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A vinyl-decorated covalent organic framework for ferroptotic 
cancer therapy via visible-light-triggered cysteine depletion
Qun Guan,a,‡ Le-Le Zhou,a,‡ Wei Zhou,b and Yu-Bin Donga,*

Biothiols, including glutathione (GSH) and cysteine, are important reductants that maintain intracellular redox homeostasis. 
Recent studies have demonstrated that cysteine deprivation is a more effective antitumor strategy than GSH depletion. 
However, the lack of highly chemoselective and tumor-specific cysteine-consuming reagents limits the practical application 
of cysteine deprivation. Herein, we report a vinyl-decorated nanoscale covalent organic framework (COF) prepared in 
aqueous solution at room temperature. After encapsulating a Ru(II)-based photocatalyst, the obtained Ru(II)@COF-V 
efficiently catalyzes the thiol–ene click reaction between vinyl and cysteine upon visible-light irradiation. Ru(II)@COF-V 
preferentially accumulates in lipid droplets of tumor cells via lipid raft- and caveolin-related endocytosis and induces lipid 
peroxidation and ferroptosis by consuming cysteine, exhibiting powerful therapeutic activity against colon cancer. We 
believe that this study both enriches the ambient synthesis of nanoscale COFs and highlights the feasibility of intracellular 
photochemical reactions for tumor therapy.

Introduction
Tumor cells maintain redox homeostasis through an 

intricate but robust antioxidant system.1 Redox signaling is 
coupled with metabolic signaling, and together, they constitute 
the cornerstone of tumor cell growth and proliferation.2 
Targeting redox vulnerability and altering metabolic 
homeostasis hold great promise for cancer therapy.3, 4 
Glutathione (GSH) is the major antioxidant in living cells. GSH-
depleting nanodrugs impose high levels of oxidative stress on 
cells, impairing tumor resistance to oncotherapy.5 GSH 
depletion has recently gained prominence as a facilitator of 
various antitumor therapeutics, including chemotherapy,6 
phototherapy,7 radiotherapy,8 and immunotherapy.9, 10 
However, GSH depletion-promoted antitumor therapies are 
hindered by the high GSH concentrations (5–10 mM) in tumor 
cells, the sustained reduction of oxidized glutathione (GSSG), 
and the de novo synthesis of GSH, which may lead to 
therapeutic failure.11, 12 More seriously, in tumor cells, there are 
alternative antioxidant mechanisms that support cell survival 
under GSH depletion, such as thioredoxin reductases,13 
deubiquitinases,14 and nuclear factor erythroid 2-related factor 
2,15, 16 making GSH depletion de facto insufficient to induce cell 
death in most tumor cell lines and solid tumors.14

Cysteine — a sulfhydryl-containing amino acid — is not only 
the rate-limiting precursor for the synthesis of GSH but also an 
important sulfur source for the synthesis of coenzyme A17 and 
is essential for maintaining redox homeostasis and promoting 
cell proliferation.18 Cyst(e)ine depletion has recently been 
shown to induce cell death more effectively than GSH 
depletion.19-23 As reported by Gan et al.,24 cysteine deprivation 
achieved by removing cyst(e)ine from culture media not only 
blocks the biosynthesis of GSH but also reduces the expression 
of glutathione peroxidase 4 (GPX4), which is a key enzyme that 
catalyzes the GSH antioxidant reaction, by impairing GPX4 
mRNA translation, both of which are promoters of ferroptosis. 
Since it was first defined in 2012,25 ferroptosis, which was 
described as a type of iron-dependent nonapoptotic regulated 
cell death involving lipid peroxidation, has emerged as another 
promising mechanism for tumor treatment after apoptosis-
induced tumor ablation.26, 27 Thus, we hypothesized that 
irreversible cysteine depletion would be an effective approach 
to induce antitumor therapy through a ferroptosis mechanism. 
However, reported broad-spectrum thiol-reactive reagents, 
such as N-ethylmaleimide, 2-iodoacetamide, and S-methyl 
methanesulfonothioate, not only have unsuitable reaction 
kinetics but also lack chemoselectivity for cysteine and 
specificity for tumors, limiting their therapeutic efficacy and 
leading to side effects.28, 29 In fact, achieving highly selective and 
irreversible cysteine depletion in cells and solid tumors remains 
a challenge.

Due to their high customizability, chemical stability, and 
biocompatibility,30, 31 covalent organic frameworks (COFs), as 
crystalline and porous polymer materials, have shown potential 
applications in catalysis,32 energy science,33-35 biomedicine,36, 37 
etc., since their first synthesis in 2005.38 Additionally, these 
features might make COFs promising candidates for depleting 
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cysteine from tumor sites using irreversible chemical reactions. 
First, COFs have regularly arranged columnar pores, and a high 
density of sulfhydryl-reactive groups on the pore walls can be 
easily introduced through pre- and post-synthesis modifications 
to provide a sufficiently large cysteine consumption capacity. 
Furthermore, the pore size of COFs can be precisely controlled 

by varying the molecular size and symmetry of the organic 
monomers,39 thus allowing only cysteine to diffuse into the pore 
while preventing the entry of other sulfhydryl-containing 
molecules (e.g., GSH and proteins) as much as possible, 
consequently improving the selectivity of the depletion 
reaction.

Fig. 1 Ru(II)@COF-V for ferroptotic cancer therapy via visible-light-triggered cysteine depletion. (A) Preparing COF-V and Ru(II)@COF-V for depleting cysteine under a 
blue LED. (B) Lipid peroxidation and ferroptosis mediated by Ru(II)@COF-V-induced cysteine depletion.

Herein, we synthesized vinyl-functionalized nanoscale COF-
V in aqueous solution at room temperature and pressure and 
its host-guest complex Ru(II)@COF-V by uploading photoactive 
Ru(bpz)3(PF6)2 (bpz = 2,2’-bipyrazine) via room temperature 
aqueous solution impregnation (Fig. 1A). Under blue LED 
irradiation, cysteine was selectively trapped by COF-V through 
an intrapore radical thiol–ene photoreaction catalyzed by the 
encapsulated Ru(bpz)3(PF6)2,40 leading to ferroptotic cancer 
therapy via intracellular cysteine depletion. The generated 
satisfactory antitumor activity was fully evidenced by in vitro 
and in vivo experiments (Fig. 1B). This localized photoreaction 
confines cysteine depletion within the illuminated region, thus 
minimizing the adverse effects on normal tissues. We believe 
that the strategy of selective depletion of cysteine through COF-
mediated intracellular photoreaction is expected to open a 
serviceable therapeutic window for future cancer interventions.

