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Abstract

Antimicrobial photodynamic inactivation (aPDT) is an effective technique for treating acne vulgaris, due to its efficiency
in inactivating multiresistant bacteria and the absence of systemic side effects. This study investigated the potential of the
dye Azure A (AZA), belonging to the phenothiazine class, as a photosensitizer (PS) in aPDT to combat the gram-positive
bacteria Staphylococcus epidermidis and Cutibacterium acnes, both associated with inflammatory acne vulgaris. The effi-
ciency of AZA was compared to Orthotoluidine Blue (OTB), evaluating the absorbance spectra, singlet oxygen generation
rate, and minimum bactericidal concentration (MBC) at different optical fluence values and concentrations. The results
demonstrated that AZA and OTB have similar spectroscopic characteristics and single oxygen generation rates, and they
could inactivate both bacteria at an MBC of 0.78 uM for the smallest tested optical fluence. These findings indicate that
AZA is an excellent candidate for topical aPDT applications in treating acne vulgaris and other associated infections by
such bacteria.
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1 Introduction

Acne vulgaris is a chronic, multifactorial inflammatory
discase affecting approximately 9.4% of the global popu-
lation, with a markedly higher prevalence among adoles-
cents (85%) [1, 2]. It is characterized by inflammation of
the pilosebaceous follicles, leading to purulent lesions that,
in more severe cases, may extend into deeper skin layers
and form painful nodules or cysts [1-3]. Although not life-
threatening, acne is associated with irritation, blemishes,
and scarring, often resulting in significant psychological
distress, including anxiety, stress, frustration, depression,

P4 Leandro S. Herculano
leandroh@utfpr.edu.br

Departamento de Fisica, Universidade Tecnologica Federal
do Parana, Av. Brasil 4232, Medianeira, Parana
85722-332, Brazil

2 Universidade Estadual do Oeste do Parana, R. Guaira 3141,

Toledo, Parana 85903-000, Brazil

Centro de Investigagdo de Montanha, SusTEC, Instituto
Politécnico de Braganga, Campus de Santa Apolonia,
5300-253 Braganga, Portugal

Departamento de Alimentos, Universidade Tecnologica
Federal do Parana, Av. Brasil 4232, Medianeira,
Parana 85722-332, Brazil

Departamento de Fisica, Universidade Estadual de Maring4,
Av. Colombo 5790, Maringa, Parana 87020-900, Brazil

Departamento de Quimica, Universidade Tecnologica
Federal do Parana, R. Marcilio Dias 635, Apucarana,
Parana 86812-460, Brazil

Published online: 12 February 2026

and suicidal ideation [1-5]. Its development, progression,
and persistence involve multiple interacting factors, such
as increased sebum production, hyperkeratinization of the
pilosebaceous follicles, and the hyperproliferation of skin-
resident bacteria, particularly Cutibacterium acnes (C.
acnes) and Staphylococcus epidermidis (S. epidermidis)[6,
7].

The pathogenesis of acne vulgaris is governed by com-
plex microbial interactions, with C. acnes acting as a key
microorganism through the metabolism of sebum by lipase
activity, leading to the production of propionate and free
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fatty acids that trigger inflammatory responses [8—10].
Disease severity is closely linked to microbial dysbiosis,
characterized by shifts in cutaneous phylotypes toward
more pro-inflammatory lineages and a reduction in micro-
organisms associated with skin homeostasis and protective
functions [10, 11]. In this context, S. epidermidis, although
typically considered a commensal species, may exacerbate
inflammation under conditions of microbial imbalance [10,
12]. Variations in the relative abundance of skin microbiota
correlate with clinical severity [13], while biofilm forma-
tion by key species contributes to follicular obstruction and
significantly increases resistance to conventional antibiotic
treatments compared with planktonic cells [14, 15].

Depending on the type, stage, and chronicity of acne,
current standard treatments include topical, systemic, and
physical approaches that target different aspects of acne
pathophysiology and are widely used in clinical practice [2,
16-33]. Despite their effectiveness, these therapies present
clinically relevant limitations, including skin irritation, pho-
tosensitivity, dryness, and erythema associated with topical
agents [2, 16, 17, 19], the risk of bacterial resistance linked
to topical and systemic antibiotics [2, 20, 21], and significant
adverse effects of systemic isotretinoin, such as teratogenic-
ity and mucocutaneous alterations [22, 23]. Additional con-
straints include thromboembolic risks related to hormonal
therapies [24, 25] and transient irritation caused by physi-
cal procedures like chemical peels [26-28]. Combined with
poor treatment adherence and the increasing emergence of
C. acnes resistance, these limitations have intensified inter-
est in safer and more effective alternative treatments, par-
ticularly light-based therapeutic strategies [34].

