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Interleaving-twisted nanoarchitectured porous
organic polymer synergizes photoactivity
enhancement and nanozyme-powered
microenvironment remodeling for advanced
infected wound therapy
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While systemic antibiotics remain the frontline defense against bacterial infections, the global antimicrobial
resistance crisis urgently demands non-inducible therapeutic alternatives. Despite the inherent ability of
phototherapy to bypass resistance, its efficacy in state-of-the-art porphyrin-based photosensitizers (PSs)
is critically limited by aggregation-caused quenching (ACQ) of photoactivity. To overcome this dual
challenge, we designed a conformation-adaptive porous organic polymer (DFP-POP). Featuring
a spatially interleaving-twisting molecular architecture achieved by linking triazine—porphyrin units
(H,TDPP, featuring eight amino groups) via Schiff-base polymerization with acetyl-rich bridging
ferrocene (possessing a sandwich-staggered structure),
modalities to realize a cascade mechanism. This unique 3D twisted conformation inherently suppresses

DFP-POP synergizes three antimicrobial

ACQ by preventing —mt stacking. It simultaneously facilitates broad-spectrum light absorption through
extended conjugation and enables multimodal bioactivity via ferrocene-mediated enzyme-mimetic
catalysis. DFP-POP orchestrates a self-enhanced multimodal therapy by manipulating oxygen in the
infected microenvironment (IME). Its catalase-like (CAT-like) activity converts endogenous H,O, to O,
alleviating hypoxia to enable self-sustaining photodynamic therapy (PDT). Additionally, its pH-responsive
peroxidase-like (POD-like) activity precisely generates bactericidal *OH specifically within the weakly
acidic IME. Consequently, DFP-POP operates through a synergistic cascade characterized by
photothermal membrane disruption, hypoxia-alleviated 'O, production, and enzyme-amplified *‘OH
generation. In murine wound models, DFP-POP treatment achieved near-complete epithelialization by
day 9, significantly outperforming controls. This work pioneers the integration of molecular
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conformation engineering with microenvironment-responsive catalytic cascades in porous organic
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polymer design, establishing a new paradigm for combating drug-resistant infections. The synergy

DOI: 10.1039/d5ra07169k between physical phototherapy and biochemical catalysis provides a blueprint for developing advanced

rsc.li/rsc-advances smart therapeutic materials.

are notable for their high incidence rate, healing complexity,
and association with millions of deaths annually.*® Unlike

Introduction

Infection-related diseases, particularly those caused by bacteria,
represent an ever-growing global challenge, posing a serious
threat to public health.”® Among these, open infected wounds
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healthy tissues, infection sites feature a unique pathological
microenvironment characterized by hypoxia, elevated peroxide
levels, and weak acidity. This microenvironment fosters disease
progression, leading to normal cell death and significantly
impeding the wound healing process.”” Compounding this
problem, the prevalence of drug-resistant bacteria undermines
conventional antibiotic therapy, further complicating treatment
efforts.’ Consequently, the development of antibiotic-free
antibacterial agents capable of simultaneously exploiting and
regulating this infectious microenvironment has become
a critical new direction in infection treatment.**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Phototherapy, which exerts therapeutic effects through
photosensitizers (PSs) activated by laser irradiation, has
emerged as a promising antibiotic-free strategy for bacterial
infection therapy."> Photothermal therapy (PTT), relying on
localized hyperthermia to combat bacteria, has been extensively
investigated as a noninvasive antibacterial approach.*
However, effective bacterial elimination often requires
temperatures high enough to cause collateral damage to healthy
cells. Photodynamic therapy (PDT) is an O,-dependent sterili-
zation method that transforms surrounding O, into toxic reac-
tive oxygen species (ROS) under laser irradiation to kill bacterial
strains. Yet, the intrinsic hypoxia characteristic of bacteria-
infected wounds critically limits PDT efficacy.”® Furthermore,
as a PS-dependent modality, the therapeutic outcome of PDT is
highly contingent upon the PS properties. For instance,
porphyrin-based PSs suffer from self-quenching of photoactivity
induced by -7 stacking aggregation. Current research, there-
fore, focuses on the rational design of PS structures aimed at
maximizing photoactivity while effectively mitigating activity
quenching.

