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Staggered Stacking Covalent Organic Frameworks 
for Boosting Cancer Immunotherapy

Liang Zhang, Yao Xiao, Qi-Chao Yang, Lei-Lei Yang, Shu-Cheng Wan, Shuo Wang, 
Lu Zhang,* Hexiang Deng, and Zhi-Jun Sun*

The synergistic efficacy of phototherapy and cancer immunotherapy is 
severely restricted by both the inherent photobleaching and aggregation-
caused quench (ACQ) defects of photosensitizers and the intrinsic antioxi-
dant tumor microenvironment (TME), such as hypoxia and overexpressed 
glutathione (GSH). To address these issues, a novel porphyrin-based stag-
gered stacking covalent organic framework (COF), COF-618-Cu, is rationally 
designed as a reactive oxygen species (ROS) amplifier, owing to its excel-
lent catalase-like activity, COF-618-Cu is capable of consuming endogenous 
hydrogen peroxide to produce sufficient oxygen to alleviate the tumor hypoxia  
phenomena. Moreover the overexpressed intracellular GSH is also depleted 
to decrease the scavenging of ROS, due to the glutathione peroxidase mimic 
activity of COF-618-Cu. Mechanistic studies reveal that the unique stag-
gered stacking mode between COF-618-Cu interlayers can effectively relieve 
both the photobleaching and ACQ effects that are inaccessible to commonly 
eclipsed COFs. These, combined with their excellent photothermal therapy 
performance, make COF-618-Cu favorable for inducing robust immunogenic 
cell death and remodeling TME to boost antitumor immunity.
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(ICD) and boost antitumor immunity.[1] 
The reactive oxygen species (ROS) gen-
eration capability and/or photothermal 
conversion efficiency, however, is severely 
limited by both the inherent defects of PSs 
and the intrinsic antioxidant tumor micro-
environment (TME).[2] First, traditional 
PSs, such as porphyrin, chlorin e6, and 
indocyanine green, tend to aggregate in 
aqueous solution to quench their fluores-
cence (aggregation-caused quench [ACQ]) 
and decompose under laser irradiation 
(photobleaching), resulting in limited ROS 
production and photothermal conversion 
performance.[3] Researchers have revealed 
that integrating molecular PSs into the 
network of polymers is an effective way 
to solve the photobleaching issue.[4] How-
ever, after polymerization, the ACQ effects 
can also be enhanced due to the existence 
of strong π-π stacking between the PSs, 
leading to the decay of ROS production.[5] 
Thus, it remains challenging to simulta-

neously relieve of photobleaching and ACQ effects to achieve 
desirable phototherapy efficiency.[6] Second, the distinct TME, 
characterized by low oxygen condensation (hypoxia), low pH 
values, and overexpressed glutathione (GSH), is beneficial to 
tumor growth, invasion, and metastases but hinders the gen-
eration of ROS.[7] Moreover, the antitumor immune responses 
can also be hampered by the hostile microenvironment TME, 
which impedes cytotoxic T lymphocytes from attacking cancer 
cells and facilitates the formation of an immunosuppressive 
microenvironment.[8] Numerous attempts have been made to 
solve some of the problems above. Advanced materials that 
are efficient in alleviating the inherent defects of PSs and 
improving intrinsic antioxidant TME, however, have rarely been 
reported.

Herein, a novel porphyrin-based covalent organic framework 
(COF) with a unique staggered stacking mode, COF-618-Cu, 
is rationally designed, where both photobleaching and ACQ 
effects can be effectively alleviated unprecedently (Scheme 1A). 
The linkage and crystallinity of COF-618-Cu allows for con-
necting porphyrin monomers into the backbone of COF via 
covalent bonds, thus promoting their overall photostability, 
where the staggered stacking structure of COF-618-Cu reduces 
the ACQ effects by isolating porphyrin monomers both within 
the intralayer and between the interlayer. Moreover, the high 
porosity property of COF-618-Cu offers sufficient pore space 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202201542.

