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l for infected wound care:
synergistic photothermal-photodynamic therapy
using a conjugation-bridge modulated D–A–D
porous organic polymer

Jie Zheng,a Lei Ju,a Jie Sun,c Linlin Xua and Junshan Zhang *b

Porphyrin-based photosensitizers (PSs) often suffer from aggregation-caused quenching (ACQ) due to

strong p–p stacking, which severely compromises their therapeutic activity. To address this, we leverage

the inherently rigid and distorted frameworks of porous organic polymers (POPs) to physically impede

such detrimental stacking, thereby preserving the photoactivity of the embedded porphyrin units. By

employing a conjugation-bridge engineering strategy, we synthesized a series of porphyrin-based

conjugated microporous polymers (CMPs). Among them, the optimal material, TPA-POR, is constructed

from an electron-donating TPA unit, specifically, 1,10,100-(nitrilotris(benzene-4,1-diyl))tris(ethan-1-one) and
electron-accepting triazine nodes, denoted as 6,60,600,6000-(porphyrin-5,10,15,20-tetrayltetrakis(benzene-
4,1-diyl))tetrakis(1,3,5-triazine-2,4-diamine). In this architecture, the porphyrin components serve as the

electron-donor cores linked to the triazine units, consistent with their well-known role as PSs. This

molecular design gives TPA-POR a distinct donor–acceptor–donor (D–A–D) topology. This rational

design confers multiple integrated advantages that synergistically address the key challenges in

phototherapy. The inherently positive charge of the structure allows for precise electrostatic targeting to

bacterial surfaces, which not only concentrates the therapeutic agent but also critically shortens the

diffusion path for short-lived ROS, maximizing their localized impact. TPA-POR exerts its antibacterial

effect through dual photodynamic pathways. Its Type I mechanism efficiently generates ROS, such as

hydroxyl radicals (cOH), enabling effective therapy even in hypoxic microenvironments. Concurrently, the

Type II pathway provides complementary activity under oxygen-replete conditions. This dual capability

reduces reliance on ambient oxygen, overcoming a key limitation of conventional photodynamic

therapy. Furthermore, these photodynamic actions are synergized by the material's intrinsic

photothermal properties and its rigid, nanostructured surface, which promotes physical interaction with

bacteria. Together, these integrated mechanisms ensure potent and reliable efficacy across diverse

oxygen tensions. Consequently, TPA-POR exhibits potent antimicrobial activity, achieving near-complete

inactivation of both S. aureus and E. coli at a low concentration of 300 mg mL−1 and effectively

promoting the healing of infected wounds in vivo. This work demonstrates a multifaceted design that

integrates the anti-quenching scaffold of POPs with a functional D–A–D architecture to overcome key

limitations in photodynamic therapy.
Introduction

Bacterial infections, recognized as a leading pathogenic threat,
present a major global challenge by driving a wide spectrum of
diseases that endanger public health and impede socioeco-
nomic development.1–3 This crisis is further intensied by the
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declining effectiveness of conventional antibiotics,4 making the
pursuit of antibiotic-free sterilization methods an urgent
priority.5 Among these, photo-inactivation (PI) has emerged as
a highly promising strategy, valued for its high efficiency, broad-
spectrum activity, and non-invasive nature.6 The success of PI
fundamentally depends on the performance of photosensitizers
(PSs), which mediate the conversion of light energy into cyto-
toxic reactive oxygen species (ROS) or localized heat.7

Over decades of development, diverse PSs have been
explored, broadly classied into organic materials (porphyrins,
phenothiazinium dyes, and phthalocyanines) and inorganic
counterparts, including carbon dots, metal oxides, and noble
RSC Adv., 2026, 16, 11543–11556 | 11543
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metal nanoparticles.8–10 While inorganic PSs oen face chal-
lenges related to long-term biocompatibility, organic PSs offer
superior structural tunability and biodegradability.11,12

However, the practical application of organic PSs, especially in
antibacterial contexts, is hindered by several interrelated limi-
tations. Porphyrin derivatives, in particular, suffer from a strong
tendency for p–p stacking and self-aggregation, which
quenches their photoexcited states and drastically diminishes
photodynamic activity.13,14 This not only lowers ROS yields but
also creates a spatial barrier that restricts their action. More-
over, even when aggregation is mitigated, the inherently short
diffusion radius and rapid decay of photogenerated ROS, such
as singlet oxygen, require close proximity to bacterial targets for
effective lethality.15 Compounding these spatial constraints, the
dominant Type II photodynamic pathway relies heavily on local
oxygen concentration, which is oen severely depleted in
biolm-associated and deep-tissue infections, imposing a crit-
ical environmental limitation on therapeutic efficacy.16

