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Photodynamic inactivation (PDI) has emerged as a promising antibacterial strategy that mitigates the risk of
bacterial resistance. However, the precise morphological dynamics and mechanisms underlying bacterial
cell death during PDI remain insufficiently understood. In this study, we developed a dual-functional
activatable probe, RDP, which integrated rhodamine B as a fluorophore with moderate brightness and
fatty chains for selective bacterial membrane localization. The probe employed an aggregation-
disaggregation mechanism to achieve both fluorescence activation and PDI functionality. Using super-
resolution fluorescence imaging, we unveiled the selective rupture of bacterial membranes at specific
sites during PDI, followed by membrane contraction and internalization, ultimately leading to the
formation of lipid-enriched droplets within the bacteria. Further mechanistic investigations confirmed
that this membrane rupture was driven by lipid peroxidation. Statistical analysis of bacterial

morphological changes during PDI revealed that membrane rupture predominantly occurred at the
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poles. These findings provide critical insights into the role of selective membrane rupture in bacterial
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Introduction

The rise of antibiotic-resistant bacteria poses a critical global
health challenge, necessitating the development of innovative
antibacterial strategies."™ Photodynamic inactivation (PDI) has
emerged as a promising approach for eradicating pathogenic
microorganisms, with applications in medicine and food
safety.”™* PDI relies on light-activated photosensitizers (PSs) to
generate reactive oxygen species (ROS), which oxidize bacterial
cellular components, leading to cell death. This strategy
exhibits broad-spectrum antibacterial activity, particularly
against antibiotic-resistant bacteria."*™® Unlike conventional
antibiotics, PDI induces bacterial membrane disruption
through a non-specific, multi-targeted, and irreversible oxida-
tive mechanism, simultaneously damaging other cellular
structures. This significantly reduces the likelihood of resis-
tance development, making PDI a promising alternative for
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antimicrobial therapy.'® However, the bactericidal mechanism
of PDI is highly complex, involving multiple biochemical
pathways and cellular responses.”” A comprehensive under-
standing of these mechanisms remains incomplete, which
hinders the rational design of PDI agents and their widespread
application across various fields.

During PDI, PSs primarily target the bacterial plasma
membrane or DNA, with the membrane being the primary site
of damage and a key determinant of bacterial cell death."*>° The
lipid components of the bacterial membrane play essential
roles in nutrient exchange, intercellular communication, and
structural integrity.”*** When ROS oxidize membrane lipids,
the resulting structural disruption leads to loss of function and
ultimately cell death.*® Therefore, understanding the dynamic
changes in the bacterial membrane during PDI is crucial for
elucidating its bactericidal mechanism. While previous studies
have largely focused on the overall antimicrobial effects of PDI,
the detailed morphological and molecular-level changes in
bacterial membranes remain poorly understood.”*** A thor-
ough investigation of bacterial membrane dynamics during PDI
would provide critical insights into its mechanism of action,
facilitating the design of more effective PDI agents. However,
the bacterial membrane is highly dynamic, primarily composed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of phospholipids such as phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG), which assemble into nanoscale
microdomains (2-200 nm) with distinct structural and func-
tional properties.** Capturing these dynamic changes requires
advanced imaging techniques capable of resolving nanoscale
membrane structures in real time. Recent advances in super-
resolution fluorescence microscopy have provided powerful
tools for visualizing bacterial membranes, enabling the analysis
of their structural and functional dynamics at nanometer
resolution.**** Therefore, developing probes that can image
bacterial membranes with super-resolution during PDI is
essential for elucidating the underlying mechanisms of bacte-
rial cell death.

