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e A cationic COFs (TAPP-VIO) has been
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ARTICLE INFO ABSTRACT

Keywords: Bacterial infections significantly impede wound healing and threaten global public health. Porphyrin covalent

Catlon}C Covaleflt organic frameworks organic frameworks (COFs) have shown promise as phototherapy antibacterial materials. However, the inherent

s:]cie“:l targeting n-7 stacking interactions between the monomers also lead to aggregation and quenching of photosensitizers,
ototherapy

thereby reducing the production of singlet oxygen (10) and compromising their antibacterial efficacy. Herein,
we designed and prepared a novel cationic porphyrin-based COFs nanoplatform (TAPP-VIO), utilizing photo-
sensitive TAPP and cationic VIO as structural units. This multifunctional nanoplatform is specifically tailored for
targeted phototherapy and chemotherapy against bacterial infections. Upon irradiation, TAPP unit in TAPP-VIO
generates heat and '0,, which effectively disrupt bacterial structure and cause cell death. The incorporation of
VIO unit introduces electrostatic repulsion between layers, mitigating n-r stacking effects and enhancing 10,
production. Additionally, the positive charge imparted by the VIO unit enables TAPP-VIO to bind efficiently to
negatively charged bacterial surfaces, immobilizing the bacteria and reducing their motility, thereby improving
the overall efficacy of phototherapy. Under identical experimental conditions and concentrations, TAPP-VIO
exhibits a 10, generation capacity that is 179 % higher than that of nonionic porphyrin COF. Moreover, the

Bacterial infection

* Corresponding author at: State Key Laboratory of Food Science and Resources, Jiangnan University, Wuxi 214122, China.
E-mail address: zhaoxu2017 @jiangnan.edu.cn (X. Zhao).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.jcis.2025.137494
Received 27 January 2025; Received in revised form 28 March 2025; Accepted 31 March 2025

Available online 31 March 2025
0021-9797/© 2025 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.



J.-J. Qian et al.

Journal of Colloid And Interface Science 692 (2025) 137494

temperature increase induced by TAPP-VIO is 85 % of that observed with nonionic porphyrin COF (TAPP-MMA-
Da), which is conducive to enhancing the phototherapeutic effects while minimizing heat-induced damage to
healthy tissues. In summary, our study presents a straightforward approach to developing non-antibiotic anti-
bacterial nanoagents, and the as-prepared TAPP-VIO is a promising candidate drug suitable for clinical trials in

the future.

1. Introduction

Skin, as a body primary tissue in contact with the external environ-
ment, plays a crucial role in maintaining internal stability and pre-
venting the loss of water, electrolytes, and body fluids. Rapid wound
healing is an important process for the repair of skin and other tissues
[1]. However, bacteria in the environment can readily invade wounds
during the healing process, potentially causing infections that slow
down wound healing and may even lead to more serious tissue damage
[2]. Antibiotics are currently the most widespread and effective treat-
ment for bacterial diseases. However, since the late 20th century,
overuse of antibiotics has led to the emergence of bacterial resistance,
which is spreading at an alarming rate [3,4]. Chronic wound infections
caused by drug-resistant bacteria have now become a serious threat to
human health [5]. Therefore, the development of novel antibacterial
drugs has become a research hotspot in the field of medicine [6-10].

Compared with typical antibiotic treatment, antibacterial technolo-
gies based on physical stimulation offer a more comprehensive and
effective approach for combating both common and multidrug-resistant
bacteria, potentially lowering the risk of bacterial resistance [11-13].
Among them, photodynamic therapy (PDT) has gained significant
research interest due to its low toxicity, non-invasive, and negligible
drug resistance. Upon laser irradiation, photosensitizers (PSs) can
generate produce cytotoxic free radicals or singlet oxygen (*Oy) to
destroy essential components of bacteria, such as proteins, lipids, and
nucleic acids, resulting in bacterial death, but its bactericidal effect often
falls short of therapeutic expectations [14]. To enhance antibacterial
efficacy, researchers are increasingly exploring synergistic antibacterial
methods [15,16]. Hyperthermia generated by photothermal therapy
(PTT) can weaken the cellular activity of bacteria, increasing their
sensitivity to reactive oxygen species (ROS) and reducing the required
ROS dosage for bacterial eradication [17]. Therefore, the combination of
PDT and PTT is expected to improve antibacterial efficiency. Tetracyclic
pyrrole compounds with synergistic PDT and PTT capabilities are
regarded as one of the most promising PSs [18]. However, these tradi-
tional organic small molecule photosensitizers are often limited by the
disadvantages of poor water solubility, self-quenching and low photo-
stability. In this regard, it has become a research focus to find materials
with good water solubility, strong dispersibility, and robust stability in
vivo to enhance the clinical efficacy of PSs [19-22]. Furthermore, to
further improve the bactericidal effect, the synthesis of bacteria-
targeting antibacterial drugs without resistance has also become an ur-
gent problem to be solved [23-25].