1. Introduction

Phototherapy, which involves the utilization of photosensitizers 
(PSs) and nontoxic light to achieve therapeutic efficacy, has 
been recently proven to be a promising adjuvant therapy for 
killing cancer cells and releasing sufficient damage-associated 
molecular patterns (DAMPs) to trigger immunogenic cell death 
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for ROS diffusion. As a result, COF-618-Cu has proven to be a 
ROS amplifier to alleviate the hypoxic and oxidative resistance 
of the TME for the first time, owing to its excellent catalase 
(CAT) and glutathione peroxidase (GPx) mimicking activities 
(Figure 2A). Specifically, tumor hypoxia can be effectively allevi-
ated by decomposing endogenous hydrogen peroxide to oxygen 
molecules to amplify ROS generation, and overexpressed intra-
cellular GSH can also be consumed to decrease the scavenging 
of ROS. Mechanistic studies have revealed that, in comparison 
with the classic porphyrin-based eclipsed stacking COF COF-
366-Cu,[9] COF-618-Cu with a staggered stacking mode display 
better optical properties, photothermal therapy (PTT) conver-
sion capability, and multienzyme mimicking activities, and thus 

can serve as a ROS amplifier to elicit robust ICD and remodel 
the TME to boost antitumor immunity.

In vivo studies have unveiled that the synergistic effect of 
COF-618-Cu-mediated PDT and PTT can elicit robust ICD and 
instantaneously release a large amount of damage-associated 
molecular patterns (DAMPs),[10] mainly composed of adenosine 
triphosphate (ATP), calreticulin (CRT), and high mobility group 
protein B1 (HMGB1), to trigger durable antitumor immune 
responses, while both the monomer (L-Por-Cu) and eclipsed 
stacking COF (COF-366-Cu) display a poor ICD eliciting capa-
bility. Moreover, COF-618-Cu-induced ICD is further proven to 
be efficient in promoting effector and central memory T cell 
proliferation and differentiation in both the spleen and tumor 

Scheme 1. Schematic illustration of COF-618-Cu for boosting antitumor immunity. A) Illustration of the different structures between an eclipsed 
stacking COF and staggered stacking COF. B) Illustration of the biological process and underlying mechanism of COF-618-Cu mediated PDT and PTT 
for trigger cancer immunotherapy.
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draining lymph node (DLN), as well as reducing the population 
of immunosuppressive cells, myeloid-derived suppressor cells 
(MDSCs),[11] which is favorable for remodeling the TME and 
priming a durable antitumor immune response.

As a result, the immune checkpoint blockade (ICB) therapy 
efficacy of αPD-1 is promoted by synergistic COF-618-Cu treat-
ment, which successfully elicits antitumor immunity for inhib-
iting distant tumor and tumor recurrence (Scheme 1B).

2. Results and Discussion

2.1. Construction of Staggered Stacking COF, COF-618-Cu

COFs, constructed by collective alignment of organic mon-
omers via reticular chemistry, are a new class of porous 

crystalline polymers.[12] Recently, others and we have demon-
strated that some unusual packing modes in 2D COFs, such 
as staggered and serrated packing, can be constructed by intro-
ducing large steric substituents or finely  tuning their reaction 
conditions.[13] Inspired by these works, in this study, a stag-
gered stacking COF, COF-618-Cu, was rationally designed and 
synthesized by solvothermal reaction of a porphyrin-based 
amine, 5,10,15,20-tetrakis(4-aminophenyl)porphinato]copper 
(II) (TAPP-Cu), with benzo[c][1,2,5]thiadiazole-based aldehyde, 
L-BT (Figure 1A,B), where their high crystallinity is evidenced 
by the existence of sharp peaks in powder X-ray diffraction 
(PXRD) patterns (Figure 1C). The exact packing mode of COF-
618-Cu can be proven by both Pawley refinement and pore size 
distribution results. Specifically, different packing modes are 
built based on the possible topologies and then determined by 
using Pawley refinements against the experimental PXRD data 

Figure 1. Construction and characterization of COF-618-Cu. A,B) Illustration of the synthesis route and staggered packing mode for COF-618-Cu. 
C) PXRD patterns, D) N2 adsorption, and E) pore size distribution for COF-618-Cu. F,G) SEM image and EDS elemental mapping of COF-618-Cu (C, N, 
O, and Cu elements); Scale bar = 1 µm.
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(Figure  1C and Figures S1–S4, Supporting Information). The 
results reveal that, in contrast to the eclipsed packing mode, the 
staggered packing mode matches better with the experimental 
PXRD data, with (Rwp, Rp) values of (1.67%, 0.99%). Further-
more, the pore size distribution of COF-618-Cu also matches 
well with the staggered stacking mode, and its Brunauer–
Emmett–Teller surface areas is determined to be 1440  m2  g−1 
(Figure 1D,E and Figures S5 and S6, Supporting Information).  
The successful construction of imine bonds is proven by 
the appearance of a 154  ppm peak in the NMR spectrum 
(Figures  S7–S9, Supporting Information), and a 398.08  eV 
peak in the X-ray photoelectron spectroscopy (XPS) spec-
trum (Figure  S10, Supporting Information), as well as a 
1597 cm−1 peak in the infrared (IR) spectrum (Figure S11, Sup-
porting Information). The decoration and precise amount of 
copper ions is confirmed by energy dispersive spectroscopy 
mapping (Figure  1F,G) and XPS spectroscopy (Figure S12, 
Supporting Information). Their particle size was ≈150  nm, as 
indicated by dynamic light scattering (Figure S13, Supporting 
Information) and demonstrated by transmission electron 
microscopy (Figure S14, Supporting Information).