To address these challenges, the design of multifunctional
nanoplatforms capable of simultaneously targeting bacterial
infection, oxidative stress, and the hypoxic wound microenvi-
ronment represents a promising direction. Recent advances
include intelligent ZIF-based systems that combine photo-
thermal and chemodynamic therapy with oxygen evolution
properties, demonstrating signicant potential in infected
wound healing.17 Another promising approach involves con-
structing solid-state PSs within rigid, porous frameworks. By
immobilizing photoactive units in a distorted polymer network,
aggregation can be physically suppressed.11 The three-
dimensional architecture of porous organic polymers (POPs)
prevents close p–p stacking, thereby preserving and even
enhancing the photoactivity of embedded chromophores.12

This solid-state, nanostructured design also facilitates engi-
neered interactions at the material–bacteria interface. A con-
torted backbone can create a microscopically rough and
abrasive surface topology, potentially enhancing physical
disruption of bacterial membranes.18 Furthermore, high
porosity supports mass transfer and improves oxygen diffusion,
which is essential for efficient ROS generation.13,14

Among various porous scaffolds, conjugated microporous
polymers (CMPs) have gained prominence as robust platforms
for heterogeneous photosensitizers. Characterized by extended
p-conjugation, tunable pore architectures, high surface areas,
and excellent physicochemical stability, CMPs are well-suited
for antimicrobial phototherapy.15 Importantly, their molecular
structure can be precisely tailored at the monomer level,
enabling the rational design of donor–acceptor (D–A) systems to
improve charge separation for enhanced ROS yields, as well as
the incorporation of functional groups to modulate surface
properties.19

In this study, we synthesized a series of porphyrin-based
CMPs with enhanced photoactivity via a one-pot polymeriza-
tion of a tetraaldehyde-functionalized porphyrin with acetyl-
substituted linkers of varying conjugation lengths. The rigid
and contorted backbone of these CMPs effectively inhibits
porphyrin self-aggregation. The optimal material, TPA-POR,
constructed from triphenylamine donor and triazine acceptors
11544 | RSC Adv., 2026, 16, 11543–11556
in a donor–acceptor–donor (D–A–D) topology, was rationally
designed to concurrently address key challenges in antibacterial
phototherapy. This architecture delivers several integrated
benets. It promotes intramolecular charge separation for
enhanced photodynamic efficiency, inherently suppresses
aggregation-caused quenching (ACQ), and carries a permanent
positive surface charge that enables strong electrostatic adhe-
sion to negatively charged bacterial membranes. This localiza-
tion drastically shortens the diffusion path for short-lived ROS,
maximizing their bactericidal effect. Critically, TPA-POR oper-
ates through both Type I and Type II photodynamic pathways,
ensuring sustained ROS generation even under hypoxic condi-
tions typical of infected tissues.20–22 This work establishes
a design pathway toward high-performance solid-state photo-
sensitizers capable of addressing the persistent challenge of
antibiotic resistance.

Results and discussions

As shown in Scheme 1, four CMPs were facilely prepared via
a one-pot solvothermal synthesis, involving a condensation
reaction between acetyl and amino functionalities, leading to
the formation of a cross-linked network. Briey, the 5,10,15,20-
tetrakis(4-(2,4-diaminotriazinyl)phenyl)porphyrin (Por) was
polymerized with either the C3-symmetric 4,40,400-tri-
acetyltriphenylamine (TPA) or the C2-symmetric 4,40-di-
acetylbiphenyl (BP), 1-(7-acetyl-9H-carbazol-2-yl)ethanone (CB)
and 1,4-diacetylbenzene (BE) aromatic monomers with different
conjugations via the simple solvothermal synthesis.23 The nal
products were powdery materials, denoted as TPA-POR
(brownish black powder), BP-POR (black powder), CB-POR
(brown powder) and BE-POR (black powder), respectively. The
detail for the synthesis was given in the SI.

The bonding of as-synthesized CMPs was initially investi-
gated via the Fourier infrared spectrum (FT-IR, Fig. 1a and S1).
As seen, apart from the feature signal of reaction monomers,
the FT-IR spectra of the as-prepared CMPs all displayed the
characteristic stretching vibration belonging to the C]N bonds
located at ∼1700 cm−1.24 Meanwhile, the concurrent disap-
pearance of the acetyl (∼1670 cm−1) and amine (∼3300 cm−1)
demonstrated the successful conversion of the starting mate-
rials into the desired extended conjugated products.25,26 Solid-
state cross-polarization magic angle spinning 13C-nuclear
magnetic resonance (CP/MAS, 13C-NMR) spectra was per-
formed to further investigate the chemical structure of as-
synthesized TPA-POR (Fig. 1b). Noteworthily, TPA-POR pre-
sented well-resolved carbon signals ranged from 0 to 200 ppm.
The shis distributed around 15 ppm was assigned to the
saturated carbon in the methyl group. And the remaining peaks
ranged from 120–150 ppm was attributed to the sp2 hybridized
aromatic carbon in the porous skeletons.27

