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ARTICLE INFO ABSTRACT

Keywords: The thermodimorphic fungi Sporothrix brasiliensis, a zoophilic pathogen frequents associated to domestic cats, is
Sporothrix brasiliensis the most pathogenic species in Sporothrix genus. The increasing resistance of fungal strains to conventional
Photoinactivation

antifungal agents, the prolonged nature and the refractory clinical of treatment underscore the need for alter-
native therapeutic approaches. Among these, photodynamic inactivation (PDI) has emerged as a promising
strategy. PDI involves the combination of a photosensitizing molecule (PS), a light source, and molecular oxygen.
Upon irradiation, the PS absorbs photons and undergoes a cascade of photophysical and photochemical reactions
that lead to the generation of reactive oxygen species (ROS). At sufficiently high concentrations, these ROS
induce irreversible cellular damage, ultimately resulting in cell death. In this study, the in vitro photodynamic
activity of four porphyrinic photosensitizers against S. brasiliensis isolates was evaluated: two cationic porphyrins
— meso-tetrakis(1-methylpyridinium-4-yl) porphyrin (TMPyP) and its zinc-complexed form (ZnTMPyP) — and
two anionic porphyrins — meso-tetrakis(4-sulfonatophenyl)porphyrin (TPPSs) and the its zinc-complexed
analogue (ZnTPPS.). Fungal susceptibility was determined using the microdilution method in accordance with
the Clinical and Laboratory Standards Institute (CLSI) guidelines. Both ZnTMPyP and TMPyP exhibited an
estimated minimum effective concentration (MEC) of 0.8 pM against S. brasiliensis and Candida parapsilosis
(control). Among the anionic PSs, TPPSs showed the greatest inhibitory potential, with an estimated MEC of 1.6
pM. Confocal fluorescence microscopy revealed that both cationic and anionic porphyrins were able to inter-
nalize within the cellular structures of S. brasiliensis, which may explain the observed inhibitory effects. These
findings demonstrate that porphyrin-based PSs, particularly cationic derivatives, effectively inhibit the growth of
S. brasiliensis isolates. Collectively, the results support the potential application of porphyrins as alternative
therapeutic agents for the treatment of sporotrichosis.

Meso-porphyrins
Zinc-meso-porphyrins
Photophysical parameters

1. Introduction leading to systemic involvement of bones, lungs, and the central nervous
system (Rocha et al., 2024). Pathogens belonging to the Sporothrix genus

Sporotrichosis is a subcutaneous mycosis with global distribution are the etiological agents of this infection, first described in 1898 by
that primarily affects the skin and subcutaneous tissues of mammals. In Benjamin Schenck (Schenck, 1898). Initially attributed solely to Sporo-
immunocompromised individuals, disseminated forms may develop, thrix schenckii, it is now recognized that Sporothrix brasiliensis, Sporothrix
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globosa, and Sporothrix luriei also play significant roles in the epidemi-
ology of the disease (Etchecopaz et al., 2020; Rodrigues et al., 2014a).

The species S. schenckii, S. brasiliensis, S. globosa, and S. luriei
comprise the pathogenic clade responsible for infections in humans and
animals, whereas the remaining species form the environmental clade.
S. schenckii and S. globosa have a cosmopolitan distribution and are
classically associated with sapronotic transmission through traumatic
inoculation of contaminated plant material or organic matter (Gremiao
etal., 2014). In contrast, S. brasiliensis exhibits a distinct epidemiological
profile, characterized by predominant enzootic and zoonotic trans-
mission mediated by direct contact with infected cats, including
scratches, bites, sneezing, or exudates from lesions (Naliato et al., 2025;
Rodrigues et al., 2016). South America reports the highest global
prevalence of animal sporotrichosis (81%), and Brazil is considered the
epicenter of the epidemic, marked by rapid spread within the feline
population and growing public health concern. S. brasiliensis is currently
the most frequently isolated species, representing approximately
49.92% of reported cases, and until 2014 all confirmed records of this
species originated from Brazil (Dumont-Viollaz et al., 2025). Infected
cats function as major amplifiers and primary reservoirs of zoonotic
transmission, as they commonly develop extensive ulcerative cutaneous
lesions with high fungal burden, which may evolve to disseminated
disease with multi-organ involvement. This clinical presentation mark-
edly enhances their transmissibility and the likelihood of human infec-
tion (Etchecopaz et al., 2021; Conceicao, 2026; Barros et al., 2010; Silva
et al., 2012).