Antimicrobial Photodynamic Therapy (aPDT) has
received a significant number of studies in recent years
because it does not use antibiotics or promote bacterial
resistance. The aPDT is based on the interaction between
light and a photosensitizer dye (PS), which results in the
generation of reactive oxygen species (ROS). The interac-
tion of the generated ROS with biomolecules, membranes,
and other cellular structures induces death processes in cells
and microorganisms [29-33, 35, 36].

ROS generation occurs mainly through two mechanisms.
In type I reactions, the PS absorbs light, transitions to an
excited triplet state (*PS), and reacts with surrounding bio-
molecules via electron or hydrogen transfer, leading to the
formation of reactive oxygen species such as superoxide,
hydroxyl radicals, and hydrogen peroxide [36-39]. In type
IT reactions, the excited PS transfers energy directly to
molecular oxygen (*0s3), converting it into highly reactive
singlet oxygen (1O3). Regardless of the type of mechanism,
the species generated induce oxidative damage to lipids,
proteins, and DNA, and excessive damage ultimately results
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in cell death. A schematic representation of ROS generation
during aPDT is shown in Fig.1

The effectiveness of conventional aPDT is often limited
by the shortcomings of first-generation PS, such as hemato-
porphyrin derivatives [40]. These compositions present crit-
ical challenges, including low chemical purity, long half-life
in the body, and short-wavelength activation, which restricts
light penetration into deeper tissues [35, 40]. In addition,
organic PS may suffer from photoinstability, while the use
of proprietary agents faces barriers related to oxygen depen-
dence and the risk of resistance development [40, 41].

These general limitations are further amplified in derma-
tological applications, particularly in aPDT for acne treat-
ment, where one of the main constraints is the high cost,
largely associated with the photosensitizers employed.
Although 5-aminolevulinic acid is approved for clinical
use and applied off-label in acne therapy, its use is limited
by pain during illumination, post-treatment photosensitiv-
ity, transient skin pigmentation, and high cost [31, 42]. As a
result, increasing research efforts have focused on the devel-
opment of more affordable, efficient, and better-tolerated
photosensitizers, including curcumin [43, 44], hypericin
[45], chlorophyll-a [46], indocyanine green [47], chlorin e6
[48], methylene blue [49-51], and orthotoluidine blue [52,
53].

Among the investigated compounds, phenothiazine-
based dyes stand out due to their structural versatility, which
allows modulation of optical absorption, solubility, mem-
brane interactions, and phototoxicity, with reactive oxygen
species generation predominantly occurring via type II
photochemical mechanisms [54, 55]. In this context, phe-
nothiazine dyes such as methylene blue (MB) and Azure B
exhibit high therapeutic potential, characterized by intense
absorption in the 600—800 nm spectral range and high selec-
tivity toward tumor cells and pathogenic microorganisms
[35, 56]. Despite these advantages, the broader application
of this class remains limited by knowledge gaps and techni-
cal challenges, including insufficient photobiological char-
acterization of certain derivatives and the intrinsic tendency
of these molecules to aggregate in solution [56, 57]. This
self-association phenomenon significantly compromises
singlet oxygen generation efficiency, highlighting the need
for strategies capable of stabilizing the photoactive mono-
meric forms [56].

Most studies addressing the use of phenothiazine dyes
in aPDT have focused primarily on MB and orthotoluidine
blue (OTB). In contrast, relatively few investigations have
explored the potential of Azure A (AZA), despite its favor-
able photophysical properties. AZA exhibits a high singlet
oxygen quantum yield (0.42 in water) and a high molar
extinction coefficient in the red region of the visible spec-
trum (630 nm). Furthermore, compared to more extensively
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Fig. 1 PS in the ground state
(°PS) absorbs energy from light
and undergoes a transition to

the first singlet state ( PS), then
decays to the long-lived triplet
state (*PS). In the type I reaction,
it interacts with biomolecules,
producing ROS; in the type 11
reaction, it interacts with molecular
oxygen in the triplet state (*02),
producing singlet oxygen (1 Oz).
Both O3 and other ROS interact
with biostructures, causing cellular
damage and death
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studied phenothiazine derivatives such as MB and OTB,
AZA presents a lower tendency toward self-aggregation,
which contributes to preserving its ability to generate reac-
tive oxygen species and, consequently, its photodynamic
efficiency. For example, its dimerization constant at 25 °C
is approximately 1,700 [58], whereas values of 2,380 for
MB at 30 °C [59] and 10,500 for OTB at 25 °C [60] have
been reported.

AZA demonstrates significant strategic advantages as a
photosensitizer, owing to its strong interaction with mito-
chondrial membranes and its ability to promote photoinac-
tivation of respiratory chain complexes even under hypoxic
conditions, thereby mimicking the microenvironment of
solid tumors [61]. In contrast to other phenothiazine ana-
logs such as MB, AZA selectively inactivates mitochondrial
complex IV and induces depletion of intracellular glutathi-
one stores, weakening the antioxidant defenses of target
cells [61]. Despite these favorable photodynamic properties,
important limitations have been reported, particularly its
dark toxicity. Acting as an uncoupler of oxidative phosphor-
ylation, AZA reduces ATP levels and may cause systemic
metabolic damage, which currently restricts its clinical

application primarily to topical use or to formulations and
delivery systems that markedly enhance its selectivity [61].