Covalent organic frameworks (COFs) are a new type of crystalline
porous polymers with substantial application potential across various
fields [26-28], owing to their simple design, well-defined structure, and
tunable structural units that allow for functional diversity [29-33].
COFs have unique stability and excellent biocompatibility, and also
show promising applications in the biomedical field [34-37]. In
particular, the rigid and ordered structure of COFs offers an effective
strategy for modulating the aggregation behavior PSs [38-40]. Addi-
tionally, relevant studies have demonstrated that the porous architec-
ture of COFs also facilitates the generation and diffusion of 102 [41-43].
In recent years, the application of COF structures in antibacterial pho-
totherapy has garnered significant attention [44,45]. However, the
inherent hydrophobicity and the regular layered stacking of COF lead to
a certain degree of aggregation among monomers in the biological
environment, which still restricts the production of ROS, thereby

reducing the effectiveness of in vivo PDT [44,46,47]. Besides, the layer
by layer stacking effect of COF often results in surplus photothermal
properties, which may cause thermal damage to adjacent tissues
[48,49]. Therefore, developing a feasible strategy to synthesize COFs
with enhanced photodynamic properties and moderate photothermal
properties, further improving their therapeutic efficacy and minimizing
potential side effects is of paramount importance. Cationic groups
exhibit inherent bacteria-targeting and bactericidal properties [50,511,
making them attractive candidates for enhancing the therapeutic per-
formance of COFs. Specifically, the incorporation of cationic groups is
anticipated to increase the electrostatic repulsion between the layers of
COFs, thereby optimizing their phototherapy efficacy. However, the
construction of cationic COFs that can achieve the ideal phototherapy
efficacy remains a significant challenge.

Herein, we report a cationic COF (TAPP-VIO) multifunctional
nanoplatform for bacteria-targeted and efficient chemotherapy/photo-
therapy sterilization and wound healing. The nanoplatform was syn-
thesized via a Schiff base condensation reaction using photosensitizer
5,10,15,20-tetra (4-aminophenyl) porphyrin (TAPP) and cationic com-
pound 1,1- benzaldehyde 4,4-bipyridinium (VIO) as structural units.
TAPP unit provides excellent 'O, generation ability and moderate
photothermal conversion under white light irradiation. VIO unit in-
troduces certain electrostatic repulsion between the layers, which re-
duces the zn-m stacking effect and thereby enhances the phototherapy
performance of the COF. In addition, the positive charge of VIO allows it
to interact with the negatively charged membrane surface of bacteria,
thereby immobilizing the bacteria, limiting their mobility, and
enhancing the effective contact between TAPP-VIO and bacteria. The
strong binding also mitigates, to some extent, the insufficient photo-
therapeutic efficiency caused by the short half-life of 105 [52], which is
beneficial to the improvement of the therapeutic efficiency of TAPP-
VIO. Compared with the reported porphyrin COF (at the same concen-
tration and conditions), cationic TAPP-VIO exhibits a higher 10, gen-
eration capacity and relatively mild photothermal effect (the 'O,
generation capacity is 179 % of the porphyrin COF, while the temper-
ature rise is 85 % of porphyrin COF). In the plate experiment, TAPP-VIO
(5.00 x 10~* g mL ") combined with irradiation (100 mW cm~2)
reduced the number of Staphylococcus aureus (S. aureus) colonies to
0.81 % and Escherichia coli (E. coli) colonies to 1.16 % of the control
group. In addition, TAPP-VIO also has a good ability to promote wound
healing without significant side-effects in bacteria-infected mouse
model. The as-prepared TAPP-VIO exhibits better bactericidal properties
and broader application prospects. The proposed preparation strategy of
multifunctional antibacterial platform provides a new pathway for the
development of high-performance antibacterial agents.

2. Materials and methods
2.1. Materials

All chemicals and reagents are analytical grade or above. Tetrahy-
drofuran (THF), acetic acid, N,N-dimethylformamide (DMF), ethanol
(EtOH), mesitylene and acetonitrile (ACN) were purchased from China
National Pharmaceutical Group Chemical Reagent Co., Ltd. (Shanghai,
China). 2,5-Di-(2-methyl methacrylate) p-benzaldehyde (MMA-Da), VIO
and TAPP were provided by Jilin Chinese Academy of Sciences-Yanshen
Technology Co., Ltd. (Jilin, China). 9,10-Anthracenediyl-bis(methylene)
dimalonic acid (ABDA) and o-dichlorobenzene (o-DCB) were purchased
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from Macklin Biochemical Co., Ltd. (Shanghai, China). Ultrapure water
was provided by Wahaha Group Co., Ltd. (Hangzhou, China). The pre-
mixed powder of phosphate buffer saline (PBS) solution, LB Agar pow-
der (FMB Grade), and Luria-Bertani (LB) meat soup powder (FMB grade)
were provided by Shanghai Sangon Biotech (Shanghai, China). 2,7
Dichlorodihydrofluorescein diacetate (DCFH-DA) was provided by
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Calcein
acetoxymethyl ester (Calcein-AM)/propidium iodide (PI) double stain
kit was purchased from Yeason Biotechnology Co. (Shanghai, China).
S. aureus(ATCC 25923) and E. coli (ATCC 25922) were frozen bacteria in
our laboratory.