Currently, the treatment of sporotrichosis in both humans and ani-
mals relies on prolonged administration of the fungistatic agent itraco-
nazole (Silva et al., 2012; Rodrigues et al., 2020; Gongalves et al., 2019).
However, this therapy presents several limitations in human treatment,
including clinically relevant adverse effects, significant food-drug and
drug-drug interactions, high cost, and the need for prolonged treatment
courses. In feline cases, an additional concern is the biological risk
associated with drug administration. Infected animals often exhibit high
fungal burden and extensive cutaneous lesions, which may increase the
risk of environmental contamination and zoonotic transmission during
handling (Rodrigues et al., 2020; Lopez-Romero et al., 2011; Gremiao
et al., 2017; Kauffman et al., 2007; Matowane et al., 2018; Tiburcio
et al., 2022). Furthermore, the genetic heterogeneity of Sporothrix spe-
cies, combined with incorrect itraconazole use, contributes to the
emergence of resistant strains (Waller et al., 2026; Rodrigues et al.,
2014b). Therefore, the search for new antifungal agents and bioactive
compounds capable of reducing fungal viability and decreasing the
fungal burden within lesions, particularly in feline host is essential. Such
advances have the potential to shorten treatment duration and accel-
erate lesion resolution, thereby improving therapeutic outcomes and
limiting zoonotic transmission.

In this context, photodynamic inactivation (PDI) has emerged as a
promising approach for combating microorganisms and for ectoparasite
control (de Freitas et al., 2025; Pires et al., 2025; Moreira et al., 2020;
dos Anjos Oliveira et al., 2024; Cocca et al., 2017; Gomes et al., 2024;
Chaves et al., 2024; Rapacka-Zdonczyk et al., 2019). Although still in the
early stages of application, PDI has demonstrated effectiveness in con-
trolling pathogenic agents associated with sporotrichosis (Rocha et al.,
2024; Naliato et al., 2025; Wu and Hu, 2022; Mario et al., 2014). PDI
involves the combination of light at a specific wavelength, a photosen-
sitizer (PS), and molecular oxygen, leading to the generation of reactive
oxygen species (ROS) such as singlet oxygen and free radicals. These
ROS can trigger irreversible oxidative damage to critical biomolecular
structures, such as membrane lipids, proteins, carbohydrates, and
nucleic acids displayed in several pathogenic agents (de Freitas et al.,
2025; Pires et al., 2025; Gomes et al., 2024). In particular, the multi-
target oxidative mechanism underlying PDI considerably decreases or
even eliminates the likelihood of microbial resistance development, a
major limitation in the management of infectious diseases affecting both
humans and animals.
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Considering the zoonotic emergence of S. brasiliensis, the limitations
of conventional antifungal therapy, and the therapeutic potential of PDI,
the present study investigates porphyrinic photosensitizers with distinct
charge profiles, including the cationic meso-tetrakis(1-methylpyr-
idinium-4-yl)porphyrin (TMPyP) and its Zn(II) complex (ZnTMPyP), as
well as the anionic meso-tetrakis(p-sulfonatophenyl)porphyrin (TPPSa)
and its corresponding Zn(II) complex (ZnTPPS.). These photosensitizers
exhibit well-established antimicrobial activity (de Freitas et al., 2025;
Teles et al., 2018a; Lopes et al., 2023; Almeida et al., 2012; Merchat
et al., 1996), and favorable photophysical properties (Goncalves et al.,
2011; Borissevitch et al., 2023; Mosinger and Micka, 1997), supporting
their application in photodynamic protocols. Moreover, it is well
established that zinc metalation at the porphyrin core enhances inter-
system crossing, leading to increased triplet-state formation and
consequently a higher yield of reactive oxygen species. In addition, it
improves the hydrophilicity of porphyrins, both features being essential
for efficient photodynamic performance (Teles et al., 2018a; Bor-
issevitch et al., 2023; Mosinger and Micka, 1997). By evaluating their
performance and investigating their mechanisms of action, this work
aims to contribute to the development of alternative strategies for
sporotrichosis management in both human and veterinary settings.

2. Methods
2.1. Fungal inocula

Sporothrix brasiliensis isolate used in this study were obtained from
the culture collection from LabMicol (Institute of Tropical Pathology
and Public Health of the Federal University of Goias) and maintained in
the mycelial phase on Potato Dextrose Agar - PDA (52 g-L™!) at room
temperature. For susceptibility assays, isolates were subcultured on
Sabouraud Dextrose Agar - SDA (65 g-L™!) and incubated at 30 °C for
4-7 days. C. parapsilosis (ATCC 22019) was included as a reference
control strain. The yeast was maintained through subculturing on Sab-
ouraud Dextrose Agar (65 g-L ™) and incubated at 35 °C for up to 48 h.

For S. brasiliensis mycelial-phase inocula, cultures grown on SDA and
after 7 days at 25 °C, colonies were overlaid with 1 mL of sterile saline
containing 0.01 mL of tween 20, and conidia were gently released by
pipette agitation. The resulting suspension was diluted 1:50 in RPMI-
1640 to yield a 2x concentrated stock, corresponding to a final inoc-
ulum of approximately 5 x 10* conidia. mL ™.

