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An Acceptor–Donor–Acceptor Structured Nano-Aggregate
for NIR-Triggered Interventional Photoimmunotherapy of
Cervical Cancer

Gaoli Niu, Xingqi Bi, Yong Kang, Hua Zhao, Ruiyan Li, Mengbin Ding, Baoli Zhou,
Yanhong Zhai, Xiaoyuan Ji,* and Yongsheng Chen

Compared with conventional therapies, photoimmunotherapy offers precise
targeted cancer treatment with minimal damage to healthy tissues and
reduced side effects, but its efficacy may be limited by shallow light
penetration and the potential for tumor resistance. Here, an
acceptor–donor-acceptor (A-D-A)-structured nanoaggregate is developed with
dual phototherapy, including photodynamic therapy (PDT) and photothermal
therapy (PTT), triggered by single near-infrared (NIR) light. Benefiting from
strong intramolecular charge transfer (ICT), the A–D–A-structured
nanoaggregates exhibit broad absorption extending to the NIR region and
effectively suppressed fluorescence, which enables deep penetration and
efficient photothermal conversion (𝜼 = 67.94%). A suitable HOMO–LUMO
distribution facilitates sufficient intersystem crossing (ISC) to convert
ground-state oxygen (3O2) to singlet oxygen (1O2) and superoxide anions
(·O2

−), and catalyze hydroxyl radical (·OH) generation. The enhanced ICT and
ISC effects endow the A–D–A structured nanoaggregates with efficient PTT
and PDT for cervical cancer, inducing efficient immunogenic cell death. In
combination with clinical aluminum adjuvant gel, a novel
photoimmunotherapy strategy for cervical cancer is developed and
demonstrated to significantly inhibit primary and metastatic tumors in
orthotopic and intraperitoneal metastasis cervical cancer animal models. The
noninvasive therapy strategy offers new insights for clinical early-stage and
advanced cervical cancer treatment.

1. Introduction

According to 2022 global cancer statistics, cervical cancer ranks
among the top five in terms of both incidence and mortality
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rates in moderately developed countries.[1]

Globally, 300 000 people die unnecessar-
ily each year.[2] Photoimmunotherapy (PIT)
has emerged as a cutting-edge approach to
cancer treatment that combines the speci-
ficity of immunotherapy with the preci-
sion of light-based therapy, including pho-
tothermal therapy (PTT) and photodynamic
therapy (PDT).[3] PIT utilizes photosensi-
tizing agents conjugated to tumor-targeting
antibodies or ligands, which selectively
bind to cancer cells expressing specific
antigens.[4] Upon illumination with near-
infrared (NIR) light, these conjugates in-
duce rapid and selective cancer cell death
through the generation of cytotoxic reac-
tive oxygen species (ROS) or other pho-
totoxic mechanisms while sparing adja-
cent healthy tissues.[5] This targeted cy-
totoxicity not only eliminates primary tu-
mors but also activates antitumor im-
mune responses, leading to systemic tu-
mor regression and potential long-term im-
mune memory.[6] With its ability to pre-
cisely target tumor cells while activating ro-
bust immune responses, PIT represents a
promising paradigm shift in cancer ther-
apy with the potential to improve patient
outcomes and overcome the limitations of

traditional treatments.[7] Moreover, given the unique physiolog-
ical structure of cervical cancer, fiber-optic-assisted PIT is ex-
pected to become a new generation of clinical strategies for treat-
ing cervical cancer.[8]
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The efficiency of inducing immunogenic death of tumor cells
by phototherapy is the key to PIT. PDT and PTT utilize nontoxic
photosensitizing agents and harmless NIR light to induce can-
cer cell death through the generation of ROS or hyperthermia.[9]

While PDT harnesses ROS such as singlet oxygen to target cancer
cells, PTT employs hyperthermia to achieve similar effects.[3b,10]

Despite their individual efficacy, both modalities face limitations,
such as the susceptibility of PDT to hypoxia in the tumor mi-
croenvironment and the potential of PTT for collateral damage to
healthy tissues.[5a,11] The combination of PDT and PTT, known as
dual phototherapy,[12] offers synergistic advantages, including en-
hanced tumor penetration, minimized side effects, and improved
treatment efficacy.[3b,5b,13] This innovative approach holds sig-
nificant promise for overcoming the challenges associated with
single-modal therapies and advancing precision cancer treatment
strategies.

Dual-mode PSs, which are capable of harnessing both pho-
tothermal and photodynamic effects, have garnered significant
attention in the field of cancer therapy due to their potential
to enhance treatment efficacy while minimizing adverse effects
on healthy tissues.[5c,7a] Several classes of dual-mode PSs, in-
cluding organic molecules, inorganic nanoparticles, and hybrid
materials, have been developed.[7c,14] Organic molecules such as
porphyrins, phthalocyanines, and cyanine dyes exhibit excellent
photothermal and photodynamic properties,[15] while inorganic
nanoparticles such as gold nanoparticles and carbon nanoma-
terials possess unique optical properties suitable for dual-mode
therapy. Hybrid materials combining organic and inorganic com-
ponents offer tailored functionalities and enhanced therapeutic
performance.[16] Despite their promise, dual-mode PSs face sev-
eral challenges in clinical translation. One major limitation is
the complexity associated with their design and synthesis, which
may hinder large-scale production and increase manufacturing
costs.[17] Moreover, the potential toxicity of certain photosensi-
tizer components or degradation byproducts raises concerns re-
garding their safety profile and biocompatibility.[18] Furthermore,
the limited penetration depth of light in tissue restricts the appli-
cation of dual-mode photosensitizers to superficial tumors, limit-
ing their efficacy in treating deep-seated or metastatic cancers.[5a]

Future research efforts should focus on optimizing the design of
dual-mode PSs, improving their biocompatibility, and exploring
novel strategies to overcome existing limitations, thereby maxi-
mizing their potential in oncology.