2.2. Optical Properties and ROS Generation Capability 
Measurements

Although, others and we have confirmed that the eclipsed 
stacking COF can be used as molecule-based PSs for PDT at 
normal oxygen level.[14] In practice, however, tumor cells usually 
possess a hypoxic and overexpressed GSH TME, making it dif-
ficult to carry out PDT.[15] On the other hand, the overexpressed 
hydrogen peroxide in the TME can be subtly used as an endoge-
nous oxygen source through a CAT-like reaction.[16] In this work, 
this was achieved by use of a staggered stacking COF-based 
ROS amplifier for the first time (Figure 2A), where its CAT-like 
activity can be used to convert endogenous hydrogen peroxide 
to oxygen molecules to alleviate tumor hypoxia and amplify 
the production of ROS, and their GPx-like activity is capable of 
decomposing GSH to decelerate the scavenging of ROS. Spec-
troscopic studies revealed that, in comparison to the commonly 
eclipsed stacking structure in COF-366-Cu, such a staggered 
stacking mode offers better light absorption, photoluminescent 
performance, lower bandgap, and banding energy, favorable for 
achieving highly efficient ROS generation performance. Solid-
state UV–vis spectroscopic studies have revealed that, in contrast 
to COF-366-Cu, COF-618-Cu displays a clear redshift, uncov-
ering that better light absorption behavior can be achieved for 
COF-618-Cu (Figure 2B). Moreover, the XPS results indicate that 
COF-618-Cu exhibits a lower banding energy and lower bandgap 
(Figure 2C,D and Figure S15, Supporting Information), which is 
consistent with the density functional theory (DFT) calculation 
results (Figure 2H). In addition, the weaker ACQ effect of COF-
618-Cu is proven by its higher photoluminescence intensity 
(Figure  2E) due to the existence of a staggered stacking struc-
ture. Furthermore, the photostability of these COFs was also 
studied, where no apparent absorption intensity reduction can 
be noticed in COF-618-Cu under laser irradiation for 30  min; 
however, a more than 30% decrease in absorption intensity is 
observed in COF-366-Cu under the same conditions (Figure 2F), 

revealing the excellent photo stability of COF-618-Cu. These 
results, combined with the higher superoxide radical peak inten-
sity in their electron paramagnetic resonance (EPR) spectrum 
(Figure 2G), demonstrate the high power of a staggered stacking 
COF for achieving outstanding optical properties.

Considering the improved optical behavior of COF-618-Cu, 
we suspect it can exhibit better ROS generation capability 
(Figure 3A). To evaluate the ROS production capability of 
these COFs, a series of in vitro experiments were carried 
out, which showed that both COF-366-Cu and COF-618-Cu 
exhibited excellent ROS production efficiency under normal 
oxygen conditions, however, when tested under hypoxic 
conditions, only COF-618-Cu displays good ROS produc-
tion performance (Figure  3B–D). Furthermore, the CAT-like 
activity of COF-618-Cu and COF-366-Cu was assessed by uti-
lizing [Ru(dpp)3]Cl2 (RDPP) as an O2 probe to evaluate their 
O2  generation ability (Figure  3E).[17] The results reveal that, 
upon incubation in a TME-mimicking environment (100 µM 
H2O2 and pH = 6.0), RDPP shows no apparent fluorescence 
change on its own; however, a more than 70% decrease in 
the fluorescence intensity of RDPP is observed in the COF-
618-Cu solution within 5 min, unambiguously demonstrating 
the high O2 generation efficiency of COF-618-Cu (Figure 3F). 
A similar tendency can also be found from time-dependent 
O2  concentration experiments, where the O2  concentration 
of the COF-618-Cu-treated sample is twofold higher that of 
COF-366-Cu (Figure  3G). Moreover, their GPx-like activity 
was also investigated, where COF-618-Cu is found to exhibit 
better GPx-like activity and is capable of decomposing GSH 
to decrease the scavenging of ROS (Figure  3H,I). It’s worth 
noting that both excellent PDT and PTT efficiency were 
achieved by irradiating at a single 660  nm wavelength light 
source, which avoids the second laser irradiation, saving 
treatment time and highly desirable in clinic. In contrast to 
COF-366-Cu, COF-618-Cu displayed better PTT performance 
(Figure  3J–L and Figure S27, Supporting Information), 
revealing the superiority of utilizing COF-618-Cu as a mole-
cule-based PS for phototherapy.

