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and reduce side effects for patients are needed. Antimicrobial photodynamic therapy
(@PDT) is an emerging approach that is quite suitable for superficial infections. The aim
of this study is to investigate the antimicrobial efficacy and effect of aPDT mediated by
haematoporphyrin monomethyl ether (HMME) and aloe emodin (AE) on clinical isolates
of M. furfur in vitro. The photodynamic antimicrobial efficacy of HMME and AE against
M. furfur was assessed by colony forming unit (CFU) assay. The uptake of HMME and AE
by M. furfur cells was investigated by fluorescence microscopy. Reactive oxygen species
(ROS) probe and flow cytometry were employed to evaluate the intracellular ROS level.
The effect of HMME and AE-mediated aPDT on secreted protease and lipase activity of
M. furfur was also investigated. The results showed that HMME and AE in the presence
of light effectively inactivated M. furfur cells in a photosensitizer (PS) concentration and
light energy dose-dependent manner. AE exhibited higher antimicrobial efficacy against
M. furfur than HMME under the same irradiation condition. HMME and AE-mediated
aPDT disturbed the fungal cell envelop, significantly increased the intracellular ROS
level, and effectively inhibited the activity of secreted protease and lipase of M. furfur
cells. The results suggest that HMME and AE have potential to serve as PSs in the
photodynamic treatment of dermatological diseases caused by M. furfur, but further
ex vivo or in vivo experiments are needed to verify that they can meet the requirements
for clinical practice.

Keywords: Malassezia furfur, photodynamic antimicrobial effect, haematoporphyrin monomethyl ether, aloe
emodin, protease and lipase
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INTRODUCTION

Malassezia furfur is a lipid-dependent yeast commonly found
on the skin of animal and human as normal microbiota.
This fungus normally accounts for more than 80% of the
total fungal population on human skin and can be frequently
isolated from healthy and diseased hosts (Gao et al, 2010).
In most cases, M. furfur is associated with the maintenance
of skin health (Ashbee and Evans, 2002; Prohic et al., 2016).
But under appropriate conditions, it invades the stratum
corneum, interacts with host immune system, and causes
various infectious dermatological diseases, including Malassezia
folliculitis, pityriasis versicolor, and seborrheic dermatitis (Saunte
etal., 2020). Although the pathogenic mechanism of such diseases
has not been identified, the current hypotheses suggest that
these diseases might be induced directly by invasion of fungal
filaments in skin tissue, or indirectly through immunological
and metabolic mechanisms caused by this fungus (Spatz and
Richard, 2020). Additionally, M. furfur is also associated with
psoriasis, Parkinson’s disease, onychomycosis, and systemic
fungal infections (Gaitanis et al., 2012; Torres et al., 2020).

At present, available therapeutic options for skin diseases
caused by M. furfur are mainly depending on systemic and topical
antifungal agents, such as azoles, polyenes, allylamines, and
echinocandins (Rhimi et al., 2021). Although these antifungals
are effective, they are still associated with several adverse effects,
e.g., hepatotoxicity, gastrointestinal discomfort, high risk of
drug interactions, burning, stinging, and redness. Besides, the
treatment process is usually tedious and repetitive because
M. furfur-caused skin diseases are chronic and recurrent
(Takahashi et al., 2014). And a great number of patients who have
comorbidities or contraindications to oral medications cannot
use systemic antifungal drugs (Takahashi et al., 2014). Moreover,
the irregular and continuous use of these antifungals can result
in the emergence of drug-resistant strains (Cafarchia et al., 2015;
latta et al., 2017). Thus, alternative approaches that broaden the
treatment options and reduce side effects for patients are needed.

Antimicrobial photodynamic therapy (aPDT) has emerged as
a promising method to kill various microorganisms and has been
explored for the treatment of infectious skin diseases (Li et al.,
2020). When a photosensitizer (PS) is applied to the infected site
of skin followed by irradiation with specific wavelength of light,
the PS is excited from the ground singlet state to triplet state that
reacts with molecular oxygen around or inside the microbial cells
to form reactive oxygen species (ROS), such as superoxide anions,
hydroxyl radicals, hydrogen peroxide, and primarily singlet
oxygen (Hamblin and Hasan, 2004; Jia et al., 2017b). These ROS
can induce irreversible oxidative damage to many intracellular
structures (cell wall, cytoplasm membrane, and organelles) or
important biomolecules (cellular DNA, proteins, and membrane
lipids) of microbial cells, which ultimately leads to their death
(Calzavara-Pinton et al., 2012; Dai et al., 2012; Jia et al., 2017b).

