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eradication of drug-resistant Staphylococcus
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Photodynamic therapy (PDT) has emerged as an effective way to deal with drug-resistant bacterial
infections. Especially, blue light (BL) mediated PDT (BL-PDT) presents unique advantages in the
treatments of skin infection due to the strong light absorption of superficial skin, weak penetration of BL
and little damage to deep tissues. However, the photosensitizers used for BL-PDT are very limited, and
the ongoing development of novel BL photosensitizers is indispensable. Porphyrins are good sources for
developing efficient photosensitizers. Herein, for developing more effective BL photosensitizers, five
porphyrin derivatives that can be excited by BL [5,10,15,20-tetraphenylporphyrin (TPP), 5,10,15,20-
tetrakis(4-bromophenyl)porphyrin (TBPP), 5,10,15,20-tetrakis(4-chlorophenyl)porphyrin (TCPP),
5,10,15,20-tetrakis(4-fluorophenyl)porphyrin  (TFPP), 5,10,15,20-tetrakis(4-iodophenyl)porphyrin (TIPP)]
are subjected to the investigation of PDT against MRSA (methicillin resistant Staphylococcus aureus). The
results reveal that TBPP-mediated BL-PDT shows outstanding bactericidal effects. Mechanism studies
show that TBPP + BL can induce reactive oxygen species (ROS) up-regulated in MRSA, rupture cell
membrane, inhibit ATP (adenosine triphosphate) production and virulence factor
Furthermore, TBPP + BL effectively eliminates MRSA form biofilms, inhibits biofilm formation and

expression.

disintegrates mature biofilms. More importantly, TBPP-PDT significantly accelerate mouse skin wound
healing in a biofilm infection model. Our work offers new insights into the development of novel BL

rsc.li/rsc-advances photosensitizers.

1 Introduction

In recent years, bacteria have developed severe resistance to
antibiotics due to the antibiotic overuse and misuse."” In
medicine and health fields, more and more infectious diseases
like pneumonia and diarrhea are becoming harder to treat.>* In
accordance with World Health Organization, virtually all the
pathogenic microorganisms that lead to infective deaths exhibit
antibiotic resistance.>” To address the growing problem of
antimicrobial resistance, more new antibacterial therapeutic
methods need to be developed.*® In addition to the
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development of new antibacterial drugs and biocides, it is
absolutely necessary to focus on other antimicrobial
methods.***?

Photodynamic therapy (PDT), an advanced optical tech-
nology, has attracted extensive attention in the fields of medi-
cine and public health.**' PDT utilizes light sources, light-
sensitive photosensitizers and available oxygen to generate
reactive oxygen species (ROS).*>*® The cytotoxic ROS generated
during PDT reacts with various bacterial components, resulting
in biomacromolecule inactivation and cell death.'”'®* The
nonselective and fast-acting properties of ROS minimize the
development of bacterial resistance.’*® In particular, blue light
(BL, 400-495 nm) mediated PDT (BL-PDT) presents fascinating
advantages in skin infection treatments.*** Owing to the strong
light absorption of superficial tissues, BL-PDT has good effects
in treatments of skin infection. More importantly, BL-PDT
avoids damage to deep healthy tissues due to its shallow
penetration depth.®*** However, blue light photosensitizers
used for antimicrobial treatments are still limited, and the
ongoing development of novel blue light photosensitizers is
essential.
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Porphyrins are an important class of photosensitizers.
Porphyrins exhibit good photodynamic activities, and many
porphyrins have been approved for clinical photodynamic
therapy, such as photofrin, foscan, NPe6, levulan and met-
vix.?”?*® Porphyrin derivatives are good sources for developing
novel and efficient photosensitizers. In this study, in order to
find more effective BL photosensitizers for the treatments of
drug-resistant bacteria, for the first time, porphyrin derivatives
5,10,15,20-tetraphenylporphyrin (TPP), 5,10,15,20-tetrakis(4-

bromophenyl)porphyrin (TBPP), 5,10,15,20-tetrakis(4-
chlorophenyl)porphyrin (TCPP), 5,10,15,20-tetrakis(4-
fluorophenyl)porphyrin  (TFPP) and 5,10,15,20-tetrakis(4-

iodophenyl)porphyrin (TIPP) (Fig. 1), which can be excited by
blue light,**-** were investigated for photodynamic bactericidal
effects against methicillin-resistant Staphylococcus aureus
(MRSA). MRSA were chosen because they are the main patho-
gens causing serious infectious diseases with high mortality
rates.*

