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hotoelectric properties of
porphyrin-based COF nanozymes by pillararene
with polyphenol structure for efficient photo-
enhanced antibacterial effect

Yahui Liu,†a Jia Wen, †*b Bingqian Ge,a Tingting Guo,a Jiaqi Li,a Lingshan Jia,a

Shoupeng Cao, c Wei Li *a and Kui Yang *a

Nanozymes show great potential as alternatives to natural enzymes. Covalent organic frameworks (COFs)

have attracted huge attention for the design of nanozymes due to their unique structures and intriguing

properties. Incorporation of appropriate building blocks into COFs can endow them with specific

properties, allowing the possibility to design highly efficient COF-based nanozymes. Herein,

a heteroporous COF (COF-P5–OH–Fe) was designed and constructed by introducing pillar[5]arenes with

polyphenol structures into the porphyrin-based COFs through post-modification strategies, and

subsequently, Fe was further modified on the COFs through coordination. The obtained COF-P5–OH–

Fe nanozyme showed outstanding peroxidase-like activity, the catalytic activity of which could be

enhanced efficiently under light irradiation. The unique polyphenol motif of pillar[5]arenes endows COF-

P5–OH–Fe with a narrow energy band gap and enhanced photocurrent and improves the circulation of

Fe3+/Fe2+. As a result, the activity of COF-P5–OH–Fe nanozyme was enhanced to generate reactive

oxygen species, enabling efficient antibacterial action. In particular, the absorption wavelength of the

COF-P5–OH–Fe nanozyme, which was around 986 nm, enabled it to exhibit superior photo-enhanced

bactericidal activity under near-infrared light irradiation. Furthermore, the antibacterial mechanism was

also investigated by genome-wide transcriptome analysis using RNA sequencing.
Introduction

Natural enzymes are catalysts for thousands of biological reac-
tions that exist in nature. However, due to their high isolation and
purication cost and difficult storage, researchers have been
forced to start exploring alternatives. Nanozymes are an emerging
type of nanomaterials with enzyme-like properties, including
peroxidase (POD), oxidase (OXD), etc.1–4 They have been developed
to simulate various natural enzymes due to their advantages, such
as low cost, high stability and suitability for large-scale produc-
tion. Among various reported nanozymes, POD-like nanozymes
have attracted extensive attention. The properties of POD-like
nanozymes are similar to those of natural PODs, which catalyze
the oxidation of substrates. For POD-like nanozymes, the cycling
tical Preparations and Excipients, Key

olecular Diagnosis of the Ministry of

rials Science, Hebei University, Baoding

163.com; yangkuihbu@126.com

niversity, Baoding 071002, P. R. China.

Engineering, College of Polymer Science

du 610065, P. R. China

is work.

y the Royal Society of Chemistry
of Fe3+/Fe2+ is one of the key factors affecting the catalytic activity.5

For example, Meng's group designed and synthesized a bimetallic
FeNi-MOF nanozyme.6 The potential difference between Fe andNi
can accelerate the rate of the Fe3+/Fe2 cycle, efficiently enhancing
the catalytic activity of the nanozyme. To further establish nano-
zymes a better alternative to natural enzymes, scientists are
constantly exploring effective strategies to enhance their catalytic
activity, such as controlling their size, shape and composition,
surface modication, defect engineering, and applying external
stimuli.1,7–11 Among these strategies, the use of light irradiation to
enhance the catalytic activity holds great application potential,
mainly because it enables effective control, spatiotemporal accu-
racy and environmental friendliness.12,13 Therefore, accelerating
the Fe3+/Fe2+ cycle and introducing photo-responsive motifs are
expected to yield highly active POD-like nanozymes.

