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Immunogenic cell death (ICD) represents a modality of apoptosis distinguished by the emanation of an array of
damage-related molecular signals. This mechanism introduces a novel concept in the field of contemporary
tumor immunotherapy. The inception of reactive oxygen species (ROS) within tumor cells stands as the essential
prerequisite and foundation for ICD induction. The formulation of highly efficacious photodynamic therapy
(PDT) nanomedicines for the successful induction of ICD is an area of significant scientific inquiry. In this work,
we devised a ROS-responsive and triple-synergistic mitochondria-targeted polymer micelle (CAT/CPT-TPP/PEG-
Ce6, CTC) that operates with multistage amplification of ROS to achieve the potent induction of ICD. Utilizing an
“all-in-one” strategy, we direct both the PDT and chemotherapeutic units to the mitochondria. Concurrently, a
multistage cyclical amplification that caused by triple synergy strategy stimulates continuous, stable, and
adequate ROS generation (domino effect) within the mitochondria of cells. Conclusively, influenced by ROS,
tumor cell-induced ICD is effectively activated, remodeling immunogenicity, and enhancing the therapeutic
impact of PDT when synergized with chemotherapy. Empirical evidence from in vitro study substantiates that
CTC micelles can efficiently provoke ICD, catalyzing CRT translocation, the liberation of HMGB1 and ATP.
Furthermore, animal trials corroborate that polymer micelles, following tail vein injection, can induce ICD,
accumulate effectively within tumor tissues, and markedly inhibit tumor growth subsequent to laser irradiation.
Finally, transcriptome analysis was carried out to evaluate the changes in tumor genome induced by CTC mi-
celles. This work demonstrates a novel strategy to improve combination immunotherapy using nanotechnology.

translocation of calreticulin (CRT) to the plasma membrane’s surface.
This phenomenon facilitates the phagocytosis and presentation of tumor

1. Introduction

Immunogenic cell death (ICD) is a distinctive form of apoptosis
marked by the dissemination of various damage-related molecular sig-
nals, which inaugurates a novel paradigm for present tumor immuno-
therapy [1,2]. ICD can reverse the immunogenicity of multifarious
cancers and amplify the therapeutic efficacy. At the core of ICD lies the
endoplasmic reticulum stress response, which culminates in the
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antigens by antigen-presenting cells, particularly dendritic cells, thus
effectively instigating a specific anti-tumor immune response. The pro-
motive agents for CRT translocation include ROS-regulated endoplasmic
reticulum stress arm and PEK-mediated elF2a protein phosphorylation
[3-5]. It becomes evident that the generation of intracellular reactive
oxygen species (ROS) constitutes both the prerequisite and the
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foundation for ICD induction [6-10]. Accordingly, researchers have
postulated that the oxidative stress of specific organelles within tumor
cells may play a decisive role in triggering ICD. Ding et al. pioneered an
exploration of the connection between mitochondrial oxidative stress
and ICD in 2019, thereby initially elucidating the mechanism of mito-
chondrial ROS-based oxidative stress behavior in inducing tumor cell
ICD and uncovering a close nexus between mitochondria and tumor cell
ICD [11]. In summation, the development of drug delivery system
predicated on the targeted induction of mitochondrial oxidative stress
bears significant implications for the precision treatment of tumors via
ICD.

A drug delivery system that substantially augments the production of
ROS in tumor cells represents the key challenge to be surmounted to
effectually activate ICD. In addition to chemotherapeutic agents such as
camptothecin (CPT) that stimulate cells to generate ROS, other treat-
ments like chemodynamic therapy (CDT) [12,13], photothermal ther-
apy (PTT) [14,15], and photodynamic therapy (PDT) [16,17] also
induce tumor cells to induce ROS. Of these, PDT has garnered extensive
interest due to inherent advantages such as non-invasiveness, reduced
drug resistance, and minimal side effects attributable to precise light
irradiation [18-22]. Elevated levels of ROS produced by PDT can induce
both apoptosis and necrosis in cancer cells and cultivate a specific
ROS-rich microenvironment [23-25]. Nonetheless, tumor hypoxia
constitutes a barrier to PDT’s efficacy, as PDT can swiftly exhaust oxy-
gen (O) concentration, exacerbating tumor hypoxia [26-29]. Given the
constrained diffusion area and ephemeral lifespan of ROS in PDT, and
the pronounced dependence of the therapeutic outcome on O concen-
tration, the sole use of a photosensitizer is inadequate to trigger suffi-
cient CRT translocation to attain optimal immunotherapy.

