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Due to the inherent defects of photodynamic therapy (PDT), its application in the treatment of deep-tissue
metastatic tumors remains challenging. To extend the applicability of PDT, a novel chemiexcited
photosensitizer, Cy7-EOM, was developed by covalently coupling the photosensitizer Cy7 with
a peroxycatechol derivative and encapsulating it within folate-modified and disulfide-containing nano-
micelles. Upon targeted delivery and selective release, positively charged Cy7-EOM would target the
mitochondria and efficiently generate singlet oxygen (*O,) through intramolecular chemical energy
transfer (ICET), directly inducing mitochondrial damage and cell apoptosis, realizing an efficient PDT for
deep-tissue metastatic tumors. Remarkably, the covalent tethering of the photosensitizer to the
peroxyoxalate ensures their spatial proximity to within 1 hm. This configuration profoundly boosts the
efficiency of ICET, achieving potent PDT even at low endogenous levels of H,O,. Moreover, the tumor-

specific decomposition of the nano-micelles eliminates the quenching effect caused by aggregation and
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Accepted 25th December 2025 removes the diffusion barrier to “O,, while in normal tissues the integrity of the nano-micelles shields the
tissues against the lethal effects of 1O,. This method provides a new strategy for transforming adjuvant

DOI: 10.1039/d55c09043a photosensitizers into direct therapeutic drugs, with significant potential for clinical application in the
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Introduction

In cancer-related mortality, 90% is attributable to cancer
metastasis and its associated complications.'™ The expected
five-year survival rate for patients with metastatic tumors is
significantly lower than that of patients with a primary tumor.*>®
Currently, the clinical treatment of metastatic tumors relies
primarily on surgical removal followed by systemic chemo-
therapy, which are often associated with severe side effects and
limited therapeutic efficacy.”® Consequently, effective treatment
for deep-seated metastatic tumors remains a major challenge,
highlighting the urgent need for the development of novel and
more efficient therapeutic strategies and drugs for metastatic
tumors. PDT consists of three essential components: photo-
sensitizers, excitation light, and oxygen. This process activates
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photosensitizers through excitation light of specific wavelength,
leading to energy transfer that produces reactive oxygen species
(ROS).>™* Due to its non-invasive nature, high spatiotemporal
selectivity, low systemic toxicity, and favorable therapeutic
efficacy, PDT has been applied in clinical cancer treatments.">**
However, the limited tissue penetration by the excitation light
required by traditional photosensitizers restricts PDT to
superficial lesions or those accessible by endoscopy, such as
oral, skin, esophageal, gastric, and bladder cancers.** It is not
yet feasible to apply PDT to metastatic tumors in deep tissues.
Therefore, the development of novel strategies for in situ excited
PDT in deep tissues, as well as the expansion of its clinical
applications, is of critical importance and urgency.

Since no external light source is needed, chemical energy can
be produced in situ within tumor tissue and has been used to
construct chemiexcited PDT systems.®™ Among commonly
used substances, peroxycatechol derivatives are particularly
favored for chemiexcited PDT.?® However, a critical challenge in
this field is its low efficiency, which results primarily from the
nanoscale self-assembly strategies used to construct probes. As
we all know, the efficiency of energy transfer is critically
dependent on the proximity between the donor and the
acceptor.” In current research, photosensitizers and bis{3,4,6-
trichloro-2-[(pentyloxy)carbonyl]phenyl} oxalate (CPPO) are
typically assembled through non-covalent interactions to form
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(a) Synthesis route of Cy7-EOM. Schematic illustration of CL imaging and PDT based on ICET (b), and the detailed mechanism of the CIEEL

process (c). Preparation of Cy7-EOM NMs and Cy7-EOM SS NMs and GSH-triggered degradation of Cy7-EOM SS NMs (d), and details of the