Yeast inoculum was prepared from culture grown on SDA and
incubated at 25-30 °C for 48 h. The small fragments of fungal colonies
were suspended in sterile saline (0.85% NaCl) and vortexed until a
uniform suspension was obtained. Cell density was adjusted to 0.5 on
the McFarland standard scale (= 5 x 10° cells. mL’l), followed by a 1:50
dilution in RPMI-1640 medium buffered with HEPES.

2.2. Photosensitizers

Photodynamic inactivation of S. brasiliensis was carried out using
synthetic, water-soluble porphyrins, specifically the anionic meso-tet-
rakis (p-sulfonatophenyl) porphyrin (TPPS.), the cationic meso-tetrakis
(1-methylpyridinium-4-yl) porphyrin (TMPyP), and their respective
Zinc(II) complexes (ZnTPPSs and ZnTMPyP) (Fig. 1). All porphyrins
were obtained from Porphyrin Products Inc. (Logan, UT, USA), prepared
in phosphate-buffered saline (PBS) and, according to the Lambert-Beer
Law, their concentrations were adjusted utilizing the molar absorption
coefficients.

2.3. Photophysical parameter measurements

The molar concentrations of the porphyrin samples were determined
from their UV-vis absorption spectra according to Beer's law. All mea-
surements were obtained in PBS using a quartz cuvette, and spectra were
recorded on a Hitachi U-2900 spectrophotometer.
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Fig. 1. Molecular structures of porphyrins.

The number of singlet oxygen molecules generated (1, ) is directly
associated with the singlet oxygen quantum yield (®,) and with the
number of absorbed photons by each photosensitizer (ng;), as described
by eq. 1:

n
By = 2 6
Naps

The parameter ng;s per second can be determined using eq. 2 (de

Freitas et al., 2025; Schaberle, 2018):

V2
Maps = / 1 }%) (1-104%)dv @)
where h is Planck's constant, v is the frequency of the incident photons
(s’l), A(v) represents the absorption spectrum of the photosensitizer,
and P(v) corresponds to the spectral power distribution of the light
source (W = J.s_l).

The emission spectrum of the irradiation sources was recorded using
an optical fiber coupled to an LSP-2 spectrometer (Laser Line Inc.). The
output power was determined with a PM100A power meter equipped
with an S470C thermal sensor (Thorlabs). All measurements were per-
formed at controlled room temperature (27 + 1 °C).

2.4. Antifungal susceptibility testing

Antifungal susceptibility testing was performed to evaluate the
response of S. brasiliensis to itraconazole, using Candida parapsilosis
(ATCC 22019) as the reference strain, in accordance with the Clinical
and Laboratory Standards Institute (CLSI) guidelines. Yeast and conidia
were previously cultured on Sabouraud Dextrose Agar (65 g-L™!) and
incubated at 35 °C for 24-48 h (C. parapsilosis) and 96 h (S. brasiliensis).

For inoculum preparation, small fragments of yeast colonies were
suspended in sterile saline (0.85% NaCl w/v) and vortexed until a cell
density equivalent to 0.5 on the McFarland turbidity scale was achieved.
For conidia preparation, the colonies were washed with sterile saline,
and the conidia were separated to prepare the initial dilution. The
inoculum was then adjusted to achieve a final concentration of 0.4 x 10*
to 5 x 10* CFU/mL, according to the current CLSI M38 guidelines for
filamentous fungi. Serial twofold dilutions of itraconazole were
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prepared in RPMI 1640 medium buffered with HEPES, starting from a
stock solution of 16 pg-mL ™! dissolved in dimethyl sulfoxide (DMSO).
Equal volumes of the fungal suspension and the drug dilutions were
dispensed into 96-well microtiter plates.

Plates were incubated at 35 °C for 24-48 h (C. parapsilosis) and
72-96 h (S. brasiliensis), and the MIC was determined visually by
comparing fungal growth in the control wells. Growth intensity was
visually scored on a scale from 0 to 4, where 4 indicated growth
equivalent to the positive control and 0 represented complete inhibition
of growth (negative control).

2.5. Photodynamic inactivation (PDI) assay

Photodynamic inactivation was evaluated using the broth micro-
dilution method in 96-well plates, adapted from the Clinical and Labo-
ratory Standards Institute (CLSI) guidelines was described for the
antifungal tests with itraconazole (CLSI, 2022; CLSI, 2017). Serial
twofold dilutions of each photosensitizer (PS) were prepared in 100 pL
of RPMI-1640 medium buffered with HEPES, starting from an initial
concentration of 3.2 pM. Subsequently, 100 pL of S. brasiliensis or
C. parapsilosis (control) inoculum suspension was added to each well
containing the PS solutions and to the positive-control wells.

