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Photodynamic inactivation and
its effects on the heterogeneity of
bacterial resistance
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Antimicrobial resistance is a growing threat to global public health, requiring innovative approaches
for its control. Photodynamic inactivation (PDI) with light-activated photosensitizers has emerged as a
strategy to combat resistant bacteria, challenging the intrinsic heterogeneity of bacterial populations.
This study evaluates the impact of PDI on both heterogeneity and shape of the distribution profile of
resistant bacterial populations, specifically on strains of Staphylococcus aureus resistant to amoxicillin,
erythromycin, and gentamicin, for exploring its potential as an adjuvant therapy in the fight against
bacterial resistance. Curcumin (10 pM) was used as a photosensitizer and five cycles of PDI were applied
on Staphylococcus aureus strains under 450 nm irradiation of 10 J/cm2 energy density. The resistance
variations amongst bacterial subpopulations were investigated by calculating the minimum inhibitory
concentration (MIC) before and after PDI treatment. MIC was significantly reduced by the antibiotics
tested post-PDI and a reduction in the heterogeneity of bacterial populations was recorded, suggesting
PDI can effectively decrease the resistance diversity of Staphylococcus aureus. The result reinforces the
potential of PDI as a valuable adjuvant therapy, offering a promising avenue for mitigating bacterial
resistance and promoting more effective treatment strategies against resistant infections.

The heterogeneity of a population of microorganisms under infection treatment is a critical aspect that
influences both the dynamics of infection and the effectiveness of treatment'. During such treatments, microbial
populations are subject to a variety of selective pressures, including exposure to antimicrobials?, which select
resistant microorganisms and can induce variations in their survival capacity, growth, and virulence, contributing
to a complex heterogeneity®. Historically, the main causes of human mortality were associated with infectious
diseases®”, since they are easily contagious and treatments were ineffective until the discovery of Penicillin,
the first antibiotic®, in 1928. Because of that drug, life expectancy has increased and, currently, the main fatal
diseases are associated with cardiovascular problems and cancer*”$, However, the rise of antibiotic-resistant
pathogens has increased alarmingly, and future projections indicate infectious diseases will be the main causes
of human mortality, reaching up to 10 million annually”?, returning to a similar scenario of the past!’.

The presence of resistant subpopulations and the rapid adaptation capacity of microorganisms can lead
to therapeutic failure, requiring the use of drug combinations or the development of new antimicrobials®.
Treatments of infections can not only select local resistant microorganisms but also facilitate the transfer of
resistance genes between microorganisms, magnifying the problem of antimicrobial resistance!!!?. Microbial
heterogeneity can result in significant variations in the responses to treatments between different individuals or
infections, making infection management a clinical challenge!>!*. A therapy combined with the use of multiple
antimicrobials with different mechanisms of action is a strategy to overcome heterogeneity, reduce the risk of
selection of resistant subpopulations, and address microbial heterogeneity more effectively'®.

Photodynamic inactivation has been shown useful for enhancing the action of the antibiotic, increasing the
susceptibility of bacteria to different classes, and, thus, preventing the spread of resistance!®?2. Its mechanism
of action is initiated by the uptake of the photosensitizer (PS) by the microorganism, which when it receives a
photon with enough energy to promote an electron from the ground state (S)) to the excited singlet state (S,).
The mechanism of interest is the transition of the electron without radiation to the excited triplet state (T,) via
intersystem crossing, which can return to the ground state by a phosphorescence process**=2°. PS in the triplet
state can trigger two types of reactions in the microorganism. One refers to the interaction with biomolecules
through electron transfer?®?’, which, in turn, interacts with oxygen, triggering the production of various reactive
oxygen species (ROS) that degrade cellular components and can lead to the death of the microorganism?®. Triplet
PS, the second mechanism, transfers energy directly to oxygen so that it passes into the singlet state, which is
highly reactive for degrading cellular components and can lead to the death of the microorganism*”%.
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This study investigated the photodynamic action on the heterogeneity of resistant bacterial populations, i.e.,
the different responses of bacterial cells within the population phenotypically classified as resistant, exploring
the feasibility of mitigating the emergence of antimicrobial resistance and enhancing therapeutic efficacy. A
detailed analysis based on the microbial kill profile is proposed, validating the effectiveness of the approach in
combating resistance. Such validation was conducted by quantifying minimum inhibitory concentrations (MIC)
for different antibiotics classes and examining the heterogeneous responses of resistant bacterial populations
(Fig. 1). A mathematical analysis of the data involved the exploration of functions that adequately describe the
behavior of population mortality. The study stands out in its analytical focus on the diversity of responses to
PDI, providing valuable information for developing more effective strategies for managing resistant bacterial
infections.

