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The clinical application of photodynamic therapy (PDT) is usually limited by the low penetration depth
of light and the hypoxic condition of tumor microenvironment. Therefore, it is urgent to develop
a drug system that can activate photosensitizers (PSs) in deeply seated tumors and spontaneously
generate O, to enhance the efficacy of PDT. Herein, we design a liquid polyethylene glycol (PEG)
200 (PEGygp)-based drug depot containing calcium peroxide (CaO,) nanoparticles, bis[2,4,5-trichloro-6-
(pentyloxycarbonyl)phenyl]oxalate (CPPO, a high-energy compound), and chlorin e6 (Ce6, a PS) for achiev-
ing 0,/H,0,; self-supplied chemiexcited (light irradiation-free) PDT and immunotherapy. By injecting the
drug depot into the tumor, CaO, can react with water to produce H,0,, which can activate CPPO to
generate chemical energy, further stimulating Ce6 to produce '0,. Meanwhile, CaO, can also generate
0, to enhance PDT. Besides, CaO, can neutralize the acidic tumor microenvironment by the formation
of Ca(OH),, cause calcium overload in tumor cells, and lead to tumor calcification. Further experiments
show that CaO,, CPPO, and Ce6 can cause mitochondrial damage, trigger immunogenic cell death, and
significantly improve the therapeutic effect of programmed death-1 (PD-1) monoclonal antibody. This
work highlights the application potential of the rational combination of CaO,, CPPO, and Ce6 for realizing

light irradiation-free PDT and immunotherapy.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Cancer, as one of the most threatening diseases, kills millions
of people every year [1]. Photodynamic therapy (PDT) has received
widespread attention in recent years as a promising cancer treat-
ment modality [2,3]. In most cases, PDT uses light to activate pho-
tosensitizers (PSs), producing reactive oxygen species (ROS) in the
presence of oxygen (O,), causing damage to cells, and inducing
cell apoptosis [4,5]. Some studies have also revealed that PDT can
lead to immunogenic cell death (ICD), and have combined PDT
with immune checkpoint blockade (ICB) therapy to achieve bet-
ter immunotherapeutic efficacy [6-10]. Compared with traditional
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chemotherapy and radiotherapy, PDT has gained popularity due to
its better safety, controllability, and less invasiveness [11-13].
However, several critical issues still exist, which greatly hinder
the wider clinical use of PDT [14-16]. First, most conventional PSs
lack good water solubility [4]. Second, owing to the dysfunctional
angiogenesis and abnormal proliferation of tumor cells, the mi-
croenvironment of solid tumor exhibits the hypoxic characteristic
[17-19]. Since most PDT systems require O, consumption, the hy-
poxic condition in tumor microenvironment (TME) greatly weakens
the therapeutic effect of PDT [11,20-25]. Third, the ROS produced
by PDT usually have a narrow diffusion radius and a short lifetime
[26], which may compromise the effectiveness of PDT. Finally, dif-
ferent tissues have different laser absorption, transmission, scatter-
ing, and reflection properties, which will limit the depth of light
penetration [4,27]. In another word, most existing PDT systems are
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only effective for superficial tumors, but fail to treat deeply seated
tumors [28]. Thus, developing a type of PDT that can effectively
overcome the above-mentioned issue is highly required.

To solve the problem of insufficient light penetration depth, the
use of chemical energy instead of light excitation to trigger PDT
has been proposed as an optional solution [29-31]. The chemi-
cal energy produced by the reaction between a high-energy com-
pound, such as peroxyoxalate derivative, and hydrogen peroxide
(H,05) can replace light excitation to stimulate PSs. Therefore, PSs
can generate ROS in situ without external light excitation [32-34].
Yu et al. designed a biomimetic nanoreactor composed of can-
cer cell membrane-coated hollow mesoporous silica nanoparticles
(HMSNSs), whose surface was modified with glucose oxidase and
the PS chlorin e6 (Ce6), and whose inner cavity was loaded with
bis[2,4,5-trichloro-6-(pentyloxycarbonyl)phenyl]oxalate (CPPO) and
perfluorohexane, to achieve chemiexcited photodynamic-starvation
therapy [29]. Nevertheless, such chemiexcited PDT requires ade-
quate H,0, and O, [35,36]; however, in the tumor region, the con-
tents of these two substances are usually not high enough to trig-
ger the chemiexcited PDT, which requires the development of new
strategies to overcome this dilemma [37-39].