A-D-A molecules, characterized by their donor-acceptor-donor
molecular structure, have garnered significant interest in the
field of solar cells due to their unique mechanisms and ad-
vantageous properties.[19] A-D-A molecules possess a conju-
gated electron system that enables efficient absorption of light
across a wide spectrum, including ultraviolet to near-infrared
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wavelengths.[20] Upon light absorption, these molecules un-
dergo energy transfer processes, possibly leading to the gen-
eration of reactive species and hyperthermia, which are essen-
tial for therapeutic effects.[5b,21] Based on the A-D-A molecule
developed in the field of solar cells,[22] in this study, we de-
signed and prepared a new A-D-A structured molecule named
DTPC-N2F. To increase its bioavailability, nanoparticles (DNPs)
were prepared through nanoprecipitation. The outer layer was
coated with cell membrane (CM) to form DNPs@CM. Benefiting
from strong intramolecular charge transfer (ICT), the A–D–A-
structured nanoaggregates exhibit broad absorption, which can
extend to the NIR region, and effectively suppress fluorescence,
which enables deep penetration and efficient photothermal con-
version. A suitable HOMO–LUMO distribution facilitates suffi-
cient intersystem crossing (ISC) to convert ground-state oxygen
(3O2) to singlet oxygen (1O2) and superoxide anions (O.−

2 ).[3c,23]

Under 980 nm laser excitation, these nanoparticles exhibited ex-
cellent PTT and type I and type II PDT effects. In vivo treat-
ment was conducted in conjunction with aluminum adjuvant gel
(Alum), which has a strong antigen adsorption capability, lead-
ing to sustained ICD effects. In situ, cervical cancer animal mod-
els were simulated clinically, and in situ, photoimmunotherapy
was performed. This treatment not only suppressed the growth of
primary tumors but also inhibited the growth of intraperitoneal
metastatic tumors (Figure 1). This provides a basis for the com-
bined immunotherapy of cervical cancer using novel A-D-A small
molecule-based organic photosensitizers.

2. Results and Discussion

2.1. Preparation and Characterization of DTPC-N2F, DNPs, and
DNPs@CM

The A-D-A molecule DTPC-N2F is synthesized using 9,14-
dihydro-4H-dithieno [2′,3′:2,3;3′“,2′”:10,11] Piceno [1,14,13,12-
bcdefgh] carbazole (DTPC) as the electron donor and 2-(6,7-
difluoro-3-oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-
ylidene) malononitrile (NINCN-2F) as the electron acceptor
(Figures S1–S4, Supporting Information). The calculated molar
extinction coefficient (𝜖 = 1.68 × 105 M−1 cm−1) indicates that
DTPC-N2F exhibits strong light absorption capability (Figure
S5, Supporting Information). The HOMO electron cloud of
DTPC-N2F is delocalized on the central donor unit, while the
LUMO is located on the electron-deficient end group unit. This
delocalized electronic structure results in DTPC-N2F having a
narrow bandgap. Additionally, the separated LUMO and HOMO
enable effective ICT transitions,[24] providing a basis for the
photothermal and photodynamic properties of DTPC-N2F.[25]

Through DFT calculations, the LUMO and HOMO of DTPC-
N2F were determined to be −3.43 and −5.10 eV, respectively,
with T1 at −3.98 eV and ΔEST at 0.55 eV. The Eg is calculated
to be 1.67 eV, indicating a narrow bandgap that enhances its
near-infrared light absorption capability (Figure 2A). DTPC-
N2F dissolves well in common organic solvents. To facilitate
biological applications, we synthesized DTPC-N2F into nanopar-
ticles, named DNPs, using the nanoprecipitation method as
documented in the literature.[26] The nanoprecipitation method
is a commonly used technique for preparing nanoparticles,
capable of precipitating precursor substances from solution
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Figure 1. Schematic diagram of photoimmunotherapy for in situ cervical cancer treatment using DNPs@CM+Alum. A) Synthesis steps of DTPC-N2F.
B) Extraction of the U14 cell membrane, nanoprecipitation synthesis of DNPs, cell membrane encapsulation to form DNPs@CM, and mixing with alum
under sonication to form DNPs@CM+Alum. C) 980 nm laser irradiation of DNPs induces apoptosis in tumor cells through photothermal and type I
and type II photodynamic effects. Postirradiation, the enhanced release of tumor antigens and DAMPs combined with alum promotes sustained ICD,
enhances the systemic antitumor immune response, and promotes immunological memory, thereby treating primary tumors and inhibiting the growth
of peritoneal metastases.
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Figure 2. Characterization of DTPC-N2F, DNPs, and DNPs@CM. A) Calculated HOMO, LUMO, and triplet state of DTPC-N2F using the DFT B3LYP/6-
31G (d) method. Energy gap (Eg) = ELUMO – EHOMO. B) Normalized UV‒Vis absorption spectra of DTPC-N2F dissolved in THF, solid DTPC-N2F, and
DNPs. C) Fluorescence spectra of DTPC-N2F dissolved in THF (12.5 μg mL−1) and DNPs dispersed in water (12.5 μg mL−1). Hydrodynamic diameter
D) and zeta potential E) data for DNPs and DNPs@CM obtained by DLS. F) TEM image of DNPs and DNPs@CM; scale bar = 200 nm. G) SDS‒PAGE
and Coomassie blue staining bands of DNPs, CM, and DNPs@CM.

into solid nanoparticles. The addition of DSPE-PEG5000 en-
hances the stability and dispersibility of the nanoparticles and
improves their biocompatibility. The protective effect of PEG
chains extends the circulation time of the material in vivo.[27]

The nanoparticles (DNPs) prepared using this method exhibit
good stability, with consistent particle size and surface potential
across different times and batches. Additionally, the calculated
photothermal conversion efficiency is also consistent, and TEM
images show a highly uniform appearance (Figure S6 and Table
S1, Supporting Information). To assess the changes in the pho-
tophysical properties of DTPC-N2F before and after nanoparticle

formation, UV-vis-NIR spectroscopy was employed to measure
its light absorption ability. The maximum absorption peak of
DTPC-N2F dissolved in Tetrahydrofuran (THF) was observed
at 847 nm, while in the solid (film) form, it shifted to 928 nm.
After the synthesis of DNPs, the maximum absorption peak
shifted to 949 nm (Figure 2B). The reason for the red shift in
the maximum absorption peak can be analyzed as follows: it
is known that small molecules usually exhibit different aggre-
gation characteristics in thin films or solid states, including
H- and J-aggregation.[28] The aggregation type of these A-D-A
molecules is mainly J-aggregation,[29] which leads to absorption
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redshift. Compared to the solution, DTPC-N2 exhibits strong
and ordered packing in its film or nanoparticle states, which
causes the absorption spectrum to redshift. A larger red shift in
the absorption peak indicates that DTPC-N2F exhibits excellent
near-infrared-triggered phototherapy capability when prepared
as DNPs. Fluorescence spectroscopy revealed that DTPC-N2F
dissolved in THF exhibited high fluorescence, whereas the
fluorescence of the DNPs was quenched. The quenching of
fluorescence implies that after DTPC-N2F is prepared into
nanoparticles (DNPs), it maximizes the conversion of light
energy into heat and exhibits excellent ISC capability, thereby
maximizing the effects of PTT and PDT (Figure 2C).