ICET-based mitochondria targeted PDT against cancer metastasis (e).
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nanoscale probes, which then undergo PDT through intermo-
lecular energy transfer.”®*> However, this probe construction
strategy results in an uncontrollable and long distance between
the energy donor and acceptor, leading to low energy transfer
efficiency.***® Recently, several unimolecular designs have been
reported to improve ROS generation based on luminol
chemiluminescence.*”** However, these approaches failed to
address the aggregation caused quenching (ACQ) effect of
photosensitizers within the nanomaterials, which seriously
reduces ROS production efficiency.*** Even more critically, due
to the short lifetime of ROS and short diffusion distance, the
nanoscale assembly strategy significantly shields and impedes
the diffusion of ROS, leading to a significant loss of ROS.*>**

To address the aforementioned challenges, a covalent conju-
gate of Cy7 and peroxyoxalate was developed as a novel photo-
sensitizer drug (Cy7-EOM) through an esterification reaction of
the FDA-approved near-infrared photosensitizer Cy7 and the
organic compound ethyl chlorooxoacetate (EOM). Then Cy7-EOM
was encapsulated into folate-modified nano-micelles featuring
disulfide bonds via self-assembly (Cy7-EOM SS NMs). Upon tar-
geting metastatic tumors, Cy7-EOM SS NMs will consume the
high intracellular levels of reductive glutathione (GSH) and
degrade, releasing the photosensitizer Cy7-EOM, which would
specifically target mitochondria due to its positive charge. Under
conditions of high endogenous intracellular H,0,, Cy7-EOM can
be activated in situ via an ICET mechanism. It is noteworthy that,
compared to intermolecular energy transfer, the covalent
coupling of the energy donor with the acceptor significantly
reduces the distance to within 1 nm, enabling more efficient
energy transfer and ROS generation. The generated ROS will
directly induce mitochondrial dysfunction and subsequent
apoptosis of cancer cells. Furthermore, the specific decomposi-
tion of the nano-micelles in tumor tissue not only prevents the
occurrence of the ACQ phenomenon, but eliminates shielding
interference with ROS diffusion. Combined with GSH depletion,
the efficacy of PDT for deep-tissue metastatic tumors has been
synergistically enhanced. In normal tissue, the low redox levels
cannot activate the photosensitizer and the nano-micelles can
remain intact, which can effectively shield the diffusion of ROS
and protect normal tissue from oxidative damage. Thus, an effi-
cient and tumor-selective PDT was achieved for the treatment of
metastatic tumors. Compared with luminol chemiluminescence,
peroxyoxalate chemiluminescence possesses the advantages of
high sensitivity, high quantum efficiency and long luminescence
lifetime.*® As far as we know, this is the first peroxyoxalate-based
small-molecule photosensitizer with high efficiency, which can
effectively generate ROS under endogenous H,0, without
external stimulants or additional H,O,. The structure of Cy7-
EOM and the Cy7-EOM SS NMs and the details of ICET-based
mitochondria targeted PDT against cancer metastasis are illus-
trated in Fig. 1.