Artificial enzymes, exhibiting catalytic activity analogous to
natural enzymes, are increasingly explored as antibacterial
agents with lesion microenvironment-specific
responsiveness.’®*® For example, peroxidase (POD)-mimicking
enzymes convert overexpressed hydrogen peroxide (H,0O,) into
highly toxic hydroxyl radicals ("OH) within the acidic infectious
microenvironment (IME), achieving potent antibacterial
activity.”” Similarly, catalase (CAT)-like enzymes catalyze H,0,
decomposition to generate abundant O,. This action not only
alleviates tissue hypoxia at infection sites but also replenishes
O, for PDT, thereby accelerating the healing of infected
wounds.'® Importantly, enzymatic therapy demonstrates excel-
lent compatibility with other treatment modalities, enabling
synergistic and amplified therapeutic outcomes.* Nevertheless,
engineering diverse therapeutic functions into a single anti-
bacterial agent to achieve the desired efficacy remains
challenging.

Porous organic polymers (POPs) constitute a class of
emerging artificial multifunctional materials with customizable
physicochemical properties, assembled via stable covalent
linkages from organic building blocks.**** To date, structurally
diverse POPs have been successfully developed, demonstrating
significant application potential in fields ranging from envi-
ronmental remediation to biomedical science.”*** Among
them, conjugated microporous polymers (CMPs), featuring fully
conjugated skeleton structures, offer distinct advantages as
phototherapeutic PSs.** As macromolecular antibacterial
agents, POPs effectively circumvent the aggregation-induced
self-quenching that plagues conjugated small-molecule PSs,
substantially enhancing photoresponsiveness.”” Furthermore,
their unique composition, akin to biomacromolecules, imparts
inherent biocompatibility.”® This structural and functional tai-
lorability renders POPs an ideal platform for synergistic
therapy.”®

Herein, we employ a spatial interleaving and twisting
strategy to develop an imine-bonded POP-based antibacterial

agent. This involves structural regulation of bridging
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monomers reacted with the spatial twisted triazine-porphyrin
unit (H,TDPP). The activity of material is effectively controlled
by adjusting the bridging monomers. Specifically, DFP-POP
utilizes redox-active diacetyl ferrocene (DF) with a sandwich
structure as the bridging molecule, serving as a potent photo-
responsive therapeutic agent. DFP-POP not only capitalizes on
but also actively modulates the IME, thereby accelerating
infected wound healing. The incorporation of porphyrin-
bearing units into the extended conjugated skeleton confers
PDT and PTT capabilities, enhanced by the conjugated back-
bone. The unique spatial interleaving and twisting conforma-
tion maximizes photoactivity while effectively mitigating
activity quenching caused by severe m—7 stacking aggregation.
Repetitive ferrocene units endow CAT-like and POD-like enzy-
matic activities. This catalyzes the transformation of overex-
pressed endogenous peroxide (H,0,) into O, and toxic "OH
specifically at the lesion site. DFP-POP simultaneously eradi-
cates infection, alleviates hypoxia, and rebalances key factors
within the infectious microenvironment. Consequently, DFP-
POP features self-enhanced photothermal, photodynamic, and
dual enzyme-mimetic activities. It functions as a synergistic
antimicrobial platform that establishes a microenvironment
conducive to cell proliferation, significantly accelerating wound
healing.

Results and discussions

Scheme 1 illustrated the typical synthesis route for imine-
bonded POPs. This involved reacting 5,10,15,20-tetrakis(4-(2,4-
diaminotriazine)phenyl)porphyrin (H,TDPP)-containing eight
amino groups with multifunctional acetyl-containing mono-
mers, including 1,1'-diacetylferrocene (DF), 1,3,5-tris(4-
acetylphenyl)benzene (TAPB), 4',4”(5")-diacetyldibenzo-18-
crown-6 (DABC), and tetra(4-acetylphenyl)methane (TAPM), via
a cost-effective Schiff base reaction.*® The resulting POPs were
denoted according to the bridging monomer used, namely DFP-
POP (DF), TAPBP-POP (TAPB), DABCP-POP (DABC), and TAPMP-
POP (TAPM). For instance, DFP-POP was synthesized by react-
ing H,TDPP with diacetylferrocene at 180 °C for 72 h. The
resulting polymer was then washed sequentially with methanol,
THF, and dichloromethane, followed by vacuum drying at 80 °C
for 12 h. Detailed synthesis procedures for the monomers
(H,TDPP, DF, TAPB, DABC, TAPM) and the characterization
data for all POP products (DFP-POP, TAPBP-POP, DABCP-POP,
TAPMP-POP) are provided in the SI (Fig. S1-S5).

