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Photodynamic therapy has been widely employed as an alternative strategy against bacterial infection.
Molecular structure has a profound effect on the antibacterial ability of photosensitizers (PSs). Herein,
we designed and synthesized a series of boron dipyrromethene (BODIPY)-based photosensitizers with
different alkyl chain lengths, and then their antibacterial activities were compared. Among these BODIPYs,
the BODIPY with octyl (BDP-8) exhibits the best antibacterial effect, while the antibacterial performance
of BODIPY with dodecyl (BDP-12) is the worst. This work provides instructive information for further
development of effective photodynamic antimicrobial agents.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bacterial infection seriously threatens human health [1-3]. Par-
ticularly, the abuse of antibiotics causes bacterial drug resis-
tance, which makes antibacterial treatment more intractable [4-6].
Therefore, it is necessary and urgent to develop alternative strate-
gies to combat bacterial infection. As an emerging treatment strat-
egy, photodynamic therapy (PDT) utilizes photosensitizers (PSs)
under irradiation to generate reactive oxygen species (ROS) [7-
10]. PDT is initially employed to kill tumor cells via the toxic ROS
[11-13], but recently it has attracted great attention as an alterna-
tive antibacterial strategy [14-18]. Compared with the traditional
treatments like antibiotics, PDT hardly causes bacterial drug resis-
tance because the oxidative damage of ROS to bacteria involves a
multi-target damage process [19-21]. However, the short lifespan
and the limited effective distance of ROS severely restrict their an-
tibacterial performance [22-24]. Interestingly, introducing targeting
groups such as cationic groups to PSs could enhance the interac-
tions between the PSs and bacteria, which dramatically improve
their antibacterial effects [25-27].

The interactions between the antibacterial agents and bacteria
can also be fine-tuned by the subtle structural differences [28-30].
For instance, the lengths of alkyl chains of molecules play an im-
portant role in tuning their hydrophobic interactions with bacteria
and other living organisms [31,32]. The influence of the lengths of
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alkyl chains on the performance of antibacterial agents has been
explored in previous works [33-35]. For example, Xu’'s group has
revealed the relationship between the molecular sizes of ionic lig-
uid derivatives and their antibacterial abilities [36]. However, the
effect of the alkyl chain length on the antibacterial ability of PSs
has less been studied.

Boron dipyrromethene (BODIPY), as a promising PS, has been
widely studied for photodynamic anticancer and antibacterial
treatments due to its high extinction coefficient, satisfactory pho-
tostability and chemical stability, as well as high tunability of pho-
tophysical properties [37-39]. In this work, BODIPY is selected as
the PS, and alkyl chains with different lengths (ethyl, butyl, hexyl,
octyl, and dodecyl) are introduced to the pyridyl on the meso po-
sition of BODIPYs, which are named BDP-2, BDP-4, BDP-6, BDP-
8, and BDP-12, respectively (Scheme 1). Under green light irradi-
ation, these BODIPYs possess nearly the same ability of ROS gener-
ation. However, their antibacterial performance is not stronger and
stronger with the lengths of alkyl chains increased as we expect.
The BODIPY with octyl (BDP-8) exhibits the best antibacterial ef-
fect against either Staphylococcus aureus (S. aureus) or Escherichia
coli (E. coli).

The synthetic route of BODIPYs with different alkyl chain
lengths are shown in Fig. 1a. The synthesis of BDP-Py and IBDP-Py
refers to the reported methods [40,41]. The molecular structures of
BDP-2, BDP-4, BDP-6, BDP-8, and BDP-12 are validated by nuclear
magnetic resonance ('H and 3C NMR) spectroscopy (Figs. S1-S5
in Supporting information) and mass spectrometry (Figs. S6-S10 in
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Scheme 1. The molecular structures of BODIPYs and comparisons of their antibac-

terial effects.
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Fig. 1. (a) The synthetic route of BODIPYs (BDP-2, BDP-4, BDP-6, BDP-8, and BDP-
12). (b) Absorption spectra of BODIPYs. (c) ROS generation of BODIPYs (1 pmol/L)
under light irradiation over time detected via DPBF. (d) AEst (S1-T;) of BODIPYs
calculated by DFT.