To further conrm the formation of the linkages, we per-
formed XPS analysis (Fig. S2a). The core-level N 1s spectrum can
be deconvoluted into two primary component peaks. The
dominant peak, located at a binding energy of 398.76 eV, is
unambiguously assigned to the imine nitrogen (–C]N–)
formed via the condensation reaction. This provides direct
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of the synthesis and antimicrobial mechanism of TPA-POR.
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spectroscopic evidence for the successful formation of the
proposed polymer network linkage. A second peak is observed
at a higher binding energy of 400.19 eV, which is characteristic
of amine-type nitrogen atoms within aromatic C–N environ-
ments, originating from the diaminotriazine building units.
Taken together, the claried reaction sites, rened FT-IR
deconvolution, as well as direct solid state 13C NMR XPS iden-
tication of imine nitrogen offer robust, multi-faceted valida-
tion of the proposed condensation pathway and the resulting
chemical structure.

The powder X-ray diffraction (XRD) patterns of TPA-POR di-
splayed only a broad peak around 23°, indicating the amor-
phous nature of the as-synthesized polymers (Fig. S2b).
Furthermore, thermogravimetric analysis (TGA) was performed
to assess the thermal stability of TPA-POR (Fig. S2c). The data
show stability up to 240 °C with a slight mass loss (less than 9%)
below 100 °C, due to the loss of water absorbed by the polar, N-
rich polymer backbone.28 The porosity of TPA-POR was deter-
mined using low-temperature nitrogen uptake measurements
at 77 K. As shown in Fig. 1c, the isotherm of TPA-POR exhibited
a vertical increase in the low pressure range (P/P0 < 0.01), fol-
lowed by a pronounced hysteresis loop, indicating a micro/
mesoporous structure.29 The specic BET surface areas and
© 2026 The Author(s). Published by the Royal Society of Chemistry
cumulative total volume of TPA-POR were calculated to be 151.5
m2 g−1 and 0.086 cm3 g−1, respectively. Additionally, the pore
size distribution (PSD) curve conrmed the coexistence of
micropores and mesopores in TPA-POR, with a main peak
centered at 5.5 nm and two secondary peaks at 7.97 nm and
36.6 nm. Then, the surface potential (Fig. 1e) and particle size
(Fig. 1f) of TPA-POR were respectively explored via zeta-potential
and dynamic light scattering (DLS). The corresponding results
demonstrated the positively charged surface charge of the TPA-
POR (+30.06 mV), which could well stick to the negatively
charged bacterial surface (−31.33 mV and −15.16 mV for E. coli
and S. aureus). And the surface potential of bacteria was
decreased signicantly aer mixing with TPA-POR.30 Simulta-
neously, the particle size analysis revealed the particles were
predominantly within the range of 450 to 650 nm.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were then used to observe the
morphological features of TPA-POR. As shown in Fig. 2a and b,
TPA-POR featured coral-like surface morphology with a branch-
like continuous porous skeleton throughout the polymer
matrix. Fig. 2c and d showed the TEM of TPA-POR at different
scale bars. As observed, TPA-POR exhibits a monolithic struc-
ture composed of irregular particles, with interconnected pores
RSC Adv., 2026, 16, 11543–11556 | 11545
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Fig. 1 (a) FT-IR Spectroscopy of Porphyrins, TPA and TPA-POR; (b) solid-state 13C NMR spectra of TPA-POR; (c) low-temperature N2 uptake
isotherm of TPA-POR at 77 K; (d) NLDFT pore width analysis of TPA-POR; (e) surface potential of TPA-POR and bacteria (Group I: TPA-POR, II: E.
coli, III: S. aureus, IV: TPA-POR + E. coli, V: TPA-POR + S. aureus); (f) particle size distribution of TPA-POR.
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widely distributed across the carbon skeleton. Moreover,
distinct protrusions along its edges contribute to a rough
surface topography, which not only facilitates bacterial attach-
ment but also contributes to the disruption of bacterial struc-
tures to some extent. The high-resolution TEM (HR-TEM,
Fig. 2e) veried the widely presence of micropore visible from
the light and shade contrast. Energy-dispersive spectroscopy
(EDS) analysis and the corresponding elemental mapping of
TPA-POR (Fig. 2g and S3) conrmed its composition, revealing
a carbon-dominated polymer matrix (C, 90.67%) with uniformly
distributed nitrogen (N, 7.63%) and oxygen (O, 1.7%). More-
over, transmission electron microscopy (TEM) images of the
other three samples (BP-POR, CB-POR, and BE-POR) showed
that, similar to TPA-POR, they are also amorphous materials
composed of irregularly sized particles (Fig. S4). Thus, the rigid,
distorted cationic framework establishes a rough, nano-
structured interface with high surface area, which promotes
strong bacterial adhesion through localizing the therapeutic
agent and enhancing the efficacy of subsequent ROS and heat
generation.

