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APPLIED SCIENCES AND ENGINEERING

Nanoscale covalent organic framework-mediated
pyroelectrocatalytic activation of immunogenic cell

death for potent immunotherapy

Xingguang Li'*t, Meng-Lu Gao't, Shan-Shan Wang’, Yizhi Hu', Dongzhi Hou',

Pei-Nian Liu""?*, Huijing Xiang®*

The conventional molecularimmunogenic cell death (ICD) inducers suffer from poor biocompatibility and unsatis-
factory efficacy. Here, a biocompatible nanosized covalent organic framework (nCOF)-based pyroelectric catalyst
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(denoted as TPAD-COF NPs) is designed for pyroelectric catalysis-activated in situ immunotherapy. TPAD-COF NPs
confine organic pyroelectric molecules to rigid TPAD-COF NPs to substantially reduce aggregation and enhance
biocompatibility, thus improving pyroelectrocatalytic efficiency. After tumor internalization, TPAD-COF NPs facili-
tate photothermal tumor ablation under near-infrared (NIR) laser exposure, resulting in effective ICD induction. In
addition, TPAD-COF NPs effectively catalyze the conversion of temperature changes to pyroelectric changes, which
subsequently react with adjacent O, to generate reactive oxygen species, thus triggering robust ICD activation. In
vivo evaluation using mouse models confirmed that TPAD-COF NPs evidently inhibited the proliferation of primary
and distant tumors and prevented lung metastasis under NIR laser illumination. Therefore, this study opens an av-
enue for designing nCOF-based catalysts for pyroelectric catalysis-activated in situ immunotherapy.

INTRODUCTION

Pyroelectric catalysis using pyroelectric biomaterials can catalyze the
conversion of temperature changes into pyroelectric changes under
alternating near-infrared (NIR) laser irradiation, which subsequently
interact with O, to produce reactive oxygen species (ROS) (I, 2).
Studies have shown that inorganic pyroelectric nanoplatforms, such as
Big 5Sb; 5Tes/CaO, nanosheets (BST/CaO, NSs) and Bi;3S;53], nanoro-
ds, can achieve effective photothermal and pyroelectric conversion for
pyroelectric dynamic therapy (PEDT), resulting in notable tumor sup-
pression and reduced thermal resistance of conventional photothermal
therapy (PTT) (3, 4). However, metal-related toxicity, low abundance,
and inferior biodegradability of inorganic pyroelectric biomaterials
severely hampered the application of NIR-triggered PEDT in tumor
therapy (5-8). Therefore, the development of organic pyroelectric
nanoplatforms is of crucial importance to circumvent the inherent
drawbacks of PTT and improve the biocompatibility of PEDT treat-
ment for potential clinical translation.

As an emerging category of crystalline and porous scaffolds, nano-
sized covalent organic frameworks (nCOFs) are composed of versatile
organic monomers, which are linked by covalent bonds, and manifest
exceptional performance in catalysis (9-11). The homogeneous pore
size distribution and extremely high surface area render them as
intriguing nanoplatforms for metal catalysis such as CO, reduction,
coupling reactions, oxygen reduction, and so on (12-17). The structural
tunability and rigidity of nCOFs provide a valid strategy to maximize the
exposure of the catalytically active sites close to the substrate, thereby
improving the catalytic efficiency (18, 19). In addition, capitalizing on
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robust covalent bonds, nCOFs have excellent chemical stability and high
biocompatibility, which is beneficial as a potential candidate nano-
platform for catalysis in biomedical application (20-24). Therefore, it is
urgently needed to engineer pyroelectric nCOFs using organic pyro-
electric molecules as the building blocks to improve the efficiency of
pyroelectric catalysis and facilitate more efficient pyroelectric con-
version, thereby leading to enhanced PEDT efficacy.

Recently, we and others have demonstrated that the use of pyroelec-
tric biomaterials can catalyze the conversion of NIR laser into ROS
to eradicate local tumors (25-27). However, such PEDT modality only
works for locally irradiated tumors. Actually, cancer cells typically
manifest extensive metastasis and recurrence, which seriously limits
the treatment efficacy and leads to more than 90% of cancer-associated
deaths (28, 29). Immunotherapy has been acknowledged as a promising
modality to eliminate tumor metastasis and recurrence (30-34).
However, the treatment efficacy is severely restricted by low response
rates (35). Several adjuvant treatment modalities, including chemo-
therapy, phototherapy, and radiotherapy, have been shown to cause
immunogenic cell death (ICD), which can improve the rate of immune
response, resulting in prominent therapeutic outcomes for metastatic
tumors (36-40). The treatment efficacy largely relies on the efficiency of
ICD inducers (41). Conventional molecular ICD inducers, such as
oxaliplatin and indocyanine green (ICG), are often compromised by
poor aqueous solubility and undesirable aggregation (42, 43). There-
fore, we hypothesize whether ligating a molecular pyroelectric ICD
inducer into the porous structures of nCOFs can provide an effective
approach to address these issues, effectively inducing ICD and eliciting
cancer immunotherapy.

Here, we engineered a two-dimensional nCOF (denoted as
TPAD-COF NPs) with the stacking of organic pyroelectric molecules
for augmented pyroelectroimmunotherapy (Fig. 1). TPAD-COF NPs
confined organic pyroelectric molecules in the rigid TPAD-COF NPs
to reduce aggregation and improve biocompatibility, thus enhancing
the efficiency of pyroelectric catalysis for more efficient pyroelectric
conversion. After tumor accumulation, TPAD-COF NPs induced an
apparent temperature elevation for photothermal ablation, leading to
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effective ICD stimulation. In addition, TPAD-COF NPs effectively
catalyzed the conversion of temperature changes into pyroelectric
charges, which then interacted with adjacent O, to produce abundant
ROS, thereby eliciting robust ICD activation. In vivo evaluation
using distant tumor and lung metastasis models demonstrated that
TPAD-COF NP administration notably suppressed primary and
distant tumor growth and apparently retarded lung metastasis under
NIR laser exposure. RNA profiling indicated that pathways related to
apoptosis, metastasis and immune response were apparently enriched
in the TPAD-COF NPs + laser group, including the forkhead box O
(FOXO) signaling pathway, tumor necrosis factor (ITNF) signaling
pathway, Janus kinase-signal transducers and activators of transcrip-
tion (JAK-STAT) signaling pathway, and major histocompatibility
complex class I (MHC-I) and MHC-II pathways. Therefore, our work
provided a distinct paradigm for the design of a nCOF-based pyro-
electric catalyst to improve the biocompatibility and boost the thera-
peutic efficacy of immunotherapy.

RESULTS

Fabrication and characterization of TPAD-COF NPs
TPAD-COF was fabricated via the poly-condensation of 1,4,5,8-
tetrakis((4-(5,5-dimethyl-1,3-dioxan-2-yl)phenyl)amino)anthrace-
ne-9,10-dione (TPAD-DMO) and 1,4,5,8-tetrakis((4-aminophenyl)
amino) anthraxcene-9,10-dione (TPAD-NH,) under solvothermal