Our results showed that the PDT mediated by the five
compounds (TPP-PDT, TBPP-PDT, TCPP-PDT, TFPP-PDT, TIPP-
PDT) all had the antibacterial effects on MRSA. Among them,
TBPP-PDT exhibited the best bactericidal activity. Thus, we
focused attention on the germicidal effects of TBPP-PDT.
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Fig. 1 (a—e) Chemical structures and UV-Vis spectra of TPP, TBPP,
TCPP, TFPP, TIPP (20 puM) in PBS. TPP, 5,10,15,20-tetraphenyl
porphyrin. TBPP, 5,10,15,20-tetrakis(4-bromophenyl)porphyrin. TCPP,
5,10,15,20-tetrakis(4-chlorophenyl)porphyrin. TFPP, 5,10,15,20-tetra-
kis(4-fluorophenyl)porphyrin. TIPP, 5,10,15,20-tetrakis(4-iodophenyl)
porphyrin.
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Mechanism studies showed that TBPP-PDT could induce ROS
overexpression in MRSA, destroy bacterial cell membrane
integrity, inhibit ATP (adenosine triphosphate) synthesis and
virulence factor expression. Further results showed that TBPP-
PDT effectively inhibited biofilm formation, killed MRSA
wrapped in biofilms and dissolved mature biofilms. More
importantly, TBPP-PDT could obliterate the biofilms on the skin
wounds of mice, reduce inflammation and accelerate wound
healing. Our work provides new insights into the development
of novel BL photosensitizers for the treatments of drug-resistant
bacterial infections.

2 Results

2.1 Antibacterial activity analysis of TPP-PDT, TBPP-PDT,
TCPP-PDT, TFPP-PDT and TIPP-PDT

The UV-Vis spectra of the 5 compounds (TPP, TBPP, TCPP,
TFPP, TIPP) were provided in Fig. 1. The compounds were
assessed for photodynamic antibacterial activities against
MRSA (methicillin-resistant Staphylococcus aureus, ATCC43300)
by colony counting assay. The MRSA suspensions containing
different concentrations of compounds were irradiated with
blue light (BL, 120 J cm™?), and the survival bacteria were
detected. The MRSA treated with compounds alone (no light)
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Fig. 2 TBPP-PDT exhibited bactericidal activities against MRSA and
induced the damage of cell membranes. (a) The viability of MRSA
incubated with different concentrations (0, 0.5, 1, 2, 4, 8, 12, 16 uM) of
compounds for 20 min followed by irradiation at 120 J cm~2 with blue
light (445 nm) (mean £ SD, n = 3). (b) SYTO9/PI staining images of
MRSA incubated with TBPP (12 uM) for 20 min and irradiated with
different doses of light (0, 20, 60, 100 J cm~2) with an excitation of
445 nm using confocal microscopy. PI, propidium iodide. Red and
green signals indicate the dead and living bacteria. Scale bar = 20 um.
(c) The membrane potentials of MRSA incubated with 12 uM TBPP for
20 min and irradiated with different doses of light (0, 20, 60 J cm™2)
(mean £+ SD, n = 3). **P < 0.01, ****P < 0.0001 (two-way ANOVA,
Dunnett's posthoc test). PDT, photodynamic therapy. BL, blue light.
MRSA, methicillin-resistant Staphylococcus aureus.
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were used as the controls. As shown in Fig. 2a and S1,} the PDT
mediated by the five compounds (TPP-PDT, TBPP-PDT, TCPP-
PDT, TFPP-PDT, TIPP-PDT) all could inhibit MRSA vitality,
and TBPP-PDT showed the best inhibitory effects with the
complete inhibition of bacterial vitality at 12 uM of TBPP. The
minimal bactericidal concentration (MBC) of PDT mediated by
the five compounds was shown in Table S1.1 Therefore, in the
subsequent studies, we focused on the photodynamic bacteri-
cidal activity of TBPP.

