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KEY WORDS Abstract  Bacterial biofilm-associated infection was one of the most serious threats to human health.
However, effective drugs for drug-resistance bacteria or biofilms remain rarely reported. Here, we pro-
pose an innovative strategy to develop a multifunctional antimicrobial agent with broad-spectrum anti-
bacterial activity by coupling photosensitizers (PSs) with antimicrobial peptides (AMPs). This strategy
capitalizes on the ability of PSs to generate reactive oxygen species (ROS) and the membrane-

Photodynamic therapy;
Antimicrobial peptides;
Multidrug-resistant

bacteria;
Aggregation-induced targeting property of AMPs (KRWWKWIRW, a peptide screened by an artificial neural network), syn-
emission; ergistically enhancing the antimicrobial activity. In addition, unlike conventional aggregation-caused
Anti-biofilm quenching (ACQ) photosensitizers, aggregation-induced emission (AIE) PSs show stronger fluorescence

emission in the aggregated state to help visualize the antibacterial mechanism. In vitro antibacterial ex-
periments demonstrated the excellent killing effects of the developed agent against both Gram-positive
(G") and Gram-negative (G~) bacteria. The bacterial-aggregations induced ability enhanced the photo-
activatable antibacterial activity against G~ bacteria. Notably, it exhibited a significant effect on destroy-
ing MRSA biofilms. Moreover, it also showed remarkable efficacy in treating wound infections in mice
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in vivo. This multifunctional antimicrobial agent holds significant potential in addressing the challenges
posed by bacterial biofilm-associated infections and drug-resistant bacteria.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bacterial infection was one of the most serious threats to human
health, killing millions of people worldwide each year'. However,
due to the emergence of bacterial resistance, many traditional an-
tibiotics had weakened or even almost lost their antimicrobial ac-
tivity against diseases caused by many species of bacteria® . In
addition, the formation of bacterial biofilms, a population of mi-
croorganisms encapsulated in an extracellular matrix whose main
constituents were proteins and polysaccharides, was undoubtedly
exacerbating the current unoptimistic treatment status. Therefore,
the research and development of new efficient antibacterial drugs
and novel antibacterial strategies were of great significance for
mankind to break out of this dilemma. Fortunately, there were many
potential antibacterial agents under study, such as cationic photo-
sensitizers®, metabolic probes’, metal nanomaterials'”'", antimi-
crobial peptides (AMPs)'? !, and cationic polymers'®~'%.

As a large category of new antibacterial materials, AMPs have
many advantages. Antimicrobial peptides, as an important element
of the innate immune system of many animals and plants in the
ecological environment'*'?, exhibit excellent antibacterial activity
against both gram-negative (G~) and gram-positive bacteria (G1)*.
Its most widespread mode of action was to increase the permeability
or disrupt bacterial membranes leading to extravasation of bacterial
contents, resulting in bacterial death®'. Because of this, it was nearly
impossible for bacteria to develop resistance to AMPs due to their
different modes of action compared to traditional antibiotics.
HHC10 (KRWWKWIRW) is a peptide screened by an artificial
neural network with certain antibacterial activity against both G™
and G" bacteria, its antimicrobial activity is mainly derived from
the destruction of bacterial membranes>>*’. The broad-spectrum
antibacterial activity of AMPs and the characteristics of not easily
developing bacterial resistance made them one of the promising
antibacterial agents that have been widely explored in recent years.

However, for AMPs, there is still the possibility of drug
resistance in bacteria. It is reported that bacteria could change the
permeability and fluidity of the membrane by changing the
composition and structure of the membrane, thus producing
resistance to prevent interaction with AMPs>*. On the other hand,
the real-time monitoring and visualization of the interaction pro-
cess between AMPs and bacteria is of great significance to reveal
the antibacterial mechanism of AMPs. However, the use of con-
ventional imaging techniques, such as scanning electron micro-
scope (SEM), transmission electron microscope (TEM), etc., often
requires complex sample preparation and instrument operation
procedures, which can’t achieve real-time monitoring. On the
contrary, fluorescence imaging technology can be used for dy-
namic and real-time observation with high sensitivity and simple
operation”>?°. Furthermore, many fluorescent molecules not only
have excellent luminescent properties but also can be used as
photosensitizers (PSs) to induce the production of ROS and pro-
mote their application in photodynamic therapy.