Covalent organic frameworks (COFs), with their permanent
porosity and highly ordered structures, have emerged as a signi-
cant material class for the construction of nanozymes due to their
customizable optoelectronic properties and active site
architectures.14–16 With the pre-designable nature of COFs, their
light-harvesting and charge-transport properties can be triggered
by introducing a functional group into the periodic backbones and
built-in pores. Numerous efforts have focused on the
Chem. Sci.
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Scheme 1 Preparation and applications of COF-P5–OH–Fe.
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incorporation of functional groups into COFs to enhance their
photocatalytic performance. For example, some previous studies
introduced porphyrin, which has unique photophysical properties,
into COFs to design photo-active nanozymes.17,18 In addition, the
incorporation of electron-rich units into COFs has been demon-
strated to be an effective strategy to facilitate high charge transfer
mobility and regulate the band gap and energy levels to increase
visible light adsorption.19,20 Therefore, the molecular-level rational
design of COFs with electron-rich units opens pathways for opti-
mizing these properties to boost photocatalytic performance.

Pillar[n]arenes, a class of macrocyclic hosts, have electron-
rich cavities and rigid ring structures.21 They are expected to
provide an innovative approach to enrich the applications of
COFs or covalent organic polymers.22–25 Herein, a photo-
enhanced nanozyme with macrocyclic structure (COF-P5–OH–

Fe) was synthesized and constructed by introducing pillar[5]
arenes with polyphenol structures into the porphyrin-based
COFs through post-modication strategies, then further modi-
ed with Fe through coordination (Scheme 1). To demonstrate
the critical role of pillar[5]arenes with polyphenol structures—
which could store electrons and protons, accelerate the Fe3+/
Fe2+ recycle and promote the Fenton or Fenton-like reac-
tions26,27—COFs without pillar[5]arene moieties, without poly-
phenol structures, and without Fe modication were also
prepared as control groups. The results demonstrated that the
unique polyphenol structure endowed COF-P5–OH–Fe with
a narrow energy band gap and efficient electron transfer,
Chem. Sci.
promoting the reduction of Fe3+ and effectively enhancing its
photoactivated POD-like bactericidal activity.
Results and discussion
Characterizations of COFs

To obtain COFs derived from pillar[5]arene, the functionalized
pillar[5]arene (CHO–P5) was synthesized according to a re-
ported procedure (Scheme S1),22 then characterized using 1H
NMR (Fig. S1–S4). Subsequently, the parent COF-TPA was
synthesized through a Schiff-base condensation reaction of
4,400-p-terphenyldicarboxaldehyde (TPA) with 5,10,15,20-
tetrakis(4-aminophenyl)porphyrin (TAPP) by the solvothermal
method. Then, COF-P5 was synthesized using COF-TPA as
a core and CHO–P5 as a new linker using a partial linker
exchange strategy.22,28,29 Further, COFs derived from pillar[5]
arene with polyphenol structures (COF-P5–OH) were obtained
through an oxidation–reduction process. Finally, Fe2+ was
introduced into the COFs by coordination.30 The comprehensive
synthetic routes for these compounds are depicted in Schemes
S2–S5. To demonstrate the successful COF-to-COF trans-
formation, a series of chemical and microstructural character-
izations of COF-TPA, COF-P5, COF-P5]O, COF-P5–OH and
COF-P5–OH–Fe were conducted. The crystalline structures of all
COFs were determined using powder X-ray diffraction (PXRD).