2.2. Synthesis of TAPP-VIO

The preparation of TAPP-VIO is briefly described below. TAPP (16.8
mg, 0.025 mmol), VIO (21.9 mg, 0.050 mmol) and BuOH/Mesitylene
solution (1/1, v/v, 2.00 mL) were first added to a Pyrex tube and son-
icated for 5 min, then 0.20 mL of acetic acid was added and sonicated
again for 5 min. The mixture in the tube was then degassed (three
freeze—pump-thaw cycles) and sealed. The resulting mixture was then
stirred at 120 °C for 6 days followed by centrifuged after cooled to room
temperature. The targeted product (TAPP-VIO) was then obtained by
washing five times with THF and drying under vacuum at 50 °C.

For comparison, a nonionic porphyrin COF (TAPP-MMA-Da) was
synthesized according to our previous report [53].

2.3. Photodynamic and photothermal properties of TAPP-VIO

To evaluate the photodynamic performance of TAPP-VIO, ABDA was
selected as the 102 indicator. Firstly, 10.00 mL of mixed solutions of
ABDA (5.00 x 10~° mol L™ 1) and TAPP-VIO with different concentra-
tions (0.00, 1.25, 2.50, 5.00, and 7.50 x 10~* g mL ™}, respectively) were
configured in 50 mL centrifuge tubes. The solution was then exposured
to a white LED lamp (50, 100, or 150 mW cm’z) for different times (O,
2.5,5,7.5,10,12.5, 15, 17.5, and 20 min). After irradiation, 1.00 mL of
solution was removed and centrifuged from each tube, and the then
UV-Vis absorption spectrum of the resulting suspension was measured
by UV-Vis-NIR spectrophotometer.

To investigate the photothermal properties of TAPP-VIO, different
amounts of TAPP-VIO was dispersed in PBS to make the desired solution
(1.25, 2.50, 5.00 and 7.50 x 10~ g mL™}, respectively). Then each
solution (1.00 mL) was transferred to 48-well cell culture plate and
irradiated with white LED lamp for 20 min. The same irradiation was
performed with 1.00 mL of PBS as a control. The temperature change
during irradiation was recorded by FLIR-50 thermal camera.

To clearly verify the effect of cationization on photodynamic and
photothermal properties, TAPP monomer (2.22 x 10~ g mL™!) and
TAPP-MMA-DA (4.00 x 10~* g mL 1) were selected as controls to repeat
the above experiments, where the amount of TAPP was the same as that
of TAPP-VIO (5.00 x 10* g mL™1).

2.4. Bacterial cultures and antibacterial experiment

The bactericidal performance of TAPP-VIO was evaluated using
E. coli and S. aureus as model bacteria. Firstly, the frozen bacteria were
resuscitated to prepare a PBS bacterial suspension (10% CFU mL™1). The
experiment was then conducted by the following groups (1) Experi-
mental group: 100 pL of bacterial suspension was added to PBS con-
taining TAPP-VIO (final concentration of TAPP-VIO was 5.00 x 10™% g
mL™1). After 30-min shaking and incubating (200 RPM, 37 °C), the
bacterial suspension was irradiated under a white LED light (100 mW
cm’z) for different times (0, 10 and 20 min). (2) Control group: The
bacterial suspension was incubated in PBS for 30 min, followed by
exposure to 20-min irradiation (100 mW cm‘z). (3) Blank group: The
same bacterial suspension was incubated in PBS without any treatment.
At the end of the grouping, the bacterial suspension of each group was
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diluted 10* times in a stepwise manner, respectively. Then, 100 uL of the
above diluted suspension was uniformly coated on the Luria-Bertani
broth agar plates and incubated at 37 °C for 24 h. Finally, the number
of colonies was counted and the bacterial survival rate was calculated.

Bacterial survival rate% = (number of colonies in experimental or
control group/number of colonies in blank group) * 100.

2.5. Staining analysis and morphological observation

To further investigate the bactericidal effect of TAPP-VIO, staining
analysis was carried out with Double Staining Kit (calcein acetox-
ymethyl ester/propidium iodide, Calcein-AM/PI). Briefly, the bacterial
suspensions of each group were respectively stained with 100 ymol L™}
Calcein-AM and 4.50 pmol L' PI in the dark for 20 min, then centri-
fuged and resuspended with 20 uL PBS. 10 uL re-suspension was dropped
into a slide coated with an anti-fluorescence quenching agent and fixed
for 3-5 min before observation with confocal laser scanning microscope
(CLSM).