Photodynamic antibacterial therapy was on the rise as an
effective sterilization strategy”'">’. The main principle is to use the
ROS produced by PSs after light irradiation to disrupt the bacterial
membrane or cause irreversible damage to the proteins and nucleic
acids inside the bacteria, to achieve the purpose of antibacte-
rial’®*. In addition, PSs have also been extensively studied in the
field of anti-tumor’. Due to the indiscriminate destruction of
membrane structures or biological macromolecules antibacterial
effects while preventing bacteria from developing drug resistance.
In addition, unlike conventional aggregation-caused quenching
(ACQ) photosensitizers, aggregation-induced emission (AIE) PSs
show stronger fluorescence emission and higher ROS generation
efficiency in the aggregated state’'.

Herein, we propose a novel strategy to combine PSs with AMPs
to form a new class of antibacterial conjugates with broad-spectrum
antibacterial and antibiofilm effects (Scheme 1). We developed the
TPI-CysHHC10 by conjugating the fluorophore with AMPs via a
thiol-ene reaction. The excellent fluorescence properties of the
fluorophores have helped to reveal visualizations of the interaction
patterns between TPI-CysHHC10 and bacteria, and its photody-
namic antibacterial activity was enhanced by the excellent singlet
oxygen generation ability of the fluorophores. On the other hand,
TPI-CysHHC10 could not only kill G* bacteria but also help to
destroy the outer membrane, an important barrier of G~ bacteria. In
addition, TPI-CysHHC10 was found to induce aggregation of G
bacteria, including E. coli and P. aeruginosa. The formation of
bacterial aggregations helped to overcome the limited diffusion
range of ROS and improve its overall antibacterial efficiency. In this
way, it can play a better role in the photodynamic antibacterial ef-
fect. The disruption function of AMPs to the outer membrane of
bacteria played a crucial role in the antibacterial activity of TPI-
CysHHCI10 against G~ bacteria. Compared with the reported
AMP-functionalized PS, TPI-CysHHC10 has the advantages of
broad spectrum, high photosensitive activity, and good
biocompatibility’ . This approach of coupling antimicrobial
peptides with a membrane-destroying function to AIE PSs will
provide a novel strategy for the treatment of bacterial infections.

2. Materials and methods
2.1. Materials and instruments

All required materials and instruments were included in Supporting
Information. The synthesis and characterization of TPI-CysHHC10
can also be obtained from Supporting Information.

2.2.  ROS detection

Using ABDA as an indicator of 'O, production efficiency, its
decomposition under singlet oxygen reduces the absorbance be-
tween 350 and 420 nm. ABDA was mixed with TPI-CysHHC10
solution (containing ABDA: 50 pmol/L, TPI-CysHHC10:
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Scheme 1

Schematic illustration of TPI-CysHHC10 comprising AMPs and AIE photosensitizer as a photoactivatable, broad-spectrum, anti-

bacterial agent for combating biofilms. TPI-CysHHC10 was initially attached to the bacterial surface and inserted into the bacterial membrane
structure by means of the positivity of molecules and the affinity of antimicrobial peptides to the bacterial membrane. Subsequently, under light
irradiation, the photodynamic antibacterial activity of TPI-CysHHC10 was triggered. In addition, TPI-CysHHC10 could induce the aggregation of
G~ bacteria and produce ROS in the site, which was helpful in maximizing the antibacterial effect of ROS in their effective range. On the other
hand, the small molecular size and excellent water solubility of TPI-CysHHC10 helped to penetrate the biofilms to achieve an efficient

photodynamic anti-biofilm effect inside.

10 pmol/L white light irradiation (60 mW/cm?) for different times
(0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 s), the UV absorption
spectra (300—700 nm) of each sample were measured. The 102
generation efficiency was estimated by comparing the degree of
absorbance reduction at 378 nm.

2.3.  Bacteria imaging

Bacteria were collected by centrifugation at 4000 rpm for 5 min
and washed with sterilized PBS three times. Then, the bacterial
precipitate was resuspended with 300 uL PBS, and 1.5 pL/3 pL
TPI-CysHHC10 (1 mmol/L) solution was added and incubated for
a different time. Then 10 pg/mL Hoechst 33342 was added and
incubated for another 30 min. All procedures were maintained at
room temperature. After incubation, bacteria were collected and
washed with sterilized PBS and then placed on a microscope glass
slide, and the fluorescence images were obtained by CLSM.