Calcium peroxide (CaO,) has been recently valued by re-
searchers for its simple synthesis, good biocompatibility, and ex-
cellent potential for tumor treatment [40-42]. Ca0O, can react with
water to produce O,, H,0,, and calcium hydroxide [43]. Decreas-
ing pH can accelerate the O, and H,0, release rates, increase the
H,0, yield, and decrease the O, yield. The produced calcium hy-
droxide can relieve the acidic TME [44,45]. As a result, CaO, has
the potential to enhance PDT [46,47]. The rapid release of Ca2* un-
der TME has been proven to cause calcium overload and calcifica-
tion, causing damage to tumor cells [48-52]. Some studies have
found that calcium overload can induce ICD, and Ca%* helps to
promote dendritic cell (DC) maturation and activate M1 polariza-
tion of tumor-associated macrophages (TAMs) [53-55]. However,
the instability of CaO, in water greatly limits its biological appli-
cation [56]. Hyaluronic acid (HA), sodium hyaluronate, and tannic
acid are usually applied for the surface modification of CaO, to im-
prove its stability [41]. For example, after the addition of HA during
the preparation, the obtained Ca0O, can remain stable in the phys-
iological media, and can only be degraded in the acidic TME [57].
Besides, it is valuable to find a suitable reagent that can stabilize
Ca0, and combine it with other drugs to continuously exert ther-
apeutic effects after being injected into the tumor.

Herein, we prepare a polyethylene glycol 200 (PEG,gq)-based
drug depot that contains CaO, nanoparticles, CPPO, and Ce6 to
achieve 0,/H,0, self-supplied light irradiation-free PDT and im-
munotherapy. After the dispersion of the three components (CaO,
nanoparticles, CPPO, and Ce6) in water-free liquid PEG,gq (Scheme
1a), Ca0, nanoparticles can be prevented from premature decom-
position. After being injected into the tumor, CaO, reacts with
water to generate O, and H,0, continuously. H,0, drives CPPO
to produce chemical energy, which excites Ce6, and realizes en-
hanced PDT with sufficient O, supply (Scheme 1b), causing po-
tent ICD induction and contributing to efficient anticancer immu-
nity activation. Moreover, the reaction of CaO, with water can
also lead to calcium overload, which helps the maturation of
antigen-presenting cells (especially DCs), further boosting the anti-
cancer immune response. Last but not least, we also use the anti-
programmed death-1 (anti-PD-1) antibody to realize ICB therapy
for achieving a better immunotherapeutic effect (Scheme 1c).

A series of experiments were carried out to verify the success-
ful synthesis of CaO, nanoparticles. First, according to the trans-
mission electron microscopy (TEM) image and corresponding sta-
tistical histogram, the obtained CaO, nanoparticles are irregular
spheres with an average diameter of 42.0 +8.2 nm (Figs. 1a and b).
The results of dynamic light scattering showed that CaO, nanopar-
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Scheme 1. Schematic illustrating (a) the fabrication of CaO,/CPPO/Ce6-containing
PEGyqo solution and (b, c) its application for O,/H,0, self-supplied chemiexcited
PDT and immunotherapy. The anti-PD-1 treatment was also employed for realiz-
ing ICB therapy. CET: chemical energy transfer; CL: chemiluminescence; ET: energy
transfer; EX: excitation; ISC: intersystem crossing; So: ground singlet state; S;: ex-
cited singlet state; T;: excited triple state.
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Fig. 1. (a) TEM image and (b) corresponding size distribution histogram of CaO,
nanoparticles (dispersed in ethanol for characterization). (¢) Hydrodynamic diam-
eter of CaO, nanoparticles (dispersed in ethanol for characterization). (d) Photo-
graph of KMnOy, solutions treated separately with different concentrations of CaO,.
(e) Generated H,0, concentrations of CaO, in buffer solutions of different pH val-
ues for a duration of 60 min. (f) Time-dependent fluorescence intensity changes of
SOSG in the “CPPO + Ce6” and “Ca0, + CPPO + Ce6” suspensions (solvent: PBS), re-
spectively.