Results and discussion

Design, synthesis and characterization of the photosensitizer

We first designed and synthesized the ICET-based photosensi-
tizer Cy7-EOM, which consists of two components: (1)
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a peroxyoxalate group, which acts as the chemiluminescence
substrate, which can generate a high-energy intermediate, (i.e.
1,2-dioxetanedione) by interacting with H,0,, and 2) a Cy7
derivative, which serves as a photosensitizer to capture chem-
ical energy upon the deactivation of the unstable intermediate
for generation of '0,. The final product Cy7-EOM was obtained
by covalent coupling of EOM and hydroxylated Cy7 through an
esterification reaction. The synthetic route of Cy7-EOM and
mechanism of ICET-based PDT are illustrated in Fig. 1a and b.
The designed Cy7 and Cy7-EOM were successfully characterized
by nuclear magnetic resonance (NMR) and high resolution
mass spectrometry (HR-MS), respectively (Fig. S1-S6). Thus, the
designed photosensitizer could be activated specifically in
tumor tissue due to the high levels of intracellular H,O,,
through a chemically initiated electron exchange luminescence
(CIEEL) process (Fig. 1¢).*”* Whether the photosensitizer Cy7
could be excited by a 1,2-dioxetanedione intermediate was first
verified through theoretical calculation. The calculated results
showed that the HOMO of Cy7 (—3.50 eV) matched well with the
LUMO of 1,2-dioxetanedione (—3.20 eV), indicating its theoret-
ical feasibility (Fig. S7). The response mechanism of Cy7-EOM
to H,0, was further clarified using HR-MS (Fig. S8). The
chemical connection facilitates the proximity between the
donor peroxyoxalate and the acceptor Cy7, resulting in efficient
ICET and self-supplying 'O, without the requirement for an
external light source. To achieve targeted delivery and selective
release into cancer cells, Cy7-EOM was co-assembled with
a folate-modified and disulfide-containing amphiphilic diblock
copolymer  (DSPE-SS-PEG,g0 : DSPE-PEG,009-FA = 2:1),
yielding aqueous nano-micelles (Cy7-EOM SS NMs). As the
control group, nano-micelles without disulfide bonds (Cy7-EOM
NMs) were prepared via the same methods (DSPE-PEG;g0:
DSPE-PEG;409-FA = 2:1) (Fig. 1d). Previous research showed
that Cy7 containing Cl atoms can attach themselves to serum
albumin, resulting in a change in photochemical properties and
even fluorescence quenching. Therefore, in this design, nano-
micelles also serve as a protective barrier during circulation
before the targeted release of Cy7-EOM in cancer cells.***” As
shown in the TEM images, both Cy7-EOM SS NMs and Cy7-EOM
NMs displayed a spherical morphology with excellent mono-
dispersity (Fig. 2a and S9a). Cy7-EOM SS NMs and Cy7-EOM
NMs had similar hydrodynamic diameters according to
dynamic light scattering analysis (DLS) and they had neutral
surface charge according to zeta potential measurement
(Fig. S10 and S11). Due to the specific response of disulfide
bonds to GSH, nano-micelles containing disulfide bonds will
decompose and release their cargo. TEM images displayed an
obvious morphological change in Cy7-EOM SS NMs after incu-
bation with GSH for 3 h, while the morphology of Cy7-EOM NMs
remained intact (Fig. 2b and S9b).

Then, the optical properties of Cy7-EOM and relevant nano-
micelles were recorded and analyzed. As shown in the absorp-
tion spectra, the maximum absorption peak of Cy7-EOM was
approximately 774 nm, the same as the Cy7 parent, while that of
Cy7-EOM SS NMs was redshifted to 786 nm (Fig. S12). Similarly,
fluorescence and chemiluminescence spectra demonstrated
that the maximum emission peak of Cy7-EOM was at 803 nm,
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Fig. 2 Characterization of Cy 7-EOM and Cy7-EOM SS NMs. (a) TEM images of Cy7-EOM SS NMs. (b) TEM images of Cy 7-EOM SS NM after
incubation with GSH (10 mM) for 3 h. Scale bars are 400 nm. (c) The fluorescence excitation and emission spectra of Cy7-EOM and Cy7-EOM SS

NMs. (d) Normalized CL spectra of Cy7-EOM and Cy7-EOM SS NMs. (e)

Chemiluminescent image and profile of Cy7-EOM (25 uM) treated with

different amounts of H,O, (0, 6.25, 12.5, 25, 37.5, and 50 uM). (f) Relative CL intensity of Cy7/CPPO NMs and Cy7-EOM SS NMs at the same

concentration after the addition of H,O, (10 mM), respectively. Insets:

corresponding CL images. (g) Time-dependent intensity changes in CL

signals of Cy7-EOM SS NMs (upper line in each picture) and Cy7-EOM (bottom line in each picture) with different concentrations of H,O, (from
left to right: 0.1, 1.0, 5.0, 10, 25 and 50 mM). The fluorescence spectra of the SOSG probe for the detection of YO, production. (h) Cy7-EOM and
Cy7-EOM + H,0,. (i) Cy7/CPPO NMs + H,0O, and Cy7-EOM NMs + H,0,. (j) Cy7-EOM SS NMs + H,O, and GSH-pre-treated Cy7-EOM SS NMs +
H,0,. Data are reported as the means + S.D. and analyzed by two-tailed Student's t-test.