The relationship between survival percentage and light dose
during TBPP-PDT was measured. As shown in Fig. S2,} with the
rising of light dose, the survival of MRSA steadily decreased.
When the irradiation dose reached 100 J cm 2, MRSA vitality
was completely inhibited. Moreover, TBPP exhibited relatively
good stability (Fig. S3t). In addition, TBPP-PDT exhibited
remarkable bactericidal effects against Pseudomonas aeruginosa
(P. aeruginosa, Gram-negative bacteria) and Candida albicans (C.
albicans, pathogenic fungi) (Fig. S47).

To further verify the bactericidal effects of TBPP-PDT against
MRSA, the live/dead bacteria assay (SYTO9/PI staining) was
carried out. SYTO9 is capable of traversing intact bacterial cell
membranes and stain live bacteria green, whereas PI (propi-
dium iodide) is only able to pass through incomplete cell
membranes, labeling dead bacteria red.>* MRSA were exposed to
TBPP, irradiated with blue light, and stained by SYTO9 as well
as PI. As shown in Fig. 2b, slight red fluorescence was found in
the groups treated with PBS, BL alone and TBPP alone.
However, obvious red fluorescence appeared in MRSA treated
with TBPP + BL. Furthermore, with the increase of light dose,
the red fluorescence was gradually enhanced. These results
confirmed that MRSA were destroyed by the treatments of TBPP
+ BL. Moreover, the PI staining of MRSA indicated the damage
of cell membranes. Besides, the fluorescence intensity of
membrane potential probe DiBAC4(3) [bis-(1,3-dibutylbarbitu-
ric acid)-trimethine oxonol] was observably decreased after
treatments with TBPP + BL (Fig. 2c), suggesting the disruption
of MRSA cell membranes.

2.2 Bactericidal mechanism analysis of TBPP-PDT

In addition to the reactive oxygen species (ROS) produced by
TBPP-PDT outside bacterial cells, the ROS that caused cell
membrane damage may also include the ROS generated by
TBPP + BL inside bacteria. Therefore, we investigated whether
TBPP could enter the bacteria. As shown in the Fig. S5 and S6,t
the fluorescence of TBPP could be detected in MRSA after
incubation, indicating the uptake of TBPP by MRSA. Then ROS
generation in MRSA was evaluated using 2/,7'-dichlorodihy-
drofluorescein diacetate (DCFH-DA) probe. As shown in Fig. 3a
and S7,} a large amount of ROS could be detected in MRSA after
treatments of TBPP + BL, suggesting that TBPP could be inter-
nalized by MRSA and generated ROS in bacteria under blue
light. To identify ROS types produced by TBPP + BL, four main
types [superoxide anion (0," ), singlet oxygen (*0,), hydrogen
peroxide (H,0,), hydroxyl radical (OH )] of ROS were tested. As
shown in Fig. 3b-e, after TBPP + BL treatments, singlet oxygen
level increased obviously, whereas no remarkable changes were
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Fig.3 TBPP-PDT induced ROS overexpression and inhibited virulence
factor expressions in MRSA. (a) ROS (reactive oxygen species) gener-
ation in MRSA exposed to TBPP (12 uM) for 20 min followed by irra-
diation with different doses (0, 20, 60 J cm™2) of blue light was
measured via 2,7-dichlorofluorescein diacetate (DCFH-DA, 10 puM)
probe by flow cytometry. (b—e) Levels of superoxide anion, singlet
oxygen, hydrogen peroxide and hydroxyl radical in TBPP (0, 0.5, 1, 2, 4,
8, 12 uM) solution after irradiation with blue light (445 nm; 0, 20, 60 J
cm~2) (mean + SD, n = 3). Superoxide anion levels were determined by
the product of azoic compound at 530 nm (b), singlet oxygen levels
were tested by fluorescent probe SOSG (singlet oxygen sensor green;
Ex: 504 nm, Em: 525 nm) (c), hydrogen peroxide levels were measured
by absorbance at 570 nm using hydrogen peroxide assay kit (d),
hydroxyl radical levels were detected by the absorbance (665 nm)
changes of methylene blue [hydroxyl radical (OH™) indicator] solution
(e). ¥****P < 0.0001 (two-way ANOVA, Dunnett's posthoc test). (f and g)
mMRNA levels of agrA (accessory gene regulator A) and TSST-1 (toxic
shock syndrome toxin 1) in MRSA treated with TBPP (12 uM, 20 min) +
BL (60 J cm™2) were tested by gPCR (mean =+ SD, n = 3). 165 rRNA
levels were utilized as the internal standard. ***P < 0.001 (two-way
ANOVA, Dunnett's posthoc test). PDT, photodynamic therapy. BL, blue
light. MRSA, methicillin-resistant Staphylococcus aureus.