Fig. 1a indicates that COF-TPA has a strong diffraction peak at
2q = 2.46° and a weak diffraction peak at approximately 2q =
© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.1°, which belong to the (100) crystal plane and the (200) crystal
plane, respectively, indicating that COF-TPA has a relatively high
crystallinity. The cell parameters of COF-TPA were estimated to
be a = 35.01 Å, b = 35.01 Å, c = 3.63 Å, and a = b = g = 90°, as
evidenced by the small agreement factors of Rp = 6.03% and Rwp
= 8.76%, demonstrating good agreement. The PXRD patterns of
COF-TPA and the series of COFs (derived from pillar[5]arene)
were similar, although the latter showed a gradually decreasing
peak intensity (Fig. 1b and S5). It was speculated that during the
oxidation–reduction of COF-P5, some of the imine bonds in the
COF skeleton were cleaved, reducing the crystallinity of the
material. The FT-IR spectra of both COF-TPA and COF-P5 showed
the disappearance of the aldehyde peak at 1678 cm−1 and amine
peaks at 3435 and 3332 cm−1.31,32 Meanwhile, the appearance of
the C]N characteristic peak at 1627 cm−1 supported the
formation of imine bonds via the condensation of aldehyde and
primary amine (Fig. S6a and 1c).31,32 Besides, to conrm the
presence of both the original TPA and exchanged CHO–P5 linkers
in COF-P5, hydrolysis experiment was performed. Concentrated
HCl was used to hydrolyze the COF–P5 powder, which was
subsequently analyzed by 1H NMR spectroscopy. The resulting
Fig. 1 (a) PXRD pattern of COF-TPA (red: experimental data, black: refine
patterns of COF-TPA, COF-P5, COF-P5]O, COF-P5–OH and COF-P5–
COF-P5–OH–Fe; (d) SEM image of COF-P5–OH–Fe; (e) HRTEM image
spectra of COF-P5–OH–Fe: (g) C 1s; (h) N 1s; (i) O 1s; (j) Fe 2p.

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectrum revealed simultaneous proton peaks corresponding to
TPA (10.05 ppm) and CHO–P5 (10.00 ppm) aldehyde groups
(Fig. S7), indicating the successful occurrence of the linker
exchange reaction. Multiple peaks can be seen in the range 7.73–
6.50 ppm, which are the characteristic peaks of CHO–P5. The
results indicated that CHO–P5 successfully replaced some of the
TPA units in COF-TPA. By integrating the peak area of the alde-
hyde group region, it was determined that the degree of linker
exchange of CHO–P5 was approximately 16.7%.

In addition, the FT-IR results in Fig. 1c also demonstrated the
successful preparation of COF-P5]O, COF-P5–OH and COF-P5–
OH–Fe. Specically, a characteristic stretching vibration peak of
the methoxy group (C–O–C) of pillar[5]arene appeared at
1211 cm−1 in the spectrum of COF-P5 (black line).22 Aer oxida-
tion treatment, the C–O–C peak and the imine (C]N) charac-
teristic peak were signicantly weakened. Meanwhile, a new
carbonyl absorption peak (C]O) appeared at 1697 cm−1, indi-
cating that the methoxy group of the pillar[5]arene was oxidized
and removed to form a quinone structure.27 Comparison of COF-
P5]O and COF-P5–OH revealed that the peak intensity of C]O
was reduced, and a new absorption peak emerged in the hydroxyl
d pattern, green: simulation for AA eclipsed, blue: difference); (b) PXRD
OH–Fe; (c) FT-IR spectra of COF-P5, COF-P5]O, COF-P5–OH and
of COF-P5–OH–Fe; (f) elemental mapping of COF-P5–OH–Fe; XPS

Chem. Sci.
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characteristic region, conrming that the carbonyl groups in
quinone were reduced to phenolic hydroxyl groups. The above
results conrmed the successful conversion of COF-P5 to COF-
P5–OH through the oxidation–reduction two-step reaction. This
COF-P5–OHwas further coordinated with Fe2+ to obtain the nal
material COF-P5–OH–Fe.