In parallel, recent studies have highlighted the photody-
namic activity of AZA against dysfunctional mitochondria
[61], reinforcing its potential for aPDT. In this context, AZA
has demonstrated efficacy against a range of opportunistic
fungal species, including Candida albicans, Aspergillus
fumigatus, Aspergillus niger, Trichoderma viride, Penicil-
lium funiculosum, and Chaetomium globosum. Additionally,
textiles incorporating AZA into silica matrices have exhib-
ited photodynamic activity against Staphylococcus aureus
and Escherichia coli, further supporting its applicability in
antimicrobial systems [62].

In the research reported here, the potential of AZA as
a photosensitizer for aPDI of S. epidermidis and C. acnes
bacteria was investigated. These bacteria are recognized as
contributors to the maintenance and progression of inflam-
matory acne vulgaris. Furthermore, the results obtained were
compared with those provided by OTB. For this purpose,
the UV-Vis absorbance spectra, the singlet oxygen gen-
eration rate, and the Minimum bactericidal concentration
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(MBC) were determined for different concentrations and
optical fluences, for both dyes.

2 Materials and methods

In addition to the materials commonly used in bacterial assay
routines, Azure A and Orthotoluidine Blue dyes (Sigma-
Aldrich), Petri dishes containing solid medium (Columbus,
Frilabo) and the bacteria strains S. epidermidis ATCC 12228
and C. acnes ATCC 11827 (Frilabo) were purchased.

2.1 Bacterial inoculum

The bacterial strains S. epidermidis and C. acnes, main-
tained in a nutrient medium and under refrigeration, were
cultured in Petri dishes containing Columbus Agar. To
ensure the viability, purity and maximum metabolic activ-
ity the bacteria were incubated anaerobically at 37 °C for
24 h. After the incubation period, immediately before the
aPDI assay, a small portion of colonies of each bacterium
were transferred from the Petri dishes to test tubes contain-
ing sterile water to obtain a reading of 0.5 on a McFarland
densitometer (Biosan, DEN-1B), equivalent to 1.5 x 103
colony forming units per milliliter (CFU/mL). Then, 100 pL
of each solution was transferred to falcon tubes and com-
pleted to 10 mL with sterile water to obtain an inoculum
with approximately 105 CFU/mL.

2.2 UV-Vis spectroscopy

UV-Vis absorbance spectra were obtained in the range of
300-900 nm using a spectrophotometric microplate reader
(SpectroStar, BMG Labtech) in order to identify the appro-
priate emission wavelength of the light source matching the
absorbance profiles of the dyes, to allow spectroscopic com-
parison, and to determine for each dye the singlet oxygen
generation rate. Aqueous solutions with different concentra-
tions of the dyes (5, 17, 34, and 51 ;M) were prepared and
transferred to a 98-microwell plate with a flat bottom and
read in the microplate reader. Furthermore, the same equip-
ment and the same type of plate were used in the singlet
oxygen generation evaluation test. Spectra were acquired in
triplicate in both tests, and the results presented correspond
to the averages of the values obtained, along with their
respective standard deviations.

2.3 Determination of singlet oxygen generation
rate

To compare the ability of dyes to generate singlet oxygen
(*Oy3), a method based on the change in absorbance of a
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chemical probe when interacting with O, was chosen. 9,10
- Anthracenediyl - bis (methylene) dimalonic acid (ABDA)
is a 1O0y-selective chemical probe with a conjugated aro-
matic system responsible for optical absorption bands
observed between 360 and 400 nm. In the presence 10,
the ABDA conjugate system is broken, causing a decrease
in the light absorption [63, 64]. The ABDA assay is based
on the temporal monitoring of the absorbance at 380 nm
of a solution containing ABDA and PS. The 'O, generated
by the PS (under illumination) interacts with ABDA, pro-
moting a decrease in absorbance at 380 nm. Assuming that
the set of reactions associated with the process of breaking
the conjugated system can be summarized as a pseudo-first-
order kinetics, the absorbance decay of ABDA at 380 nm
can be described by the equation Eq. 1 [63].