while it was redshifted by about 25 nm after forming nano-
micelles (Fig. 2c and d). The FL emission intensity of Cy7-
EOM SS NMs was approximately half that of Cy7-EOM at the
same concentration, which resulted from aggregation caused
quenching (ACQ). Another control group was set up by
preparing nano-micelles without disulfide bonds, but loaded
with individual Cy7 + CPPO (Cy7/CPPO NMs). Next, the chem-
iluminescence of Cy7-EOM with different concentrations of
H,0, was investigated. Chemiluminescence images indicated
that Cy7-EOM has a very good response to a low concentration
of H,0,, and good linearity between the chemiluminescence
signals and H,0, amounts ranging from 0 to 50 uM was
observed (Fig. 2e and S13). Moreover, the chemiluminescence
intensity of Cy7-EOM SS NMs is much higher than that of Cy7/
CPPO NMs, revealing more efficient ICET than intermolecular
energy transfer (Fig. 2f). Then, a chemiluminescence dynamic
experiment with Cy7-EOM and Cy7-EOM SS NMs with different
concentrations of H,O, was also carried out. From the chem-
iluminescence images, we found that Cy7-EOM has a rapid and
concentration-dependent response to H,0,, suggesting that

Chem. Sci.

effective ICET could be achieved in the designed photosensi-
tizer drug, while the response of Cy7-EOM SS NMs to H,0,
showed a lag in time (Fig. 2g). This is mainly due to the
shielding effect of the nano-micelle, which hinders effective
contact between Cy7-EOM and H,O,. Therefore, in the same
way, nano-micelles will also hinder the diffusion of low-lifetime
ROS produced inside the nanoparticles, leading to the loss of
ROS and inefficient PDT. To validate our hypothesis, 'O,
generation in each group was detected using Singlet Oxygen
Sensor Green (SOSG). As shown in the fluorescence spectra, the
fluorescence intensity of SOSG significantly increased and
showed a 5-fold enhancement after H,O, was added to the
solution of Cy7-EOM, indicating the generation of 'O, (Fig. 2h).
Moreover, as expected, fluorescent enhancements of SOSG were
also observed for Cy7-EOM NMs compared to Cy7/CPPO NMs,
demonstrating the superior efficiency of 'O, generation
through ICET to intermolecular energy transfer (Fig. 2i). In
addition, GSH-pre-treated Cy7-EOM SS NMs exhibited more 'O,
generation than Cy7-EOM SS NMs without GSH treatment,
further confirming that ACQ and the structure of the nano-

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc09043a

Open Access Article. Published on 13 January 2026. Downloaded on 3/17/2026 6:45:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

micelles could affect the effective utilization of 'O, (Fig. 2j).
Furthermore, electron spin resonance (ESR) spectroscopy was
also employed for 'O, analysis by using a radical scavenger,
2,2,6,6-tetramethylpiperidine (TEMP). The appearance of the
characteristic peaks in the ESR spectra after the addition of
H,0, demonstrated O, generation and the increased intensity
of the ESR signal in the sample of Cy7-EOM further proves that
the release of Cy7-EOM from nano-micelles is beneficial to PDT
(Fig. S14).

