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Enhancing the interactions between photosensitizers and bacteria is key to developing effective photo-
dynamic antibacterial agents. However, the influence of different structures on the therapeutic effects has
not been systematically investigated. Herein, 4 BODIPYs with distinct functional groups, including the
phenylboronic acid (PBA) group and pyridine (Py) cations, were designed to explore their photodynamic
antibacterial activities. The BODIPY with the PBA group (IBDPPe-PBA) exhibits potent activity against
planktonic Staphylococcus aureus (S. aureus) upon illumination, while the BODIPY with Py cations

Received 16th January 2023, (IBDPPy-Ph) or both the PBA group and Py cations (IBDPPy-PBA) can significantly minimize the growth of
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both S. aureus and Escherichia coli (E. coli). In particular, IBDPPy-Ph can not only eliminate the mature
S. aureus biofilm and E. coli biofilm in vitro, but also promote the healing of the infected wound. Our
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1. Introduction

Infectious diseases caused by pathogenic bacteria remain
pressing threats to public health and are extremely difficult to
cure because the complex membrane structures of bacteria can
impede the penetration of drugs or other invaders.'® In
addition, the emergence and constant mutation of drug-fast
bacteria ascribed to the overuse and frequent dosing of anti-
biotics exacerbate the problems.”'® Photodynamic therapy
(PDT) is an emerging modality to treat pathogenic bacterial
infections. In PDT, the excited photosensitizers (PSs) produce
reactive oxygen species (ROS) such as singlet oxygen ('O,)
species, which possess high toxicities."'™> What’s more, the
prominent advantages of PDT including non-invasiveness,
high spatiotemporal selectivity, negligible systemic toxicity,
and low drug resistance, make it one of the most important
antibacterial strategies.'®>° However, the inherent character-
istics of '0,, such as the short lifetime and diffusion range,
severely restrict the antimicrobial effects of PDT.>" Therefore,
development of efficient PSs to treat bacterial infections still
requires constant exploration.
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work provides an alternative for reasonable design of photodynamic antibacterial materials.

At present, the construction of antibacterial drugs is
focused on enhancing their interactions toward bacteria for
solving the dilemma.?*° The phenylboronic acid (PBA) group,
as a common targeting group, can actively bind to lipopolysac-
charide (LPS) and teichoic acid, the major components of the
cell walls of Gram-negative (G—) and Gram-positive (G+) bac-
teria, respectively, via forming borate ester.””>° On the other
hand, positively charged groups such as pyridine (Py) cations
can attach to bacteria via the intense electrostatic attractions
between the positively charged ligands and the negatively
charged membrane regions of bacteria.*** To date, numerous
antibacterial PSs have achieved great therapeutic effects by uti-
lizing either the targeting strategy or electrostatic interactions.
Nevertheless, the antibacterial effects of these two binding
modes have not been compared in more detail.>>~’

In this work, the PBA group and Py cations were selected as
the representatives of targeting function and electrostatic
interaction, respectively, to systematically study their influence
on photodynamic antibacterial activity. 4,4-Difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY) was selected as the PS for
PDT of bacterial infections because of its excellent perform-
ances, such as the large molar absorption coefficients and the
feasible modification.>®**' The PBA group and Py cations were
introduced into the BODIPY matrix individually or simul-
taneously to synthesize BODIPY PSs. They are nonfunctiona-
lized BODIPY (IBDPPe-Ph), PBA-functionalized BODIPY
(IBDPPe-PBA), Py cation-functionalized BODIPY (IBDPPy-Ph)
and PBA and Py cation-functionalized BODIPY (IBDPPy-PBA),
respectively (Fig. 1A). Then, the photodynamic antibacterial
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Fig. 1 (A) Structures of IBDPPe-Ph, IBDPPe-PBA, IBDPPy-Ph, and
IBDPPy-PBA and the differences in antibacterial activities of the 4
BODIPYs toward S. aureus and E. coli. (B) Schematic illustration of the
antibacterial application in vivo.

activities of the 4 BODIPYs toward Staphylococcus aureus (S.
aureus) and Escherichia coli (E. coli) were comprehensively
studied and compared in vitro and in vivo (Fig. 1).