Results

Effect of antibiotics on resistant strains without PDI

The data in Fig. 2 show a direct relationship between the concentrations of amoxicillin (AMO), erythromycin
(ERY), and gentamicin (GEN) antibiotics and the lethal fraction of resistant bacterial strains for both clinical
isolates of methicillin-resistant Staphylococcus aureus (MRSA) and laboratory-induced resistance. Notably,
resistant strains maintained viability at concentrations substantially higher than the reference minimum
inhibitory concentration (MIC), surviving even at doses up to 8 times higher, with only a fraction of the
population affected. The logistic function described by Eq. 2 was the one that best modeled the experimental
data.

The bacterial death profile of MRSA (Fig. 2.A) was different for the three aforementioned antibiotics, leading
to different death fraction derivative curves. Unlike Amo-induced S. aureus strains (Fig. 2.B) and ERY-induced
S. aureus strains (Fig. 2.C), the death fraction profile and the respective derivatives of AMO, ERY, and GEN were
similar. The death fraction profile and the derivative of GEN-induced S. aureus (Fig. 2.D) were distinct for AMO
when compared to ERY and GEN.

The results underscore the complexity of bacterial resistance and the need for assessment methods that
adequately capture the heterogeneity of bacterial responses to antimicrobials. The use of logistic functions
to model experimental data, such as Eq. 2, has proven particularly effective for the understanding of the
behavior of resistant bacterial populations. The differentiation in mortality profiles and derived curves among
different strains and antibiotics emphasizes the importance of personalized approaches for the development of
antimicrobial therapies toward overcoming the challenges posed by bacterial resistance.
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Fig. 1. Bacterial populations with a highly heterogeneous response tend to have broad survival fractions

at different antibiotic concentrations, usually indicating a resistant phenotype. By using photodynamic
inactivation, i.e. irradiating bacterial cultures with a photosensitiser, cells that survive oxidative stress are more
homogeneous in their response to antibiotics, similar to phenotypically sensitive profiles.
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Fig. 2. Population death fraction of resistant strains by different concentrations of amoxicillin (AMO),

erythromycin (ERY), and gentamicin (GEN) for bacteria with no prior photodynamic inactivation (PDI)
treatment and respective derivative of the death fraction curve of (A) methicillin-resistant Staphylococcus
aureus (MRSA), (B) Staphylococcus aureus resistance induced by AMO, (C) Staphylococcus aureus resistance
induced by ERY, and (D) Staphylococcus aureus resistance induced by GEN.
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Effect of antibiotics on resistant strains with PDI

The death profile for the strains that show an increased susceptibility to different antibiotics (see*) after PDI
cycles are best modeled by the logistic function provided by Eq. 3 (Fig. 3). When compared to the concentrations
displayed in Fig. 2, the mortality fraction is seen at lower concentrations, reaching total death at concentrations
that result in up to 87.5% reduction. AMO, ERY, and GEN antibiotics produced identical mortality profiles
and derivative curves for MRSA and AMO-induced and ERY-induced S. aureus (Fig. 3.A-C). However, GEN-
induced S. aureus (Fig. 3.D) showed a different killing profile and derivative curves for GEN compared to AMO
and ERY.

