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a b s t r a c t

Reactive oxygen species (ROS) are essential for biological processes like cell signaling and chemical pro-

cesses like organic oxidation. Moreover, the sufficient generation of ROS plays a significant role in targeted

tumor treatments or oxidation of organics. Herein, a hydrazone-linked porphyrin covalent organic frame-

work (Por-DETH-COF) is developed for red light-induced generation of ROS like singlet oxygen (1O2) or

superoxide (O2
•−) to undertake different but targeted oxidations. First, 1O2 is adopted in photodynamic

therapy (PDT) for the oxidation of glioma cells. The PDT efficiency of Por-DETH-COF on the apoptosis of

glioma cells is explored through flow cytometry and western blot assay. The apoptosis rate of glioma

cells significantly increases over Por-DETH-COF under 660nm red light illumination, suggestive of the

potency of 1O2. Second, O2
•− is employed for the targeted oxidation of thiols. A series of thiols could be

efficiently oxidized to corresponding disulfides over Por-DETH-COF under 660nm red light illumination,

indicative of the significance of O2
•−. This work highlights the potential of covalent organic frameworks

in generating ROS for precise medical applications of complex chemical environments.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Covalent organic frameworks (COFs) are an emerging type of

porous organic materials with large specific surface areas, high

crystallinity, low density, and good stability [1–6]. Besides, COFs,

with excellent biocompatibility, have displayed enormous poten-

tial in biomedical applications [7–11]. Moreover, the exceptional

light-harvesting capability and adjustable bandgaps of COFs pro-

vide them with remarkable efficiency for reactive oxygen species

(ROS) generation, which has received considerable interest in pho-

todynamic therapy (PDT) [12–19] and photocatalytic organic oxida-

tions [20–22]. For instance, a corrole-based COF with evident ab-

sorption capability and high efficiency of singlet oxygen (1O2) gen-

eration has been proven to be outstanding in PDT [23]. Similarly,

a glycosylated COF decorated with boron dipyrromethene (BOD-

IPY) via post-synthetic modification has also displayed excellent

performance in 1O2 generation, leading to notable antitumor ef-

fect on the colon tumor via the synergistic therapy of PDT and
1O2-triggered Ca2+ overload treatments [24]. Therefore, developing

COFs in ROS-based PDT for tumor treatment is of great promise.
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Generally, ROS consisting of oxygen-based free radicals and

some non-radical derivatives of O2, such as superoxide (O2
•–), 1O2,

hydroxyl radical (•OH), and hydrogen peroxide (H2O2), are vital for

life on Earth, which work as cell signaling molecules for normal

biological processes [25–31]. However, excessive generation of ROS

could provoke oxidative stress that induces cell death through au-

tophagy, apoptosis, and other signal pathways, leading to uncount-

able pathologies [32–34]. It is now well-established that a sub-

tle but dynamic balance exists between ROS generation and the

antioxidant defenses that maintain the health of living organisms

[35,36]. Due to oxidative damage toward cells, ROS could also play

a significant role in tumor treatment. Diverse studies have focused

on rapidly producing high levels of ROS at tumor sites to cause

local peroxidation of tumor cells, thereby promoting ROS damage

to DNA, lipid and protein peroxidation, and mitochondrial depo-

larization in tumors, eventually achieving the effect of killing tu-

mor cells [37–42]. Among ROS-based therapy, PDT is an effective

method based on oxidation reactions, which could convert tissue

O2 into ROS by utilizing photosensitizers via light energy activation

[43–47]. Compared with conventional therapy, PDT has numerous

advantages over tumor treatment, including high tumor selectivity,

low drug resistance, noninvasive nature, and devoid of side effects

[48–52]. However, the therapeutic efficacy largely depends on the

inherent capability to generate ROS.
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To this end, the generation of ROS over photoactive COFs could