Integrating photosensitizers with hypoxia mitigation strategies
emerges as an efficacious approach for PDT drug systems to enhance
ROS generation. He et al. [30] ingeniously conceived and fabricated a
novel metal-organic framework drug delivery system (BSA-MnOy/-
Ce6@ZIF-8) characterized by controllable tumor microenvironment
interaction. In this construct, ZIF-8 elevates the encapsulation efficiency
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of Ce6, thus precluding photosensitizer self-aggregation and optimizing
PDT efficiency. Additionally, the extensive specific surface area of ZIF-8
permits MnO, modification on its surface, allowing for self-generated O,
under acidic condition, thereby achieving augmented PDT. Similarly,
Chen et al. [31] designed a nanosystem (CaO,@ZIF-Fe/Ce6@PEG) that
autonomously supplies HoO5/0- for enhanced CDT/PDT based on CaO4
nanoparticles. Within this system, CaO generates Ca®", Hy0, and Oy in
the acidic tumor microenvironment, where Ca?* amplifies oxidative
stress and Fe interacts with generated HyO9 to mediate CDT; PDT is
contingent on photosensitizer presence, requiring O, mediation to
generate singlet oxygen (10,), and the O, generation serves to fortify
PDT, culminating in efficient cancer treatment. These investigations
collectively illustrate that photosensitizers and hypoxia mitigation
synergistically engender sufficient ROS under laser irradiation condi-
tion. Nevertheless, the limited time for cells or organisms to receive laser
irradiation raises the fundamental question of stimulating sustained,
stable, and adequate ROS generation in cells, a challenge yet to be
resolved for the initiation of effective ICD.

Recognizing the paramount role of mitochondrial oxidative stress in
the initiation of ICD, we aimed to achieve continuous, stable, and
adequate ROS production within cells to induce and facilitate ICD. To
this end, we constructed ROS-responsive and triple-synergistic mito-
chondria-targeted polymer micelles, to effectively induce ICD, remodel
tumor immunogenicity, and enhance the therapeutic effect. This
objective was attained by targeting the mitochondria with an integrated
strategy of PDT and chemotherapy action units, underpinned by judi-
ciously designed PDT units and the selection of appropriate chemo-
therapy agents. The ROS-responsive and triple-synergistic
mitochondria-targeted polymer micelles in question were obtained via
self-assembly of two amphiphilic polymer chains (Chain I and Chain II)
(Scheme 1). Chain I is composed of CPT-CA-PEG-TPP, obtained through
the esterification of CPT-CA that stimulate mitochondrial ROS produc-
tion and PEG-modified mitochondrial-targeted molecule triphenyl-
phosphine (TPP) via amidation reaction. Within Chain I, CPT and
Cinnamaldehyde (CA) are connected by ROS-responsive bonds (TK and
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Scheme 1. Schematic diagram of the preparation process of ROS-responsive and triple-synergistic mitochondria-targeted polymer micelles and the effective in-

duction of ICD through domino effect that ROS induced upon entry into cells.
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TA bonds). Concurrently, PEG and the photosensitizer chlorin e6 (Ce6)
undergo amidation reaction to form PEG-Ce6 (Chain II). These strands I
and II self-assemble into polymer micelles via hydrophilic interaction
and encapsulate catalase (CAT) within the hydrophobic region during
assembly. Upon cellular entry, the micelle targets the mitochondria
under TPP’s guidance. Within the mitochondrial environment, endog-
enous ROS partially break the ROS-responsive bonds, leading to the
release of certain quantities of CPT, Ce6, and CA. The first module
involved in the chain I in the micelles. CPT, in addition to its role as a
chemotherapy agent, stimulates ROS production [32-35]; as well as that
CA instigates the mitochondria to release ROS [36-38]. The second
module (PDT module) was included in chain II in the micelles. Ce6
generates ROS under 660 nm irradiation. The third module included
CAT which can induce the formation of O to relieve hypoxia, and then
to synergy the PDT.