The morphology of treated bacteria was further observed by scan-
ning electron microscopy (SEM). For this purpose, 100 uL of bacterial
suspension (10® CFU mL™!) was mixed with 900 uL of PBS containing
TAPP-VIO (final concentration was 5.00 x 10~% g mL 1) or not. The
bacterial suspension was cultured for 30 min at 37 °C in the dark, and
then irradiated with 100 mW cm ™2 white LED light for different times
(0, 10 and 20 min, respectively). The bacterial suspensions were the
centrifuged (5000 rpm for 10 min) and immobilized. The suspensions
were fixed with 2.5 % glutaraldehyde (20 h), washed twice with PBS,
and then gradient dehydrated with 30 %, 50 %, 70 %, 80 %, 95 % and
100 % (v/v) EtOH solution for 10 min. Finally, the resulting bacteria
were frozen for 12 h at —20 °C and —80 °C, and their morphology was
observed by SEM after lyophilization.

2.6. Detection of intracellular 10, in bacteria

DCFH-DA was selected as the intracellular 0, detection probe to
further verify the photodynamic bactericidal mechanism of TAPP-VIO.
Specifically, 100 uL of bacterial suspension (E. coli and S. aureus: 108
CFU mL’l) was treated as follows. (1) Experimental group: 100 uL
bacterial suspension was mixed with TAPP-VIO and DCFH-DA solutions
with final concentrations of 5.00 x 10~* g mL™! and 10 pmol L7},
respectively, and the final volume was fixed to 10 mL. (2) Control group:
bacterial suspension was incubated with DCFH-DA only, and other
conditions were the same as in the experimental group. After 30-min
incubation at 37 °C, the above bacterial suspension was irradiated
with a white LED light (100 mW cm~?) for different times (0, 10 and 20
min). After centrifugation (5000 rpm, 10 min), the bacterial suspension
was resuspended in PBS (20 uL). Finally, 10 pL of the suspension was
added dropwise to a glass slide and images were acquired using CLSM at
488 nm laser.

2.7. Murine infection model and antibacterial application

To investigate the synergistic bactericidal and wound-healing effects
of TAPP-VIO via photothermal, photodynamic, and chemical mecha-
nisms, a model of S. aureus infection was established in female BALB/c
mice aged 5-6 weeks, followed by subsequent experiments. Initially, a
circular skin wound (diameter ~ 7 mm) was created on the back of each
mouse, and 10.0 pL of S. aureus suspension was applied topically. One
day post-infection, mice were randomly assigned to four groups (n = 5):
(1) no treatment. (2) coating of TAPP-VIO (5.00 x 10~% gmL™?, 50.0 pL)
on the wound. (3) irradiated with white LED light at 100 mW em~2 for
20 min. (4) combination treatment with TAPP-VIO (5.00 x 1074 g rnL’l,
50.0 yL) and 100 mW cm ™2 of white LED light for 20 min. The wound-
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healing promotion effect of TAPP-VIO was evaluated by monitoring the
body weight, wound status and wound area of the mice on a daily basis
until complete healing occurred in the treatment group. All animal ex-
periments adhered strictly to protocols approved by the Institutional
Animal Care and Use Committee of Jiangnan University (JN.No.
N020220430b0180606[1471).

The biosafety and antibacterial effects of TAPP-VIO were further
evaluated through masson and haematoxylin and eosin (H&E) staining
and immunohistochemical analysis of major organs and wound tissues.
Briefly, mice were sacrificed at the end of experiment. Major organs
(lung, spleen kidney, liver and heart) and wound tissues were harvested
and immobilized with 4 % paraformaldehyde. H&E staining and histo-
chemical analysis (including interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a)) were then performed.

3. Results and discussion
3.1. Design, preparation and characterization of TAPP-VIO

The design and preparation of the cationic COF nanoplatform TAPP-
VIO for targeted phototherapy and chemotherapy of bacterial infections
are shown in Scheme 1. To achieve an ideal bacteria-targeted synergistic
phototherapy with enhanced photodynamic properties and relatively
mild photothermal effects, photosensitizer TAPP and cationic VIO are
employed as structural units to construct the bacteria-targeted cationic
COF (TAPP-VIO) nanoplatform through a Schiff base condensation re-
action. Specifically, The TAPP unit in TAPP-VIO can generate heat and
10, upon illumination, which can destroy the bacterial structure and
lead to their death. Meanwhile, VIO serves a dual function unit: On the
one hand, it introduces a certain electrostatic repulsion between layer
and layer, reducing the n—r stacking effect and facilitating the genera-
tion of 10, On the other hand, its positive charge enables interaction
with the negatively charged bacterial membrane, immobilizing the
bacteria and hindering their migration. Membrane potential balance of
bacteria will be broken also, makes TAPP-VIO closer to the bacteria,
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thereby enhancing the ROS-mediated bacterial killing effect. Compared
to previously reported porphyrin-based COF, the cationic COF is ex-
pected to minimize the n-n stacking effect between PSs, enabling more
efficient transfer of light energy to 105, while reducing the thermal effect
and limiting thermal damage to normal tissues. We believe that the as-
prepared TAPP-VIO platform can provide valuable insights for the
design of nano bactericidal materials in the future.