Plates were incubated at 35 °C for 30 min in the dark. Non-irradiated
plates treated with the highest PS concentration (3.2 pM) were included
as dark controls to assess intrinsic compound activity. After incubation,
samples were irradiated for 30 min using a white LED system (Bio-
Lambda®) at an irradiance of 30 mW/cm? and a light dose of 108 J/cm2.
To minimize spatial variations in light irradiance across the irradiation
field, microplates were centrally positioned within the chamber,
excluding approximately 2 cm from the edges, and all experimental
conditions were arranged within the central wells. The temperature of
the plates was monitored throughout the irradiation process, and a final
temperature of approximately 25 °C was recorded, consistent with
ambient room conditions.

Plates were subsequently incubated at 35 °C for 48 h for the
C. parapsilosis control and 96 h for the S. brasiliensis (mycelium) isolates,
and optical density (ODeso) was measured after well homogenization to
assess fungal growth. In this study, the minimum effective concentration
(MEC) was defined as the lowest photosensitizer concentration that
produced the maximum statistically significant inhibition of fungal
growth when compared with the untreated control, after correction for
background absorbance (PS-only wells).

All assays were performed in duplicate, and data are expressed as
mean =+ standard deviation. Statistical analysis was performed using
one-way ANOVA followed by Tukey's post hoc test (p < 0.05) in
GraphPad Prism® version 6.0.

2.6. Photosensitizer cytolocation assay

Internalization of photosensitizers (PSs) was assessed by confocal
fluorescence microscopy, exploiting the intrinsic fluorescence properties
of the porphyrins. No additional fluorescent probes or labeling proced-
ures were used. For this analysis, a fungal suspension (150 pL) adjusted
to a 0.5 McFarland standard and diluted in sterile saline was incubated
with ZnTMPyP or ZnTPPS. at a final concentration of 50 pM in a mi-
crotiter plate. Samples were protected from light and incubated at room
temperature for 60 min prior to imaging. Following incubation, the
samples were washed three times with sterile saline and centrifuged to
remove excess photosensitizer not incorporated into the fungal cells.
Approximately 10 pL of the resulting suspension were placed onto a
microscope slide, covered with a coverslip, and examined using a
confocal fluorescence microscope (TCS SP8 DMi8, Leica Microsystems,
Germany) equipped with 10x and 40 x objectives. The reaction product
generated by the probe was excited with a DPSS 561 laser line at 561
nm, and fluorescence emission was detected at 650 nm. Three-
dimensional images were acquired from z-stacks composed of 40
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optical sections and reconstructed using Leica LAS X software.

3. Results and discussion

In the context of the increasing global antifungal resistance, along
with the limitations and adverse effects associated with conventional
therapies, photodynamic inactivation (PDI) has emerged as a promising
alternative approach. The present findings indicate that both anionic
and cationic photosensitizers exhibit photodynamic activity against
S. brasiliensis under the tested conditions. These results suggest their
potential use as standalone agents or in combination with conventional
antifungal therapies. Such combined approaches may improve treat-
ment outcomes in sporotrichosis and other clinically relevant mycoses,
including infections by Candida, here presented as experimental control
isolate. However, further studies are required to confirm these findings
and to better establish the role of PDI as a complementary strategy in the
management of fungal infections.

3.1. Photophysical characterization and fungal photodynamic
inactivation

Fig. 2a displays the absorbed intensity profiles of the porphyrins,
calculated as Iy, = 1 — 10741, where A(1) represents the wavelength-
dependent absorbance. As expected for porphyrinic systems, the
spectra are attributed to © — n* transitions, showing a strong Soret band
near 400 nm and a series of weaker Q bands between approximately
470-670 nm. Coordination to Zn(II) produces a noticeable red shift of
the Soret band relative to the free-base analogues and leads to the well-
known reduction of the Q-band manifold from four transitions to two,
consistent with the increased symmetry of the metalated macrocycle
(Al-Shewiki et al., 2017).

1.2
- Soret-bands TPPS,
S (@) ——ZnTPPS,| &
@ 10 TMPyP IS
~ =——ZnTMPYP)| 8
2 08l —LEDBox | =
z £
= 06F >
£ Eé
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Ko} Q-bands c
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< 00 -
400 500 600 700
Wavelength (nm)
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250 (b) ZnTPPS,
TMPyP
200 - ZnTMPyP
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Wavelength (nm)

Fig. 2. (a) Absorbed intensity spectra (Ipps = 1 — 10744) of the porphyrins
TPPSs, ZnTPPSs, TMPP and ZnTMPyP, together with the emission spectrum of
the LEDBox light source. (b) Spectra of number of absorbed photons per second
(ngps) calculated from the spectral overlap between I and the light source
power distribution.
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The normalized emission spectrum of the LEDBox light source, also
shown in Fig. 2a, exhibits substantial spectral overlap with the absorp-
tion features of the porphyrins. This overlap indicates that the LEDBox
emits appreciable spectral power across the Q-band region and part of
the Soret band, reinforcing its suitability as an excitation source for
photodynamic applications employing porphyrins as photosensitizers.