be accomplished in a biocompatible environment without transi-

tion metals and heavy elements. Our recent study demonstrates

that a porphyrin COF (Por-DETH-COF) is an excellent amplifier of

O2
•–, which could swiftly oxidize amines [53]. Nevertheless, the

oxidation of amines proceeds via a nucleophilic attack pathway

rather than direct oxidation. It would be more favorable to find di-

rect and targeted oxidation for the generated ROS over Por-DETH-

COF. Thiols are crucial components of many proteins and small

molecules that play a vital role in maintaining redox homeosta-

sis in living organisms [54,55]. Glutathione, the tripeptide thiol

compound, is pervasive in cells of all organs, including the brain.

Besides, glutathione is overexpressed in tumor chemical environ-

ments [56,57]. Therefore, the oxidation of thiol compounds is cru-

cial in many biological processes [58]. Moreover, thiol compounds

are highly reductive and could potentially impact the effectiveness

of PDT, in which these thiol compounds are preferred to be par-

tially eliminated. Fortunately, thiols could be directly oxidized by

O2
•− [59,60]. In addition, both 1O2 and O2

•– can be simultaneously

generated over COFs and specifically used in oxidations [61,62].

Herein, a hydrazone-linked porphyrin COF Por-DETH-COF is

constructed based on p-Por-CHO (meso-tetrakis(4-formylphenyl)

porphyrin) and DETH (2,5-diethoxyterephthalohydrazide). Por-

DETH-COF is employed for the generation of 1O2 or O2
•− to un-

dertake different but targeted oxidations. First, 1O2 is adopted

in PDT for glioma treatment. Glioma is the most common pri-

mary malignant tumor of adult human central nervous system,

accounting for 80% of all tumors [63], which can significantly af-

fect the immune system with avoided apoptosis, unlimited cell

growth, and enhanced transfer ability. Due to the existence of

the blood-brain barrier, it is often difficult for drugs to reach tu-

mors through blood circulation and aggregate sufficient concen-

tration to achieve local therapeutic function. The PDT efficiency of

Por-DETH-COF is explored to induce the apoptosis of glioma cells

through flow cytometry and western blot assay. The results reveal

that the apoptosis rate of glioma cells significantly increases over

Por-DETH-COF under red light illumination, influencing the expres-

sion level of proapoptotic and anti-apoptosis-related proteins. Sec-

ond, O2
•− is employed for the targeted oxidation of thiols. The

photocatalytic oxidation of thiols is used to mimic the effects of

the generation of ROS over Por-DETH-COF under complex chemi-

cal environments. The results indicate that a series of thiols could

be efficiently transformed into corresponding disulfides under red

light illumination, confirming that Por-DETH-COF is a brilliant plat-

form for ROS generation. This work highlights the great potential

of COFs in ROS-based PDT applications under complex chemical

environments.

Por-DETH-COF was constructed with p-Por-CHO and DETH ac-

cording to our prior work [53] with some modifications (Sup-

porting information and Scheme S1). Subsequently, powder X-ray

diffraction (PXRD) and Fourier transform infrared (FTIR) spectra

were collected to prove the successful construction of Por-DETH-

COF. The crystallinity of Por-DETH-COF was determined by PXRD

(Fig. 1a). The diffracted peaks around 3.0° and 6.1° were ascribed

to the (110) and (220) facets, respectively. Additionally, other weak

diffraction peaks at 4.3°, 9.0°, and 22.0° further demonstrated good

crystallinity. Furthermore, the experimental PXRD pattern of Por-

DETH-COF matched well with the calculated diffraction pattern

with AA eclipsed stacking model in the prior report [64]. The

hump centered at ∼22.0° is probably indexed to zigzag π–π stack-

ing of 2D layers [65]. FTIR spectra (Fig. 1b) were also gathered to

analyze the characteristic functionalities of Por-DETH-COF. Due to

the establishment of hydrazone linkage, the FTIR spectrum of Por-

DETH-COF emerged with peaks at 1665 cm−1 and 1201 cm−1. The

observed band at around 3400 cm−1 was attributed to the −OH

group of adsorbed water on Por-DETH-COF.