The ordered crystal structure of TAPP-VIO is conducive to the
dispersion of TAPP unit and prevents its self-aggregation-induced
quenching. The uniform porosity also contributes to the generation of
ROS and improving the efficiency of PDT. Therefore, the synthesis
conditions of TAPP-VIO, including solvent, temperature and time were
first optimized. The crystallinity of TAPP-VIO was assessed using pow-
der X-ray diffraction pattern (PXRD). Among the optimized six solvent
systems (Fig. S1 and Fig. S1), the PXRD spectrum of TAPP-VIO showed
an obvious characteristic peak at 3.5° only in the mesitylene/n-butanol
reaction system. And the intensity of the characteristic peak was greatly
affected by the mesitylene to n-butanol ratio, reaction temperature and
time. To verify whether the characteristic peak at 3.5° corresponds to
TAPP-VIO with a regular crystal structure, the structure of the designed
TAPP-VIO was simulated by software. The experimental PXRD pattern
of TAPP-VIO matched the characteristic peak of AA stacking predicted
by the software simulation (Fig. 1a), confirming that the synthesized
TAPP-VIO possesses a well-defined crystal structure. Besides, trans-
mission electron microscope (TEM) and high resolution transmission
electron microscopy (HR-TEM) images further demonstrate that TAPP-
VIO exhibits a lamellar structure with well-ordered crystalline charac-
teristics (Fig. 1b).

The successful preparation of TAPP-VIO was further characterized by
Fourier transform infrared (FT-IR) spectroscopy. The appearance of the
characteristic peak of -C=N- at 1671 cm™! in the FT-IR spectrum of
TAPP-VIO, as well as the concomitant disappearance of the character-
istic bands of -NHy and —CHO groups (at 3327, 3348 em~! and 1703
cm™!) form the original building monomers TAPP and VIO respectively,
revealed the successful synthesis of TAPP-VIO (Fig. 1c). Then, the
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Scheme 1. The design strategy and schematic of TAPP-VIO for enhanced phototherapy and targeted chemotherapy of bacterial infections.
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Fig. 1. (a)The simulated (AA stacking models) and experimental PXRD patterns of TAPP-VIO. (b) TEM and HR-TEM image of TAPP-VIO. (c) FT-IR spectra of TAPP-
VIO, VIO and TAPP. (d) The N, adsorption-desorption isotherms of TAPP-VIO. (e) Pore size distribution of TAPP-VIO. (f) Zeta potential of TAPP-VIO in

aqueous solution.

porosity of TAPP-VIO were characterized by N, adsorption isotherm.
The prepared TAPP-VIO has a mesoporous structure with a Brunauer
Emmett Teller (BET) surface areas of 78 m?> g’1 (Fig. 1d) and an average
pore size of 2.7 nm structure (Fig. le). Meanwhile, solid-state
UV-Vis-NIR absorption spectroscopy showed a broad absorption band
across the visible light region (Fig. S3), indicating the formation of a new
conjugated system, which further confirms the successful synthesis of
the TAPP-VIO. In addition, the zeta potential of TAPP-VIO aqueous so-
lution was measured to be 17.2 &+ 0.5 mV, indicating its positive charge.
(Fig. 1f). This positive charge endows TAPP-VIO with superior dis-
persibility in water (Fig. S4), outperforming non-ionic COFs (TAPP-
MMA-Da, prepared with slight modifications according to our previous
report [53]). Furthermore, TAPP-VIO demonstrates remarkable thermal
stability (Fig. S5). The porous lamellar structure, large BET surface area,
broad absorption peak within the visible light range, excellent water
dispersibility, and notable thermal stability collectively demonstrate
that TAPP-VIO holds significant potential for phototherapeutic anti-
bacterial applications.

3.2. Photodynamic and photothermal properties of TAPP-VIO

To evaluate the phototherapy bactericidal performance of TAPP-
VIO, the photodynamic property of TAPP-VIO in aqueous solution was
first investigated via ABDA as 'O, indicator. When only ABDA was
present in the solution, the absorbance of ABDA at 377 nm did not
decrease significantly even under 20 min of white light irradiation,
indicating that ABDA itself was stable under this experimental condition
(Fig. 2a and Fig. S6). While the absorbance of ABDA solution containing
TAPP-VIO decreased significantly upon irradiation, confirming the
generation of '0,. Meanwhile, the rate of decrease in ABDA absorbance
was positively correlated with the concentration of TAPP-VIO ((Fig. 2a
and Fig. S6), power density of irradiation (Fig. 2b and Fig. S7) and the
exposure time (Fig. 2a, b and Fig. S7). After treatment with different
concentrations of TAPP-VIO (1.25 x 10, 2.50 x 107, 5.00 x 10~*and