2. Experimental section

2.1. Synthesis of IBDPPe-Ph

BDPPe was synthesized as the precursor via a previously
reported method.** Caesium carbonate (300 mg) was added to
a solution of BDPPe (51 mg, 0.15 mmol) and benzyl bromide
(20 pL, 0.17 mmol) in dry tetrahydrofuran (THF, 6 mL). The
solution was stirred at ambient temperature for 6 h under
nitrogen. The solution was filtered, and the filtrate was evapor-
ated to obtain the crude product. BDPPe-Ph was obtained after
purification by silica gel column chromatography using
n-hexane/CH,Cl, (v/v = 1:1). Then, a solution of BDPPe-Ph
(49 mg, 0.11 mmol) and N-iodosuccinimide (128 mg,
0.57 mmol) in CH,Cl, (5 mL) was added to a dark flask. The
mixed solution was stirred at ambient temperature for 6 h. The
solution was evaporated to obtain the crude product. Finally,
IBDPPe-Ph was obtained after purification by silica gel column
chromatography with n-hexane/CH,Cl, (v/v = 2: 1) as the eluent.

2.2. Synthesis of IBDPPe-PBA

Caesium carbonate (300 mg) was added to a solution of BDPPe
(51 mg, 0.15 mmol) and 4-(bromomethyl)phenylboronic acid
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pinacol cyclic ester (68 mg, 0.23 mmol) in dry THF (3 mL). The
solution was stirred at ambient temperature overnight under
nitrogen. The solution was filtered, and the filtrate was evapor-
ated to obtain the crude product. The crude product was puri-
fied by silica gel column chromatography with n-hexane/
CH,Cl, (v/v = 1:5) as the eluent to obtain BDPPe-PBAP.
Next, a solution of BDPPe-PBAP (36 mg, 0.07 mmol) and
N-iodosuccinimide (88 mg, 0.40 mmol) in CH,Cl, (3 mL) was
added to a dark flask. The solution was stirred at ambient
temperature overnight and evaporated to obtain the crude
product. The crude product was purified by silica gel column
chromatography with n-hexane/CH,Cl, (v/v = 1:3) as the
eluent to obtain IBDPPe-PBAP. Then, NalO, (190 mg) in H,O
(1.5 mL) was added to a solution of IBDPPe-PBAP (44 mg,
0.55 mmol) and NH,CI (40 mg) in a mixed solvent (THF/H,O
(v/v) =9:1, 10 mL). The mixed solution was stirred at ambient
temperature for 24 h. After vacuum rotary evaporation to
remove THF, the solution was filtered, and the precipitate was
washed with H,O (1 mL) several times and dried in a vacuum
to obtain the crude product. Finally, IBDPPe-PBA was obtained
after purification by silica gel column chromatography with
CH;0H/CH,Cl, (v/v =1:100) as the eluent.

2.3. Synthesis of IBDPPy-Ph

BDPPy was synthesized as the precursor via a previously
reported method.** A solution of BDPPy (310 mg, 0.54 mmol)
and N-iodosuccinimide (490 mg, 2.75 mmol) in CH,Cl, (5 mL)
was added to a dark flask. The solution was stirred at ambient
temperature for 6 h, and the crude product was obtained via
rotary evaporation. The crude product was purified by silica gel
column chromatography with ethyl acetate/CH,Cl, (v/v =1:50)
as the eluent to obtain IBDPPy.

Benzyl bromide (120 pL, 0.70 mmol) was added to a solu-
tion of IBDPPy (58 mg, 0.10 mmol) in dry toluene (10 mL). The
solution was stirred at 110 °C overnight. Then the solution was
filtered, and the precipitate was washed with toluene (1 mL)
several times after cooling to room temperature. Finally, the
precipitate was dried in a vacuum to obtain IBDPPy-Ph.

2.4. Synthesis of IBDPPy-PBA

4-(Bromomethyl)phenylboronic acid (34 mg, 0.12 mmol) was
added to a solution of IBDPPy (58 mg, 0.10 mmol) in dry aceto-
nitrile (10 mL). The solution was stirred at 75 °C for 24 h
under nitrogen. Then, the solution was filtered, and the pre-
cipitate was washed with acetonitrile (1 mL) several times after
cooling to room temperature. Finally, the precipitate was dried
in a vacuum to obtain IBDPPy-PBA.