The number of absorbed photons per second (ng;) for each porphyrin
was calculated by integrating Eq. 2 and is summarized in Table 1.
Although the calculations were performed in frequency units, the cor-
responding ng, spectra are presented as a function of wavelength in
Fig. 2b to facilitate direct correlation with the absorption spectra and the
power distribution of the light source.

Among the investigated samples, Zn-complexed porphyrins exhibit a
higher number of absorbed photons compared to their free-base ana-
logues. According to Eq. 2, ng; is directly associated with the degree of
spectral overlap between the emission profile of the irradiation source
and the absorption spectrum of the photosensitizer. In this context, the
higher ng values observed for the zinc porphyrins are attributed to
enhanced photon absorption in the Q-band region, as can be seen in
Fig. 2b. Notably, among the zinc porphyrins, ZnTMPyP exhibits the
strongest spectral overlap with the LEDBox emission, particularly within
the Soret band region around 450 nm.

The number of singlet oxygen molecules produced (11,,) is obtained
from the product ngs x ®,, according to Eq. 1, and is presented in
Table 1. Again, ZnTMPyP stands out reinforcing its superior efficiency in
generating singlet oxygen under LEDBox irradiation.

Among the PSs assessed, the cationic porphyrins ZnTMPyP and
TMPyP produced significant inhibition of fungal growth in both
S. brasiliensis and C. parapsilosis, yielding effects significantly compared
to the non-treated positive control (Fig. 3).

Considering the anionic photosensitizers, both compounds induced a
significant reduction in fungal growth; however, the free-base porphyrin
TPPS. displayed superior activity, of up to 1.6 uM, against S. brasiliensis
and C. parapsilosis when compared with its zinc-coordinated analogue
ZnTPPS,; (Fig. 4). As expected, exposure of the model fungus
C. parapsilosis to the photosensitizers in the absence of light (dark con-
trol), even at the highest tested concentrations, resulted in negligible
fungicidal activity, confirming that the photosensitizers exhibited no
intrinsic toxicity without light activation. This photosafety profile is
particularly advantageous for potential topical therapy, wherein local-
ized irradiation of the lesion is required without imposing undue risk of
systemic phototoxicity.

The lower MECs obtained for the cationic ZnTMPyP and TMPyP in
both fungal species are consistent with the intrinsic photophysical and
chemical characteristics of these molecules. In practical terms, some
parameters are relevant for the selection of PSs in photodynamic
therapy.

Since the photophysical processes in PDI are primarily dependent on
photon absorption by the PS, the overlap between the PS absorption
bands and the emission spectrum of the irradiation source (LED box)
represents a key parameter for PS selection (Fig. 2a). Values of singlet
oxygen (®A) quantum yields, number of photons absorbed (rngps),

Table 1

Values of singlet oxygen (®,) quantum yields, number of photons absorbed
(ngps), number of singlet oxygen molecules produced (n10,) per second for the
anionic (TPPS and ZnTPPS) and cationic (TMPyP and ZnTMPyP) porphyrins in
PBS.

[c]

sample ngss ((x 10'°), s @, nyo, ( x 101%), st @bl Logponw

TPPS, 5.03 0.62 3.12 -4.0+0.1
ZnTPPS, 5.48 0.74 4.06 -294+0.2
TMPyP 6.93 0.74 5.13 -3.4+0.1
ZnTMPyP 12.95 0.88 11.40 -3.0+0.1

a,b and c See refs. (Mosinger and Micka, 1997; Redmond and Gamlin, 1999;
Teles et al., 2018b), respectively].
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Fig. 3. Photoinactivation of fungal cells (Sporothrix brasiliensis and Candida parapsilosis) mediated by ZnTMPyP and TMPyP porphyrins following exposure to white
LED irradiation. Red bars indicate the MEC determined under the experimental conditions. Statistical analysis was performed using one-way ANOVA followed by
Tukey's post-hoc test, where (*) denotes statistically significant differences (p < 0.05) and (ns) indicates non-significant differences. (C+) - positive control. (Dark)
-dark control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Photoinactivation of fungal cells (Sporothrix brasiliensis and Candida parapsilosis) mediated by ZnTMPPS, and TPPS, porphyrins following exposure to white
LED irradiation. Red bars indicate the MEC determined under the experimental conditions. Statistical analysis was performed using one-way ANOVA followed by
Tukey's post-hoc test, where (*) denotes statistically significant differences (p < 0.05) and (ns) indicates non-significant differences. (C+) - positive control. (Dark)
-dark control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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number of singlet oxygen molecules produced (nip,) per second for
metalized porphyrins and their respective free forms are shown in
Table 1. Notably, the number of photons absorbed (Fig. 2b) by the
ZnTMPyP was significantly higher than that of the other molecules,
which likely contributed to the enhancement of the ®A and njp, pho-
tophysical parameters.

