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KEY WORDS Abstract  High-performance phototheranostics with combined photothermal therapy and photoacoustic
imaging have been considered promising approaches for efficient cancer diagnosis and treatment. However,
developing phototheranostic materials with efficient photothermal conversion efficiency (PCE), especially
over the second near-infrared window (NIR-II, 1000—1700 nm), remains challenging. Herein, we report an
ultraefficient NIR-II-activated nanomedicine with phototheranostic and vaccination capability for highly
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Vaccine;
Nanoparticles; efficient in vivo tumor elimination and metastasis inhibition. The NIR-II nanomedicine of a semiconducting
Theranostics; biradical oligomer with a motor-flexible design was demonstrated with a record-breaking PCE of 87% upon
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NIR-II excitation. This nanomedicine inherently features extraordinary photothermal stability, good
biocompatibility, and excellent photoacoustic performance, contributing to high-contrast photoacoustic im-

aging in living mice and high-performance photothermal elimination of tumors. Moreover, a whole-cell
vaccine based on a NIR-II nanomedicine with NIR-II-activated performance was further designed to
remotely activate the antitumor immunologic memory and effectively inhibit tumor occurrence and metas-
tasis in vivo, with good biosafety. Thus, this work paves a new avenue for designing NIR-II active semi-
conducting biradical materials as a promising theranostics platform and further promotes the
development of NIR-II nanomedicine for personalized cancer treatment.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer vaccines have widely been considered a powerful
approach for tumor prevention and suppression, in which the host
innate immune system of the patient is actively activated to fight
cancer cells'~. In 2010, the US Food and Drug Administration
(FDA) regularly permitted a dendritic cell (DC) vaccine for the
treatment of drug-resistant prostate cancer and thus further pro-
moted dramatic advances in cancer vaccines®®. In recent years,
many cancer vaccines, mainly including cell-relative and mRNA
vaccines, have been explored, and their efficiency in tumor inhi-
bition has been demonstrated”*. However, most of these vaccines
have relatively low responsibilities, which are generally lower
than 15%. Moreover, antigen heterogeneity seriously restricts the
further application of these materials in the clinic’’. To overcome
this limitation, recent efforts have concentrated on the design and
exploitation of efficient personal vaccines, especially whole-cell
vaccines. Whole-cell vaccines simultaneously provide abundant
antigens for activating innate immunity against specific tumors in
individual patients and greatly prevent boresome immune escape
of the tumor”'%'?, Tt is thus critical to explore new whole-cell
vaccines with efficient and controlled activities to satisfy the
pressing needs for cancer treatment.

Photothermal therapy (PTT) employs light-absorbing materials
to locally promote photon-to-thermal conversion from photoenergy
and results in thermal ablation of the tumor'*> In this approach,
tumor cells actively generate and release potential antigens and
signaling molecules associated with the immune response, which
provides a promising opportunity to harness the host immune
system of patients”***. Many photothermal agents (PTAs), such as
plasmonic nanostructures® ', 2D graphene and analogues®*>",
MXenes’ "%, organic dyes’* >, and conjugated polymers*®*’,
have demonstrated high performance in cancer therapy during the
past few decades. Among the extant PTAs, near-infrared (NIR)-
absorbing organic materials (including small molecules and poly-
mers) have shadowed inorganic materials owing to their good
biodegradability, inherent nontoxicity, and flexible processabil-
ity*'*°. In particular, their tunable optical absorption ranges enrich
the photothermic feasibility, which fully endows PTT with practical
superiority as an advanced therapeutic. To date, most efforts have
concentrated on the development of organic PTAs activated with
photons from the first NIR (NIR-I) window (700—1000 nm), which
seriously restricted their applications in deep tissue*’>". The sec-
ond NIR (NIR-II) window (1000—1700 nm) exhibits many
appealing advantages for practical PTT over NIR-I"'"*’. These
include less photon scattering, higher penetration depth, and larger
maximum permissible exposure (MPE) (e.g., the MPE at 1064 nm

is 1 W/cm?, whereas the MPE at 808 nm is only 0.33 W/cm?) *°.
Thus, NIR-II PTT holds great promise for overcoming limitations
that hinder the applications of PTAs’'~°. However, investigations
of NIR-II photothermal performance are rare because of the scar-
city of high-performance NIR-II active organic PTAs. Recently,
many studies have explored inorganic nanomaterials and conju-
gated polymers and demonstrated their advantages in NIR-II
PTT®?. However, the photothermal conversion efficiencies
(PCEs) of the reported PTAs are still far below those of PTAs
activated by NIR-I light®>**, To achieve high penetration depth and
minimum phototoxicity, it is important to develop NIR-II PTAs
with improved PCEs.