conditions (Fig. 2A). The x-ray diffraction (XRD) pattern of TPAD-
COF NPs displayed strong and weak peaks at 4.65° and 9.30°,
respectively, which were assigned to the (110) and (220) characteristic
peaks (Fig. 2B). The porosity of TPAD-COF was investigated by N,
isotherm, and the Brunauer-Emmett-Teller surface area was calculated
to be 235 m” g™' (Fig. 2C). Compared to the precursors (TPAD and
TPAD-NH,), a new characteristic stretching vibration of C=N bond
(1680 cm™) appeared in the Fourier transform infrared (FTIR) spec-
trum of TPAD-COE which validated the successful formation of imine
bonds in the TPAD-COF structure (Fig. 2D). To enhance the aqueous
solubility and biocompatibility of TPAD-COF, the biocompatible
amphiphilic polymer, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(polyethylene glycol) amine (DSPE-PEG-NH,) was used to modify the
surface of TPAD-COF to construct TPAD-COF NPs (figs. S1 to S11).
The zeta potentials of DSPE-PEG-NH, and TPAD-COF NPs were
—18.8 and —23.4 mV, respectively, confirming the successful fabri-
cation of TPAD-COF NPs (Fig. 2E). Transmission electron micros-
copy (TEM) image of TPAD-COF revealed a rod-like morphology with
a size of 100 nm (Fig. 2F). Dynamic light scattering (DLS) analysis
exhibited that the hydrodynamic size of TPAD-COF NPs was approxi-
mately 120 nm (Fig. 2G). We also recorded the hydrodynamic size
of various doses of TPAD-COF NPs in phosphate-buffered saline (PBS)
solution to verify the assembly behavior. After assembling TPAD-COF
(50, 100, and 200 pg ml™"), the particle sizes were determined to
be approximately 90 to 130 nm (fig. S12). The size and polydispersity
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Fig. 1. Schematic illustration of TPAD-COF NP-mediated PEDT for tumor treatment and lung metastasis inhibition. (A and B) Schematic diagram of (A) the fabrica-
tion of TPAD-COF NPs and (B) their application in pyroelectric catalysis-activated immunotherapy.
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Fig. 2. Characterization of TPAD-COF NPs. (A) Synthetic route of TPAD-COF NPs. (B) XRD profile of TPAD-COF. (C) Nitrogen isotherm of TPAD-COF at 77 K. (D) FTIR spectra of TPAD-

DMO, TPAD-NH,, and TPAD-COF. (E) Zeta potential of TPAD-COF NPs (100 pg ml™') and DSPE

-PEG-NH, (n = 3). (F) TEM image of TPAD-COF NPs. Scale bar, 100 nm. (G) Size distribution

of TPAD-COF NPs (100 pg ml~")in PBS by DLS analysis. (H) Stability of TPAD-COF NPs (100 pg ml~") in PBS for 2 weeks (n = 3). (I) Ultraviolet-visible (UV-vis) absorption spectra of dif-
ferent doses of TPAD-COF NPs. (J) Fitting curve of absorbance of TPAD-COF NPs at 808 nm versus doses of TPAD-COF NPs. (K) Photothermal curves of various concentrations of
TPAD-COF NPs under NIR laser irradiation (1.5 W cm’z). (L) Thermal images of TPAD-COF NPs under NIR laser irradiation for various durations. (M) Photothermal curves of TPAD-COF
NPs (300 pg ml™") irradiated by a NIR laser at diverse power densities. (N) Photothermal conversion capability of TPAD-COF NP dispersion (300 pg ml~") and linear time constant
calculated from the cooling period (1.5 W cm™). (0 and P) Photothermal curves and corresponding thermal images of (O) TPAD-COF NPs (300 pg mi™") and (P) ICG solution (300 pg
ml™") under alternating NIR laser exposure (1.5 W cm’z). (Q and R) UV-vis absorption spectra of (Q) TPAD-COF NPs (100 pg ml~") and (R) ICG solution (100 ug ml~") and correspond-

ing photograph before and after NIR laser illumination (1.5 W cm~2) for different durations.

index of TPAD-COF NPs in different solutions remained stable
and did not change obviously during the 15-day observation, indi-
cating that TPAD-COF NPs were highly stable under physiological
conditions (Fig. 2H and figs. S13 to S15). Moreover, there was no
marked change in the characteristic absorbance of TPAD-COF
NPs over 15 days under different conditions, further proving the

Lietal, Sci. Adv. 10, eadr5145 (2024) 29 November 2024

PDI, polydispersity index; a.u., arbitrary units.

high stability of TPAD-COF NPs (fig. S16). In addition, different
doses of TPAD-COF NPs exhibited substantial absorbance in the
NIR region, and the mass extinction coefficient at 808 nm was
8.4 liters g~' cm™, which further illustrated the potential appli-
cation of TPAD-COF NPs in eliciting photothermal conversion
(Fig. 2, T and]). The fluorescence emission spectra for TPAD-COF

30f17



SCIENCE ADVANCES | RESEARCH ARTICLE

and TPAD-COF NPs were also recorded, with similar fluorescence
emission observed at 838 nm (fig. S17).

Inspired by the extensive absorption of TPAD-COF NPs in the
NIR region, we explored their photothermal conversion performance
under NIR laser exposure. After 10 min of laser exposure, the tem-
perature of TPAD-COF NP aqueous solution at 300 pg ml~" elevated
rapidly from 25.2° to 56.6°C (AT = 31.4°C) under NIR laser irradia-
tion (Fig. 2, Kand L). In addition, the temperature of TPAD-COF NP
solution could be regulated from 41.2 to 57.5°C by increasing the
laser power density from 0.5 to 1.5 W cm ™ (Fig. 2M). These findings
showed that the temperature increment of TPAD-COF NP solution
exhibited dose-dependent and power density-dependent patterns.
The photothermal-conversion efficiency of TPAD-COF NPs at 808 nm
was 29.1%, which is obviously higher than those of previously reported
photothermal nanoplatforms, including Au nanorods (21%) (44) and
Cu,.,Se nanocrystals (22%) (Fig. 2N) (45). Notably, the temperature
variations were negligible after 5 cycles of alternating NIR laser
exposure (Fig. 20). In contrast, the temperature increment of ICG
solution decreased obviously from 51.8° to 41.2°C after 5 heating
and cooling cycles, demonstrating the photothermal stability of
TFAD-COF NPs under NIR laser exposure (Fig. 2P). In addition, no
apparent change in the absorption of TPAD-COF NPs was observed
after 10 min of 808-nm laser exposure (Fig. 2Q). In comparison, the
maximum absorbance of ICG solution decreased sharply after NIR
laser exposure for 10 min, demonstrating the high photostability of
TPAD-COF NPs (Fig. 2R).

Pyroelectric properties and ROS generation of
TPAD-COF NPs
Inspired by the excellent photothermal effect and photostability of
TPAD-COF NPs, their pyroelectric effect under 808-nm laser expo-
sure was investigated by an electrochemical workstation. As shown in
Fig. 3A, the temperature change causes the atomic motion of pyroelec-
tric materials, resulting in a change in the polarization of the built-in
pyroelectric field. Under NIR laser irradiation, the electric dipole
moment decreases with increasing temperature (dT/dt > 0), thereby
reducing the polarization strength of pyroelectric materials. The direc-
tion of the pyroelectric field coincides with that of the built-in electric
field, which increases the transient short-circuit current. Conversely,
when the laser is turned off, the temperature declines (dT/dt < 0), and
the direction of the pyroelectric field is opposite to that of the built-in
electric field, resulting in an opposite pyroelectric current (46). As
expected, obvious pyroelectric currents and potentials of TPAD-COF
NPs were observed under alternating NIR laser exposure, confirming
that TPAD-COF NPs converted temperature changes into pyroelectric
charges (Fig. 3, B and C). Further investigation of the electrochemical
impedance spectra (EIS) of TPAD-COF NPs showed a slight reduction
in the degree of electron transfer under 808-nm laser irradiation,
illustrating the effective electron transfer of TPAD-COF NPs under NIR
laser irradiation (Fig. 3D). Furthermore, the Mott-Schottky curves of
the flat band potential of TPAD-COF NPs were studied (Fig. 3E). The
conductive band (CB) of TPAD-COF was —1.245 V, which was calcu-
lated from the flat-band potential of TPAD-COF NPs (—1.39 V com-
pared to a standard calomel electrode). The CB bandgap of TPAD-COF
NPs was more negative than the redox potential of O,/°O,~ (-0.54 V
versus normal hydrogen electrode, pH 7), which was conducive to the
efficient reduction of O; to *O," for ROS generation.