The detailed morphologies were monitored by scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. S6b–d, COF-TPA exhibited nanosheet-like
crystals with uniform morphology, and the HRTEM image
revealed obvious lattice fringes (3.5 nm), which corresponded well
to the (100) crystal face. Aer COF-to-COF transformation, the
morphologies of COF-P5, COF-P5]O, COF-P5–OH and COF-P5–
OH–Fe changed a little, but still maintained the nanosheet
morphology (Fig. 1d, e, S8 and S9). In addition, the TEM-mapping
results indicated that COF-P5–OH–Fe contained the uniformly
distributed N, C, O and Fe (Fig. 1f). The surface chemical state and
elemental composition of the series of COFs were analyzed using
X-ray photoelectron spectroscopy (XPS). Fig. S10a, b, e, i and m
show the full spectra of COF-P5–OH–Fe, COF-TPA, COF-P5, COF-
P5]O and COF-P5–OH, respectively. Through comparative anal-
ysis, it can be obtained that these COFs all have three elements:
C, N, and O. Moreover, the relative content of O in COF-P5 was
higher than that in COF-TPA, which was attributed to the content
of O in pillar[5]arenes, indicating the successful introduction of
pillar[5]arenes. The C 1s ne spectra indicated that both COF-TPA
and COF-P5 retained the peak of the C]N bond at around 286 eV
(Fig. S10c and f).33 Moreover, a C–O–C peak appeared at around
284 eV in COF-P5, corresponding to themethoxy group in the pillar
[5]arenes (Fig. S10f). As for the ne spectra of N 1s, COF-P5–OH–Fe
has an additional N–Fe peak at about 401 eV, which was produced
by the coordination of Fe with the porphyrin cavity (Fig. 1h).34,35 As
for the ne spectra of O 1s (Fig. S10h, l, p and 1i), the spectrum of
COF-P5–OH can be tted to two components: C–O (benzoquinone/
phenoxy) and C]O (the broken imine), further conrming that
COF-TPA was transformed into COF-P5–OH through oxidation–
reduction process, and the partial cleavage of the imine bond. The
valence state distribution of Fe in COF-P5–OH–Fe was further
analyzed. The Fe 2p spectrum showed that the peaks at 710.99 eV
and 724.15 eV corresponded to the 2p3/2 and 2p1/2 orbitals of Fe

2+,
respectively, while the peaks at 714.19 eV and 727.40 eV belonged
to the 2p3/2 and 2p1/2 orbitals of Fe

3+ (Fig. 1j).36 This indicated that
the coordinated Fe2+ was partially oxidized to Fe3+.

To explore the thermal stability of the series of COFs, ther-
mogravimetric analysis (TGA) was conducted. The results showed
that all COFs maintained good thermal stability below 400 °C
(Fig. S11). Furthermore, the remaining content of COF-P5–OH–Fe
aer high-temperature heating was higher than that of COF-P5–
OH. It was speculated that this was caused by the metal oxides
produced by Fe, indicating the successful introduction of Fe2+. In
addition, the content of Fe2+ quantitatively analyzed by induc-
tively coupled plasma spectroscopy (ICP) was about 2.4%.
Photoelectrochemical properties of COFs

The optical properties of the as-prepared COFs derived from
pillar[5]arene were rst investigated by UV-vis diffuse
Chem. Sci.
reectance spectroscopy (UV-vis DRS). As shown in Fig. S12 and
2a, the edge-banded absorption wavelengths of COF-TPA, COF-
P5, COF-P5]O, COF-P5–OH, COF-P5–OH–Fe, COF-TPA–Fe and
COF-P5–Fe were 735, 722, 770, 764, 986, 928 and 972 nm,
respectively. COF-P5–OH–Fe showed excellent edge-banded
absorption, which was caused by the structure of pillar[5]
arene and Fe2+ synergistically. Based on the Kubelka–Munk
function, the corresponding COF-P5–OH–Fe showed the band
gap of 1.39 eV in Fig. 2b (the band gaps of other COFs are shown
in Fig. S12). To further investigate the energy-level alignment of
the COFs, Mott–Schottky curves were measured, and the posi-
tive slope is shown in Fig. 2c and S13, which revealed the n-type
characteristic of the series of COFs. The EVB of the vacuum
energy level of the series of COFs was calculated according to
the formula (EVB,NHE = 4 + EVB XPS − 4.44) based on the valence
band EVB evaluated by VB-XPS (Fig. 2d and S14).31 The specic
band positions of the prepared COFs are illustrated in Fig. 2e.
COF-P5–OH–Fe had the smallest Eg, indicating that the material
can stimulate electron transitions within the material by
absorbing photons of lower energy. In addition, the ECB energy
level of COF-P5–OH–Fe was lower than the O2/cO2