In this work, we designed and synthesized a NIR-II active
semiconducting biradical oligomer TBS with a D-m-A-m-D ar-
chitecture (bottom left of Fig. 1). TBS is equipped with motor-
flexible and strong electron-withdrawing groups to offer strong
absorption over the NIR-II window and highly efficient non-
radiative transition. Water-dispersible nanoparticles (NPs) were
fabricated via the self-assembly of TBS with amphiphilic poly-
mers. It was shown that these NPs have a high PCE of 87% upon
excitation with a 1064 nm light. Furthermore, the TBS NPs also
showed good photoacoustic performance under NIR-II excitation,
enabling promising in vitro and in vivo NIR-1I photothermic tumor
treatment as well as non-invasive photoacoustic imaging. More-
over, a whole-cell vaccine based on TBS NPs named NIR-II NV
with NIR-II-activated performance was further designed to acti-
vate the antitumor immunological memory and effectively inhibit
tumor occurrence and metastasis in vivo. This report offers a
simple and promising approach to explore NIR-II-activated tumor
vaccines and thus may enrich the development of NIR-II nano-
medicine for personalized cancer treatment.

2. Materials and methods

2.1.  Materials

All chemicals and agents were purchased from commercial manu-
facturers and used without further purification. 4,7-Dibromobenzo
[1,2-c:4,5-c"Tbis([1,2,5]thiadiazole) and 4,8-dibromo[1,2,5]selena-
diazolo[3,4-flbenzo[c][1,2,5]thiadiazole were purchased from
Derthon Optoelectronic Materials Science (Shenzhen, China). 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-

ethylene glycol)-2000] (DSPE-PEG,(,) were obtained from Yare
Biological Technology Co., Ltd. (Shanghai, China). DSPE-PEG2K-
PEI800 were obtained from Ruixi Biological Technology Co., Ltd.
(Xi’an, China). DMEM culturing media and Calcein-acetoxymethyl
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Figure 1

ester (Calcein AM)/propidium iodide (PI) cell live/dead assay kit
(catalog: CA1630) were purchased from Solarbio Life Sciences Co.,
Ltd. (Beijing, China). Fetal bovine serum (FBS) was purchased from
Viva Cell (Shanghai, China). PE/Cyanine7 anti-mouse CD4 (catalog:
116016) and APC/Cyanine7 anti-mouse CD8a (catalog: 100714)
antibodies were all purchased from BioLegend, Inc. (San Diego,
USA). ELISA kits for TNF-a, IFN-v, and IL-6 assay were all pur-
chased from Aimeng Youning (Shanghai, China).

2.2.  Methods

'H and '>C NMR spectra were recorded with Bruker Avance
600 MHz spectrometers. Mass spectra (MS) were performed using
a 4800 Plus MALDI TOF/TOF Analyzer. The UV-Vis—NIR ab-
sorption spectra were recorded with a PerkinElmer Lambda 750
spectrophotometer. Morphology and size of NPs were performed
on transmission electron microscopy (TEM, JEM-2010F, Hitachi).
Dynamic light scattering (DLS) was recorded with a Malvern
ZetaSizer Nano ZS90 system. The temperature variation and
thermal images were precisely recorded with a thermal imaging
camera from FLUKE technology. Cell fluorescence images were
captured with a confocal laser scanning microscopy (A1R HD25,
Nikon). Density functional theory (DFT) calculation was per-
formed by the B3LYP/6G(d), Gaussian 09 package.