To confirm the successful formation of porous networks
Fourier transform infrared spectroscopy (FTIR; Fig. 1a and S6)
analysis was initially conducted.*® As shown, characteristic
absorption bands corresponding to the C=0O stretching vibra-
tion (~1660 cm™ ") of the acetyl-containing monomers and the
amine feature (~3190 cm™ ') attributed to the triazine units
significantly weakened or even disappeared after polymeriza-
tion.*>** Concurrently, intense peaks emerged at ~1580 cm ™,
assigned to the C=N stretching vibration of imine bonds,
confirming successful polymerization of the monomers.** Solid-
state *C cross-polarization magic-angle spinning nuclear
magnetic resonance ("*C NMR; Fig. 1b) spectroscopy of DFP-

RSC Adv, 2025, 15, 49474-49487 | 49475
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Scheme 1 (a) Route for the synthesis of POPs from poly-acetylated monomers; (b) mechanism of DFP-POP for the accelerating of infectious
wounds.

POP exhibited broad carbon signals spanning 10-180 ppm. atoms of the porphyrin structure.®** The remaining signals at
Signals within the 143-170 ppm region corresponded to 16 ppm and 54 ppm were assigned to the methyl groups and the
aromatic carbons in the triazine rings and the imine carbon ferrocene metallocene ring, respectively.*
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Fig. 1

Physical characterization of DFP-POP. (a) The FT-IR spectra of the reactive monomers and polymers; (b) solid state **C NMR spectrum of

DFP-POP; (c) powder XRD of DFP-POP; (d) the UV absorption of DFC, H,TDPP and DFP-POP in water; (e) low temperature N, absorption—
desorption isotherm of DFP-POP at 77 K; (f) pore size distribution curves of DFP-POP.

Thermogravimetric analysis (TGA; Fig. S7) assessed the
thermal stability of DFP-POP under N,. An initial weight loss
below 100 °C is attributed to the desorption of physisorbed
water from the highly polar porous framework.>®* Remarkably,
DFP-POP retained over 50% of its weight even at 800 °C,
demonstrating excellent thermal stability.>” Fig. 1d displayed
the powder X-ray diffraction (PXRD) of DFP-POP. As seen,
similar to the previous reports, DFP-POP only presented a broad
peak around 25°, reflecting its amorphous nature.*® Low-
temperature N, sorption analysis was employed to assess the
porosity of DFP-POP (Fig. 1e). As seen, the isotherm displayed
type IV behavior featuring a distinct hysteresis loop in the
adsorption-desorption branches with a steep nitrogen uptake
at low relative pressures (P/P, < 0.01) These characteristics
indicated a hierarchical pore structure of DFP-POP containing
both micropores and mesopores.* The Brunauer-Emmett—
Teller (BET) surface area was calculated as 16.5 m”> g~ ', with
a total pore volume of 0.031 cm® g . Pore size distribution
(PSD) analysis derived from non-local density functional theory
(NLDFT) modeling (Fig. 1f) revealed a primary micropore peak
at 0.61 nm, with secondary maxima at 0.76 nm and 0.88 nm.

The morphology and microstructure of DFP-POP were
comprehensively characterized by scanning and transmission
electron microscopy (SEM/TEM). The SEM images revealed
a uniform coralline-shaped architecture comprising intergrown
nanoparticles that form interconnected macropores throughout

© 2025 The Author(s). Published by the Royal Society of Chemistry

the polymer matrix (Fig. 2a-c). Corresponding TEM images
(Fig. 2d-g) confirmed the hierarchical porosity, with homoge-
neously dispersed micropores clearly visible as bright/dark field
contrast variations. As expected, the energy-dispersive X-ray
spectroscopy (EDX, Fig. S8) and elemental mapping (Fig. 2h-
k) demonstrate homogeneous distribution of Fe (6.29 wt%), N
(6.09 wt%), and the predominant C (87.62 wt%) throughout the
hierarchical porous matrix.