Evaluation of intracellular 'O, generation

First, chemiluminescence triggered by endogenous H,0, was
measured in 4T1 cells without any external stimulants or
additional H,0,. As shown in the CL images, obvious chem-
iluminescence was observed in 4T1 cells treated with Cy7-EOM
SS NMs and Cy7-EOM NMs, and the CL intensity was positively
correlated with cell counts (Fig. 3a and b). Furthermore, the
higher CL intensity observed in 4T1 cells treated with Cy7-EOM
SS NMs, compared to those treated with Cy7-EOM NMs, indi-
cates that the ACQ effect quenched CL within the nano-
micelles, with the subsequent release of Cy7-EOM upon
decomposition, leading to concurrent enhancements in both
CL and 'O, generation. Subsequently, the folate-mediated
cellular uptake performance of Cy7-EOM SS NMs was investi-
gated in 4T1 cells through fluorescence analysis, by using
confocal laser scanning microscopy (CLSM). As displayed in the
CLSM images, the fluorescence intensity of 4T1 cells increased
significantly over time, indicating effective cellular uptake, and
reached a plateau at 6 hours according to fluorescence statis-
tical data (Fig. S15). To confirm the promoting effect of folate on
the cellular uptake of Cy7-EOM SS NMs, 4T1 cells were pre-
treated with free folate molecules before incubation with Cy7-
EOM SS NMs. Confocal images and corresponding statistical
data showed that 4T1 cells pre-treated with folate exhibit
a weaker red fluorescence signal than those without treatment,
which is mainly because the premature binding of folate
molecules to folate receptors on the cancer cell membrane
hindered the binding of folate in the nanomaterials to folate
receptors, thereby interfering with the cell uptake of Cy7-EOM
SS NMs (Fig. S16). And due to the much higher expression
level of folate receptors on a cancer cell membrane, nano-
micelles are more likely to enter cancer cells than AML 12
cells, mouse normal liver cells (Fig. S17). After entering cancer
cells, Cy7-EOM SS NMs would degrade under the high concen-
tration of intracellular GSH and release Cy7-EOM. As GSH
consumption can not only lead to the release of Cy7-EOM, but
can also enhance the PDT effect in a synergetic manner, the
level of intracellular GSH was analyzed using a fluorescence
probe, 3-naphthalene-dicarboxaldehyde (NDA). CLSM images
showed that the fluorescence intensity of NDA in 4T1 cells
incubated with Cy7/CPPO NMs, Cy7-EOM NMs or Cy7-EOM SS
NMs decreased to different degrees, and Cy7-EOM SS NMs
performed best in terms of GSH consumption (Fig. S18). Then
the targeting ability of released Cy7-EOM to mitochondria was
evaluated through a mitochondrial co-localization experiment
by using MitoTracker Green, a commercial mitochondrial

© 2026 The Author(s). Published by the Royal Society of Chemistry
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labeling probe. As shown in confocal images, bright yellow
signals were observed, resulting from the superposition of the
red signal from Cy7-EOM and the green signal from Mito-
Tracker Green. The line scanning profiles and the Pearson's
correlation coefficient (p, calculated to be 0.90) from the co-
localization scatter plot suggested the excellent targeting
ability of the photosensitizer Cy7-EOM to mitochondria
(Fig. 3c). Subsequently, Cy7-EOM will react with intracellular
H,0, to generate 'O, through ICET, which was verified by SOSG.
CLSM images and corresponding fluorescence quantitative
statistics showed that Cy7-EOM NMs have a higher '0, yield
than Cy7/CPPO NMs, providing further evidence for the higher
efficiency of ICET than intermolecular energy transfer. Notably,
4T1 cells treated with Cy7-EOM SS NMs exhibit the brightest
green fluorescence (Fig. 3d and S19). This is because, besides
ICET, the release of Cy7-EOM mitigates the adverse effects of
ACQ and the physical barrier against "0, diffusion.