In summary, ROS-inducing prodrug agents, linked by ROS-
responsive bonds, engage the mitochondria, instigating consistent, sta-
ble, and ample ROS production within cellular mitochondria through a
triple-synergistic strategy to induce a domino effect for multimodal
tumor therapy. This leads to the ultimate release of substantial and
sustained ROS within the mitochondria, culminating in the translocation
of CRT to the surface of plasma membrane, thereby translocation fosters
the phagocytosis and presentation of tumor antigens by dendritic cells
(DCs), further efficiently initiating specific anti-tumor immune re-
sponses and amplifying the overall tumor treatment effects.

2. Experimental section
2.1. Materials

COOH-PEGs5000-NHy was sourced from Shanghai Ponsure Biotech,
Inc. (Shanghai, China). N-hydroxysuccinimide (NHS) and 1-ethyl-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDCI), as well as
(5-Carboxypentyl) triphenylphosphonium bromide and 1-hydroxyben-
zotriazole, were acquired from Macklin Biochemical Co. Ltd
(Shanghai, China). Chlorin e6 (Ce6) was obtained from Zhengzhou
Alpha Chemical Co., Ltd (Zhengzhou, China). Aladdin Chemical Co., Ltd
provided Camptothecin (CPT), Cinnamaldehyde (CA), Catalase (CAT)
and 1-Hydroxybenzotriazole (HOBT). Both Dimethyl sulfoxide (DMSO)
and triethylamine were obtained from Tianjin Fuyu Chemical Co. Ltd
(Tianjin, China). N, N-Dimethylformamide (DMF) was purchased from
Tianjin Yongda Chemical Reagent Co. Ltd (Tianjin, China). Diphenyli-
sobenzofuran (DPBF) was procured from J&K Scientific (Beijing, China).
Hydrogen peroxide (H202) was bought from Beijing Chemicals (Beijing,
China). 4’,6-diamidino-2-phenylindole (DAPI) was purchased from
Sigma-Aldrich Trading Co. Ltd (China). Other chemicals, such as 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide (MTT), RPMI
1640 culture medium, fetal bovine serum (FBS), penicillin-streptomycin
(PS), 2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA), Annexin V-
FITC/PI Apoptosis Kit, Calcein-AM, and propidium iodide (PI) were
sourced from their respective suppliers as previously detailed. Calreti-
culin Rabbit Monoclonal Antibody, HMGB1 Rabbit Monoclonal Anti-
body, Alexa Fluor 488-labeled Goat Anti-Rabbit IgG (H + L), Mitro-
Tracker Green, JC-1, Mitro-Tracker red, Lyso-Tracker Green, and ATP
and BCA Protein Assay Kit were obtained from Shanghai Beyotime
Biotechnology Co. Ltd (Shanghai, China). The anti-CD3-PerCP, anti-
CD4-FITC, anti-CD8-PE, anti-CD25-PerCP, anti-FOXP3-PE were pur-
chased from BioLegend (San Diego, CA, USA).

2.2. Preparation of CPT-CA-PEG-TPP (Chain I)

The synthesis process of CPT-CA is delineated in the supporting in-
formation. CPT-CA-PEG-TPP was synthesized employing the esterifica-
tion reaction mechanism. Initially, 5.72 mg of TPP-PEGs(0o-COOH,
13.24 mg of EDCI, and 12.67 mg of HOBT were dissolved in 1 mL of
DMF. Subsequently, 50 pL of triethylamine was introduced to activate
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the mixture at room temperature for 15 min. After the activation period,
1 mL of CPT-CA (5.60 mg/mL) was incorporated and allowed to react at
room temperature for 24 h. The mixture was then dialyzed using a
dialysis bag possessing a molecular weight cut-off of 2000, for a period
of 72 h. Following dialysis, the supernatant was collected, freeze-dried,
and set aside for subsequent utilization.

2.3. Preparation of PEG-Ce6 (Chain II)

The synthesis was performed based on the principle of amidation
reaction. Specifically, 6.44 mg of NH,-PEGs000-COOH, 54.65 mg of NHS,
46.64 mg of EDCI, and 5.21 mg of Ce6 were dissolved in 4 mL of DMSO
and stirred at room temperature for 12 h. After this period, dialysis was
executed using a dialysis bag with a molecular weight cut-off of 2000,
for 72 h, followed by collected and freeze-dried.