ticles have a hydrodynamic size of 61.0+15.6 nm with a polydis-
persity index (PDI) of 0.202 (Fig. 1c). The hydrodynamic diame-
ters and PDIs of CaO, nanoparticles in ethanol showed no obvious
changes after storage for different time periods (Fig. S1 in Sup-
porting information). The powder X-ray diffraction result of the
nanoparticles displays the typical peaks of CaO, (Fig. S2 in Sup-
porting information). Potassium permanganate (KMnO4) was used
to verify the formation of H,O, from CaO, nanoparticles. KMnOg4
is a strong oxidant. When reacting with H,0,, the KMnO,4 so-
lution will change from purple to colorless [58]. With the in-
crease of the concentration of CaO, nanoparticles, the KMnO,4 solu-
tion gradually turned from purple to colorless (Fig. 1d), indicating
that the synthesized CaO, nanoparticles can produce H,0,. Fur-
thermore, we measured the amount of H,0, generated by CaO,
nanoparticles in phosphate-buffered saline (PBS) solutions of dif-
ferent pH values. As shown in Fig. 1e, CaO, nanoparticles could
generate H,0, in different buffers with a pH value of 6.5 or 7.4,
and more H,0, was generated under an acidic condition (pH 6.5).
Finally, the Singlet Oxygen Sensor Green (SOSG) indicator was ap-
plied to demonstrate the singlet oxygen (10,) generation from PDT
triggered by “CPPO+ Ce6” or “CaO,+ CPPO+Ce6” without light
(Fig. 1f). The “CPPO+Ce6” group produced negligible 10,, while
the “Ca0O, + CPPO + Ce6” group generated a noticeable amount of
10,, proving that CaO, nanoparticles are able to trigger chemiex-
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cited PDT. Besides, the fluorescence intensity of the “Ca0,” group
slightly increased in 10min (Fig. S3 in Supporting information),
which may be caused by the H,0, generated by Ca0O,, and such a
result did not affect the conclusion that the combination of Ca0,,
CPPO, and Ce6 can achieve chemiexcited PDT.

As mentioned above, CaO, reacts with water to generate
H,0,, O,, and Ca(OH),, and Ca(OH), can further react with H*
to produce Ca%*. Massive Ca%* causes calcium overload. Mean-
while, H,O0, and O, can assist CPPO and Ce6 to realize en-
hanced chemiexcited PDT and produce ROS. Both calcium over-
load and PDT are reported to damage mitochondria [4,54]. Thus,
we first measured intracellular Ca2t levels by Fluo-4 AM, a com-
mercial fluorescent probe for Ca2*. As shown in Fig. 2a, 4T1 cells
(a murine mammary carcinoma cell line) treated with CaO, or
“CPPO + Ce6 + Ca0,” exhibited strong green fluorescence, and ac-
cording to the results from flow cytometry, the CPPO/Ce6/Ca0,-
treated cells had the strongest green fluorescence (Fig. 2d), im-
plying that CaO, nanoparticles can lead to the accumulation of
intracellular Ca?t, which may also be promoted by PDT. 2/,7'-
Dichlorodiydrofluorescein diacetate (DCFH-DA) is an ROS probe
that can be hydrolyzed by intracellular esterases, and be oxi-
dized into 2’,7’-dichlorofluorescein (DCF) with green fluorescence
later. We applied DCFH-DA to investigate the intracellular ROS
level of 4T1 cells with different treatments. Figs. 2b and e re-
vealed that chemiexcited PDT caused by CPPO and Ce6 gener-
ated some ROS and the addition of CaO, resulted in the high-
est intracellular ROS level in the “CPPO + Ce6 + Ca0,” group, and
the results in Fig. S4 (Supporting information) also showed that
the “CPPO+ Ce6+ Ca0,” treatment led to the highest 10, level
in 4T1 cells. The cells treated with Ca0O, also had an increased
ROS level compared with the cells treated with culture medium
(Fig. 2e), which is due to the capacity of CaO, nanoparticles to
produce H,0, within the tumor cells. 5,5',6,6'-Tetrachloro-1,1",3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1) is a fluorescent
dye used to reflect changes in mitochondrial membrane poten-
tial. When mitochondria are damaged, the fluorescence of JC-1
monomer (green) increases and the fluorescence of JC-1 aggregate
(red) decreases. The flow cytometric results and confocal fluores-
cence images demonstrated that the combination of CaO,, CPPO,
and Ce6 can lead to the most severe mitochondrial dysfunction
(Figs. 2c and f).