The photophysical properties of DFP-POP were evaluated
through comprehensive optical characterization. The UV-vis-
NIR absorption spectrum (Fig. S9) revealed broad absorption
spanning 400-800 nm, featuring an intense peak at 450 nm
characteristic of porphyrin units, confirming its potential as
a phototherapeutic agent.** The photothermal conversion
capability of DFP-POP was systematically investigated under
varying concentrations (Fig. 3a—c) and laser power densities
(Fig. 3d).* The temperature increase (A7) exhibited pronounced
concentration dependence, rising from 16.4 °C (100 ug mL ") to
38.7 °C (500 ug mL~ ") under 638 nm irradiation (1.0 W ecm ™2, 10
min). By contrast, pure water displayed negligible heating (AT =
0.5 °C) under identical conditions. Thermal imaging confirmed
this concentration-dependent warming behavior through
observable pseudo-color progression.*” Power-dependent
studies demonstrated significant enhancement in photo-
thermal response with the increasing the irradiance from 0.5 to
2.0 W em 2 elevated AT from 14.4 °C to 48.4 °C at 400 ug mL "

RSC Adv, 2025, 15, 49474-49487 | 49477
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(a—c) SEM of DFP-POP at scale bars of 1 pm, 500 nm and 200 nm, respectively; (d—g) TEM of DFP-POP at scale bars of 200, 50, 10, and

5 nm, respectively; (h—k) element mappings of DFP-POP at a scale bar of 100 nm.

concentration. Comparative analysis at equivalent concentra-
tions (400 ug mL™', 638 nm, 1.0 W ¢cm ™2, 10 min) revealed
photothermal performance comparable to control POPs
(TAPBP-POP, DABCP-POP, TAPMP-POP; Fig. S10). Furthermore,
DFP-POP exhibited outstanding photothermal stability with
negligible efficiency attenuation across five laser on/off cycles
(Fig. 3e). Photothermal conversion efficiency (5), calculated
using eqn (S1)-(S3) through an independent heating-cooling
cycle (Fig. 3f and g), reached 43.98%, exceeding most reported
POP-based photothermal agents (Table S1).

Subsequent evaluation of photodynamic and enzyme-mimetic
activities revealed the exceptional capabilities of DFP-POP for the
generation of ROS. Photodynamic performance was quantified
using 1,3-diphenylbenzofuran (DPBF) as a singlet oxygen ('0,)
probe.** UV-vis absorption spectra (Fig. 4a) revealed DFP-POP
exhibited significantly broader and more intense absorption
(300-800 nm) than H,TDPP and DF monomers in the DMSO. This
enhanced photoresponsiveness derived from an extended -
conjugation within the polymer framework. Under laser irradia-
tion (638 nm, 1.0 W cm ™ >), control experiments showed minimal
DPBF decay (420 nm absorbance; Fig. 4b). Strikingly, both
porphyrin monomer and DFP-POP induced substantial DPBF
degradation under identical conditions, with DFP-POP exhibiting
superior kinetics (Fig. 4c and d).

Quantitative analysis (Fig. 4e) confirmed an exceptional 'O,
generation of DFP-POP with 99% DPBF decay within 4 min,
dramatically exceeding porphyrin monomer (60%) and back-
ground decay (10.38%).*** This rapid ROS generation capa-
bility stems from the unique spatially interleaved, twisted

49478 | RSC Adv, 2025, 15, 49474-49487

architecture of DFP-POP, which maximized photoactivity while
mitigating quenching.’® DFP-POP exhibited excellent photody-
namic stability, evidenced by consistent DPBF degradation
kinetics across sequential irradiation intervals (2, 4, and 6 min;
Fig. 4f). These results confirmed that ferrocene-derived conju-
gation bridges substantially enhanced ROS production effi-
ciency. The optical chemistry stability of DFP-POP was
systematically evaluated under diverse conditions. UV-vis
absorption spectra revealed remarkable pH tolerance, with
near-identical absorption profiles across acidic to basic media
(Fig. S11a). Photothermal cycling stability was demonstrated
through the comparison of UV-vis spectrum recorded before
and after the five consecutive laser on/off cycles, where only
minimal attenuation was detected (Fig. S11b). Long-term
storage stability was assessed by monitoring photothermal
response after 15-day aqueous immersion. The resulting
temperature profile exhibited negligible deviation from the
initial response, indicating exceptional water resistance
(Fig. S1ic). Photodynamic stability was quantified through
DPBF degradation assays (420 nm absorption) over 4 days. DFP-
POP maintained consistent singlet oxygen ('0O,) generation
capacity, with negligible variation in degradation kinetics
throughout the testing period (Fig. S11d). These comprehensive
analyses confirmed an exceptional stability profile of DFP-POP.