3. Results and discussion

3.1. Synthesis of BODIPYs

First, BDPPe and BDPPy were synthesized as the precursors via
previously reported methods (Fig. S1 and $21).**** Then,
various functional groups were introduced separately, and an
iodine substitution reaction was carried out to boost the inter-
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system crossing (ISC) for the generation of '0,.** The synthetic
routes to IBDPPe-Ph, IBDPPe-PBA, IBDPPy-Ph, and IBDPPy-
PBA are shown in Fig. S3-S6t, and their chemical structures
are confirmed by "H nuclear magnetic resonance ("H NMR)
spectroscopy and electrospray ionization mass spectrometry
(ESI-MS) (Fig. S7-S141). In IBDPPe-PBA and IBDPPy-Ph, the
PBA group and Py cations serve as the functional groups for
enhancing the interactions between PSs and bacteria. In
IBDPPy-PBA, both the PBA group and Py cations are intro-
duced. Also, IBDPPe-Ph was synthesized as the control molecule.

3.2. Photophysical properties and 'O, generation capacities

The photophysical properties of the 4 BODIPYs were evaluated
using absorption and fluorescence spectra. IBDPPe-Ph and
IBDPPe-PBA have the same maximum absorption peaks at
535 nm, while IBDPPy-Ph and IBDPPy-PBA show absorption
peaks at 550 nm in dimethyl sulfoxide (DMSO) (Fig. 2A). In
addition, the fluorescence intensity of IBDPPy-Ph and IBDPPy-
PBA is obviously lower than that of IBDPPe-Ph and IBDPPe-
PBA (Fig. 2B), resulting from the low electron cloud density of
pyridine.

Furthermore, the 'O, generation capacities of the 4 BODIPYs
were investigated. 1,3-Diphenylisobenzofuran (DPBF) was
selected as the indicator to monitor the generation of 'O,
under green light irradiation. DPBF can react with 'O, and be
converted to 1,2-dibenzoylbenzene, leading to a significant
decrease in absorbance. In the presence of IBDPPy-Ph or
IBDPPy-PBA, the absorbance of DPBF at 420 nm decreases
faster than that with IBDPPe-Ph or IBDPPe-PBA (Fig. 2C and
S15%). However, the absorbance of DPBF alone changes insignif-
icantly under green light irradiation for 50 s. The results indi-
cate that the 'O, generation abilities of IBDPPy-Ph and IBDPPy-
PBA are higher than those of IBDPPe-Ph and IBDPPe-PBA.

To explain the spectroscopic properties of these BODIPYs,
the energy gaps (AE) of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
as well as the singlet-triplet energy gaps (AEsr) were calculated
through density functional theory (DFT). The HOMO-LUMO
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Fig. 2 Photophysical properties of the 4 BODIPYs. (A) Absorption and
(B) fluorescence spectra of the 4 BODIPYs (15 uM) in DMSO. (C) 'O,
generation of the 4 BODIPYs (2 pM) upon green light irradiation (18 mW
cm~2) with DPBF as the indicator. (D) The excited singlet and triplet dis-
tributions and the AEst values of 4 BODIPYs were calculated by DFT.
Optimized with Gaussian 09/B3LYP/6-31G*.
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distributions of the BODIPYs were calculated, and the AE
values of IBDPPe-Ph, IBDPPe-PBA, IBDPPy-Ph and IBDPPy-PBA
are 0.11, 0.10, 0.07, and 0.07 eV, respectively (Fig. S16%). As
shown in Fig. 2D, the AEgr values of IBDPPe-Ph, IBDPPe-PBA,
IBDPPy-Ph, and IBDPPy-PBA are 1.27, 1.27, 0.22, and 0.24 €V,
respectively. The smaller AEgr values of IBDPPy-Ph and
IBDPPy-PBA than those of IBDPPe-Ph and IBDPPe-PBA contrib-
ute to the ISC processes, thus promoting the generation of
ROS, which is consistent with their 'O, generation capacities
(Fig. 2D).*>*°

