observed, with
a 4.5-log reduction at 1M curcumin and 2.5J/cm® At
2 and 2.5pM curcumin, bacterial counts were below the
detection threshold for both light doses, indicating com-
plete eradication. These results confirm the high efficacy
of PDI when curcumin concentration exceeds 2 uM. After
these tests, the treatment group that resulted in the lowest
reduction in bacterial viability, 1 pM curcumin and 2.5J/
cm?, was selected for additional time-kill assays to assess
bacterial killing kinetics following PDI.

Significance Level: 0.05
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FIGURE 5 PDI graph showing Staphylococcus aureus survival
in dark controls with curcumin concentrations ranging from 2.5
to 1 puM, light dose controls at 2.5 and 5]/ cm?, and PDI with fixed
light doses for different curcumin concentrations. Bacterial load
was undetectable for concentrations of 2 and 2.5uM at both light
doses. Different letters indicate statistically significant differences
(p<0.05). Created by the authors.

Effect of PDI on persistence
Time-kill assay

To evaluate whether PDI affected the formation of per-
sister cells, time-kill assays were conducted on bacterial
populations surviving PDI treatment. Figure 6 presents
a comparison between the initial population and the
post-treatment population, revealing an altered survival
profile, suggesting a behavior associated with tolerance
or resistance following PDI. To determine whether this
change indicated the presence of resistant bacteria, a
new MIC test was performed. The MIC values remained
unchanged compared to the original susceptible popula-
tion, excluding the possibility of acquired resistance. A
plausible hypothesis is that this behavioral change may
be associated with the role of ROS generated by curcumin
during PDI. Curcumin has a low quantum yield for sin-
glet oxygen ('0,) and predominantly produces ROS***!
that have been previously linked to the induction of toler-
ance in S. aureus."

Post-PDI time-kill assays on the methicillin-resistant
strain (Figure 7) showed no observable increase in tol-
erance, suggesting that MRSA's resistance mechanisms
provide adequate protection against oxidative stress. This
indicates that, unlike in susceptible strains, PDI may
be ineffective in inducing dormancy-associated toler-
ance in MRSA. Further studies are needed to explore the
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FIGURE 7 Time-Kkill curve of Staphylococcus aureus-MRSA
using 10x and 50x MIC of oxacillin after PDI application (1 pM and
2.5]/cm?). Created by the authors.

interactions between PDI and resistance mechanisms in
resistant bacterial populations.

Growth phase dependence

In addition, an additional experiment was performed to
analyze growth dynamics and persister formation follow-
ing PDI treatment. The objective was to evaluate how ini-
tial PDI exposure influenced bacterial population behavior
over time, focusing on recovery dynamics and persister
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FIGURE 8 Growth curve of Staphylococcus aureus after PDI
treatment over 6h and persister survivors after treatment with 50x
MIC of oxacillin for 21h. Created by the authors.

frequency. Figure 8 presents the growth curve of bacterial
populations treated with PDI compared to surviving bac-
teria following 21 h of antibiotic treatment. During the first
4h after PDI treatment, the population exhibited a signifi-
cant growth delay, indicating that PDI-induced oxidative
stress transiently impaired cell viability. This observation
supports the hypothesis that treatment-induced stress
may trigger metabolic dormancy and antibiotic tolerance
in bacterial cells. However, after 6 h, a marked increase in
bacterial growth was observed, indicating transition out
of the dormant state and recovery of metabolic activity.
Persister cell formation remained stable up to 4 h post-PDI
treatment, followed by an abrupt decrease in the propor-
tion of survivors at the 6-h mark.

Second time-kill assay

Following the assessment of recovery dynamics and per-
sister frequency in the growth dynamics assay, a second
time-kill experiment was performed to evaluate the bac-
terial killing curve after recovery of metabolic activity in
populations that had survived PDI treatment. Figure 9
presents a comparison between the killing curves ob-
tained under three conditions: after metabolic recovery
of the PDI-treated population, immediately after PDI ex-
posure, and in the standard time-kill assay without prior
PDI. The post-recovery assay revealed a higher rate of cell
death compared with both reference curves, indicating an
enhanced combinatory effect of PDI and antibiotic treat-
ment when antibiotics are administered after metabolic
restoration, suggesting that residual damage caused by
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10" 4 Curcumin has an intrinsically low quantum yield for sin-
]/j\l T glet oxygen (*0,), with values of 0.01 in ethanol solution,

10° 4 i/i ; compared to values between 0.5 and 0.8 for photosensitiz-
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FIGURE 9 Time-kill curve of Staphylococcus aureus using
10x and 50x MIC of oxacillin after recovery of metabolic activity
on bacterial populations surviving PDI application (1 pM and 2.5J/
cm?). Created by the authors.

photodynamic treatment can potentiate antibiotic activity
once the transient adverse effects on bacterial metabolism
have been resolved.

DISCUSSION

In this study, after determining bacterial susceptibility
through the MIC of oxacillin, the analysis of bacterial
killing curves revealed a biphasic pattern characteristic
of bacterial populations with persistent phenotypes. This
pattern highlights the presence of a subpopulation capa-
ble of surviving high antibiotic concentrations associated
with metabolic dormancy. The consistency of persister
cell behavior at both 10x and 50x MIC reinforces the
low dependency characteristic persistence of persistence
on antibiotic concentration. Unlike resistant cells, which
survive through genetic adaptations that enhance their
ability to counteract antibiotics, persister cells survive
due to their transient, phenotypic state of dormancy. This
distinction underscores the importance of alternative
therapeutic strategies, such as PDI, which do not depend
exclusively on metabolic activity for bacterial inactivation.
Additionally, PDI experiments using different curcumin
concentrations confirmed its dose-dependent effective-
ness in reducing bacterial load. However, time-kill assays
performed on bacterial populations surviving PDI indi-
cated a potential induction of tolerance in S. aureus.