Results

Design, synthesis, and characterization of COF-V and 
Ru(II)@COF-V

To date, most COFs have been synthesized by solvothermal 
methods at high temperature and autogenous pressure, with 
micron-scale particle sizes and poor dispersion in aqueous 

solutions, making them unsuitable for biomedical 
applications.41 Under mild conditions, especially in aqueous 
solutions, the bottom-up synthesis of highly crystalline 
nanoscale COFs has been one of the main bottlenecks 
restricting the biomedical applications of COFs.42, 43 To develop 
the water-phase synthesis method of nanoscale COFs, after 
condition optimization, 2,5-divinylterephthalaldehyde was 
reacted with 1,3,5-tris(4-aminophenyl)benzene undisturbed for 
24 h in dilute acetic acid aqueous solution with a concentration 
of 1.0 M at room temperature with a small amount of methyl 
acetate and 1-butanol as solubilizers, resulting in [3+2] 
condensation to obtain imine-linked COF-V with a pore size of 
approximately 28 Å. Subsequently, COF-V was dispersed into an 
aqueous solution of Ru(bpz)3(PF6)2 (approximately 9  9 Å) and 
stirred at room temperature for 24 h to encapsulate 
Ru(bpz)3(PF6)2 photocatalyst to afford Ru(II)@COF-V (Fig. 1A). 
Inductively coupled plasma–mass spectrometry (ICP–MS) 
analysis revealed that the Ru(II) content in Ru(II)@COF-V is 0.58 
wt%, which is equivalent to a Ru(bpz)3(PF6)2 content of 57.4 
nmol/mg.

The crystalline nature of COF-V was confirmed by powder X-
ray diffraction (PXRD). As shown in Fig. 2A, COF-V exhibited a 
strong diffraction peak at 2θ = 2.73° that was indexed to the 
(100) diffraction plane. The crystal coherent scattering domain 
size was approximately 13 nm, which was obtained from its full 
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width at half maximum of the diffraction peak, indicating its 
polycrystalline nature. Furthermore, the four weak diffraction 
peaks at 2θ = 4.76°, 5.55°, 7.36°, and 9.72° corresponded to the 
(110), (200), (210), and (220) planes, respectively, suggesting 
that COF-V featured a 2D network with an AA stacking model. 
In addition, the diffraction peak at 2θ = 25.2° was assigned to 
the (001) facet, which corresponded to a π–π stacking distance 
of approximately 3.5 Å along the direction perpendicular to the 
2D layers. All these data were consistent with the crystal 
structure of COF-V synthesized by Ma et al. in 2017 by the 
solvothermal reaction in n-butanol and o-dichlorobenzene at 
100°C.44 In addition, after loading Ru(bpz)3(PF6)2, the COF 
structure was preserved, which was verified by the consistent 
PXRD pattern with COF-V. The peak intensity of Ru(II)@COF-V 
was reduced to approximately half of that of COF-V, which was 
due to the presence of intrapore amorphous Ru(bpz)3(PF6)2 that 

enhanced X-ray absorption but did not contribute to X-ray 
diffraction.45

The attenuated total reflection–Fourier transform infrared 
(ATR–FTIR) spectrum of COF-V showed a moderately intense 
characteristic peak of C=N stretching vibration at 1619 cm-1, 
indicating the formation of imine linkages (Fig. 2B). The 
observed characteristic vibration bands at 983 and 914 cm-1 
were assigned to the vinyl groups on the pore walls. In addition, 
the 13C solid-state nuclear magnetic resonance (ssNMR) 
spectrum further confirmed the presence of C=N (150 ppm) and 
vinyl groups (118 ppm), consistent with the expected structure 
(Fig. 2C). It is worth noting that the characteristic peaks of guest 
Ru(bpz)3(PF6)2 were not observed in the ATR–FTIR and 13C 
ssNMR spectra, which may be attributed to the low loading and 
shielding effect of the framework on the guest molecules in the 
pores.46

Fig. 2 Characterization of COF-V and Ru(II)@COF-V. (A) PXRD patterns. Inset: photographs of COF-V and Ru(II)@COF-V powders. (B) ATR–FTIR spectra. (C) 13C ssNMR 
spectra. (D) Nitrogen adsorption–desorption isotherms at 77 K. (E) Pore size distributions. (F) High-resolution XPS spectrum of Ru(II)@COF-V in the Ru 3p region. (G) 
TEM images. (H) DLS particle size distribution plots.

The porosity of COF-V and Ru(II)@COF-V was confirmed by 
nitrogen adsorption–desorption isotherms at 77 K with the 
Brunauer–Emmett–Teller (BET) surface areas calculated as 355 
and 209 m2/g, respectively (Fig. 2D). The pore size distribution 
curves calculated by the nonlocal density functional theory 
(NLDFT) model indicated the presence of mesopores centered 
at 2.7 nm in both COF-V and Ru(II)@COF-V, which was 
consistent with the expected structure (Fig. 2E). Notably, the 
total pore volume of Ru(II)@COF-V (0.21 cm3/g) was slightly 
lower than that of COF-V (0.29 cm3/g), supporting the 
speculation that the crystallinity was hardly lost and that the 
pores were partially occupied by the Ru(bpz)3(PF6)2 guest.

Furthermore, the high-resolution X-ray photoelectron 
spectroscopy (XPS) spectrum in the Ru 3p region of Ru(II)@COF-
V was deconvoluted into two peaks, 3p1/2 at 485.5 eV and 3p3/2 
at 463.4 eV, with a spin–orbit splitting of 22.1 eV and an area 
ratio of 1:2, further confirming the existence of Ru(II) species in 
Ru(II)@COF-V (Fig. 2F).

The morphology of COF-V and Ru(II)@COF-V was revealed 
by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM). COF-V and Ru(II)@COF-V presented 
homogeneous rough spherical structures with average sizes of 
61 ± 11 nm and 59 ± 9 nm, respectively (Fig. 2G and S1A, ESI†). 
In particular, the morphology of Ru(II)@COF-V showed no 
obvious change, and no impurity phase was observed after 
loading Ru(bpz)3(PF6)2, thus further demonstrating successful 
encapsulation of Ru(bpz)3(PF6)2 into the pores of COF-V. 
Furthermore, dynamic light scattering (DLS) measurements 
revealed that the hydrodynamic sizes of COF-V and Ru(II)@COF-
V in phosphate-buffered saline (PBS) were 85.6 and 83.9 nm, 
respectively, and the polydispersity indexes (PDIs) were 0.185 
and 0.157, respectively, indicating that the nanoparticles were 
approximately monodisperse distributed in PBS (Fig. 2H). As 
expected, no apparent changes in particle size distribution and 
PDI were observed even after 8 days of incubation in PBS, 
underscoring the acceptable colloidal stability of COF-V and 
Ru(II)@COF-V nanoparticles (Fig. S1B–C, ESI†).

Photocatalytic thiol–ene reaction of Ru(II)@COF-V and 
cysteine in PBS

Page 3 of 15 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
3 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
by

 S
ha

nd
on

g 
N

or
m

al
 U

ni
ve

rs
ity

 o
n 

10
/1

4/
20

22
 3

:4
1:

19
 P

M
. 