With respect to conventional antifungal drugs, aPDT
possesses following benefits: (1) all investigated PSs exhibit
no significant mutagenic and genotoxic activity (Calzavara-
Pinton et al., 2012); (2) microbial cells can be inactivated at
the concentrations of PSs and energy doses of light much
lower than that needed for a same effect on keratinocytes

(Calzavara-Pinton et al.,, 2012); and (3) it is generally believed
that microbial cells impossibly develop resistance to aPDT
because the oxidative action of ROS is non-specific and
oxidative damage occurs on many intracellular targets (Kashef
and Hamblin, 2017). For these benefits, aPDT has been
employed to treat skin diseases caused by many yeasts, such as
sporotrichosis, chromoblastomycosis, tinea pedis, tinea cruris,
and onychomycosis, etc. (Baltazar et al., 2016). Nevertheless, the
treatment effect of aPDT on skin diseases caused by M. furfur has
been seldom investigated in vitro and in vivo.

Haematoporphyrin monomethyl ether (HMME,
Figures 1A,C) is a second-generation porphyrin monomer
PS developed in China, which has been approved by the China
Food and Drug Administration for photodynamic treatment
of port wine stain (naevus flammeus; Tang et al., 2017). Aloe
emodin (AE, Figures 1B,C) is a natural anthraquinone PS
extracted from Chinese traditional herbs Aloe vera, Polygonum
multiflorum, Cassia occidentalis, and Rheum palmatum L (Dong
et al., 2020). We previously found that aPDT mediated by the
two PSs from China could effectively inactivate Candida albicans
and Trichophyton rubrumin vitro and in vivo (Liu et al., 2016;
Ma et al., 2020, 2021; Pan et al., 2020). To evaluate the potential
of these PSs for photodynamic treatment of skin diseases caused
by M. furfur, clinical isolates were employed to investigate the
photodynamic antimicrobial efficacy and effect of HMME and
AE in this work.

MATERIALS AND METHODS

Photosensitizers and Light Instruments
HMME and AE were purchased from China Shanghai Xianhui
Pharmaceutical Co. and China Nanjing Jingzhu Biotechnology
Co., respectively. To prepare PSs solutions, 6.13 mg of HMME
and 2.70 mg of AE were measured and 50 pL of DMSO was
added. The two PSs were completely dissolved in DMSO using
micropipettor followed by sonication at 45°C for 10 s. Next, 950
WL of pre-heated (45°C) sterile PBS were added into DMSO
in batches, and each diluted PSs solutions were sonicated at
45°C for three times (10 s each time) and stirred at 45°C until
transparency. Subsequently, the PSs solutions were diluted to the
desired concentrations with 45°C sterile PBS. After cooling to
room temperature, the prepared PSs solutions were applied in
photodynamic experiments immediately.

Light irradiations were conducted on a 50-W xenon lamp
(Ceaulight CEL-HXF300, China). To avoid ultra-violet and near-
infrared light, an optical filter was equipped on the xenon
lamp for selecting of 400-780 nm white light, and the spectra
of illumination was measured by a fiber optic spectrometer
(Ocean Optics HR4000, United States) at the level of samples
(Figure 1C). A power meter (Ceaulight NP-2000, China) was
employed to adjust the light fluence rate at the level of samples
to 40 mW cm 2,

Clinical Isolates of M. furfur and Culture

Conditions
Four clinical isolates of M. furfur used in this study were collected
from anonymous patients in the Department of Dermatology,
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FIGURE 1 | Chemical structure and absorption spectrum of HMME and AE. (A) Chemical structure of HMME; (B) chemical structure of AE; and (C) the absorption

spectrum of HMME and AE and the spectrum of light source.
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the Second Affiliated Hospital of Xi’an Jiaotong University,
Xi’an, China. Clinical isolate 1 was obtained from a patient
with Malassezia folliculitis. Clinical isolate 2 and isolate 3 were
collected from the patients with pityriasis versicolor. Clinical
isolate 4 was obtained from a patient with seborrheic dermatitis.
All isolates were firstly identified by morphological observation
of the fungal cells stained with lactophenol cotton blue by
using an optical microscope, and characterized by developing
cream-colored and pink umbonate round colonies on Sabouraud
dextrose agar (SDA, Solarbio, China) supplemented with 2% olive
oil and CHROMagarTM Candidia agar (CHROMagar, France)
after incubation, and further confirmed by biochemical methods
(catalase test and Escalin decomposing test; Cafarchia et al., 2011;
Chen and Xu, 2012).