Lipid components and membrane proteins on the surface of
tumor cell membranes can enhance the stability and antitumor
immune activity of nanoparticles.[30] Therefore, mouse cervical
cancer U14 cell membranes were used to coat DNPs to form
DNPs@CM. Dynamic Light Scattering (DLS) tests showed that
both DNPs and DNPs@CM had good dispersion properties, with
the maximum hydrodynamic diameter of DNPs at 164.2 nm
and that of DNPs@CM at 342 nm (Figure 2D). Zeta potential
measurements revealed that both DNPs and DNPs@CM pos-
sessed significantly negative surface charges, with maximum sur-
face charges of −40.4 and −33.8 mV, respectively (Figure 2E),
which facilitates their colloidal stability and easier adsorption
in tumors. Additionally, DNPs (25 μg mL−1) dissolved in Dul-
becco’s Modified Eagle’s Medium (DMEM), water, or Phosphate-
Buffered Saline (PBS) showed almost no changes in appear-
ance or particle size after one week, indicating good stabil-
ity of the DNPs (Figure S7, Supporting Information). Repre-
sentative transmission electron microscopy (TEM) images re-
vealed uniformly spherical DNPs with a particle size of ≈150 nm
and extracted cell membrane particles of ≈300 nm in size,
and membrane-coated nanoparticles were successfully observed
(Figure 2F). The visualization of different bands after staining the
extracted membrane surface proteins by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie
blue also confirmed the successful coating of the U14 tumor cell
membrane on the nanoparticles (Figure 2G).

2.2. Photothermal and Photodynamic effect of DNPs

This A-D-A-structured DTPC-N2F exhibits a strong ICT effect
and high molar extinction coefficient, displaying the charac-
teristics of a narrow bandgap and strong near-infrared light
capture capability. According to the simulated Jablonski dia-
gram, DTPC-N2F and DSPE-PEG nanoparticles coprecipitate as
DNPs, leading to fluorescence quenching. Upon excitation with
a 980 nm laser, PTT effects are generated through vibrational re-
laxation. According to calculations, ΔEST is 0.55 eV, which pro-
motes the conversion of ground-state oxygen (3O2) into 1O2 and
the generation of free radicals ·O2

− and ·OH (Figure 3A). Un-
der low-power, (0.6 W cm−2) 980 nm laser irradiation, differ-
ent concentrations of DNPs exhibited efficient and rapid tem-
perature increases (Figure 3B), as recorded using an infrared
thermal imager (Figure 3C). As the irradiation time and con-
centration increased, the temperature of the solution continued
to increase. When the concentration of the DNPs solution in-
creased to 50 μg mL−1, the temperature reached a maximum of

55.3 °C after 12 min of laser exposure. At a lower concentration
of 12.5 μg mL−1, under the same conditions, the temperature of
the solution still increased to 48.5 °C, a temperature sufficient
to induce apoptosis in tumor cells. In contrast, the temperature
of the PBS solution only increased from 27.1 to 30.1 °C after
12 min of light exposure. Further tests were conducted by irra-
diating the same concentration of DNPs (50 μg mL−1) at differ-
ent power levels; the temperature of the solution increased with
increasing laser power density, reaching 68.2 °C at 1.0 W cm−2

after 12 min of 980 nm laser irradiation (Figure 3D,E). The ex-
periments demonstrated that DNPs have effective PTT effects
when excited by long-wavelength light. DNPs (50 μg mL−1) un-
derwent five thermal cycles in PBS, each involving 5 min of ir-
radiation with a 980 nm laser at 0.6 W cm−2. As observed in
Figure 3F, the maximum temperature in each cycle exceeded
50 °C, and upon turning off the laser, the temperature of the so-
lution quickly returned to room temperature. According to the
literature,[31] the photothermal conversion efficiency (𝜂) reached
up to 67.94% (Figure S8, Supporting Information). To further
investigate the stability of DNPs, solutions of different concen-
trations of DNPs (50, 25, 12.5 μg mL−1) were irradiated with a
980 nm laser at 1.0 W cm−2 for 30 min, during which the so-
lution temperature continuously increased. The UV-Vis-NIR ab-
sorption spectra of the solutions measured before and after ir-
radiation showed no significant change in the peak absorption
at 949 nm (Figure S9, Supporting Information), confirming that
the nanoparticles possess excellent photostability.

To verify the excellent type I and type II photodynamic effects
of DNPs, various in vitro experiments were conducted to evalu-
ate the ability of DNPs to generate ROS under light irradiation.
First, the generation capability of ·O2

− under 980 nm laser ir-
radiation was assessed using diphenylisobenzofuran (DPBF) as
a probe. Due to the efficient ISC of DNPs, the absorption peak
of DPBF decreased by 80% within just 3 min as the DNPs con-
centration increased from 0 to 25 μg mL−1. Even at a lower con-
centration of 6.25 μg mL−1, the absorption peak still decreased
by 60%. Significant declines in DPBF absorption were also ob-
served under different power settings of 980 nm laser irradiation
at the same DNPs concentration, showing a linear relationship
with time and power (Figure 3G,H; Figure S10, Supporting In-
formation). Next, a Singlet oxygen sensor green fluorescent probe
(SOSG) was used to detect 1O2. It was observed that the fluo-
rescence intensity of SOSG increased with the concentration of
DNPs under 980 nm laser irradiation at the same power; simi-
larly, the fluorescence intensity of SOSG increased with the laser
power at the same DNPs concentration. Both scenarios showed a
linear relationship over time (Figure 3I,J; Figure S11, Supporting
Information), demonstrating that DNPs exhibit outstanding pho-
todynamic effects under 980 nm laser irradiation. In addition,
3,3′,5,5′-Tetramethylbenzidine (TMB) was used to detect the pro-
duction of ·OH. During a 10-min irradiation period, the absorp-
tion peak of TMB increased by ≈80% when the DNPs concen-
tration was 25 μg mL−1. Under different power levels of 980 nm
laser irradiation, the TMB absorption peak also exhibited a linear
increase (Figure 3K,L; Figure S12, Supporting Information).