View Article Online
DOI: 10.1039/D2TB01815B

https://doi.org/10.1039/d2tb01815b


ARTICLE Journal Name

4 | J. Name., 2022, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

As one of the most general methods for the construction of 
thioethers, the radical thiol–ene reaction holds promise for 
depletion of intracellular cysteine. However, tumor specificity 
and biosafety are lacking when they are applied in vivo because 
classical thiol–ene reactions are typically initiated by thermal 
and ultraviolet light activation of free radical initiators, e.g., 
2,2’-azobis(2-methylpropionitrile), benzophenone, and 2-
hydroxy-2-methylpropiophenone.47 Therefore, visible-light-
induced photoredox reactions are particularly interesting and 
useful.

In 2013, Yoon et al. reported Ru(bpz)3
2+-photoredox 

catalysis of radical thiol–ene reactions, obtaining the various 

hydrothiolation products of olefins in 73–99% yields.40 Inspired 
by this, we first tested the compatibility of this reaction for 
biothiols in aqueous solution. Under blue LED irradiation for 3.5 
h, the addition reaction of L-cysteine with styrene gave S-
phenethyl-L-cysteine in 91% yield (Fig. S2, ESI†). In contrast, the 
addition reaction of GSH with styrene yielded S-phenethyl-L-
glutathione with a yield of 54% (Fig. S3, ESI†). Therefore, the 
thiol–ene reaction was determined to be compatible with 
aqueous solutions of biothiols, and cysteine had higher 
reactivity than GSH, which may help improve the selectivity for 
cysteine consumption.

Fig. 3 Ru(II)@COF-V for light-induced consumption of cysteine and GSH in PBS. (A) Ru(II)-photocatalytic thiol–ene reactions of COF-V and biothiols for the synthesis of 
COF-V-Cys and COF-V-GSH. (B) ATR–FTIR spectra. (C) 13C ssNMR spectra. (D) PXRD patterns. (E) Nitrogen adsorption–desorption isotherms at 77 K. (F) Pore size 
distributions. (G) TEM images. (H) DLS particle size distribution plots. (I) Depletion kinetics of cysteine and GSH at physiological concentrations in tumor cells under blue 
LED irradiation (20 mW/cm2) at 37°C.

Then, the thiol–ene reaction of Ru(II)@COF-V with biothiols 
under blue LED irradiation was investigated. Ru(II)@COF-V and 
biothiols (viz. cysteine and GSH) dissolved in PBS were exposed 
to blue LED light for 0.5 h to obtain COF-V-Cys and COF-V-GSH 
(Fig. 3A). Elemental analysis of COF-V-Cys and COF-V-GSH 
revealed sulfur contents of 8.95 and 2.26 wt%, respectively, 
which correspond to the compositions of 
C84H60N6(C3H7NO2S)4.86 and C84H60N6(C10H17N3O6S)1.04, 
respectively (Fig. S4, ESI†). This result implied that 
approximately 81% and 17% of vinyls in COF-V reacted with 
cysteine and GSH via thiol–ene reactions, respectively. The 
significant difference in sulfhydryl consumption herein might 

mainly result from the different substrate sizes. The much 
smaller cysteine (approximately 5 Å) more readily enters the 
COF pores to react with the internal vinyls. In contrast, the 
jumbo-sized GSH (approximately 17 Å) can primarily react with 
the surface vinyls of Ru(II)@COF-V, resulting in low GSH 
consumption. This size effect-induced reaction selectivity is 
unique to crystalline porous materials and is difficult to achieve 
on amorphous materials.

The new emerging characteristic bands at 3274, 2970–2873, 
and 1088 cm-1 associated with –CO2H, –CH2CH2– and –C–S– 
species, respectively, and largely decreased peaks at 983 and 
914 cm-1 for vinyl in the ATR–FTIR spectrum clearly indicated the 
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high throughput of the thiol–ene reaction of Ru(II)@COF-V with 
cysteine (Fig. 3B). Although some characteristic peaks 
associated with the thiol–ene reaction product of Ru(II)@COF-
V with GSH were also observed, their peak intensities were 
weak, implying a low reaction yield. This observation was 
further supported by the obvious ssNMR signals (39 and 68 
ppm) of alkyl C species in COF-V-Cys but not in COF-V-GSH (Fig. 
3C).

The thiol–ene reactions of Ru(II)@COF-V with cysteine and 
GSH also resulted in a change in the COF crystallinity (Fig. 3D). 
In contrast to the decrease in crystallinity for COF-V-GSH, COF-
V-Cys even lost its crystallinity and was obtained as an 
amorphous covalent organic polymer due to the high 
postmodification yield of COF-V with cysteine under the given 
conditions. Accordingly, the BET surface areas of COF-V-Cys and 
COF-V-GSH dropped to 26 and 24 m2/g, respectively (Fig. 3E), 
and the pore sizes decreased to 1.7 and 1.5 nm, respectively 
(Fig. 3F).

In addition, COF-V-Cys and COF-V-GSH possessed almost the 
same spherical morphology as COF-V and Ru(II)@COF-V, and 
their particle sizes based on TEM images were 60 ± 10 nm and 
60 ± 9 nm, respectively (Fig. 3G). However, the thiol–ene click 
reactions enhanced their hydrophilicity, resulting in a slight 
increase in their hydrodynamic sizes (COF-V-Cys, 101.0 nm; 
COF-V-GSH, 109.8 nm) (Fig. 3H).

Unlike the high intracellular concentration of GSH 
(approximately 10 mM), cysteine, as one of the least abundant 
amino acids in cells, is usually less than 0.1 mM.48 In view of this, 
the reaction kinetics of Ru(II)@COF-V toward these two 
biothiols were further investigated. Under the simulated 
physiological conditions, 78% cysteine was consumed after 15 
min of blue LED irradiation (20 mW/cm2), and it was almost 
completely consumed after 0.5 h of irradiation (Fig. 3I). In 
contrast, the GSH concentration was only slightly disturbed 
under the same conditions. It is speculated that the large 
change in cysteine concentration by Ru(II)@COF-V can 
completely destroy intracellular cysteine homeostasis, while 
the effect on GSH homeostasis can be negligible.

Transmembrane transport and subcellular localization of 
COF-V nanoparticles

Transmembrane transport is a critical step in the process by 
which many therapeutic nanodrugs reach their intracellular 
targets from extracellular environments, which is a process that 
is closely related to the nanoparticle size, morphology, and 
surface characteristics of nanoparticles.49 Given the nanoscale 
spherical morphology and the good dispersion of COF-V, the cell 
internalization mechanism was investigated (Fig. S5A, ESI†). 
Flow cytometric analysis detected more than 300-fold 
fluorescence enhancement in the cells incubated with Alexa 
Fluor 488-labeled COF-V for 2 h at 37°C compared to untreated 
cells, indicating efficient cellular internalization. Both a 
reduction in the incubation temperature to 4°C and 
pretreatment with the glycolysis inhibitor 2-deoxy-D-glucose 
resulted in marked inhibition of cellular internalization by 
blocking energy metabolism, suggesting that HCT-116 cells 
achieved COF-V uptake via energy-dependent endocytosis. 