3.3. Invitro antibacterial assays

To compare the influence of different functional ligands on
the photodynamic antibacterial effects of PSs, the in vitro anti-
bacterial activities of the 4 BODIPYs were studied. S. aureus
and E. coli were selected as the representatives of G+ and
G— bacteria, respectively, and green light irradiation was per-
formed. As shown in Fig. 3A, at a low concentration of 0.5 pM,
both IBDPPe-PBA and IBDPPy-PBA could almost completely
inhibit the growth of S. aureus. The proliferation of S. aureus is
also suppressed by IBDPPy-Ph at a concentration of 1 pM.
However, IBDPPe-Ph does not exhibit an obvious antibacterial
effect against S. aureus even at a high concentration of 3 pM.
The minimal inhibitory concentrations (MICs) of IBDPPe-Ph,
IBDPPe-PBA, IBDPPy-Ph, and IBDPPy-PBA toward S. aureus are
determined to be 8, 0.3, 0.9, and 0.3 pM, respectively
(Fig. S177). As for E. coli, the Py cation-functionalized BODIPYs
(IBDPPy-Ph and IBDPPy-PBA) show dramatic inhibition effects
at a concentration of 5 pM under green light irradiation
(Fig. 3B). However, the E. coli treated with IBDPPe-Ph or
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Fig. 3 Antibacterial activities of the BODIPYs. The in vitro bacterial via-
bility of (A) S. aureus and (B) E. coli treated with different concentrations
of IBDPPe-Ph, IBDPPe-PBA, IBDPPy-Ph, and IBDPPy-PBA under green
light irradiation (18 mW cm™2). (C) SEM images of S. aureus in the pres-
ence of IBDPPe-Ph, IBDPPe-PBA, IBDPPy-Ph, and IBDPPy-PBA (2 pM)
under green light irradiation (18 mW cm™2). (D) SEM images of E. coli
treated with IBDPPe-Ph, IBDPPe-PBA, IBDPPy-Ph, and IBDPPy-PBA
(15 pM) under green light irradiation (18 mW cm™2). ***p < 0.001.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00073g

Open Access Article. Published on 21 February 2023. Downloaded on 4/26/2026 1:42:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

IBDPPe-PBA shows insignificant decrease in viability even at a
concentration of 20 pM under green light irradiation. Then,
the MICs of the 4 BODIPYs toward E. coli were further studied.
The MICs of IBDPPy-Ph and IBDPPy-PBA are 2 and 3 pM,
respectively, while those of IBDPPe-Ph and IBDPPe-PBA are not
reached even at a concentration of 25 pM (Fig. S18t). These
results revealed the great potential of Py cations in antibacter-
ial agents.

Furthermore, the colony forming unit (CFU) plate counting
method was used to verify the antibacterial results of BODIPYs
against planktonic bacteria. The CFU counting results (Fig. S19
and S20%) are consistent with the antibacterial effects toward
planktonic bacteria (Fig. 3A and B). In order to directly visualize
the morphological changes of bacteria after illumination,
scanning electron microscopy (SEM) was further employed. In
Fig. 3C, the membranes of S. aureus treated with PBS or
IBDPPe-Ph remain intact with clear and sharp edges, while
those incubated with IBDPPe-PBA, IBDPPy-Ph, or IBDPPe-Ph
exhibit visible shrinkage, fusion, splitting, and collapse. In
addition, the E. coli treated with PBS, IBDPPe-Ph, or IBDPPe-
PBA keep their initial morphologies with intact surfaces, while
for those treated with IBDPPy-Ph or IBDPPy-PBA, distinct
shrinkage, collapse, and fusion are observed (Fig. 3D), further
demonstrating the strong interactions and good antibacterial
activities of IBDPPy-Ph and IBDPPy-PBA toward E. coli.