The application of PDI as a pre-treatment is an effective strategy to increase the susceptibility of antibiotic-
resistant bacterial strains, showing potential as a therapeutic adjuvant in the fight against antimicrobial resistance.
The PDI conditions applied (10 pM, 10 J/cm?) resulted in a reduction of the bacteria load to 2-3 log(CFU/ml).
It is noteworthy that the initial number of bacteria was standardized at each cycle to maintain consistency.
Modeling the Kkill profile by a logistic function (e.g., Eq. 3) provides a robust method for analyses of the
effectiveness of PDI, significantly reducing the concentrations of antibiotics necessary for eradicating bacterial
populations previously treated with PDI. The similarity between the killing profiles and the derivative curves for
MRSA, AMO-induced, and ERY-induced strains indicates an overall positive response to PDI, regardless of the
antibiotic tested. However, the distinction observed for GEN-induced strain suggests the efficacy of PDI may
vary in function of strain-specific resistance, highlighting the importance of investigating interactions among
different types of bacterial resistance and PDI treatment. The results reinforce the feasibility of PDI as a promising
intervention for reducing the burden of antimicrobial resistance, suggesting its implementation can significantly
improve antibiotic treatment outcomes in infections caused by resistant strains. Such findings can pave the way
for future studies aimed at optimizing PDI protocols, exploring their use in combination with antimicrobial
agents, and overcoming the challenges posed by antibiotic resistance. However, the practical application of the
strategy requires a detailed understanding of the mechanisms by which PDI affects antimicrobial susceptibility
and validation of those effects in clinical models.

Comparison of survival curve widths

As shown in Figs. 2 and 3, the MIC of the strains after PDI cycles was reduced and the mathematical description
was different, despite maintaining the sigmoid death profile described by the logistic equation. However, not only
changes in MIC have been identified*, but also different widths of the distribution curves obtained through the
derivative of the death fraction, which is directly related to the heterogeneity of the population’s response to the
external stimulus, i.e. the difference in the rate of death by the different antibiotics in each bacterial population.
Regarding the strains treated with five cycles of PDI, the width of the distribution showed a 76.52% average
percentage reduction for MRSA (see Fig. 4.A), with only a 49.05% reduction in the case of GEN. According to
Fig. 4.B, AMO-induced S. aureus showed a 97.11% average percentage reduction in distribution width, which
was similar concerning the three antibiotics - the same for ERY-induced S. aureus (Fig. 4.C) with a 97.27%
average percentage reduction. The reduction was 90.27% for GEN-induced S. aureus (Fig. 4.D), with GEN being
highlighted, thus showing a 99.84% percentage reduction. Figure 4 shows the prior application of PDI reduces
the heterogeneity of the population that remains after treatment.

Discussion

Antimicrobial resistance is characterized by the ability of bacteria to survive and reproduce above the reference
MIC, generally established by microbiological control and surveillance organizations'>>!. A bacterium can resist
an antibiotic in different ways (e.g., through increased expression of efflux pumps, synthesis of enzymes that
degrade antibiotics, modifications, or increased expression of binding sites)*?and several of such alterations
occur due to changes in gene expression through either mutations or acquisition of genes via conjugation or
transduction!®33,

Gene expression can be subject to slight fluctuations that differ for each cell due to its modulation by positive
and negative feedback systems, leading to distinct subpopulations®**. Therapeutic failure may occasionally
result from phenotypic changes caused by stimuli to which a population is exposed. Such changes can affect
metabolism in more active ways (e.g., increased efflux pump activity*>and slower metabolism), enabling a
population exposed to concentrations of the antibiotic higher than its MIC to survive. In such situations, the
population is referred to as tolerant; if it is limited to a subpopulation, it is referred to as persistent'!4, Those
are examples that show the response to antibiotics is not homogeneous within a population, especially where
bacteria eradication is hampered by phenotypic differences or levels of gene expression of the subpopulations
that form them!336:37.