2.4.  Invitro antibacterial activity

The antibacterial activity assays of TPI-CysHHC10, TPI-PA, and
HHCI10 were evaluated by the traditional plate counting method.
Bacteria were harvested by centrifuging at 4000 rpm for 5 min and
then washed with sterilized PBS three times. Then, the bacteria
precipitate obtained from the broth was resuspended with PBS to
obtain a bacterial solution with a designed concentration
(ODgop = 1.0). To prepare the samples for antibacterial de-
terminations, the bacterial solution was diluted 1000-fold by PBS and
then mixed with equal volumes of TPI-CysHHC10, TPI-PA, HHC10,
or polymyxin(G~)/vancomycin(G™") at various concentrations. After
that, for the group of polymyxin(G~)/vancomycin(G™), HHC10,
TPI-PA, and TPI-CysHHCI10 in the darkness, the samples were

incubated at 37 °C for 2 h. For the group of TPI-CysHHC10 and TPI-
PA under irradiation, the samples were incubated at 37 °C for 30 min
and illuminated with white light for 15 min, and incubated for another
75 min. Then, 100 pL of each sample was dropped onto the plate and
spread evenly. After incubation for 24 h at 37 °C, the surviving
number of colonies forming units (CFU) on each plate was then
enumerated by viable counting.

2.5.  Cytotoxicity assay

HeLa cells were cultured using a DMEM medium containing 10%
fetal bovine serum, and the flask was placed in an incubator
containing 5% CO, at 37 °C. Cells were seeded into 96-well plates
(about 5 x 10° cells per well), and placed in the above incubator
for 24 h. After removing the medium, 100 pL of various con-
centrations of TPI-CysHHC10 dissolved in the medium were
added to each well. Cell viability was subsequently assessed by
the MTT method. Briefly, 100 pL fresh medium containing 10 pL
MTT stock solution (5 mg/mL) was added into each well and
incubated at 37 °C for 4 h. After the liquid was removed from
each well, 100 pL. DMSO was added to dissolve crystal violet, and
the absorption value at 570 nm was measured using a microplate
reader. The cell viability in each group was compared to the
control group without treatment.

2.6. Hemolysis experiment

Mice arterial blood (blood from the heart) was harvested and
heparin was added for anticoagulation. The anticoagulant blood
was centrifuged at 1500 rpm for 5 min and red blood cells were
collected. The obtained red blood cells were further washed twice
with PBS and diluted. 500 pL of TPI-CysHHCI10 at different
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concentrations (128, 64, 32, 16, 8, 4, 2, 1, and 0.5 pmol/L), with
saline as the negative control and H,O as the positive control,
were prepared and mixed with 500 puL red blood cell suspension.
The mixture was incubated at 37 °C for 2 h. The mixture was then
centrifuged and imaged and the absorbance at 540 nm of the su-
pernatant was determined. The hemolysis rate was calculated
concerning Eq. (1):
Sample — Positive

Hemolysis ratio (%) = m x 100 (1)

2.7. Invivo antibacterial activity

All procedures of animal experiments were approved by the Animal
Care and Use Commiittee of Central South University and complied
with all relevant ethical regulations. Female BALB/c mice (6
weeks) were purchased from Hunan SJA Laboratory Animal Co.,
Ltd. (Hunan, China). BALB/c mice were randomly divided into six
groups: (1) bacteria-infected group without any treatment (Control);
(2) bacteria-infected group with white light irradiation (Light); (3)
bacteria-infected group with HHC10 treatment alone (HHC10); (4)
bacteria-infected group with TPI-CysHHC10 alone treatment (TPI-
CysHHC10); (5) bacteria-infected group with TPI-CysHHCI10
treatment and white light irradiation (TPI-CysHHC10 + Light);
(6) bacteria-infected group with Vancomycin alone treatment
(Vancomycin) (n = 4 in each group). The mice were anesthetized
by injection of 1.5% pentobarbital sodium. Then two full-thickness
injuries (~8 mm diameter) on each mouse were created. The
bacteria-infected wound models were established by inoculating
with 20 pL bacteria suspension (1.0 x 10° CFU/mL of MRSA) on
the surface of wounds. After 24 h post-infection, 20 uL of physio-
logical saline, TPI-CysHHC10, HHC10, and vancomycin (10 pmol/
L) was added to the wound and kept for 30 min. Subsequently, the
wounds were irradiated by white light (60 mW/cm?) for 10 min or
kept under darkness. The treatment of drugs and with or without
white light irradiation was performed on the first day and continued
for another two days with a total of three times. The wound healing
processes were dynamically monitored through measurements of
the wound size, at the same time the wound was photographed. On
Day 8, tissues from the infected sites of all mice were collected for
further evaluation. The agar plate counting method was used to
evaluate the bacterial content in the infected site.