2.3. Immunogenic Cell Death Eliciting Performance

Inspired by recent work where robust ICD eliciting performance 
is achieved by the synergy of PDT and PTT,[18] we envision that 
COF-618-Cu may be capable of eliciting ICD and triggering 
immune responses to achieve long-term antitumor immu-
nity (Figure 4A). The intracellular uptake of these COFs was 
first investigated, and the colocalization of COFs with tumor 
cells was detected by confocal microscopy, where a clear COF-
618-Cu signal (red fluorescent) was observed in CT26 cells after 
a coculture with COF-618-Cu for 12  h (Figure  4B), indicating 
successful internalization of COF-618-Cu into CT26  cells. Fur-
thermore, the uptake efficiency was assessed by flow cytom-
etry, where the uptake of COF-618-Cu was found to exhibit a 
time-dependence and more than 70% of CT26 cells internalized 
COF particles within 12 h, which is suitable for in vitro studies 
(Figure  4C). Then, the phototoxicity of these COFs was tested 
by a Cell Counting Kit-8 (CCK8) kit assay, where less than 10% 
of tumor cell viability is observed in COF-618-Cu-treated cells, 
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indicating the high efficiency of COF-618-Cu-mediated PDT and 
PTT (Figure  4D). It is worth noting that the release of ATP is 
also obviously increased in the COF-618-Cu+Laser-treated group, 
where the control and COF-618-Cu groups show no apparent dis-
tinction in ATP concentrations (Figure  4E). A similar tendency 
was also found in their CRT expression, where bright green 
fluorescence is observed at the surface of COF-618-Cu+Laser-
treated CT26 cells (Figure 4F). These results, combined with the 
sharp decrease in the green fluorescent signal of HMGB1 in the 

nucleus of COF-618-Cu+Laser treated CT26  cells, reveals that 
COF-618-Cu facilitates the elicitation of ICD (Figure 4F).

2.4. In Vivo Antitumor Immunity Induced by 
COF-618-Cu-Mediated PDT and PTT

The good therapeutic efficacy of COF-618-Cu was further evi-
denced by a CT26  tumor-bearing mouse model (Figure 5A), 

Figure 2. Characterization of the difference in optical properties between COF-618-Cu and COF-366-Cu. A) Illustration of the eclipsed packing mode in 
COF-366-Cu and staggered packing mode in COF-618-Cu. B) Solid-state UV/Vis spectroscopy, C) banding energy, and D) bandgap of different packing 
mode COFs. E) Steady-state photoluminescence (PL) of different packing mode COFs. F) Photobleaching behavior test of different packing mode 
COFs. G) EPR spectra of superoxide radicals for different packing mode COFs. H) DFT calculations of different band energies between L-Por-Cu and 
COF-618-Cu-1pore.
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Figure 3. Characterization of COF-based ROS amplifier. A) Illustration of a COF-based ROS amplifier for efficient phototherapy. B) ROS generation 
capability of different packing mode COFs, tested under C) normoxic and D) hypoxic conditions. E,F) Catalase-like activity of different packing mode 
COFs, tested by O2  probe RDPP under acidic H2O2 (pH  =  6.0, 100  µm H2O2). G) Time-dependent O2  generation detected by an oxygen sensor. 
H,I), GPx-like activity of different packing mode COFs, N = 3. J–L) Photothermal performance of different packing mode COFs.
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Figure 4. Characterization of a COF-based ROS amplifier to robustly induce immunogenic cell death (ICD). A) Illustration of a COF-based ROS 
amplifier for robustly inducing ICD. B,C) Intracellular uptake of COF-618-Cu in CT26 cells, detected by confocal microscopy and flow cytometry; Scale 
bar = 20 µm. D) Cytotoxicity of COF-366-Cu, L-Por, and COF-618-Cu at different concentrations under 660 nm laser irradiation. E) ATP released from 
different treatment CT26 cells, N = 2. F) Representative images of CRT and HMGB1 immunofluorescence staining in CT26 cells after treatment with 
different samples (Scale bar = 100 µm). Data were presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Adv. Funct. Mater. 2022, 2201542