ROS burst and apoptosis mechanism

As mitochondria are one of the most important organelles in
the cell and approximately 90% of intracellular ROS is gener-
ated in mitochondria, 'O, generation in mitochondria in situ
will directly cause mitochondrial dysfunction and promote
a series of cascade reactions, including a drop in mitochondrial
membrane potential (MMP), the release of cytochrome C, and
the activation of caspase 3—leading to ROS burst and eventually
cell apoptosis. Thus, the mechanism of Cy7-EOM SS NMs
induced apoptosis was studied in detail. Firstly, JC-1 staining
was employed to investigate the change in MMP by CLSM. From
the confocal images, we can see that obvious green fluorescence
of JC-1 monomer emerged in 4T1 cells with treatment by Cy7-
EOM NMs and Cy7-EOM SS NMs, and the highest ratio of
green/red fluorescence intensity in the Cy7-EOM SS NMs group
indicated the maximum MMP drop and most serious mito-
chondrial damage (Fig. 3e and S20). Subsequently, the release of
cytochrome C and activation of caspase 3 induced by mito-
chondrial depolarization were evaluated and confirmed by
immunofluorescence staining, which further demonstrated the
most severe cell apoptosis induced by Cy7-EOM SS NMs
(Fig. S21 and S22). Then, the total amount of ROS in 4T1 cells
with different treatments was detected by DCFH-DA to verify
ROS burst. As displayed in the confocal images, the strongest
fluorescence intensity was observed in 4T1 cells treated with
Cy7-EOM SS NMs, and the sharp rise in ROS concentration
verified the domino burst (Fig. 3f and S23). GSH consumption
and ROS burst will lead to an increase in intracellular levels of
GSSG, and the GSH/GSSG ratio is commonly used as an indi-
cator of cellular toxicity.*** The results showed that the GSH/
GSSG ratio in cancer cells treated with Cy7-EOM SS NMs was
the lowest, which was mainly due to the synergetic effects of
both GSH consumption by SS bonds in the nano micelles and
the most efficient production of singlet oxygen, demonstrating
the best therapeutic effect of Cy7-EOM SS NMs (Fig. S24). Then
apoptosis was investigated with live/dead cells using calcein
acetoxymethyl ester (Calcein AM)/propidium iodide (PI) double
staining and flow cytometry analysis of Annexin V-FITC/PI
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treated with Cy7-EOM SS NMs and Cy7-EOM NMs. (b) Corresponding quantltatlve data of CL intensity. (c) Co-localization experiments of Cy7-
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after different treatments. Scale bars are 150 um. (e) CLSM images of 4T1 cells stained by JC-1 (10 uM, red for aggregate and green for monomer)
after different treatments. Scale bars are 100 um. (f) CLSM images of 4T1 cells stained by DCFH-DA (10 uM) after different treatments. Scale bars
are 150 pm. Data are reported as the means + S.D. and analyzed by two-tailed Student's t-test.
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staining. CLSM images and the corresponding fluorescence (Fig. 4a and S25). Similarly, in the flow cytometry data, the
statistical quantization showed that the largest percentage of proportion of FITC'/PI' 4T1 cells is 81.91%, higher than the
cell deaths appeared in the cells treated by Cy7-EOM SS NMs  66.76% of 4T1 treated with Cy7-EOM NMs or 23.08% of 4T1 cells
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Intracellular anticancer efficiency of the Cy7-EOM SS NMs. (a) Live/dead cell co-staining assays of 4T1 cells after different treatments,

using Calcein-AM (10 uM) and PI (10 uM) as indicators, Scale bars are 200 um. (b) Cell apoptosis assessment with Annexin V-FITC/PI by flow
cytometry analysis after different treatments. (c) The viabilities of 4T1 cells treated with Cy7-EOM SS NMs with different concentrations. (d) The
viabilities of 4T1 cells with different treatments with a concentration of 50 pg mL ™ (e) The viabilities of AML 12 cells treated with Cy7-EOM SS NMs
of different concentrations. (f) Schematic illustration of the difference in the toxicity of Cy7-EOM SS NMs to 4T1 cells and AML 12 cells. Data are
reported as the means + S.D. and analyzed by two-tailed Student's t-test.
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Fig. 5

In vivo anti-tumor effects against metastatic tumors. (a) Chemiluminescent images of mice with intravenous injection of Cy7-EOM SS