Using electron spin resonance (ESR) technology, the
types of ROS generated were further identified. 2,2,6,6-
Tetra­methylpiperidine (TEMP) was used as a spin-trapping
agent. A triplet signal characteristic of TEMP-1-oxyl was
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Figure 3. Evaluation of DNPs PTT and type I and type II PDT effects. A) Modified Jablonski diagram illustrating the PTT and PDT mechanisms of DNPs
under 980 nm laser irradiation. Photothermal properties of DNPs at different concentrations under 0.6 W cm−12 980 nm laser irradiation B) and infrared
thermal imaging C). Temperature change curves of DNPs under different power levels of 980 nm laser irradiation (50 μg mL−1) D) and infrared thermal
imaging E). F) Temperature change curves of DNPs under five cycles of 980 nm (0.6 W cm−2) laser on-off irradiation. Evaluation of ·O2

− generation
after 980 nm laser irradiation of DNPs was assessed by measuring DPBF intensity with different concentrations G) and different powers H). Evaluation
of 1O2 generation after 980 nm laser irradiation of DNPs was assessed by measuring SOSG fluorescence intensity with different concentrations I) and
different powers J). Evaluation of ·OH generation after 980 nm laser irradiation of DNPs was performed by measuring changes in TMB absorption peaks
with different concentrations K) and different powers L).
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detected, indicative of 1O2. DMPO, used as a spin trap for
·O2

− and ·OH radicals, displayed ·O2
− and ·OH radicals signals

(Figure S13, Supporting Information), Indicating that DNPs
exhibit excellent type I and type II photodynamic therapy effects
under specific wavelength laser excitation, capable of generating
various reactive oxygen species. This indicates tremendous
therapeutic potential for solid tumors, even under hypoxic
conditions. Overall, the study results demonstrate that DNPs
prepared from the novel A-D-A molecule DTPC-N2F serve as
promising candidates for combined PTT, type I PDT, and type
II PDT treatments of cancer under near-infrared 980 nm laser
irradiation.

2.3. In Vitro Antitumor Properties

The in vitro biocompatibility and antitumor therapeutic ef-
fects of the DNPs were subsequently evaluated. To ensure the
safety of DNPs-based therapy, a preliminary assessment of tox-
icity was conducted using the cell counting kit-8 (CCK-8) as-
say after DNPs were incubated with U14 and ncm460 cells.
As shown in Figure 4A,B, even at the highest concentration of
100 μg mL−1, DNPs did not affect cell viability in the absence of
laser irradiation, with survival rates for both cell types exceed-
ing 95%, demonstrating excellent biocompatibility and poten-
tial for biomedical applications. U14 cells incubated with differ-
ent concentrations of DNPs were exposed to 980 nm laser ir-
radiation at two different power levels (1.0 and 0.6 W cm−2 for
4 min). At concentrations of 12.5, 25, and 50 μg mL−1, cell vi-
ability for both power settings was less than 20% (Figure 4C).
Further analysis using a Calcein/PI cell viability/cytotoxicity as-
say kit assessed live and dead cells in the presence and absence
of laser irradiation. In the DNPs+Light(L) and DNPs@CM+L
groups, a significant number of dead cells emitting red fluores-
cence were observed, while the PBS, PBS+L, and DNPs groups
showed no significant number of dead cells (Figure 4D). Quanti-
tative analysis of red fluorescence in cells using ImageJ software
showed similar results (Figure S14, Supporting Information).
These findings indicate that DNPs have an excellent ability to kill
tumor cells when excited by 980 nm laser irradiation at certain
concentrations.

To further investigate the oxidative damage to cells caused
by the strong A-D-A structure of DTPC-N2F and its type I and
type II PDT effects, 2,7-dichlorofluorescein diacetate (DCFH-
DA) was used as an ROS probe to assess intracellular ROS
levels. In the fluorescence images, abundant green fluores-
cence signals were observed in the cells of the DNPs+L and
DNPs@CM+L groups, while the cells in the PBS, PBS+L, and
DNPs groups exhibited minimal green fluorescence. Quantita-
tive analysis of 3D images using ImageJ software showed simi-
lar results (Figure 4E). Additionally, intracellular ROS levels were
quantified by flow cytometry (FCM), revealing ROS levels of
55.36% and 63.70% in the DNPs+L and DNPs@CM+L groups,
respectively, which were significantly greater than those in the
other groups (Figure 4F). The mechanism of ROS generation
is such that when a photosensitizer is activated under light ir-
radiation at a specific wavelength, one of the energy dissipation
pathways is through ISC to a relatively stable excited triplet state
(T1). During the ISC process, triplet-excited oxygen molecules

are produced, or electron transfer is induced, resulting in the
generation of different types of ROS.[5a,23] The calculated ΔEST
for DNPs is 0.55 eV, indicating excellent ISC capability. Com-
pared to previously published literature, DNPs demonstrate su-
perior ROS efficiency (TableS2, Supporting Information). Partic-
ularly in the DNPs@CM+L group, the DNPs are more easily
engulfed due to encapsulation by homologous tumor cell mem-
branes, exhibiting a stronger ability to induce intracellular ROS
production.

During PTT and PDT, tumor cells undergo apoptosis, and
changes in the mitochondrial membrane potential and nuclear
DNA damage are often indicators of cell apoptosis.[32] To fur-
ther explore the mechanisms of cell damage induced by PTT
and PDT after DNPs laser irradiation, JC-1 staining was first
used to observe changes in the mitochondrial membrane poten-
tial. In the DNPs+L and DNPs@CM+L groups, JC-1 existed in
a monomeric form in the mitochondrial matrix due to the de-
crease in the mitochondrial membrane potential, leading to a sig-
nificant decrease in the red fluorescence intensity within the mi-
tochondria and a significant increase in the green fluorescence
intensity in the cytoplasm. In contrast, in the PBS, PBS+L, and
DNPs groups, JC-1 aggregated in the mitochondrial matrix, re-
sulting in abundant red fluorescence and very weak green fluo-
rescence (Figure 4G). Quantitative analysis of the fluorescence
intensity of JC-1 aggregates and JC-1 monomers also revealed
similar results (Figure S15, Supporting Information). 𝛾-H2AX
immunofluorescence staining was used to detect DNA damage
in U14 cells in the different treatment groups. Significant DNA
damage was observed in both the DNPs+L and DNPs@CM+L
groups (Figure 4H). Quantitative analysis of the green fluores-
cence intensity of 𝛾-H2AX also revealed that the fluorescence in-
tensity in the DNPs+L and DNPs@CM+L groups was signifi-
cantly greater than that in the other three groups (Figure S16,
Supporting Information). These two experiments demonstrated
that DNPs can induce tumor cell death after 980 nm laser irradia-
tion by inducing changes in the mitochondrial membrane poten-
tial and DNA damage. Furthermore, the Annexin V-FITC Apop-
tosis Detection Kit was used to detect cell apoptosis in the dif-
ferent treatment groups. Increased proportions of early and late
apoptotic cells were observed in the DNPs+L and DNPs@CM+L
groups, with late apoptotic cells accounting for 44.4% and 47%,
respectively, which were significantly greater than those in the
other groups (Figure 4I). During phototherapy, the large amount
of ROS generated can activate P53, increase the expression of
the pro-apoptotic protein Bax, and inhibit the expression of
the anti-apoptotic protein Bcl-2. These changes promote the
cleavage of caspase-3 into its active form, thereby inducing
mitochondrial-mediated apoptosis in tumor cells.[31b] Ultimately,
our Western blot experiments confirmed that following DNPs-
mediated phototherapy, Bax and cleaved caspase 3 expression in-
creased while Bcl-2 expression decreased (Figure 4J). These re-
sults indicate that nanoparticles prepared based on the A-D-A-
structured DTPC-N2F, which has strong ICT, low bandgap, ef-
ficient ISC, and high photothermal conversion efficiency, can
produce good PTT and PDT effects under 980 nm laser irradia-
tion. This leads to changes in mitochondrial membrane potential
and induction of DNA damage, while also regulating the expres-
sion of apoptosis-related proteins, thereby promoting tumor cell
death.