2.4. Preparation of polymer micelles

An even mixture was obtained by ultrasonically blending 1 mL of
CPT-CA-PEG-TPP (0.82 mg/mL) ethanol solution and 0.8 mL of PEG-Ce6
(0.675 mg/mL) ethanol solution. This mixture was then slowly added
dropwise to 3 mL of CAT (0.73 mg/mL) aqueous solution. After droplet
addition, the mixture was stirred at room temperature for 9 h. Subse-
quently, the ethanol was removed using a rotary evaporator (30 °C),
followed by centrifugation with water and removal of unloaded CAT to
obtain CAT/CPT-TPP/PEG-Ce6 micelles, denoted as CTC micelles. The
TPP-free micelles (CNC) and CAT-free micelles (TC) were prepared by
the same method. The encapsulation rate of CAT was calculated by the
BCA method (encapsulation rate% = amount of CAT loaded/CAT
amount of input x 100 %).

2.5. Characterization of polymer micelles

The UV-vis absorption spectra of PEG-TPP and PEG-Ce6 were
analyzed using a UV-2700 UV spectrophotometer (Shimadzu Corpora-
tion, Japan). FTIR spectra of COOH-PEGs(09-NHp, TPP, Ce6, CPT-CA,
PEG-Ce6, PEG-TPP, and CPT-CA-PEG-TPP were obtained in the range
of 500-4000 cm ™!, employing a FTIR-8400S Fourier Transform Infrared
Spectrometer (Shimadzu Corporation) with a resolution of 2 cm L. The
'H NMR spectra of CPT-CA-PEG-TPP and PEG-Ce6 were recorded on an
AVANCE NEO 600 NMR spectrometer (Bruker, Switzerland). The hy-
drated particle size of CTC micelles was measured using the 90 Plus
PALS particle size analyzer (Brookhaven Instruments, USA), and the
morphologies was observed under an H-7800 transmission electron
microscope (TEM, Hitachi, Japan).

2.6. Physicochemical properties of polymer micelles

2.6.1. ROS responsive bond sensitive performance test

After dissolving CPT-CA in methanol, a 500 mM H30; solution was
added at 37 °C for varying durations (0, 6, 24 h). At different time
points, the solution was removed, the organic solvent was eliminated by
rotary evaporation, and the residual solution was freeze-dried for 'H
NMR determination. Moreover, the CTC micelles were incubated with
different concentrations of HyO5 (0 mM, 0.1 mM and 1 mM) at 37 °C for
5 days, and the morphology was observed by TEM.

2.6.2. Oy production capacity

A portable dissolved oxygen meter was utilized to investigate the O,
generation capacity of CTC micelles. The change in Oy concentration
was monitored over 10 min after mixing the CTC micelles at different
concentrations (0, 5, 10 pg/mL, determined by the amount of CAT-
loaded) with an equal concentration of HyOy (1 mM). Additionally,
the alteration in Oy concentration within 10 min of the mixed solution
was observed in real-time by blending the same concentration of CTC
micelles (5 pg/mL, determined by the amount of CAT-loaded) with
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different concentrations of HoO5 (0, 1, 2 mM).

2.6.3. 10, production ability

The capability to generate 'O, was examined utilizing DPBF as a
chemical probe. A defined quantity of CTC micelles was uniformly
dispersed in phosphate buffered saline (PBS), to which a commensurate
volume of DPBF ethanol solution was added. Prior to the application of
660 nm laser irradiation (0.1 W/cmz), the initial absorbance of DPBF at
410 nm was ascertained through UV-vis spectroscopy, characterizing
the ultraviolet profile of the mixed solution. Following this, the mixed
solution, now containing CTC micelles, was exposed to a 660 nm laser
for varying durations. The absorbance value of DPBF at 410 nm was then
repeatedly determined using UV-vis spectroscopy, and its absorbance
value change at 410 nm was observed.