he hypothesis that populations with weak responses to antibiotics exhibit greater subpopulation
heterogeneity, due to the presence of resistant or persistent cells*, is supported by the results in Figs. 2 and 3. In
these figures, the death fraction distribution curve extends along the x-axis and shifts toward higher antibiotic
concentrations. MRSA is a clinical isolate, which implies that it originated under external conditions that
selected for cells capable of surviving and proliferating in high antibiotic concentrations. This makes MRSA a
more homogeneous population compared to antibiotic-induced S. aureus developed in the laboratory, where
increased MIC was observed for other antimicrobial classes beyond the one used to induce resistance.”. In
other words, the mechanism associated with antibiotic-induced S. aureus resistance may be related to metabolic
changes, such as expression of efflux pumps and increase in target sites, since the induced class, for example,
might be resistant due to an alteration in the binding site or creation of particular enzymes, has not been
identified®4. That is probably one of the reasons for the greater distribution width of the death fraction for
resistant bacteria, especially antibiotic-induced ones.
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Fig. 3. Population lethal fraction by different concentrations of amoxicillin (AMO), erythromycin (ERY),
and gentamicin (GEN) for bacteria treated with five cycles of photodynamic inactivation (PDI) and respective
derivative of the death fraction curve of (A) Methicillin-resistant Staphylococcus aureus (MRSA), (B)
Staphylococcus aureus resistance induced by AMO, (C) Staphylococcus aureus resistance induced by ERY, and
(D) Staphylococcus aureus resistance induced by GEN.
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Fig. 4. The full width at half maximum (FWHM) of the distribution curve obtained by the derivative of
the survival fraction for amoxicillin (AMO), erythromycin (ERY), and gentamicin (GEN) for strains with
no treatment with photodynamic inactivation (PDI) and after 5 cycles of PDI. (A) methicillin-resistant
Staphylococcus aureus (MRSA), (B) Staphylococcus aureus resistance induced by AMO, (C) Staphylococcus
aureus resistance induced by ERI, and (D) Staphylococcus aureus resistance induced by GEN.

Bacteria whose susceptibility to antibiotics increased by photodynamic action showed a shift in the death
distribution curve for lower concentrations of the antimicrobials and a narrowing of the width (Figs. 2 and
3). Since those are more susceptible strains, i.e., they respond to the action of the antibiotic, the metabolic
variations are expected to be smaller in the function of the more homogeneous response'®. Therefore, the
photodynamic effect on a resistant population would eliminate metabolically more active subpopulations over
the generations. The literature shows after the application of PDI, the bacterial growth curve is affected by the
remaining cells, corroborating that hypothesis®®. In other words, the photooxidative action helps to control the
different subpopulations and lower the MIC of the antibiotic.

The decision to implement a 6-hour interval for the aPDI cycles was informed by the growth dynamics of
S. aureus and MRSA, which indicate that bacterial cultures can recover and proliferate effectively within this
timeframe. This interval also mirrors clinical practices where antibiotics are commonly administered every 6 to
12 h, allowing us to align our experimental design with relevant therapeutic strategies.

The effectiveness of antibiotic therapy is related to the identification of the bacterial strain’s sensitivity profile
to the antibiotic*. As a first metric, MIC is the procedure adopted for such verification and can be obtained by
different experimental methodologies such as broth microdilution and macrodilution, Etest, and Kirby-Bauer
method?. The response collected from those experiments is binary, with microbial growth and non-growth
concentrations®**!. However, many nuances impact the antibiotic’s therapeutic success, requiring information
such as subpopulation characteristics to be obtained by another methodology (e.g., population analysis profiling
(PAP) assay)*%.

Resistant populations have fluctuations in the MIC values due to the variability in bacterial cells present in
the population®*}. Methodologically, there are limitations to fine-tuning concentrations, as they are tested on a
2-fold scale, with neighboring values being more distant at high concentrations than at low ones. This favors a
more precise determination of the MIC experimentally for the most susceptible strains**. Given the difference
in heterogeneity and MIC determined between the groups without PDI (resistant strains) and the group with
five cycles of PDI (strains with increased susceptibility), the results indicate the potential of PDI for reducing

Scientific Reports|  (2024) 14:28268 | https://doi.org/10.1038/s41598-024-79743-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

the phenotypic diversity of bacterial populations, leading to a more homogeneous response to antimicrobial
treatment and possibly increasing the effectiveness of the antibiotic.