We further investigated the cytotoxicity of different treat-
ments toward 4T1 cells via live/dead cell staining, apop-
tosis/necrosis assay, and MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide) assay. The live/dead staining as-
say (using calcein acetoxymethyl ester (calcein-AM) and propidium
iodide (PI)) revealed that the “CPPO + Ce6 + Ca0,” treatment dis-
played the strongest cell toxicity (Fig. S5 in Supporting informa-
tion). The flow cytometry-based apoptosis/necrosis assay revealed
that the “Ca0O, + CPPO + Ce6” treatment induced a high late apop-
tosis rate (~94%) of the cells (Fig. S6 in Supporting information).
The results of MTT assay indicated that CPPO showed almost no
toxicity to the cells and neither Ce6 alone nor “CPPO + Ce6” could
effectively kill the cells (Fig. 2g). The combination of CPPO and
H,0, did not significantly increase cytotoxicity compared with the
treatment of H,0, alone (Fig. S7 in Supporting information), indi-
cating that the chemical energy produced by CPPO and H,0, can-
not cause severe cell death. Nevertheless, Fig. 2h indicated that
Ca0, had good cytotoxicity and exhibited higher toxicity in the
presence of CPPO and Ce6 by triggering chemiexcited PDT. In ad-
dition, compared with 4T1 cells, L929 cells (a mouse fibroblast
cell line) showed higher viabilities after treatment with the same
drug (CPPO + Ce6 + Ca0,) concentrations (Fig. S8 in Supporting in-
formation), indicating that the combination of CaO,, CPPO, and Ce6
could effectively kill tumor cells while having a lower toxic effect
on normal cells. ICD is a form of regulated cell death that is suffi-
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Fig. 2. (a, b) Confocal fluorescence images of the 4T1 cells that were stained with
(a) Fluo-4 AM (a Ca** fluorescent probe) or (b) DCFH-DA (an ROS probe) after dif-
ferent treatments. DCF shown in the figure is the fluorescent product of DCFH-DA,
and its emission intensity can reflect the content of cellular ROS. Scale bars: 50 pm.
(c) Confocal fluorescence images showing the mitochondrial membrane potential
changes of the 4T1 cells that were stained with JC-1 after various treatments. Scale
bar: 50 um. (d) Ca®* levels in the 4T1 cells (measured by flow cytometry) after
different treatments. (e) ROS levels in the 4T1 cells (measured by flow cytometry)
after different treatments. (f) JC-1 aggregate/monomer fluorescence ratios indicating
the mitochondrial membrane potential changes of the 4T1 cells (measured by flow
cytometry) after different treatments. (g) Relative viabilities of the 4T1 cells treated
with different concentrations (based on CPPO or Ce6) of CPPO and/or Ce6. The mo-
lar ratio of CPPO to Ce6 was 1:1. (h) Relative viabilities of the 4T1 cells treated with
different concentrations of CaO, with or without “CPPO + Ce6”. The concentration
of CPPO (or Ce6) was 4 pmol/L. (i) Intracellular ATP levels in the 4T1 cells after
different treatments. (j, k) Immunofluorescence staining results of (j) HMGB1 and
(k) CRT in the 4T1 cells after various treatments. The cell nuclei were stained blue
by Hoechst 33342 (Hoechst). The green fluorescence in (j) indicates the presence
of HMGB1. The green fluorescence in (k) indicates the presence of CRT. Scale bars:
50m. All the statistical data are presented as mean =+ standard deviation (SD)
(n=3). Statistical significance in (d-g, i) was calculated via one-way ANOVA with
a Tukey’s post-hoc test. Statistical significance in (h) was calculated via two-tailed
Student’s t-test. *P <0.05, **P < 0.01, ***P <0.001, ****P < 0.0001. ns: nonsignificant
difference.