2.3. Preparation of whole tumor cell vaccine

TBS (0.5 mg), DSPE-PEG2000 (2.5 mg), and DSPE-PEG2K-
PEIS00 (2.5 mg) were dissolved in 1 mL THF and mixed uni-
formity under ultrasound conditions used as the work solution.
The above work solution was added dropwise slowly into 9 mL of
purified water. After further overnight stirring in the fume hood,
the resultant solution was purified with 0.22 um filtration. Then,
the resulting p-TBS NPs were stored in a 4 °C freezer for the
following usage. The 4T1 tumor cells were incubated with p-TBS
NPs at a concentration of 80 pg/mL. Changed the culture medium
after 4 h, and irradiated with a 1064 nm laser (1 W/cm?) for
15 min. The treated cells were collected and frozen at —20 °C for
2 h. It is put back in the 37 °C-cell incubator to restore the tem-
perature and conduct the freeze-thaw cycle again. After two times,

Diagrammatic drawing of NIR-II-activated photo theranostics and vaccines with semiconducting biradical oligomers.

all cells were centrifuged at 2000 rpm for 5 min. Collected the
precipitate and counted.

2.4. Animals

All the animal experiments were approved by the Animal Ethics
Committee of Soochow University and City University of Hong
Kong (Project No. CityU 11300320).

2.5.  4TI-tumor occurrence prevention

Mice were randomly divided into five groups. Two subcutaneous
injections (days 0 and 3) of PBS or NIR-II NV (1x 10%, 100 pL)
were given respectively. Mice of the NIR-II NV + L group were
irradiated by a 1064 nm laser (1 W/cm?) for 15 min in the left
lymph node. On the 4th day, the offside-tumor occurrence model
was established by subcutaneously inoculating mouse breast
cancer cells 4T1 (1x10°) on the right side of the mouse. The lung
metastasis-tumor occurrence model was established by injecting
4T1 (5% 10°) into the tail vein of mice.

3. Results

3.1.  NPs preparation and optical characterization

TBS was synthesized by utilizing triphenylamine (TPA) as the
donor (D) fragment, thiophene unit as the conjugation bridge (),
and strongly electron-withdrawing selenium-monosubstituted
benzo[1,2-c:4,5-c'bis ([1,2,5]thiadiazole) (Se-BBT) as acceptor
(A) (Fig. 1). In each TBS molecule, the two TPA units provide
many rotatable benzene rings, which serve as effective energy
dissipators to the molecule upon excitation. The synthetic pathway
is listed in Supporting Information Fig. S1, and the chemical
construction of the final product was well characterized via NMR
and high-resolution MS (Supporting Information Figs. S2-S4).
The absorption spectrum in the UV-Vis—NIR region of TBS in-
dicates that TBS has an absorption maximum at 1010 nm with a
molar absorption coefficient (¢) of 3.1 x 10* M~ ! cm™! (Sup-
porting Information Fig. S5). As demonstrated by density func-
tional theory (DFT), the energies of the highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of TBS were measured to be —4.68 and
—3.42 eV, respectively, suggesting a low energy gap (1.26 eV).
DFT calculations revealed that TBS has a large dihedral angle
between triphenylamine and thiophene (Supporting Information
Fig. S6). These results suggest that TBS has good light-harvesting
properties over the NIR-II window and exhibits good potential for
NIR-II theranostics.

To make TBS more versatile for theranostics applications, the
amphiphilic copolymer DSPE-PEG,(y, was used to co-assemble
the hydrophobic TBS molecules into water-dispersive nano-
particles (TBS NPs) via the standard nanoprecipitation technique
(Fig. 2A). As expected, the TBS NPs exhibited broad optical
absorption at 800—1200 nm, with an absorption maximum of
913 nm (Fig. 2B). Dynamic light scattering (DLS) measurements
revealed that the TBS NPs had a hydrodynamic size of approxi-
mately 100 nm and uniform distribution with a polydispersity
index (PDI) of 0.18 (Fig. 2C). Transmission electron microscopy
(TEM) revealed that the TBS NPs had a spheroid morphology
with a size of approximately 50 nm, which possibly ascribed to the
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absence of a hydration layer on the surface of the NPs. The sizes
of the TBS NPs remained almost unchanged after 30 days of
storage in water and PBS solution (Supporting Information Figs.
S7 and S8), which would benefit from the negative surface
charge of —50.3 mV (Supporting Information Fig. S9). Moreover,
the TBS NPs in water showed good diradical properties that were
similar to free TBS in THF, indicating their open-shell and radical
features (Fig. 2D).