The analysis of the data shown in Figs. 2 and 3, and 4 provided significant information on the impact of
PDI on the susceptibility of different strains of Staphylococcus aureus to commonly used antibiotics, such as
AMO, ERY, and GEN. The mathematical description of cell death - preserving a sigmoid profile, as indicated
by the logistic equation - suggests PDI does not significantly change the action of antibiotics on bacteria®.
However, the variation in the width of the distribution curves, obtained through the derivative of the death
fraction, reflects significant changes in the heterogeneity of the population’s responses to external stimuli?’.
Specifically, the reduction in distribution width suggests a homogenization of susceptibility within the treated
bacterial population, with fewer variations in individual responses to antibiotics. The notable differences in
reduced distribution width between strains and antibiotics highlight the complexity of the interaction between
PDI and bacterial resistance. A 76.52% average reduction was observed in the distribution width for MRSA
strains treated with PDI, whereas the reduction reached 99.84% specifically for GEN for the GEN-induced
strain, indicating an almost complete decrease in the heterogeneity of the response to the antibiotic. Such an
effect is particularly notable since antibiotic resistance is often mediated by a diversity of genetic and phenotypic
mechanisms within the bacterial population%43,

As demonstrated by the reduction in distribution width, the significant homogenization of bacterial
susceptibility after a PDI treatment offers a new perspective on the potential of PDI for mitigating antibiotic
resistance. In addition to acting directly on bacteria to induce cell death, PDI can facilitate the action of
antibiotics by reducing variability in the bacterial response to the treatment?****. Such an observation is of
great importance for the development of combined therapeutic strategies, suggesting PDI may be particularly
useful in situations where heterogeneity within resistant bacterial populations limits the effectiveness of
antibiotics. The results reinforce the hypothesis that PDI not only increases the susceptibility of bacterial strains
to antibiotics!®!727°5L but also promotes a more homogeneous bacterial population in terms of antimicrobial
susceptibility. That homogenization may be a critical factor in the successful treatment of resistant bacterial
infections, paving the way for the use of PDI as a valuable adjuvant in antimicrobial therapy.

Antimicrobial resistance is a complex topic since it involves various responses by the microorganism to the
antimicrobial agent, from changes in genetic expression to phenotypic adaptations. As a result, heterogeneity
within populations interferes with the response to antibiotics, and resistant or persistent subpopulations are
common. Therefore, understanding the sensitivity profile of bacterial strains should go beyond MIC analyses
and include population analyses so that treatments for combating antimicrobial resistance would take into
account the multiple layers of the scenario. In such a case, the results show the increase in susceptibility after
treatment with PDI reduces the MIC of antibiotics of different classes and the photodynamic action impacts the
subpopulations, leaving bacterial cells with a more homogeneous profile in response to antibiotic therapy and
increasing the chances of successful treatments in infection control.

Methodology

Cultivation of microorganisms

Staphylococcus aureus clinically isolated and with ATCC25923 reference were cultivated in Brain Heart Infusion
(BHI) Agar for 24 h at 37 °C for their optimal growth. After incubation, selected colonies were carefully
suspended in phosphate-buffered saline (PBS) for photodynamic inactivation (PDI) tests. Mueller Hinton (MH)
medium, recognized for its ability to sustain the phenotypic expression of resistance, was used for trials involving
antimicrobial treatments. The inoculum was standardized to a bacterial density of 10® Colony Forming Units per
milliliter (CFU/ml) by the calibration of absorbance at 600 nm by a Varian’s Cary UV-Vis50 spectrophotometer.
Such a density was chosen because it reflects a significant bacterial load ideal for evaluations of the effectiveness
of PDI and antimicrobial treatments under standardized conditions.