Density functional theory (DFT) calculations indicated that the
energy gap between the highest occupied molecular orbital (HOMO)

Lietal, Sci. Adv. 10, eadr5145 (2024) 29 November 2024

and lowest unoccupied molecular orbital (LUMO) of TPAD-COF
(0.694 eV) was smaller than those of the precursors, TPAD-DMO
(0.931 eV) and TPAD-NH, (0.832 eV), resulting in a redshift in the
absorption spectrum of TPAD-COF (Fig. 3F). In addition, the elec-
tronic band structure of TPAD-COF NPs displayed that its bandgap is
0.541 eV, which is comparable to that of semiconductors (Fig. 3G). Con-
sistently, ultraviolet-visible (UV-vis) diffuse reflectance analysis revealed
an obvious redshift in the absorption of TPAD-COF compared to its
precursors (Fig. 3H and fig. S18). In addition, a Tauc plot of the modified
Kubelka-Munk function was used to identify the bandgap energy,
which corresponds to the x intercept of the extrapolated linear portion
of the plot (Fig. 3I). The bandgaps of TPAD-NH,, TPAD-DMO and
TPAD-COF were 1.41, 1.42, and 1.1 eV, respectively. Compared to
TPAD-NH, and TPAD-DMO, the narrower bandgap of TPAD-COF
would facilitate the charge-carrier pair separation, thereby promoting
ROS generation under NIR laser illumination (Fig. 3]).

It has been confirmed that ROS, especially singlet oxygen (0,), is
produced on the surface of thermoelectric materials through the effec-
tive pyroelectric charge transfer under alternating heating and cooling.
The 'O, generation capacity of TPAD-COF NPs under NIR laser expo-
sure was evaluated using 1,3-dipenylisobenzofuran (DPBF) as the
probe (Fig. 3K). After 10 min of NIR laser illumination, the absorbance
of the DPBF solution containing TPAD-COF NPs rapidly decreased to
approximately 60% of the original absorbance, while the absorption
intensity of DPBF did not decrease apparently in the PBS- and NIR
laser-treated groups (Fig. 3L and figs. S19 to S22). In addition, electron
spin resonance (ESR) spectroscopy was used to evaluate the 'O,
generation of TPAD-COF NPs under NIR laser illumination using
2,2,6,6-tetramethylpiperidine (TEMP) as a spin trap. After treatment
with TPAD-COF NPs and 808-nm laser irradiation, a triplet ESR signal
of the '0,/TEMP adduct with a relative intensity of 1:1:1 was moni-
tored. In comparison, the ESR signals detected in the control and NIR
laser exposure groups were negligible (Fig. 3M). To further confirm
the effective 'O, production of TPAD-COF NPs during heating and
cooling, the absorption intensity of DPBF gradually decreased with
elevating temperature changes or increasing doses of TPAD-COF NP
doses under NIR laser irradiation (figs. S23 to S25). These results con-
firmed that TPAD-COF NPs can rapidly convert temperature changes
into pyroelectric charges under NIR laser irradiation, thereby enabling
effective 'O, production. In addition to the production of 'O,, we also
identified the hydroxyl radical (¢OH) and superoxide radical (+O,")
generation, 5,5-dimethyl-1-pyrroline-N-oxide was used as a trapper to
capture «OH and «O, ", and similar results were also observed, with dis-
tinct «OH and «O, ESR peaks detected in the presence of TPAD-COF
NPs upon NIR laser exposure compared to the other groups. These
findings validated the efficient generation of «OH and «O,~ by
TPAD-COF NPs under NIR laser illumination (fig. S26).

Furthermore, DFT calculations were conducted to propose the
possible mechanism of ROS generation by TPAD-COF NPs under
NIR laser irradiation (Fig. 3, N and O). The Gibbs free energy of the
product is less than that of the reactants, and the energy drop further
confirmed that the reaction favored the production of ROS, including
«0;7, '0,, and «OH (Fig. 3, P and Q). TPAD-COF NPs are excited to
the excited singlet state (TPAD-COF NPs*) upon NIR laser irradia-
tion, and TPAD-COF NPs may be evoked to produce electron-hole
(e”- h™) pairs (Eq. 1, fig. S27). The resulting e~ may be captured by O,
to generate «O,” with a reaction energy of —1.33 eV (Eq. 2; figs. S27
and S28), which was consistent with the redox potential. The CB band-
gap of TPAD-COF was negatively larger than that of O,/¢O,". Thus,
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the pyroelectrically excited negative charge can react with O, in solu-
tion to form «O, . Moreover, «O," is probably oxidized by trapped
holes or valence band holes, to produce 10, (Fig. 3, N and P, and
fig. S27, Eq. 3). In addition, among the four major ROS, «O, " is second
only to H,0; in lifetime, and «O, may become H,0, through dispro-
portionation (47). Furthermore, H,O, can be further efficiently de-
composed into «OH (Egs. 4 to 6, fig. S27). The H,O, molecule is
absorbed at the active site (I) of TPAD-COF NPs with an absorption
energy of —1.52 eV (II). The activated H,O; is readily dissociated by
homolysis, leading to the formation of 2 OH* (III). The hydroxyl
group is then desorbed from the active site, producing active «OH and
OH* (IV). The reaction energy of steps (I) to (IV) is —1.70 eV, which
can be readily overcome at room temperature (Fig. 3, O and Q). Hence,
TPAD-COF NPs can effectively facilitate the production of «OH by
promoting H,O, decomposition. Therefore, it can be speculated that
the ROS production mechanism is accompanied by the adsorption of
O,, the reduction PEDT-induced electrons to «O,", and then the
formation of 'O, and +OH by reduction-oxidation and dispropor-
tionation reactions (Fig. 3R) (47-49).

Cell uptake and antitumor effect of TPAD-COF NPs

Before in vitro therapeutic assessments, it is critical to validate whether
TPAD-COF NPs can be internalized by 4T1 cells. Cyanine 5.5
(Cy5.5)-labeled TPAD-COF NPs were used to investigate their cell
uptake at different incubation durations. Confocal laser scanning
microscopy (CLSM) images indicated that the red fluorescence of
Cy5.5-labeled TPAD-COF NPs increased with elevating incubation
time, which were consistent with flow cytometry analysis (Fig. 4, A
and C, and fig. S29). These findings illustrated that cellular inter-
nalization of TPAD-COF NPs exhibited an incubation duration-
dependent pattern. Furthermore, the intracellular ROS generation
of TPAD-COF NPs under NIR laser exposure was studied using
2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA) as a ROS
probe. As displayed in Fig. 4B and fig. S30, a bright green fluorescent
signal was detected in 4T1 cells after treatment with TPAD-COF NPs
plus NIR laser irradiation. In contrast, no apparent green fluores-
cence was observed in the PBS-, laser-, and TPAD-COF NP-treated
groups. In addition, the intracellular ROS level of the TPAD-COF
NPs + laser group was 42.6%, which was distinctly higher than those
of 3.37, 3.58, and 4.31% in the control, laser, and TPAD-COF NP
groups, implying that TPAD-COF NPs can effectively convert tem-
perature changes into intracellular ROS under NIR laser illumination
(Fig. 4D and figs. S31 and S32).

Inspired by the effective cellular internalization of TPAD-COF NPs,
the therapeutic effect of TPAD-COF NPs under NIR laser irradiation
was investigated by the standard cell counting kit-8 (CCK-8) assay. The
CCK-8 results showed that more than 80% of 4T1 cells survived after
24 hours of incubation with TPAD-COF NPs, even at 100 pg ml ™",
indicating that TPAD-COF NPs are highly cytocompatibility (Fig. 4E).
Furthermore, irradiation by a NIR laser at diverse power densities did
not markedly cause tumor cell death (Fig. 4F). Subsequently, the cyto-
toxic effects of TPAD-COF NPs under NIR laser irradiation were
assessed, and their cell viability decreased substantially with elevating
concentrations of TPAD-COF NPs upon NIR laser exposure (Fig. 4G).
The survival of 4T1 cells was 30.1% after treatment with TPAD-COF
NPs (100 pg ml™) plus 808-nm laser illumination. The median inhibi-
tory concentration of TPAD-COF NPs was calculated to be 36.33 pg
ml™" under 808-nm laser exposure (fig. $33). Comparatively, negligible
cytotoxic effect of TPAD-COF NPs on 4T1 cells was observed in the
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control, laser, and TPAD-COF NP groups (Fig. 4H). These results con-
firmed that TPAD-COF NP-mediated synergistic PEDT and PTT
effects induced a substantial inhibitory effect on tumor cell prolifera-
tion. In addition, human umbilical cord endothelial cells were chosen
to verify the cytocompatibility of TPAD-COF NPs in normal cells. As
presented in fig. S34, no evident changes in the cell viability were
observed after treatment with diverse doses of TPAD-COF NPs for
24 hours, indicating that TPAD-COF NPs were highly biocompatible
with normal cells.