2.6.4. Drug release profile

The release dynamics of CA and CPT were assessed under three
distinct conditions: pH 5.0, pH 5.0 + 10 mM H505, and pH 5.0 + 10 mM
H,0, + Laser. At the onset of the release, the laser group underwent
irradiation with a 660 nm laser at 0.5 W/cm? for a 5 min interval. A
sample weighing 0.76 mg (CPT: 84 pg, CA: 24 pug) was positioned in a
dialysis bag and subjected to agitation in a 37 °C constant-temperature
shaking chamber. At predetermined time intervals (0, 0.5, 1.0, 2.0, 4.0,
6.0, 8.0, 12.0, 24.0, and 48.0 h), 400 pL of the release medium was
removed and an equivalent volume was replenished. The concentrations
of CPT and CA in the release solution were determined through fluo-
rescence spectrophotometry and high-performance liquid chromatog-
raphy (HPLC), respectively, culminating in the computation of the
cumulative release rate for both drugs.

2.7. Cytotoxicity assays in vitro

2.7.1. Two-dimensional cell level

Lysosomes escape and Mitochondria-targeted Evaluation. 4T1 cells were
seeded at a density of 2 x 10% cells per well in a 24-well plate, equipped
with coverslips, and incubated for a period of 24 h. Following the
spreading of the cells, 50 pL of CTC micelles (containing PEG-Ce6 at a
concentration of 17 pg/mL) was added to each well and incubated for
time intervals of 0, 2, 4, and 6 h. Subsequently, the cells were treated
with the Lyso-Tracker Green and Mito Tracker Green for 20 min.
Thereafter, the cells were fixed using 4 % paraformaldehyde solution for
20 min, and the nuclei were stained with DAPI for an additional 20 min.
The samples were then sealed and visualized utilizing laser scanning
confocal microscopy (CLSM).

Flow Cytometry to Determine Cell Uptake. 4T1 cells were seeded at a
density of 4 x 10° cells per well in a 6-well plate and incubated for 24 h.
After the spreading of the cells, an equal concentration of CLC micelles
was co-incubated with the cells for varying time periods (0, 2, 4, 6 h).
Following incubation, the cells were washed twice with PBS, and then
treated with 1 mL of PBS to halt digestion. The cells were subsequently
centrifuged to facilitate collection, washed twice with a pre-chilled so-
lution of heparin sodium (1 mg/mL), and finally resuspended in 500 pL
of PBS for the analysis of cell uptake by flow cytometry.

Biocompatibility Assessment. To appraise the biosafety of CTC mi-
celles, normal liver LO2 cells were initially seeded in 96-well plates at a
density of 5000 cells per well, followed by incubation at 37 °C and 5 %
CO;, for 24 h. Different concentrations of CTC micelles corresponding to
PEG-Ce6 concentrations of 0.85, 1.7, 3.4, 8.5, and 17 pg/mL were
subsequently introduced to the 96-well plate and incubated for 24 h.
After the 24-h incubation, 20 pL of MTT (5 mg/mL) was added, and
medium removal was removed after 4 h, 200 pL of DMSO was intro-
duced. The absorbance value (OD) of each well was determined using a
microplate reader at 570 nm, with 630 nm serving as a reference
wavelength.

MTT Assay. 4T1 cells were utilized to assess the cytotoxicity of CTC
micelles. The experimental groups included Control, CNC (L), TC (L),
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CTC, and CTC (L). 4T1 cells were seeded in 96-well plates at a density of
5000 cells per well, and varying concentrations of PBS, CNC, TC, and
CTC were administered after overnight incubation to achieve PEG-Ce6
concentrations of 0.85, 1.7, 3.4, 8.5, and 17 pg/mL. Following 6 h of
treatment, the CNC (L), TC (L), and CTC (L) groups were exposed to laser
irradiation at 0.4 W/cm? for 5 min. The cytotoxicity of the polymer
micelles was subsequently determined using the MTT assay after a 24 h
incubation period.