Asso(t) = Age™ 7. (1)

Here, Ay is the initial absorbance at 380 nm (t = 0s), k is
the decay rate of the ABDA absorbance at 380 nm and is
directly related to the rate of 'Oy generation by the PS.
ABDA assay was used to compare the singlet oxygen
rate of both PS at different concentrations (5, 17, 34, and 51
pM) and a fixed amount of ABDA (153 pM). The solutions
were illuminated in a 98-well plate by a home-developed,
uniform irradiation system formed by an LED array with
emission peak centered at 630 nm (described in next sub-
section). The assay consisted of a repetitive sequence that
started with reading the absorbance spectrum (300 to 900
nm) using a microplate reader, followed by illumination of
the plate for regular intervals of 30 s, from 0 to 360 s. At
end, a set of absorbance spectra for both dyes was obtained.
With these spectra, the absorbance values at 380 nm as a
function of the illumination time were theoretically adjusted
using Eq. 1 to provide the ABDA absorbance decay rates

).
2.4 Light source

To ensure uniformity of light intensity throughout the entire
illumination area of the 98-well plate, a lighting system was
built based on an LED array. The system consists of a matrix
of 20 LEDs evenly distributed on an aluminum printed cir-
cuit board (PCB) coupled to a forced ventilation system.
The PCB-LED array is coupled to the bottow of a rectangu-
lar cross-section tube with internal walls made of mirrored
acrylic plates to increase the efficiency and direct the emit-
ted light to the upper part. At the top, a sandblasted acrylic
plate with dimensions of (130 x 90) mm helps to homoge-
nize the light distribution. All these components were joined
by a box made of black acrylic plates. In addition, the inten-
sity of de LED irradiation system(W /cm?) was adjusted by



Photochemical & Photobiological Sciences

a microcontroller. The system was calibrated using a spec-
troradiometer (Gooch and Housego; OL 756) coupled to an
optical fiber (Gooch and Housego, OL 730 7qg-1.0) and a
50.8 mm diameter integrating sphere (Gooch & Housego,
IS-270). A photograph of the system with the microplate can
be seen in Fig. 2, step 8.

2.5 Antimicrobial photodynamicinactivation assay

The main objective was to verify AZA dye’s effectiveness as
a possible PS for the photodynamic inactivation of bacteria
associated with acne vulgaris and compare it with OTB, a
well-known PS used in aPDT assays. For this purpose, the

Fig.2 In vitro aPDT assay steps:
(1) inoculum preparation, (2-6)
microplate preparation, (7) dark
control - transfer of 3 pL aliquots
from each well before the illumina-
tion process, (8) illumination, (9)
transfer of 3 puL aliquots from

each well after the illumination
process and (10) observation of

Bacterial strain
preparation

aPDT assay was adapted to determine the minimum bacte-
ricidal concentration (MBC) of both PS when subjected to
illumination under different optical fluence. In this case, no
colony counting process was necessary. The series of steps
that make up the aPDT assay can be schematically described
by the sequence shown in Fig. 2.

Preliminarily, bacterial inocula were prepared to obtain
strains of S. epidermidis and C. acnes with 106 CFU/mL in
sterile water. Following, 150 uL of sterile water to lines B
to H and columns 1 to 6 of the 98-well plate (Fig. 2, step 2).
After that, 150 puL of the 500 uM solution of the PS were
added to the wells of lines A and B, with AZA being pipetted

Add. 150 uL of AZA and
OTB in lines A and B

Add.150 uL of sterile
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into columns 1 to 3 and OTB into columns 4 to 6 (Fig. 2,
step 3).

The serial dilution was performed starting with the trans-
fer of 150 pLL from the wells of line B to line C and homog-
enization until the wells of line G. The line H is leaving
without PS to be used as a control and to check the possible
effects of light on the multiplication of bacteria (Fig. 2, step
4). Next, 15 pL of bacterial inoculum is added to each well,
resulting in approximately 10> CFU/mL (Fig. 2, step 5).
After inoculating the bacteria, the 98-well plate is kept in
the dark for 15 min to allow interaction between the PS and
the bacteria (Fig. 2, step 6).

To evaluate the antimicrobial activity generated by the
PS in the absence of light, after the interaction period, using
an 8-channel micropipette, 3 yL from each well are trans-
ferred to two Petri dishes (one for lines 1 to 3 and another for
lines 4 to 6) containing solid PCA agar medium. An arrow
marked on the bottom indicates the direction of increasing
concentration and the name of the PS (Fig. 2, step 7). The
plates are kept half-open inside the Laminar flow cabinet to
dry the liquid for subsequent incubation at 37 °C for 24 h.

In the illumination process, the same 98-well plate was
placed on the light system for 20 min (Fig.2, step 8). Then,
the process of transferring 3 puL from each well to new
Petri dishes, drying, and incubation at 37 °C for 24 h was
repeated (Fig. 2, step 9). The same plate was again subjected
to illumination for 20 min and transferred to a Petri dish two
more times. These procedures resulted in four Petri dishes
for each PS, with illumination times of 0, 10, 20, and 40
min, corresponding to an optical fluency of 0, 12, 25 and
50 J/cm?. This process was performed separately for each
bacteria.