The peroxidase-like (POD-like) activity of DFP-POP was
evaluated using 3,3',5,5'-tetramethylbenzidine (TMB) as an
indicator, which underwent a color transition from colorless to
blue upon hydroxyl radical ("OH) generation.”” As shown in
Fig. 5a, pronounced color change accompanied by significant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Temperature rise curves of DFP-POP aqueous suspension at different concentrations under laser irradiation (638 nm, 1 W cm™2); (b)
change curve of concentration versus temperature after 10 min of laser irradiation; (c) infrared thermal images of different concentrations of
DFP-POP at varied time periods; (d) temperature change curves of the DFP-POP (400 ng mL™Y suspension at different power densities. (e)
Temperature curve of DFP-POP (400 pg mL™%) under 5 laser on/off cycles; (f) a single temperature cycle curve; (g) negative log of the cooling

time and temperature.

UV-vis absorption at 650 nm occurred exclusively in media
containing both DFP-POP and H,O,. Electron paramagnetic
resonance (EPR) spectroscopy confirmed "OH production,
exhibiting the characteristic four-peak spectrum of DMPO-'OH
adducts (Fig. 5b).** Meanwhile, the enzyme-mimetic activity of
DFP-POP demonstrated dual dependencies on both the sample
concentration and media pH. Specifically, the POD-mimetic
activity increased proportionally with DFP-POP concentration.
But, the POD-mimetic activity showed a biphasic response to
decreasing pH, initially increasing then decreasing. Critically,
DFP-POP exhibited substantially enhanced POD-mimetic
activity at pH 5.5 (mimicking IME) versus negligible activity at
pH 6.5 (Fig. 5¢ and d). This pH-responsive behavior was further
augmented by laser irradiation (Fig. S12). Catalase-mimetic
(CAT-like) activity was assessed via H,O, decomposition moni-
tored at 240 nm.” Standard aqueous solutions of H,0, were
prepared across a concentration gradient (0-100 mM). UV-vis
absorption spectra (Fig. S13) revealed characteristic absorp-
tion at ~240 nm with absorbance intensities scaling linearly
with H,0, concentration, establishing the quantitative rela-
tionship required for subsequent catalase-like activity quanti-
fication. Under neutral conditions (pH 7.4), simultaneous
presence of DFP-POP and H,0, induced visible oxygen bubbles
and progressive decay of H,O, absorption, while H,O, alone

© 2025 The Author(s). Published by the Royal Society of Chemistry

showed no reaction (Fig. 5e and f). Notably, DFP-POP main-
tained comparable CAT-mimetic activity at pH 6.5 (Fig. 5g and
h), enabling both hypoxia alleviation and oxygen supply for
enhanced PDT at infection sites.

To assess the potential of DFP-POP as a macromolecular
antimicrobial agent, we selected S. aureus (Gram-positive) and
E. coli (Gram-negative) as model pathogens (Fig. 6). Dose-
dependent bactericidal efficacy was first evaluated under
combined H,0, treatment and laser irradiation (Fig. S14). As
seen, the bacterial viability decreased significantly with
increasing DFP-POP concentration (0-200 ug mL™ "), reaching
only 3.14% (S. aureus) and 0% (E. coli) survival at 200 pg mL™".
The heightened susceptibility of E. coli was attributed to its
distinct cell wall architecture.*® To illustrate the synergistic
bacterial inactivation mechanism, both bacteria underwent
different treatments, including the (I) control, (II) H,O,, (III)
DFP-POP, (IV) DFP-POP + H,0,, (V) DFP-POP + laser, (VI) H,O, +
laser, (VII) DFP-POP, as well as (VIII) DFP-POP + H,0, group, in
which the concentration of DFP-POP was 200 pg mL~". As di-
splayed in Fig. 6a and ¢, compared with the control group (with/
without laser illumination), the number of viable colonies
treated by H,O, was decreased slightly regardless of the laser
irradiation, demonstrating the weak bacteriostatic action of
H,0,. However, the bactericidal efficacy of DFP-POP was