found in the levels of the other three types of ROS, indicating
that the ROS produced by TBPP + BL was mainly singlet oxygen.

The overexpression of ROS in bacteria is harmful to bacterial
structures and functions. As shown in Fig. S8, after treatments
with TBPP + BL, the levels of ATP (adenosine triphosphate),
which is the major source of energy for numerous significant
biological processes, were drastically reduced, indicating the
serious destruction of MRSA. Staphylococcus aureus (S. aureus) is
capable of secreting diverse virulence factors to cause infection.
Among the virulence determinants, accessory gene regulator A
(agrA) is a vital regulatory factor that regulates virulence factors

RSC Adv, 2024, 14, 39779-39786 | 39781
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production. And the superantigen toxic shock syndrome toxin 1
(TSST-1) serves as the principal contributor to toxic shock
syndrome.***® To explore the impacts of TBPP-PDT on MRSA
virulence factors, the expressions of TSST-1 and agrA were tested
by qPCR. As anticipated, the levels of agrA and TSST-1 mRNA in
MRSA were decreased after treatments with TBPP + BL (Fig. 3f
and g), suggesting that TBPP-PDT suppressed agrA and TSST-1
expressions. These results disclosed that TBPP-PDT could
inhibit the factor expressions in relation to MRSA infection.

2.3 The evaluation of biofilm inhibition induced by TBPP-
PDT

Biofilms are composed of the secretory extracellular polymeric
substances and the encapsulated microbes. The formation of
biofilms makes the bacteria encased in them insensitive to
antibiotics and other environmental stresses, leading to severe
bacterial infection.*”*® To explore the impact of TBPP + BL on
biofilm formation, MRSA were treated with TBPP + BL, and then
the bacteria were cultured in culture plates to form biofilms. The
biofilms were stained by crystal violet. As shown in Fig. S9,t slight
crystal violet dye indicated the suppression of biofilm formation
after treatments of TBPP + BL. Moreover, the mass of biofilms in
TBPP + BL group was less compared with the biofilms in the
control groups (Fig. S107). These results suggested that TBPP-
PDT had the capacity to suppress MRSA biofilm formation.

For investigating the bactericidal effects of TBPP + BL on the
bacteria wrapped in mature biofilms, the vitality of MRSA in
biofilms was measured by colony counting assay. As shown in
Fig. 4a, MRSA vitality was obviously inhibited by the combined
treatments of TBPP and BL. The results of live/dead assay
showed that the red fluorescence enhanced gradually after
TBPP + BL treatments (Fig. S117), indicating that TBPP + BL
could eliminate the MRSA embedded in biofilms. These results
motivated us to evaluate the effects of TBPP + BL on the mature
biofilm mass. As shown in Fig. 4b, TBPP together with BL
markedly diminished MRSA biofilm mass. Furthermore, after
the combined TBPP and BL treatments, bacterial adhesion
determined by crystal violet staining was dramatically reduced
(Fig. 4c). Correspondingly, the biofilm thickness was also
reduced (Fig. 4d), which was stained with fluorescein diacetate
(FDA) and determined by 3D confocal microscopy. These results
indicated that TBPP-PDT could remove MRSA in biofilms and
disperse the biofilms.