NMes. (b) The schedule of the therapeutic process. (c) Bioluminescence images of mice receiving different treatments, n = 5. (d) Curves of tumor
cell bioluminescence intensity in the lungs of mice after different treatments, n = 5. (e) Survival curves of mice after different treatments n = 10. (f)
Body weights of mice in each group during treatment, n = 10. (g) Representative lung photographs stained by Bouin fixative solution after
different treatments. (h) Representative H&E staining images of the lungs of mice in different groups. Data are reported as the means + S.D. and
analyzed by two-tailed Student'’s t-test.
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treated with Cy7/CPPO NMs, suggesting its superior PDT effi-
ciency compared to the others (Fig. 4b). The cytotoxicity of Cy7-
EOM SS NMs was also evaluated by a methyl thiazolyl tetrazo-
lium (MTT) assay. As shown in Fig. 4c, the viability of 4T1 cells
decreased significantly with an increasing concentration of Cy7-
EOM SS NMs, and the viability was as low as 18.44% at
a concentration of 50 pg mL ', while the viabilities of 4T1
treated with Cy7 NMs, Cy7/CPPO NMs and Cy7-EOM NMs were
much higher (86.5%, 76.1% and 32.6%, respectively) (Fig. 4d).
The half maximal inhibitory concentration (IC50) of the
photosensitizer drug on cancer cells was calculated to be 33.54
ng mL~ ' (Fig. S26). By comparison, negligible cell death was
observed in AML 12 cells treated by Cy7-EOM SS NMs, even at
high incubation concentrations (Fig. 4e). According to the above
results, this significant difference is determined by multiple
factors, and the detailed mechanism is illustrated in Fig. 4f.