RSC Adv, 2025, 15, 49474-49487 | 49479
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Fig. 4 (a) UV-visible absorption of H,TDPP, DF and DFP-POP; (b—d) the photodynamic of DPBF, H,TDPP and DFP-POP under laser irradiation;
(e) decay curves of UV absorption by H,TDPP, DFP-POP and DPBF; (f) UV absorption changes of DPBF at 420 nm in the presence of DFP-POP
following various laser irradiation durations (2, 4, and 6 min).

significantly intensified through either H,0, addition or red coli), demonstrating synergistic photothermal-photodynamic
light exposure. Following H,O, treatment, survival rates action. Critically, the combined treatment (DFP-POP + H,O, +
decreased to 65.58 & 3.72% (S. aureus) and 67.99 + 2.29% (E. laser) achieved near-total bacterial eradication through PTT/
coli), attributable to POD-mimetic catalysis converting H,O, PDT/enzyme cascade synergy, achieving a reduction of 96.81
into cytotoxic ‘OH.* Under laser irradiation, survival rates =+ 0.21% and 99.52 + 0.38% for S. aureus and E. coli, respec-
plummeted to 3.19 £ 0.21% (S. aureus) and 0.48 + 0.38% (E. tively. Comparative analysis (Fig. S15) confirmed the superiority
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Fig. 5 (a) UV absorption of TMB, TMB + H,O,, and DFP-POP + TMB + H,O, around 650 nm; (b) electron paramagnetic resonance of the DFP-
POP solution; (c) UV absorption peak at 650 nm for different concentrations of DFP-POP solution at pH 5.5; (d) UV absorption of 500 ug mL™*
DFP-POP solution producing "“OH in PBS with different pH; (e and f) the degradation curve of H,O, by DFP-POP and H,O, with time measured by
UV-vis spectra at pH of 7.4; (g and h) the degradation curve of H,O, by DFP-POP with time at pH of 6.5.
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Fig. 6 Colony growth plots of the bacteria in the medium formed by (a) S. aureus and (c) E. coli treated with (1) PBS, (ll) H,O,, (Ill) DFP-POP, (IV)
DFP-POP + H,O,, (V) PBS + laser, (VI) H,O, + laser, (VII) DFP-POP + laser, (VIII) DFP-POP + H,O, + laser based on plate count method; bar graph
of bacterial survival rates of (b) S. aureus and (d) E. coli treated with different groups. The concentration of DFP-POP and H,O, was 200 pg mL™!
and 10 uM, respectively, and the laser power was set as 1.0 W cm~2 (638 nm) with an irradiation duration of 10 min. Results are presented as mean
+ S.D. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, analyzed by Student's t-test).

of DFP-POP over structural analogues (DTPMP-POP, DABCP-
POP, TAPBP-POP) under identical conditions (200 pg mL™*,
H,0,, 638 nm laser, 1.0 W cm ™2, 10 min). Specifically, DFP-POP
achieved >96% bactericidal efficacy at substantially reduced
dosages while outperforming most of the recently reported
phototherapy agents (Table S2).

To directly visualize synergistic bactericidal effects of DFP-
POP, bacterial viability after various treatments was assessed
using SYTO 9/propidium iodide (PI) dual staining, where live
and dead bacteria fluorescence green and red, respectively.*® As
shown in Fig. 7, aligned with corresponding plate counting
results, the PBS (with/without laser), H,O, (with/without laser),
and DFP-POP-only treated bacteria exhibited predominant
green fluorescence. Conversely, treatment groups involving
DFP-POP combined with either H,O, or laser irradiation
showed distinct red fluorescence, indicating substantial bacte-
rial death. Critically, bacteria treated with the triple combina-
tion (DFP-POP + H,0, + laser) exhibited exclusively red
fluorescence, = demonstrating  near-complete  bacterial
eradication.