Adv. Mater. 2024, 2407199 © 2024 Wiley-VCH GmbH2407199 (7 of 16)
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Figure 4. In vitro antitumor performance assessment. The impact of different concentrations of DNPs on the viability of U14 cells A) and ncm460 cells
(B) (n = 5). C) Effect of different concentrations of DNPs under different power levels of 980 nm laser irradiation on the viability of U14 cells (n = 5).
D) Fluorescence images of live/dead staining of U14 cells from different treatment groups. Scale bar = 200 μm. Fluorescence images and quantitative
analysis of intracellular ROS production in U14 cells from different treatment groups using CLSM E) and FCM F). Scale bar = 200 μm. G) Representative
CLSM images of JC-1-stained U14 cells showing changes in the mitochondrial membrane potential after different treatments. Scale bar = 50 μm. H)
Representative CLSM images of 𝛾-H2AX-stained U14 cells indicating DNA damage after different treatments. Scale bar = 50 μm. I) Cell apoptosis in
U14 cells after different treatments determined by Annexin V-FITC/PI staining followed by FCM. J) Apoptosis-related proteins after different treatments.
The data are presented as the mean ± SD.

Adv. Mater. 2024, 2407199 © 2024 Wiley-VCH GmbH2407199 (8 of 16)
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2.4. Induction of ICD, Antigen Adsorption, and Dendritic Cells
Maturation In Vitro

Research has shown that PTT and PDT can induce ICD in
tumors.[33] Dead or dying cells release large amounts of tumor
antigens and damage-associated molecular patterns (DAMPs),
primarily calreticulin (CRT) exposed on the cell membrane sur-
face, and a significant amount of high mobility group box 1
(HMGB1) released into the extracellular environment from the
cell nucleus, thereby stimulating the recruitment and maturation
of dendritic cells (DC) and promoting antigen presentation.[34]

In this study, after staining cells with CRT, abundant green flu-
orescence was observed on the cell membrane in the DNPs+L
and DNPs@CM+L groups, while the intensity of green flu-
orescence was weak in the PBS, PBS+L, and DNPs groups
(Figure 5A). Quantitative analysis of green fluorescence also
showed similar results (Figure S17, Supporting Information).
Similarly, after staining cells with HMGB1, strong green flu-
orescence was observed on the cell nucleus surface in the
PBS, PBS+L, and DNPs groups, while the fluorescence inten-
sity was weaker in the DNPs+L and DNPs@CM+L groups,
as shown in Figure 5B. Quantitative analysis revealed similar
results (Figure S18, Supporting Information), indicating that
PTT and PDT induced the release of HMGB1 expressed in
the cell nucleus into the extracellular environment. These find-
ings validate the excellent ability of DNPs-induced PTT and
PDT to amplify oxidative stress to promote ICD in tumor
cells.

To enhance the synergistic phototherapy and immunother-
apy capability of DNPs and increase their sustained induction of
ICD in vivo, alum was used in the animal experiments of this
study. Aluminum hydroxide, one of the earliest adjuvants ap-
proved by the FDA for vaccine production,[35] can adsorb antigens
and synergistically stimulate DC maturation during photother-
apy, thereby enhancing the antitumor immune response.[36] The
ability of alum to capture antigens was first validated. DLS de-
tection revealed that after coincubation with antigens, the av-
erage particle size of alum increased from 458 to 712 nm
(Figure 5C; Figure S19, Supporting Information), and the sur-
face charge changed from positive to negative (Figure 5D). Addi-
tionally, SDS‒PAGE and Coomassie blue staining revealed sig-
nificant changes in the supernatant after cell lysis, after treat-
ment with alum alone, and after coincubation with the cell
lysate (Figure 5E), confirming the strong antigen-capturing abil-
ity of alum. The antitumor immune response first requires
antigen-presenting cells (APC) recognition, processing, and anti-
gen presentation, with DC maturation playing a crucial role in
adaptive immunity.[37] To verify the ability of alum to stimu-
late DC maturation, a Transwell coculture system was used to
coculture tumor cells and DC (Figure 5F). FCM revealed that
the maturity of DC (CD11c+ CD80+ CD86+) increased signifi-
cantly in the DNPs+L+Alum group, reaching 87.4%, compared
to that in the PBS group (34.7%) and DNPs group (35.6%),
with 47.1% and 73.6%, respectively, in the DNPs+L group and
the Alum group (Figure 5G; Figure S20, Supporting Informa-
tion). In summary, under 980 nm laser irradiation, DNPs ef-
fectively exposed tumor-associated antigen (TAA), while alum
demonstrated the ability to capture antigens and stimulate DC
maturation.