cient to activate an adaptive immune response in immunocompe-
tent syngeneic hosts [59]. Adenosine triphosphate (ATP), high mo-
bility group box 1 (HMGB1), and calreticulin (CRT) are the three
common damage-associated molecular patterns released or ex-
posed during ICD [60-62]. Fig. 2i showed that the ATP level in the
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4T1 cells after “CPPO + Ce6 + Ca0,” treatment was lower than that
in other groups. The relative HMGB1 level secreted from the 4T1
cells after “CPPO + Ce6 + CaO,” treatment was higher than that in
other groups, as demonstrated by the enzyme-linked immunosor-
bent assay result (Fig. S9 in Supporting information). Immunofluo-
rescence staining results also revealed that the content of intra-
cellular HMGB1 was downregulated and CRT expression on the
plasma membrane was upregulated (Figs. 2j and k, Fig. S10 in Sup-
porting information), which proved that the “CPPO + Ce6 + Ca0,”
treatment could cause ICD of the 4T1 cells.

Two different tumor models were used to evaluate the in vivo
anticancer efficacy of different treatments (Fig. S11 in Support-
ing information), and all the animal experiments were carried
out in compliance with the Animal Ethics Committee of South-
east University (approval No. 20220913002) and the Regulations
for the Administration of Affairs Concerning Experimental Animals
of China. In the first tumor model, the 4T1 tumor-bearing BALB/c
mice were separately treated with PBS (the control group), PEG,q0,
Ca0, (dispersed in PEG,qg), CPPO + Ce6 (dispersed in PEGyqg), and
Ca0, + CPPO + Ceb6 (dispersed in PEG,qg) via intratumoral (i.t.) ad-
ministration. The tumor volumes and body weights of the mice
were monitored during the whole treatment period of 20 days. In
the second tumor model, we treated B16F10 (a murine melanoma
cell line) tumor-bearing C57BL/6 mice with PBS (the control group)
or Ca0, + CPPO + Ce6 (dispersed in PEG,qg) via i.t. administration,
and a part of the mice were also treated with anti-PD-1 by in-
traperitoneal (i.p.) injection. The tumor volumes, body weights,
and survival time of the mice were recorded. As presented in Fig.
S12 (Supporting information), after being injected into tumors, the
drug depot remained in the tumor areas for at least 3 days and al-
most disappeared at 7 d, which indicated that the drug depot can
achieve long-term cancer treatment. Fig. 3a showed that only the
“Ca0, + CPPO + Ce6” treatment exerted a notable inhibitory effect
on the growth of 4T1 tumors. The body weights of the mice had
no obvious difference among all the different groups (Fig. S13 in
Supporting information), indicating the good biosafety of our treat-
ment. Moreover, the “CaO, + CPPO + Ce6” treatment greatly im-
proved the therapeutic effect of anti-PD-1 in B16F10 tumor-bearing
C57BL/6 mice (Fig. 3b and Fig. S14 in Supporting information) and
the “CaO, + CPPO + Ce6 + anti-PD-1" treatment extended the sur-
vival time of mice (Fig. S15 in Supporting information). The body
weights of the B16F10 tumor-bearing C57BL/6 mice after different
treatments also showed no obvious difference (Fig. S16 in Support-
ing information). To further confirm the therapeutic outcomes of
different treatments, terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) and Ki-67 staining as-
says were conducted for the B16F10 tumor tissues to evaluate the
apoptosis and proliferation of tumor cells, respectively (Fig. 3c).
In the TUNEL staining results, the “Ca0, + CPPO + Ce6 + anti-PD-1"-
treated group showed obvious non-blue areas, indicating that such
treatment caused the most significant tumor cell apoptosis. More-
over, the “CaO, + CPPO + Ce6 + anti-PD-1"-treated group showed
almost no brown areas in the Ki-67 staining results, which sug-
gested that such treatment led to significant proliferation inhibi-
tion of tumor cells. The calcified area (marked by the green dashed
box) in the Alizarin Bordeaux staining results in Fig. 3c also ex-
hibited that the “CaO, + CPPO + Ce6 + anti-PD-1" treatment caused
tumor calcification. Collectively, the above results confirmed that
the “CaO, +CPPO +Ce6” treatment can effectively inhibit tumor
growth and achieve a better therapeutic effect combined with anti-
PD-1.