− redox
potential (−0.33 eV vs. NHE), which indicated that under ther-
modynamically allowable conditions, O2 can be reduced to
cO2

−. Compared with COF-TPA–Fe and COF-P5–Fe, COF-P5–
OH–Fe exhibited a more negative ECB, indicating a stronger
proton reduction driving force.

The exceptional photoelectronic properties of COF-P5–OH–Fe
prompted us to further investigate its electronic properties with
electrochemical impedance spectroscopy (EIS), photocurrent
responses and photoluminescence (PL) emission spectroscopy.
As shown in Fig. 2f, the introduction of pillar[5]arene can reduce
the charge transfer resistance of COF, and aer conversion to the
polyphenol structure, the charge transfer resistance was even
smaller. Aer the introduction of Fe2+, the charge transfer
resistance was further reduced. It was indicated that COF-P5–
OH–Fe effectively reduced the charge transfer resistance.

The transient photocurrent responses of the as-prepared
COFs with several on–off cycles of intermittent visible light
irradiation were studied. As shown in Fig. 2g and h, under the
irradiation of visible light, COF-P5–OH–Fe exhibited an obvious
enhanced photocurrent compared with COF-TPA, indicating
that the photogenerated charge in COF-P5–OH–Fe could be
separated. Whereas, the photocurrent densities of COF-P5–OH
and COF-TPA–Fe were not enhanced, indicating that only the
polyphenol-structured pillar[5]arenes with Fe can synergically
accelerate the photo-response of COF and thereby enhance the
separation and transfer of photogenerated charge carriers. The
recombination efficiency of photogenerated electrons in COFs
was evaluated through PL emission spectroscopy. PL emission
spectra originating from the recombination of free charge
carriers were applied to disclose the photoinduced interfacial
charge dynamics of semiconductors. The lower PL intensity
corresponds to the higher separation efficiency of photogene-
rated electron–hole pairs. As shown in Fig. 2i, the intensity of
the PL peak of COF-P5–OH–Fe was weaker than those of other
COFs, demonstrating that the introduction of pillar[5]arenes
with polyphenol structure and the coordination effect of Fe had
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis DRS spectrum of COF-P5–OH–Fe; (b) Tauc band gap plots of COF-P5–OH–Fe; (c) Mott–Schottky plots of COF-P5–OH–Fe;
(d) VB-XPS plots of COF-P5–OH–Fe; (e) electronic band structure diagrams of various samples; (f) Nyquist plots of EIS spectra of various
samples; (g and h) the transient optical responses of various samples and (i) PL spectra of various samples.
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the ability to inhibit the electron–hole pair recombination,
thereby enhancing the photocatalytic activity.
Photocatalytic activity of COFs

To demonstrate the catalytic activities of COFs as mimetic
PODs, the catalytic oxidation of 3,3,5,5-tetramethylbenzidine
(TMB) in the presence of H2O2 was determined. As illustrated in
Fig. 3a and b, compared with other COFs, COF-P5–OH–Fe
exhibited the strongest POD-like activity, which was approxi-
mately 2.5 times that of COF-P5–Fe. In particular, COF-P5–OH–