The four clinical isolates were spread onto olive oil agar
plate (containing 40 g/L glucose, 10 g/L peptone, 0.05 g/L
chloramphenicol, 0.1 g/L yeast extract, 0.2% Tween 80, 4%
olive oil, 2.5 g/L glycerin monostearate, and 18 g/L agar) and
cultured at 37°C for 4 days. After incubation, fungal cells were
collected by swabbing the surface of developed colonies with
a sterile inoculation loop and transferred into 15 mL Falcon
tube (Corning, United States) containing 10 mL of sterile PBS.
Following three times wash with sterile PBS, fungal cells were
diluted to a density of 1 x 107 colony forming units (CFU)/mL
with a hemocytometer (Marienfeld, Germany).

Photodynamic Inactivation

Fungal cells of the four clinical isolates (1 x 107 CFU/mL) were
collected by centrifugation at 4,000 rpm for 10 min (Beckman,
United States) and divided into two groups. The first group fungal
cells were incubated with different concentrations (0, 0.5, 1, 5,
and 10 wM) of HMME or AE in the dark for 30 min. Then, the
incubated suspensions were transferred into the wells of a 6-well
polystyrene microplate (Corning, United States) and irradiated
with 400-780 nm white light for 20 min, corresponding to the

total light energy dose of 96 J cm™~2. The second group fungal
cells were incubated with 10 WM of HMME or AE in the dark for
30 min and irradiated with 400-780 nm white light for 0, 0.5, 5,
10, and 20 min, corresponding to the total light energy doses of 0,
2.4,24, 48, and 96 ] cm ™2, respectively. Following illuminations,
cells were centrifuged, resuspended in sterile PBS, and 10-fold
diluted serially with sterile PBS. Next, 20 wL of each dilution was
evenly spread onto three olive oil agar plates, and the colonies
after incubation at 37°C for at least 48 h were counted and used
to calculate the fungal survival. Each experiment was performed
independently for three times.

Fluorescence Microscopy

Fungal cells of clinical isolate 1 and isolate 2 (1 x 107
CFU/mL) were collected by centrifugation, incubated with 10
wM of HMME or AE in the dark for 30 min, and irradiated
with 400-780 nm white light for 15 min (72 J cm™2). After
treatment, fungal cells were centrifuged at 4,000 rpm for 10 min,
resuspended in 2 mL of sterile PBS containing 1 pg/mL
of Hoechst 33342 (Aladdin, China), and incubated at room
temperature for 10 min in the dark. After three times wash with
PBS, fungal samples were pipetted onto glass slide, immobilized
by coverslip, and recorded on a fluorescence microscope (Zeiss
Scope.Al, Germany). The fungal cells without light irradiation
were used as control.

Intracellular Reactive Oxygen Species
Level

To evaluate the generation of intracellular ROS induced
by HMME or AE-mediated aPDT, a ROS probe 2',7'-
dichlorohydrofluorescein diacetate (H,DCFDA, Aladdin, China)
was utilized. Firstly, H;DCFDA stock solution was prepared by
dissolving 1 mg of H,DCFDA in 400 uL DMSO. Next, fungal
cells of clinical isolate 1 and isolate 2 (1 x 107 CFU/mL) were
collected by centrifugation and divided into two groups. The
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FIGURE 2 | Survival of M. furfur clinical isolates after aPDT mediated by HMME. (P+L-) represents the M. furfur cells treated with different concentrations of HMME
in the dark; (P+L+) represents the M. furfur cells treated with different concentrations of HMME and irradiated with 96 J cm™
mean =+ standard deviation (SD; n = 3; ns: no significance, **P < 0.01, **P < 0.001).
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first group cells were incubated with 1 and 10 pM of HMME
or AE in the dark for 30 min, respectively, and irradiated with
400-780 nm white light for 0.5 min (2.4 J cm~2). The second
group cells were incubated with 10 uM of HMME or AE in the
dark for 30 min and irradiated with 400-780 nm white light
for 0.5 and 5 min (2.4 ] cm™2 and 24 ] cm™2), respectively.
After treatments, 10 L of HDCFDA stock solution was added.
Following incubation at 37°C in the dark for 30 min and wash
with PBS for two times, intracellular ROS of M. furfur cells was
analyzed by a flow cytometry (Beckman CytoFLEX, China). The
positive control was defined as M. furfur cells treated with 10 mM
of H,O; for 1 h. Each experiment was performed independently
for three times.