2.5. In Vivo Antitumor Performance

In previous experiments, we separately validated the PTT and
PDT effects of DNPs under 980 nm laser irradiation. Addition-
ally, we confirmed the ability of alum to stimulate antigen ad-
sorption and DC maturation, with previous literature support-
ing its application in animal tumor therapy.[35a,36a] In subse-
quent experiments, to assess the therapeutic efficacy of cervical
cancer treatment in vivo, we constructed a more clinically rel-
evant mouse model of cervical cancer and used intravaginally
in situ treatment (Figure 6A). After the cervical tumors devel-
oped locally, the bioluminescence intensity was examined us-
ing a small animal live imaging system, and when it reached
1 × 106 photons (p) s−1 cm−2 sr−1, the mice were randomly di-
vided into six groups (n = 5): PBS, PBS+L, DNPs@CM, Alum,
DNPs@CM+L, and DNPs@CM+Alum+L. Each mouse in these
groups received treatment on the 1st and 5th days. Tumor growth
was monitored using live animal imaging during this period. On
the 10th day, the mice were euthanized, and their dissected or-
gans were examined. The live imaging results showed no sig-
nificant therapeutic effects in the PBS, PBS+L, DNPs@CM, or
Alum groups, whereas noticeable tumor shrinkage was observed
in the DNPs@CM+L and DNPs@CM+Alum+L groups; this ef-
fect was particularly evident, with complete disappearance of tu-
mors in 5 mice in the DNPs@CM+Alum+L group. Similar re-
sults were observed in the corresponding anatomical images of
the reproductive organs of the mice (Figure 6B). After the mice
were dissected, the volume of cervical tumors and the fluores-
cence intensity of bioluminescence imaging on the 10th day
were measured. Significant differences were observed between
the DNPs@CM+L, DNPs@CM+Alum+L, and other groups.
The addition of alum led to the best therapeutic efficacy in the
DNPs@CM+Alum+L group (Figure 6C,D). Furthermore, con-
tinuous observation of the body weights of the mice throughout
the treatment period revealed no significant changes (Figure 6E).

2.6. In Vivo Immunological Effect of Photoimmunotherapy

Pathological sections of cervical tumor tissues stained with
H&E revealed extensive tumor cell apoptosis and necro-
sis in the DNPs@CM+L and DNPs@CM+Alum+L groups
(Figure 7A). Terminal deoxynucleotidyl transferase dUTP Nick
End Labeling (TUNEL) fluorescence staining revealed exten-
sive red fluorescence, which was particularly evident in the
DNPs@CM+Alum+L group (Figure 7B,C; Figure S21, Support-
ing Information). These experiments demonstrated the excellent
in vivo antitumor therapeutic effects of DNPs under 980 nm
laser irradiation. Coadministration of alum-induced persistent
ICD due to its antigen adsorption and ability to stimulate DC
maturation, thereby exhibiting superior antitumor efficacy.

To validate the ability of DNPs combined with alum to in-
duce DC maturation and activate effector T cells in vivo un-
der 980 nm laser excitation, FCM was used to analyze the ex-
pression of T cells and DC in tumors. Compared to those in
the PBS group, the number of T cells in the DNPs@CM+L
and DNPs@CM+Alum+L groups significantly increased, with
the percentage of CD8+ T cells increasing from 0.92% to
6.84% and 7.93%, respectively, and the percentage of CD4+ T
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Figure 5. Induction of ICD and study of antigen adsorption and stimulation of DC maturation. A) Representative CLSM images of U14 cells showing
CRT exposure in different treatment groups. Scale bar = 50 μm. B) Representative CLSM images of U14 cells showing HMGB1 release in different
treatment groups. Scale bar = 50 μm. C) Changes in the hydrated particle size of alum before and after antigen adsorption detected by DLS. D) Zeta
potential changes of alum before and after antigen adsorption. E) Changes in SDS‒PAGE and Coomassie blue staining bands of antigens before and
after adsorption on alum. F) Simplified schematic diagram of the Transwell coculture system. G) FCM analysis of the effect of different treatments on
DC maturation.
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Figure 6. In vivo evaluation of antitumor effects. A) Schematic diagram of in vivo treatment. B) Bioluminescence images and anatomical images of
the reproductive systems of mice in different treatment groups. C) Tumor volumes at the end of treatment in different treatment groups (n = 5). D)
Quantitative analysis of bioluminescence images at the end of treatment in different treatment groups (n = 5). E) Changes in mouse body weight during
treatment (n = 5). The data are presented as the mean ± SD. The p values were calculated using one-way analysis of variance (ANOVA), *p < 0.05,
**p < 0.01, and ***p < 0.001.
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Figure 7. Pathological sections and immune effect evaluation after in vivo treatment. A) H&E staining images of tumors in different treatment groups;
scale bar = 50 μm. B) TUNEL staining images of tumors in different treatment groups, Scale bar = 1000 μm. C) Scale bar = 50 μm). D) FCM analysis
and quantification G, H) of tumor-infiltrating CD8+ T cells (CD3+ CD8+) and CD4+ T cells (CD3+ CD4+) in different treatment groups (n = 3). E) FCM
analysis and quantification I) of tumor-infiltrating DC (CD80+ CD86+) in different treatment groups (n = 3). F) FCM analysis and quantification (J, K) of
CD8+ T cells (CD3+ CD8+) and CD4+ T cells (CD3+ CD4+) in the spleens of different treatment groups (n = 3). The data are presented as the mean ±
SD. The p values were calculated using two-tailed unpaired t-tests or one-way ANOVA, *p < 0.05, **p < 0.01, and ***p < 0.001.
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cells increasing from 0.78% to 6.11% and 6.38%, respectively
(Figure 7D,G,H, Figure S22, Supporting Information). The ac-
tivation of effector T-cell function is related to DC maturation.
Therefore, when targeting DC labeled with antibodies against
CD11c+, CD80+, and CD86+, FCM revealed a significant in-
crease in the percentage of mature DCs (CD80+ CD86+) in the
DNPs@CM+L and DNPs@CM+Alum+L groups compared to
that in the PBS group, increasing from 16% to 27.7% and 32%,
respectively (Figure 7E,I, Figure S23, Supporting Information).
The T cell content in the spleen was also studied. Compared to
those in the PBS group, the numbers of CD8+ and CD4+ T cells in
the DNPs@CM+L and DNPs@CM+Alum+L groups increased
(Figure 7F,J,K, Figure S24, Supporting Information). These re-
sults demonstrate that in mice, PTT and PDT induced by DNPs
via 980 nm laser irradiation combined with the immune adjuvant
alum can induce DC maturation, further promoting the activa-
tion of effector T cells. This synergistic effect of phototherapy and
immunotherapy plays a therapeutic role in cervical cancer treat-
ment. To further validate the biocompatibility of DNPs in animal
treatment, all mice were dissected after the termination of treat-
ment. Important organs, such as the heart, liver, spleen, lungs,
and kidneys, were collected for H&E staining, and blood samples
were taken for complete blood analysis and liver and kidney func-
tion and biochemical analysis. No abnormalities were detected
(Figures S25 and S26, Supporting Information), indicating that
the use of DNPs as the main material for animal treatment is safe
and has no significant adverse effects on the overall health of the
mice.