3.2.  Photothermal properties and theoretical calculations of
nanoparticles

Next, we further studied the photothermal conversion properties of
the TBS NPs under the NIR-II excitation. The temperature in-
crease of the TBS NP aqueous solution at different irradiation
times is shown in Fig. 2E (red dots) and F. For comparison, we
also included NPs made with an oligomer (FBS, blue dots) of a
similar molecular structure (Supporting Information Fig. S10).
Without any NPs, water (black dots) only caused mild temperature
changes, indicating that the temperature increases in the two NP
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Figure 2

Photothermal properties and theoretical calculations of nanoparticles. (A) Diagrammatic drawing of the NP fabrication. (B) Ab-

sorption spectrum of the TBS NPs. (C) DLS data and TEM picture of TBS NPs. (D) Radical characteristics of TBS in THF and TBS NPs in water.
(E) Temperatures of TBS NPs (100 pg/mL) and FBS NPs (100 pg/mL) aqueous dispersions under 1064 nm light illumination (1 W/cm?) for
10 min. (F) Infrared thermal imaging of (E) various samples upon 10 min of illumination. (G) Calculated dihedral angle distributions in the
aromatic rings of TBS (red) and FBS (blue). (H) Heating curves of TBS NPs (50 pg/mL) upon 1064 nm illumination of different power intensities.
(I) Photothermal stability of TBS NPs (50 pug/mL) within five cycles of light illumination by 1064 nm laser (1 W/cm?). (J) Temperature variation
and PCE calculation of TBS NPs (100 pg/mL) aqueous dispersion after 10 min illumination of 1064 nm laser (1 W/cmz).
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dispersions were mainly caused by the NPs. The most important
difference between TBS and FBS is that there are many more
rotatable units in TBS. We then determined the distributions of the
dihedral angles in TBS and FBS (Fig. 2G) using molecular dy-
namics simulations. The TBS has large dihedral angles with a
wide distribution between —180 and 180 °C, while that of FBS is
mainly located in a relatively narrow distribution in the range of
—120 to 60 °C. This suggests that rotations of molecular moieties
are generally easier in TBS. This was further confirmed by the
instantaneous torsion evolution of TBS and FBS and the geome-
tries of TBS optimized by molecular dynamics simulation in the
aggregate state (Supporting Information Figs. S11 and S12).
These experiments suggested that the introduction of molecular
rotations can enhance molecular motion to boost photothermal
conversion performance.

It is worth noting that the TBS NP aqueous solution reached a
maximum temperature of 68.5 °C after 10 min irradiation of a
1064 nm laser (1 W/cm?). Under the same conditions, the FBS NP
dispersion only reached a temperature of 59.7 °C, verifying the
superior photothermic property of the TBS NPs. Laser density-
dependent and concentration-dependent temperature increases of
TBS NPs were demonstrated under the same laser conditions
(Fig. 2H and Supporting Information Fig. S13). Notably, after five
cycles of 5 min irradiation of 1064 nm laser (1 W/cm?) and free
cooling to ambient temperature, the variations in the temperature
increase of the TBS NPs were negligible (Fig. 2I). Furthermore,
the absorption spectrum and solution color remained unchanged
after five heating—cooling cycles, revealing the outstanding pho-
tostability of the TBS NPs (Supporting Information Figs. S14 and
S15). Moreover, the negligible diameter changes of the TBS NPs
after laser irradiation further confirmed their photothermal sta-
bility (Supporting Information Fig. S16). The PCE of TBS NPs
was evaluated by measuring according to the reported procedure
(Fig. 2J). The PCE of TBS NPs reached 87%, while the PCE of
FBS NPs reached 70.1% (Supporting Information Fig. S17). To
our knowledge, the PCE value of the TBS NP dispersion is the
highest among all reported PTAs upon excitation with light
beyond 1000 nm (Supporting Information Table S1). Considering
the TBS NPs simultaneously possess NIR-I and NIR-II absorp-
tion, we evaluated the photothermal performance of TBS NPs
excited by an 808 nm laser. Upon 808 nm laser irradiation, TBS
NPs showed a relatively poor temperature rise and PCE, which
was much lower than that for 1064 nm laser (Fig. S18-S20). The
record-high NIR-II photothermal conversion effect of TBS NPs
under 1064 nm laser benefits from their low energy loss via
radiative transition and flexible intramolecular motion within -
conjugated oligomers for enhancing nonradiative transition.