Protease Assay

The protease activity of M. furfur cells after aPDT treatments was
evaluated by the whole milk plate method (Coutinho and Paula,
2000). Fungal cells of clinical isolate 1 and isolate 2 (1 x 107
CFU/mL) were incubated with 0, 1, 5, and 10 WM of HMME
or AE in the dark for 30 min, respectively, and irradiated with
400-780 nm white light for 20 min (96 ] cm™2). After treatments,
20 pL of fungal suspension was added into the holes of whole
milk agar plates (containing 40 g/L glucose, 20 g/L agar, and
5% pasteurized whole milk), which were sealed with Parafilm
and incubated at 37°C for another 7 days. After fixing with 10%
trichloroacetic acid for 2 h, the whole milk plates were stained
with Coomassie blue overnight and decolorized subsequently.

The protease activity was evaluated by measuring the diameter
of the transparent ring around the holes. Each experiment was
performed independently for three times.

Lipase Assay

The lipase assay was performed according to a previously
reported study (Juntachai et al., 2009). In brief, fungal cells
of clinical isolate 1 and isolate 2 (1 x 107 CFU/mL) were
incubated with 0, 1, 5, and 10 wuM of HMME or AE in
the dark for 30 min, respectively, and irradiated with 400-
780 nm white light for 20 min (96 ] cm™2). After treatments,
M. furfur cells were transferred into olive oil medium (containing
40 g/L glucose, 10 g/L peptone, 0.05 g/L chloramphenicol,
0.1 g/L yeast extract, 0.2% Tween 80, 4% olive oil, and 2.5 g/L
glycerin monostearate) and cultured at 37°C for 4 h. Next, the
culture medium was centrifuged at 4,000 rpm for 5 min, and
the supernatant was collected and filtered through a 0.22-pum
membrane (Merck Millipore, United States). Next, 10 wL of the
supernatant was added into 100 L of citrate buffer (100 mM,
pH = 5.0) containing 0.5 mM 4-nitrophenylpalmitate (4-NPP)
and 0.5% TritonX-100. And 200 pL of Tris-HCI (1 M, pH = 8.0)
was added into the above mixture to terminate the reaction.
The lipase activity was measured spectro-photometrically at
405 nm based on releasing of 4-nitrophenol (4-NP) from 4-
NPP. The concentration of released 4-NP was determined by a
standard curve. Each experiment was performed independently
for three times.
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FIGURE 3 | . Survival of M. furfur clinical isolates after aPDT mediated by HMME. (P-L+) represents the M. furfur cells irradiated with different energy doses of light;
(P+L+) represents the M. furfur cells treated with 10 wM of HMME and irradiated with different energy doses of light. Each value refers to mean + standard deviation
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Data Analysis

Three independent experiments were performed where
described. The data were analyzed by graph pad prism software
and shown as the mean =+ standard error of the mean. Data
were compared using one-way or two-way ANOVA, and the
difference was considered significant in the case of P < 0.05.