Subsequently, HCT-116 cells were treated with many types of 
endocytosis inhibitors.50 Neither the clathrin-mediated 
endocytosis inhibitor chlorpromazine nor the micropinocytosis 
inhibitor amiloride affected the uptake of COF-V. However, 
methyl-β-cyclodextrin, which is a lipid raft-mediated 
endocytosis inhibitor, depleted cholesterol and markedly 
inhibited the cellular uptake of COF-V. Furthermore, both 
nystatin and genistein reduced the cellular uptake of COF-V by 
inhibiting caveolin-mediated endocytosis. Consistent with these 
results, dynasore led to reduced cellular uptake of COF-V by 
inhibiting dynamin polymerization at the neck of the caveolin. 
These results indicated that COF-V predominantly crossed the 
cell membrane through lipid raft- and caveolin-related energy-
dependent endocytosis. Although the detailed mechanism 
needs further exploration, the particle size (approximately 60 
nm) of COF-V is an indispensable condition for achieving the 
lipid raft- and caveolin-dependent endocytic pathway because 
the sizes (50–100 nm) of lipid rafts and caveolae do not allow 
the transport of large particles.51

After confirming the cellular internalization mechanism, the 
distribution of COF-V within HCT-116 cells was further 
visualized. Distinct punctiform green fluorescence was 
observed in HCT-116 cells treated with Alexa Fluor 488-labeled 
COF-V for 2 h, which overlapped well with the bright spherical 
subcellular structures in the bright field images obtained by 
laser scanning confocal fluorescence imaging (Fig. S5B, ESI†). 
Staining with Lipi-Blue, a lipid droplet-specific fluorescent dye, 
confirmed that the observed subcellular structures are lipid 
droplets.52 Notably, pretreatment of HCT-116 cells with oleic 
acid to increase the number of lipid droplets increased the 
cellular uptake of COF-V; in contrast, inhibition of lipid droplet 
formation by triacsin C or CAY10650 resulted in reduced 
intracellular accumulation of COF-V (Fig. S5C, ESI†). This 
correlation of cellular accumulation and lipid droplet content 
suggested that COF-V is a lipid droplet-targeting nanomaterial 
and may be related to the lipophilicity of COF-V. Furthermore, 
localization of caveolin on lipid droplet membranes may 
promote lipid droplet accumulation of COF-V that enter cells 
through caveolin-mediated endocytosis,53 but further research 
is needed.

Oxidative stress and cell damage induced by Ru(II)@COF-V-
mediated cysteine depletion

As a unique hydrophobic phase in the aqueous environment 
of the cytosol, lipid droplets act as essential factors in 
maintaining lipid metabolism and redox homeostasis by storing 
and releasing lipids and forming membrane contact sites with 
other organelles.54, 55 Due to the high affinity of COF-V for lipid 
droplets, we hypothesized that cysteine depletion that occurs 
in and around lipid droplets would lead to lipid (per)oxidation, 
subsequent redox dyshomeostasis, and final cell death.

The effect of cysteine depletion induced by Ru(II)@COF-V 
under blue LED irradiation on cell viability was examined. 
Propidium iodide, as a cell-impermeant nucleic acid binding 
stain, can only fluoresce when entering cells through damaged 
cell membranes. SYTO Deep Red, by contrast, is a membrane-
permeable nucleic acid dye that marks living and dead cells. 
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Experiments showed that the combined treatment of 
Ru(II)@COF-V at a concentration of 200 µg/mL and a blue LED 
with a power density of 20 mW/cm2 resulted in positive 
propidium iodide staining in HCT-116 cells, indicating increased 
cell membrane permeability (Fig. 4A). None of the 
monotreatment of Ru(II)@COF-V or blue LED irradiation 
resulted in detectable changes in cell membrane permeability, 
indicating that the cell damage is a joint result of Ru(II)@COF-V 
and blue light. Moreover, the colorimetric analysis of cell 
viability based on CCK-8 further supported impaired cell viability 
(Fig. 4B). Under blue LED irradiation, Ru(II)@COF-V at 100 and 
200 µg/mL reduced the viability of HCT-116 cells to 70.8% and 
33.4% of that of the control group, respectively. In contrast, 
Ru(II)@COF-V resulted in more than 90% cell viability even at 
concentrations as high as 400 µg/mL in the dark. Consistently, 
Ru(II)@COF-V significantly reduced the number of colonies that 
were formed by a single HCT-116 cell under blue light regardless 
of its concentration at 200 or 400 µg/mL, indicating that 
photoredox-triggered cysteine depletion disrupted the 
immortal proliferation potential of HCT-116 cells (Fig. S6, ESI†). 
Similarly, Ru(II)@COF-V inhibited the viability of HT-1080, MCF-
7 and KYSE-510 cells under blue light irradiation with IC50 values 

of 182, 216 and 162 µg/mL, respectively (Fig. S7A–D, ESI†). In 
contrast, KYSE-150, HEEC, and MCF-10A cells displayed low 
sensitivity to COF-V-induced cysteine photodepletion, with IC50 
values of 324, 340, and 393 µg/mL, respectively (Fig. S7E–G, 
ESI†).

Next, experiments were performed to detect the content of 
biothiols in cells. HCT-116 cells were cocultured with 
Ru(II)@COF-V at a concentration of 200 μg/mL for 2 h and then 
irradiated with blue LED light for 15 min. After 0.5 h of 
additional incubation, the intracellular cysteine content 
decreased to 45.1% of the control group (Fig. 4C), while 
intracellular GSH, GSSG and the ratio of both were not 
significantly different from the control group at this time (Fig. 
4D–F). In contrast, an additional 24 h of incubation after 
irradiation caused the levels of GSH and GSSG to decrease to 
27.3% and 57.1% of that of the control group, respectively, and 
the ratio of GSH to GSSG decreased significantly. It follows that 
the decrease in cysteine content occurred earlier than that in 
total GSH content, indicating that Ru(II)@COF-V principally 
reacted with cysteine under blue LED light irradiation, while the 
decrease in GSH and GSSG contents was a secondary event 
caused by cysteine consumption.

Fig. 4 Intracellular cysteine depletion and cell death of HCT-116 cells treated with Ru(II)@COF-V (0–400 μg/mL, 2 h) under a blue LED (0 or 20 mW/cm2, 15 min). (A) 
SYTO Deep Red and propidium iodide staining assays for detecting cell integrity. (B) CCK-8 cell viability assays. (C) Intracellular cysteine contents. (D) Intracellular GSH 
contents. (E) Intracellular GSSG contents. (F) Intracellular GSH/GSSG ratio. (G) CLSM images of lipid peroxides using a C11-BODIPY fluorescence probe. (H) CLSM images 
of intracellular ROS detection using the DCFH-DA fluorescence probe. (I) CLSM imaging for lysosomal membrane permeability assays using an AO fluorescence probe. 
(J) CLSM images of intracellular Fe2+ using a FerroOrange fluorescence probe. Data are presented as the mean ± SD (n = 3) and compared by two-way analysis of variance 
(ANOVA) followed by Bonferroni’s multiple comparison test (B) or one-way ANOVA followed by Dunnett’s multiple comparison test (C–F). ****p < 0.0001; ***p < 0.001; 
**p < 0.01; *p < 0.05; ns, no significance (p > 0.05).