The in vitro antibacterial assays directly prove that the
BODIPY modified with the PBA group individually (IBDPPe-
PBA) possesses powerful antibacterial activity against G+ bac-
teria selectively, while the Py cation-functionalized BODIPYs
(IBDPPy-Ph and IBDPPy-PBA) show potent inhibition effects
toward both G+ and G— bacteria. G+ bacteria only have a single
lipid membrane, and the heavy peptidoglycan contains high
levels of teichoic acid, providing a large number of binding sites
for the antibacterial agents containing PBA groups. Different
from G+ bacteria, the cell walls of the G— bacteria are composed
of a double membrane, the outer membrane and the inner
membrane. The presence of the outer membrane protein (OMP)
and the inner membrane endows G— bacteria with high resis-
tance to external invaders, including antibacterial agents.”” In
addition, an important commonality between both G+ and G—
bacteria is that their envelopes are negatively charged. The cat-
ionic BODIPYs can be adsorbed on the negatively charged mem-
branes, and then the amphiphilic nature of the BODIPYs can
denature the OMP and perturb the lipid membranes via hydro-
phobic interactions.”® Therefore, we speculate that the PBA
group alone can bind with G+ or G— bacteria through the reac-
tions with high levels of teichoic acid or LPS, but it is unable to
break the barriers of the OMP and the inner membrane of G—
bacteria. However, Py cations can adhere to both G+ and G—
bacteria through electrostatic interactions and perturb the bac-
terial membrane via hydrophobic interactions (Fig. 4). In
summary, PBA can serve as a powerful functional group to
enhance the antibacterial activities of PSs against G+ bacteria,
and Py cations can amplify the antibacterial effects of PSs
toward both G+ and G— bacteria, which is consistent with the
results from previous work.*’
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Fig. 4 Interactions between the PBA-functionalized BODIPYs and tei-
choic acid/LPS of bacteria via the borate ester covalent bond, as well as
the electrostatic interactions between the Py cation-functionalized
BODIPYs and the negatively charged membranes of bacteria.

3.4. Antibiofilm effects

Based on the excellent antibacterial potency of IBDPPy-PBA
and IBDPPy-Ph toward planktonic bacteria, their bioactivities
against S. aureus and E. coli biofilms were further explored.
First, we quantified the biofilm mass via 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) assay.
S. aureus or E. coli were incubated with different concen-
trations of BODIPYs for 30 min, and treated with or without
green light irradiation (18 mW cm™?) for 10 min. Then, the
biofilm formation was detected by MTT assay after static
culture for 24 h. For S. aureus subjected to light irradiation,
the formation of biofilms was gradually reduced with the
increase in concentration of IBDPPy-PBA or IBDPPy-Ph, and it
was completely inhibited by 1.25 yM IBDPPy-PBA or 1.5 pM
IBDPPy-Ph (Fig. 5A). As for E. coli, similar phenomena were
observed except that the biofilm formation was completely
inhibited at higher concentrations (15 pM IBDPPy-PBA or
10 pM IBDPPy-Ph) (Fig. 5B). However, neither IBDPPy-PBA nor
IBDPPy-Ph under dark conditions could inhibit the biofilm
formation of S. aureus and E. coli.

Subsequently, the eradication capacities of IBDPPy-PBA and
IBDPPy-Ph toward mature biofilms were studied. The mature
biofilms of S. aureus and E. coli were incubated with different
concentrations of IBDPPy-PBA or IBDPPy-Ph for 30 min, and
then irradiated or not irradiated with green light for 10 min.
Afterwards, the biofilm biomass was detected by MTT assay
after static culture for 30 min. As shown in Fig. 5C and D, the
eradication of mature biofilms by IBDPPy-PBA or IBDPPy-Ph is
also dose-dependent. As depicted in Fig. 5C, IBDPPy-Ph at
30 pM exhibit a significantly better eradication effect toward
S. aureus biofilms than IBDPPy-PBA either under dark or light
conditions. Surprisingly, both IBDPPy-PBA and IBDPPy-Ph can
eradicate E. coli biofilms at 2 pM upon green light irradiation.