Fig. 1. (a) PXRD and (b) FTIR spectra of Por-DETH-COF, p-Por-CHO, and DETH.

Fig. 2. (a) Solid-state 13C NMR spectrum and (b) N2 adsorption/desorption curve of

Por-DETH-COF.

Fig. 3. (a) SEM and (b) TEM images of Por-DETH-COF.

Next, the construction of Por-DETH-COF was identified by solid-

state 13C nuclear magnetic resonance (NMR) spectroscopy. The 13C

resonance signal at ∼162ppm (marked 1) might be assigned to

the hydrazone bond (Fig. 2a). The resonance signal at ∼150ppm

(marked 2) was probably ascribed to the carbon of the C=N bond.

The permanent porosity of the Por-DETH-COF was assessed by N2

sorption analysis at 77K, demonstrating a Brunauer–Emmett–Teller

(BET) specific surface area of 925 m2/g and a pore volume of 0.517

cm3/g (Fig. 2b). The high specific surface area and large pore vol-

ume are conducive to the generation and diffusion of ROS over Por-

DETH-COF, offering a brilliant platform for targeted oxidations.

Using scanning electron microscopy (SEM) and transmission

electron microscopy (TEM), the morphology of Por-DETF-COF was

investigated (Figs. 3a and b). Por-DETF-COF was composed of

stacked and interwoven network structures. The solid-state UV–

visible spectrum of Por-DETH-COF exhibited a wide absorption

edge around 400–700nm (Fig. 4a). Based on the Kubelka–Munk

function, the bandgap (Eg) of Por-DETH-COF was roughly estimated

at 1.75 eV from the absorption edge (Fig. 4b). In principle, the Eg of

Por-DETH-COF is narrow enough to efficiently harvest visible light.

Namely, it is well-founded to realize red light-induced generation

of ROS over Por-DETH-COF. Red light is essential for biomedical ap-

plications because it can penetrate cells more efficiently.

The electron paramagnetic resonance (EPR) spectra of Por-

DETH-COF were collected. Compellingly, Por-DETH-COF is a

brilliant platform for ROS generation. According to EPR results
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Fig. 4. (a) Solid-state UV–visible spectrum and (b) Eg of Por-DETH-COF calculated

by the Kubelka–Munk formula. The collected EPR spectra of (c) 1O2 captured by

TMPD and (d) O2
•– captured by DMPO over Por-DETH-COF under red light illumi-

nation.

(Fig. 4c), the signal of 1O2 trapped by 2,2,6,6-tetramethyl-4-

piperidone (TMPD) was generated and enhanced with red light

illumination, implying that 1O2 is produced under red light il-

lumination through an energy transfer pathway [66]. Moreover,

the production of O2
•− was also confirmed, whose EPR signal

was displayed by 5,5-dimethyl-1-pyrroline N-oxide (DMPO). The

signal of DMPO-O2
•– adducts was noticeable under red light illu-

mination and increased with time of illumination (Fig. 4d), which

evidences the efficient generation of O2
•−. By and large, two types

of ROS, namely 1O2 and O2
•−, could be sufficiently generated over

Por-DETH-COF under 660nm red light illumination.

After confirming the capability of ROS generation over Por-

DETH-COF, the generated 1O2 over Por-DETH-COF was applied in

tumor treatments. Glioma cells were first taken as the targeted ox-

idation over Por-DETH-COF. The GBM cell lines (U87) were pur-

chased from the American Type Culture Collection (ATCC). These

cells were cultured at 37 °C with 5% CO2 in Dulbecco’s modified

Eagle’s medium, 10% fetal bovine serum (Gibco), and 1% peni-

cillin/streptomycin (4mg/mL; Sigma Aldrich). Experiments were

conducted at a cell density of 70%–80%. Antibodies against B-cell

lymphoma-2 (Bcl-2), Bcl-2-Associated X (Bax), Cleaved Caspase-

3 (CC3), and glyceral-dehyde-3-phosphate dehydrogenase (GAPDH)

were purchased from Cell Signaling Technology (Beverly, USA).