Fe also exhibited a relatively high POD-like activity in the dark,
but slightly lower than that under light conditions. It was
indicated that COF-P5–OH–Fe can enhance the POD-like
activity of COFs by promoting the Fenton-like reaction.
Further, the photo-controllable catalytic performance of COF-
P5–OH–Fe was studied by alternating treatment of white light
irradiation and darkness. As shown in Fig. 3c, under dark
conditions, the absorption value at 652 nm increased, indi-
cating that COF-P5–OH–Fe exhibited POD-like activity, which
was ascribed to Fenton reaction. By comparing the adjacent
slopes for light irradiation and non-light irradiation, it can be
© 2025 The Author(s). Published by the Royal Society of Chemistry
observed that the slope was slightly larger under light exposure,
indicating that light irradiation can accelerate the catalytic
reaction. To further demonstrate the catalytic activities of COFs
as mimetic OXDs, TMB was employed as chromogenic substrate
to evaluate the photocatalytic properties of the as-prepared
COFs. As shown in Fig. S15, the as-prepared series of COFs
could all oxidize TMB slightly, showing a certain level of photo-
oxidase activity, but the difference among COF-P5–OH, COF-P5–
Fe, COF-TPA–Fe and COF-P5–OH–Fe was not signicant. This
indicated that the post-functionalization of COFs using pillar[5]
arenes and polyphenol structures, as well as the coordination of
Fe2+, did not essentially enhance the oxidase activity of COFs. To
determine the optimal pH conditions for COF-P5–OH–Fe
catalysis, the test conditions were maintained constant, with
only the pH value varied. The optimal POD-like activity condi-
tions were determined by comparing A652 nm. The results indi-
cated that the optimal pH conditions for the POD-like activity of
COF-P5–OH–Fe in both darkness and light were 4.0 (Fig. 3d).
Further, the POD-like activity of COF-P5–OH–Fe was detected
based on the steady-state kinetics by altering the concentration
of TMB or H2O2 to obtain Km and Vmax. As shown in Fig. 3e, f,
Chem. Sci.
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Fig. 3 POD-like activity of different samples (a) under white light irradiation and (b) in the dark condition. (c) Photo-controllable POD-like activity
of COF-P5–OH–Fe. (d) Relative POD-like activity of COF-P5–OH–Fe at different pH values with and without light irradiation. Steady-state
kinetic Lineweaver–Burk plots of COF-P5–OH–Fe under the irradiation of white light with (e) varying TMB concentrations or (f) varying H2O2

concentrations. (g) The comparison of Vmax of COF-TPA–Fe (dark), COF-P5–OH–Fe (dark) and COF-P5–OH–Fe (light) with varying H2O2

concentrations. Relative changes in POD-like activity of COF-P5–OH–Fe over 1–5 cycles (h) with white light irradiation and (i) without light
irradiation.
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S16, S17 and S18, the Vmax of COF-P5–OH–Fe with white light
irradiation was over 7 times that of COF-P5–OH–Fe and over
twice that of COF-TPA–Fe without light irradiation. When
compared with most of the reported nanozymes (Table S1),
COF-P5–OH–Fe also had a smaller Km and a larger Vmax, indi-
cating that COF-P5–OH–Fe showed good affinity and highly
efficient catalytic performance. Notably, the POD-like activity
was well maintained aer ve cycles (Fig. 3h and i). In addition,
the results of FT-IR, TEM and XPS indicated that the structure
and morphology of COF-P5–OH–Fe remained consistent with
their primary states aer catalysis (Fig. S19).

Catalytic mechanism of COFs

To deeply analyze the inuence of pillar[5]arenes with polyphenol
structure on the catalytic activity of COFs, CV tests were con-
ducted. As displayed in Fig. 4a and S20, in comparison with COF-
TPA, COF-P5, COF-P5–OH, and COF-TPA–Fe, COF-P5–OH–Fe had
a larger oxidation–reduction current, indicating the enhancing
effect of polyphenol structure on the catalytic activity of COFs. In
addition, the physical mixture of CHO–P5–OH and COF-TPA–Fe
did not show a signicant increase in POD-like activity (Fig. 4b
and S21), further indicating that the polyphenol-structured pillar
[5]arenes (CHO–P5–OH) needed to be embedded in the COF
skeleton through covalent bonding rather than a simple physical
Chem. Sci.
mixture. Only through this way, the catalytically active sites of the
material can be effectively regulated, and its enzyme-like perfor-
mance can be enhanced. To investigate the POD-like catalytic
mechanism of COF-P5–OH–Fe, different types of free radicals
were analyzed by comparing the absorption values at 652 nm aer
adding different free radical scavengers. The variables were as
follows: no scavenger (blank), absence of oxygen (under N2), tert-
butanol (t-BuOH, the scavenger of cOH), p-benzoquinone (PBQ,
the scavenger of cO2