www.afm-journal.dewww.advancedsciencenews.com

2201542 (8 of 12) © 2022 Wiley-VCH GmbH

where tumor growth rates were inhibited in most COF-618-
Cu+Laser treated mice, indicating effective tumor suppres-
sion by COF-618-Cu-mediated ICD (Figure  5B,C). Moreover, 
the low systemic toxicity of COF-618-Cu was proved by both no 
apparent body weight change and no obvious damage in their 
hematoxylin and eosin (H&E) staining images of major organs 

during treatment (Figure 5D and Figure S16, Supporting Infor-
mation). Then, at the end of treatment, all groups of mice 
were euthanized. The tumor was sliced and studied by using 
H&E staining, which shows that only small amounts of tumor 
cells are destroyed in the control and COF-618-Cu groups, 
where grave damage is detected in the COF-618-Cu+Laser 

Figure 5. In vivo antitumor efficiency experiments for COF-618-Cu. A) Illustration of the use of COF-618-Cu for cancer treatment. B) Tumor volume, 
C) image, and D) body weight of CT26 tumor-harboring mice at day 1, 3, 5, 7, 9, 11, and 13. E) Illustration of COF-618-Cu for enhancing DC matura-
tion and reprogramming the TME. Quantification of the expression of F) CD11c, G) CD8, and H) Granzyme B (GZMB) in CT26 tumors under dif-
ferent treatments, N = 5, where five random high power fields of slice were selected for each group to quantify their immunohistochemical staining. 
I,J) Investigating the proportion of central memory CD4+ and CD8+T (CD4+TCM, CD8+TCM) cells in draining lymph nodes (DLN), N = 6. Investigating the 
proportion of K) CD3+ and L) CD8+ T cells in the spleen (Sp). M) Investigating the proportion of PMN-MDSCs (Ly6GhighLy6Clow) in the spleen, N = 6 for 
control, laser and COF-618-Cu groups, N = 5 for COF-618-Cu+Laser group. Data were presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 6. Combination therapy of COF-618-Cu and αPD-1 for inhibiting distant tumor and tumor recurrence. A) Illustration of the tumor inoculation and 
treatment strategy of COF-618-Cu+Laser+αPD-1. B,C) The growth curves for both primary and distant tumors for each group, tested on different days. 
D) Representative photo of the tumor. E–G) Quantification of the proportion of CD4+ T cells, CD44+CD62L+CD4+ TCM cells, and CD44+CD62L+CD8+ TCM 
cells in distant tumor-draining lymph nodes (DT-DLNs), respectively. H) Illustration of the establishment of rechallenge experiments involving treat-
ment with the synergistic therapy of COF-618-Cu+Laser and αPD-1. I) Tumor growth curve, J) percent survival, and K) bioluminescence images of naive 
and rechallenged groups at day 87, 94, and 102. B–G) N = 5, I–K) N = 6. Data were presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Adv. Funct. Mater. 2022, 2201542



www.afm-journal.dewww.advancedsciencenews.com

2201542 (10 of 12) © 2022 Wiley-VCH GmbH

group, demonstrating the good phototherapy performance of 
the COF-618-Cu+Laser (Figure S17, Supporting Information). 
In addition, tumor-infiltrating immune cells were detected by 
immunohistochemistry, where the proportion of CD11c+ cells, 
a marker for antigen processing cells,[19] is increased after COF-
618-Cu+Laser treatment (Figure  5F and Figures S18  and S19, 
Supporting Information), indicating that COF-618-Cu+Laser 
treatment can recruit antigen-processing cells into tumors. 
CD8+ T cells efficiently destroy malignant cells by binding to  
them and injecting cytotoxic contents of granzyme B and 
perforin.[20] Thus, the proportion of CD8+ T cells and the 
expression of granzyme B were also detected. The results 
show that obvious increases in both CD8+ T cells (Figure  5G 
and Figure  S20, Supporting Information) and granzyme B 
are observed in tumor tissues that are treated with COF-618-
Cu+Laser (Figure 5H and Figure S21, Supporting Information), 
demonstrating that COF-618-Cu+Laser are capable to recruit 
immune cells into tumors and enhance the tumor-killing ability 
of tumor infiltrating immune cells.