The extended conjugated structure of the synthesized poly-
mers prompted us to investigate their photophysical properties.
UV-visible-near-infrared (UV-vis-NIR) absorption spectra were
collected to evaluate the optical absorption capabilities of the
four samples.31 As shown in Fig. 3a, all samples exhibited broad
absorption across 200–900 nm. Among them, TPA-POR di-
splayed the strongest absorption under identical conditions
(300 mg mL−1), with absorbance increasing at higher concen-
trations (Fig. 3b), indicating favorable light-harvesting ability.
11546 | RSC Adv., 2026, 16, 11543–11556
Given their strong NIR absorption, we further examined the
photothermal conversion performance of the polymers (300 mg
mL−1) under 808 nm laser irradiation (1.0 W cm−2, 10 min). As
illustrated in Fig. 3c, TPA-POR showed the most pronounced
temperature rise, increasing rapidly from 27.3 to 69.5 °C, con-
rming its superior photothermal activity. This result high-
lights how conjugation-bridge modulation enhances the
photothermal properties of the synthesized CMPs. The
outstanding performance of TPA-POR can be attributed to its
distinct D–A–D topology featuring the TPA donor unit, which
likely facilitates more efficient intramolecular charge transfer
and stronger light absorption compared to the other bridges
(BP, CB, BE). Therefore, TPA-POR was selected as the PS for all
subsequent experiments, using pure water as the control. Its
photothermal response was evaluated by monitoring tempera-
ture increases under 808 nm NIR laser irradiation, with varia-
tions in either material dosage or laser power. As shown in
Fig. 3d, the temperature of TPA-POR dispersion was remarkably
increased with the extension of irradiation time and the sample
dose. Furthermore, as veried by the results in Fig. 3e, the
photothermal conversion effect of TPA-POR also positively
correlated with the NIR laser power densities. All these results
demonstrated the photothermal efficiency of TPA-POR could be
facilely and precisely controlled by the nely regulation on the
sample concentration, illumination time, and the laser power
density. The temperature increment of the aqueous dispersion
solution of TPA-POR varied from 19.8 °C to 60.4 °C with the
increase of concentration (0–400 mg mL−1) aer 10 min of NIR
irradiation (1.0 W cm−2). And the warming process of TPA-POR
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Morphology characterization and elemental analysis of TPA-POR. (a and b) SEM images of TPA-POR at the scale bar of 1 mm and 500 nm,
respectively; (c and d) TEM images of TPA-POR at varied scale bar of 200 nm, 50 nm respectively; (e) HR-TEM of TPA-POR at a scale bar of
10 nm; (f) the elemental mapping of TPA-POR.
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was also visually testied by thermal image camera (Fig. 3f).
With the variation of laser powers from 0.5 to 1.5 W cm−2, the
nal temperature of TPA-POR (300 mg mL−1) increased from
40.1 to 67 °C within 10 min of NIR irradiation. Subsequently,
the recurrent heating and cooling experiment was carried out to
estimate the photothermal reversibility of TPA-POR. As di-
splayed in Fig. 3g, the TPA-POR possessed a high photothermal
stability with almost unchanged maximum temperature aer 4
cycles of NIR illumination. Subsequently, the photothermal
conversion efficiency (h) of TPA-POR was quantied using eqn
S1–S4, with key parameters derived from experimental data (ss
= 233.58 s, as obtained from the cooling curve in Fig. 3h). The
calculated h reached 80.47%, a value that signicantly exceeds
those of most previously reported photosensitizers (Table S1).32

This remarkable performance can be attributed to the rationally
designed D–A–D architecture of TPA-POR, which promotes
efficient intramolecular charge separation and enhances non-
radiative decay, thereby leading to superior photothermal
conversion under NIR irradiation.32
© 2026 The Author(s). Published by the Royal Society of Chemistry
The structural stability of TPA-POR was then evaluated
across several conditions, beginning with its photothermal
stability. This was measured by comparing the UV-vis absorp-
tion spectra before and aer subjecting the material to multiple
photothermal cycles. The observed near-overlap of the spectra,
with minimal change (Fig. S5a), indicates that TPA-POR
possesses good photothermal stability.33 Water storage
stability was assessed by comparing the photothermal perfor-
mance of TPA-POR before and aer 15 days of water immersion
(Fig. S5b).34 The results showed that its photothermal effect
remained essentially unchanged, conrming excellent aqueous
stability. Similarly, pH stability was evaluated by measuring the
UV-vis absorption under different pH conditions (1.5–7.5)
(Fig. S5c). TPA-POR also exhibited good stability across this pH
range, with no signicant change in absorption observed.35