Despite this need, there remains a significant gap in the
development of probes that integrate bacterial membrane
imaging with PDI activity, enabling real-time, in situ visualiza-
tion of membrane dynamics. Current PSs, while effective in
bacterial eradication, often lack intrinsic fluorescence,
requiring the use of separate fluorescent probes to monitor
bacterial membrane changes.”****” This limitation prevents
direct visualization of the specific sites of PS action. Although
some dual-functional probes with both PDI and fluorescence
imaging capabilities have been developed, they often suffer
from weak fluorescence intensity or poor photostability, making
them unsuitable for long-term, high-resolution imaging.***° As
a result, they fail to provide real-time insights into bacterial
membrane dynamics during PDI-induced cell death. Address-
ing this limitation requires the development of robust dual-
functional probes that simultaneously enable high-resolution
imaging of bacterial membranes and efficient PDI, thereby
facilitating a deeper understanding of membrane disruptions
induced by photosensitizers during bacterial inactivation.

To address these challenges, we developed a rhodamine-
derived dual-functional probe, RDP, which enables both fluo-
rescence imaging of the plasma membrane in Gram-positive
bacteria and photodynamic inactivation (PDI)-induced bacte-
rial death (Fig. 1). Rhodamine B was chosen as the fluorophore
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Fig. 1 Dual-functionality in super-resolution imaging and PDI via
aggregation—disaggregation-induced activation of the photosensi-
tizer RDP.
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due to its optimal brightness for effective fluorescence imaging
and its ability to undergo intersystem crossing, facilitating the
generation of ROS.** To achieve selective membrane targeting,
a long fatty acid chain was conjugated to rhodamine B,
promoting the formation of fluorescence-quenched aggregates
in aqueous solution. Upon disaggregation, RDP monomers
anchor to the bacterial plasma membrane via hydrophobic
interactions with membrane lipids and electrostatic interac-
tions with membrane phospholipids, leading to fluorescence
activation and localized ROS production. This ROS-mediated
lipid peroxidation disrupts the membrane structure, ulti-
mately causing bacterial cell death. Using RDP, we achieved
real-time SIM imaging of bacterial membrane dynamics during
PDI, capturing rupture events that drive lipid peroxidation-
induced droplet formation. Super-resolution imaging further
enabled us to construct a dynamic model of Dbacterial
membrane behaviours during PDI, revealing that membrane
rupture preferentially occurs at the septum during cell division
and at the poles in other growth stages. This study advances our
understanding of the molecular mechanisms underlying PDI
and provides a foundation for the rational design of targeted
antibacterial agents.

Results and discussion

Aggregation-disaggregation-induced fluorescence activation
and ROS generation

To examine the fluorogenicity of RDP towards the bacterial
membrane, the spectral properties of RDP in various solvents
were first measured (Fig. 2a, b, and S1t). The quantum yield of
RDP in PBS was found to be 0.02, accompanied by a broad
absorption spectrum, indicating significant fluorescence
quenching. However, in the presence of surfactants, the fluo-
rescence intensity was dramatically enhanced, increasing by
156-fold and 139-fold in SDS and TritonX-100, respectively
(Fig. 2b). Moreover, both the molar extinction coefficient (¢) and
fluorescence quantum yield (@) showed significant improve-
ments (Fig. 2c).

