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ABSTRACT: BODIPY-based photosensitizers were synthesized and tested for antimicro-
bial photodynamic therapy, revealing structural modifications enhancing the photodynamic
therapy (PDT) effects. This research may lead to new PDT strategies for treating bacterial
infections, including those resistant to traditional antibiotics, and offers insights into the
prevention and treatment of Alzheimer’s disease through gut microbiota regulation.

1. INTRODUCTION
Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by the degeneration of brain cells.1−5 The
number of microbes in the gut far exceeds the total number of
cells in the brain.6 The study found that certain members of
the gut microbiota are capable of producing bacterial amyloid
peptides, which may be related to the pathogenesis of AD.
Escherichia coli (E. coli) is the most predominant and abundant
bacterium in the gut microbiota, while Staphylococcus aureus
(S. aureus) is the most pathogenic Gram-positive bacterium.
As representative major species, they are often used in various
biological and antibacterial experiments. Moreover, these two
types of bacteria can produce bacterial amyloid peptides, which
can induce neuronal apoptosis and promote the deposition of
Aβ, thus participating in the occurrence and development of
AD.7,8 In recent years, researchers have proposed the concept
of the “microbial-gut-brain axis” from the perspective of
intestinal microbes and found that intestinal flora is closely
related to AD. The interaction between the “microbial-gut-
brain axis” has a significant impact on neurodegenerative
diseases and other central nervous system (CNS)-related
diseases.9 Studies on AD at the University of Geneva and
Geneva University Hospital further confirm that AD and gut
microbiota are linked, and the gut microbiota of AD patients
changes dramatically compared to age- and sex-matched
controls. For example, the diversity decreases sharply, and
the composition is significantly different.10 Changes in the gut
microbiome may affect the onset and progression of AD.11,12

Antibacterial photodynamic therapy (APDT) is a non-
invasive, clinically recognized, and safe treatment strategy. As

an excellent photosensitizer, BODIPY has a promising
application in APDT. It exhibits a high absorption coefficient
in the visible-light region, high resistance to photobleaching,
low dependence on photophysical signals of environmental
conditions, small size, and high lipophilicity, thereby
promoting the penetration of biofilms. On the other hand,
the highly multifunctional nature of the BODIPY parent
nucleus provides rich BODIPY chemical properties, making it
possible to finely modulate different properties, including key
photophysical features.13−15

Five BODIPY derivatives, 5MeBDP, 5MeBDP-I, 4MeBDP,
4MeBDP-I, and PhBDP, were synthesized in this study (Figure
1). The π-conjugation system of BODIPY can be altered by
suffixing two iodine atoms at the 2 and 6 positions of the “BDP
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Figure 1. BODIPY derivatives BDPs: BDP core, 5MeBDP, 5MeBDP-
I, 4MeBDP, 4MeBDP-I, and PhBDP.
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core” (Figure 1) and introducing a benzene ring at the 8
position to red-shift its maximum absorption peak. The use of
structurally active rotational energy levels increases the
likelihood of nonradiative transitions, thus significantly
increasing the level of 1O2 production and yielding BODIPY
photosensitizers (PSs) with good optical properties. In vitro
antimicrobial assays showed that all five BODIPY derivatives
were effective in killing bacteria under laser irradiation (λ =
545 nm, 100 mW).

The most common method involves introducing heavy
atoms such as iodine into its structure, which can lead to a
decrease in fluorescence intensity, a shortened fluorescence
lifetime, an enhancement of intersystem transition to the T1
state, and stability of the T1 state.16,21 Heavy atoms at
positions 2 and 6 of BODIPY resulted in absorption and
fluorescence shifts, greatly increased the oxygen production,
and significantly reduced the number of S. aureus.17−20

Here, the development of new PSs based on BODIPY dyes
is discussed, which are used in photodynamic therapy (PDT).
The research aims to overcome limitations of conventional PSs
by improving their photodynamic activity, 1O2 (singlet oxygen)
generation efficiency, and solubility. The “BDP core” of
BODIPY is modified by introducing iodine atoms and altering
the conjugation system to enhance its properties.

Iodine introduction: heavy atomic iodine at positions 2 and
6 of the “BDP core” increases intersystem migration
possibilities, 1O2 production, and photodynamic activity;
conjugation system extension: by connecting a benzene ring
at the 8 site of the parent nucleus, the conjugation system is
changed, leading to a red-shift in the maximum absorption
peak to the phototherapeutic window, allowing the use of
visible light for photodynamic effects.