3.3.  Invitro phototherapy performance

Considering the good NIR-II photothermic effect, TBS NPs were
applied to quantitatively investigate the in vitro photothermal
elimination of tumor cells using a standard 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. As shown in Fig. 3A and Supporting Information Fig. S21,
human lung cancer (A549) cells incubated with various concen-
trations (0—50 pg/mL) of TBS NPs displayed negligible cell death
even at a high concentration of 50 pg/mL, suggesting the nice
biological compatibility of the TBS NPs. In contrast, upon 5 min
illumination of a 1064 nm laser (1 W/cm?), the A549 cells incu-
bated with TBS NPs were availably eliminated via the photo-
thermal ablation, with a concentration-dependent profile. As

expected, impressive photothermal ablation performance was also
confirmed in murine breast cancer cells (4T1), which achieved
approximately >95% cancer cell elimination upon 1064 nm laser
illumination (Fig. 3B and Supporting Information Fig. S22).
However, 808 nm laser irradiation showed a weaker photothermal
ablation effect on A549 cells than 1064 nm laser irradiation with
the same TBS NPs concentration (Supporting Information
Fig. S23). Then, live/dead cell staining was employed to visualize
the photoablation effect of TBS NPs on cancer cells (Fig. 3C and
Supporting Information Figs. S24 and S25). The Calcein AM
(green fluorescence) and propidium iodide (PI, red fluorescence)
represented live and dead cells, respectively under confocal im-
aging. Neither the laser alone nor the NPs alone induced any effect
on cell viability. In comparison, upon 1064 nm irradiation, the
photoablation effect on cell survival improved with increasing
irradiation time, and almost all 4T1 cells were killed when the
irradiation time reached 10 min. All the results indicate the ad-
vantageous photothermal ablation of in vitro cancer cell elimina-
tion by TBS NPs.

3.4.  In vitro photoacoustic performance

In vitro and in vivo NIR-II photoacoustic imaging (PAI) capability
under excitation by a 1064 nm pulsed laser was then examined.
The photoacoustic amplification of TBS NPs at various concen-
trations from O to 200 pg/mL was performed with a photoacoustic
computed tomography (PACT) system. As depicted in Fig. 4A and
B, the TBS NPs showed strong photoacoustic signals with a good
linear correlation to concentration, even below 6.25 pg/mL. We
then filled a PA-free capillary with a TBS NP dispersion of
100 pg/mL to measure the PA intensity under different wavelength
excitations (Fig. 4C). Among the multiwavelength excitations, the
1064 nm laser generates the strongest PA signal with the same
excitation fluence, and the PA spectrum was profiled to indicate
that the TBS NPs have broad PA-responsive performance in the
NIR-II range, with a PA maximum of 1064 nm (Fig. 4D).

To further demonstrate the superiority of NIR-II PAI, we
applied chicken breast muscles of various thicknesses to examine
the deep-tissue penetration performance. As shown in Fig. 4E-G,
TBS NPs under 1064 nm excitation exhibited considerably deeper
penetration than those under 808 nm excitation, which suggested
that TBS NPs are qualified candidates for NIR-II PAI probes.
In vivo PAI was further performed on tumor-xenograft mice to
image the tumor-targeting ability of TBS NPs after tail vein in-
jection. As illustrated in Fig. 4H, the PA signal at 1064 nm tended
to increase after intravenous administration of TBS NPs, and the
peak value of the PA signal was realized at 12 h postinjection
(approximately 5-fold enhancement). Notably, the PA signal at the
tumor site had a sufficiently strong retention effect after 18 h of
injection and showed greatly reduced signal strength at 24 h
postinjection, suggesting good tumor-targeting performance
(Fig. 41).