RESULTS

Photodynamic Antimicrobial Efficacy of
Haematoporphyrin Monomethyl Ether

and Aloe Emodin

Fungal cells of the four clinical isolates were firstly incubated
with 0, 0.5, 1, 5, and 10 puM of HMME in the dark for 30 min,
respectively, and irradiated with 96 ] cm~2 of light. As shown in
Figure 2, irradiation with 96 J cm™2 of light had no significant
cytotoxic effect on M. furfur cells of the four clinical isolates
(0 pM HMME), and the fungal survival decreased with the
increasing concentrations of HMME. For clinical isolate 1, 0.5,
1, 5, and 10 oM of HMME in the presence of 96 J cm™2 light
irradiation yielded 1.90, 2.50, 3.79, and 4.31 logjo reductions
in fungal survival, respectively. For clinical isolate 2, the same
concentrations of HMME in the presence of 96 J cm™~2 light
irradiation yielded 1.73, 2.99, 3.98, and 4.12 logjo reductions
in fungal survival, respectively. For clinical isolate 3, the same

concentrations of HMME in the presence of 96 J cm™2 light
irradiation yielded 1.80, 2.29, 3.73, and 4.34 logjo reductions
in fungal survival, respectively. For clinical isolate 4, the same
concentrations of HMME in the presence of 96 J cm™2 light
irradiation yielded 1.65, 2.16, 3.77, and 5.15 log; reductions in
fungal survival, respectively.

To evaluate the effect of light energy doses on antimicrobial
efficacy of HMME-mediated aPDT, M. furfur cells of the four
clinical isolates were incubated with 10 uM HMME in the dark
for 30 min and irradiated with 0, 2.4, 24, 48, and 96 ] cm™2 of
light. As shown in Figure 3, incubation with 10 pM HMME in
the dark for 30 min also showed no dark toxicity on M. furfur cells
of the four clinical isolates (0 ] cm™2). With the increasing light
energy doses, the fungal survival decreased correspondingly. For
clinical isolate 1, 10 uM HMME followed by irradiation with 0,
2.4,24,48,and 96 ] cm 2 of light decreased the fungal survival by
1.23,2.20, 2.96, and 4.47 log), respectively. For clinical isolate 2,
10 pM HMME followed by irradiation with the same light energy
doses decreased the fungal survival by 1.82, 2.83, 3.10, and 3.99
log1, respectively. For clinical isolate 3, 10 uM HMME followed
by irradiation with the same light energy doses decreased the
fungal survival by 1.03, 2.24, 2.77, and 4.35 log)o, respectively.
For clinical isolate 4, 10 uM HMME followed by irradiation with
the same light energy doses decreased the fungal survival by 1.03,
1.89, 3.57, and 5.16 logj, respectively.

Next, a second PS AE was employed. As shown in Figure 4, 0.5
and 1 uM of AE in the presence of 96 ] cm~? light
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FIGURE 4 | Survival of M. furfur clinical isolates after aPDT mediated by AE. (P+L-) represents the M. furfur cells treated with different concentrations of AE in the
dark; (P+L+) represents the M. furfur cells treated with different concentrations of AE and irradiated with 96 J cm™
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irradiation achieved 1.71 and 2.60 log;o reductions in fungal
survival for clinical isolate 1, respectively. For clinical isolate
2, the same concentrations of AE in the presence of 96 J
m~2 light irradiation achieved 2.23 and 3.02 log;o reductions
in fungal survival, respectively. For clinical isolate 3, the
same concentrations of AE in the presence of 96 J cm™?
light irradiation achieved 1.37 and 3.17 logjo reductions in
fungal survival, respectively. For clinical isolate 4, the same
concentrations of AE in the presence of 96 ] cm™? light
irradiation achieved 1.57 and 2.47 log;o reductions in fungal
survival, respectively. Under the same light energy dose (96 ]
cm~2), 5 and 10 pM of AE were able to kill all M. furfur cells
of the four clinical isolates, achieving 7.00 log;o reduction in
fungal survival.

The effect of light energy doses on antimicrobial efficacy of
AE-mediated aPDT was also investigated. As shown in Figure 5,
no significant dark toxicity was induced by 10 uM AE (0 ] cm™2).
For clinical isolate 1, 2.4, 24, and 48 ] cm~2 irradiation in the
presence of 10 wM AE reduced the fungal survival by 1.23, 4.30,
and 5.70 log)o, respectively. For clinical isolate 2, the same light
energy doses in the presence of 10 uM AE reduced the fungal
survival by 2.06, 4.57, and 5.94 log;, respectively. For clinical
isolate 3, the same light energy doses in the presence of 10 uM
AE reduced the fungal survival by 1.14, 4.39, and 5.59 logo,
respectively. For clinical isolate 4, the same light energy doses in
the presence of 10 WM AE reduced the fungal survival by 1.26,
4.07, and 6.14 logjo, respectively. When the light energy dose

reached 96 ] cm~2, no viable M. furfur cell of the four clinical
isolates was observed.