2. EXPERIMENTAL PART
2.1. Materials and Instruments. Mouse epithelial cells,

BV-2 cell line, S. aureus and E. coli (ATCC); modified Eagle
medium DMEM and fetal bovine serum (Gibco Co.); PBS
buffer, 4% paraformaldehyde, glutaraldehyde, 1,3-bis(4-
phenylene)vinylbenzofuran (DPBF), CCK-8 rhodamine 123,
DAPI staining solution, and penicillin/streptomycin (Biosharp
Co.); soybean peptone, agar, yeast dipping powder, sodium
chloride (Qingdao Haibo Biotechnology Co., Ltd.); the rest of
the experimental materials were provided by Sigma-Aldrich
Chemical Co. CDCl3 was used as the solvent. UV/vis spectra
were recorded on a UV-2600 spectrophotometer at room
temperature. Fluorescence spectra were recorded on an F-7000
spectrophotometer. A 545 nm laser was used as the light
source, and the laser output power was controlled by a fiber-
coupled laser system (Changchun New Industry Optoelec-
tronics). Scanning electron microscopy observation was
performed using a Quanta 250 FEG field emission scanning
electron microscope (Keenshine, Japan). A laser particle size
analyzer (Malvern) was used. An Epoch2 microplate
spectrophotometer was used in CCK-8 determination.
CarlZeissA2 inverted fluorescence microscope (Zeiss, Ger-
many) was used for evaluation of fluorescence imaging.
2.2. Compound Synthesis. Details of the synthesis,

1HNMR, basic fluorescence spectra, and colors of the
synthesized products of 5MeBDP, 5MeBDP-I, 4MeBDP,
4MeBDP-I, and PhBDP compounds are described in the
Supporting Information.
2.3. Charge Distribution of BODIPY. The Gaussian 09w

quantum chemistry package was employed and optimally

tuned at the B3LYP/6-311G* and LANL2DZ basis group
levels using quantum chemical microdensity flood theory
(DFT) calculations, and molecular orbital images were drawn
using Molden 4.2.
2.4. In Vitro Single-Linear Oxygen Determination. For

a detailed program, see Supporting Information.
2.5. Minimum Inhibitory Concentration. The BODIPY

PSs solution was diluted in a 96-well plate using a logarithmic
gradient of TSB; 100 μL of a bacterial suspension at a
concentration of 5 × 105 bacteria/mL was added to each well;
and the wells were incubated for 30 min on a shaking bed
under laser irradiation at 37 °C. Absorbance at 600 nm was
calculated for each well using a microtiter plate spectropho-
tometer.
2.6. Bacterial Growth Curve Determination. S. aureus

and E. coli (1 × 108 CFU/mL) were mixed with PBS, DMSO,
ETOH, and BDP. The mixture was treated with green light
(30 min) or without green light, and then incubated at 37 °C.
600 nm absorbance of each well was calculated by the
microplate spectrophotometer.
2.7. In Vivo Colony Counting Method. S. aureus and E.

coli solutions (104 CFU/mL) were first mixed with PBS,
DMSO, EtOH, and BODIPY PSs. Mixed solutions were
irradiated with or without a 545 nm laser at a light intensity of
100 mW for 30 min. The mixtures were subsequently coated
on LB plates and incubated at 37 °C for 24 h. Pictures were
taken, and the survival rates of the bacteria in the different
treatment groups were calculated.
2.8. CCK-8 Assay to Analyze the Cytotoxicity of the

Material. The effect of BODIPY on the survival of mouse
endothelial cells and microglia BV-2 was verified using the
research-disclosed CCK-8 method to analyze the cytotoxicity
of the material, which has been described in detail in the
Supporting Information.
2.9. Hemolytic Performance Study of BODIPY. After

centrifugation at 1500r, the lowest layer of erythrocytes in the
blood was taken for hemolysis study. Red blood cells at a
concentration of 2% were diluted with PBS along with different
concentrations of BODIPY, and 1 mL of diluted blood was
added to each well of a 24-well plate, followed by 1 mL of
different concentrations of BODIPY PSs solution. The positive
control group included distilled water and 2% red blood cells;
the negative control group included PBS solution and 2% red
blood cells; and the hemolysis was photographed and
observed. The mixed solution (1 mL per well) was centrifuged
at 1500 rpm for 5 min, and then 100 μL of the supernatant was
placed in a 96-well plate.
2.10. Statistical Analysis. All experimental data were

statistically analyzed using one-way ANOVA, and the process
of processing the experimental data is described in detail in the
Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Design, Synthesis, and Characterization of