2.8.  Immunohistochemical analysis and H&E staining

The extracted tissues were fixed in 4% paraformaldehyde, and
then paraffin-embedded, and sliced using standard protocols for
hematoxylin-eosin (H&E) staining. And they were finally exam-
ined using an inverted microscope.

3. Results and discussion
3.1.  Synthesis and characterization of TPI-CysHHCI10

The synthesis route was shown in Supporting Information Scheme
S1. TPI-CysHHC10 was successfully synthesized and the fluo-
rophore and peptide were conjugated by the thiol-ene reaction. The
structure of TPI-CysHHC10 was confirmed by 'H NMR and
HRMS. The results were shown in Supporting Information Figs.
S9—S11. 1As shown in Fig. S9, we could find the multi-charge
peaks ([M—Br+H]*": 1051.0133, [M—Br+2H]*": 701.0117,

[M—Br+3H]*": 526.0113, [M—Br+4H]’": 421.0105) corre-
sponding to the charge numbers of 2, 3, 4, and 5, respectively. The
peptide could disrupt the cell membrane of bacteria, the fluorophore
contributed to the singlet oxygen generation that synergistically
destroyed bacterial structure with antimicrobial peptides to achieve
excellent antibacterial activity. TPI-CysHHC10 had obvious UV
absorption in the wavelength range of 400 to 600 nm, with a
maximum absorption wavelength of 500 nm (Fig. la). The
maximum emission of TPI-CysHHC10 in aggregation state was
located at 670 nm, indicating its long-wavelength emission char-
acteristics and large Stokes shifts (170 nm). As shown in Fig. 1b—c,
as the ratio of the poor solvent 1,4-dioxane increased, the fluores-
cence intensity of TPI-CysHHC10 also increased. When the ratio of
1,4-dioxane reached 99%, the fluorescence intensity increased
sharply, and TPI-CysHHC10 was in an aggregated state, revealing
the obvious AIE property of TPI-CysHHC10. PSs with AIE prop-
erties also had higher ROS generation ability in the aggregated
state’®?’, which was of great benefit to the efficiency of PSs
aggregated on the bacterial outer membrane and generated ROS
after exposure to white light radiation.

The exceptional light absorption characteristics of TPI-
CysHHC10 across a broad range of wavelengths within the visible
light spectrum have rendered it highly suitable for inducing ROS
generation when subjected to white light irradiation, thereby facili-
tating the effective photodynamic eradication of bacteria. We used
Rose Bengal (RB) as a reference and ABDA as an indicator to
evaluate the singlet oxygen-generating capacity of TPI-CysHHC10%%.
The 'O, generation was judged by the decrease of ABDA absorption
at 378 nm. In Fig. 1d—f, in the presence of a combined solution of
ABDA and TPI-CysHHC10, the absorption intensity of ABDA at
378 nm exhibited a gradual reduction with increasing illumination
duration. Notably, the observed efficiency of TPI-CysHHCI10 in this
context surpassed that of RB.

3.2.  Invitro antimicrobial activity

To explore the influence of AMPs on the antibacterial activity of
fluorophores, we used the traditional plate counting method to
evaluate the bactericidal activity of TPI-CysHHC10 and compared
it with antibiotics vancomycin and polymyxin B. Escherichia coli
(E. coli), multidrug-resistant Escherichia coli (MDR E. coli),
Acinetobacter baumannii (A. baumannii), Klebsiella pneumoniae
(K. pneumoniae), and Pseudomonas aeruginosa (P. aeruginosa)
were chosen as the representative of G~ bacteria, Staphylococcus
aureus (S. aureus), Streptococcus pneumoniae (S. pneumoniae),
and methicillin-resistant Staphylococcus aureus (MRSA) were
chosen as the representative of G*. As shown in Fig. 2a, drugs
with different concentrations were incubated with bacteria at a
density of 5 x 10° colony-forming units per milliliter (CFU/mL),
and then divided into light groups and non-light groups. In the
non-light group, the mixture of bacteria and drugs was incubated
at 37 °C for 2 h. In the light group, the mixture of bacteria and
drugs was incubated at 37 °C for 30 min, then exposed to white
light (60 mW/cm?) for 15 min, and then incubated for 75 min.
Following the incubation period, 100 pL aliquots from each group
of the mixture were dispensed onto agar plates and allowed to
incubate for a duration of 24 h at 37 °C. The TPI-CysHHC10
groups with or without white light irradiation were stained by
Hoechst 33342 and YO-PRO-1, and then placed on a microscope
glass slide, and fluorescence images were acquired by confocal
laser scanning microscope (CLSM). As shown in Fig. 2b and
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Characterization of TPI-CysHHC10. (a) Normalized UV—vis spectra and fluorescent spectra of TPI-CysHHC10. (b) Fluorescent