Fluorescence Imaging

To investigate the uptake of HMME and AE by M. furfur, fungal
cells of the clinical isolate 1 and isolate 2 were treated with 10
wM of HMME or AE and stained with a DNA-specific fluorescent
dye Hoechst 33342, and the fluorescence images were shown in
Figure 6. Without light irradiation, a weak red fluorescence from
HMME or AE could be observed in the cells of M. furfur (HMME
and AE, L-). The nucleus of M. furfur could be differentiated as
punctate blue fluorescence (Hoechst 33342, L-). But following
irradiation, a stronger red fluorescence of HMME or AE was
detected in the entire cell (HMME and AE, L+). There was no
significant difference in the blue fluorescence pattern of nucleus
before and after light irradiation (Hoechst 33342, L+).

Intracellular Reactive Oxygen Species

The intracellular ROS level was shown in Figure 7. As the
positive control, incubation with 10 mM H,O; for 1 h increased
the ROS level by 48.24 and 44.72% for M. furfur isolate 1
(Figure 7A) and isolate 2 (Figure 7B), respectively. For clinical
isolate 1, 1 and 10 puM of HMME in the presence of 2.4 ]
cm~? light irradiation increased the intracellular ROS level by
17.44 and 23.76%, respectively, and the same concentrations
of AE induced an increase of intracellular ROS level by 27.54
and 53.14%, respectively (Figure 7A). For clinical isolate 2, 1

Frontiers in Microbiology | www.frontiersin.org

November 2021 | Volume 12 | Article 749106


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Cui et al.

Photodynamic Effect on M. furfur

M. furfurisolate 1

ns ns ns ns ns

§I|I|l

Light energy dose (J cm'z)

= P-L+
P+L+

Log CFU/mL
os

M. furfurisolate 3

ns ns ns B P-L+

P+L+
6.
2.
0-

Light energy dose (J cm'z)

Log CFU/mL
che

(SD; n = 3; ns: no significance, **P < 0.01, **P < 0.001).
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and 10 M of HMME in the presence of 2.4 ] cm~? light
irradiation increased the intracellular ROS level by 16.69 and
35.47%, respectively, and the same concentrations of AE induced
an increase of intracellular ROS level by 28.05 and 55.93%,
respectively (Figure 7B). When irradiated with 24 ] cm~2 light,
10 pM HMME and AE enhanced the intracellular ROS level by
63.19 and 73.47% for clinical isolate 1, respectively (Figure 7A).
Under the same light energy dose (24 J cm~2), 10 uM HMME
and AE enhanced the intracellular ROS level by 69.24 and 86.49%
for clinical isolate 2, respectively (Figure 7B).

Protease Activity

To investigate the effect of HMME or AE-mediated aPDT on
secreted protease activity of M. furfur, fungal cells of the clinical
isolate 1 and isolate 2 were treated with 0, 1, 5, and 10 uM
HMME or AE, irradiated with 96 ] cm~2 light, and incubated
in the holes of whole milk plates for 7 days. As shown in
Figure 8, the transparent zone diameters of M. furfur cells
without any treatment were around 14 mm. For clinical isolate 1,
the diameters of transparent zone decreased by 16.0 and 50.4%
in M. furfur cells treated with 1 pM HMME and AE in the
presence of 96 ] cm~? light, respectively. For clinical isolate 2,
the diameters of transparent zone decreased by 16.7 and 50.0% in
M. furfur cells treated with 1 wM HMME and AE in the presence
of 96 ] cm™ 2 light, respectively.

When 5 and 10 uM HMME or AE were applied, the
transparent zone was not observed, suggesting that the secreted
protease activity of M. furfur was completely inhibited by HMME
and AE-mediated aPDT.