Supporting information). Besides, the C-H vibration bands of -CH,
at 2853 cm~! are observed in the Fourier-transform infrared (FTIR)
spectra of BDP-2, BDP-4, BDP-6, BDP-8, and BDP-12, further imply-
ing the successful synthesis of BODIPYs with different alkyl chain
lengths (Fig. S11 in Supporting information).

Next, the absorption and emission spectra of these BODIPYs
were measured. As shown in Fig. 1b and Fig. S12 (Supporting in-
formation), similar absorption and emission spectra at the same
concentration were observed. To compare their photodynamic ac-
tivities, 1,3-diphenylisobenzofuran (DPBF) was employed to detect
the production of ROS upon green light irradiation. As displayed in
Fig. 1c and Fig. S13 (Supporting information), the absorbance at
417 nm of DPBF incubated with BDP-2, BDP-4, BDP-6, BDP-8, and
BDP-12 decreases rapidly with the increase of irradiation time,
while that of DPBF alone changes slightly. More importantly, there
is no obvious difference among the variation ranges of their ab-
sorbance, showing that these BODIPYs possess similar ability of
ROS generation. Besides, the singlet-triplet energy gaps (AEsr) of
BDP-2, BDP-4, BDP-6, BDP-8, and BDP-12 are calculated via density
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Fig. 2. Bacterial viability of (a) S. aureus and (b) E. coli treated with different con-
centrations of BDP-2, BDP-4, BDP-6, BDP-8, or BDP-12 and green light irradiation
(18 mW/cm?). (c) SEM images of S. aureus and E. coli treated with BODIPYs and
green light irradiation.

functional theory (DFT). As shown in Fig. 1d, there is not much
difference in their AEst, which further suggests that the lengths
of the introduced alkyl chains have insignificant influence on the
ability of ROS generation of the BODIPY agents.

To compare the ROS generation efficiency of BODIPYs, we chose
BDP-8 as a representative and Rose Bengal (a commercial photo-
sensitizer similar to Acid Red 94) for comparison. As shown in Fig.
S14 (Supporting information), under the same conditions, the ab-
sorbance of DPBF incubated with BDP-8 decreases at a similar rate
with that treated with Rose Bengal with the increase of irradiation
time, indicating that they possess similar ROS generation efficiency.
Furthermore, to investigate the specific type of ROS generated by
these BODIPYs (BDP-8 as a representative), 9,10-anthracenediyl-
bis(methylene)-dimalonic acid (ABDA) and dihydrorhodamine 123
(DHR 123) were selected as the indicators of singlet oxygen (10,)
and superoxide anion radicals (0, ) respectively. As shown in Fig.
S15 (Supporting information), the absorbance of ABDA incubated
with BDP-8 decreases rapidly with the increase of irradiation time,
indicating that BDP-8 exposed to light irradiation could generate
10,. Meanwhile, the FL intensity of DHR 123 treated with BDP-8
increased rapidly with prolonged irradiation time (Fig. S16 in Sup-
porting information), indicating the generation of O,— by BDP-8.
Results above suggest these BODIPYs could generate both 10, and
0, under light irradiation.