2.4 The assessment of biofilm elimination and wound
healing induced by TBPP-PDT in vivo

Next, we examined the effects of TBPP-PDT on biofilm elimi-
nation in vivo. MRSA were injected to the wounds on the back of
ICR mice for 2 days to construct biofilm infection model
(Fig. 5a).* The wounds received treatments with PBS, BL alone,
TBPP alone, TBPP + BL, respectively. As shown in Fig. 5b, the
combined treatments of TBPP and BL remarkably inhibited
skin wound infection and promoted the healing of wounds.
However, the wounds treated with PBS, BL alone or TBPP alone
presented erythema, swollen and suppuration. For evaluating
wound-healing efficacy of TBPP + BL, the wound tissues were
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Fig. 4 TBPP-PDT eliminated MRSA from mature biofilms and dis-
integrated biofilms. (a) Quantification of MRSA in biofilms. 36 h old
biofilms were treated with TBPP (12 uM) for 20 min followed by irra-
diation with different doses (0, 20, 40, 60, 80, 100, 120, 140 J cm™2) of
blue light. Then the bacteria in biofilms was quantified by colony
counting assay (mean + SD, n = 3). (b) Quantization of biofilms stained
by crystal violet at 590 nm. MRSA biofilms (36 h old) were exposed to
TBPP (12 uM) for 20 min followed by irradiation with different doses (O,
40, 80,120 J cm™?) of blue light (mean + SD, n = 3). **P < 0.01, ***P <
0.001, ****P < 0.0001 (two-way ANOVA, Dunnett's posthoc test). (c)
Microscopic images of the biofilms stained by crystal violet. 36 h old
MRSA biofilms were exposed to TBPP (12 uM) for 20 min followed by
irradiation with different doses (0, 40, 80, 120 J cm™2) of blue light. The
biofilms were observed by microscope. Scale bar = 100 um. (d) 3D
confocal images of MRSA biofilms exposed to TBPP (12 uM) for 20 min
followed by irradiation with different doses (0, 40, 80, 120 J cm™2) of
blue light. The biofilms were dyed with fluorescein diacetate (FDA).
PDT, photodynamic therapy. BL, blue light. MRSA, methicillin-resistant
Staphylococcus aureus.

stained with hematoxylin and eosin (H&E). As shown in Fig. 5c,
intact epidermal layer was observed in the group treated with
TBPP + BL. However, fragmentary epidermal layer was found in
the control groups. To further evaluate antibacterial activity, the
wound tissues were separated and the bacteria around the
wounds were quantified. As shown in Fig. 5d and e, the MRSA
population was dramatically inhibited by the combined treat-
ments of TBPP and BL. The reduction of inflammatory factors
indicated that TBPP + BL could inhibit inflammatory reaction
around the wounds (Fig. S121). Moreover, no remarkable
injures or abnormalities appeared in the major organs of the
mice after TBPP-PDT treatments (Fig. S137), and TBPP-PDT did
not induce perceptible erythema or edema in the skins of mice
(Fig. S147). In addition, no significant inhibition of NIH/3T3 cell
viability, DNA damage or protein denaturation were observed
after TBPP-PDT treatments (Fig. S15-171). Therefore, TBPP-PDT
showed excellent wound healing performance.

3 Discussion

Photosensitizers for photodynamic therapy (PDT) have been
developed for three generations. The first generation of photo-
sensitizers mainly includes hematoporphyrin derivatives and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TBPP-PDT eliminated biofilms from infected wounds and
accelerated wound healing. (a) Schematic illustration of the experi-
mental procedure for eliminating biofilms from infected mice. (b)
Digital images of the wounds on mice in the therapeutic process. The
mice were administered with PBS, blue light alone, TBPP alone (100 pL,
0.5mg kg™, TBPP (100 pL, 0.5 mg kg™ + blue light (120 J cm~2). The
wounds were surveyed every two days. (c) Micrographs presenting
section of skin tissues with H&E staining. (d) MRSA separated from the
wounds were grown on LB agar dishes. (e) The count of the living
MRSA in the wound tissues. Error bars are based on three mice per
group (mean 4 SD, n = 3). ****P < (0.0001 (two-way ANOVA, Dunnett's
posthoc test). PDT, photodynamic therapy. BL, blue light. MRSA,
methicillin-resistant Staphylococcus aureus.