7.50 x 10~* g mL™}) followed by 20-min white LED irradiation, the
absorbance of ABDA decreased to 69 %. 42 %. 20 % and 7 % of the
initial value, respectively (Fig. 2a and Fig.S6). However, no significant
change in the absorbance of TAPP solution (2.22 x 10* g mL™},
equivalent to 5.00 x 10~ g mL~! of TAPP-VIO) was observed under the
same exposure (Fig. 2¢c and Fig. S7). The above results clearly imply that
the ordered structure of TAPP-VIO effectively avoids the self-quenching
of TAPP in aqueous solutions, thereby ensuring its 'O, generation
capacity.

To further verify whether the introduction of the cationic monomer
VIO enhances the photodynamic performance, the 10, generation abil-
ity of non-ionic COF TAPP-MMA-Da was determined under the same
irradiation and at the same molar concentration of TAPP (TAPP-MMA-
Da, 4.00 x 10~* g mL™}, equivalent to TAPP-VIO 5.00 x 1074 g mL™Y).
The results showed that the rate of decrease in ABDA absorbance in the
TAPP-VIO treatment group was significantly faster than that in the
TAPP-MMA-Da treatment group (Fig. 2¢ and Fig. S8). After 20 min of
irradiation, the absorbance in the TAPP-MMA-Da group decreased by
only 56 % of that in the TAPP-VIO group (to 55 % and 20 % of the initial
absorbance, respectively). These results indicate that TTAP-VIO does
have better 'O, generation capacity than TAPP-MMA-Da. This enhanced
performance can be attributed to the positive charge carried by TAPP-
VIO, which reduces the n-n stacking effect in its COF structure, allow-
ing more efficient transmission of light energy to Oz, and thus improving
its photodynamic performance.

The photothermal effect of TAPP-VIO in PBS under white LED irra-
diation was then investigated. TAPP-VIO solution exhibited a tempera-
ture increase in relation to irradiation time, power density and
concentration (Fig. 2d, e and Figs. S9-S10). After treatment with
different concentrations of TAPP-VIO (1.25 x 1074, 2.50 x 107%,5.00 x
10 *and 7.50 x 10~* g mL™!) followed by 20-min white LED irradia-
tion, the solution temperature increased to 35 °C, 37 °C, 42 °C, and
44 °C, respectively (Fig. 2d and Fig. S9). As documented in the literature
[54,55], an optimal temperature of 42 °C is deemed suitable for mild
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Fig. 2. (a) Time-dependent absorbance of ABDA (A/Ao) at maximum wavelength (377 nm) with different concentrations of TAPP-VIO or not under irradiation (100
mW cm™2). (b) Relative change of absorbance (A/Ao) of ABDA at 377 nm with TAPP-VIO (500 pg mL") under different powers of irradiation. (c)Time-dependent
absorbance of ABDA (A/A,) at 377 nm with different solutions (2.22 x 10~ g mL ! TAPP, 5.00 x 10~* g mL~! TAPP-VIO and 4.00 x 10~ * g mL.~! TAPP-MMA-Da, as
equivalent TAPP) under irradiation (100 mW cm™2). Ao and A are the absorbance of ABDA before treatment for a certain time, respectively. (d) Time-dependent
temperature changes of TAPP-VIO with different concentrations when irradiated by White LED (100 mW cm™?). (e) Effect of irradiation power on the tempera-
ture of TAPP-VIO (5.00 x 10 * g mL b. (fHTime-dependent temperature changes of different solutions (2.22 x 10 4 gmL 1 TAPP, 5.00 x 10 4 g mL 1 TAPP-VIO

and 4.00 x 10 % g mL ! TAPP-MMA-Da) under the same powers of irradiation.

photothermal therapy. To balance the therapeutic efficacy of photo-
therapy with the minimization of thermal damage to normal tissues due
to hyperthermia, while also considering potential toxicity, side effects,
and cost in practical applications, TAPP-VIO concentration of 5.00 x
10~* g mL™! was ultimately selected for further investigation. Impor-
tantly, TAPP-VIO exhibited a milder photothermal effect (AT =17 °C)
compared to TAPP-MMA-DA (AT = 20 °C) with equivalent concentra-
tions (molar concentration of TAPP) (Fig. 2F and Fig. S11). Moreover,
the photothermal conversion efficiency of TAPP-VIO (19.93 %) was
lower than that of other porphyrin-based COFs (Supplementary Data
Table 1) [56,57]. These imply that the cationic framework structure of
TAPP-VIO contributes to reducing thermal damage to adjacent normal
tissues. In contrast, TAPP (2.22 x 10~* g mL™!, equivalent to 5.00 x
10~* g mL™! of TAPP-VIO) and PBS did not show a significant temper-
ature increase even after 20-min irradiation at the same power density
(AT = 5 °C for TAPP and 2 °C for PBS) (Fig. 2F and Fig. S11). The above
results confirm that the cationic framework structure of TAPP-VIO
effectively reduces the strong n-n stacking effect between the COF
layers, leading to enhanced photodynamic performance while mini-
mizing excessive heat generation, which is more conducive to antibac-
terial applications.