2.7. Antitumor Metastasis of DNPs-Based Photoimmunotherapy

ICD can induce the activation of memory T cells, thereby in-
hibiting the growth of metastatic tumors.[38] To further investi-
gate the inhibitory effect of DNPs-based phototherapy combined
with alum on metastatic tumors, we simulated the clinical pro-
cess by constructing an in situ cervical cancer and cervical can-
cer intraperitoneal metastasis model (Figure 8A). The mice were
treated on the 1st and 5th days, and on the 14th day, they were eu-
thanized for observation of the growth of primary and metastatic
tumors. Due to the occurrence of ascites caused by intraperi-
toneal metastases, changes in ascite volume were also observed.
In the PBS group, large cervical local tumors were observed to
grow toward the uterus, accompanied by numerous intraperi-
toneal metastatic lesions (dense metastatic lesions visible in the
mesentery) and large metastatic lesions (the lower edge of the
liver), along with significant bloody ascites. Compared to the PBS
group, the DNPs@CM+Alum+L group showed fewer intraperi-
toneal metastatic lesions and fewer ascites while eliminating cer-
vical cancer lesions (Figure 8B,E). The inhibition of metastatic
tumors is related to the continuous induction of ICD by pho-
totherapy combined with adjuvants, which leads to the activation
of memory T cells and the triggering of immune memory and
more sustained protection.[39] On day 14 of treatment, the num-
bers of effector memory T cells (Tems, CD44+ CD62L−) and cen-
tral memory T cells (Tcms, CD44+ CD62L+) in the spleen were
analyzed. The proportions of CD44+ CD62L− T cells and CD44+

CD62+ T cells in the DNPs@CM+Alum+L group were greater
than those in the PBS group (Figure 8C,F,G; Figure S27, Sup-

porting Information). An increase in CD44+ cell expression was
also observed in CD8+ T cells in tumor tissues (Figure 8D,H;
Figure S28, Supporting Information). These results indicate that
the immune memory induced by DNPs@CM+Alum+L is the
strongest, thus exerting a certain degree of inhibitory effect on
intraperitoneal metastasis and ascites production. The above re-
sults confirmed that the DNPs induced PTT and PDT effects in
vivo under 980 nm laser excitation. In combination with alum,
they can induce persistent ICD, exhibit synergistic antitumor
therapeutic effects, promote immune memory, enhance systemic
antitumor immune responses, and inhibit the growth of in-
traperitoneal metastatic tumors.

3. Conclusion

In summary, we developed a novel A-D-A small molecule, DTPC-
N2F, which can be excited by long-wavelength NIR light and pos-
sesses a high molar extinction coefficient. Its unique molecular
structure endows it with a narrow bandgap and excellent ISC
capability. Using nanoprecipitation strategy, DTPC-N2F was en-
capsulated in DSPE-PEG5000 nanoparticles to form DNPs, re-
sulting in a noticeable redshift in the light absorption spectrum.
Under 980 nm laser excitation, DNPs achieved deep tissue pen-
etration and demonstrated high photothermal conversion effi-
ciency (𝜂 = 67.94%), excellent PTT, type I and type II PDT func-
tions (facilitating 1O2, ·O2

− and ·OH generation), along with good
biocompatibility. In vitro experiments demonstrated that pho-
totherapy induced changes in the mitochondrial membrane po-
tential, DNA damage, and apoptotic markers expression, pro-
moting cell apoptosis. To enhance the orthotopic cervical cancer-
targeting ability, we extracted tumor cell membranes for encap-
sulating DNPs to form DNPs@CM. Given its unique physiolog-
ical characteristics, we proposed a noninvasive therapy strategy
for cervical cancer coupling A-D-A nanoaggregates with optical
fiber intervention technology. Its effectiveness has been proved
in an orthotopic cervical cancer animal model, offering new in-
sights for clinical early-stage cervical cancer treatment. Cancer
metastasis is the leading cause of cancer-related deaths. In com-
bination with clinical aluminum adjuvant gel, a novel photoim-
munotherapy strategy for cervical cancer was developed, leverag-
ing efficient phototherapy-induced immunogenic cell death and
immune adjuvants to construct an in-situ tumor vaccine. This
approach activates the body’s anti-tumor immune response, in-
cluding promoting the maturation of DC and stimulating the
differentiation of memory T cells, effectively suppressing cervi-
cal cancer metastasis. Its effectiveness has been proved in an in-
traperitoneal metastasis animal model. The noninvasive therapy
strategy, which combines A-D-A structured nanoaggregates and
aluminum adjuvant gel with optical fiber intervention technol-
ogy, demonstrates high efficiency, safety, and convenience. This
approach provides new insights for treating both early-stage and
advanced cervical cancer clinically.

4. Experimental Section
Synthesis of DTPC-N2F: DTPC-N2F-CHO (138 mg, 0.1 mmol) and

2-(6,7-difluoro-3-oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-ylidene)
malononitrile (68 mg, 0.24 mmol) were dissolved in toluene (10 mL).
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Figure 8. Analysis of immune memory and suppression of intraperitoneal metastases. A) Schematic diagram illustrating the construction of intraperi-
toneal metastases and in vivo treatment. B) Analysis of the suppression of intraperitoneal metastasis and ascites volume after treatment of cervical
tumors, with statistical analysis of ascites volume E). C) FCM analysis and quantification F, G) of memory cells in the spleen (CD3+ CD8+ CD44+

CD62L− and CD3+ CD8+ CD44+ CD62L+) (n = 3). D) FCM analysis and quantification H) of tumor-infiltrating memory T cells (CD3+ CD8+ CD44+)
(n = 3). The data are presented as the mean ± SD. The p values were calculated using two-tailed unpaired t-tests or one-way ANOVA, *p < 0.05,
**p < 0.01, and ***p < 0.001.

BF3∙OEt2 (0.3 mL) and acetic anhydride (0.3 mL) were added, and
the reaction mixture was stirred at room temperature for 15 min.
Then, the reaction mixture was added dropwise to methanol with
stirring. The precipitate was purified by chloroform on silica gel to
yield a brown solid as the desired product DTPC-N2F (152 mg, 80%
yield).