Given the unique macromolecular structure of TPA-POR, in
which the TPA moiety serves as an electron-donor core linked to
triazine units, the porphyrin components are consistently
characterized as electron donors and widely recognized as PSs.
RSC Adv., 2026, 16, 11543–11556 | 11547
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Fig. 3 Photophysical and photothermal characterization of the synthesized CMPs. (a) UV-vis absorption spectra of TPA-POR, CB-POR, BP-POR,
and BE-POR at an equal concentration (300 mg mL−1). (b) Concentration-dependent UV-vis absorption spectra of TPA-POR (100–500 mgmL−1).
(c) Photothermal heating curves of TPA-POR, CB-POR, BP-POR, and BE-POR under identical conditions (500 mgmL−1, 808 nm, 1.0 W cm−2). (d)
Linear fitting of the steady-state temperature rise of TPA-POR as a function of concentration (0–400 mg mL−1) after 10 min of NIR irradiation
(808 nm, 1.0 W cm−2). (e) Photothermal performance of TPA-POR under 808 nm laser irradiation at different power densities (0.5–1.5 W cm−2).
(f) Infrared thermal images of TPA-POR solutions at various concentrations and time points during irradiation. (g) Cyclic photothermal stability
test of TPA-POR (300 mg mL−1) over four on/off irradiation cycles. (h) Linear plot derived from the cooling stage, showing the negative natural
logarithm of the temperature driving force versus time.
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When covalently attached to a triazine unit, the porphyrin
almost always functions as the electron donor under light
irradiation, injecting electrons into the triazine moiety.36 This
strategic conguration results in a particularly robust donor–
acceptor–donor (D–A–D) architecture. As a consequence, elec-
trons in the photoactive TPA-POR are readily excited upon light
exposure, leading to a signicant enhancement of its photo-
catalytic activity.37 Accordingly, the ability of TPA-POR to
generate cytotoxic ROS under NIR irradiation was evaluated
using both Electron Paramagnetic Resonance (EPR) spectros-
copy and chemical colorimetric assays. All experiments were
conducted under ambient conditions to enhance the clinical
relevance and better simulate a natural treatment environ-
ment.38 A 2,7-dichlorouorescein diacetate (DCFH) probe was
used to assess the total ROS generation capacity of TPA-POR.
11548 | RSC Adv., 2026, 16, 11543–11556
The results (Fig. S6) revealed that the uorescence intensity of
the probe alone increased only minimally upon laser irradia-
tion. However, upon the addition of TPA-POR, a substantial
increase in uorescence intensity was noted, indicating TPA-
POR possessed excellent photodynamic performance.39 Subse-
quently, the EPR spectroscopy were conducted to monitor the
PDT process catalyzed by TPA-POR. As illustrated in Fig. 4a–c,
TPA-POR was capable of generating ROS through two distinct
pathways under NIR irradiation. These pathways encompassed
the formation of oxygen-independent hydroxyl radicals (cOH,
type I) and superoxide anions (O2

−, also type I), as well as the
production of oxygen-dependent singlet oxygen (1O2, type II),
simultaneously.40

Furthermore, the generated ROS were quantied and iden-
tied by employing diphenyl benzofuran (DPBF), Methyl Blue
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Detection and quantification of photogenerated ROS. (a) EPR spectra of TPA-PORwith TEMP in CH3CN under dark and NIR irradiation; (b)
EPR spectra of TPA-POR with DMPO in H2O under dark and NIR irradiation; (c) EPR spectra of TPA-POR with DMPO in CH3CN under dark and
NIR irradiation; UV-vis spectra of (d) DPBF, (e) TPA-POR under NIR (1.0 W cm−2) irradiation; (f) comparison of the decay rates of DPBF induced by
TPA-POR under NIR (1.0 W cm−2) irradiation; (g) UV-vis spectra of MB under NIR irradiation; (h) UV-vis spectra of MB with TPA-POR under NIR
irradiation; (i) comparison of the decay rate of MB induced by TPA-POR under NIR irradiation; (j) FL spectra of DHR123 under NIR irradiation; (k) FL
spectra of DHR123 with TPA-POR under NIR irradiation; (l) comparison of the decay rate of DHR123 induced by TPA-POR under NIR irradiation.
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(MB), and dihydrorhodamine (DHR123) as specic probes for
singlet oxygen 1O2, cOH and O2

−, respectively. Compared with
the slight decay of DPBF (Fig. 4d) under the NIR illumination,
a much signicant decreases in DPBF absorbance were
observed aer the addition of TPA-POR (Fig. 4e). Upon the
© 2026 The Author(s). Published by the Royal Society of Chemistry
treatment of TPA-POR, the absorbance of DPBF was rapidly
decreased by 57.8% within 1 min of illumination, which further
decreased to 83.64% aer 10 min of irradiation. These results
suggested TPA-POR could rapidly convert the surrounding O2 to
generate 1O2 when irradiated with a 808 nm NIR (1.0 W cm−2).41
RSC Adv., 2026, 16, 11543–11556 | 11549
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As delivered in Fig. 4g–i, the UV-vis absorbance of MB also
decreased quite weakly under NIR irradiation alone, but the
absorption of MB was signicantly decreased aer the addition
of TPA-POR. Specically, the absorbance decreased by 81.05%
within 10 min of NIR irradiation, demonstrating the strong cOH
generation ability of TPA-POR under NIR irradiation via directly
sensitizing water.42 Moreover, the experimental results in
Fig. 4j–l indicated the uorescence intensity of the pure
DHR123 only increased by only 31.32% under NIR irradiation
for 10 min. However, the uorescence intensity was increased
signicantly by 131.76% aer the addition of TPA-POR, indi-
cating the excellent O2