To further assess the immune-response inducing ability 
of COF-618-Cu, the immune cell population in both the DLN 
and spleen was detected by flow cytometry (Figure  5E and 
Figures S22–S25, Supporting Information). The prime of adap-
tive immune response leads to clonal expansion and differen-
tiation of T cells.[21] In this work, we noticed that not only the 
proportion of CD44+CD62L+CD4+ and CD44+CD62L+CD8+ cen-
tral memory T (TCM) cells[22] in tumor-DLNs, but also the pro-
portion of CD3+ T cells and CD44+CD62L+CD8+ TCM cells in the 
spleen were obviously increased after being treated with COF-
618-Cu+Laser, indicating successful priming of the adaptive 
immune response and generation of immunological memory 
after be treated with COF-618-Cu+Laser (Figure  5I–L and 
Figure S22, Supporting Information). Furthermore, MDSCs,[23] 
a heterogeneous group of immune cells that possess strong 
immunosuppressive activities, were also detected, where the 
proportion of PMN-MDSCs is sharply decreased in COF-
618-Cu+Laser group (Figure  5M and Figure S22, Supporting 
Information), revealing that COF-618-Cu+Laser treatment can 
relieve the immunosuppression status and has the potential to 
prevent tumor recurrence.

2.5. Combination Therapy of COF-618-Cu and αPD-1 for Inhib-
iting Distant Tumors

Encouraged by the immune response of COF-618-Cu, we sus-
pected that it can further boost ICB therapy. A low ICB therapy 
response 4T1 breast tumor model was selected, and set up by 
injecting 1  ×  106  4T1  tumor cells into the right flank at day-7, 
then injecting 5 × 105 4T1 tumor cells into the left flank at day-3 
(Figure 6A). The tumor growth curve indicated that αPD-1  or 
COF-618-Cu treatment alone failed to restrain the growth 
of distant tumors, where the combination of COF-618-Cu 
and αPD-1  is efficient in inhibiting distant tumor growth 
(Figure  6B–D). Mechanistic studies reveal that the propor-
tion of both the central and memory of CD44+CD62L+CD8+ 
and CD44+CD62L+CD4+ TCM cells in distant tumor-draining 
lymph nodes (DT-DLNs) are obviously increased after being 
treated with the combination therapy of COF-618-Cu and αPD-1 

(Figure  6E–G and Figure S26, Supporting Information), indi-
cating that COF-618-Cu+Laser can improve the efficiency of 
αPD-1 treatment and suppress distant tumors. Based on these 
results, we hypothesize that the synergistic therapy of COF-
618-Cu+Laser and αPD-1 may be capable of suppressing tumor 
recurrence. To test our hypothesis, a rechallenge experiment 
was carried out. The results indicate that all naive mice suffered 
from grave tumor recurrence and died within 40 days, whereas 
no noticeable tumor recurrence was found in mice that were 
treated with the combination therapy of COF-618-Cu and 
αPD-1  for 130  days (Figure  6H–K), demonstrating the prom-
ising potential of this synergistic effect for inhibiting tumor 
recurrence.

3. Conclusion

In summary, we designed and synthesized COF-based PSs with 
a unique staggered stacking mode, which can effectively relieve 
photobleaching and ACQ effects simultaneously to achieve 
desirable PDT and PTT performance. Furthermore, COF-
618-Cu was also demonstrated to be a ROS amplifier owing 
to its excellent CAT and GPx mimicking activities, where the 
intrinsic antioxidant TME, including tumor hypoxia and over-
expressed intracellular GSH issues, can be obviously alleviated, 
and thus ideally suited for ROS-related phototherapy. The value 
of this work is not just providing a COF-based nanoplatform 
for phototherapy, but more importantly, offering a new strategy 
to overcome both the inherent defects of PSs and the intrinsic 
antioxidant TME for promoting antitumor immunity and 
abscopal effects against distant tumor and tumor recurrence.

4. Experimental Section
Materials and Reagents: Chemicals used in this work: n-butanol, 

o-dichlorobenzene, acetic acid, were purchased from Adamas-beta. 
The molecular monomers and 1,3-diphenylisobenzofuran (DPBF) 
were purchased from Jilin Chinese Academy of Sciences-Yanshen 
Technology ET Co., Ltd. General lab supplies were purchased from NEST 
Biotechnology. CCK8 was purchased from Dojindo Laboratories (Japan). 
These chemicals were used without additional purification.