−), histidine (His, the scavenger of 1O2) and
catalase (CAT, the scavenger of H2O2). As shown in Fig. 4c and
S22, the absence of oxygen (N2-saturated experiment) caused
a signicant decrease in ox-TMB, suggesting oxygen dissolved in
water played an important role in the process of oxidation. The
POD-like activity of COF-P5–OH–Fe was signicantly inhibited
aer the addition of PBQ. This indicated that cO2

− was the reac-
tive oxygen species (ROS) that played a major role in the photo-
catalysis of COF-P5–OH–Fe. In addition, the POD-like activity of
COF-P5–OH–Fe was also inhibited in the presence of t-BuOH and
His, demonstrating that cOH and 1O2 were also generated in the
catalytic reaction system. To further identify the ROS involved,
electron paramagnetic resonance (EPR) spectroscopy was
employed, which would probe the generation of ROS using 5,5-
dimethyl-1-pyridine N-oxide (DMPO) and 2,2,6,6-tetramethyl-
piperidin (TEMP) as spin traps. As shown in Fig. 4d–f, the 1O2,
© 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/d5sc06433c


Fig. 4 (a) CV curves of different samples; (b) the POD-like activity of COF-P5–OH–Fe and the physical mixture of COF-TPA–Fe and P5–OH
under the irradiation of white light; (c) effects of N2 and different radical scavengers on the POD-like activity of COF-P5–OH–Fe under white
light irradiation; EPR spectra of (d) 1O2, (e) cOH, (f) cO2

− under light/dark conditions; (g–i) schematic diagram of the catalytic mechanism of COF-
P5–OH–Fe.
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cOH and cO2
− were the main ROS for the photo-responsive

catalysis of COF-P5–OH–Fe under white light irradiation.
Whereas, under dark conditions, COF-P5–OH–Fe could only
generate cOH andcO2

− in the presence of H2O2, again verifying the
catalytic function of the Fe site. The feasible ROS generation
pathways under different conditions are illustrated in Fig. 4g–i.
The efficiency of ROS generation by COF-P5–OH–Fe with or
without light has been signicantly improved through the transfer
of electrons based on the benzoquinone structures of pillararene.
Antibacterial application of COFs

POD has been widely used in antibacterial applications, and the
ROS generated by it can destroy bacterial cell membranes and
promote cell apoptosis.37,38 Based on the photo-enhanced POD-
like activity of COF-P5–OH–Fe, the antibacterial ability of COF-
P5–OH–Fe against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) was evaluated. As shown in Fig. 5a and b, COF-
P5–OH–Fe showed 83% and 94% antibacterial effects on E. coli
in the presence of H2O2 under dark and white light irradiation,
respectively. COF-P5–OH–Fe also showed good antibacterial
effects on S. aureus (Fig. S23). It was veried again that COF-P5–
OH–Fe generated ROS through POD-like activity, thereby having
a strong ability to kill bacteria. In addition, beneting from the
broad absorption wavelength, COF-P5–OH–Fe can also kill 90%
© 2025 The Author(s). Published by the Royal Society of Chemistry
of E. coli in the presence of H2O2 under 850 nm light irradiation,
demonstrating its potential for the treatment of deeper tissues.