3.3. Invitro phototherapy/chemotherapy bactericidal effect of TAPP-VIO

To evaluate the phototherapeutic antibacterial potential of TAPP-
VIO, typical Gram-negative E. coli and Gram-positive S. aureus were
selected as model pathogens for antibacterial experiments. The syner-
getic bactericidal effect of TAPP-VIO was firstly evaluated through the
plate method with bacterial solutions (1 x 108 CFU mL ™) of S. aureus
and E. coli. The survival rate of both S. aureus and E. coli upon white LED

irradiation (100 mW cm~2) did not differ from that of the control group
without any treatment (Fig. 3a, b and Fig. S12), indicating that the
selected power density and exposure time did not cause irreparable
damage to the bacteria. While the survival rate of above two typical
pathogens was slightly reduced when treated with TAPP-VIO alone. This
can be attributed to the ionic nature of TAPP-VIO, which carries a sig-
nificant positive charge, allowing it to fix on the bacterial surfaces and
break the balance of the bacterial membrane potential. Markedly, the
bacterial survival rate in TTAP-VIO combined with irradiation treatment
group was significantly reduced in a time-dependent manner. When the
irradiation time was up to 20 min, nearly all of the S. aureus and E. coli
were killed (Fig. 3a, b and Fig. S12). To sum up, TAPP-VIO not only has a
certain bactericidal effect by itself, but its phototherapy bactericidal
performance can also be activated by laser irradiation, showing excel-
lent photothermal/photodynamic/chemical synergistic antibacterial
performance. In summary, compared with non-ionic porphyrin COFs
[53,58], TAPP-VIO exhibits superior antibacterial performance and
lower photothermal temperatures under milder irradiation conditions,
showing excellent potential for antibacterial applications.

To further investigate the synergetic bactericidal effect of TAPP-VIO,
Calcein-AM/PI were subsequently chosen as probes to respectively label
live (green fluorescence) and dead bacteria (red fluorescence) after
different treatment. Confocal images of bacterial suspensions subjected
to various treatments were consistent with the results of the plate
experiment above (Fig. 3c). Notably, the uniformly dispersed fluores-
cence of S. aureus suspension, whether exposed to white LED or not,
changed to an aggregated state as long as it was treated with TAPP-VIO
(Fig. 3c). This aggregation likely results from the positively charged
TAPP-VIO attracts and binds to the negatively charged S. aureus, thereby
causing uniformly dispersed S. aureus to cluster around TAPP-VIO.
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Fig. 3. The bactericidal effect of TAPP-VIO (5.00 x 1074 g mL 1) toward (a) E. coli and (b) S. aureus (statistical significance: * P < 0.05 and ** P < 0.01). (c) Confocal
laser scanning microscopy (CLSM) imaging of E. coli and S. aureus after different treatments. Live and dead bacteria were stained in green and red by Calcein-AM and

PI, respectively (scale bar, 30 um). (d) The SEM images of bacteria after different treatments (scale bar, 3 pm). (e) The CLSM images of bacteria after different
treatments for the detection of 'O, (scale bar, 30 um).
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Furthermore, this finding also confirms the bacteria-targeting of TAPP-
VIO.

Scanning electron microscopy (SEM) was further employed to
investigate the morphological changes of bacterial cells after different
treatments. In both control group without any treatment and the
irradiation-only group, the bacterial cells appeared full, smooth, and
free from visible wrinkles (Fig. 3d). After TAPP-VIO treatment, however,
TAPP-VIO adhered to the surface of the bacterial bodies, causing
rupture. Moreover, TAPP-VIO combined with irradiation resulted in
significant content leakage and morphological changes in the bacterial
cells. These results indicate that TAPP-VIO adheres to the surface of
bacteria and exerts a good bactericidal effect in situ upon light exposure.

To further verify the synergistic bactericidal mechanism, DCFH-DA
was used as a !0, indicator to verify the production of 105 in the bac-
teria. DCFH-DA itself is non-fluorescent, but can be hydrolyzed by
intracellular esterases and subsequently oxidized by 10, to form green
fluorescent product. In all of the above treatment groups, green fluo-
rescence appeared only in the experimental group of bacteria treated
with both TAPP-VIO and laser irradiation, and the fluorescence intensity
increased with irradiation time (Fig. 3e). This indicates that only laser
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irradiation or TAPP-VIO treatment does not produce l02, while 102, can
be produced if and only when both TAPP-VIO and laser illumination are
applied.