3.5.  In vivo photothermic performance

To evaluate the in vivo photothermic performance, intravenous
injections of TBS NP dispersions (5 mg/kg) were administered to
4T1 tumor-xenograft model mice, which were then anesthetized
for 5 min irradiation with a 1064 nm laser (1 W/cm?). An infrared
thermal image was employed to capture the temperature evolution
of the tumor location at different irradiation times (Fig. 5A), and
the detailed variations in temperature were also measured as a
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function of irradiation time (Fig. 5B). The tumor-site temperatures
of TBS NPs-treated mice quickly increased from 30 to 65 °C
within 5 min irradiation of a 1064 nm laser. In contrast, when PBS
was injected instead of the NPs, the tumor-site temperatures
increased by only ~5 °C under the same illumination. We sub-
sequently launched in vivo therapeutic experiments to evaluate the
in vivo photothermal ablation of tumors. When 4T1 tumor-
xenografted mice reached a size of approximately 100 mm?, the
mice were randomized into four groups: PBS, PBS + laser
(PBS + L), NPs, and NPs + laser (NPs + L) groups. 1 W/cm? of
1064 nm laser irradiation was performed for 5 min at 12 h post-
injection of TBS NPs. The tumor sizes of the four groups were
continuously recorded every 2 days by an electronic digital
caliper, and photographs of the tumors from the treated mice were
acquired after 14 days (Fig. 5C). Mice in the PBS + L and NPs
groups showed nearly identical tumor growth trends as those in the
PBS group. However, tumors in the NPs + L group had almost
complete tumor elimination after treatment (Fig. 5D), revealing
the superior photothermic therapeutic performance of the TBS
NPs. Tumor weight analysis after 14 days of treatment further
confirmed that the photothermic effect of TBS NPs effectively
eliminated the tumor traces (Fig. 5SE). Moreover, low-temperature
PTT ablation of TBS NPs was also conducted and found that the
treated tumors achieved effective ablation with obvious recurrent
(Supporting Information Fig. S26). We then investigated the
photothermic effect on tumor tissue with hematoxylin and eosin
(H&E) staining and terminal deoxynucleotidyl transferase d-UTP
nick end labeling (TUNEL) assay. As shown in Fig. 5F, photo-
thermic treatment with TBS NPs triggered apparent apoptosis in
the tumors but not in the other groups, including the PBS + L and
NP-only groups, in which tumor cells of tumor location were
almost completely ablated. These in vivo therapeutic trials
demonstrated that TBS NPs activated with the NIR-II laser can
efficiently eliminate tumors.

3.6.  Invivo biocompatibility

Furthermore, the in vivo toxicology of the TBS NPs was system-
atically investigated. After TBS NPs + laser treatment, the mice
maintained normal behaviors with no adverse events. Moreover, all
treated mice exhibited negligible variations in body weight within
the treatment, suggesting that these treatments had insignificant
adverse effects (Supporting Information Fig. S27). The major or-
gans, such as the heart, liver, spleen, lung, and kidney, were sub-
jected to tissue biopsy with standard H&E staining, and no obvious
alterations in histological parameters were observed in the treated
mice (Fig. 5F), which suggested that TBS NPs administration and
NIR-II laser irradiation did not induce any noticeable negative ef-
fects. Photos of treated mice after 14 days also proved the skin
(Supporting Information Fig. S28). Additionally, hematological
marker and biochemical index analyses of relatively good
biocompatibility of the TBS NPs + laser treatment toward sur-
roundings were also performed and confirmed that the TBS NPs-
treated group showed similar microstructure characteristics with
the PBS-treated group (Supporting Information Fig. S29), further
confirming the good biocompatibility of the TBS NPs.

3.7.  Invivo tumor treatment of NIR-Il-activated vaccine

Early prevention of tumor occurrence is another major challenge
in the field of tumor treatment and prevention. Tumor vaccines can
induce tumor-specific immune stimulation and thus achieve effi-
cient tumor prevention, which has been deemed a promising
strategy for immunotherapy-based cancer prevention. Next, we
utilized the resulting NIR-II responsive TBS NPs to design a NIR-
II activated whole-cell vaccine (NIR-II NV). For NIR-II NV
preparation, polyethyleneimine (PEI)-modified TBS NPs (p-TBS
NPs) with good biocompatibility were successfully prepared
(Supporting Information Figs. S30-S33).
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different times after TBS NPs postinjection.