We hypothesized that the significant increase in fluores-
cence intensity of RDP in the presence of surfactants could be
attributed to two main factors. The first factor is the fluores-
cence quenching effect due to aggregation. The long fatty acid
chains facilitated the formation of RDP aggregates in aqueous
solution, leading to fluorescence quenching. This was
confirmed by comparing the absorption spectra, which showed
areduced absorbance of RDP in PBS, with an absorption peak at
558 nm corresponding to aggregates. Furthermore, dynamic
light scattering (DLS) and fluorescence microscopy confirmed
the formation of RDP aggregates in PBS (Fig. S2t). When the
concentration of RDP in PBS reached 0.05 puM, aggregate
particles began to form, with the particle size increasing grad-
ually as the concentration of RDP was raised (Fig. S2at). When
the concentration of RDP was 5 uM, the DLS results revealed
a relatively broad particle size distribution (polydispersity index,
PDI = 0.307), indicating the coexistence of larger aggregate
particles and smaller particles, with an average particle size of
approximately 685.5 nm (Fig. 2d). The second factor is the
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Fig. 2 The photophysical properties of RDP. (a) UV-Vis absorption
spectra of RDP (5 pM) in PBS, PBS + SDS, PBS + TritonX-100, and
DMSO. (b) Fluorescence emission spectra of RDP (5 uM) in PBS, PBS +
SDS, and PBS + TritonX-100. Aey/em = 520/590 nm. (c) Maximum
absorption wavelength (1;ps). Mmaximum emission wavelength (Aey),
molar extinction coefficient (¢) and fluorescence quantum yield (@) of
RDP in different solvents. (d) DLS analysis of RDP aggregates (5 uM) in
PBS (PDI = 0.307), and fluorescence imaging of RDP aggregates (10
uM) in ultrapure water. (e) Fluorescence spectra of DCFH (2 uM) and
RDP (2 pM) monomers in PBS + TritonX-100 solution after irradiation
with 561 nm laser (40.6 mW cm™2) for different time intervals. Exci-
tation wavelength: 470 nm. Scale bar: 1 pm.

formation of non-fluorescent rhodamine spironolactone struc-
tures within the aggregates, which further contributed to the
fluorescence quenching. This was evidenced by the absorption
peaks at 275 nm and 321 nm, corresponding to spironolactone,
which matched the absorption spectra observed in DMSO and
indicated the presence of this non-fluorescent structure within
the aggregates (Fig. 2a, green arrow). Additionally, RDP at
various concentrations exhibited similar spectral characteris-
tics, with the absorption spectra in PBS showing the charac-
teristic absorption peak of the rhodamine spironolactone
structure (Fig. S31). The fluorescence quenching due to aggre-
gation, along with the formation of non-fluorescent rhodamine
spironolactone structures, led to a significant enhancement of
fluorescence intensity upon the disaggregation of RDP aggre-
gates into monomers. This suggested that RDP exhibited
“fluorescence-on” properties, making it a promising candidate
for bacterial wash-free fluorescence imaging applications.
Notably, the quantum yield of RDP in PBS with surfactants
was approximately 0.5, suggesting the potential for intersystem
crossing (ISC) to the triplet state (T;), which could facilitate
energy transfer to molecular oxygen, thereby promoting the
generation of ROS. To evaluate ROS generation, we used
dichlorofluorescein (DCFH), a fluorescent ROS probe, where
ROS presence enhanced fluorescence at 525 nm.**** Under
561 nm laser irradiation, DCFH fluorescence gradually
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increased with RDP, but not with DCFH alone (Fig. 2e and S47),
confirming RDP's ROS-generating capability. To identify the
specific ROS generated by RDP, we first used ABDA to detect
singlet oxygen (*0,). No change in ABDA absorbance at 380 nm
indicated that RDP did not produce 'O, (Fig. S51). We then used
DCFH with quenchers VC (for -O, ™) and IPA (for -OH) to detect
the generation of -O,™ and -OH. A significant decrease in DCFH
fluorescence with VC, but only a slight decrease with IPA, sug-
gested that RDP primarily generated -O,  (Fig. S67). Electron
paramagnetic resonance (EPR) tests further confirmed -O,~
generation (Fig. S7,1 marked by blue dots), while other peaks,
attributed to DMPO oxidation, did not interfere with -O,™
detection. Therefore, the primary ROS generated by RDP was
-0, ", suggesting that RDP absorbed light energy, transitioned
from the ground state (S) to the singlet state (S;), and then
underwent ISC to T;. During the electron transfer process, the
triplet state of RDP donated an electron to molecular oxygen,
reducing it to -O,  (Type I reaction). These results also
demonstrated that RDP could function as a dual-functional PS,
capable of both imaging and PDI.