Synthesis of DNPs: Preparation of DNPs through
nanoprecipitation:[40] First, DTPC-N2F (0.5 mg) and DSPE-PEG 5000
(20 mg) were each dissolved in 1 mL of THF, and after sonication for
uniform mixing, the mixture was rapidly added to 10 mL of THF solution
(THF to water ratio of 1:9) and sonicated for 20 min in a water bath. The
solution was then left on a shaker overnight to allow the THF to evaporate.
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The solution was filtered through a 0.45 μm pore filter, followed by three
rounds of centrifugal ultrafiltration using a Millipore filter to remove
THF and impurities, and the supernatant was collected. The resultant
DNPs formed a brown‒red liquid. The concentration of the samples
was remeasured according to the standard curve to confirm the actual
content.

Extraction of the Tumor Cell Membrane and Preparation of DNPs@CM:
U14 cells were cultured in a 10 cm dish until they reached a confluence of
greater than 80%. After digestion and centrifugation, the cells were resus-
pended in 1 ml of PBS and stored on ice for 20 min. Subsequently, the cells
were subjected to multiple freeze ‒ thaw cycles—freezing in liquid nitro-
gen followed by thawing in a 37 °C water bath—3‒5 times. The resulting
cell suspension was centrifuged at 1000 rpm for 3 min to remove the pre-
cipitate and retain the supernatant. The supernatant was then centrifuged
at 18 000 rpm for 60 min, and the supernatant was discarded while the pre-
cipitate, representing the cell membrane, was resuspended in 0.5 mL of
distilled water. The protein content was quantified using a standard curve,
and the cell membrane was mixed with DNPs at a 1:1 ratio. The mixture
was sonicated for 10 min in an ultrasonic water bath to encapsulate the
tumor cell membrane and obtain DNPs@CM.

Animal Study: This study utilized female BALB/c mice aged 6–8 weeks
and weighing 15–18 grams. All animal experiments were approved by the
Animal Ethics Committee of Tianjin University (Tianjin, China) under ap-
proval number TJUE-2024-315 and were conducted in accordance with the
Tianjin University Guidelines for the Care and Use of Laboratory Animals.
The mice were housed under standard specific pathogen-free conditions
with ad libitum access to food and water. The environmental conditions
were maintained at a temperature of 23–26 °C, humidity of 40%–60%, and
a 12-h light/dark cycle, with 3–4 mice per cage. At the conclusion of the
study, euthanasia was performed by cervical dislocation following inhala-
tion anesthesia.

Antitumor Therapy Efficacy: After establishing the orthotopic cervical
cancer mouse model, the growth of cervical tumors was monitored us-
ing a small animal live imaging system. The maximum tumor volume was
set to 1500 mm−3 for this experiment. Mice were anesthetized with isoflu-
rane, and each mouse received an intraperitoneal injection of D-luciferin
potassium salt (100 μL, 10 mg mL−1). The bioluminescence intensity of
the tumors was examined. Treatment was initiated on the 7th day after
tumor cell inoculation (Day 1), and the mice were randomly divided into
six groups (n = 5): PBS, PBS+L, DNPs@CM, Alum, DNPs@CM+L, and
DNPs@CM+Alum+L. The dose of DNPs was 1 mg k−1g, and the dose
of alum was 5 mg k−1g, with a total volume of 100 μL per group. Intratu-
moral injection was performed for orthotopic cervical cancer tumors. Two
hours after drug injection, the method of transvaginal intervention using
a 980 nm laser with a power of 0.6 W cm−2 to irradiate the tumor for 4 min
as a therapeutic treatment. Repeated treatments were administered on the
5th day. During the treatment period, tumor growth was monitored based
on bioluminescence using a small animal imaging system, and mouse
weights were recorded every two days. Bioluminescent images on the 10th
day of treatment were analyzed using Living Image software. On the 10th
day of treatment, the mice were euthanized, and their reproductive sys-
tems were dissected for measurement of cervical tumor size and analy-
sis. Hematoxylin and eosin (H&E) staining and Terminal deoxynucleotidyl
transferase dUTP Nick End Labeling (TUNEL) staining were performed on
the tumors.

Evaluation of the Immune Response In Vivo: On the 10th day posttreat-
ment, the mice were euthanized, and the tumor tissues were dissected for
analysis of the T-cell and DC contents via FCM. Additionally, the spleen
was excised to measure the T-cell content. The experimental procedure
was briefly described as follows: Excised tumors were enzymatically di-
gested using DNase I and type IV collagenase for 1 h and filtered through
a 70 μm filter, and single-cell suspensions were prepared using red blood
cell lysis buffer. The collected DCs and T cells were stained with fluores-
cently labeled monoclonal antibodies (against CD45, CD3, CD4, CD8a,
CD11c, CD80, and CD86) at 4 °C, followed by FCM. The excised spleen
was directly processed into single-cell suspensions using red blood cell ly-
sis buffer, and the collected T cells were stained with fluorescently labeled
monoclonal antibodies at 4 °C for FCM.

Intraperitoneal Metastasis Model Construction, Treatment Efficacy, and
Immunological Evaluation: To simulate the clinical behavior of cervical
cancer, after establishing the orthotopic cervical cancer mouse model as
described above, intraperitoneal tumor seeding was performed 6 days
after the inoculation of tumor cells. Mice were first anesthetized with
isoflurane, and the abdomen was disinfected using alcohol swabs. A
1 ml of PBS solution containing 1.5 × 106 U14-LUC cells was injected
into the peritoneal cavity. On the 7th day (day 1 of treatment), the mice
were randomly divided into three groups (n = 3): PBS, DNPs@CM+L,
DNPs@CM+Alum+L. Drugs were injected into the cervical tumor at a
dose of 1 mg k−1g and an alum dosage of 5 mg k−1g, totaling 100 μL
per group. Two hours after drug injection, the tumors were irradiated with
a 980 nm laser for 4 min at a power of 0.6 W cm−2 on days 1 and 5 of
treatment. Abdominal distension of the mice was observed during the
treatment period. On day 14 of treatment, the mice were euthanized, and
the reproductive system and abdominal cavity of the mice were dissected.
Peritoneal fluid was collected and measured, and the presence of tumor
metastasis on abdominal organs and peritoneal surfaces was observed.
Tumors and spleens were collected for FCM of memory T cells and stained
with the fluorescently labeled monoclonal antibodies CD44 and CD62L.

Statistical Analysis: The experiments described above were repeated
three times. The sample sizes were presented in the figures and tables.
The data were expressed as the mean ± standard deviation. Two-group
comparisons were conducted using the t-test, while a one-way analysis
of variance (ANOVA) was used for comparisons among multiple groups.
GraphPad Prism 9 and Origin software were used for data analysis and
graphical presentation. Statistical significance was defined as p < 0.05.
Asterisks (*) denote significance levels as follows: *p < 0.05, **p < 0.01,
and ***p < 0.001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
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