− production ability.43 The above results
indicated TPA-POR featured both type I (oxygen-dependent) and
type II (oxygen-independent) photodynamic capacities, which
could exert sterilization not only in an aerobic environment, but
also kill bacteria in an anoxic environment, demonstrating the
superb phototherapeutic antimicrobial prospect.

Given its promising photothermal and photodynamic prop-
erties, we conducted a comprehensive investigation into the
antimicrobial potential of TPA-POR. We used Escherichia coli (E.
coli) and Staphylococcus aureus (S. aureus) as model Gram-
negative and Gram-positive bacteria, respectively (Fig. S7).
Aer 10 min of NIR irradiation (1.0 W cm−2), the number of
bacterial colonies was gradually decreased with the increase of
TPA-POR dose. The killing ability of TPA-POR (300 mg mL−1)
reached 99.7 ± 0.26% and 98.3 ± 0.12% against E. coli and S.
aureus, respectively. To probe the antibacterial mechanism, we
established a series of experimental groups for each bacterial
strain, varying the conditions of TPA-POR and light exposure. As
depicted in Fig. 5a and b, the number of colonies of both E. coli
and S. aureus in the PBS and PBS + NIR groups remained largely
unchanged, indicating the NIR irradiation alone has no
signicant effect on bacterial growth. By contrast, the survival
rate of E. coli and S. aureus treated by TPA-POR alone also
showed a decrease of 12.53% ± 6.18 and 20.8 ± 3.68%,
respectively. However, the iniction of NIR to the TPA-POR
induced substantial reductions in the bacteria number, with
E. coli and S. aureus decreasing by 99.54 ± 0.18% and 98.02 ±

1.10%, respectively. This results revealed the D–A–D structure
could effectively eliminate the differences in resistance to PDT
and PTT induced by the distinct cell structures of different
bacteria.44

To further conrm these results, TEM was performed on the
bacteria strains underwent varied treatments.45 As shown in
Fig. 5c, bacterial electron microscopy revealed E. coli and S.
aureus in the PBS and PBS + NIR groups featured overall
bacterial structural integrity with smooth appearance and
evident agella. Remarkably, when bacteria were grown on the
surface of TPA-POR and subjected to NIR irradiation, extensive
damage was observed. This included obvious cytoplasmic
efflux, cell wall breakage, and the absence of agella. By
contrast, only slight bacterial damage was observed in the TPA-
POR group, which was consistent with the bacterial smear plate
results. Live-dead staining (Fig. 5d) results of E. coli and S.
aureus showed identical results with the TEM observations,
from which, TPA-POR-treated bacteria were all stained with red
uorescence. All these results demonstrated the antimicrobial
11550 | RSC Adv., 2026, 16, 11543–11556
properties of TPA-POR were ascribed to the additive effect of
proposed D–A–D structure with PTT and PDT.46–48

Then, the biocompatibility of TPA-POR was assessed by
hemolysis and cytotoxicity assays. The hemolysis analysis was
performed to estimate the toxicity of TPA-POR on red blood
cells, using water and PBS as positive control and negative
control, respectively.49 As displayed in Fig. 6a, TPA-POR was
benign to the red blood cells with a qualied hemolysis rate
below 1.5% over the experimental range (100–500 mgmL−1). The
cytotoxicity experiments were carried out to evaluate the effect
of TPA-POR on the viability of normal cells via the MTTmethod,
using Human Liver-7702 (HL7702) and Human embryonic
kidney 293 (HEK 293) cells as models.50 The MTT results
demonstrated a concentration-dependent cytotoxicity of TPA-
POR, and the exertion of NIR illumination induced the
increase of cytotoxicity. However, the viabilities of HL7702 and
HEK293 cells were well retained exceeding 80% (Fig. 6b and c)
at the optimal therapeutic concentration (300 mg mL−1)
regardless of NIR illuminations. The consequences suggested
TPA-POR possessed a favorable in vitro safety prole at its
optimal antimicrobial concentration. To investigate the poten-
tial impact of TPA-POR on cellular migratory capacity, cell
scratching experiments were we conducted utilizing mouse
broblasts as our model system (Fig. S8). Cell migration assays
showed that TPA-POR (300 mg mL−1) did not signicantly affect
normal cell mobility aer 12 h or 24 h of co-culture. The
migration rates were comparable to the control, measuring 58.7
± 0.75% (TPA-POR) versus 59.3 ± 1.95% (control) at 24 h, con-
rming its negligible impact on migratory capability. To assess
the antimicrobial effectiveness and wound healing capabilities
of TPA-POR in vivo, mouse models with S. aureus-infected back
wounds was established.51 Female BALB/c mice (6–8 weeks old,
n = 3 per group) were randomly divided into four treatment
groups, including the PBS, PBS + NIR, TPA-POR, and TPA-POR +
NIR. The group size was determined with reference to common
practice in similar published studies on infected wound healing
in murine models and in accordance with the principle of using
the minimum number of animals necessary to obtain scientif-
ically valid results. For wound modeling, full-thickness skin
wounds were created on the dorsal surface using an 8 mm
punch biopsy. Aer infection was established, mice were
randomized into treatment groups via a computer-generated
sequence to ensure balanced distributions of body weight and
initial wound size across all groups. Throughout the experiment
and data analysis, investigators performing wound area
measurements, bacterial colony counts, and histological
assessments were blinded to group assignments to minimize
bias. All animal procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Shandong Second
Medical University (Approval No. 2022SDL150) and conducted
in compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. The treatment condi-
tions included the application of TPA-POR at a concentration of
300 mg mL−1, the use of H2O2 at 8.82 mM, and laser irradiation
at 808 nm (1.0 W cm−2 for 10 min) in the respective groups.