photofrin. The second generation of photosensitizers consists
of porphyrin derivatives and non-porphyrin compounds, and
the second generation of photosensitizers linked to antibodies
or other bioactive molecules such as liposomes and nucleotides
for specific functions are known as the third generation of
photosensitizers.*® Thus, the development of second-generation
photosensitizers is still the focus in PDT field. In the second
generation of photosensitizers, porphyrin photosensitizers
occupy the central position. At present, most clinically approved
photosensitizers are porphyrin photosensitizers.** Moreover,
many porphyrin photosensitizers are in the preclinical stages
and undergoing clinical trials.** Therefore, porphyrin photo-
sensitizers play important roles in photodynamic therapy. In
this work, the photodynamic bactericidal functions of five
porphyrin derivatives against drug-resistant bacteria were
studied, and TBPP-PDT showed outstanding bactericidal
effects. As a derivative of porphyrin, TBPP has great potential to
be developed as a photosensitizer for clinical treatments against
drug-resistant bacteria.

Biofilms refer to the communities of microorganisms and
self-generated extracellular matrix, which adhered to a surface
or interphase.®® The initial phase of biofilm formation is the
adhesion of bacteria to a surface, followed by the division of
bacteria to constitute microcolonies and the generation of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extracellular matrix, which including polysaccharides, nucleic
acids, lipids proteins.** After the maturation of biofilms, the
bacteria wrapped in biofilms are protected from environmental
stressors, such as desiccation, immune system attack, protozoa
ingestion and antimicrobials.*> Many serious bacterial infec-
tions are related with biofilms, such as chronic pneumonia, ear
and wound infections. More than 80 percent of microbial
infections have a connection with biofilms, and such infections
are extremely difficult to treat.** Therefore, inhibiting biofilm
formation or decomposing mature biofilms are the important
goals of antibacterial drug developments. Our results showed
that TBPP-PDT could effectively suppress biofilm formation and
disintegrate mature biofilms partly, suggesting its great poten-
tial to be developed as an antibiofilm strategy.

According to our data, TBPP was able to enter the bacterial
cells. Moreover, after the combined treatments of TBPP and BL,
the cell membrane of MRSA was obviously destroyed. Therefore,
the destruction of the cell membrane may be a dual action of both
extracellular ROS and intracellular ROS. Our results showed that
ATP levels decreased after the treatments of TBPP + BL, suggest-
ing that intracellular ROS also disrupted energy metabolism.

The infectious ability of Staphylococcus aureus (S. aureus) and
its success as a pathogen are associated with virulence factor
expression. As the response regulator of the two-component
signal transduction system (TCST) of S. aureus, accessory gene
regulator A (agrA) can regulate the expression of bacterial
virulence factors and plays important roles in the pathogenic
process of S. aureus.*” Toxic shock syndrome toxin 1 (TSST-1) is
a significant virulence factor of S. aureus and brings about toxic
shock syndrome (TSS) that can be identified by rash, fever,
hypotension, organ damage, resulting in a high mortality rate.*®
Our results exhibited that the expressions of agrA and TSST-1
were down-regulated, indicating that TBPP-PDT could inhibit
the infection and pathogenic capacity of MRSA.