Furthermore, the in vitro therapeutic effect of TPAD-COF NPs
under NIR laser illumination was assessed by live/dead staining.
Live and dead cells are labeled with calcein-acetoxymethyl ester and
propidium iodide, which appear as green and red fluorescence in
CLSM images, respectively. Green fluorescence signals were visualized
in the PBS-, laser-, and TPAD-COF NP-treated groups (Fig. 41). In
contrast, numerous dead cells with a distinct red fluorescence signal
were recorded in the TPAD-COF NPs + laser group, indicating that
TPAD-COF NPs effectively killed 4T1 cells by the synergistic PEDT
and PTT effect under NIR laser exposure. Moreover, flow cytometry
analysis was carried out to verify the activation of the apoptotic path-
way by TPAD-COF NP incubation plus NIR laser illumination. Treat-
ment with TPAD-COF NPs resulted in 59.8% of apoptotic cells after
exposed to NIR laser irradiation, which was in accordance with CLSM
results (Fig. 4, ] and K). This demonstrated that TPAD-COF NPs
triggered the synergistic PEDT and PTT effect upon NIR laser illumi-
nation, thus inducing impressive tumor cell apoptosis.

In vitro ICD effect induced by TPAD-COF NPs under NIR
laser exposure
Therapeutic strategies, such as phototherapy and ROS-based thera-
pies, have been validated to trigger ICD effect. Therefore, we explored
the capacity of TPAD-COF NPs to elicit ICD occurrence under NIR
laser illumination. The expression levels of ICD markers, such as
calreticulin (CRT), high mobility group box 1 (HMGBI), and ade-
nosine triphosphate (ATP), were measured. Immunofluorescence
images revealed a notable increase in the fluorescence intensity of
CRT protein after treatment with TPAD-COF NPs and NIR laser
illumination, which were consistent with flow cytometry analysis
results (Fig. 5, A and B, and figs. S35 and $36). In addition, only a
weak HMGBI fluorescence signal in nuclei was observed in the im-
munofluorescence images of the TPAD-COF NPs + laser group com-
pared to the other groups (Fig. 5C). In addition, enzyme-linked
immunosorbent assay (ELISA) was performed to detect HMGB1
levels in each treatment group, HMGBI level was evidently highest
in the TPAD-COF NPs + laser group, which was higher than those
in the control, laser, and TPAD-COF NP groups (4.0-, 2.85-, and
1.9-fold, respectively) (Fig. 5D). Moreover, the intracellular ATP level
in the TPAD-COF NPs + laser group declined markedly to 40.1% of
the control group (Fig. 5E). In addition, in vitro immunofluorescence
images of heat shock protein 90 (HSP90) expression revealed a prom-
inent reduction in HSP90 expression in the TPAD-COF NPs + laser
group, suggesting that the ROS generated by TPAD-COF NPs facili-
tated the decomposition of HSPs (fig. S37). These findings collec-
tively confirmed that the synergistic PEDT and PTT effects mediated
by TPAD-COF NPs overcame thermal resistance and triggered ICD
effect under 808-nm laser exposure.

To assess the immunogenic effect mediated by TPAD-COF NPs
under NIR laser exposure, bone marrow dendritic cells were iso-
lated and then cocultured with 4T1 cells from each treatment group.
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COF NPs before and after NIR laser exposure (n = 5) and (H) varying disposes (n = 5). (I) Live/dead staining images in each group. Scale bars, 40 nm. (J) Flow cytometry
analysis (n = 3) and (K) corresponding statistical analysis of cell apoptosis in each treatment group. I: Control; II: Laser (1.0 W cm’z, 10 min); l: TPAD-COF NPs (100 pg ml™";
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isothiocyanate.

The debris of 4T1 cells released abundant tumor-associated anti-
gen, which then crossed the chamber membrane to promote den-
dritic cell (DC) maturation (Fig. 5, F and G). Thus, we performed
flow cytometry analysis to evaluate DC maturation in each treat-
ment group by labeling CD80 and CD86, respectively. Compared
to other groups, TPAD-COF NPs effectively induced in vitro DC
maturation with a proportion of 27.6%, which was obviously
higher than those of 8.1, 9.6, and 13.5% in the control, laser, and
TPAD-COF NP groups (Fig. 5, H and I). This suggested that ICD

Lietal, Sci. Adv. 10, eadr5145 (2024) 29 November 2024

effect mediated by TPAD-COF NPs facilitated DC maturation un-
der NIR laser exposure. Subsequently, the secreted levels of immu-
nostimulatory cytokines, including interleukin-6 (IL-6), IL-12,
interferon-y (IFN-y), and TNF-a, were measured by ELISA (Fig. 5,
J to M). The levels of these cytokines in the TPAD-COF NPs + laser
group were distinctly higher than those in other treatment groups,
indicating that TPAD-COF NP-mediated synergistic PEDT and
PTT effects induced DC maturation for immunostimulatory cyto-
kine secretion.
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Fig. 5. TPAD-COF NP-mediated immune response upon NIR laser irradiation in vitro. (A) Immunofluorescence images and (B) flow cytometry analysis of CRT in 4T1 cells after
various treatments. (C) Immunofluorescence images and (D) ELISA analysis of HMGB1 in 4T1 cell supernatant after diverse treatments (n = 3). (E) Intracellular ATP content of 4T1 cells
in different treatment groups (n = 3). (F) Scheme of the coincubation system of immature DCs and 4T1 cells. (G) The schedule mechanism of DC maturation triggered by DAMPs.
(H) Flow cytometry analysis and (I) statistical analysis of DC maturation in different treatment groups (n = 3). (J to M) The secreted levels of cytokines (n = 3), including (J) IL-6,
(K) IL-12, (L) IFN-y, and (M) TNF-q, in different treatment groups. I: Control; II: Laser; Ill: TPAD-COF NPs (100 pg ml'1); IV: TPAD-COF NPs (100 pg ml’w) + laser (1 .OWcm‘Z, 10 min).

In vivo antitumor effect of TPAD-COF-mediated PEDT under
NIR laser irradiation

The satisfactory in vitro therapeutic effect encouraged us to in-
vestigate the in vivo antitumor performance of TPAD-COF NPs
under NIR laser irradiation. Before this, the hemolytic activity of
TPAD-COF NPs was assessed to verify their hemocompatibility.