Lipase Activity

To investigate the effect of HMME or AE-mediated aPDT on
secreted lipase activity of M. furfur, fungal cells of the clinical
isolate 1 and isolate 2 were treated with 0, 1, 5, and 10 uM HMME
or AE, irradiated with 96 J cm™2 light, and cultured in olive
oil medium for another 4 h. The secreted lipase in the culture
medium was collected and its activity was measured spectro-
photometrically. The standard curve of 4-NP was provided in
Figure 9A. For clinical isolate 1, 1, 5, and 10 pM HMME in
the presence of 96 ] cm~2 light decreased the secreted lipase
activity of M. furfur by 33.15, 81.11, and 90.36%, respectively.
Under irradiation with the same light energy dose, 1, 5, and 10
WM AE decreased the secreted lipase activity of M. furfur by
42.69, 91.71, and 92.37%, respectively (Figure 9B). For clinical
isolate 2, 1, 5, and 10 uM HMME in the presence of 96 ] cm~2
light decreased the secreted lipase activity of M. furfur by 31.05,
79.99, and 90.37%, respectively (Figure 9C). Under irradiation
with the same light energy dose, 1, 5, and 10 wM AE decreased the
secreted lipase activity of M. furfur by 44.33, 91.51, and 92.43%,
respectively (Figure 9C).
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DISCUSSION

Photodynamic therapy (PDT) has been already used as
therapeutic regimen for oncologic skin diseases such as actinic
keratosis, basal cell carcinoma, squamous cell carcinoma in situ,
and Bowen’s disease (Kim et al, 2015). A great number of
studies also indicated that PDT or aPDT was effective for the
treatment of acne vulgaris, psoriasis, rosacea, viral warts, tinea
pedis, tinea cruris, and onychomycosis in dermatology (Kim
et al., 2015; Baltazar et al., 2016). In infectious skin diseases,
M. furfur can cause Malassezia folliculitis, pityriasis versicolor,
seborrheic dermatitis, and some forms of atopic dermatitis under
specific conditions (Saunte et al., 2020). But the efficacy of aPDT
treatment against these M. furfur-related skin diseases has been
rarely reported.

Lee et al. (2010, 2011) previously employed methyl
aminolevulinate (MAL)-mediated aPDT to treat patients with
recalcitrant Malassezia folliculitis, and found that inflammatory
lesions obviously decreased and improved after three sessions
of MAL-mediated aPDT. In another study, Kin and Kim
(2007) indicated that M. furfur-caused pityriasis versicolor
was completely cured after two sessions of 5-aminolevulinic
acid (ALA)-mediated aPDT. Kwon et al. (2014) treated 23
patients with M. furfur-induced facial seborrhoeic dermatitis

using indole-3-acetic acid (IAA)-mediated aPDT. After three
sessions of photodynamic treatments, Seborrhoeic dermatitis
Area and Severity Index (SASI) and total symptom were
significantly improved, and sebum excretion was significantly
reduced. Painless and no adverse effect were observed during
the treatment process (Kwon et al., 2014). These clinical trials
demonstrated that aPDT is a promising and effective alternative
for the treatment of M. furfur-caused skin diseases.

PS is a key factor in the photodynamic treatment process,
and the porphyrin-based PSs are known as the earliest and most
useful PSs in clinical trials (Jia et al., 2017a). Among them,
protoporphyrin IX (PpIX) has been widely used in photodynamic
research or clinical trials since it is very safe and is the key
component of hemoglobin in red blood cells (Jia et al., 2017a).
PpIX has the singlet oxygen quantum yield of 0.56 and maximum
absorption of 410 nm, along with four smaller peaks near 510,
540, 580, and 635 nm (Redmond and Gamlin, 1999; O’Connor
etal., 2009). HMME is a porphyrin-based PS developed in China
by the early 1990s, which consists of two positional isomers:
3-(1-methyloxyethyl)-8-(1-hydroxyethyl) deuteroporphyrin IX
and 8-(1-methyloxyethyl)-3-(1-hydroxyethyl) deuteroporphyrin
IX. In comparison with the commonly used PpIX, HMME
exhibits similar chemical structure, absorption peaks (400, 503,
539, 565, and 617 nm), and singlet oxygen quantum yield
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(0.6; Leietal,2012). Although HMME has been approved in
China for the photodynamic treatment of naevus flammeus,
showing high effectiveness and safety (Mei et al., 2019), it is
still not expanded in the photodynamic treatment of bacteria
or fungi induced skin diseases. AE is a newly discovered
natural anthraquinone PS isolated from Chinese traditional
herbs, possessing absorption in the blue region (430 nm) and
singlet oxygen quantum yield of 0.57, which may be suitable
for the treatment of superficial lesions (Zang et al., 2017). It
was reported that AE had low cytotoxicity on epidermis and
hypodermal cells and it caused no obvious effects on the weight
and pathological changes of mice in our previous study (Wang
et al,, 2021). Thus, both HMME and AE could serve as potential
PSs against M. furfur.