spectra curve and (c) plotting of the emission maximum of TPI-CysHHCI10 in different fractions of H,O/1,4-dioxane mixture. Photodegradation
curve of ABDA with (d) TPI-CysHHC10 (in PBS) and (e) Rose Bengal (in PBS) under white light irradiation (60 mW/cm?). CTPLCysHHC10 = CRose
Bengal = 10 pmol/L, cagpa = 50 pmol/L. (f) Decomposition rates of ABDA under white light irradiation at 378 nm absorption.

Supporting Information Fig. S14, for non-light groups, only a
small number of bacteria showed green fluorescence (signal of
YO-PRO-1, which stained the dead bacteria). On the contrary, for
the groups with white light irradiation, most bacteria showed
green fluorescence, indicating that the ROS produced under light
irradiation played a crucial role in improving the antibacterial
activity of TPI-CysHHC10.

Then, the results of the colony-counting assays also confirm
the above results. As shown in Fig. 3 and Supporting Information
Figs. S15—S25, the minimum inhibitory concentration (MIC) of
TPI-CysHHC10 under white-light irradiation was determined
against E. coli, MDR E. coli, P. aeruginosa, S. aureus, MRSA, A.
baumannii, K. pneumoniae, and S. pneumoniae, yielding MIC
values of 125, 62.5, 125, 62.5, 62.5, 125, 62.5, and 62.5 nmol/L,
respectively. Notably, TPI-CysHHC10 exhibited superior anti-
bacterial activity compared to conventional antibiotics such as
vancomycin or polymyxin B against these bacterial strains. This
observation was further supported by the growth curves depicted
in Supporting Information Figs. S26—S30.

However, it should be noted that the antibacterial activity of
TPI-CysHHC10 in the absence of light irradiation was found to be
comparable to or even lower than that of AMPs alone. This
discrepancy suggests that the incorporation of the fluorophore in
TPI-CysHHC10 may influence the underlying mechanism of ac-
tion of AMPs, thereby affecting its antibacterial efficacy. The
antimicrobial efficacy of AMPs can be enhanced through their
covalent linkage with AIE fluorophore, followed by the induction
of a photodynamic effect using white light irradiation. In this
study, the synthesized compound TPI-CysHHC10 demonstrated
remarkable bactericidal activity at remarkably low concentrations
against a wide range of bacteria, including both G~ and G™
strains. Notably, even drug-resistant bacteria were susceptible to
the photodynamic killing effect mediated by TPI-CysHHCI10.
This shows that the utilization of a combination of fluorophore-
conjugated photosensitizers (PSs) and antimicrobial peptides
(AMPs) is mutually advantageous. G~ bacteria possess a thicker
lipid outer membrane compared with G* bacteria®>*". Never-
theless, the lifetime of ROS is very short"!, therefore, small

molecular PSs cannot cause obvious damage to the bilayer
membrane structure of G~ bacteria only by classical adsorption.
However, through the combination of AMPs and PSs, PSs could
bind closely to the surface of bacteria with the assistance of
antimicrobial peptides. Subsequently, upon light irradiation, ROS
generated by the PSs can effectively destroy the outer membrane
of bacteria in the range of their lifespan. Therefore, TPI-
CysHHC10 had a broad-spectrum bactericidal effect on G* and
G~ bacteria.