To compare their antibacterial performance, S. aureus and E. coli
were chosen as the representatives of Gram-positive and Gram-
negative bacteria respectively. Surprisingly, under light irradiation,
BDP-8 exhibits the best antibacterial performance against S. aureus,
and the antibacterial effect of BDP-2 against S. aureus is second to
that of BDP-8. While BDP-4, BDP-6, and BDP-12 show similar an-
tibacterial ability, which is lower than that of BDP-2 and BDP-8
(Fig. 2a). For E. coli, BDP-2 and BDP-8 possess the best antibacterial
effect under light irradiation, while BDP-12 exhibits the worst an-
tibacterial performance. The antibacterial effect of BDP-4 and BDP-
6 is second to that of BDP-2 and BDP-8 (Fig. 2b). Above all, among
the 5 BODIPYs under irradiation, BDP-8 exerts the best antibac-
terial ability against either S. aureus or E. coli. Furthermore, the
antibacterial performance of these BODIPYs under dark condition
was further investigated. As shown in Fig. S17a (Supporting infor-
mation), these BODIPYs at a low concentration (1 pmol/L) in the
absence of light irradiation exhibit insignificant toxicity against S.
aureus, though different degrees of dark toxicity can be observed
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for BODIPYs at higher concentrations. As for E. coli, these BODIPYs
at a high concentration of 10 pmol/L without irradiation still ex-
hibit insignificant toxicity (Fig. S17b in Supporting information).

To further compare their bactericidal effect, we observed the
morphology changes of bacteria treated with BODIPYs and light
irradiation via scanning electron microscopy (SEM). As displayed
in Fig. 2c, the membranes of the S. aureus treated with BDP-8 or
BDP-2 are damaged, while those treated with BDP-4, BDP-6, or
BDP-12 are still intact. Similarly, the E. coli treated with BDP-8
show the most severe membrane lysis and leakage of cytoplasm.
These results further verify that there is obvious difference among
the antibacterial activities of different BODIPYs. Since the BODIPYs
possess the same fluorophore core and positive charge, we spec-
ulate that the distinctions in antibacterial effect mainly attribute
to the hydrophobic interactions between BODIPYs with different
alkyl chain lengths and bacteria. Long alkyl chain could cause phys-
ical damage of bacteria by inserting into the bacterial membrane,
while too long alkyl chain such as that of BDP-12 may curl and
thus cover the positive charge located in the pyridyl group, which
may block the electrostatic interaction between the PS and bacteria
[42].

Due to the protection of extracellular polymeric substances,
biofilm is more difficult to be eliminated than bacterioplank-
ton. Therefore, the antibiofilm ability of BODIPYs toward S.
aureus and E. coli biofilms was investigated. First, we stud-
ied the ROS generation of BODIPYs in the biofilms with 2/,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA, 10 umol/L) as the
fluorescence probe. As shown in Fig. S18 (Supporting information),
the biofilms incubated with BODIPYs under light irradiation exhibit
strong green fluorescence, implying that all of these BODIPYs could
generate ROS in the biofilms. There is no significant difference in
the fluorescence intensity among these green images, which sug-
gests that the BODIPYs have similar ability of ROS generation in
biofilms.

Then, the eradication effect of BODIPYs under light irradiation
toward biofilms was investigated via three-dimensional confocal
laser scanning microscopy (3D CLSM). As displayed in Fig. 3a, the
S. aureus biofilm incubated with BDP-8 exhibits strong red fluores-
cence (dead bacteria stained with PI), while that treated with BDP-
2 or BDP-12 shows bright green fluorescence (live bacteria stained
with SYTO). For the E. coli biofilms, after incubation with BDP-6 or
BDP-8, similar and strong red fluorescence was observed, while in-
tense green fluorescence was presented for that treated with BDP-
12 (Fig. 3b). The above results indicate that BDP-8 could almost
completely kill the bacteria in the biofilms, while BDP-12 possesses
negligible toxicity to the bacteria in the biofilms. The antibiofilm
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Fig. 4. (a) Schematic illustration of the process of wound healing experiment. (b)
Changes of the wound areas in each group after different treatments. **P < 0.01 and
***P < 0.001. (c) Photos of the wounds in the groups of PBS+L, BDP-4 + L, BDP-8 +
L, and BDP-12+L after treatments for different time. (d) Schematic diagram of the
wound areas during the healing process. (e) Photographs of the bacteria separated
from the wound tissues in agar plates.
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ability of the other three BODIPYs is between that of BDP-8 and
BDP-12.