BODIPY Photosensitizers. Synthetic routes for 5MeBDP,
5MeBDP-I, 4MeBDP, 4MeBDP-I, and PhBDP are detailed,
involving several chemical reactions, including condensation,
substitution, and oxidation steps (Figure S1). The emission
peaks of ten BODIPY PSs in different solvents (DMSO and
EtOH) showed a red shift after modification, indicating
increased conjugation and potential for improved photo-
dynamic performance (Figure S2). The absorbance of
5MeBDP-I showed a significant red shift after iodine
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modification, which may be due to increased spin−orbit
coupling and an ISC (intersystem crossing) probability leap
from S1 (singlet excited state) to T1 (triplet excited state).
Theoretical calculations using the Gaussian 09w program and
TDDFT/B3LYP/6-311G* and LANL2DZ basis sets showed
clear charge transfer from the methyl substituent and iodine
atom to the “BDP core”, indicating a favorable photoinduced
electron transfer process (Figure 2). Overall, the research

appears to be focused on improving PDT efficacy by modifying
the structure of BODIPY PSs to enhance their photodynamic
properties, which could potentially lead to more effective
treatments in the future.

The experimental results described in this passage involve
the evaluation of ten BODIPY-based PSs mixed with
diphenylborinate (DPBF) and irradiated with a laser for a
specific duration (210 s) (Figure S3). The decrease in DPBF
light absorption values after treatment with the BODIPY PSs
indicates the extent of DPBF degradation, which is used as a
proxy for the 1O2 generation capacity of the PSs. The order of
the 1O2 generation capacity based on DPBF degradation is as
follows: PhBDP/EtOH > 5MeBDP-I/EtOH > 4MeBDP-I/
EtOH > 4MeBDP/EtOH > 5MeBDP/EtOH > PhBDP/
DMSO > 5MeBDP/DMSO > 4MeBDP/DMSO > 5MeBDP-
I/DMSO > 4MeBDP-I/DMSO. The rate ratio of 1O2
p r o d u c t i o n i s a p p r o x i m a t e l y
0.74:0.46:0.67:0.54:0.26:0.88:0.94:0.83:1:0.57 (Figure 3).

The presence of PSs causes oxygen in the monoclinic state
to react with DMSO, forming dimethyl sulfone, which reduces
the 1O2 content. This results in weaker 1O2 production for
BODIPY dissolved in DMSO compared to BODIPY dissolved
in EtOH. Under green light irradiation (λ = 545 nm, 100
mW), the order of 1O2 production capacity for EtOH-

solubilized BODIPYs is PhBDP> 5MeBDP-I> 4MeBDP-I>
4MeBDP> 5MeBDP. The absorbance of DPBF at 415 nm
gradually levels off after a rapid decrease in the experimental
group, suggesting that the BODIPY PSs can continuously
produce 1O2 under light conditions and overcome intra-
molecular charge transfer competition within the first 90 s. The
introduction of double iodine atoms at the 2 and 6 positions
and a benzene ring at the 8 position significantly reduces
DPBF absorbance at 415 nm, indicating that these
modifications can greatly enhance the photodynamic activity
of BODIPY and promote 1O2 production. Based on these
results, all of these BODIPY PSs tested have the potential to
generate 1O2 and are considered excellent candidates for
advanced photodynamic therapy applications as photosensi-
tizers.
3.2. Photodynamic Antibacterial Activity of BODIPY

Photosensitizers. Minimum Inhibitory Concentration
(MIC) is a measure of the effectiveness of an antimicrobial
agent against a specific microorganism. It is the lowest
concentration of the agent that inhibits the visible growth of
the microorganism. In this context, the MIC values reported
for the BODIPY-based PSs indicate the concentration of PS
required to inhibit the growth of the bacteria. In the absence of
light, the MIC values for 5MeBDP, 4MeBDP-I, and PhBDP
against both Gram-positive and Gram-negative bacteria were
greater than 2.5 μg/mL (Figure S5). This means that in the
dark these PSs were not effective in inhibiting bacterial growth
at the tested concentrations. However, when light was
available, the MIC values for 5MeBDP-I diluted with EtOH
against Gram-negative bacteria and for 4MeBDP-I and PhBDP
against Gram-positive and Gram-negative bacteria were lower,
ranging from 1.25 to 2.5 μg/mL. This significant reduction in
MIC values under light irradiation suggests that the
introduction of a double iodine substitution and the presence
of a benzene ring in the BODIPY structure enhance the
antibacterial activity of the PSs when they are activated by
light. The enhanced activity likely results from the production
of singlet oxygen (1O2) upon light activation, which can cause
damage to essential cellular components such as phospholipids,
proteins, and nucleic acids. This damage impairs the function
of the bacteria and can lead to their death.