Lietal, Sci. Adv. 10, eadr5145 (2024) 29 November 2024

Even at 500 pg ml™", the hemolysis of TPAD-COF NPs was negli-
gible, suggesting that TPAD-COF NPs are highly hemocompatible
(fig. S38). The biodistribution and systemic toxicity of TPAD-COF
NPs in vivo were studied to evaluate their biocompatibility and
further translational applications. Mice bearing 4T1 tumors were
intravenously injected with Cy5.5-labled TPAD-COF NPs and
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then monitored by in vivo fluorescence imaging. TPAD-COF NPs
passively accumulated into tumor tissues and reached their high-
est at 6 hours (Fig. 6A and fig. $39). In addition, at 24 hours postin-
jection, ex vivo fluorescence images of tumors and major organs
further verified the effective tumor enrichment of TPAD-COF
NPs (fig. S40). Subsequently, the toxicity of TPAD-COF NPs was
investigated by hematoxylin and eosin (H&E) staining of main or-
gans from various groups. As shown in fig. S41, H&E staining
images revealed negligible obvious tissue inflammation in each
treatment group. In addition, routine blood analysis and biochem-
ical tests also showed no abnormal variations in representative pa-
rameters after treatment with TPAD-COF NPs (figs. S42 and $43).
These results verified the high biocompatibility of TPAD-COF
NPs for subsequent therapeutic evaluation. To prove the ROS-
facilitated decomposition of HSPs in tumor tissues, the expression
of HSP90 in each group was verified by immunofluorescence assay.
The results demonstrated that HSP90 expression was obviously de-
creased in the TPAD-COF NPs + laser group in comparison to the
other three groups (fig. S44).

The treatment efficacy of TPAD-COF NP-mediated synergistic
effects of PEDT and PTT was investigated in vivo. 4T1 tumor mice
with a size of approximately 100 mm’ were randomized into four
groups (n = 5), including control, laser, TPAD-COF NP, and TPAD-
COF NPs + laser groups (Fig. 6B). As shown in Fig. 6C, the body
weight fluctuations of mice were negligible after various treatments,
indicating high biocompatibility of TPAD-COF NPs. In addition,
the temperature changes of the tumor site in each treatment group
were monitored by a thermal camera. The tumor temperatures in
the TPAD-COF NPs + laser group elevated rapidly and reached
57.7°C within 10 min, while the tumor temperature in the control
group changed slightly under the same irradiation condition, sug-
gesting that TPAD-COF NPs manifested favorable capacity to facili-
tate photothermal conversion and thereby lead to prominent PEDT
effect in vivo (Fig. 6, D and E). Furthermore, the changes in tumor
volumes of the mice from each group were plotted to evaluate the
treatment outcome of synergistic effects of PEDT and PTT. The
most obvious treatment efficacy was observed in the TPAD-COF
NPs + laser group, with a tumor inhibition rate of 99.7% after 16 days
of observation, while no conspicuous suppression was visualized in
the other groups (Fig. 6, F to H). In addition, the representative
photographs and average weights of the resected tumors intuitively
revealed that TPAD-COF NPs and NIR laser irradiation-mediated
therapeutic outcome was much higher than those in the other
groups, benefiting from the synergistic thermal effect and abundant
ROS generation mediated by TPAD-COF NPs under NIR laser ex-
posure (Fig. 6, I and J).

To clarify the potential therapeutic mechanism of TPAD-COF NPs
under NIR laser exposure, dihydroethidium staining was performed to
measure the ROS production in tumor tissues. Apparently, a negligible
red fluorescence can be observed in the control, laser, and TPAD-COF
NP groups, while bright red fluorescence was visualized in the
TPAD-COF NPs + laser group (Fig. 6K). Furthermore, H&E, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick
end labeling, and Ki-67 staining was carried out to assess the thera-
peutic effect after diverse treatments. More apoptotic cells and fewer
Ki-67-positive cells were observed in the staining images of tumor tis-
sues in the TPAD-COF NPs + laser group compared to other three
groups, confirming that TPAD-COF NP-mediated synergistic PEDT
and PTT effects inhibited tumor cell proliferation (Fig. 6L). In addition,
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negligible pathological signals were visualized in the H&E staining im-
ages of the main organs in various groups, verifying the high biocompat-
ibility of TPAD-COF NPs for potential antitumor application (fig. S45).

Effectiveness of TPAD-COF NPs on distal tumor inhibition
under NIR laser illumination

The high frequency of tumor recurrence poses a tremendous challenge
to conventional tumor treatment strategies. After realizing the impres-
sive treatment effect on primary tumor suppression, we subsequently
expanded the evaluation of the efficacy of TPAD-COF NP-mediated
PEDT and PTT effects on distal tumor inhibition using a bilateral
tumor mouse model (Fig. 7A). When the sizes of primary tumors
reached around 100 mm”, the mice were injected intravenously with
TPAD-COF NPs. NIR irradiation was applied to the primary tumors
rather than distant tumors. The bilateral tumor size and body weight
in different treatment groups were monitored. The growth curves of
bilateral tumors in Fig. 7 (B and C) indicated that TPAD-COF NPs
markedly suppressed primary and distant tumor proliferation upon
NIR irradiation, with tumor growth inhibition (TGI) rates of 92.5 and
58.5%, respectively (Fig. 7, D and E, and figs. S46 and $47). Subsequent-
ly, the bilateral tumors collected in each treatment group were weighed
and photographed, and the smallest primary and distant tumors were
observed in the TPAD-COF NPs + laser group, with the lightest aver-
age weights of 0.06 and 0.34 g, respectively (Fig. 7, F to I). In addition,
negligible body weight variation was detected in all treatment groups,
indicating the high biosafety of TPAD-COF NP injection and NIR laser
exposure (Fig. 7]). Furthermore, the immune activation induced by
TPAD-COF NPs and NIR laser exposure was verified by immuno-
histochemical and immunofluorescence staining of tumor tissues from
diverse treatment groups. As displayed in Fig. 7K, obviously ele-
vated CRT exposure and markedly reduced HMGBI expression could
be observed from the immunofluorescence images in the TPAD-COF
NPs + laser group. In addition, compared to the control, laser, and
TPAD-COF NP groups, immunofluorescence images clearly exhibited
increased CD4" and CD8" T cell infiltration in tumors after treatment
with TPAD-COF NPs and NIR laser exposure (Fig. 7L). These findings
suggested that TPAD-COF NPs in combination with NIR laser
illumination exhibited the best therapeutic effect on distant tumors,
which was attributed to the highly efficient immune activation of the
TPAD-COF NPs + laser group.

To further investigate the antitumor immunogenicity of TPAD-
COF NPs upon NIR laser exposure, the proportions of DCs, CD4
T cells, CD8 T cells, regulatory T cells (Tregs), and myeloid-derived
suppressor cells (MDSCs) were studied by flow cytometry. As pre-
sented in Fig. 7M, an evident elevation in mature DCs was mea-
sured in the lymph nodes of the mice from TPAD-COF NPs + laser
group, accounting for 29.7%, indicating that TPAD-COF NP-mediated
synergistic PEDT and PTT effects effectively induced DC maturation.
In addition, the levels of CD4 helper T lymphocyte and CD8 cytotoxic
T lymphocyte (20.4 and 10.0% in spleen; 36.3 and 16.6% in tumor
tissues) in the TPAD-COF NPs + laser group were apparently higher
than in those in other treatment groups, suggesting that TPAD-COF
NPs manifested high capability in eradicating tumors by triggering the
occurrence of ICD upon NIR laser irradiation (Fig. 7, N and O, and
figs. S48 and S49). Moreover, treatment with TPAD-COF NPs and
subsequent NIR laser illumination led to a marked reduction in the
proportion of MDSCs (11.4%) compared to that (32.8%) in the
PBS-treated group (Fig. 7P). In addition, the percentages of Treg
in tumors tissues from TPAD-COF NPs + laser group were evidently
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Fig. 6. In vivo antitumor effect of TPAD-COF NPs upon NIR exposure. (A) Fluorescence images of mice after tail vein injection of Cy5.5-labeled TPAD-COF NPs for vary-
ing durations. (B) Scheme of the treatment process in vivo. (C) Body weights of mice in diverse groups (n = 5). (D) Tumor temperature curves of mice and (E) correspond-
ing thermal images in the laser and TPAD-COF NPs + laser groups. (F) Tumor volumes, (G) TGl rates, and (H) individual tumor volumes (n = 5). (I) Tumor weights and
(J) digital photograph of tumors after diverse treatments (n = 5). (K) Immunofluorescence images of ROS and (L) H&E, terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL), and Ki-67 antibody staining images of tumor slices after diverse treatments. Scale bars, 100 pm. I: Control; II: Laser
(1.0 W cm™2, 10 min); lll: TPAD-COF NPs (100 pg ml™"); IV: TPAD-COF NPs (100 pg mI™") + laser (1.0 W cm™2, 10 min).

decreased to 12.2% compared to 19.2% of the control group (Fig. 7Q).
These results confirmed that TPAD-COF NP-mediated synergistic
PEDT and PTT effects elicited an antitumor immune response.