Glioma cells and red light-emitting diodes (LEDs) (λ=660±8nm)

were used as target object and light source, respectively. Flow cy-

tometry showed the effect of red light illumination over Por-DETH-

COF on the apoptosis of glioma cells. The results showed that af-

ter adding Por-DETH-COF to the sample along with illumination

of red light for 24h, the apoptosis rate of glioma cells signifi-

cantly increased in light+Por-DETH-COF group, which is substan-

tially higher than that of the control group, light group, and Por-

DETH-COF group (P < 0.05). The apoptosis rate slightly increased

in the light group and the Por-DETH-COF group compared with the

control group (Figs. 5a and b).

In addition, western blot assay was used to detect the expres-

sion level of glioma-related proteins. Western blot analysis was

performed as described in Supporting information. It showed that

compared with the control group, light group, and Por-DETH-COF

group, the expression level of proapoptotic-related proteins Bax

and CC3 was significantly increased, while the expression level of

anti-apoptosis-related protein Bcl-2 was considerably suppressed

in light+Por-DETH-COF group (Figs. 5c and d). Meanwhile, only a

slight increase in apoptosis was observed in the light group and

the Por-DETH-COF group. The Western blot results showed that

Por-DETH-COF under red light illumination could significantly in-

duce the apoptosis of glioma cells and inhibit the growth of glioma

cells, which is consistent with flow cytometry results. However,

one should not take it for granted that the apoptosis of glioma

cells was solely caused by PDT of 1O2 over Por-DETH-COF. Glioma

cells live alongside complex cellular chemical environments, which

could impact the effectiveness of ROS.

Next, Por-DETH-COF was then applied to the targeted oxi-

dation of thiols. Notably, the red light-induced oxidation of 4-

methoxybenzenethiol smoothly occurred in an atmosphere of O2

Fig. 5. Red light-induced apoptosis of glioma cells (U87) in vitro over Por-DETH-COF. (a and b) Apoptosis assay analysis by flow cytometry of glioma U87 cells in the control

group, light group, Por-DETH-COF group, and light+Por-DETH-COF group. (c and d) Cell apoptosis-related protein expression quantified with western blot. The light group

represents red light illumination without adding the Por-DETH-COF group; The Por-DETH-COF group represents adding Por-DETH-COF without red light illumination group;

Light+Por-DETH-COF group represents the Por-DETH-COF with red light illumination group. ∗ represents P < 0.05 compared with the control group, # represents P < 0.05

compared with the light group, and & represents P < 0.05 compared with the Por-DETH-COF group.
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Fig. 6. Control experiments for the red light-induced oxidation of thi-

ols over Por-DETH-COF. Standard reaction conditions: Por-DETH-COF (5mg),

4-methoxybenzenethiol (0.3mmol), O2 (1 atm), C2H5OH (1mL), red LEDs

(660±8nm), 0.5 h.

(Fig. 6, bar a). Additionally, the production of disulfide was also

possible under air (Fig. 6, bar b). In comparison, the yield of disul-

fide benefited from the improved O2 pressure. As observed, it was

practical but less effective when C2H5OH was replaced by CH3OH

or CH3CN (Fig. 6, bars c and d). Moreover, the functions of the rest

components of the system were also studied. Under comparable

conditions, self-oxidation under red light illumination could not be

completed when only 4-methoxybenzenethiol existed (Fig. 6, bar

e). In contrast to the experiment performed in the dark, where no

products were formed, thiol conversion equally did not occur when

O2 was removed by N2 (Fig. 6, bars f and g). Por-DETH-COF, O2,

and light source were all essential for this system, confirming the

suspicions that the oxidation is induced by activating O2 to proper

ROS over Por-DETH-COF under red light illumination. Deutered sol-

vent could prolong the lifetime of 1O2, which in turn could im-

prove the conversion. Notwithstanding, the photocatalytic conver-

sion of 4-methoxybenzenethiol was not improved when C2H5OH

was replaced by C2D5OD, suggesting that 1O2 does not partake in

the oxidation of thiol and O2
•− is the pivotal ROS.