Compared with TBS NPs, p-TBS NPs showed enhanced up-
take in 4T1 cells under the same conditions (Supporting Infor-
mation Figs. S34 and S35). As shown in Fig. 6A, to prepare the
NIR-II NV, TBS NPs with a positive charge were loaded into
tumor cells, and NIR-II light was applied to induce the tumor cells
with endogenous adjuvants. Then, a freeze-thaw operation was
applied to inactivate the resulting NIR-II NV to yield a safe
vaccine. Cell imaging demonstrated that the NIR-II NV subjected
to freeze-thaw treatment exhibited complete cell death and
simultaneously contained efficient p-TBS NPs in the cytoplasm
(Fig. 6A and Supporting Information Fig. S36). Upon irradiation
with 1064 nm light, the temperature of the NIR-II NV mildly
increased in a cell population-dependent manner (Fig. 6B and
Supporting Information Fig. S37). To further explore the forma-
tion of NIR-II NV, we identified differentially expressed genes
(DEGs) by performing RNA sequencing of 4T1 cells with or
without p-TBS NPs treatment and 1064 nm light irradiation and
analyzed the DEGs by Gene Ontology (GO) enrichment analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment protocols. As illustrated in Fig. 6C and D, compared
PBS group, only laser (LT group), and p-TBS NPs (T-N group)
groups, the cells in the NIR-II NV group contained 709 DEGs, of
which 428 DEGs were upregulated and 281 DEGs were efficiently
downregulated. Notably, the NIR-II NV upregulated the expres-
sion of Mmplb, Cd79a, Cd109, Hspa4l, 1111, Atf4, Tnfsf18, and
other immune activation-related genes. KEGG enrichment anal-
ysis further demonstrated that the DEGs in the NIR-II NV were

enriched in apoptosis-related pathways (such as the p53 signaling
pathway) and immune response-related pathways (such as tumor
necrosis factor (TNF ) signaling pathway, cytokine—cytokine re-
ceptor interaction pathway, nuclear factor-kB (NF-«B) signaling
pathway, and [LI7 signaling pathway) (Supporting Information
Fig. S38). These experiments suggest that the NIR-II NV with
1064 nm light irradiation could efficiently induce cell apoptosis
and immunogenic protein release, confirming the effectiveness of
the light-activated whole-cell vaccine.

Next, the NIR-II NV vaccine was applied to prevent cell
occurrence via subcutaneous (s.c.) injection of the vaccine and
1064 nm light irradiation, after which 4T1 tumors were inoculated
at the distal end (Fig. 6E). After twice s.c. injections of NIR-II NV
and twice 1064 nm light irradiation, the percentages of CD4" and
CD8™ T cells in the inguinal lymph nodes of the NIR-II NV and
NIR-II NV plus light irradiation (NIR-II NV + L) treatment
groups were greater than those in the PBS and cell vaccine without
NIR-II light irradiation (NV) groups, indicating efficient immune
activation (Fig. 6F, Supporting Information Figs. S39 and S40).
There was an obvious increase in the IFN-vy, TNF-a, and IL-6
levels in the serum of the NIR-II NV and NIR-II NV + L
treated mice compared with those in the PBS and NV-treated mice
(Fig. 6G-I). Notably, compared with the NIR-II NV alone, the
NIR-II NV with 1064 nm light irradiation exhibited more effective
immune activation, demonstrating that the combination of the
NIR-II NV and 1064 nm light irradiation could enhance the effi-
cacy of the vaccine via local and mild photothermal conversion.
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After NIR-II NV vaccination, the growth of distal 4T1 tumors was improved by 1064 nm light irradiation at the tumor nidus. Thus,
further monitored, and the data found that the growth of tumors in these results indicate the enhanced efficiency of the NIR-II light-
the mice in the NIR-II NV and NIR-II NV + L groups was sup- activated whole-cell vaccine.

pressed compared with that in the PBS and NV groups (Fig. 6J

and Supporting Information Figs. S41-S43). Notably, tumor in- 3.8.  In vivo tumor prevention of NIR-1I activated-vaccine
hibition analysis revealed that the NIR-II NV + L had more

effective tumor prevention effects than NIR-II NV without Taking advantage of the remarkable tumor prevention potential of
1064 nm light irradiation, which might be attributed to the mild the NIR-II NV, the tumor metastasis prevention potential of the
increase in antigen release and immune activation induced by NIR-II NV was further investigated and shown in the treatment
1064 nm light irradiation (Supporting Information Fig. S44). The schedule in Fig. 7A. After two vaccinations and local 1064 nm
infiltration of CD8* T cells (cytotoxic T cells) and CD45RA™ T light irradiation, lung metastasis was established by intravenous

cells (memory T cells) in the tumor site was further tested by injection of 4T1 cells, and the treatment efficiency was continu-
immunofluorescence on the 20th day after treatment (Fig. 6K). ously monitored.