After the incubation period, the results were analyzed
by checking, for each Petri dish with a given illumination
time, the pipetting point corresponding to the lowest con-
centration that did not present bacterial growth (Fig. 2, step
10). The Petri dishes were photographed and organized in a
vector graphics editing program (Inkscape). Repeating the
pipetting process on lines 1-3 and 4-6 ensures the procedure
is performed in triplicate for both PS.

3 Results
3.1 Spectral characterization

Figure 3 shows the absorbance spectra obtained for the
aqueous solutions of OTB (Fig. 3a) and AZA (Fig. 3c) at
concentrations of 5, 17, 34, and 51 M.

In both cases, the spectra exhibit a predominant absorp-
tion band centered around 630 nm and a shoulder near
590 nm, which is more evident for AZA, both features
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being characteristic of monomeric species [58, 60]. The
linear relationship between the maximum absorption value
at 628 nm for OTB and 635 nm for AZA as a function of
concentration is shown in Fig. 3b and d, respectively. Lin-
ear fitting yields rates of change in absorbance with con-
centration of BoTg = (37 £ 5) x 1073 uM~! for OTB and
Baza = (33 £1) x 1073 uM~! for AZA.

To further assess the aggregation state, the ratio between
the absorbance at 590 nm and the main monomeric absorp-
tion band (628 nm for OTB and 635 nm for AZA) was eval-
uated, as shown in Fig. 3e. This analysis indicates that both
dyes remain predominantly in their monomeric form up to
a concentration of 17 M, above which partial dimerization
is observed.

3.2 Singlet oxygen generation rate

Figure 4 presents the absorbance spectra of AZA (Fig. 4a,
blue curve) and OTB (Fig. 4b, blue curve), together with the
normalized emission spectrum of the light source (Fig. 4,
red curves). In both cases, a strong spectral overlap between
the emission of the light source and the absorption bands of
the photosensitizers is observed. The emission spectrum of
the source exhibits a peak at 630 nm, coinciding with the
absorption maxima of both PS.

The assay used to determine the singlet oxygen (1 O5) gen-
eration rate is based on monitoring the decay of the ABDA
absorbance at 380 nm under irradiation in the presence of a
PS. Figure 4a shows the absorbance spectra of AZA at 17 p
M in the absence (blue curve) and presence (black curve) of
153 uM ABDA. A similar analysis was performed for OTB,
whose absorbance spectra at 17 M without ABDA (blue
curve) and with 153 M ABDA (black curve) are shown in
Fig. 4b. No significant spectral overlap between the PS and
ABDA is observed in the region of interest. At 380 nm, the
absorbance of ABDA is approximately 14 times higher than
that of the PS.

Figure 5 presents the absorbance spectra, in the 300—
800 nm range, of aqueous solutions containing ABDA
(153 M) and different concentrations of AZA under illumi-
nation times ranging from 0 to 360 s. From these spectra, the
absorbance values at 380 nm were extracted for each illu-
mination interval, yielding the corresponding decay curves
of ABDA absorbance in the presence of AZA. An analogous
procedure was performed for OTB, as shown in Fig. 6.

For all investigated photosensitizer concentrations, the
temporal evolution of the absorbance spectra (Fig. Sa,c,e,g
for AZA and Fig. 6a,c,e for OTB) shows a progressive
decrease in the absorbance of ABDA in the region around
380 nm as a function of irradiation time. No significant
changes in the absorbance bands of the photosensitizers are
observed during illumination.
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Fig. 3 Absorbance spectra in the
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Fig. 4 Absorbance spectra of the aqueous solution containing (a) 17
uM AZA (blue curve) and 17 uM AZA and 153 M ABDA (black
curve). Absorbance spectra of the aqueous solution containing (b) 17
uM of OTB (blue curve) and 17 pM OTB and 153 M ABDA (black
curve). The red continuous lines represents the normalized irradiation
spectra of light source (red LED)

By fitting the decay of the absorbance at 380 nm using
Eq. 1, the decay rates of ABDA were determined for differ-
ent photosensitizer concentrations. The resulting decay rates
as a function of PS concentration are presented in Fig. 7.
Both AZA and OTB exhibit similar decay rate values over
the investigated concentration range. In addition, for both
photosensitizers, a tendency toward saturation is observed
for concentrations above approximately 34 M.

3.3 Efficacy of in vitro aPDT

The antimicrobial photodynamic therapy (aPDT) assay
consisted of exposing bacterial inocula containing different
concentrations of photosensitizers to varying light exposure
times. After irradiation, aliquots of each inoculum were
transferred, in triplicate, to Petri dishes containing solid
culture medium. Following incubation at 37 °C for 24 h,
the presence or absence of visible bacterial colonies at the
pipetting points was evaluated. The minimum bactericidal
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concentration (MBC) for each photosensitizer and irradia-
tion time was defined as the lowest PS concentration at
which no visible bacterial growth was observed.