3.4. In vivo antibacterial effects of TAPP-VIO

Inspired by the above in vitro excellent bactericidal ability of TAPP-
VIO, in vivo phototherapy/chemical synergistic therapeutic perfor-
mance of TAPP-VIO was explored using S. aureus-infected mouse model.
The bio-compatibility of TAPP-VIO was firstly investigated through
hemolytic assays. As shown in Fig. S13, the hemolysis rate of red blood
cells remained below 1 % even the concentration of TAPP-VIO reached
750 pg mL~}, indicating that TAPP-VIO has excellent biocompatibility
and can be used for the treatment of infected wounds. To verify the in
vivo therapeutic effect, S. aureus-infected mice were randomly divided
into four groups, and the changes in body weight, behavior and wound
area of mice during treatment were recorded. TAPP-VIO was dropped
into the wound and irradiated with white LED as the treatment experi-
ment, while the control group was no treatment, laser irradiation or
TAPP-VIO treatment only.
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Fig. 4. (a) Enlarged photographs of local wounds in different groups of mice on days 0, 1, 4, 7 and 10. (b) The relative wound areas of the different groups at
different time points. S and S, are the areas of the infected wound at a certain therapy point and before treatment, respectively. (c) Body weights of mice from
different groups at different time points during the healing process. Gy is the initial weight of mice, while G is the weight of treated mice at a certain therapy point.



J.-J. Qian et al.

As shown in Fig. 4a and Fig. S14, although the wounds in all treat-
ment groups gradually decreased over time, the wound healing speed
was faster and the healing degree was more pronounced in the TAPP-
VIO treatment group, particularly in the group treated with TAPP-VIO
combined with irradiation. On the 10th day after irradiation, the
wounds of the TAPP-VIO + irradiation group had not only healed
completely, but also presented a pink healthy skin. To provide a clearer
comparison of healing progress, the relative area of the wound during
the treatment process were recorded. As shown in Fig. 4b, during the
whole observation process, the relative wound area of the TAPP-VIO and
TAPP-VIO + irradiation groups were smaller than that of the control
group, particularly TAPP-VIO with the irradiation group reaching a
relative wound area of zero by the 10th day of treatment. These results
indicate that TAPP-VIO can bind to bacteria alone and disrupt the bac-
terial membrane potential through electrostatic interaction. Meanwhile,
TAPP-VIO generates heat and 10, to synergically kill bacteria when
illuminated, which plays a better role in promoting wound healing.
Besides, monitoring the body weight, a key health indicator, revealed no
significant fluctuations in any treatment group throughout the study,
indicating that the TAPP-VIO has no significant side-effects (Fig. 4C).

To further evaluate the effects of different treatments on wound
healing and inflammation in mice, H&E staining, Masson staining, and
inflammatory factor (such as TNF-a and IL-6) staining were performed
on the skin samples from the wound sites. As shown in Fig. 5, H&E and
Masson staining revealed fewer inflammatory cells and more collagen
tissue in the TAPP-VIO and TAPP-VIO + irradiation groups compared
with the other treatment groups, suggesting superior wound healing in
these two groups. Inflammatory factor staining (Fig. 5) also showed
significantly reduced TNF and IL-6 levels in the TAPP-VIO treatment
group, particularly in the TAPP-VIO combined with irradiation. These
results indicate that TAPP-VIO can effectively bind to bacteria in the
wound, inducing bacterial cell death. Moreover, the bactericidal effect
of TAPP-VIO is further enhanced by irradiation, thereby promoting
more efficient wound healing. In addition, no observable inflammatory
reaction was observed in the H&E staining of the main organs of mice
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after treatment, indicating that TAPP-VIO combined with irradiation
treatment has no obvious side effects on mice (Fig. S15).

4. Conclusions

In conclusion, the TAPP-VIO cationic COF integrates bacteria-
targeting capabilities with phototherapy/chemotherapy synergistic
bactericidal functions, demonstrating strong antibacterial effects and
promoting wound healing ability. Through optimized hydrothermal
synthesis, we obtained the porous nanomaterials with a well-defined
crystal structure and large surface. The introduction of the ionic
monomer VIO gives the material a certain interlayer electrostatic
repulsion, effectively reducing the aggregation of porphyrin monomer
caused by n-n stacking effect, and enhancing the production capacity of
102. In addition, the relatively mild photothermal effect aids in bacte-
ricidal effect while minimizing thermal damage to adjacent tissues. The
cationic VIO monomer also facilitates active bacterial-targeting and
enhances the bactericidal effect through chemotherapy. Both in vitro and
in vivo studies confirmed that TAPP-VIO exhibits strong bacterial bind-
ing affinity and a robust synergistic bactericidal effect, effectively pro-
moting the healing of infected wounds. Furthermore, TAPP-VIO shows
good cell compatibility and good application prospect. The design of this
cationic framework material provides a new idea for the design of nano
photosensitizers and bactericidal drugs.
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