Since the “Ca0, + CPPO + Ce6” treatment was proven to cause
ICD in in vitro experiments, we further evaluated their poten-
tial immunostimulatory effect on B16F10 tumor-bearing C57BL/6
mice. Various immunocytes in tumor tissues, tumor-draining
lymph nodes (TDLNs), and spleens were assessed. We first con-
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Fig. 3. (a) Average tumor growth curves of the 4T1 tumor-bearing BALB/c mice af-
ter different treatments. (b) Average tumor growth curves of the B16F10 tumor-
bearing C57BL/6 mice after different treatments. Data are presented as mean + SD
(n=5 mice per group). Statistical significance in (a, b) was calculated via one-way
ANOVA with a Tukey’s post-hoc test. (c) TUNEL assay, Ki-67 assay, and Alizarin Bor-
deaux staining results of the B16F10 tumor regions of different groups. The green
dashed region indicates the calcified area. Scale bar: 100 wm. (d-f) Representa-
tive flow cytometric plots of (d) CD80*CD86* DCs in TDLNs, (e) F4/80*CD11c*
macrophages in tumors, and (f) CD3+*CD4* T cells and CD3*CD8* T cells in
TDLNs collected from B16F10 tumor-bearing C57BL/6 mice 2 d after different treat-
ments. (g-i) Relative quantification results of (g) CD80*CD86* DCs in TDLNSs, (h)
F4/80*CD11c™ macrophages in tumors, (i) CD3+CD8* T cells in TDLNs collected
from B16F10 tumor-bearing C57BL/6 mice 2 d after different treatments. Data are
presented as mean + SD (n=3 mice per group). Statistical significance in (g-i) was
calculated via one-way ANOVA with a Tukey’s post-hoc test. *P <0.05, **P <0.01,
P <0.001, ****P <0.0001.