In PDI, singlet oxygen (102) is the most desirable reactive species.
The singlet oxygen yields reported for the cationic porphyrins are 88%
for ZnTMPyP and 74% for TMPyP, compared to 74% for ZnTPPS. and
62% for TPPSs (Table 1), however, these findings alone do not fully
account for the superior photodynamic performance of the cationic
molecules, as the anionic PSs exhibited comparable singlet oxygen
quantum yields despite their reduced antifungal activity.

It is important to note, that singlet oxygen represents only one
component of the photophysical processes underlying PDI. Additional
reactive oxygen species, such as hydroperoxide, superoxide (03), hy-
droxyl radical (OH.) not assessed in the present study, may contribute to
the overall photodynamic response and have been implicated in mi-
crobial inactivation across diverse systems. However, given that ROS
lifetimes are in the nanosecond range (Hatz et al., 2007), higher 10,
quantum yields are directly associated with greater oxidative damage to
biological targets, as observed with ZnTMPyP.

Molecular charges play also a critical role in the interaction of PSs
with targets. Considering the cell wall and plasma membrane as the first
barrier to PS internalization, cationic PSs display an advantage due to
their electrostatic attraction to the negatively charged phospholipid
components of biological membranes. Such interactions likely promote
enhanced cellular uptake. Once internalized, or even when associated
with the membrane, the PS can interact with a wide range of biological
targets through oxidative mechanisms.

Also relates to the charges, the presence or absence of polar groups in
the PS molecular structure contribute to its solubility. Analysis of the
partition coefficients (Log Po,w) indicates that both cationic and anionic
photosensitizers exhibit substantial hydrophilicity (Table 1). Although
the presence of zinc atom into the porphyrin core has been reported to
further decrease hydrophilicity (Wilkinson et al., 1993), his behavior did
not interfere with the cellular internalization of PSs in the structures of
S. brasiliensis, as observed in images obtained from confocal fluorescence
microscopy assay (Fig. 6).

Given the still incipient number of studies exploring photodynamic
inactivation for the treatment of sporotrichosis, the findings presented in
this work gain particular importance from a public health perspective.
Among the photosensitizers reported in the specialized literature,
methylene blue (MB) stands out as the most frequently employed com-
pound, showing significant antifungal activity both in vitro and in
experimental animal models (Mario et al., 2014; Li et al., 2019). Clinical
trials using MB in patients diagnosed with sporotrichosis have also
demonstrated improvement of fungal lesions on the skin (Garcia-Malinis
et al., 2018; Gilaberte et al., 2014) and in the oral cavity (da Silva et al.,
2024a). Cabral et al. (2022) further reported a case of complete clinical
remission following treatment with 0.01% MB gel-PDI combined with
oral itraconazole, after two sessions of red laser irradiation (Cabral et al.,
2022).

In veterinary medicine, cats represent the most affected species and
the main vector of sporotrichosis transmission (De Andrade Galliano
Daros Bastos et al., 2025). Due to its favorable cost-benefit ratio, MB is
often adopted in photodynamic therapy protocols for feline sporotri-
chosis. However, earlier studies have described methylene blue as toxic
to cats, and its use has been contraindicated in many cases owing to
adverse effects such as hemolytic anemia, Heinz body formation and
renal failure (da Silva et al., 2024b; Schechter et al., n.d.).

Considering new-generation molecules, a recent in vitro study
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employing the RuPDIp complex as a photosensitizer against
S. brasiliensis and C. albicans, a total reduction of fungal growth was
achieved at a concentration of 0.5 pM at 525 nm using a light dose of
25.2 J/cm? (Tiburcio et al., 2022). In a subsequent work, the same
research group evaluated curcumin mediated PDI of Sporothrix spp. and
demonstrated that, although several studies support the feasibility of
PDI for controlling sporotrichosis, none of the photosensitizers tested,
except the RuPDIp complex, produced a higher reduction in fungal
growth compared with curcumin (Tiburcio et al., 2022).

In accordance with these previous findings, our results show that for
the photosensitizers ZnTMPyP, TMPyP, and TPPSa, a MIC of 0.8 pM, for
the cationic PSs, were sufficient to completely inhibit fungal growth in
both S. brasiliensis and C. parapsilosis.