Fluorescence imaging of the plasma membrane of Gram-
positive bacteria by RDP

Given the aggregation-disaggregation-induced fluorescence
enhancement property of RDP, we investigated its potential as
a fluorescent probe for wash-free imaging of living bacteria. We
incubated five types of Gram-positive bacteria (B. cereus, B.
subtilis, S. aureus, S. epidermidis, and E. faecalis) and three types
of Gram-negative bacteria (E. coli, C. freundii, and S. enteritidis)
with RDP and DAPI (a commercial nucleic acid dye) for 30
minutes, followed by wash-free confocal imaging. Gram-
positive bacteria exhibited strong fluorescence on their
membranes with a high signal-to-noise ratio (SNR, 7-fold), while
Gram-negative bacteria showed negligible fluorescence (Fig. 3).
This discrepancy can be attributed to the structural differences
in the bacterial envelopes of Gram-positive and Gram-negative
bacteria. In Gram-positive bacteria, the plasma membrane is
surrounded by a thick peptidoglycan layer, allowing RDP to
easily penetrate and reach the plasma membrane, where it
anchored through electrostatic and hydrophobic interactions.
In this environment, RDP initially formed non-fluorescent
aggregates in bacterial solutions. However, upon targeting the
membrane, the aggregates disaggregated into fluorescent
rhodamine monomers, activating fluorescence and illumi-
nating the plasma membrane of Gram-positive bacteria. In
contrast, Gram-negative bacteria possess not only a thinner
peptidoglycan layer but also an outer membrane rich in lipo-
polysaccharides, which hindered the entry of molecules and
prevents RDP from reaching the plasma membrane. As a result,
RDP effectively stained the plasma membrane of Gram-positive
bacteria but not Gram-negative bacteria.

Photodynamic inactivation of Gram-positive bacteria using
RDP

Meanwhile, we explored the potential of RDP as a photosensi-
tizer for bacterial killing. We selected three common Gram-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Confocal fluorescence wash-free imaging of bacterial plasma membrane with RDP. (a) Five kinds of Gram-positive bacteria (B. cereus, B.
subtilis, S. aureus, S. epidermidis, and E. faecalis) and (b) three kinds of Gram-negative bacteria (E. coli, C. freundii, and S. enteritids) (OD = 1) were
pretreated with 2 uM RDP and 2 uM DAPI for 30 minutes, respectively, followed by fluorescence imaging (Aex = 405 nm/543 nm). And fluo-
rescence intensity graphs normalized fluorescence profiles along the lines shown in merge images.