The present work firstly investigated the photodynamic
antimicrobial efficacy of the two PSs from China against clinical
isolates of M. furfur. The obtained results showed that both
HMME and AE had no significant dark toxicity on M. furfur
cells, but in the presence of light irradiation they effectively
inactivated M. furfur cells in a PS concentration and light

energy dose-dependent manner. Additionally, AE exhibited
higher photodynamic antimicrobial efficacy against M. furfur
than HMME. In the presence of 96 ] cm~2 light irradiation, while
10 wM HMME induced a reduction of about 5 log;o in survival
of M. furfur, 5 uM AE was able to kill all M. furfur cells (7 logio
reduction). We speculated that the difference had relationship
with the polarities of these two PSs. AE is a hydrophobic PS
and M. furfur is a lipid-dependent yeast that might uptake more
hydrophobic PS. But HMME is more soluble in aqueous solution
compared to AE. To support this speculation, more investigations
are needed in our future studies.

The oxidative damage induced by aPDT mainly occurred
on the cellular plasma membrane and/or nucleic acids (Plotino
et al,, 2019). The fluorescence microscopy revealed that stronger
fluorescence of HMME and AE could be detected throughout
the entire cytoplasm of M. furfur cells after light irradiation,
suggesting that the cell envelop of fungal cells might be
disturbed during the aPDT process. We also found that the blue
fluorescence pattern of Hoechst 33342 showed no significant
difference in the intracellular localization before and after light
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irradiation, indicating that HMME and AE-mediated aPDT had
inapparent effect on M. furfur nucleus.

Intracellular ROS production can cause severe oxidative
stress within cells through the formation of oxidized cellular
macromolecules (Rajendran, 2016). We used H,DCFDA as
a ROS probe to evaluate the level of intracellular ROS in
M. furfur cells induced by aPDT. The results demonstrated that
the intracellular ROS significantly increased after both HMME
and AE-mediated aPDT. Additionally, our data showed that
the intracellular ROS level induced by AE-mediated aPDT was
higher than that induced by HMME-mediated aPDT, which
was in accordance with the antimicrobial efficacy of aPDT
mediated by the two PSs.

Secretory hydrolytic enzymes such as protease and lipase
of M. furfur play an important role in fungal growth and
maintaining the function of fungal cell membrane (Mancianti
et al., 2000). These enzymes have also been assumed as virulence
factors because they are related to invasive fungal infections or
development of inflammation (Juntachai and Kajiwara, 2015). It
has been reported that protease could alter the permeability of
the epithelial barrier and induce inflammatory responses, and
lipase could favur the invasion of host tissue (Mancianti et al.,
2000; Park et al., 2013). The present study for the first time found
that aPDT could effectively inhibit the activity of extracellular
protease and lipase of M. furfur. After treatment with 5 uM
HMME or AE and irradiation with 96 ] cm~2 light, the secreted
protease activity of M. furfur was completely inhibited. And 10
WM HMME or AE in the presence of 96 ] cm~? light irradiation
decreased lipase activity of M. furfur by over 90%.

One limitation of this study is that we only investigated
the photodynamic antimicrobial efficacy of HMME and AE on
M. furfur in vitro, but the treatment efficacy of aPDT mediated
by the two PSs for M. furfur-caused dermatological diseases still
remains unclear. Nalamothu et al. (2009) previously established
a M. furfur-infected skin model of guinea pig by removing the
dorsal hair of animal and inoculating M. furfur suspension to
the intact dorsal skin once a day for seven consecutive days.
Granger et al. (2019) recently developed a novel ex vivo model of
seborrheic dermatitis based on human skin explants inoculated
with M. furfur. We will utilize these models to evaluate the
antimicrobial efficacy of HMME and AE-mediated aPDT against
M. furfur in vivo and ex vivo in our ongoing studies.

CONCLUSION

This study investigated the photodynamic effect of aPDT
mediated by two PSs from China on clinical isolates of
M. furfur in vitro and expanded the knowledge regarding
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