3.3.  Antibacterial mechanism

To explore the antibacterial mechanism of TPI-CysHHCI10, we
conducted bacterial co-localization experiments and SEM exper-
iments. We used TPI-CysHHC10 to stain the bacteria and co-
incubated them with Hoechst 33342. As shown in Fig. 4a, the
bacteria after co-incubation with TPI-CysHHC10 and nucleic acid
dye could be observed under CLSM and all the bacterial cells
showed blue fluorescence inside, which indicated that the nucleic
acids inside the bacteria are successfully stained and could be used
to determine the location of the bacteria. In contrast, the red
fluorescence (TPI-CysHHC10) appears only on the bacterial wall,
which indicated that TPI-CysHHC10 does not enter the interior of
the bacteria, but only binds to the bacterial surface to exert its
antibacterial effect, suggesting that TPI-CysHHC10 acted as a
bactericide through antibacterial peptides with ROS. The fluo-
rescence intensity profiles confirmed that the sample interacts with
the cell membrane of bacteria, as indicated by the anticoincidence
of the blue and red fluorescence (Fig. 4b).

To validate the membrane disruption effect of TPI-CysHHC10,
we further performed SEM experiments. E. coli and S. aureus were
selected as representatives of G~ and G bacteria, respectively. As
shown in Fig. 5, the surfaces of the untreated bacteria appeared
intact, smooth, and regular. However, after treatment with TPI-
CysHHCI10 followed by a 2-h dark incubation, the majority of the
bacteria displayed rough surfaces, with some exhibiting wrinkles
and depressions. Subsequent treatment with TPI-CysHHC10 fol-
lowed by light irradiation resulted in surface depressions in most
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bacteria, and some bacteria were completely denatured, leading to
the observation of only fragmented bacterial remnants under elec-
tron microscopy. These results indicated that TPI-CysHHC10 tends
to aggregate on the membrane of bacteria to cause the flowing out of
inner nucleic acids or proteins by increasing membrane perme-
ability or disrupting membrane structure through the combined
action of ROS and AMPs.

In addition, an interesting phenomenon was found during the
experiment that TPI-CysHHC10 exhibits distinct modes of action
against G~ and G bacteria. In the presence of TPI-CysHHCIO0,
aggregations of G~ bacteria were observed, while not observed
for G* bacteria (Fig. 6a). This phenomenon was confirmed through
bacterial staining and CLSM imaging, as depicted in Fig. 6b. The
images showed bacterial aggregation in E. coli, P. aeruginosa, and
MDR E. coli, whereas no aggregation was observed in S. aureus and
MRSA. The bacterial aggregation degree was quantified by deter-
mining the proportion of aggregations larger than the size of four
bacteria. The results revealed that more than 40% of G~ bacteria
formed aggregations within 30 min of TPI-CysHHC10 treatment,
whereas G bacteria did not show such aggregation (Fig. 6c).
Additionally, the optical density at 600 nm (ODggo) of the

supernatant from various bacterial suspensions treated with TPI-
CysHHC10 was measured using the turbidimetric method. As
depicted in Fig. 6d, the ODgqg of the supernatant from G~ bacteria
(E. coli, P. aeruginosa, and MDR E. coli) decreased over time upon
treatment with TPI-CysHHC10, and the formation of flocculent
precipitation was observed. In contrast, the ODgg of the control
group and the groups treated with HHC10 or TPI-PA did not exhibit
significant changes (Supporting Information Fig. S31). This in-
dicates that TPI-CysHHC10 induced the formation of bacterial
aggregations, leading to enhanced sedimentation. SEM results
further confirmed the formation of bacterial aggregations (Fig. 6e).
However, both the TPI-CysHHC10 treatment group and the control
group of MRSA showed a decrease in ODg, suggesting that the
sedimentation observed in MRSA was likely due to inherent bacte-
rial characteristics rather than the action of TPI-CysHHCI10.
However, S. aureus did not precipitate, indicating that TPI-
CysHHC10 could not induce aggregations in G bacteria.

To explore the difference, E. coli, and S. aureus were selected
as the representative G~ bacteria and G bacteria, respectively, to
assess the change in bacterial zeta potential before and after TPI-
CysHHCI10 treatment (Fig. 6f). The results showed that zeta
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vancomycin (b), HHC10 (c), TPI-CysHHC10 (d), and TPI-CysHHC10 + Light (e). (f) Plate photographs of MDR E. coli LB plates treated with
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mean £+ SD (n = 3). ****P < (0.0001, ns: no significance. Light irradiation: 60 mW/cm?, 15 min.

potential of E. coli and S. aureus increased. However, the
distinctive feature was observed in E. coli, where the zeta potential
underwent a reversal from negative to positive after TPI-
CysHHC10 treatment. We hypothesize that this potential
reversal is responsible for the aggregation of G~ bacteria.
Following the potential reversal, the bacterial surface became
positively charged, generating electrostatic attraction with other
bacteria carrying negative potentials, thereby promoting aggre-
gation. Once bacterial aggregations form, TPI-CysHHC10 be-
comes embedded within them, facilitating the effective
antibacterial action of short-lived reactive oxygen species within
their range. This mechanism provides effective assistance against
G~ bacteria with their resilient outer membranes, contributing to

the unique advantage of TPI-CysHHC10 over other photosensi-
tizers in targeting G~ bacteria.