Moreover, although most of the absorption spectrum of porphyrins
lies below 600 nm, a slight overlap between the porphyrin absorption
and the emission spectrum of the radiation source is observed within the
well known therapeutic window (>600 nm), especially in the more
shifted Q bands (~620-650 nm). Considering that sporotrichosis lesions
may extend beyond superficial regions of the skin (Orofino-Costa et al.,
2022; de Lima Barros et al., 2011), this overlap could still promote
deeper light penetration into the lower layers of the irradiated tissue,
thereby enhancing the photodynamic action against fungal cells located
in deeper strata. However, the extent to which this contributes to ther-
apeutic efficacy requires further investigation under in vivo conditions
(Gao et al., 2022; Correia et al., 2021; da Silva et al., 2025).

The mycelial form of S. brasiliensis was selected for the screening and
characterization of photosensitizers due this morphological phase pre-
sents a greater number of natural barriers, including a well-organized
cell wall and melanin deposition, which are known to confer
enhanced resistance to antifungal agents (Waller et al., 2026; Romero
et al., 2023; Almeida-Paes et al., 2016; Gomez-Gaviria et al., 2023;
Sanchotene et al., 2017). Under this approach, the photosensitizers
identified and the minimum effective concentrations established in this
study are also expected to be sufficient for the photodynamic inactiva-
tion of infective yeast form of the fungus. In fact, a comparative study on
the photodynamic action of photosensitizers against different morpho-
logical phases of S. brasiliensis revealed that its yeast form is as suscep-
tible to photodamage as the mycelial phase at the same RuPDIp complex
concentration (Tiburcio et al., 2022). Therefore, it is reasonable to as-
sume that the minimal effective concentrations determined in the pre-
sent study may also be suitable for the photodynamic inactivation of
sporotrichosis in its infective yeast form.

3.2. Susceptibility profile to antifungal agent

Although the S. brasiliensis strain used in this study was originally
isolated from a feline source, it did not exhibit resistance to itraconazole
when compared to the reference strain Candida parapsilosis (Fig. 5).
While similar MEC values were observed for itraconazole (0.71 pM) and
the tested photosensitizers (0.8 pM), it is important to note that these
approaches are based on fundamentally different mechanisms of action
and experimental conditions. Therefore, direct comparisons between
antifungal susceptibility assays and photodynamic inactivation should
be interpreted with caution, especially when observing the possible
differences between the mycelial (tested) and yeast-like phases of
S. brasiliensis. In this context, the results suggest that photodynamic
inactivation may represent a complementary strategy to conventional
antifungal therapy, rather than a direct alternative.

Due to the broad range of cellular targets affected by photosensi-
tizers, the risk of resistance development or selection is significantly
reduced, or even absent, when compared to standard antifungal agents.
Moreover, PDT offers versatile therapeutic applications, as activation of
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Fig. 5. Comparative antifungal susceptibility testing of S. brasiliensis and C. parapsilosis. *“Minimum effective concentration (MEC) of 0.5 pg/mL for S. brasiliensis,

corresponding to 0.71 uM of itraconazole.

the photosensitizers is restricted to the irradiated area, allowing their
use in both topical and systemic approaches, particularly for localized
lesions.

Although the present study did not specifically investigate combi-
natorial strategies, the potential for synergy between photosensitizers
and antifungal agents remains an important consideration. Previous
studies have demonstrated successful outcomes using methylene blue in
combination with itraconazole in feline photodynamic therapy (Cabral
et al., 2022), supporting the relevance of this approach.

ROS produced during PDI are highly reactive and non-selective,
targeting a broad range of cellular biomolecules including lipids, pro-
teins, nucleic acids, and carbohydrates. This broad-spectrum mechanism
may account for the less sharply defined dose-response curves typically
observed in PDI compared with those from itraconazole susceptibility
assays. In PDI, a rapid collapse in fungal growth is often detected at the
MEC, likely due to the simultaneous oxidative damage to multiple
cellular components. This extensive damage may exceed the fungal
antioxidant defense capacity, leading to irreversible cellular disruption
and rapid cell death.

The use of Candida parapsilosis as a reference strain should be
interpreted with caution, as differences in morphology and physiology
between yeast and filamentous fungi may limit direct comparisons. The
inclusion of a Sporothrix reference strain, such as Sporothrix schenckii
ATCC 10268, would provide a more appropriate benchmark for future
studies.

A limitation of our study in clinical correlations is the use of the
myecelial phase of S. brasiliensis, whereas the yeast form is the clinically
relevant morphology associated with parasitic phase and zoonotic
transmission. Therefore, the present findings should be interpreted as a
preliminary in vitro assessment, with association with saprophyte phase
(mycelial phase) to infection process. Additionally, although the assays
were performed at 35 °C to approximate physiological conditions to
parasitic phase (also indicate at CLSI protocol), this temperature may
not be optimal for filamentous growth, which typically occurs at lower
temperatures. Further studies evaluating the yeast phase under appro-
priate conditions are necessary to confirm the applicability of these re-
sults in parasitic phase.