Antitumor effect of TPAD-COF NPs on the prevention of lung
metastasis under NIR irradiation

Distant metastasis remains one of the primary causes of clinical treat-
ment failure (50). Inspired by the effective activation of systemic

Lietal, Sci. Adv. 10, eadr5145 (2024) 29 November 2024

immune response induced by TPAD-COF NPs under NIR laser
exposure, the ability of TPAD-COF NPs to prevent lung metastasis
under NIR laser irradiation was studied using a lung metastasis
model (Fig. 8A). After various treatments, the weight fluctuations of
mice were ignored, indicating that TPAD-COF nanoparticles had high
biocompatibility (Fig. 8B). Lung metastasis was prominently sup-
pressed in the TPAD-COF NPs + laser group, with a substantial reduc-
tion of 80% in the number of metastatic nodules after treatment with
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Fig. 7. TPAD-COF NP-mediated therapeutic effect on a bilateral tumor-bearing mouse model under NIR laser exposure. (A) Scheme of bilateral tumor model es-
tablishment and subsequent treatment process. (B and C) Volume curves of the (B) primary and (C) distant tumors after diverse treatments (n = 5). (D and E) TGl rate of
(D) primary and (E) distant tumors in diverse treatment groups (n = 5). (F) Tumor weight and (G) digital photograph of primary tumors after various treatments (n = 5).
(H) Tumor weight and (I) digital photograph of distant tumors in each treatment group (n = 5). (J) Body weight of mice in different groups (n = 5). (K and L) Immunofluo-
rescence images of (K) CRT and HMGB1 and (L) CD4" and CD8* T cells in tumor tissues after various treatments. Scale bars, 100 pm. (M) DC maturation in lymph nodes
after diverse treatments and corresponding statistical analysis by flow cytometry (n = 3). (N and O) CD4" and CD8™ T cells in the (N) spleen and (O) tumor tissues after
different treatments and corresponding statistical analysis (n = 3). (P) MDSCs in tumor tissues and (Q) Tregs in tumor tissues from each treatment group and the corre-
sponding statistical analysis (n = 3). I: Control; Il: Laser (1.0 W cm™2, 10 min); Ill: TPAD-COF NPs; IV: TPAD-COF NPs (100 pg ml™") + laser (1.0 W cm™2, 10 min).
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Fig. 8. Therapeutic effect of TPAD-COF NPs on a pulmonary metastasis model under NIR laser irradiation. (A) Scheme of lung metastasis model establishment and
treatment process. (B) Mouse body weights (n = 5), (C) number of metastatic nodes in lung tissues (n = 4), (D) digital photograph of the dissected lung tissues (n = 4), and
(E) H&E staining images of the lung tissues after different treatments. (F) Flow cytometry analysis and corresponding statistical analysis of DC maturation in tumor tissues
of each group (n = 3). (G and H) Flow cytometry analysis of M1 and M2 macrophage proportions in (G) tumor tissues and (H) spleen tissues after different treatments and
the corresponding statistical analysis (n = 3). (I to L) The secreted levels of cytokines (n = 3), including (I) IL-6, (J) IL-12, (K) INF-y, and (L) TNF-« after diverse treatments [I:
Control; Il: Laser (1.0 W cm™2, 10 min); Ill: TPAD-COF NPs (100 ug mI™"); IV: TPAD-COF NPs (100 ug mi™") + laser (1.0 W cm™2, 10 min)].
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TPAD-COF NPs and NIR laser exposure (Fig. 8C). In addition, digital
photographs and H&E staining images of the excised lung tissues sug-
gested that treatment with TPAD-COF NPs and NIR laser illumination
led to an apparent decline in metastatic tumor lesions compared to
those in other treatment groups (Fig. 8, D and E). These findings sug-
gested that TPAD-COF NP-mediated and NIR laser-triggered syner-
gistic PEDT and PTT effects effectively triggered immune response,
thus prominently delaying the progression of lung metastasis.

Subsequently, the maturation of DCs in tumor tissues in each
treatment group was investigated. Flow cytometry analysis exhibited
that the percentage of DCs in the TPAD-COF NPs + laser group was
27.2%, which was evidently higher than that in the control (12.5%),
TPAD-COF NP (13.6%), and laser (14.3%) groups, suggesting that
TPAD-COF NP-mediated synergistic PEDT and PTT effects facili-
tated ICD activation in vivo, thus promoting DC maturation (Fig. 8F).
Furthermore, we evaluated the effects of TPAD-COF NPs on remodel-
ing the immune microenvironment under NIR laser irradiation. A
distinct increase in the proportion (46.3 and 16.1%, respectively) of
tumor-suppressing M1 macrophages can be observed in tumors and
spleen tissues in the TPAD-COF NPs + laser group (Fig. 8, G and H).
In addition, ELISA was used to measure the expression levels of cyto-
kines related to antitumor activity. Notably, a marked enhancement
in the expression of IL-6, IL-12, TNF-a, and IFN-y was detected in
the TPAD-COF NPs + laser group in comparison with that in the
PBS-treated group (Fig. 8, I to L). These results demonstrated that
TPAD-COF NPs can effectively reprogram the suppressive immune
microenvironment upon NIR laser exposure, thereby augmenting
antitumor immunity.

Mechanistic analysis of TPAD-COF NPs on tumor metastasis
Transcriptome sequencing analysis was carried out on 4T1 cells in the
TPAD-COF NPs + laser and control groups to disclose the potential
antitumor mechanism of TPAD-COF NPs under NIR laser exposure.
Venn analysis identified the differentially expressed genes (DEGs) be-
tween the TPAD-COF NPs + laser and control groups (Fig. 9A).
Compared to the control group, approximately 342 genes were dys-
regulated in the TPAD-COF NPs + laser group, including 265 up-
regulated and 77 down-regulated genes, among which DEGs were
identified via the screening criteria [fold change > 2.0 (or —2.0),
P < 0.05] (Fig. 9, B and C). In addition, the genes associated with
oxidative stress, apoptosis, and immune response were enumerated
in the heatmap (Fig. 9D). Among these dysregulated genes, the
down-regulation of NQOI could promote the conversion of quinone
into semihydroquinone through single electron reduction reaction,
which then can produce ROS through the redox cycle (51). The
apoptosis-related genes such as CXCLI10 and TNFSF10 were obvi-
ously up-regulated in the TPAD-COF NPs + laser group, suggesting
that TPAD-COF NPs + laser-mediated synergistic PEDT and PTT
effects caused obvious tumor cell apoptosis (52). In addition, up-
regulation of CXCLI0 can also promote T cell expression and migra-
tion to tumors, thereby activating immune response and improving
antitumor efficacy (53).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
and gene ontology (GO) analyses were performed on these DEGs
to better comprehend how TPAD-COF NPs acted on 4T1 cells via syn-
ergistic PEDT and PTT effects upon NIR laser exposure. As presented
in Fig. 9E, GO annotation analysis illustrated that treatment with
TPAD-COF NPs and NIR laser exposure distinctly changed the
expression of genes participated diverse biological processes, including
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immune processes, biological regulation, metabolic processes, and cel-
lular processes. In addition, KEGG analysis revealed that pathways
related to apoptosis, metastasis, and immune response were apparently
enriched in the TPAD-COF NPs + laser group, including FOXO sig-
naling pathway, TNF signaling pathway, JAK-STAT signaling pathway,
and MHC-I and MHC-II pathways (Fig. 9F). These pathways are cor-
related with cellular physiological events, including apoptosis, cell
cycle control, antioxidative stress, and immune responses. For instance,
FOXO signaling pathway can promote apoptosis via activating the
expression of many apoptosis-related genes, such as TNFSF10 (54).
Up-regulation of MHC-I molecules such as H2-T24 can promote the
recognition of tumor cells by cytotoxic CD8™T cells (55). In addition,
radical s-adenosyl methionine domain containing 2 (RSAD2), which
is necessary to achieve DC maturation through interferon regulatory
factor 7-mediated signaling pathway, was also up-regulated in the
TPAD-COF NPs + laser group (56). In addition, Toll-like receptor
(TLR) pathways and retinoic acid-inducible gene-I (RIG-I)-like recep-
tor pathways changed in the TPAD-COF NPs + laser group, TLRs are
members of the pattern recognition receptor family that can bind to
endogenous damage associated molecular patterns (DAMPs) such as
HMGBI and then activate the immune response (57). Next, the chord
diagram was analyzed, which further showed the interaction between
different proteins and pathways (Fig. 9G). Therefore, the above results
revealed that TPAD-COF NPs can cause apoptosis, inhibit tumor cell
growth, and activate the immune system under NIR laser irradiation,
thus leading to notable tumor suppression.