Figures 8 and 9 present representative photographs of
the Petri dishes containing inocula of C. acnes and S. epi-
dermidis, respectively, treated with different concentrations
of AZA and OTB and exposed to different optical fluence
values. In the dark control experiments (Fig. 8a and e), cor-
responding to inocula not exposed to light, visible growth
of C. acnes was observed at all pipetting points for both
AZA and OTB across the investigated concentration range
(0-50.00 uM).

Figure 8b, c, d, f, g, and h show the photographs of the
Petri dishes that received aliquots from the 98-well plate
after different illumination times. In these images, pipetting
points without visible growth of C. acnes can be observed.
Since each pipetting point corresponds to a different pho-
tosensitizer concentration, the images indicate that increas-
ing optical fluence, achieved by longer illumination times,
is associated with a reduction in the minimum bactericidal
concentration (MBC).

According to the photographs shown in Fig. 8§, for the
lowest and highest optical fluence values investigated
(12 J/cm? and 50 J/cm?), the MBC values for C. acnes
were 6.25 uM and 0.78 uM, respectively, for both AZA and
OTB. Additionally, growth was observed at all pipetting
points corresponding to wells that did not contain photo-
sensitizer (line H) but were exposed to light, indicating the
absence of bactericidal effects due to light alone.

Similar results were obtained for the aPDT assay per-
formed with S. epidermidis, as shown in Fig. 9. In the dark
control experiments (Fig. 9a and Fig. 9e), bacterial growth
was observed at all pipetting points for the entire concentra-
tion range tested (0.78-50 pM). In contrast, for the plates
corresponding to different optical fluence values (Fig. 9b,
¢, d, f, g, and h), several pipetting points without bacterial
growth were observed, indicating bacterial inactivation.

For AZA, the MBC values for S. epidermidis at the
lowest and highest optical fluence values (12 J/cm? and
50 J/cm?) were 3.13 uM and 0.78 uM, respectively. For
OTB, the corresponding MBC values were 12.5 uM and
1.56 uM. Growth was observed at all pipetting points cor-
responding to wells without photosensitizer but exposed to
light.

Table 1 summarizes the MBC values obtained in the
aPDT assays for both bacteria treated with AZA and OTB
under different optical fluence conditions.

As observed in Figs. 8 and 9 and summarized in Table 1,
it was possible to note that AZA, within the range of optical
fluence and concentration values investigated, presents at
least the same photodynamic inactivation capacity as OTB
for C. acnes and presents MBC for S. epidermidis equal to
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Fig. 5 Absorbance spectra in the region of interest (300 to 800 nm) of
the aqueous solution of ABDA (153 uM) as a function of exposure
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the theoretical fit using Eq. 1
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5 uM, (d) 17 pM, (f) 34 uM,
the theoretical fit using Eq. 1

and (h) 50 M. The red curve represents
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Fig.7 The decay rate for the
ABDA oxidation for different
AZA (circles) and OTB (squares)
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only a visual guide
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half the value obtained when using OTB, a PS already stud-
ied for aPDT [52, 53], demonstrating the potential of AZA
to be used as a PS for the photodynamic treatment of acne
vulgaris. As mentioned, AZA has the advantage of a lower
tendency to self-aggregate in water.

4 Discussion
4.1 Spectral characterization

The statistically similar values of 5 obtained for OTB and
AZA indicate comparable optical behavior, despite the
presence of different substituent groups in their molecular
structures. This similarity is consistent with the absorption
spectra shown in Fig. 3a and c, which display analogous
spectral profiles for both dyes. Such behavior is expected,
since both photosensitizers share the phenothiazine core,
which is responsible for optical absorption in the visible
region [54, 55, 65].

The linear dependence of absorbance on concentration,
illustrated in Fig. 3b and d, further supports the interpre-
tation that both dyes remain predominantly in their mono-
meric state within the investigated concentration range.
This conclusion is corroborated by the absorption spectra,

| ] [ T | é o ) U B
L ////,/’/:’ = —:::;<:\_:\ _____ Q ]
a -11- OTB
pa --O- AZA
I 7 |
/
/
/
1 1 L 1 L 1 1 1 I 1 1 1 N 1 N 1 1 1 N 1 N
5 10 15 20 25 30 35 40 45 50 55

Concentration (uM)

which exhibit a dominant monomeric band around 630 nm
and only a weak shoulder near 590 nm, typically associated
with dimeric species.

A more definitive assessment of aggregation effects is
provided by the absorbance ratio analysis shown in Fig. 3e.
The nearly constant ratio observed up to 17 uM indicates
minimal contribution from dimeric species, whereas devi-
ations at higher concentrations reveal the onset of partial
dimerization. Together, the spectral features and quantita-
tive analysis confirm that monomeric absorption dominates
at low concentrations, with aggregation becoming relevant
only beyond this threshold.