A relevant point of discussion is the hypothesis that
this phenotypic alteration may be associated with the role
of ROS generated by curcumin during PDI, further sup-
ported by the similarity in MIC values before and after PDI.

ers such as porphyrins, phthalocyanines, and chlorin deriv-
atives. This means that although curcumin absorbs photons
in the visible range, only a small proportion of that energy
is converted into singlet oxygen. Thus, curcumin results in
lower singlet oxygen generation (‘O,) compared to other
photosensitizers used in PDI, generating predominantly
ROS, such as free radicals (superoxide O}~ and hydroxyl rad-
ical OH-) and hydrogen peroxide (H,0,).*>*'

According to Rowe et al.,'® ROS can induce a toler-
ance state in S. aureus by stimulating the bacteria to enter
dormancy or reduce their metabolic activities, enhancing
bacterial cell survival. This effect is attributed to the inac-
tivation of crucial metabolic pathways via oxidative stress
generated by ROS, reducing ATP production and placing
bacteria in a low-activity state that may make them tem-
porarily tolerant. Therefore, ROS production by curcumin
may have contributed to the induction of a tolerance state
in S.aureus, where cells surviving PDI treatment entered
a dormancy or low metabolic activity state. This hypothe-
sis is further supported by the subsequent time-kill curve
performed after restoration of the population's metabolic
activity, which showed an increased rate of cell death com-
pared to both the curve obtained immediately after PDI
and the standard time-kill assay without prior PDI expo-
sure. These findings indicate that the combined use of PDI
and antibiotic therapy can be either highly effective or po-
tentially detrimental, depending on the timing and strat-
egy employed for antibiotic administration. A potential test
that additionally validates this hypothesis is the application
of excess glucose to the medium, which, as performed in
Rowe et al.'s™ experiment, would increase ATP generation
through substrate-level phosphorylation, consequently re-
storing antibiotic susceptibility.

During the growth phase dependence assay, the fre-
quency of persister cells remained constant up to 4h
post-PDI treatment, followed by a sharp decline in sur-
vivor proportion at the 6-h mark. These results suggest
that while PDI significantly reduces the initial bacterial
load, it may create conditions that promote the selection
or induction of persister cells immediately after treat-
ment. Enhanced efficacy of post-treatment antibiotic
administration was observed when administered after
bacterial metabolic recovery, preventing the develop-
ment of tolerance within the population. Future studies
should focus on bacterial killing kinetics by introduc-
ing antibiotics at different time intervals following PDI
treatment.

Resistant S.aureus strains exhibited differences in
time-kill curves at 10x and 50x MIC and a gradual de-
crease in bacterial load in post-PDI treatment assays.
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These results may indicate a limitation in tolerance or
persistence induction in resistant bacteria. The time-kill
assay results suggest that the observed behavior may not
be due to the formation of persistent phenotypes but
rather to a heterogeneous resistance adaptation within
the population favoring the survival of a subpopulation
of cells. This raises the question of whether resistant bac-
teria might be less prone to persistence formation than
susceptible bacteria, as persistence represents a distinct
survival mechanism. The distinct behavior observed at
10x MIC may be due to resistant cells adapting to the
antibiotic concentration, with a subsequent MIC analy-
sis potentially elucidating an increase in resistance lev-
els. This result suggests that studying killing curves and
persistence formation in resistant bacteria may require
antibiotic concentrations much higher than those used
for susceptible bacteria, such as 100x MIC. To determine
whether resistant bacteria are indeed less prone to per-
sistence formation, time-kill and heritability assays with
antibiotics of differing mechanisms of action from those
to which the bacteria are resistant would be of interest.
The killing curves observed after PDI treatment did not
support tolerance induction, possibly due to enhanced
adaptation to oxidative stress conditions via bacterial re-
sistance mechanisms or a general limitation in tolerance
induction in resistant bacteria, as discussed earlier. As
previously mentioned, future research in this area could
involve evaluating antibiotics targeting different cellular
pathways and initiating time-kill assays at various time
points post-PDI treatment.

An additional point of interest is the metabolic repro-
gramming in MRSA in response to f-lactam antibiotic ex-
posure, particularly an increase in TCA cycle activity to
optimize energy production. The study by Keaton et al.?’
demonstrates that MRSA undergoes significant meta-
bolic adaptation when exposed to p-lactams, redirecting
central carbon flux toward the TCA cycle to ensure suffi-
cient energy production for survival. f-Lactam exposure
triggers a complex metabolic reorganization in MRSA,
primarily characterized by increased TCA cycle activity
to optimize energy production, along with adjustments
in other central pathways such as glycolysis, fermentative
pathways, carbohydrate metabolism, amino acid metab-
olism, and fatty acid metabolism, reflecting the bacte-
rium's adaptation to survive under antibiotic selective
pressure.”’?° This metabolic adaptation may be a factor
influencing the difference in MRSA behavior in killing
curves and after PDI treatment compared to the behavior
observed in susceptible S.aureus. This adaptation could
affect tolerance or persistence behavior in MRSA when
treated with p-lactam antibiotics, reinforcing the need for
persistence studies in MRSA using antibiotics to which it
is not resistant.
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