The eradication capacities of IBDPPy-PBA and IBDPPy-Ph
toward mature biofilms were also analyzed by staining with
SYTO and propidium iodide (PI). Visible green fluorescence
signals are observed in the confocal laser scanning microscopy

Biomater. Sci, 2023, 11, 2870-2876 | 2873
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(CLSM) images of the S. aureus biofilms treated with PBS or
IBDPPy-PBA, which indicates that IBDPPy-PBA could not
destroy the mature S. aureus biofilms either with or without
irradiation (Fig. 5E and S21f). However, intense red fluo-
rescence is observed in the CLSM image of the IBDPPy-Ph and
light irradiation treated S. aureus biofilm, confirming that
IBDPPy-Ph can penetrate and destroy the mature S. aureus
biofilm under irradiation (Fig. 5E). Moreover, IBDPPy-Ph
without light irradiation can also destroy the mature S. aureus
biofilm to some extent, as demonstrated by the moderate red
fluorescence signals (Fig. S21t). For the E. coli biofilms, red
fluorescence signals can be observed only in the CLSM images
of the biofilms treated with IBDPPy-PBA or IBDPPy-Ph under
light irradiation (Fig. 5F and S22f). Furthermore, the ROS
generation capacities of IBDPPy-Ph toward mature biofilms
were analyzed with CLSM. The ROS generation in S. aureus bio-
films was monitored using 2',7'-dichlorofluorescin diacetate
(DCFH-DA) as the probe. The biofilms exhibit strong green
fluorescence after treatment with IBDPPy-Ph under green light
irradiation (Fig. S23t), whereas the biofilms treated with phos-
phate buffered saline (PBS) or IBDPPy-Ph without irradiation
show negligible fluorescence (Fig. S24t). The imaging results
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are consistent with the MTT assays, intuitively proving that
IBDPPy-Ph could efficiently inhibit biofilm formation and
eliminate mature biofilms of both S. aureus and E. coli.

3.5. Invivo evaluation of the antibacterial effects

Inspired by the good in vitro activities of IBDPPy-PBA and
IBDPPy-Ph against bacteria, in vivo evaluation of antibacterial
effects was carried out using a S. aureus-infected skin wound
model (Fig. 6A). All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of Changchun Institute of Applied Chemistry,
Chinese Academy of Sciences, and approved by the Animal
Ethics Committee of Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences (Approval no.
20220005). After wounds with diameters of about 12 mm were
made on the backs of mice, the mice underwent 1-day infec-
tion treatment with S. aureus (10" CFU mL™", 50 pL) to form
biofilms. The mice with infected wounds were divided into
5 groups randomly and subjected to treatments separately. PBS

A Bacterial Administration  Irradiation
infection /‘ /
) v
- Photograph  Sacrifice
//
i P30min_ : /1 :
Day 0 Day 1 Day 1 Day 8
B Day 1 Day 2 Day 4 Day 6 Day 8 20mm
|
PBS |

IBDPPy-PBA

IBDPPy-Ph

.\ }
IBDPPy-Ph+L (‘\‘ ‘.

120 = pBS === |BDPPy-PBA == IBDPPy-PBA+L
== IBDPPy-Ph == IBDPPy-Ph+L

OOOOO

100 M

80 ox

60

40

Relative wound area (%)

20

0-

1 2 4 6 8
Time (day)