Treatments were given on the 1st and 3rd days, while wound
sizes were recorded and photographed on days 0, 2, 4, 6, and 8,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Antibacterial performance of TPA-POR (300 mg mL−1), photographs of remaining E. coli and S. aureus colonies on agar plates in four
groups (Group I: PBS, Group II: PBS + NIR, III: TPA-POR, Group IV: TPA-POR + NIR); (b) corresponding bacterial viability of E. coli and S. aureus
after different treatments in the four groups; (c) TEM images of treated E. coli and S. aureus in the four group; (d) SYTO9/PI staining images of E.
coli and S. aureus under different treatments in the eight groups. Data are presented as mean ± standard deviation (SD) from three independent
biological replicates (n = 3).
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respectively. Upon completing the modeling process (on day 1),
all wounds exhibited signs of infection, including visible pus,
and dense bacterial population revealed by the bacterial smear
plates at the wound sites (Fig. 6d). These results conrmed the
successful creation of a S. aureus-infected mouse wound
model.52 Additionally, an infrared camera was utilized to
monitor the temperature change of wound sites during NIR
irradiation treatment (Fig. S9). These results showed the
temperature of wounds treated with TPA-POR could reach up to
55.8 °C, which is adequate to effectively destroy bacteria. In
contrast, the temperature of wounds in the PBS group remained
around 31.7 °C, while the PBS + NIR group reached only
approximately 35.5 °C. The NIR-illumination-induced
© 2026 The Author(s). Published by the Royal Society of Chemistry
sterilizing effect could also be directly reected by the results
of bacterial smear plates at the wound sites (Fig. 6e). As seen,
the treatment with TPA-POR alone resulted in a 13.27 ± 2.62%
reduction in the number of bacterial colonies, while the TPA-
POR + NIR group showed the least number of colonies with
a reduction of 91.21 ± 1.42%. The wounds of mice under varied
treatments were gradually decreased with the extension of time.
The wound area of mice treated with TPA-POR + NIR was
smaller than those treated by others. And the progression of
wound healing in the different groups of mice could also be
illustrated from the simulations of the wound area on days 0, 2,
4, 6 and 8 (Fig. 6f). The quantication of wound areas revealed
signicant differences between the treated and control groups
RSC Adv., 2026, 16, 11543–11556 | 11551
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Fig. 6 (a) Hemolytic activity assessment of TPA-POR; (b) cytotoxicity of TPA-POR on HEK 293; (c) cytotoxicity of TPA-POR on HL7702; (d)
bacterial cultures at the wound sites on the 1st and 3rd day; (e) quantification of bacterial cultures at wound sites on the 1st and 3rd day; (f)
representative photos of corresponding wound area of five groups on days of 0, 2, 4, 6 and 8 days; the right is the traces of wound-bed closure
during treatments; (g) wound healing rate of the four groups during treatment; (h) weight change of the five groups during treatment. All
quantitative data are presented as mean ± standard deviation (SD, n = 3).
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(Fig. 6g). Specically, on day 4, mice in the treated group
exhibited notably smaller wound areas compared to the PBS
group. The most striking reduction was observed in the TPA-
POR + NIR group, with a decrease of 75.71 ± 3.37% in wound
size (vs. PBS, PBS + NIR and TPA-POR for 34.55± 3.21%, 41.17±
11552 | RSC Adv., 2026, 16, 11543–11556
2.39% and 59.85 ± 3.19%). By day 6, the healing trends became
even more apparent, with the TPA-POR + NIR group achieving
an 80.04 ± 1.07% wound area reduction (vs. PBS, PBS + NIR and
TPA-POR for 45.65 ± 5.40%, 48.84 ± 3.80% and 69.95 ± 3.70%).
Remarkably, at the end of the treatment, the TPA-POR + NIR
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) H&E stained wound tissue sections for the four groups on day 8. Key histological structures are indicated with colored arrows:
inflammatory exudate (black arrows), the presence of new hair follicles (orange arrows), and the regenerated epidermis (blue arrows). The scale
bar applies to all images; (b) tissue (heart, liver, spleen, lung and kidney) slices stained with H&E from five groups. The scale bar in the first column
applies to all images.
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group had only a 6.89 ± 2.07% remaining wound area, much
lower than the other groups (35.98± 4.47%, 35.52± 7.18%, and
17.95 ± 2.42% for PBS, PBS + NIR, and TPA-POR, respectively).
Taken together, the excellent in vivo wound healing outcomes
conrm the translational potential of TPA-POR for combating S.
© 2026 The Author(s). Published by the Royal Society of Chemistry
aureus infections. Its ability to synergize multiple antimicrobial
mechanisms effectively addresses the challenges of hypoxic and
biolm-associated wounds. Furthermore, this strong thera-
peutic performance is supported by a high safety margin.
Toxicity evaluations, based on body weight monitoring during
RSC Adv., 2026, 16, 11543–11556 | 11553
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treatment, revealed that mice receiving TPA-POR (with or
without NIR) showed a steady growth trend comparable to the
PBS group (Fig. 6h), conrming its minimal systemic toxicity.53