3.4. Anti-biofilm

Biofilm infections are usually associated with chronic infections
and are rarely cured*> **. Biofilms exist in structured microbial
communities, which typically contain a variety of microorganisms
embedded in protective polymers that hinder the penetration of
antimicrobial agents*® *’. To investigate the impact of TPI-
CysHHC10 on biofilms formation and eradication of mature
biofilms, we utilized CLSM to visualize the biofilms at
different time points (24, 48, 72 h). The biofilms were imaged in
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a layer-by-layer manner using stack scanning to generate three-
dimensional (3D) images. Fig. 7 showed a blue fluorescent bio-
film in the control group, indicating the formation of a biofilm
filled with living bacteria. After incubation with TPI-CysHHC10,
only a few dead bacteria were observed in the CLSM images,
indicated by several green fluorescence markers. This confirms the
effectiveness of TPI-CysHHC10 in preventing the formation of
MRSA biofilms. In addition to the practical importance of inhib-
iting biofilm growth for the application of antibiotics, the scav-
enging effect of mature biofilms is also important for the treatment
of bacterial infections. Hence, we also investigated the ability of
TPI-CysHHC10 to scavenge the mature MRSA biofilms. Biofilms
at different stages of maturation (24, 48, 72 h) were incubated with
TPI-CysHHC10 for 1 h, followed by a 15-min light illumination.
The biofilms were then with Hoechst 33342 and YO-PRO-1 and
examined using CLSM. Interestingly, the CLSM images revealed
that the bacterial biofilms were partially disrupted even without
light treatment. However, after 15 min of illumination, more
pronounced destruction of the biofilms was observed, accompa-
nied by scattered green fluorescence (Fig. 7).

The anti-biofilm activity was further quantified by crystal vi-
olet staining (Supporting Information Figs. S32—S34). Compared
with the control group, the biofilm biomass of MRSA in the non-
light group was 10.7%, 17.3%, and 29.2%, and that in the light

group was 8%, 11.7%, and 15.4% after 24, 48, and 72 h of in-
cubation with TPI-CysHHC10, respectively. This also confirms
the growth inhibitory effect of TPI-CysHHC10 on biofilms. On the
other hand, the biomass of mature biofilms for 24, 48, and 72 h
treated with TPI-CysHHC10 in the non-light group was 11.3%,
15.6%, and 30.1%, and that in the light group was 9.2%, 10.5%,
and 11.2%, respectively. These results showed that most of the
biofilms were destroyed and the bacteria died, indicating that TPI-
CysHHCI10 was effective in eradicating mature biofilms.

3.5.  Invivo antibacterial activity

The in vivo efficacy of TPI-CysHHC10 in terms of its antibacterial
properties and wound-healing acceleration was assessed using a
mouse model with full-thickness wounds infected by MRSA. The
infected wounds, with an 8 mm diameter, were treated with
various substances including physiological saline solution,
HHCI10, TPI-CysHHC10, TPI-CysHHC10-+Light, and vancomy-
cin. Photographic images of the wound skin were captured on
Days 1, 2, 4, 6, and 8, as shown in Fig. 8b. Throughout the
experiment, all groups showed a trend of wound shrinkage. The
wound area analysis in Fig. 8c demonstrated a steady decrease in
the wound area for each treatment group. By the eighth day, the
wounds in all drug treatment groups were almost healed, with the
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TPI-CysHHC10 + Light group displaying the smallest relative
wound area of only 2.2%, the lowest among all groups. The
control group and control + Light group exhibited wound areas of
13.1% and 11.4%, respectively. At the same time, the body
weight of the mice in each group increased steadily over time
(Fig. 8d). To evaluate the presence of residual bacteria in the
wounds, the wound tissue from each group on the eighth day was
homogenized, diluted, and spread on LB agar plates. Fig. 8e and f
and Supporting Information Fig. S35 illustrated that only the
control group exhibited bacterial residue in the wound, while
no bacterial residue was observed in the wounds of the
TPI-CysHHC10 + Light group. To evaluate the healing effect, the
skin tissue at the wound site on Day 8 was analyzed by H&E
staining (Fig. 8g), which showed that there was still significant
skin inflammation in the control group with more macrophage
infiltration, in contrast, little inflammation was found in the
TPI-CysHHC10 photodynamic treatment group. These results
demonstrate that TPI-CysHHC10 is an excellent anti-infective and
wound-healing agent for photodynamic therapy of wound infec-
tion, without affecting the growth of mice.