4 Experimental

4.1 Bacterial culture and bactericidal activity against
planktonic cells

MRSA monocolony was moved to 20 mL liquid LB (Luria-Ber-
tani) culture medium and cultivated for 12 h while shaking (37 ©
C). In the experiments of antibacterial activity of photoexcited
compounds, the MRSA were attenuated with culture medium to
10° cfu (colony forming units) mL~". Then compounds with
varying concentrations were respectively blended with MRSA
solution and incubated for 20 min. Finally, 445 nm and 420 nm
lasers (Viasho, China) with different power densities was used
as the blue light source. The antibacterial activities of TPP-PDT,
TBPP-PDT, TCPP-PDT, TFPP-PDT were activated by 445 nm
laser, and the antibacterial activities of TIPP-PDT were activated
by 420 nm laser. The bactericidal effects of blue light alone or
compound alone were also assessed. After irradiation for the
indicated light doses, the MRSA solution was put on LB agar
plates to calculate the number of living bacteria. The light doses
were calculated by multiplying power density (0.2 W cm™?) by
irradiation times (second). 20 J em™>: 0.2 W cm ™2, 100 s; 40 J

m % 0.2 Wem 2,200 s; 60 ] cm ™% 0.2 W em™ 2, 300 s; 80 ]
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em % 0.2 Wem 2,400 s; 100 ] em™2: 0.2 W em ™2, 500 s; 120 J
cm ™2 0.2 W em™2, 600 s.

4.2 Membrane potential analysis

The changes of bacterial membrane potential were examined by
using membrane potential sensitive fluorochrome, DiBAC4(3)
[bis-(1,3-dibutylbarbituric acid)-trimethine oxonol].*® After
treatments with TBPP (12 uM, 20 min) and 445 nm laser irra-
diation (0, 20, 60 ] cm’z), the MRSA cells were collected. Then,
100 pL of collected cell suspensions were placed in black 96-well
plates for 30 min at 37 °C. 1 uL of the fluorescent probe
DiBAC4(3) was added and kept at 37 °C for 30 min. Finally,
fluorescence was determined (Ex: 492 nm, Em: 515 nm) by using
a fluorescence microplate reader (Varioskan LUX, Thermo
Fisher, USA).

4.3 Live/dead assay (SYTO9/PI staining)

After treatments, MRSA were collected, stained by SYTO9 (3.34
uM) and propidium iodide (PI, 20 uM) for 15 min under light-
shielding, and imaged using a confocal microscopy (Nikon
C2, Japan).

4.4 Reactive oxygen species (ROS) detection

ROS generation in bacterial cells was tested using an oxidation
sensitive dye 2,7-dichlorofluorescein diacetate (DCFH-DA,
R272916, Aladdin, China).*® MRSA were exposed to TBPP (12
uM) for 20 min followed by irradiation with different doses (0,
20, 60 ] cm™?) of blue light, then the bacteria were mixed with
DCFH-DA (10 puM) and maintained for 20 min under light-
shielding. The generation of ROS was detected by flow cytom-
etry (NovoCyte, Agilent, USA) and fluorescence microscope (Axio
Scope5, ZEISS, Germany).

4.5 Superoxide anion (0, "), singlet oxygen (*0,), hydrogen
peroxide (H,0,) and hydroxyl radical (OH ) detection

4.5.1 Superoxide anion (0, ) detection. Different
concentrations of TBPP (0, 0.5, 1, 2, 4, 8, 12 uM) solutions were
irradiated with blue light (445 nm; 0, 20, 60 J cm™?). The
superoxide anion level in the solution was determined using
Superoxide Anion Content Assay Kit (BC1290, Solarbio) and UV-
Vis spectrophotometer (UV-3600i Plus, Shimadzu, Japan) at the
wavelength of 530 nm.

4.5.2 Singlet oxygen ('0,) detection. Singlet oxygen fluo-
rescent probe SOSG (singlet oxygen sensor green) was dissolved
in methyl alcohol at the concentration of 5 mM in the dark.*
Different concentrations of TBPP (0, 0.5, 1, 2, 4, 8, 12 uM)
solution were mixed with SOSG (10 uM) solution, and irradiated
with blue light (445 nm; 0, 20, 60 J cm™?). The solution was
analyzed with fluorescence (Ex: 504 nm, Em: 525 nm) using
fluorescence spectrophotometer (FLS1000, Edinburgh Instru-
ments, UK).