Mice: Female BALB/c mice (6–8  weeks old) were purchased from 
Hubei Experimental Animal Research Center with license number 
of SCXK (E) 2019-0079, and housed in the specific pathogen free, 
temperature-controlled animal facility of the School and Hospital of 
Stomatology, Wuhan University. All animal studies were performed 
following guidelines approved by the Laboratory Animal Ethical 
Committee of School and Hospital of Stomatology, Wuhan University, 
S07920080I.

Synthesis Method of COF-618-Cu: A Pyrex tube with the size of 
12  ×  10  mm (o.d  ×  i.d) was filled with 4,4′,4″,4′′′-((benzo[c][1,2,5]
thiadiazole-4,7-diylbis(4,1-phenylene))bis(azanetriyl))-tetrabenzaldehyde 
(L-BT) (44  mg, 0.06  mmol), TAPP-Cu (44  mg, 0.06  mmol), 
o-dichlorobenzene (1  mL), n-butanol (5  mL), and aqueous acetic acid 
(0.4 mL, 6 m) sequentially. The mixture was dissolved through ultrasonic 
for 15 min. The solution in the glass bottles was rapidly frozen at 77 K 
(liquid nitrogen bath) and sealed by flame. After natural warming to 
the room temperature, the bottles were placed in an oven and treated 
at 120  °C for a week. Then the solution was separated by filtering and 
fluxed sequentially with dioxane and acetone.

ROS Detection: The ROS generation efficiency of CoF-618-Cu was 
evaluated with DPBF. COF-618-Cu was well dispersed in PBS solution 
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(100  µg  mL−1) and then DPBF (20  µg  mL−1) was added. The solution 
was irradiated under a 660 nm laser (1 W cm−2), where their absorption 
spectra were collected by a Cary 300 UV–vis Spectrophotometer (Agilent 
Technologies) at different preset time points.

Photothermal Properties: To investigate the photothermal effect of 
these COFs, COF-618-Cu, L-Por-Cu, and COF-366-Cu (100  µg  mL−1), 
were separately added in a specimen bottle, irradiated by a 660  nm 
continuous-wave diode NIR laser (Beijing Laserwave Optoelectronics 
Technology Co., Ltd.) with an output power of 1  W  cm−2. The liquid 
temperature was tested in real-time by an IR camera (FOTRIC 225s, 
China) and thermal pictures were captured every minute.

Cell Viability Detection: CT26  cells were inoculated in 96-well plates 
in 5 × 103 cells per well, incubated for 2 days. Fresh medium (with FBS 
and antibiotics) containing different concentrations of PBS, L-por-Cu, 
COF-366-Cu, and COF-618-Cu (0, 25, 50, 75, 100, and 150  µg  mL−1) 
were introduced and incubated at 37  °C for 1  day, and then the cells 
were treated with 660 nm laser (1 W cm−2) for 5 min and continuously 
cultivated for half a day. Then the old medium was discarded, 100  µL 
fresh medium (containing FBS and antibiotics) and 10  µL CCK8  were 
added to each well, and incubated at 37  °C for 0.5  h. Ultimately, the 
fluorescence of cells at 450 nm was detected for assessing cell viability.

Photostability: To evaluate the photobleaching behavior of these COFs, 
UV-vis absorption was carried out by collecting their absorbance intensity 
value, irradiated under a 660  nm laser for different times. Specifically, 
2 mL COF samples with a concentration of 100 µg mL−1 was irradiated 
under a 660 nm laser (1.0 W cm−2) for 30 min, and the absorbance of the 
solutions was detected by a UV–vis spectrophotometer at 0, 5, 10, 15, 20, 
25, and 30 min post irradiation.

ATP Release Detection: CT26  cells were inoculated in 96-well plates 
in 5 ×  103  cells per well and continued to culture for 36 h. Then, fresh 
medium (containing FBS for ATP detection) containing PBS, L-por-Cu, 
COF-366-Cu, COF-618-Cu (100  µg  mL−1) was added and incubated for 
12 h. The cells were irradiated with a 660 nm laser at 1 W cm−2 for 3 min 
and then incubated for 4  h and centrifuged, and 10  µL of supernatant 
from each well was taken and added to the ATP detection working 
fluid (Beyotime, China). The chemiluminescence was detected by the 
Luminometer.

Photothermal Imaging In Vivo: To measure the photothermal 
performance of COF-618-Cu in vivo, mice bearing CT26  tumors were 
utilized for in vivo photothermal imaging assays. When the tumor 
volume reached ≈200  mm3, 100  µL COF-618-Cu (1  mg  mL−1) or PBS 
was intratumorally injected into the mice. Then the mice were irradiated 
under 660 nm laser, where their photothermal images were obtained by 
a infrared camera.