Cysteine is the limiting raw material for de novo synthesis of 
GSH, which is the major nonenzyme antioxidant substance.56 
Therefore, direct cysteine depletion and indirect GSH depletion 
by the Ru(II)@COF-V-catalyzed thiol–ene reaction are expected 
to disrupt the cellular defense against oxidative stress, leading 
to increased ROS levels. BODIPY 581/591 undecanoic acid (C11-
BODIPY) is a lipid-soluble ratiometric fluorescent sensor 

targeting lipid peroxides, and oxidation of the butadienyl 
moiety in C11-BODIPY results in a blueshift of fluorescence 
emission from 591 nm to 510 nm.57 Ru(II)@COF-V induced 
punctate green fluorescence in C11-BODIPY-stained HCT-116 
cells under blue LED irradiation due to the accumulation of 
Ru(II)@COF-V in lipid droplets containing abundant unsaturated 
fatty acids, indicating obvious lipid peroxidation in and around 
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lipid droplets (Fig. 4G). In agreement, the upregulation of 
intracellular total ROS further demonstrated the disruption of 
redox homeostasis (Fig. 4H). Clear green fluorescence was 
observed throughout HCT-116 cells that were treated with 
Ru(II)@COF-V under a blue LED because nonfluorescent 2’,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA) was oxidized 
to 2’,7’-dichlorofluorescein with green fluorescence emission 
by intracellular generated ROS. Furthermore, not unexpectedly, 
neither Ru(II)@COF-V nor blue light had negligible detrimental 
effects on the redox homeostasis of HCT-116 cells.

Lipid droplets are in dynamic connections with other 
organelles, including mitochondria and lysosomes,58 and thus, 
the damage to subcellular structures by cysteine depletion was 
assessed. The mitochondrial membrane potential (MMP) is 
considered a central bioenergetic feature and useful indicator 
for assessing mitochondrial function.59 After exposure of 
Ru(II)@COF-V-pretreated HCT-116 cells to blue LED irradiation, 
the MMP was detected at different time points using the JC-1 
fluorescent probe (Fig. S8A, ESI†). It was found that the red 
fluorescence of JC-1 J-aggregates increased over time, while the 
green fluorescence of the monomers decreased, indicating 
time-dependent hyperpolarization of MMP. It is widely known 
that MMP controls adenosine triphosphate (ATP) synthesis and 
ROS generation and is itself controlled by the mitochondrial 
tricarboxylic acid cycle and respiratory chain.60 In theory, both 
enhanced ATP synthesis and increased leakage of mitochondrial 
ROS from the respiratory chain lead to MMP hyperpolarization. 
Experimentally, chemiluminescence-based ATP measurements 
revealed that, for HCT-116 cells that were pretreated with 
Ru(II)@COF-V for 2 h, cysteine depletion caused by exposure to 
a blue LED significantly reduced intracellular ATP. The ATP 
content of the illuminated cells was only 37.9% of that of the 
unilluminated cells (Fig. S8B, ESI†), in contrast to the trend of 
MMP hyperpolarization. However, cysteine depletion increased 
mitochondrial superoxide levels in HCT-116 cells treated with 
Ru(II)@COF-V to varying degrees within 0.5–24 h after blue LED 
irradiation, as reflected by MitoSOX Red staining (Fig. S8C, ESI†), 
suggesting that mitochondrial ROS generation instead of 
enhanced ATP synthesis is responsible for MMP 
hyperpolarization. Consistently, as shown in Fig. S8D (ESI†), low 
concentrations (25–100 nM) of rotenone alleviated the 
phototoxicity of Ru(II)@COF-V by inhibiting mitochondrial 
respiratory chain complex I, which is one of the major sources 
of mitochondrial ROS.61 Moreover, the mitochondrial ROS 
scavenger NecroX-5 had a similar effect,62 further supporting 
the promoting role of the mitochondrial respiratory chain in 
cysteine depletion-induced cell death (Fig. S8E, ESI†). 
Unsurprisingly, MMP deviating from homeostasis resulted in 
changes in mitochondrial network morphology, including 
branch reduction, fragmentation, and dispersion characteristics 
(Fig. S8F, ESI†), which were consistent with the functional 
changes. Collectively, it was concluded that cysteine depletion 
induced by Ru(II)@COF-V and blue LED light irradiation 
promoted mitochondrial ROS generation and induced MMP 
hyperpolarization, resulting in mitochondrial dysfunction.

Disruption of the lysosomal membrane was also observed 
due to the accumulation of lipid peroxides and ROS in the region 

where the lysosomes are located (Fig. 4I). Red punctate 
fluorescence was observed in HCT-116 cells stained with 
acridine orange, indicating intact lysosomes. In contrast, HCT-
116 cells cultured with Ru(II)@COF-V and exposed to a blue LED 
showed a disappearance of intracellular red fluorescence and 
an increase in green fluorescence in the cytoplasm and nucleus, 
which was attributed to acridine orange leaking from the 
lysosome and being deprotonated, indicating lysosomal 
membrane permeabilization.63 Unsurprisingly, the damaged 
lysosomal membrane accelerated the release and hydrolysis of 
lysosomal contents. As shown by FerroOrange staining (Fig. 4J), 
Ru(II)@COF-V treatment and subsequent blue light irradiation 
led to an increase in intracellular free Fe2+ content, which was 
reversed by the iron chelator deferoxamine mesylate, 
suggesting that lysosomal damage promoted the release of 
ferritin and led to the formation of labile iron pools.64 Given that 
the labile iron pool can accelerate ROS production through the 
Fenton reaction,65 this may further exacerbate cell damage 
through a positive feedback mechanism.

Collectively, these data suggested that Ru(II)@COF-V 
induced efficient cysteine depletion in HCT-116 cells upon 
exposure to blue light, resulted in redox dyshomeostasis 
involving lipid peroxidation, mitochondrial hyperpolarization 
and lysosomal membrane permeabilization, and eventually led 
to cell death.

Ferroptosis mediated by Ru(II)@COF-V-induced cysteine 
depletion

In the aforementioned experiments (Fig. 4), obvious 
changes in cell morphology were observed, including rounding 
and swelling of the cells, but no significant changes in nuclei 
were observed. In addition, apoptotic bodies, pyroptotic 
bodies, giant extracellular vesicles, or explosion-like cell 
ruptures were not observed. The observed morphological 
changes were significantly different from apoptosis, pyroptosis, 
necroptosis, and necrosis. To rationalize this finding, given the 
proven correlation between lipid peroxidation and 
ferroptosis,66 we hypothesized that the cell death mediated by 
blue light-triggered cysteine depletion was achieved through a 
ferroptosis mechanism (Fig. 5A).