TEM further elucidated bacterial membrane integrity under
various treatments (Fig. 7b). Both S. aureus and E. coli exposed

© 2025 The Author(s). Published by the Royal Society of Chemistry

to control solutions or H,0, (with/without laser) maintained
smooth surfaces and intact cellular architectures. In contrast,
DFP-POP-containing treatment groups (Fig. 7bVI-VIII) exhibi-
ted concentration-dependent membrane damage. Specifically,
DFP-POP alone caused minimal structural alterations. However,
the DFP-POP + laser and DFP-POP + H,0, treatments induced
significant membrane wrinkling. Notably, the triple-
combination (DFP-POP + H,0, + laser) provoked severe
membrane rupture. This progressive structural deterioration,
particularly the complete membrane disintegration observed in
the synergistic treatment group, directly correlated with accel-
erated bacterial death, confirming the therapeutic superiority of
the photothermal-photodynamic-enzyme cascade mechanism
of DFP-POP.

To further verify the potential application in vivo, the
biocompatibility of DFP-POP was investigated respectively by
hemolysis (Fig. 8a), cytotoxicity (Fig. 8b), as well as cell migra-
tion assays (Fig. 8c and d).”* As displayed in Fig. 8a, the
hemolysis rate of DFP-POP was slightly increased with the
increase of DFP-POP dosage, which was well retained less than
4% in the experimental ranges (100-600 ug mL ™). Cytotoxicity
test demonstrated the cell survival rate was maintained well

RSC Adv, 2025, 15, 49474-49487 | 49481
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above 80% even at the high sample dosage (600 pg mL ™),
maintaining ~85% at the therapeutic concentration (200 pg
mL ™). Scratch healing showed negligible difference of DFP-

49482 | RSC Adv, 2025, 15, 49474-49487

POP at varied concentrations from controls after 24/48 h treat-
ment. These results collectively confirmed the exceptional
biocompatibility of DFP-POP.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07169k

Open Access Article. Published on 11 December 2025. Downloaded on 1/20/2026 12:39:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Paper RSC Advances

b)

120

Cell Viability (%)

100 200 300 400 500
Concentration (ng/mL)

PBSWater 100 200 300 400 500
Concentration (ng/ml)

c) d)
Control 100 200 300 400 pg/mL =
= .24h
240 48 h
g _%40
2351
°
s %30-
N 225+
L3
o
[ 3
o 43
: ¢ 411 I I
® S 0d
b © Control 100 200 300 400
g Concentration (ug/mL)

DFP-POP+
DFP.POP+ DFP-POP+ H,0,+

Laser

. 1
N

Laser H;0,

“ w»
- -~
EEEIER
1234¢°72345 7234
140 s Control o Laser @ Blank ¥ PBS Laser % H,0,
120 s H,0, ~v—H,0,+Laser - H,O,+Laser [0l DFP-POP+Laser
| it Wbyl gniiielimhivbiiiite
= f— +| +| -
§ 100. st 0, = 20, +Laser]| azo ¥ DFP-POP+H,0,+Laser
st -
o 80 b
© D 184
T 60- 9
c
5 2
= 40 \ 164
20
0 4 2 2 4 14 T T T T T T T T T T
0 2 4 6 8 10 1 2 3 4 5 6 7 8 9 10
Time (days) Time (days)

Fig. 8 (a) Hemolysis plots of DFP-POP; (b) MTT assay of L929 after various treatments; (c) cell migration detected by wound healing assay; (d) the
statistical graph of corresponding cell migration rate; (e) wound changes of mice with different treatments; (f) daily ratio of wound healing during
treatment to wound area on the first day; (g) plot of the daily body weight changes of the mice during the treatment period. Results are presented
as mean + S.D. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, analyzed by Student's t-test).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2025, 15, 49474-49487 | 49483


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07169k

Open Access Article. Published on 11 December 2025. Downloaded on 1/20/2026 12:39:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

Therapeutic efficacy was then evaluated in back S. aureus-
infected mouse models using eight treatment groups (PBS,
H,0,, DFP-POP, DFP-POP + H,0,, PBS + laser, H,O, + laser,
DFP-POP + laser, and DFP-POP + H,0, + laser). All the animal
experiments performed were in strict compliance with the
ethical norms of Shandong Second Medical University. Fig. 8e
showed the longitudinal wound photographs at days 1, 3, 6, and
9 post-treatment. All groups exhibited progressive wound area
reduction over time, though therapeutic efficacy varied
substantially. After 9 days, control groups (PBS, PBS + laser,