It is important to note that antifungal susceptibility profiles obtained
in vitro may not fully reflect in vivo efficacy, as host factors such as im-
mune response, tissue environment, and pharmacokinetics can signifi-
cantly influence treatment outcomes (Bidaud et al., 2021). Therefore,
the present findings should be considered as a preliminary assessment,
and further studies, including in vivo models, are required to validate the
therapeutic potential of these photosensitizers.

3.3. Distribution of photosensitizers across fungal morphological
structures

Metalated photosensitizers (PSs) were preferentially selected for
internalization assays in S. brasiliensis due to their superior photo-
physical properties, particularly their enhanced ability to generate
reactive oxygen species. Confocal fluorescence microscopy indicated the
internalization of these metalated PSs, as fluorescence signals were
observed within fungal cellular compartments. Although fluorescence
intensity was not quantitatively measured, the microscopy images sug-
gested intracellular localization of the photosensitizers in hyphae,
indicating their ability to cross the cell wall and plasma membrane
(Fig. 6, yellow arrows). In contrast, fluorescence emission appeared
weaker in conidia. This reduced signal may be associated with the
higher melanin content in conidial cell walls (Nosanchuk et al., 2015;
Staats et al., 2013; Vicentefranqueira et al., 2018; Moreno et al., 2007),
which can absorb excitation light and attenuate fluorescence emission
from these structures (Fig. 6, white arrows). Overall, these observations
qualitatively support the occurrence of photosensitizer uptake under the
experimental conditions. However, as no quantitative uptake analysis
was performed, the relationship between intracellular accumulation and
photodynamic efficacy cannot be fully established and should be inter-
preted with caution.

Regarding the internalization process, gene expression regulation in
S. brasiliensis, as in most fungi, involves zinc finger domain-containing
proteins (ZFPs). For instance, the zinc-responsive transcription factor
ZafA (orthologous to S. cerevisiae Zapl) regulates zinc uptake trans-
porters under zinc-limited conditions, thereby influencing cellular zinc
homeostasis (Staats et al., 2013; Vicentefranqueira et al., 2018; Moreno
et al., 2007; Tangsombatvichit et al., 2015). This regulatory network
may affect the uptake of zinc-based photosensitizers. Therefore, the
presence of zinc ions in both cationic (ZnTMPyP) and anionic (ZnTPPS4)
complexes may contribute to their internalization. Once internalized,
irradiated PSs trigger a cascade of photodynamic reactions. These may
proceed via type I mechanisms, generating ROS such as superoxide an-
ions (eO2"), peroxides (022’), and hydroxyl radicals (e¢OH), or via type II
mechanisms, which predominantly produce singlet oxygen (102), the
key cytotoxic species in PDI (Baptista et al., 2017; Jablonski, 1933).

Although the internalization assays were conducted only with
metalated photosensitizers, the relatively low molecular mass and high
aqueous solubility of all compounds suggest that other PSs may also
penetrate fungal structures. This property may contribute to the
photodynamic activity observed in the PDI assays, although with
different levels of efficacy among the tested compounds.
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Fig. 6. Distribution of porphyrin-associated fluorescence within S. brasiliensis cell structures. The filamentous morphology of the fungus exhibits characteristic
hyphae (indicated by yellow arrows) and conidia (indicated by white arrows). Panels A1/A2 and B1/B2 correspond to cellular uptake of ZnTMPyP and ZnTPPS,
porphyrins, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

The cationic porphyrins ZnTMPyP and TMPyP exhibited superior
efficacy in the photodynamic inactivation of Sporothrix brasiliensis and
Candida parapsilosis compared with the anionic porphyrins ZnTPPS and
TPPS. However, given the low MEC values obtained (0.8-1.6 uM), it is
plausible that higher concentrations of the anionic porphyrins could
further improve their photodynamic performance. The photophysical
parameters were consistent with the superior activity of ZnTMPyP,
which displayed a considerably higher number of absorbed photons
than the other photosensitizers when irradiated with LED system at an
irradiance of 30 mW/cm? and a light dose of 108 J/cm?, indicating its
strong potential for clinical application.

Despite the advantage of ZnTMPyP, the anionic porphyrin ZnTPPS
also demonstrated efficient internalization in both hyphae and conidia,
suggesting that optimized concentration adjustments could enhance the
performance of both photosensitizers. According to our findings, and
considering the growing global resistance to conventional antifungal
agents and their associated toxicity, the photosensitizers evaluated in
this study may represent potential candidates for the photodynamic
control of S. brasiliensis. In sporotrichosis, where lesions may harbor
high fungal loads, reducing fungal burden and promoting lesion reso-
lution are important for improving clinical outcomes. In this context,
photodynamic inactivation could potentially contribute to shortening
the duration of active infection, which may indirectly reduce the risk of
zoonotic transmission. However, this hypothesis requires further
investigation.
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