First, to eliminate a possible apoptotic mechanism, two 
important characteristics of apoptosis, DNA damage and 
caspase 3 activation, were examined.67 Phosphorylation of 
Ser139 of histone H2A.X, forming γH2A.X, is an early cellular 
response to DNA double-strand damage. Caspase 3 is the 
executive molecule of the apoptotic signal, and its cleavage is 
one of the signature events of cell apoptosis. Obviously positive 
γH2A.X and cleaved caspase 3 were detected in HCT-116 cells 
treated with staurosporine and cisplatin as the positive controls 
of apoptosis (Fig. S9, ESI†). However, no positive signs were 
observed in HCT-116 cells treated with Ru(II)@COF-V under 
blue light irradiation, suggesting that cell death caused by 
cysteine depletion was independent of DNA damage and 
apoptosis. Furthermore, according to the thiobarbituric acid 
reactive substance assay,68 malondialdehyde (MDA), one of the 
markers of ferroptosis, was increased to 4.0 times higher than 
of the level in the control group at 24 h (instead of 0.5 h) after 
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blue light irradiation, indicating significant lipid peroxidation 
(Fig. 5B).

GPX4 is a negative regulator of ferroptosis that uses GSH as 
a cofactor to play an antioxidant role by reducing lipid peroxides 
to lipid alcohols. Downregulation of GPX4 is characteristic of 
ferroptosis at the protein level.69 Western blotting confirmed 
that blue light-triggered cysteine depletion significantly 
reduced GPX4 protein levels in HCT-116 cells (Fig. 5C), 
confirming the occurrence of ferroptosis, but had negligible 
effects on other regulators of ferroptosis, e.g., ferroptosis 
suppressor protein 1 (FSP1) and acyl-CoA synthetase long chain 
family member 4 (ACSL4), consistent with previous reports.24 
Furthermore, solute carrier family 7 member 11 (SLC7A11), as a 

cystine–glutamate antiporter, together with solute carrier 
family 3 member 2 (SLC3A2), encodes system Xc- and has been 
shown to significantly inhibit ferroptosis and promote tumor 
cell proliferation by transporting cystine into tumor cells in 
exchange for glutamate export.70 Surprisingly, cysteine 
depletion induced by Ru(II)@COF-V and blue light irradiation 
did not cause detectable changes in SLC7A11 expression, which 
was inconsistent with the compensatory transcriptional 
upregulation of SLC7A11 induced by cystine starvation24 and 
the small-molecule compound erastin.71 This difference 
suggested that direct depletion of cysteine is insufficient to 
initiate cellular compensatory effects, apparently accelerating 
ferroptosis.

Fig. 5 Ferroptotic cell death of HCT-116 cells induced by Ru(II)@COF-V (0–200 μg/mL, 2 h) under a blue LED (0 or 20 mW/cm2, 15 min). (A) Molecular mechanisms of 
lipid peroxidation induced by light-triggered cysteine depletion. PUFA, polyunsaturated fatty acid. (B) Intracellular MDA contents at 0.5 h and 24 h after blue LED 
irradiation. (C) Western blots of GPX4, SLC7A11, FSP1, and ACSL4. (D) Cell death rescue experiments in the presence of Trolox (1.0 mM), N-acetylcysteine (1.0 mM), 2-
mercaptoethanol (1.0 mM), GSH-OEt (1.0 mM), α-lipoic acid (50 μM), deferoxamine (100 μM), liproxstatin-1 (50 nM), ferrostatin-1 (1.0 µM), Z-VAD-FMK (50 µM), 
necrostatin-1 (0.5 µM), 3-methyladenine (50 µM), and belnacasan (20 µM). (E) Rescue experiments of intracellular lipid peroxidation induced by ferrostatin-1 (1.0 µM), 
Z-VAD-FMK (50 µM), N-acetylcysteine (1.0 mM), GSH-OEt (1.0 mM), α-lipoic acid (50 μM), and deferoxamine mesylate (100 μM). Data are presented as the mean ± SD 
(n = 3) and compared by one-way ANOVA followed by Dunnett’s multiple comparison test (B) or Welch’s ANOVA followed by Dunnett’s T3 post hoc test (D). ****p < 
0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, no significance (p > 0.05).

To further verify that Ru(II)@COF-V triggered ferroptotic cell 
death by inducing lipid peroxidation under blue light, cell death 
rescue experiments were performed by culturing cells in RPMI-
1640 media containing different pharmacological inhibitors for 
24 h after treatment with Ru(II)@COF-V and blue light (Fig. 5D). 
Supplementation with exogenous N-acetylcysteine and 
glutathione ethyl ester (GSH-OEt) that were intracellularly 
hydrolyzed by esterases and converted to cysteine and GSH, 
respectively, protected HCT-116 cells from Ru(II)@COF-V-
induced cysteine photodepletion.72 Likewise, 2-
mercaptoethanol provided a sulfur source for GSH biosynthesis 
independent of cyst(e)ine, and Trolox and α-lipoic acid acted as 
scavengers of peroxy and alkyl radicals, all blocking cell death 

by relieving intracellular oxidative stress.25 Furthermore, cell 
death was suppressed by post-treatment with the iron chelator 
deferoxamine mesylate. Moreover, both the ferroptosis 
inhibitors liproxstatin-1 and ferrostatin-1 could significantly 
inhibit Ru(II)@COF-V-induced cell death under blue LED light, 
while the apoptosis inhibitor Z-VAD-FMK, the necroptosis 
inhibitor necrostatin-1, or the pyroptosis inhibitor belnacasan 
could not, supporting ferroptotic cell death. Notably, the 
autophagy inhibitor 3-methyladenine slightly restored cell 
viability, possibly related to lysosome-associated 
ferroautophagy, which is consistent with literature reports of 
ferroptosis.73 Consistently, intracellular lipid peroxide levels 
were inhibited by ferrostatin-1, N-acetylcysteine, GSH-OEt, α-
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lipoic acid, and deferoxamine mesylate but not by Z-VAD-FMK 
(Fig. 5E).

Taken together, these results clearly supported the original 
hypothesis that Ru(II)@COF-V-induced cell death under blue 
light irradiation is cysteine depletion-triggered, iron-related, 
and lipid peroxidation-mediated ferroptosis.