To verify the universality, a series of thiols were investigated

as the substrates for photocatalytic oxidation over Por-DETH-

COF (Table 1). In comparison with benzenethiol, electron-donating

derivatives were smoothly converted into corresponding disulfides

with less reaction time (Table 1, entries 1–4). As for electron-

withdrawing groups like −F, −Cl, and −Br substituted thiols, the

rate of transformation was comparable to that of benzenethiol

(Table 1, entries 7–9). However, 4-(trifluoromethyl)benzenethiol

suffered from decreased conversion for the stronger electron-

withdrawing effect of −CF3 (Table 1, entry 10). For comparison, the

performances of the same substituent (−OCH3) at different posi-

tions on targeted oxidation of thiols were displayed (Table 1, en-

tries 4–6). It was shown that the steric effect could partly inhibit

the effective conversion of thiols. Under red light illumination, Por-

DETH-COF induced the efficient conversion of various thiols and

enabled the generation of disulfides with O2
•−.

Eventually, a mechanism for the targeted oxidation of ben-

zenethiol over Por-DETH-COF is proposed in Fig. 7. Initially, Por-

DETH-COF is excited by red light illumination, resulting in the sep-

aration of electron (e−) and hole (h+). Then e− combines with

O2 to generate O2
•−. Benzenethiol is activated by O2

•− and con-

verted to a sulfur-centered radical. The sulfur-centered radical cou-

ples with another benzenethiol, forming a disulfide and releasing

hydrogen radical (H•). For the steady generation of O2
•−, the h+

should be partially quenched by H• to release H+. The released H+

reacts with the O2
•–, which is eventually converted to H2O2.

In summary, Por-DETH-COF has been successfully developed as

a platform for ROS generation to undertake targeted oxidations.

Firstly, the PDT efficiency of the generated 1O2 over Por-DETH-

Table 1

Red light-induced photocatalytic oxidation of thiols into disulfides over Por-DETH-

COF.a

Entry Substrate Product t (h) Conv. (%)b Sel. (%)b

1 1.2 89 99

2 0.9 90 99

3 1.0 90 99

4 0.7 94 99

5 1.3 90 99

6 1.7 80 99

7 1.2 85 99

8 1.2 87 99

9 1.2 90 99

10 1.5 73 99

a Reaction conditions: Por-DETH-COF (5mg), thiol (0.3mmol), O2 (1 atm),

C2H5OH (1mL), red LEDs (660±8nm).
b Determined by GC–FID using chlorobenzene as the internal standard, conver-

sion of thiol, and selectivity of corresponding disulfide.

Fig. 7. A proposed mechanism of the red light-induced generation of O2
•− over Por-

DETH-COF for the targeted oxidation of thiol.
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COF was explored on the apoptosis of glioma cells through flow

cytometry and western blot assay. The results revealed that Por-

DETH-COF significantly increased the apoptosis rate of glioma cells

under red light illumination by influencing the expression level of

proapoptotic and anti-apoptosis-related proteins. Second, the effec-

tiveness of the afforded O2
•− over Por-DETH-COF was assessed by

the photocatalytic oxidation of thiols. A series of thiols could be ef-

ficiently transformed into corresponding disulfides under red light

illumination. Overall, Por-DETH-COF is a brilliant platform for ROS

generation. This work highlights the great potential of COFs in gen-

erating ROS for precise medical applications of complex chemical

environments.
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