The results showed that the tumors of the NIR-II NV + L treated As listed in Fig. 7B and Supporting Information Fig. S46, the
mice exhibited the most effective infiltration of CD8" T cells and number of CD8" T cells in the lymph nodes of the mice was
CD45RA™ T cells among the four groups, which further confirmed effectively increased by the NIR-II NV and NIR-II NV + L
the effective immune activation induced by vaccination. In addi- vaccination. Additionally, the serum levels of proinflammatory

tion, the good biological safety of the NIR-II NV was further cytokines (IL-6, TNF-«, and IFN-v) increased significantly after
confirmed by the almost unchanged weight of the treated mice two rounds of vaccination with the NIR-II NV and NIR-II
during the full course of treatment (Supporting Information NV + L, which further indicated that NIR-II NV and NIR-II
Fig. S45). The results demonstrated that NIR-II NVs preactivated NV + L efficiently induced strong immunostimulatory effects
with 1064 nm light could provide an efficient vaccination for (Fig. 7D-F). Lung tissues were extracted from the mice to eval-
cancer prevention, and this vaccination effect could be further uate lung tumor metastasis at 20 days posttreatment, and the
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results found that compared with PBS, the NIR-II NV and NIR-II
NV + L vaccines significantly inhibited the proliferation and
metastasis of breast cancer cells in the lung. NIR-II NV + L
achieved 80% inhibition of pulmonary nodules, which was
slightly greater than that achieved with the NIR-II NV alone
(Fig. 7C and G). H&E biopsy of the lung further confirmed the
efficient prevention and suppression of tumor metastasis by the

NIR-II-activated vaccine (Fig. 7H). Moreover, H&E staining of
the main organs, blood biochemical index analysis, and body
weight changes of the mice subjected to various treatments
demonstrated the good in vivo biosafety of the NIR-II-activated
vaccine (Supporting Information Figs. S47-S49). These results
demonstrated the high-performance efficiency and biosafety of the
NIR-II-activated vaccine in preventing tumor metastasis.
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Figure 7  In vivo tumor prevention of NIR-II activated vaccine. (A) Schematic diagram of lung metastasis-tumor inhibition by the NIR-II NV-

based vaccine. (B) Quantitative test of CD8™ T cells in the lymph nodes of the treated mice on the 4th day after treatment. (C) Number statistics of
tumor nodes in the lung and the tumor inhibition rate in the mice on the 20th day after treatment. (D—F) Analysis of (D) IFN-v, (E) IL-6, and (F)
TNF-a in mouse serum on the 4th day after treatment. (G) Representative photographs of the lung from the treated mice. (H) H&E photographs of
the lung in the different groups. Data are presented as mean + SD (n = 3, *P < 0.05, **P < 0.01, ****P < 0.0001).

4. Conclusions

We developed an efficient NIR-II nanoplatform by introducing
flexible motors into semiconducting biradical oligomers for high-
performance cancer photo theranostics and vaccination in vivo.
The semiconducting biradical oligomer TBS offers maximum
absorption of over 1000 nm and flexible molecular motors and
thus provides a record-breaking PCE of 87% upon NIR-II light
illumination at 1064 nm. Taking advantage of the inherent NIR-II
performance of TBS, we also showed that the biocompatible TBS-
based nano platform achieved highly efficient PAI and PTT of
tumors in the NIR-II window. With these advantages, the TBS
nano platform was further applied to produce a simple NIR-II-
activated whole-cell vaccine. NIR-II-activated whole-cell vac-
cines can effectively enhance the antitumor immune response
in vivo and are highly effective at preventing cancer and inhibiting
metastasis in breast carcinoma with high biosafety. This semi-
conducting biradical oligomer nano platform may work as a
universal proof to explore new NIR-II nano vaccines with NIR-II-
controlled capability and open up new avenues for personalized
cancer vaccines.
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