To compare the antibacterial effect of BODIPYs in vivo, we es-
tablished wound infection model of female Kunming mice and se-
lected BDP-4, BDP-8, as well as BDP-12 as the representatives. The
whole experimental process is illustrated in Fig. 4a. 24 h after be-
ing infected with E. coli, the wounds were treated with BODIPYs
and then irradiated with green light. The wound healing of the
mice was monitored by photographing the wounds and calculating
the wound sizes. As shown in Fig. 4b, the wound areas gradually
decrease over time, and the wounds treated with BDP-8 and light
irradiation (BDP-8 + L) possess the minimum relative wound area
on the 6t day. Moreover, the wound healing rate of the wounds
in BDP-12+L group is 68.9%, worse than that of the wounds in the
groups of BDP-4 + L (74.1%) and BDP-8 + L (84.2%). As shown in the
photographs of the wounds in Fig. 4c, Figs. S19 and S20 (Support-
ing information), the wounds in the group of BDP-8 + L exhibit the
best wound healing effect. The process of wound healing in each
group could be visually seen in Fig. 4d.

The mice were sacrificed after 6 days of treatments, and the
wound tissues were cut off. After that, the bacteria were separated
from the wound tissues via ultrasonication, and then cultured on
the agar plates. As shown in Fig. 4e, there are a lot of bacterial
colonies in the groups of PBS, PBS+L, BDP-4, BDP-8, and BDP-12,
while few bacteria exist in BDP-8 + L group. Moreover, the num-
ber of bacteria colonies in BDP-8 + L group is much less than that
in BDP-4+ L and BDP-12+L groups. The wound tissues were also
stained with hematoxylin and eosin (H&E). There are a mass of
inflammatory cells and incomplete epidermis in PBS group, while
newly grown epidermis and few inflammatory cells are observed
in BDP-8 + L group (Fig. S21 in Supporting information). Results
above indicate that the combination of BDP-8 and light irradia-
tion exhibit the best antibacterial effect and wound healing per-
formance.
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To study the cytotoxicity of BODIPYs, mouse fibroblast (L929)
and mouse embryonic fibroblast (NIH 3T3) cells were employed to
conduct 3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bro-
mide (MTT) assays. As shown in Fig. 5a and Fig. S22 (Supporting
information), 5 BODIPYs possess insignificant cytotoxicity even at
a high concentration (20 pmol/L). Next, hemolysis test of BDP-4,
BDP-8, and BDP-12 was carried out. Their hemolysis ratios gradu-
ally increase with the lengths of alkyl chains increased (Fig. 5b),
but they are all at a safe level (below 5%) [43]. In the wound
healing experiment, the mice in all groups kept gaining weight
steadily during the treatments (Fig. 5¢), suggesting that these BOD-
IPYs have no obvious systemic toxicity in the therapeutic con-
centration range. Besides, their major organs were stained with
H&E after the mice were sacrificed. As displayed in Fig. 5d, no
significant abnormity of organ sections is found in the groups
of BDP-4+ L, BDP-8+ L, and BDP-12+L, indicating their good
biosafety.

To conclude, we designed and synthesized a series of BODIPY-
based PSs with different alkyl chain lengths. These BODIPYs ex-
hibit similar ability of ROS generation. Surprisingly, their antibac-
terial ability does not get stronger and stronger with the alkyl
chain length increased. Among the 5 BODIPYs, BDP-8 with octyl
exhibits the best antibacterial effect against both gram-positive
(S. aureus) and gram-negative (E. coli) bacteria in vitro experiments,
while BDP-12 with dodecyl exhibits the worst antibacterial effect,
probably because the long alkyl chain curls and thus covers the
positive charge located in the pyridyl group. The experiment of
wound infection further verifies the admirable antibacterial ability
and effect of BDP-8 in promoting wound healing. This work pro-
vides a new perspective on the influence of the alkyl chain lengths
on the antibacterial effect of PSs and useful information toward
further exploration of antimicrobial agents.
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