positive bacteria (B. cereus, S. aureus, and E. faecalis), one
multidrug-resistant Gram-positive bacteria (MDR S. aureus), and
one Gram-negative bacteria (C. freundii) to assess the bacteri-
cidal performance of RDP. The colony-forming unit (CFU)
counting method was used to evaluate the photodynamic
bactericidal effect. Bacteria labeled with different concentra-
tions of RDP were exposed to 561 nm laser irradiation for 30
minutes, followed by incubation on solid culture plates at 37 °C.
After 24 hours, colonies formed on the plates were counted and
analyzed (Fig. 4). The results showed that for common Gram-
positive bacteria (B. cereus, S. aureus, and E. faecalis), 90% of
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Fig. 4 Photodynamic antibacterial activity test results of RDP. (a) B.
cereus, (b) S. aureus, (c) E. faecalis, (d) MDR S. aureus and (e) C. freundii
were treated with different concentrations of RDP in dark/580 nm
irradiation (5 mW cm™2) for 30 min. Pictures of colony counting plates
cultured 24 hin a 37 °C incubator. (f) Bacteria survival rates of different
kinds of bacteria exposed to RDP (0-5 uM) in dark/580 nm irradiation
(5 mW cm™).
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the bacteria were eradicated at an RDP concentration of 0.625
uM (0.45 pg mL ") (Fig. 4a—c and f). For drug-resistant Gram-
positive bacteria (MDR S. aureus), a higher RDP concentration
of 1.25 uM (0.90 pg mL™ ") achieved a 99% kill rate (Fig. 4d and
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Fig. 5 SIM imaging and analysis of RDP photodynamic inactivation of
B. cereus. (a) 0 and 15 min images of SIM imaging of B. cereus plasma
membrane with RDP (2 uM, 30 min)/FM4-64 (5 uM, 30 min) in dark/
561 nm irradiation. (b) Fluorescence intensity changes at different
positions of long-term dynamic imaging of B. cereus treated with RDP
(2 uM, incubation for 30 min)/RDP + PI (2 uM, incubation for 30 min).
The orange area is an intensity mutation area.
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f). In contrast, RDP exhibited negligible PDI activity against
Gram-negative bacteria (Fig. 4e and f). These findings demon-
strated the excellent PDI efficacy of RDP against Gram-positive
bacteria. We speculated that once RDP anchored to the
plasma membrane of Gram-positive bacteria, laser irradiation
triggered ROS production, which disrupted the surrounding
membrane structure and ultimately led to bacterial death. In
contrast, RDP failed to kill Gram-negative bacteria due to its
inability to penetrate and access their plasma membrane.
Leveraging the dual functionality of RDP to label the plasma
membrane of Gram-positive bacteria and perform PDI, we
utilized this probe to investigate the effects of PDI on bacterial
plasma membrane using SIM super-resolution microscopy. B.
cereus was stained with RDP and irradiated with a 561 nm laser
for 15 minutes. A comparison of the imaging results before and
after irradiation revealed a reduction in bacterial volume and
the formation of spherical fluorescent bright spots inside the
bacteria (Fig. 5a). In contrast, B. cereus stained with RDP in the
dark or with FM4-64 (a commercial membrane dye) under
561 nm laser irradiation showed no observable changes (Fig. 5a
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and S8). Based on these imaging results, we hypothesized that
the reduction in bacterial volume and shrinkage of RDP-labeled
bacteria under laser irradiation resulted from PDI, ultimately
leading to bacterial death.

To further confirm bacterial death, we simultaneously
labeled the bacteria with propidium iodide (PI), a commercial
dye specific for marking dead bacteria. As a DNA dye, PI could
not penetrate the intact cell membrane of live bacteria but
readily entered through damaged membrane in dead bacteria to
stain DNA, thereby distinguishing live and dead cells. B. cereus
was stained with RDP alone and with a combination of RDP and
P, followed by 561 nm laser irradiation and imaging to monitor
the formation of fluorescent bright spots within the bacteria.
We extracted and analyzed the fluorescence spectra from
regions where the bright spots appeared and other areas within
the bacteria during this process (Fig. 5b). In the control group
stained only with RDP, the fluorescence intensity of the bright
spots increased, while no significant fluorescence enhancement
was observed in other regions of the bacteria (Fig. 5b and Movie
S1t). In contrast, in the experimental group stained with both
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Fig. 6 Long-term SIM imaging of the plasma membrane during photodynamic inactivation of B. cereus. (a) B. cereus was pretreated with 2 uM
RDP for 30 min, followed by SIM imaging and imaged for 15 min. (b) 3D images of dead B. cereus from different views. (c) Structure and HRMS
analysis of PE and peroxidized PE on the plasma membrane of B. cereus before and after PDI. (d) The ratio of the distance between the fluo-
rescent droplet and the septum or poles to the length of the bacterial cell. (e) Model of the dynamic death process of B. cereus. (f) S. aureus was
pretreated with 2 uM RDP for 30 min, followed by SIM imaging and imaged for 15 min.
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RDP and PI, the fluorescence intensity of other regions within
the bacteria also showed a significant increase coinciding with
the formation of the bright spots (Fig. 5b and Movie S27). These
results indicated that the generation of fluorescent bright spots
corresponded to PDI-induced bacterial death, allowing PI to
penetrate the damaged bacterial membrane and stain the DNA.