Antitumor therapy induced by cysteine depletion in HCT-116 
multicellular spheroids

Ru(II)@COF-V has been shown to achieve satisfactory 
antitumor effects in cultured HCT-116 cells through a well-
defined mechanism of ferroptosis. However, the application of 
Ru(II)@COF-V to solid tumors still faces some challenges that 
need to be addressed. For example, due to overactivation of 

GSH synthesis-related pathways, cancer cells cultured at high 
confluence exhibit resistance to lipid peroxidation and 
associated ferroptosis, potentially limiting the therapeutic 
effect of ferroptosis-inducing agents, including nanomedicines, 
against solid tumors.64 Furthermore, the diffusion of 
nanoparticles in solid tumors is hindered by abnormally high 
tumor interstitial pressure, reducing the nanomaterial 
concentration and therapeutic activity at the central site of solid 
tumors.74 In view of these unfavorable factors, we investigated 
the diffusion and antitumor behavior of Ru(II)@COF-V in HCT-
116 multicellular spheroids, which are of moderate complexity 
between cultured cell monolayers and in vivo tumor models and 
have been widely used in oncological research involving 
intercellular interactions.75

Fig. 6 Antitumor therapy induced by visible-light-triggered cysteine depletion for multicellular spheroids. (A) Cellular uptake of COF-V-AF488 (200 μg/mL, 4 h) by HCT-
116 multicellular spheroids pretreated with exo1 (50 μM), dynasore (75 μM), genistein (40 μM), and chlorpromazine (50 μM) for 2 h. (B) Sizes of HCT-116 multicellular 
spheroids treated with Ru(II)@COF-V (200 μg/mL, 4 h) under a blue LED (20 mW/cm2, 15 min). (C) LDH release from HCT-116 multicellular spheroids incubated with 
Ru(II)@COF-V (200 μg/mL, 4 h) and exposed to a blue LED (20 mW/cm2, 15 min). (D) Intracellular MDA contents of HCT-116 multicellular spheroids treated with 
Ru(II)@COF-V (200 μg/mL, 4 h) under a blue LED (20 mW/cm2, 15 min). (E) Antitumor efficiency induced by Ru(II)@COF-V (200 μg/mL, 4 h) and a blue LED (20 mW/cm2, 
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15 min) toward HCT-116 multicellular spheroids in the presence of N-acetylcysteine (1.0 mM), ferrostatin-1 (1.0 µM), necrostatin-1 (0.5 µM), Z-VAD-FMK (50 µM), and 
3-methyladenine (50 µM). Data are presented as the mean ± SD (n = 3) and compared by two-way ANOVA followed by Tukey’s post hoc test. ****p < 0.0001.

After Alexa Fluor 488-labeled COF-V nanoparticles were 
incubated with HCT-116 multicellular spheroids for 4 h at 37°C, 
COF-V was uniformly distributed throughout the spheroids even 
in the core regions, indicating rapid penetration (Fig. 6A). Due 
to the compact packing of cells within the spheroid and the high 
viscosity of the extracellular matrix, COF-V is unlikely to diffuse 
through the intercellular space into the spheroids. We 
hypothesized that transcellular transport instead of paracellular 
diffusion through the extracellular matrix plays a major role in 
tumor penetration.76 Consistent with this hypothesis, 
pretreatment of the spheroids with methyl 2-(4-
fluorobenzamido)benzoate (exo1) as an exocytosis inhibitor 
and genistein as a caveolae-dependent endocytosis inhibitor 
significantly attenuated the penetrating ability of COF-V and 
restricted it to the outer layer of the spheroids. Furthermore, 
dynasore abolished COF-V uptake by the spheroids by inhibiting 
the formation and transport of caveolae. In contrast, inhibition 
of clathrin-mediated endocytosis with chlorpromazine had no 
apparent effect on the diffusion of COF-V in the spheroids. 
These data underscored the contribution of caveolin-mediated 
endocytosis and exocytosis to tumor penetration, which is 
supported by previous studies of transcytosis characterized by 
rapid cellular uptake on one side and exocytosis on the opposite 
side.77

Unsurprisingly, the growth of the Ru(II)@COF-V-infiltrated 
multicellular spheroids was significantly inhibited when the 
spheroids were subjected to blue light irradiation for 15 min. 
Morphologically, the multicellular spheroids became loose, and 
the spheroid debris was scattered throughout the medium (Fig. 
6B). Consistently, lactate dehydrogenase (LDH) released into 
the medium as a result of cell membrane damage was detected 
only in spheroids cotreated with Ru(II)@COF-V and blue light, at 
approximately 34.4% of that of the fully lysed multicellular 
spheroids (Fig. 6C). In addition, because of light-triggered 
cysteine depletion in Ru(II)@COF-V-treated spheroids, their 
MDA content was 4.3-fold higher than that of untreated 
spheroids, indicating lipid peroxidation (Fig. 6D). Moreover, the 
fact that spheroid damage could be inhibited by N-
acetylcysteine and ferrostatin-1 but not by necrostatin-1, Z-
VAD-FMK, or 3-methyladenine further supported that the 
mechanism of cell death in spheroids was ferroptosis that was 
triggered by cysteine depletion (Fig. 6E), which was consistent 
with the changes seen in the cultured cell monolayers.

Briefly, our observations supported the notion that, 
benefiting from a small particle size of approximately 60 nm, 
Ru(II)@COF-V penetrated efficiently into multicellular 
spheroids via transcytosis and, when exposed to blue LED 
irradiation, induced growth inhibition and fragmentation of the 
multicellular spheroids by ferroptosis.

Fig. 7 Antitumor therapy induced by light-triggered cysteine depletion in an HCT-
116 xenograft model. (A) Therapeutic schedule. (B) Nude mouse tumor tissues 
obtained by dissection at day 12. (C) Weights of nude mouse tumor tissues 
obtained by dissection at day 12. (D) Tumor growth curves. (E) Intratumoral MDA 
contents at day 4. (F) Body weight of nude mice during the in vivo treatment. Data 
are presented as the mean ± SD, n = 6 (C, D and F) or 4 (E) and compared by one-
way (C and E) or two-way (D and F) ANOVA followed by Tukey’s post hoc test. 
****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns, no significance (p > 0.05).

Cysteine consumption-induced antitumor therapy in an HCT-
116 xenograft model

Given the positive results obtained in vitro, to further assess 
the potential clinical relevance of our findings, the in vivo 
antitumor activity of Ru(II)@COF-V was evaluated using an HCT-
116 human colon cancer xenograft that was established in 
BALB/c nude mice (Fig. 7A). We found that cotreatment with 
Ru(II)@COF-V (1.0 mg/mL) and blue laser light (0.2 W/cm2) 
every three days obviously inhibited the growth of HCT-116 
xenografts, whereas either treatment alone had no significant 
effect at the examined doses (Fig. 7B–D). Hematoxylin–eosin 
(H&E) staining of tumors sampled at the treatment endpoint 
revealed that in the tumors treated with Ru(II)@COF-V and 
exposed to a blue laser, a high percentage of cells exhibited 
plasma membrane damage and nuclear shrinkage and showed 
significantly reduced expression levels of Ki67 and GPX4, as 
shown by immunochemical staining, indicating ferroptosis-
related tumor tissue damage and proliferation inhibition (Fig. 
S10A, ESI†). Furthermore, consistent with reduced GPX4 
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expression, paratumor injection of liproxstatin-1, a ferroptosis 
inhibitor, during treatment partially counteracted tumor 
ablation, implicating a ferroptosis mechanism. This finding was 
further supported by the upregulated MDA level in tumor 
tissues obtained on the fourth day of the treatment (Fig. 7E).78

Importantly, the injection of Ru(II)@COF-V and subsequent 
blue laser irradiation did not produce any obvious signs of 
systemic toxicity, as body weight remained unchanged (Fig. 7F). 
H&E staining analysis of the major organs (i.e., heart, liver, 
spleen, lung, and kidney) obtained after different treatments 
showed no obvious pathological abnormality, further 
supporting the biocompatibility of Ru(II)@COF-V (Fig. S10B, 
ESI†).