Fig. 6 Evaluation of the antibacterial effects of the BODIPYs in vivo. (A)
Schematic illustration of the S. aureus infected mouse model and the
therapeutic process with IBDPPy-PBA and IBDPPy-Ph as the PSs under
green light irradiation (18 mW cm™2). (B) Photographs of S. aureus
infected wounds after different treatments for 8 days and the schematic
diagrams of the wound-healing processes. (C) The changes in wound
areas during the treatments with PBS, 30 uM IBDPPy-PBA, or IBDPPy-Ph
under dark conditions or green light irradiation. *p < 0.05 and
**p < 0.01.
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(50 pL), IBDPPy-PBA (30 uM, 50 pL) and IBDPPy-Ph (30 pM,
50 pL) were dripped on the wounds. After 30 min of co-incu-
bation, the mice treated with IBDPPy-PBA and IBDPPy-Ph were
exposed to green light irradiation (18 mW c¢m™>) for 10 min
(abbreviated as IBDPPy-PBA + L and IBDPPy-Ph + L) or dark
conditions (abbreviated as IBDPPy-PBA and IBDPPy-Ph). The
photographs of the infected wounds were constantly taken day
by day during the wound-healing process (Fig. 6B and S257).
The wound areas gradually decreased with the evolution of the
healing process, as shown in Fig. 6C. The wounds in the
IBDPPy-Ph + L group exhibit smaller wound areas than those
in other groups on the 8th day, revealing the potent antibacter-
ial activity of IBDPPy-Ph in vivo under green light irradiation.
The healing rates of the wounds in the PBS, IBDPPy-PBA,
IBDPPy-PBA + L, IBDPPy-Ph, and IBDPPy-Ph + L groups are
73.3%, 63.3%, 80.3%, 80.8%, and 94.4%, respectively. The
mice were sacrificed on the 8th day, and then the wound
tissues were isolated to assess the tissue infection status by
hematoxylin and eosin (H&E) staining and bacterial counts on
Luria-Bertani (LB) agar plates. There is nearly no bacterial
colony observed on the LB agar plates of the IBDPPy-Ph + L
group (Fig. S26%). In addition, there are more blood vessels
and fewer inflammatory cells in the H&E staining image of the
IBDPPy-Ph + L group than in other groups (Fig. S27t), showing
that the infected wound tissues treated with IBDPPy-Ph and
light irradiation have a better tissue recovery effect. These
results indicate that IBDPPy-Ph under irradiation can signifi-
cantly promote the healing of the infected wounds.

NIH 3T3
A B L929

= IBDPPy-PBA B3 IBDPPy-Ph = IBDPPy-PBAER IBDPPy-Ph

Viability (%)
Viability (%)

0 30 0

10 20 10 20
Concentration (uM) Concentration (uM)

Liver Spleen

Heart Lungs

PBS

IBDPPy-PBA+L

IBDPPy-Ph

e --

Fig. 7 Cytotoxicity assessment of the BODIPYs. Viabilities of (A) NIH
3T3 and (B) L929 cells incubated with different concentrations of
IBDPPy-PBA or IBDPPy-Ph. (C) H&E staining images of different organs
(heart, liver, spleen, lungs, and kidneys) from mice after treatments with
IBDPPy-PBA or IBDPPy-Ph with or without green light irradiation. Scale
bar is 100 pm.
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Finally, the cytotoxicity of IBDPPy-PBA and IBDPPy-Ph was
evaluated by MTT assays using mouse fibroblast (NIH 3T3 and
L929) cells. As shown in Fig. 7A and B, the viabilities of NIH
3T3 and L929 cells incubated with 30 pM IBDPPy-PBA or
IBDPPy-Ph changed insignificantly. Besides, the body weights
of the mice during the wound-healing processes were
recorded, which showed a rising trend during the treatments
(Fig. S287). The major organs (heart, liver, spleen, lungs, and
kidneys) of mice were collected and stained with H&E for histo-
logical analysis on the 8th day after treatments. There was no
obvious histological change or inflammatory region observed
in the H&E staining images of the organs (Fig. 7C). Moreover,
the hemolysis ratios for IBDPPy-PBA and IBDPPy-Ph (10 pM)
are at a safe level (Fig. S29 and S307). These results verify the
good biocompatibility of IBDPPy-PBA and IBDPPy-Ph.

4. Conclusions

In summary, 4 BODIPYs with targeting or positively charged
groups were synthesized and evaluated. The in vitro antibacter-
ial activities prove that the functional groups of the BODIPYs
have significant impact on their photodynamic antibacterial
effects. IBDPPy-Ph containing a positive charge shows excel-
lent antibacterial activity against S. aureus and E. coli, and pos-
sesses the ability to inhibit biofilm formation and eliminate
mature biofilms under irradiation. IBDPPy-PBA with a target-
ing group exhibits similar anti-planktonic bacterial activity
and inhibition effects toward biofilm formation to IBDPPy-Ph,
but it can only eliminate the mature biofilms formed by E. coli
under irradiation. Interestingly, IBDPPe-PBA reveals selective
antibacterial activity against S. aureus under irradiation, which
may be due to the ample PBA receptors on G+ bacterial mem-
branes. IBDPPy-Ph can successfully inhibit S. aureus infections
and promote infected wound healing. Overall, this study
emphasizes the significance of the design and application of
efficient photodynamic antibacterial agents.
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