DISCUSSION

In summary, we have successfully developed a distinct nCOF-based
pyroelectric catalyst for pyroelectric catalysis-activated in situ immu-
notherapy. By confining organic pyroelectric molecules in the rigid
nCOFs, TPAD-COF NPs reduced molecular aggregation and im-
proved aqueous solubility, thus maximizing the exposure of the cata-
lytic active sites to the substrate (O;) and enhancing the efficiency
of pyroelectric catalysis. After internalization by tumors, TPAD-COF
NPs effectively generated thermal effect and thus led to ICD activation.
In addition, TPAD- COF NPs facilitated the catalytic conversion of
temperature changes into pyroelectric charges, which then interacted
with adjacent O, for rapid ROS generation, thereby augmenting ICD
activation. In vivo investigation using distant tumor and lung metasta-
sis models confirmed that treatment with TPAD-COF NPs and NIR
laser irradiation prominently inhibited growth of primary and distant
tumors as well as obviously delayed lung metastasis. RNA profiling
revealed that TPAD-COF NP administration evidently caused the
enrichment of apoptosis, metastasis, and immune-response pathways.
Thus, this research provided a distinct avenue to develop nCOF-based
pyroelectric catalyst to effectively combat tumor metastasis with high
safety and efficiency.

MATERIALS AND METHODS

Synthesis of TPAD-DMO
1,4,5,8-Tetrachloro-9,10-anthracenedione (391 mg, 1.13 mmol),
4-(5,5-dimethyl-1,3-dioxan-2-yl) aniline (1.4 g, 6.75 mmol), and
Cs,COs3 (2.95 g, 9.04 mmol) were added in anhydrous toluene (50 ml)
under argon atmosphere. After argon bubbling for 20 min, Pd,(dba);
(42 mg, 4 mol %) and 2,2'-bis(diphenylphosphino)-1,1’-binaphthalene
(BINAP; 124 mg, 12 mol %) were added to the above solution. The
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Fig. 9. Transcriptome sequencing analysis of the mechanism of TPAD-COF NPs under 808-nm laser irradiation. (A) Venn analysis, (B) pie chart, and (C) volcano plot
of DEGs in the control and TPAD-COF NPs + laser groups. (D) Heatmap of the DEGs related to the immune response. (E) GO annotation analysis of the DEGs and the
25 most significantly enriched categories. (F) KEGG pathway enrichment analysis of the DEGs. (G) Protein-protein interaction network involved in the immune response

and TNF signaling pathways. TGF-p, transforming growth factor—p.

mixture was kept at 110°C for 48 hours under stirring (fig. S1). The
solvent was removed after cooling. Dichloromethane/petroleum ether
(2:3) was used as the eluent, and the obtained solid was purified by neu-
tral alumina chromatography to obtain a dark green solid as the prod-
uct (241 g, 78%). 'H nuclear magnetic resonance (NMR) [400 MHz,
dimethyl sulfoxide (DMSO)-de] & 11.68 (s, 4H), 7.75 (s, 4H), 7.41

Lietal, Sci. Adv. 10, eadr5145 (2024) 29 November 2024

(d, J = 28.0 Hz, 8H), 7.20 (d, J = 11.8 Hz, 8H), 5.36 (s, 4H), 3.66 (d,
J = 10.4 Hz, 8H), 3.60 (d, J = 13.8 Hz, 8H), 1.17 (d, J = 13.2 Hz, 12H),
0.76 (s, 12H). >*C NMR (150 MHz, DMSO-dg) & 190.0, 149.4, 131.8,
127.9, 127.5, 122.0, 121.0, 113.5, 102.0, 77.1, 30.3, 23.2, and 21.9.
High-resolution mass spectrometry (HRMS) (ESI): mass/charge ratio
(m/z) [IM+H] * caled. for C;HgoN4O10™: 1029.4856; found: 1029.5005.
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Synthesis of TPAD-NH,

Synthesis of TPAD-NHBoc

1,4,5,8-tetrachloro-9,10-anthracenedione (1 g, 2.89 mmol), tert-butyl
N-(4-aminophenyl) carbamate (3.6 g, 17.34 mmol), and Cs,CO3
(7.54 g, 23.12 mmol) were added in anhydrous toluene (50 ml) un-
der argon atmosphere. After argon bubbling for 20 min, Pd,(dba);
(110 mg, 4 mol %) and BINAP (330 mg, 12% mol) were added to the
above solution, and the mixture was stirred at 110°C for 48 hours (fig.
S2). The solvent was removed after cooling. The resulting solid was pu-
rified by neutral alumina column chromatography, and dichlorometh-
ane was used as the eluent to obtain a dark green solid (1.78 g, 59%). 'H
NMR (400 MHz, DMSO-d¢) 8 11.76 (s, 4H), 9.37 (s, 4H), 7.48-7.42 (m,
12H), 7.19 (d, ] = 6.0 Hz, 8H), 1.48 (s, 36H).

Synthesis of TPAD-NH,

At 0°C, trifluoroacetic acid (2.8 ml, 36 mmol) was dispersed to a
dichloromethane (100 ml) solution of TPAD-NHBoc (1 g, 0.97 mmol)
under argon atmosphere, and the solution was stirred overnight
at 25°C. The resulting suspension was filtered and washed with
an aqueous solution of saturated sodium bicarbonate (fig. S2). The
solid was then acidified and neutralized with 1.2 M hydrochloric
acid and 5 M sodium hydroxide aqueous solutions, respectively. The
solution was filtered and rinsed with deionized water, cold metha-
nol, and dichloromethane to obtain a black solid as the product
(400 mg in 65% yield). "H NMR (400 MHz, DMSO-d) & 11.69 (s, 4H),
7.23-6.59 (m, 20H), 5.07 (s, 8H). °C NMR (150 MHz, DMSO-dg) &
184.2, 146.5, 143.3, 128.5, 126.0, 123.2, 115.9, 115.1, and 112.4.
HRMS (ESI): m/z [M + H] * caled. for C3sHa3NgO,™: 633.2569;
found: 633.2725.

Synthesis of TPAD-COF

TPAD-DMO (51.4 mg, 0.05 mmol) and TPAD-NH, (31.6 mg,
0.05 mmol) were added to the Pyrex tube, followed by mesitylene
(1 ml) and dioxane (1 ml). After 1 min of sonication, 0.3 ml of 6.0 M
acetic acid aqueous solution was added. The solution was resoni-
cated for 1 min and further degassed through three freeze-pump-
thaw cycles, purged with argon, and then heated at 120°C for 3 days
(fig. S3). The green precipitate was harvested by sucking filtra-
tion and sequentially washed with N,N-dimethylformamide, abso-
lute ethanol, and acetone. The precipitate was then dried under
vacuum for 24 hours to obtain a green powder with a yield of 50%.
PC cross polarization-magic angle spinning NMR (125 MHz, solid
state): O (parts per million) 149.5, 143.0, 133.8, 131.9, 127.3, 123.8,
and 118.4.