View Article Online
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H,0,, H,0, + laser) and DFP-POP monotherapy showed negli-
gible healing versus baseline. In stark contrast, the photo-
therapy (DFP-POP + laser) and enzyme therapy (DFP-POP +
H,0,) group achieved 79.15% and 65.53% wound closure. The
combinatorial therapy (DFP-POP + H,0, + laser) demonstrated
near-complete healing (92.87% closure). Infrared thermography
confirmed effective in vivo photothermal conversion, showing
sustained temperature elevation during 10 min irradiation
cycles (Fig. S16). Bacterial load quantification revealed
treatment-dependent clearance. Specifically, the swab samples
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cultured in LB broth showed colony counts decreasing linearly
with treatment duration.® By day 9, combinatorial therapy
achieved complete bacterial eradication. Statistical analysis of
the body weight trajectories in Fig. 8g confirmed that all treat-
ment groups maintained stable weights with no significant
fluctuations, demonstrating the minimal systemic toxicity of
the therapy. Histological analysis (H&E staining, Fig. S17)
evaluated S. aureus-infected skin regeneration after 9 days of
treatment. All groups exhibited varying degrees of angiogenesis
and epithelialization, with hierarchical outcomes. The DFP-POP
+ H,0, + laser group displayed an extensive neovascularization
and complete re-epithelialization. The DFP-POP group showed
moderate tissue regeneration, significantly enhanced by laser
irradiation or H,O, (DFP-POP + H,0, and the DFP-POP + laser).
DFP-POP-free groups demonstrated minimal regeneration
regardless of illumination. These findings confirm DFP-POP
orchestrated a therapeutic cascade for the concurrent PTT
ablation, PDT-mediated ROS generation, and POD/CAT enzyme
catalysis, realizing microenvironment modulation, thereby
synergistically accelerating tissue regeneration.

Finally, comprehensive biocompatibility assessment was
performed after 9 days of treatment (Fig. 9). Hematological
parameters, including neutrophils and white blood cells
(WBCs), were all remained within normal physiological ranges
across all groups, with no statistically significant differences
versus PBS controls (Fig. 9a-h).”* Histopathological analysis of
major organs (heart, liver, spleen, lungs, kidneys) similarly
revealed no evidence of tissue damage or morphological
abnormalities with identical architecture to untreated controls.
These collective findings confirmed the excellent in vivo
biosafety profile of DFP-POP, demonstrating no significant
impact on hematological homeostasis or organ function.

Conclusion

In summary, we have developed a spatial interleaving and
twisting strategy that enables targeted engineering of porous
organic polymers (POPs) with programmable photophysical
properties. This approach maximizes photoactivity while effec-
tively suppressing quenching effects. Through rational structural
design, we obtained DFP-POP with spatially optimized, fully
conjugated framework that integrates self-enhanced PTT, PDT,
as well as CAT- and POD-like activities for synergistic wound
treatment. Importantly, DFP-POP dynamically remodels the
infectious microenvironment. Specifically, its CAT-mimetic
activity converts overexpressed H,0, into O,, to alleviate
hypoxia and potentiate PDT, while its photothermally amplified
POD-like activity generates "OH. The unique spatial configuration
and nanoporous confinement effect together enhance the local-
ized production of reactive oxygen species (ROS), including
singlet '0, and ‘OH, thereby promoting targeted bacterial
membrane disruption. Through this spatially coordinated and
dynamically responsive action, DFP-POP effectively eliminates
pathogens via membrane-disruptive ROS cascades and signifi-
cantly accelerates tissue regeneration. Thus, DFP-POP functions
as a self-sustaining, oxygen-economizing nanozyme that over-
comes key limitations of conventional PDT. This work establishes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a new paradigm for integrating phototherapeutic and enzyme-
mimetic functionalities via rational nanoarchitectonics. Look-
ing forward, the proposed spatial engineering strategy and the
versatile performance of DFP-POP could be extended to other
biomedical applications, such as cancer therapy and biosensing.
However, the current findings are primarily based on in vitro and
preliminary in vivo evidence; further long-term toxicological
studies, detailed mechanistic investigations, and scalability
assessments will be essential to advance its clinical translation.
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