These results underscore TPA-POR's balanced prole of potent
efficacy and good biocompatibility, advocating for its future
clinical development.53

Aer the treatment, histological analysis was performed to
evaluate the healing status of the wound and to assess potential
lesions in major organs (heart, liver, spleen, lungs, and kidneys)
in each experimental group.54 As shown in Fig. 7a, wounds in
the PBS-treated groups, with or without NIR irradiation, di-
splayed incomplete skin coverage, signicant inammatory cell
inltration, and a lack of organized angiogenesis within the
scar tissue, indicating delayed wound healing. In the TPA-POR
group without laser exposure, the wound area showed a more
intact skin architecture compared to the PBS controls, though
residual scarring and moderate inammation were still
observable. Most notably, wounds treated with TPA-POR + NIR
exhibited near-complete re-epithelialization, as indicated by the
continuous and well-regenerated epidermal layer (blue arrows).
Furthermore, the presence of new hair follicles (orange arrows)
and the almost the disappearance of inammatory exudate
(black arrows) suggest active tissue regeneration and resolution
of infection, aligning with the enhanced antibacterial effect
observed in vivo. These histological ndings corroborate the
macroscopic wound healing results and further conrm the
efficacy of TPA-POR-mediated photothermal therapy in
promoting the repair of infected wounds. Simultaneously,
histopathological assessment of major organs revealed no
signicant signs of toxicity across all treatment groups (Fig. 7b).
Tissues from the heart, liver, spleen, lungs, and kidneys of mice
treated with TPA-POR, with or without NIR, displayed normal
cellular architecture, with no evidence of apoptosis, necrosis,
inammatory lesions, or other pathological alterations
compared to the PBS control groups. These results, consistent
with the serum biochemical indices presented in Fig. S10,
demonstrate the good biocompatibility and minimal systemic
toxicity of TPA-POR following in vivo administration.55 Collec-
tively, the data from Fig. 7 underscore the dual advantage of
TPA-POR, which effectively accelerates infected wound healing
while maintaining a favorable safety prole, thereby high-
lighting its potential as a promising photothermally activated
antimicrobial agent for translational applications.

Conclusion

In summary, this work presents TPA-POR, a conjugated
microporous polymer photosensitizer engineered to treat
wound infections. Its design is based on a rational conjugation-
bridge strategy that yields a rigid, distorted porous framework
to suppress porphyrin aggregation and a D–A–D topology. This
unique structure endows the material with multiple key func-
tions, including facilitating intramolecular charge separation to
enhance photodynamics, providing an inherent positive charge
for targeting bacterial membranes, and exhibiting synergistic
photothermal–photodynamic activity under 808 nm irradiation.
Most critically, the dual Type I/II photodynamic mechanism
11554 | RSC Adv., 2026, 16, 11543–11556
ensures effective ROS production even in hypoxia. These inte-
grated features enable TPA-POR to achieve potent antibacterial
killing against both S. aureus and E. coli in vitro. The therapeutic
promise is conclusively validated in vivo, where TPA-POR-
mediated phototherapy effectively clears S. aureus infection
and robustly promotes wound healing. This study thus estab-
lishes a new paradigm for designing solid-state photosensi-
tizers via the integration of anti-quenching porous scaffolds
with multifunctional D–A–D architectures.
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