Synthesis of TPAD-COF NPs

To disperse the TPAD-COF sample in PBS solution, 10 mg of
TPAD-COF and 20 mg of DSPE-PEG-NH, (molecular weight = 2000)
were dispersed in PBS (20 ml) and then sonicated over 24 hours by
a 900-W ultrasonic cell grinder (fig. S4). The resulting solution was first
centrifuged at 1500 rpm for 30 min to discard the unmodified nanopar-
ticles, followed by centrifugation at 11,000 rpm for 10 min to obtain
TPAD-COF NPs.

In vitro photothermal performance evaluation

The gradient concentrations of TPAD-COF NP solutions were ex-
posed to an 808-nm laser (1.5 W cm™2) irradiation for 10 min,
and the temperature variations of the TPAD-COF NP solutions
were monitored by a thermal camera. In addition, TPAD-COF NP
solutions (300 pg ml™!) were irradiated with an 808-nm laser with
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diverse power densities for 10 min, and the corresponding solution
temperature was recorded.

The photothermal conversion efficiency (n) of TPAD-COF
NPs was determined by recording the temperature change of
TPAD-COF NPs (300 pg ml™") solution as a function of irradia-
tion duration during heating and cooling. The n of TPAD-COF
NPs was determined by the previously reported method (58). As
shown in Fig. 2N, t, was determined to be 220. In addition, the m;
and C,; were 0.2 g and 4.2 J/g. Therefore, hS = 3.8 mW/°C. AT«
was calculated to be 33.4°C. Therefore, the n was determined to
be 29.1%.

In vitro ROS generation

DPBF (40 pg ml™", 3 ml) aqueous solutions containing TPAD-COF
NPs were exposed to alternating NIR laser irradiation (1.0 W cm™)
or various temperatures for various durations, and the absorption
spectra of different durations were recorded. ESR spectroscopy
measurements were performed using TEMP as a 'O, trap. The solu-
tion in each treatment group (PBS, TPAD-COF NPs, and TPAD-
COF NPs + laser) was mixed with TEMP solution (20 pl, 1 M) in a
vail, respectively. Subsequently, the ESR signal of each group was
monitored using an ESR spectrometer.

Cellular uptake of TPAD-COF NPs

4T1 cells were inoculated into confocal dishes (10° cells per
dish) overnight and then cultured with Cy5.5-labeled TPAD-
COF NPs for diverse incubation times (0, 2, 6, and 8 hours), re-
spectively. After rinsed with PBS, the cells were labeled with
4',6-diamidino-2-phenylindole (DAPI) and subsequently visu-
alized by CLSM.

For semiquantitative analysis of cellular uptake, 4T1 cells were
seeded into six-well plates overnight, followed by 0, 2, 4, and 8 hours
of incubation with Cy5.5-labeled TPAD-COF NPs, respectively.
Afterward, the cells were rinsed, trypsinized, and quantified by
flow cytometry.

Cytotoxicity assessment

To assess the cytotoxicity of TPAD-COF NPs, 4T1 cells (10 cells per
well) were cultured overnight in 96-well plates and incubated with
various doses of TPAD-COF NPs. Then, the cell survival of TPAD-
COF NPs was detected using the CCK-8 assay.

To evaluate the antitumor effect of TPAD-COF NPs under NIR laser
exposure, 4T1 cells were cultured with diverse doses of TPAD-COF
NPs for 6 hours and then exposed to a NIR laser. In addition, the cells
received various treatments, including PBS, laser, TPAD-COF NPs, and
TPAD-COF NPs + laser, and the cell viabilities after various treatments
were determined.

In vitro ICD biomarker detection

4T1 cells were cultured in six-well plates overnight. After different treat-
ments (PBS, laser, TPAD-COF NPs, and TPAD-COF NPs + laser), the
cells were fixed and immersed in immunostaining blocking solution for
20 min at 4°C. After removing the blocking solution, the cells were cul-
tured with CRT and HMGBI rabbit monoclonal antibody (1:200) over-
night at 4°C. Afterward, the cells were cultured with 1 ml of Alexa Fluor
488-conjugated goat anti-rabbit immunoglobulin G (1:300) for 1 hour.
After rinsed with PBS, the cells were labeled with DAPI for 30 min and
then observed by CLSM. In addition, the ATP assay was conducted in
accordance with the manufacturer’s instructions.

150f17



SCIENCE ADVANCES | RESEARCH ARTICLE

In vitro DC maturation evaluation

4T1 cells were administrated with different treatments and then
cocultured with immature DCs for 48 hours. Subsequently, the
nonadherent cells from each group were harvested, labeled with
anti-CD80-phycoerythrin, anti-CD86-allophycocyanin, and anti-
CD11-fluorescein isothiocyanate, and rinsed with PBS for flow
cytometry analysis. In addition, the proinflammatory cytokines
in DC suspensions were measured by ELISA Kkits.

In vivo antitumor efficacy

All the animal studies were approved by the Committee on the Eth-
ics of Animal Experiments of Shanghai University (approval no.
ECSHU 2021-050). Mice bearing tumors were randomized into
four groups (n = 5), including control (100 pl of PBS), laser (1.0 W
cm™?, 10 min), TPAD-COF NPs (20 mg kg™'), and TPAD-COF NPs
(20 mg kg™") + laser (1.0 W ¢cm™2, 10 min) groups. Tumor volumes
and mouse body weights were recorded. After 16 days of different
treatments, the tumors of each group were harvested for histological
analysis. In addition, the main organs in various groups were col-
lected for H&E staining.

Effectiveness of TPAD-COF NPs on distant tumor inhibition
under NIR laser irradiation

To evaluate the therapeutic effect of TPAD-COF NPs on distant
tumor suppression under NIR laser irradiation, 5 x 10° and 1 X
10° cells were injected to the left and right flanks of Balb/c mice,
respectively, to establish a bilateral tumor model. When the size
of primary tumors was approximately 100 mm?, the mice were
randomized into four groups (n = 5) and treated as follows, in-
cluding control, laser (1.0 W cm ™2, 10 min), TPAD-COF NPs (20 mg
kg™"), and TPAD-COF NPs (20 mgkg™") + laser (1.0 W cm™> 10 min).
After 4 hours of injection, the primary tumors in the laser and
TPAD-COF NPs + laser groups were irradiated by an 808-nm laser
for 10 min. After various treatments, the size of primary and distant
tumors and mouse body weight of mice were monitored every 2 days.
On the 17th day, the mice were euthanized, and the lymph nodes,
tumors, spleen, serum, and major organs of each group were col-
lected for analysis, respectively.

Effectiveness of TPAD-COF NPs in preventing lung
metastasis under NIR laser irradiation

A 4T1 tumor-bearing mouse model was constructed through sub-
cutaneous injection of 4T1 cells (10° cells per mouse) into the right
hind leg. When the size of tumors reached nearly 50 mm?’, mice
were administrated intravenously with 10° cells to construct a lung
metastasis model. Mice were randomly divided into four groups
(n = 5) to receive diverse treatments, including control, laser (1.0 W
cm™?, 10 min), TPAD-COF NPs (20 mg kg™"), and TPAD-COF NPs
(20 mg kg_l) + laser (1.0 W cm™2, 10 min) groups. Last, the mice
were euthanized, and the lungs and tumors of each group were col-
lected to assess the therapeutic effect of TPAD-COF NPs in delaying
lung metastasis under NIR laser irradiation.

Statistical analysis

All data were presented as mean =+ SD and analyzed using GraphPad
Prism 7.4.0. The significance of the data was evaluated according to
the unpaired Student’s two-sided test, two-way analysis of variance
(ANOVA) test, or one-way ANOVA test. ****P < 0.0001.
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