Imaging of plasma membrane dynamics during
photodynamic inactivation of Gram-positive bacteria

To better understand the behavior of the bacterial plasma
membrane during PDI, we used RDP to monitor the real-time
dynamics of the plasma membrane in B. cereus (Fig. 6). During
the ROS-induced bacterial death process, two distinct phenomena
were observed on the plasma membrane: first, thin filaments
appeared, which gradually thickened and condensed into bright
spherical fluorescent spots, or second, small spherical fluorescent
spots formed on the membrane and progressively grew into larger
bright spots (Fig. 6a, Movie S3 and 4t). Three-dimensional
structured illumination microscopy (3D-SIM) imaging confirmed
that the spherical fluorescent spots were directly associated with
the plasma membrane, forming on its surface (Fig. 6b). Simulta-
neously, bacterial shrinkage and a reduction in plasma
membrane size were observed, coinciding with the formation of
these fluorescent droplets. Based on these observations, we
hypothesized that the fluorescent droplets were a result of
membrane rupture, where damaged membrane lipids combined
with fluorescent molecules. These damaged lipids likely consisted
of lipid peroxides formed through ROS-induced lipid peroxidation
driven by the PS.** To validate this hypothesis, membrane lipids
from B. cereus were extracted before and after PDI and analyzed
via high-resolution mass spectrometry, confirming damage and
peroxidation, resulting in lipid peroxides (Fig. 6¢c and $9).*
Moreover, extensive super-resolution imaging allowed for
detailed analysis of the locations where lipid-condensed droplets
formed. For non-contracted, dividing bacteria, most droplets
were located at the septum, whereas for contracted, non-dividing
bacteria, droplet formation appeared more random, with
a concentration near the poles (Fig. 6d). This suggested that the
sites where lipid-condensed droplets formed corresponded to
regions of membrane rupture. Statistical analysis indicated that
ROS were more likely to target the bacterial plasma membrane
near the septum and poles, areas potentially more vulnerable on
the bacterial surface. Additionally, scanning electron microscopy
(SEM) further demonstrated that bacterial membrane subjected
to PDI exhibited rupture, particularly at the poles and septa, with
leakage of intracellular contents from these sites (Fig. S107).
Based on these observations, we summarized the dynamic
changes in the plasma membrane of B. cereus during PDI and
proposed a model to describe this process (Fig. 6e). We
concluded that two types of changes might occur on the plasma
membrane: the first involves the appearance of filaments that
transform into spherical fluorescent lipid droplets, and the
second involves the growth of small spherical fluorescent drop-
lets into larger ones. Both processes are more likely to occur near
the septum and poles and are accompanied by gradual
contraction and reduction of the plasma membrane's size.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Similar phenomena were also observed in S. aureus, where
fluorescent lipid-condensed droplets predominantly formed at
the septum of dividing bacteria (Fig. 6f and Movie S57).

Conclusions

In conclusion, we have designed and synthesized an aggrega-
tion-disaggregation-regulated fluorescent probe, RDP, which
selectively targeted the plasma membrane of Gram-positive
bacteria through electrostatic and hydrophobic interactions,
enabling effective fluorescence imaging. Additionally, RDP
functioned as a photosensitizer (PS) for photodynamic inacti-
vation (PDI), effectively inducing bacterial death through lipid
peroxidation. By leveraging this dual-functionality, we devel-
oped a probe that both labels bacterial membranes for imaging
and facilitates bacterial killing via PDI. Furthermore, we visu-
alized the morphological changes in the plasma membrane of
Gram-positive bacteria during cell death induced by lipid per-
oxidation. Our analysis highlighted that the regions most
vulnerable to ROS attack were located near the septum and
poles of the bacterial plasma membrane, which might represent
key sites for bacterial inactivation. We believe this work
provides valuable insights into the PDI bactericidal mechanism
and holds promise for the development of new strategies for
combating bacterial infections.
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