4.2 Singlet oxygen generation rate

The strong overlap between the emission spectrum of the
light source and the absorption spectra of both photosen-
sitizers, as shown in Fig. 4, ensures efficient excitation at
630 nm. This spectral matching maximizes photon absorp-
tion by the PS and is therefore expected to enhance the pro-
duction of reactive oxygen species (ROS). In the context
of antimicrobial photodynamic therapy (aPDT), such selec-
tive activation is particularly advantageous, as it minimizes
losses due to inefficient excitation and reduces potential
phototoxic effects on non-target tissues.
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Fig. 8 Petri dishes that received
aliquots containing 10° CFU/mL
of C. acnes and different concen-
trations of AZA (a to d) and OTB
(e to h) and that were exposed to
different light exposure times that
corresponded to optical fluence

of 0, 12, 25 and 50 J /cm?. The
arrows indicate the direction of
concentration growth and the
capital letters indicate from which
wells the aliquots transferred to the
Petri dish originated

@ Springer




Photochemical & Photobiological Sciences

Fig. 9 Photographs of Petri dishes
that received aliquots containing
10° CFU/mL of S. epidermidis and
different concentrations of AZA
(ato d) and OTB (e to h) and that
were exposed to different light
exposure times that corresponded
to optical fluence of 0, 12, 25 and
50 J/cm?. The arrows indicate the
direction of concentration growth
and the capital letters indicate from
which wells the aliquots transferred
to the Petri dish originated
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Table 1 Minimum bactericidal concentration (MBC) of Orthotoluidine
blue (OTB) and azure A (AZA) for total inactivation of S. epidermidis
and C. acnes under different optical fluence regimes. > 50.00 indi-
cates that the MBC should be higher than the maximum concentration
tested (50.00M)

Optical fluence Minimum bactericidal concentration (;:M)

J/em? C. acnes S. epidermidis
AZA OTB AZA OTB

0 >50.00 >50.00 >50.00 >50.00

12 6.25 6.25 6.25 12.50

25 1.56 1.56 1.56 3.13

50 0.78 0.78 0.78 1.56

The absorbance spectra presented in Fig. 4a and b dem-
onstrate that the presence of ABDA does not interfere with
the optical properties of either PS. The lack of spectral over-
lap at 380 nm, where ABDA is monitored, together with its
significantly higher absorbance compared to the PS at this
wavelength, confirms the suitability of ABDA as a selective
probe for singlet oxygen detection. Moreover, the absence
of band shifts or distortions in the PS spectra upon addition
of ABDA indicates that no aggregation or strong ground-
state interactions occur under the experimental conditions.
This validates the reliability of the assay for quantifying
10, generation by both photosensitizers.

The systematic decay of ABDA absorbance at 380 nm
observed in Figs. 5 and 6 confirms the continuous produc-
tion of singlet oxygen (1O2) by both AZA and OTB under
irradiation. The consistency of this behavior across differ-
ent photosensitizer concentrations indicates that the genera-
tion of reactive oxygen species is sustained throughout the
illumination period. Importantly, the absence of noticeable
spectral changes or intensity loss in the absorption bands of
the photosensitizers suggests that no significant photodegra-
dation occurs under the applied irradiation conditions. This
photostability is a critical feature for photodynamic applica-
tions, as it ensures reliable 1O generation and preserves the
optical properties of the photosensitizers during prolonged
exposure to light.

ABDA reacts rapidly with singlet oxygen (*Oz) to form
its corresponding endoperoxide, leading to a decrease in its
characteristic absorbance bands. Consequently, the decay
rate of ABDA absorbance serves as an indirect measure
of the rate of 'O, generation by the photosensitizer. It is
important to note that this assay provides a kinetic indicator
rather than an absolute quantitative determination of 1O,
production [63]. The similar decay rates observed for AZA
and OTB indicate comparable efficiencies in 1O, genera-
tion under the same irradiation conditions. The saturation
behavior observed at concentrations above approximately
34 uM suggests the presence of limiting factors, such as
reduced light penetration, self-shielding effects, or aggre-
gation phenomena, which may constrain further increases
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in reactive oxygen species production at higher photosensi-
tizer concentrations.

Although a deep investigation of the saturation in the
ABDA decay rate is out the scope of this study, it is known
that this type of phenomenon may be associated with the sat-
uration of the photodynamic system, in which the increase
in the concentration of PS does not imply an increase in the
generation of 1O5 due to limitations in available excitation
light and molecular oxygen, and self-aggregation effects. As
shown in Fig. 3e, above 17 M dimerization begins to occur
in both compounds, thus, the increase in the concentration
of the dyes does not necessarily reflect in the increase in the
concentration of the monomers, since dimerization begins
to occur. It is recognized that dimerization affects the quan-
tum yield of singlet oxygen due to the self-suppression of
the excited states, which justifies the photodynamic satura-
tion of the system from 34 pM .