4.5.3 Hydrogen peroxide (H,0,) detection. Different
concentrations of TBPP (0, 0.5, 1, 2, 4, 8, 12 uM) solutions were
irradiated with blue light (445 nm; 0, 20, 60 J cm ™ ?). The
hydrogen peroxide level in the solution was determined using
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Hydrogen Peroxide Assay Kit (S0038, Beyotime Biotechnology)
and UV-Vis spectrophotometer (UV-3600i Plus, Shimadzu,
Japan) at the wavelength of 570 nm.

4.5.4 Hydroxyl radical (OH ) detection. The hydroxyl
radical indicator methylene blue [MB, 3,7-bis(dimethylamino)-
phenothiazin-5-ium chloride] was dissolved in DMSO at the
concentration of 10 mM. A range of concentrations of TBPP (0,
0.5, 1,2, 4, 8, 12 uM) solution were mixed with MB solution (40
uM, 1 mL), irradiated with blue light (445 nm; 0, 20, 60 ] cm™2),
and the solution was collected. The absorbance of MB was
detected (665 nm) by UV-Vis spectrophotometer.

4.6 Biofilm formation and crystal violet staining assay

MRSA were inoculated into liquid LB medium and cultivated
overnight at 37 °C and 180 rpm. A diluted MRSA solution was
plated in 24-well plates with glass flat bottom and cultured for
36 h at 37 °C for biofilm formation. Removed the old medium and
added fresh medium each 24 h. For removing unbound bacteria,
each of the wells was rinsed with aseptic PBS buffer. Crystal violet
solution (0.1%, 500 pL) was put into the biofilms and kept in
incubation for 10 min. Removed the solution and rinsed with PBS
buffer. The images were acquired using optical microscope.

To quantify the biofilms, the biofilms grew in 24 well plates
with glass flat-bottoms were washed with PBS for 3 times. 500
pL of glutaraldehyde solution (2.5%) was added for fixation for
10 min. Then the biofilms were rinsed with PBS. 500 pL 0.1%
crystal violet was added and maintained in incubation for
10 min. Crystal violet solution was removed, washed with PBS
and air-dried. Then acetic acid (30%, 500 pL) was added for
dissolving dye for 30 min. 100 uL of the dye solution was tested
by optical density at 590 nm using a plate reader (Epoch2,
BioTeK, Germany).*

4.7 Enzyme-linked immunosorbent assay (ELISA)

Tumor necrosis factor o (TNF-a) as well as interleukin 6 (IL-6)
levels around the wounds were detected by ELISA. ELISA assay
kits (EM0183 and EM0121) were purchased from Fine Biotech
(Wuhan, China), and all procedures followed the manufac-
turer's instructions.

4.8 Haematoxylin and eosin (H&E) staining analysis

Immediately after surgical removal, wound tissues and organs
(liver, spleen, kidney, heart and lung) were fixed overnight in
paraformaldehyde (4%), immersed in paraffin, sectioned (4 um
thick) and stained by hematoxylin and eosin. The histological
sections of the wound tissues and organs were inspected
through microscope.

5 Conclusions

In conclusion, five porphyrin derivatives (TPP, TBPP, TCPP,
TFPP, TIPP) were evaluated for photodynamic microbicidal
effects to overcome the problems of drug resistance. The results
showed that TBPP mediated PDT presented the most prominent
bactericidal effects against MRSA (Fig. S187). Further studies
showed that TBPP together BL could injure cell membrane

© 2024 The Author(s). Published by the Royal Society of Chemistry
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integrity, inhibit ATP synthesis and virulence factor expression
via ROS overexpression in bacterial cells, resulting in MRSA
death. Interestingly, the combined treatments of TBPP and BL
suppressed biofilm formation capacity of MRSA. Moreover, TBPP
+ BL had the ability to eradicate MRSA embedded in biofilms and
disintegrate the mature biofilms. What's more, TBPP-PDT could
eliminate MRSA and biofilms from the wounds in mice and
reduce inflammatory response of infected skin tissues, leading to
wound healing acceleration in vivo. Therefore, TBPP has great
potential as a BL photosensitizer for the treatments of skin
infections induced by drug-resistant bacteria.
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