firmed that the intratumoral injection of PEG,po had a negligi-
ble effect on tumor-infiltrating T lymphocytes (including CD4+
T cells, CD8* T cells, and regulatory T cells) (Fig. S17 in Sup-
porting information). Next, the flow cytometric results demon-
strated that the proportion of mature DCs in the tumors was in-
creased in the “CaO, + CPPO + Ce6” and “CaO, + CPPO + Ce6 + anti-
PD-1" groups compared with that in the control group (Figs.
S18a and d in Supporting information), and the proportion of
mature DCs in the TDLNs was also markedly increased in the
“Ca0, + CPPO +Ce6” and “CaO, + CPPO + Ce6 + anti-PD-1" groups
compared with that in other groups (Figs. 3d and g), confirming
that the “CaO, +CPPO +Ce6” and “CaO, + CPPO + Ce6 + anti-PD-
1”7 treatments can cause tumor cells to release tumor-associated
antigens, which were taken up by DCs and promoted the even-
tual maturation of DCs in TDLNs. Besides, the proportions of
M1 macrophages in the tumors, TDLNs, and spleens of the
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“Ca0, + CPPO + Ce6 + anti-PD-1" group all increased remarkably
compared with those of the control group (Figs. 3e and h, Figs. S19
and S20 in Supporting information), while the proportions of M2
macrophages in the tumors after different treatments showed no
significant difference compared with that in the tumors of the con-
trol group (Fig. S21 in Supporting information), which suggested
that “Ca0O, + CPPO + Ce6 + anti-PD-1" was able to promote the M1
polarization of TAMs. Mature DCs can present tumor-associated
antigens to naive T cells in lymph nodes, where the naive T cells
can be activated into cytotoxic T lymphocytes (CD8* T cells) with
effective tumor killing ability. M1 macrophages can present anti-
gens to CD4* T cells, activating them to secrete cytokines and
assist in immune response. Although the proportions of CD4+ T
cells, CD8* T cells, and regulatory T cells in the tumors after dif-
ferent treatments did not show significant changes compared to
those in the tumors of the control group (Figs. S18b, ¢ and e-
g in Supporting information), the flow cytometric results shown
in Figs. 3f and i revealed the increase of CD4" T cells in the
TDLNs from the mice treated with “CaO, + CPPO + Ce6 + anti-PD-
1” and the increase of CD8* T cells in the TDLNs from the mice
treated with “Ca0, + CPPO + Ce6” or “Ca0O, + CPPO + Ce6 + anti-PD-
1” compared with those in the control group, verifying that
the “Ca0, + CPPO + Ce6 + anti-PD-1" treatment can activate T cells.
Collectively, the *“CaO, + CPPO + Ce6 +anti-PD-1" treatment can
cause the release of tumor-associated antigens for uptake by DCs
and TAMs, promoting the maturation of DCs and the M1 polariza-
tion of TAMs. Then DCs can present tumor-associated antigens to
naive T cells, and both DCs and M1 macrophages can activate CD8*
and CD4* T cells to achieve effective immune responses.

Finally, we evaluated the biosafety of the “CaO, + CPPO + Ce6”
treatment in vivo. First, the hematoxylin and eosin (H&E)-stained
slices of the main organs from the treated healthy mice showed
no significant distinction compared with those from the untreated
healthy mice (the control group) (Fig. S22a in Supporting infor-
mation), indicating that the treatment induced no obvious tissue
damage. In addition, the blood samples of the treated mice as
well as those of untreated healthy mice were collected 21 d af-
ter drug injection for blood routine and biochemical examinations.
The results also revealed no significant difference between the con-
trol group and the treated group (Figs. S22b and c in Support-
ing information), which proved the satisfactory biosafety of the
“Ca0, + CPPO + Ce6” treatment.

In summary, we constructed a CaO, nanoparticles-, CPPO-, and
Ce6-containing liquid PEG,g9-based drug depot, which achieved
the synergistic action of 0,/H,0, self-supplied light irradiation-
free PDT and immunotherapy. In this system, CaO, nanoparticles
could react with the water in the tumor tissue to generate O, and
H,0,. The generated H,0, could subsequently react with CPPO to
produce chemical energy, triggering Ce6 to generate ROS, while the
0, could further enhance PDT. Meanwhile, CaO, could also cause
an increase in the intracellular Ca%* level, leading to calcium over-
load and tumor calcification. The combination of CaO,, CPPO, and
Ce6 led to mitochondrial damage and exhibited strong cytotoxi-
city to the cancer cells. Furthermore, according to the detection
of three damage-associated molecular patterns (ATP, HMGB1, and
CRT), the “Ca0O, + CPPO + Ce6” treatment was proved to cause ICD,
thereby activating strong immune responses such as promoting DC
maturation, enhancing T cell activation, and enhancing M1 polar-
ization of macrophages. Two different tumor models (the 4T1 tu-
mor and the B16F10 tumor) were used to verify that the treatment
of “Ca0, + CPPO + Ce6” can effectively inhibit tumor growth, sig-
nificantly improve the therapeutic effect of anti-PD-1, and prolong
the survival time of mice. Finally, we also demonstrated the excel-
lent biosafety of the “CaO, + CPPO+Ce6” treatment. Overall, the
combination of Ca0,, CPPO, and Ce6 overcomes the drawbacks of
limited light penetration depth and insufficient oxygen supply in
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traditional PDT, and provides a promising strategy for developing
effective and safe PDT systems.
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