To further investigate the antibacterial mechanism of COF-
P5–OH–Fe, E. coli treated with nothing (the control group) and
COF-P5–OH–Fe with and without white light irradiation were
subjected to genome-wide transcriptome analysis using RNA-
sequencing (RNA-seq). The principal component and compo-
nent correlation analyses (PCA) indicated rational concordance
of intragroup deviations, conrming the plausibility of the RNA-
seq results (Fig. 5c). Compared with the control group, a total of
807 genes showed signicant differences in expression for the
COF-P5–OH–Fe group under the irradiation of white light (p <
0.05, [log2 foldchange] > 1); specically, 309 genes were upre-
gulated and 498 genes were downregulated (Fig. S24a). The
differentially expressed genes (DEGs) shown in the heatmap
presented differences among different groups more intuitively
(Fig. S24b). In order to better understand the functions, meta-
bolic pathways, and interactions of DEGs associated with the
antibacterial effects, gene ontology (GO) was investigated. As
illustrated in Fig. S24c, oxidoreductase activity, transmembrane
transporter activity as well as transition metal ion, tetrapyrrole
and heme binding were the main terms represented in molec-
ular function ontology. In the ontology of cellular components,
the top categories were located in the cell periphery, outer
membrane, cell envelope and external encapsulating structure.
Chem. Sci.
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Fig. 5 (a) Photographs of E. coli colonies after different treatments. (b) Survival rate of E. coli after different treatments. Data are presented as
mean ± SD (n = 3, ***p < 0.001, **p < 0.01). Transcriptomic profiling of E. coli treated with the control group and COF-P5–OH–Fe samples: (c)
PCA of differentially expressed genes determined by whole-transcriptome RNA-seq of E. coli in the white light group, dark group and control
group.
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With regard to the ontology of biological process, the main
categories were gathered at carbohydrate transport, electron
transport and protein-containing complex assembly. Therefore,
the antibacterial mechanism of COF-P5–OH–Fe against Gram-
negative bacteria may include interfering with oxidative stress
pathways, affecting cell transmembrane transport, and
destroying the integrity and structure of the cell wall and
membrane. In addition, Kyoto Encyclopedia of Genes and
Genome (KEGG) enrichment analysis indicated that the genes
which encode key enzymes involved in microbial metabolism,
ABC transporters, citrate and nitrogen cycle, oxidative phos-
phorylation, biosynthesis of arginine, etc., were signicantly
downregulated (Fig. S24d), suggesting that the metabolism and
energy supply were disrupted and that their normal activities
were disturbed in the antibacterial processes of COF-P5–OH–Fe.
In particular, compared with the group of COF-P5–OH–Fe
without light irradiation, some genes related to amino acid
biosynthesis and metabolism were further downregulated for
the group of COF-P5–OH–Fe with light irradiation (Fig. S24e).
The above results demonstrated that under incubation with
COF-P5–OH–Fe, bacterial intracellular energy metabolism,
oxidative stress and normal expression were seriously
disturbed, thereby damaging their membrane integrity and
ultimately leading to the death of bacteria.
Chem. Sci.
Conclusions

In conclusion, a photo-enhanced COF nanozyme, COF-P5–OH–

Fe, was successfully constructed through a post-modication
strategy based on pillar[5]arenes and porphyrin. Thanks to the
synergistic effect of pillar[5]arenes with polyphenol structures
and porphyrin–Fe, an obvious reduction in the band gap energy
and a distinct enhancement of photocurrent can be achieved to
greatly improve the POD-like activity of COF-P5–OH–Fe.
Specically, the pillar[5]arenes with polyphenol structures can
provide electrons, reducing Fe3+ to Fe2+, promoting the Fenton
reaction. Eventually, it can efficiently catalyze the generation of
ROS, thereby demonstrating superior POD-like activity and
effectively inhibiting bacterial growth. In particular, the
absorption wavelength of COF-P5–OH–Fe nanozyme enabled it
to exhibit superior photo-enhanced bactericidal activity under
850 nm light irradiation. This research provides new insights
for the development of efficient nanozymes and their applica-
tions in antibacterial therapies.
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