Antibiotic-induced Staphylococcus aureus strains: S.aureus bacteria (ATCC25923) were subjected to culture
cycles in MH medium containing 1/4 of the MIC of the corresponding antibiotic. They were kept in contact for
24 h, washed at 3000 rpm and resuspended in MH for 10CFU/ml standardization. Contact was maintained for
72 h and the new MIC of the cultured colonies was checked***2,

Photodynamic inactivation

The stock solution of synthetic PS curcumin (EMIPharma) was prepared in 5 mM ethyl alcohol and diluted
in distilled water at the concentrations of interest. The concentration of ethyl alcohol was substantially
reduced to avoid possible adverse effects, with a 0.2% final one. Three control groups, namely General Control
(bacteria), Dark Control (bacteria+PS), and Light Control (bacteria+light), and one treatment group PDI
(bacteria+PS+light) were employed. For PDI and dark groups, the bacteria were incubated with 10 uM of
CUR for 15 min. Subsequently, the light and PDI groups were subjected to a light dose in the 10 J/cm? range by a
450 nm LED lighting device (Biotable). The samples were seeded in Petri dishes for the counting of the surviving
colony-forming units per milliliter (CFU/ml). Equation 1, where “D” is the light dose, “I” is the intensity of the
irradiation device, and “t” is the irradiation time, calculated the light dose:

D=1t (1)

Conditions below the PDI dose limit were used for the combined experiments, ensuring the survival of the
bacterial cells throughout the 5 treatment cycles. At each cycle, the bacterial sample was separated into two
groups - one to check the MIC of the antibiotics and another to be cultivated in a BHI culture medium for 6 h
before a subsequent PDI treatment. The protocol followed the sequence of initial incubation, exposure to light
(10J/cm?), and sample collection at 6-hour intervals, for all stages of the 5 treatment cycles. After each PDI cycle,
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cell viability was checked to confirm the survival of the bacterial cells and ensure that the conditions were within
the PDI treatment limit*°.

Minimum inhibitory concentration

The experiments followed the recommendations of the Brazilian Committee for Antimicrobial Sensitivity
Testing - BrCAST*. Antimicrobials amoxicillin (AMO), erythromycin (ERY), and gentamicin (GEN) were
distributed in 96-well plates by sequential dilution. The MIC study was carried out with an initial concentration
of 10° CFU/ml of bacterial cells added to each well of the 96-well plate. A positive control of bacterial growth
and a negative control of the culture medium were conducted together and the plate was stored at 37 °C for 24 h.
30 uL of resazurin solution (0.015%) were added for 4 h at 37 °C. The minimum inhibitory concentration (MIC)
was defined as the lowest concentration of the antibiotic capable of inhibiting the visible growth of the bacterial
strains by converting resazurin into resorufin. The classic MIC values for the S. aureus strains tested have been
included as a reference: for amoxicillin, the MIC ranges from 0.25 to 2 ug/mL in sensitive strains and may exceed
8 ug/mL in resistant strains; for erythromycin, the MIC is 0.25 to 1 pg/mL in susceptible strains and greater than
8 ug/mL in resistant strains; and for gentamicin, the MIC is <1 pg/mL in susceptible strains and > 16 pg/mL in
resistant strains.

Analysis of the distribution of population mortality curves

The PDI cycles were applied exposing the bacterial culture at different intervals. Before and after the cycles,
MIC was determined and the optical density at 600 nm was collected with the use of a plate reader (Multiskan™
Fc Microplate Photometer). The mortality fraction was recorded as a function of the different concentrations
of antibiotics evaluated®’and later normalized from 0 to 1. Functions that best described the behavior of
population mortality were explored for mathematical analyses of the data. Equations 2 and 3indicated that two
logistic functions were the most suitable for fitting the experimental data, yielding the lowest x* value. From the
mortality curve, the plotted derivative provided parameters of the population distribution through full width at
half height (FWHM) analysis*®4753,

a

Y= 1% b eap(—k- 1) @
¥=1 s R 3)
+exp(—k - (z — z.))

The parameter represents the maximum mortality achievable by the antibiotic, b and indicates the rate of change
in mortality, and represents the point at which the response to the antibiotic begins to be more pronounced (i.e.,
the minimum dose required to observe a significant effect).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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