For Gram-positive bacteria, the APDT (Photodynamic
Therapy) effect of the BODIPY PSs was able to induce 1O2
production, resulting in significant damage and death.
However, for Gram-negative bacteria, the change in the MIC
values before and after light exposure of the BODIPY PSs was

Figure 2. Front-line orbital energy level diagram of BODIPY PSs, ΔE:
energy polarity different.

Figure 3. Comparison of 1O2 production rates of 5MeBDP, 5MeBDP-I, 4MeBDP, 4MeBDP-I, and PhBDP (0.01 mg/mL). 5MeBDP, 5MeBDP-I,
4MeBDP, 4MeBDP-I, and PhBDP with DMSO as solvent are denoted as (a) Ca1, Cc1, Ce1, Cg1, and Ci1 and with EtOH as the solvent are denoted
as (b) Cb1, Cd1, Cf1, Ch1, and Cj1.
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minimal. This could be due to the more complex and compact
cell wall structure of Gram-negative bacteria, which includes an
additional outer membrane. This outer membrane acts as a
strong defense barrier and may prevent the PSs from reaching
their target within the bacterial cell, thereby reducing their
effectiveness. Additionally, the outer membrane may adsorb or
degrade the PSs, further protecting the bacteria from damage.
In summary, the introduced structural modifications in the
BODIPY PSs and the activation by light can significantly
enhance their antibacterial activity against Gram-positive
bacteria. However, the presence of an outer membrane in
Gram-negative bacteria presents a challenge, as it limits the
efficacy of the PSs. Further research may be needed to develop
strategies to overcome this barrier and improve the
antibacterial activity of these PSs against Gram-negative
bacteria.

A detailed analysis of the antibacterial activity of various
BODIPY-based PSs against S. aureus and E. coli is presented,
comparing their effects in the presence and absence of light.
The bacterial survival rate was calculated using UV
spectrophotometry to determine the effectiveness of the PSs
in reducing bacterial growth (Figure S4). The survival rate is
expressed as a percentage of the optical density (OD) at 600
nm of the treated bacteria (TOD600) compared to the OD of
the control bacteria (COD600). The bacterial survival rate was
calculated as follows

= ×Bacterial Survival
T
C

100(%) %OD600

OD600

The results showed that the untreated bacterial survival rates
for both S. aureus and E. coli were above 70% under light
exposure. 5MeBDP and 4MeBDP solubilized in EtOH showed
no significant antibacterial effect against S. aureus in the dark.
Other BODIPY PSs reduced the bacterial survival rates by
about 7−22%. This effect may be due to irregular light
penetration during the experimental process, leading to the
production of a small amount of singlet oxygen. Light exposure
significantly reduced bacterial survival rates, with survival rates
decreasing by 15−50%. BODIPY showed a high inhibitory
effect on S. aureus, and DMSO-solubilized 4MeBDP had

reduced activity against Gram-negative bacteria compared with
other BODIPY PSs, possibly due to solubility issues. The
bacterial growth curves indicated that both Gram-positive and
Gram-negative bacteria experienced a delayed growth period
and a logarithmic growth period. S. aureus and E. coli reached
their highest growth rates after about 18 h and then entered a
slow growth phase, with E. coli showing the best growth
activity under regular inoculation.

To improve the antibacterial activity against Gram-negative
bacteria, two approaches were suggested: using specific
compounds or incorporating positively charged groups into
the PSs to enhance their bactericidal properties.22,23 The
growth curves of BODIPY PSs solubilized in DMSO showed
trends similar to those of the control in the absence of light,
while those solubilized in EtOH showed inhibition of both
bacteria. Laser irradiation for 30 min before incubation
resulted in the most drastic bacterial growth inhibition at 36
h after incubation, with EtOH-solubilized PhBDP showing
almost complete inhibition of both bacteria, regardless of light
exposure. The solvent used (DMSO or EtOH) affected the
photodynamic bactericidal effect of the BODIPY PSs. EtOH
had less fluorescence burst effect on BODIPY compared to
DMSO, leading to better sterilization performance of BODIPY
PSs dissolved in EtOH (Figure S6). In summary, the studies
indicate that BODIPY PSs have significant antibacterial
efficacy under light activation with specific PSs showing higher
inhibitory effects on S. aureus. The solubility of the PSs in
different solvents and their ability to produce 1O2 play crucial
roles in their antibacterial activity, particularly against Gram-
negative bacteria. Further research could focus on optimizing
the structure of BODIPY PSs to enhance their effectiveness
against Gram-negative bacteria and improve their solubility in
solvents like EtOH.