In vivo CL imaging and treatments of metastatic tumors

Encouraged by the excellent therapeutic effect on cancer cells
and extremely low side effects on normal cells, the anti-tumor
efficiency of Cy7-EOM SS NMs was then assessed in vivo.
Before that, the stability of Cy7-EOM SS NMs under the condi-
tion of physiological levels of GSH in the bloodstream was first
studied by employing DLS analysis to detect the size change
after the nano-micelles were incubated with GSH (10 puM) for
12 h. DLS results showed no obvious change in the hydrody-
namic diameter after Cy7-EOM SS NMs were incubated with
GSH, indicating their good stability during blood circulation
(Fig. S27). The half-time in blood circulation of Cy7-EOM SS
NMs was calculated to be 2.06 h through fluorescence analysis
(Fig. S28). Then, the ability of nanomaterials to perform tar-
geted imaging and diagnosis was verified. Mouse models of
lung metastases were established by intravenous injection of
Luciferase-transfected 4T1 cells (4T1-Luc). As shown in the
fluorescence images, after intravenous injection of Cy7-EOM SS
NMs, a clear chemiluminescence signal was observed in the
lung. It is worth noting that there is also a chemiluminescence
signal in the abdominal cavity (Fig. 5a and S29). In order to
determine the reason, the mouse was euthanized and autopsied
and we found that new metastatic tumor sites could be observed
in the intestines (Fig. S30). The results showed that the
designed Cy7-EOM SS NMs possess distinct targeting capability
and high responsiveness to a low concentration of H,0,. This
exceptional performance enables high-sensitivity imaging and
accurate diagnosis, even for detecting small secondary meta-
static tumors. Then the anti-tumor effects were evaluated; the
detailed treatment schedule is shown in Fig. 5b. The mice were
randomly divided into five groups with different treatments
with PBS, Cy7 NMs, Cy7/CPPO NMs, Cy7-EOM NMs and Cy7-
EON SS NMs at a dosage of 2.5 mg kg™ "' each. Biolumines-
cence imaging was employed for evaluation of the therapeutic
effects. As shown, the bioluminescence intensity of the mice
treated with PBS and Cy7 NMs increased significantly, and there
was a new metastasis site in the abdominal cavity, indicating
rapid tumor progression. By comparison, Cy7/CPPO NMs, Cy7-
EOM NMs and Cy7-EOM SS NMs treated mice showed obvious
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inhibition of tumor growth. Among them, Cy7-EOM SS NMs
performed best and the bioluminescence intensity decreased to
9.8% compared with that in the PBS group (Fig. 5c and d). In
particular, mice in the groups treated with PBS, Cy7 NMs and
Cy7/CPPO NMs showed multiple metastatic tumor sites in the
intestines, while a faint bioluminescence signal in the lung and
no bioluminescence signal in the abdominal cavity were
observed in mice treated with Cy7-EOM SS NMs, demonstrating
its great potential as a drug for the treatment of metastatic
tumors and even multiple metastatic tumors. After 15 days of
treatment, the lungs in each group were dissected. Photographs
and hematoxylin-eosin (H&E) staining also demonstrated that
the lungs in the PBS, Cy7 NMs, and Cy7-EOM NMs groups were
occupied by more metastatic tumor nodules, while almost no
metastatic foci could be observed in the Cy7-EOM SS NMs group
(Fig. 5g and h). In addition, after treatment with Cy7-EOM SS
NMs, the lifespan of the mice was greatly extended, and 60% of
the mice survived for more than 40 days, while almost all the
mice in the control group died within 25 days (Fig. 5e). We then
conducted a comprehensive analysis of the potential toxicity of
the photosensitizer drug, which is critical for further applica-
tion. As shown in photographs and weight analysis, there was
no noticeable skin phototoxicity in the dorsal skin of mice
under normal conditions with 12 hours of light and dark cycles
for 7 days in the Cy-EOM SS NMs group, characterized by
erythema and edema (Fig. S31 and S32). H&E staining of five
major organs (heart, liver, spleen, lung, and kidney) was con-
ducted for histological toxicity analyses and no tissue damage
was observed (Fig. S33). Moreover, the results of biochemical
and routine blood tests showed no statistically significant
variation in key markers indicative of live function (ALT and
AST), liver function (BUN and CRE), and routine blood param-
eters (Fig. S34 and S35). The mouse weights in each group were
monitored during the treatment and there was no obvious
decrease in body weight, further confirming the safety of Cy7-
EOM SS NMs (Fig. 5f). The extremely low side effects were
mainly due to the low concentration of H,0, in normal tissues,
which cannot effectively produce '0,. Additionally, in normal
tissues with a low level of GSH, the nano-micelles maintained
their integrity, which caused ACQ of the photosensitizer and
had a shielding effect on the diffusion of 'O,.

Conclusions

In this study, to address the current issue of the shallow pene-
tration depth of the excitation light in PDT and the challenge of
its application in the treatment of metastatic tumors in clinical
settings, a chemiluminescence method was adopted as the
excitation light to develop an efficient self-supplying photo-
sensitizer molecule Cy7-EOM by covalently coupling the energy
donor peroxyoxalate derivative with the receptor photosensi-
tizer. The covalent coupling of the donor and the receptor in the
molecular structure significantly enhances the efficiency of
PDT. Under high concentrations of H,O, in the tumor micro-
environment, PDT can be autonomously activated in sity,
overcoming the limitations of traditional PDT, which suffers
from shallow penetration depth and is ineffective against deep
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tissue metastatic tumors. Cy7-EOM was encapsulated into
a tumor-specific response nano-micelle Cy7-EOM SS-NMs-FA
for targeted delivery and release. In cancer cells, Cy7-EOM SS-
NMs-FA would consume large amounts of reducing GSH,
leading to degradation and the release of Cy7-EOM, which
specifically targets mitochondria. The generated ROS then act
directly on the mitochondria, inducing mitochondrial ROS
bursts that trigger cell apoptosis. This approach has been
successfully applied to treat breast cancer cells and multiple
metastatic tumors in mice, achieving efficient PDT of metastatic
tumors and extremely low systemic toxicity. These findings
expand the practical application range of photosensitizers and
offer new strategies for photodynamic anticancer drugs, with
significant potential for clinical translation.
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