Thus, we concluded that the light-triggered therapeutic 
depletion of cysteine induced ferroptosis in vivo and apparently 
inhibited the growth of HCT-116 tumors transplanted into nude 
mice.

Discussion
The application of nanoscale COFs in antitumor therapy, 

such as drug delivery,79-81 phototherapy,82-86 and 
immunotherapy,87-89 has attracted extensive research interest, 
and the practicability and effectiveness of COFs as nanocarriers 
have been well demonstrated. However, antitumor therapy 
based on intracellular light-triggered modification of COFs has 
not been realized. Herein, we synthesized sub-100 nm COF-V 
nanoparticles in an aqueous solution with the desired structure, 
high crystallinity, and permanent porosity. After loading the 
photocatalyst Ru(bpz)3(PF6)2, the obtained Ru(II)@COF-V was 
an effective nanoreagent for depleting intracellular cysteine. 
Under visible-light irradiation, Ru(II)@COF-V induced an 
intrapore chemical reaction, viz. a photocatalytic thiol–ene click 
reaction that occurred between the vinyl group on the pore wall 
and the sulfhydryl group of cysteine, thereby realizing the 
consumption of cysteine. Since the pore size of COF-V was more 
friendly to cysteine than to GSH, the chemoselectivity of 
Ru(II)@COF-V toward cysteine was greatly improved, which was 
fully confirmed by chemical experiments in buffer solutions.

Ferroptosis, a form of regulated cell death driven by iron-
dependent lipid peroxidation, independent of apoptosis, has 
been shown to be associated with development, aging, 
immunity, tumorigenesis, and organ damage.90 The cyst(e)ine–
GPX4–GSH axis is a central pathway that regulates ferroptosis, 
and cysteine starvation by blocking cystine supply in cultured 
cells can sensitize to ferroptosis by downregulation of GSH, loss 
of GPX4 translation, and accumulation of glutamate, thereby 
promoting ferroptotic cell death.91 Notably, the findings 
reported herein generalize this strategy to light-triggered 
chemical depletion of cysteine to promote ferroptotic cancer 
therapy. We demonstrated that intracellular cysteine 
consumption induced by Ru(II)@COF-V and blue LED light 
efficiently induced lipid peroxidation and ultimately led to 
ferroptosis in cultured HCT-116 cell monolayers, multicellular 
spheroids, and xenograft models.

Interestingly, COF-V entered tumor cells via lipid raft- and 
caveolae-mediated endocytosis. We were surprised to find that 

COF-V accumulated in lipid droplets of HCT-116 cells, although 
the structure–property relationship leading to the localization 
is unclear. Given the abundance of unsaturated fatty acids in 
lipid droplets — thought to be one of the important initiators of 
ferroptosis — and the close structural association of lipid 
droplets with other organelles, this localization exacerbated 
damage to subcellular structures such as lysosomes and 
mitochondria. The increase in labile iron pools due to lysosome 
injury and superoxide anion generation due to mitochondrial 
damage are both factors contributing to ferroptosis.58 
Therefore, it can be speculated that lipid droplet targeting 
facilitated cysteine depletion-triggered antitumor therapy to a 
certain degree.

In addition to cysteine, GSH is another important biothiol in 
tumor cells. GSH depletion has been shown to be a contributory 
factor in various antitumor therapies. However, GSH depletion 
alone was ineffective against multiple solid tumors.14 In 
contrast, the cysteine content is so low in cells that a slight 
perturbation can have catastrophic consequences. The results 
we obtained implied that cysteine depletion triggered a 
negligible compensatory effect, which was consistent with the 
reported inability of de novo cysteine synthesis by 
transsulfuration to maintain intracellular cysteine levels upon 
cystine deprivation.92 We believe that the negligible 
compensation was a motivator of antitumor therapy in addition 
to the lipid droplet localization characteristic of Ru(II)@COF-V.

Different from that in cultured cancer cells, cysteine in solid 
tumors was continuously replenished by blood-supplied 
cystine, raising concerns about the effectiveness of Ru(II)@COF-
V-triggered cysteine depletion in vivo. Our results showed that 
periodic treatments effectively inhibited the growth of HCT-116 
colon cancer xenografts, indicating efficacy in vivo. We 
speculate that light-triggered acute toxicity is responsible for 
tumor ablation, as Ru(II)@COF-V cannot provide sustained 
cysteine depletion. Moreover, although Ru(II)@COF-V is 
effective against subcutaneous tumors, a challenge faced by 
Ru(II)@COF-V in primary tumor therapy is the scruple of the 
penetration depth of visible light due to absorption overlap with 
endogenous chromophores and inevitable scattering effects.93 
In fact, compared to visible light, near-infrared light has lower 
energy but penetrates deeper into body tissue.94 Hence, 
introducing photocatalysts with near-infrared absorption into 
COF-V pores,95 immobilizing light-harvesting protein,96 
incorporating upconversion materials,97, 98 and fabricating 
wirelessly implantable optoelectronic devices may be effective 
methods to further improve deep tumor treatment, which may 
be the direction of future research.

Conclusions
In conclusion, we provided a cell-compatible nanoscale COF-

V with vinyl groups that leads to satisfactory ferroptotic 
antitumor therapy in vitro and in vivo by depleting cysteine via 
a photocatalytic thiol–ene click reaction. We hope that this COF-
based photochemical reaction system can be generalized to 
more chemical reactions to promote the development of tumor 
therapeutics and COF-based nanomedicine.
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Experimental section

Synthesis of COF-V

1,3,5-Tris(4-aminophenyl)benzene (295 mg, 0.84 mmol) and 
2,5-divinylterephthalaldehyde (235 mg, 1.26 mmol) were 
dissolved in a mixed solvent of methyl acetate (60 mL) and 1-
butanol (30 mL). Then, aqueous acetic acid solution (900 mL, 1.0 
M) was added to the mixture followed by incubation at 25°C for 
24 h. The precipitate was collected by centrifugation at 12000 
rpm for 0.5 h at 4°C and washed three times with acetonitrile 
and then three times with ethanol. Finally, the powders were 
dried in supercritical carbon dioxide. Yield: 140 mg (29%).

Synthesis of Ru(II)@COF-V

A mixture of COF-V (100 mg), Ru(bpz)3(PF6)2 (50 mg), and 
water (50 mL) was stirred at 25°C and 600 rpm for 24 h. The 
solid was collected by centrifugation at 12000 rpm for 0.5 h at 
4°C and washed three times with water and then once with 
acetone. Finally, the solid was dried at room temperature in air.

Animal experiments

All animal experiments complied with the relevant 
guidelines of the Chinese government and regulations for the 
care and use of experimental animals under approval number 
AEECSDNU2021009 by the Ethics Committee of Shandong 
Normal University (Jinan, China). Further information regarding 
cell culture and experimental procedures were stated in the 
ESI†.
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