DNA and RNA in the cytoplasm of bacteria absorb UV light
at 260 nm. The degree of absorption can be used to track the
release of cytoplasmic components from bacterial cells (Figure
S7).24 It was found that light-activated BODIPY-treated
bacteria had higher absorption at 260 nm, indicating damage
to the cell membrane. Scanning electron microscopy images
showed that bacterial cells treated with BODIPY and exposed

Figure 4. Scanning electron micrographs of (A) S. aureus and (B) E. coli. 5MeBDP, 5MeBDP-I, 4MeBDP, 4MeBDP-I, and PhBDP light treatments
(a, b, c, d, e) and nonlight treatments (f, g, h, i, j).
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to green laser irradiation exhibited structural changes such as
folds, collapses, and depressions on their surfaces with the
edges of colonies becoming blurred. The 1O2 produced by
light acted on lipids through oxidative reactions, damaging the
bacterial cell membrane and leading to bacterial death. This
reveals the photodynamic antibacterial mechanism of BODIPY
(Figure 4).

Using the CCK-8 reduction method, the study evaluated the
inhibitory effect of BODIPY on endothelial cell growth.
PhBDP did not show significant cytostatic effects in the dark at
concentrations ranging from 0.625 to 10 μg/mL. However,
under green laser irradiation, significant cytotoxicity was
observed, suggesting that the photodynamic effects of
PhBDP can lead to cell death (Figure S8a).

Hemolysis assay evaluated the potential hemolytic activity of
BODIPY when mixed with red blood cells (Figure S8b). The
results indicated that BODIPY can lyse hemoglobin and
destroy erythrocytes, but the hemolysis rate was relatively low
(10% to 33%), which is considered acceptable for certain
biomedical applications.25

Overall, the findings suggest that BODIPY PSs have
potential applications as biomarkers for in vitro and in vivo
studies, particularly in the context of photodynamic therapy for
bacteria and possibly other pathogens. However, further
research is needed to evaluate their broader cytotoxic effects
and compatibility with biological systems.

4. CONCLUSIONS
The thesis examines the synthesis and antimicrobial properties
of five BODIPY-based PSs: 5MeBDP, 5MeBDP-I, 4MeBDP,
4MeBDP-I, and PhBDP. The research primarily focuses on the
antimicrobial activity of BODIPY and investigates how
modifications to the BODIPY structure can enhance its PDT
effects. Here is a breakdown of the key points:

BODIPY as the master core: BODIPY is a fluorescent dye
that serves as the core structure for the synthesis of the PSs. Its
properties, such as the ability to absorb light and generate
reactive oxygen species (ROS) like 1O2, make it suitable for
PDT, which can lead to the killing of microorganisms.

Antimicrobial properties under light activation: the study
aimed to assess the antimicrobial capabilities of the five
compounds when activated by light. Light activation triggers
the release of ROS, which damages microbial cells and results
in their death.

Structural modifications for the enhanced PDT effects: the
research investigated how the introduction of different
chemical groups or modifications to the BODIPY structure
affected the PDT effects. In particular, the introduction of a
benzene ring at position 8 of the “BDP core” was noted as a
modification that could potentially improve PDT effects. This
alteration might enhance the π (pi) system of the molecule,
leading to improved light absorption and increased efficiency
in ROS generation.

Mechanisms of action: the thesis explored the specific
mechanisms by which these BODIPY PSs caused the death of
bacteria or other microorganisms. These mechanisms could
include direct damage to cell membranes by ROS, the
induction of DNA damage, or the disruption of essential
cellular processes.

PDT: PDT is a promising noninvasive treatment for various
diseases, including cancer, infections, and certain skin
conditions. It utilizes light-activated drugs to generate ROS

that selectively kill cancer cells or pathogens while preserving
normal cells.

By synthesizing and testing these BODIPY PSs, the thesis
contributes to the development of new PDT options for
antimicrobial applications. The findings could pave the way for
the design of more effective photosensitizers for PDT, which is
essential for the development of new therapies for bacterial
infections, particularly those that are resistant to conventional
antibiotics.
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