Furthermore, in vitro cytotoxicity test, hemolysis test, and in vivo
H&E analysis of the main organic (heart, liver, spleen, lung, kidney)
showed excellent biocompatibility of TPI-CysHHC10 and HHC10.
The cytotoxicity of TPI-CysHHC10 and HHC10 in vitro was
determined by methyl thiazolyl tetrazolium (MTT) assays and HeLa
cells. As shown in Supporting Information Figs. S36—S38, the cell
viability of HeLa remained above 90% when the concentration of
TPI-CysHHC10 was up to 64 umol/L after co-cultured for 24 h,
while the HHC10 also remained above 80%. The hemolysis test
results indicated its safety for in vivo therapy (Supporting Infor-
mation Figs. S39—S40). Merely no hemolytic activity was observed
at concentrations below 32 umol/L of TPI-CysHHC10 and HHC10,
and low hemolytic activity was observed at concentrations as high
as 64 umol/L (hemolysis rate: 7.9% and 12.3%). Afterward, in vivo
biocompatibility of TPI-CysHHC10 and HHC10 is investigated.
The heart, liver, spleen, lung, and kidney of mice in each group on
Day 8 of treatment were collected for biopsy section analysis. The
results showed that the organs of mice in each group showed normal
morphology (Supporting Information Fig. S41), which indicated
that TPI-CysHHC10 had no significant toxicity in vivo.
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In vivo antibacterial activity. (a) Schematic illustration of the in vivo treatment process. (b) Photographs of the wound during

treatment with the different drugs on Days 1, 2, 4, 6, and 8. (c) Relative wound size of the infected area. (d) The body weights of the mice. Error
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Quantification of the bacterial colonies on LB agar plates. Error bars: mean & SD (n = 3). ****P < (0.0001, ns: no significance. (g) H&E staining
imaging of skin wounds with different treatments on Day 8. Scale bar: 100 pum.

4. Conclusions

In conclusion, we have proposed a novel strategy for the devel-
opment of antibacterial conjugates by combining PSs with AMPs,
resulting in a new class of broad-spectrum antibacterial agents.
The excellent fluorescence properties of the fluorophores have
enabled the visualizations of the interaction patterns between TPI-
CysHHCI10 and bacteria. Additionally, the excellent singlet oxy-
gen generation ability of the fluorophores has enhanced the
photodynamic antibacterial activity of TPI-CysHHC10. On the
other hand, the disruption function of AMPs towards the bacterial
outer membrane has played a crucial role in the antibacterial ac-
tivity of TPI-CysHHC10 against G bacteria. TPI-CysHHC10 not
only exhibits bactericidal effects against G* bacteria but also aids

in the destruction of the outer membrane, an important barrier of
G~ bacteria. The aggregation-inducing effect of TPI-CysHHC10
on G~ bacteria facilitates the effective utilization of ROS gener-
ated by the conjugates, which are encapsulated within bacterial
aggregates. This localized action of ROS within a small range
enhances the photodynamic antibacterial effect of TPI-
CysHHC10. While killing planktonic bacteria, TPI-CysHHC10
has also demonstrated promising efficacy in inhibiting the for-
mation of MRSA biofilms and destroying mature MRSA biofilms.
In the treatment of MRSA-infected wounds, TPI-CysHHC10 has
also exhibited excellent photodynamic antibacterial effects and
favorable biocompatibility. The coupling of antimicrobial peptides
with membrane-disrupting properties to photosensitizers repre-
sents a novel and effective strategy for the treatment of bacterial



1770

Duoyang Fan et al.

infections. This multifunctional antimicrobial agent holds signif-
icant potential in addressing the challenges posed by bacterial
biofilm-associated infections and drug-resistant bacteria. Further
research and development of this agent could lead to substantial
advancements in the field of bacterial infection treatment.
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