4.3 Efficacy of in vitro aPDT

The absence of bactericidal activity in the dark control con-
ditions demonstrates that neither AZA nor OTB exhibits
intrinsic toxicity toward C. acnes within the tested concen-
tration range. This result confirms that bacterial inactivation
observed under illumination can be attributed exclusively to
the photodynamic effect rather than to dark toxicity of the
photosensitizers. Such behavior is a fundamental require-
ment for antimicrobial photodynamic therapy, as it ensures
selectivity and safety by restricting bactericidal action to
irradiated regions. The results shown in Fig. 8a and e there-
fore establish a reliable baseline for evaluating the light-
dependent antimicrobial efficacy of both photosensitizers
against C. acnes.

The results presented in Fig. 8 demonstrate that, for C.
acnes, increasing optical fluence leads to a decrease in the
photosensitizer concentration required to achieve complete
bacterial inactivation, as reflected by the reduction in MBC
values. This behavior is consistent with the expected depen-
dence of antimicrobial photodynamic therapy on the total
delivered light dose.

For S. epidermidis (Fig. 9), a similar trend is observed,
with decreasing MBC values as optical fluence increases.
However, in contrast to C. acnes, the MBC values differ
between AZA and OTB, indicating distinct photodynamic
efficiencies of the two photosensitizers against this bacte-
rium. The lower MBC values obtained for AZA suggest a
higher photodynamic effectiveness compared to OTB under
the same irradiation conditions.

In both assays, the observation that bacterial growth per-
sists in samples exposed to light in the absence of photo-
sensitizer confirms that light alone is insufficient to induce
bacterial inactivation. This reinforces that the observed
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antimicrobial effects are attributable to the photodynamic
action of the photosensitizers.

4.4 Overall discussion

UV-Vis spectroscopic analysis showed that the PS (AZA
and OTB) have similar rates of absorption variation as a
function of concentration and very close absorbance peaks,
with good matching to the light source used.Despite good
linearity, at concentrations above 17 J/cm? the dimeriza-
tion phenomenon occurs partially, however this phenom-
enon does not significantly harm singlet oxygen generation.
Furthermore, according to the results obtained in the test
with the ABDA probe, both PS have a similar singlet oxy-
gen generation rate. Finally, and most relevantly, like OTB,
AZA was able to photodynamically inactivate C. acnes
and S. epidermidis, showing an MBC of 0.78 uM (50
J/cm?), which is two times lower than the MBC obtained
when using OTB for aPDT of S. epidermidis. The results
demonstrate that AZA is also a good candidate as PS for
treating acne vulgaris and other infections associated with
such microorganisms.

UV-Vis spectroscopic analyses demonstrated that the
photosensitizers AZA and OTB exhibit similar absorp-
tion behaviors as a function of concentration, with absor-
bance peaks close together and well-matched to the light
source used. Despite good linearity, partial dimerization is
observed at doses above 17 puM, a phenomenon that does
not significantly compromise the generation of singlet oxy-
gen, which was similar for both compounds, as indicated
by assays with the ABDA probe. Particularly relevant, AZA
demonstrated high photodynamic efficiency in the inactiva-
tion of C. acnes and S. epidermidis, presenting a MBC of
0.78 M under irradiation of 50 J/cm?, a value half that
obtained with OTB in the aPDT of S. epidermidis. These
results highlight the potential of AZA as a promising pho-
tosensitizer for treating acne vulgaris and skin infections
associated with these microorganisms.

5 Conclusion

Based on these findings, future studies should focus on vali-
dating the efficacy and safety of AZA in more complex bio-
logical systems, including cellular, reconstructed skin, and
in vivo models, as well as optimizing photodynamic param-
eters and developing topical formulations that promote its
stability and follicular delivery. Furthermore, investigat-
ing its activity against bacterial biofilms, its impact on the
skin microbiome, and its comparative performance with
established photosensitizers will be essential to consoli-
date its therapeutic potential and enable its future clinical

application in the management of acne vulgaris and other
skin infections.

6 Limitations and future perspectives

Photodynamic inactivation assays were conducted under in
vitro conditions, which do not fully capture the complex-
ity of biological systems, including tissue barriers, immune
responses, blood flow, and photosensitizer metabolism;
therefore, the observed efficacy may not directly translate to
in vivo settings. In addition, the use of a single light source
with a fixed wavelength and a restricted optical fluence range
limits the generalizability of photodynamic outcomes, as
variations in irradiation parameters can significantly affect
treatment efficiency. The absence of three-dimensional or
biofilm-based models further restricts clinical relevance,
particularly for acne, where microorganisms reside in struc-
tured biofilms and within the pilosebaceous unit. Ultimately,
the evaluation of a limited number of microbial strains over-
looks genetic diversity, intrinsic resistance mechanisms, and
clinically relevant phenotypic variability.
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