In Vitro CRT and HMGB1  Detection: CT26  cells were seeded into 
confocal dishes (5  ×  104  cells per well) and incubated for 36  h. Fresh 
medium (with FBS and antibiotics) containing same concentrations of 
PBS, L-por-Cu, COF-366-Cu, and COF-618-Cu were added and incubated 
at 37  °C for 12  h. The cells were then irradiated under a 1  W  cm−2 
660  nm laser for 3  min and further fixed with 4% paraformaldehyde, 
permeabilized with 0.1% Triton X-100  and incubated with fluorescein 
isothiocyanate (FITC)-conjugated secondary antibodies and anti-CRT or 
anti-HMGB1 antibodies, where the CRT and HMGB1 fluorescence were 
detected using CLSM.

The Antitumor Effect of COF-618-Cu: Each Balb/c mouse was 
subcutaneously injected with CT26  cells (1  ×  106) on the right side to 
establish a CT26  tumor model. The mice were selected by random 
assignment into four groups with a mean tumor volume of 80–100 mm3. 
After COF-618-Cu was intratumorally injected for 24  h, the tumor was 
treated with a 660 nm laser at 1 W cm−2 for 3 min, and tumor changes 
were documented every 2 days.

Flow Cytometry: Single-cell suspension was obtained by ground the excised 
spleens and lymph node through a filter, and stained with different antibodies, 
according to the manufacturer’s protocols (including anti-CD4-ef450, 
FVD, anti-CD11C-FITC, anti-Ly-6C-APC, and anti-Ly-6G-PE purchased from 
eBioscience and anti-CD3-FITC and anti-CD45-PC5.5  purchased from BD 
Biosciences as well as anti-CD8-PC5.5, anti-CD44-PE, anti-CD62L-APC, and 
anti-CD11b-FITC purchased from Biolegend).

In Vivo Combination of COF-618-Cu with αPD-1: Bilateral tumor model 
was established by subcutaneously inoculating 4T1  cells (1  ×  106  cells) 
into the right side of each Balb/c mouse, and then inoculated 4T1 cells 
(5  ×  105  cells) into their left flank. Then the mice were selected by 
random assignment into four groups; as the right tumor volume was 
notable and 0.1 mL COF-618-Cu (1 mg mL−1) was intratumorally injected 
into the tumor at the right flank, the right tumor was irradiated with 
660 nm laser at 1 W cm−2 for 3 min and anti-mouse PD-1 mAb (CD279) 
was administrated by intraperitoneal injection.

Rechallenge Experiment: CT26  tumor model was developed by 
subcutaneously inoculating CT26  cells (1  ×  106  cells) into the right 
side of each Balb/c mouse at day-7. When the tumor volume reached 
≈200 mm3, these mice were treated with COF-618-Cu+660 nm Laser and 
PD-1 blockade therapy to inhibit the tumor growth. On day 80, 5 ×  105 
CT26-luciferase were injected into the left flank, and same-year-old naive 
mice were inoculated with 5 ×  105 CT26-luciferase  tumor cells into the 
left side. The tumor recurrence was monitored by fluorescence living 
imaging. In this process, tumor volume was measured and recorded 
with the caliper. Once the tumor volume reached 2000 mm3, the mice 
were euthanized and recorded as dead.

Immunohistochemistry: Tumor specimens were made into 
paraffin sections, deparaffined and rehydrated, and then added to 
0.01  mol  L−1  citrate buffer for hyperthermic repair. The endogenous 
peroxidase was quenched by adding a 3% endogenous peroxidase 
blocker and nonspecific binding was blocked by adding 10% goat serum. 
Then, these sections were incubated with primary antibodies against, 
such as granzyme B (#44153, CST), CD8 (#98941, CST), CD11c (#97585), 
and isotype-matched IgG controls. After that, a secondary biotinylated 
IgG solution and an avidin-biotin-peroxidase reagent were incubated, 
and 3,3′-diaminobenzidine tetrachloride was added to detect the binding 
of these antibodies with their specific antigens.

Statistical Analysis: All data were presented as the mean  ±  SEM. All 
statistical analyses were performed with GraphPad Prism 8. One-way 
analysis of variance (ANOVA) followed by Tukey’s multiple comparisons 
and two-way ANOVA followed by Tukey’s multiple comparisons were 
applied to analyze whether the differences between more than two 
groups were statistically significant. Asterisks were applied to represent 
significant differences (*p < 0.05, **p < 0.01, ***p < 0.001).
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