Intracellular ROS Production. 4T1 cells were seeded in 24-well plates
at a density of 7 x 10% cells per well and incubated at 37 °C and 5 % CO-
for 24 h. The experimental groups included Control, CNC (L), TC (L),
CTC, and CTC (L). The CNC (L), TC (L) and CTC (L) groups were treated
for 6 h, followed by laser irradiation at 0.4 W/cm? for 5 min. The cells
were then washed twice with PBS and incubated at 37 °C for 30 min with
DCFH-DA. Then, the cells were fixed with 4 % paraformaldehyde solu-
tion for 20 min, and the nuclei were stained with DAPI for a further 20
min. The samples were subsequently sealed and visualized by CLSM.

In another experiment, 4T1 cells were seeded in 24-well plates at a
density of 7 x 10* cells per well and incubated for 24 h. The same
concentration of CTC micelles was then added and incubated for various
durations (0, 6, 8, 10, 12 h). Following 6 h of treatment, all groups were
subjected to laser irradiation at 0.4 W/cm? for 5 min. Finally, after
washing with PBS, the cells were stained with DCFH-DA at 37 °C for 30
min and fixed with 4 % paraformaldehyde. The nuclei were stained with
DAPI, and the green fluorescence intensity was observed using CLSM.

For the mitochondrial ROS generation experiment, 4T1 cells were
treated with CTC and CNC micelles. After 6 h, followed by laser irradi-
ation at 0.4 W/cm? for 5 min. Then, the cells were incubated for 30 min
with Mito Tracker Red and DCFH-DA. The cell nuclei were stained with
DAPI, and the overlap of green and red fluorescence was observed by
CLSM.

Assay of Mitochondrial Membrane Potential (MMP). The MMP was
evaluated using a JC-1 probe. 4T1 cells were seeded in 24-well plates at
a density of 5 x 10* cells per well and incubated overnight. Different
experimental groups (Control, CNC (L), TC (L), CTC, CTC (L)) were co-
cultured with 4T1 cells for 12 h. The CNC (L), TC (L), and CTC (L) groups
were treated for 6 h, followed by laser irradiation at 0.4 W/cm? for 5
min. Subsequently, mitochondria were labeled with JC-1 for 20 min, and
alterations in MMP were observed using CLSM.

Dead/Live Cell (Calcein-AM/PI Double Staining) Experiment. 4T1 cells
were seeded in confocal dishes and cultured for 24 h, followed by in-
cubation with PBS, CNC (L), TC (L), CTC, and CTC (L) for 12 h (PEG-Ce6
concentration was 17 pg/mL). The CNC (L), TC (L), and CTC (L) groups
were subjected to 0.4 W/cm? laser irradiation for 5 min after 6 h of
incubation. Post-incubation, cells were washed three times with PBS,
and 1.5 pL of Calcein-AM/PI was added for 15 min. After washing with
PBS, 2 mL of complete medium was added, and the samples were
observed with CLSM.

Apoptosis Assay. 4T1 cells were seeded at a cell density of 2 x 10°
cells per well in 6-well plates and cultured for 24 h. After cell spreading,
cells were incubated with different sample groups (Control, CNC (L), TC
(L), CTC, CTC (L)) for 24 h (PEG-Ce6 concentration was 17 pg/mL). The
CNC (L), TC (L), and CTC (L) groups were exposed to laser irradiation of
0.4 W/cm? for 5 min after 6 h of incubation. After incubation, cells were
washed with PBS and digested with trypsin without EDTA. Following
centrifugation washing, 400 pL of 1 x Binding Buffer was added after
staining with apoptotic kit for 15 min. The percentage of apoptotic cells
was then analyzed using flow cytometry.

2.7.2. Three-dimensional level

Sphere Penetration of Three-Dimensional Tumor Spheroids. Three-
dimensional tumor spheres were prepared by the hanging drop
method [39-41]. Initially, a 20 mg/mL agarose gel solution was heated
at 80 °C and dispensed into 48-well plates (200 pL per well). After the
agarose had solidified, an additional 500 pL of complete medium was
added to each well. A 20 L drop of cell suspension (3 x 10 cells/mL)
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was placed on the lid of the 48-well culture plate to induce cell aggre-
gation. The cells were then incubated at 37 °C and 5 % CO; for 72 h.
Afterward, the resulting cell aggregates were transferred to the corre-
sponding wells of the 48-well plates and cultured for an additional 24 h.
Post-incubation, CTC micelles was added and incubated for different
durations (0, 2, 4, 6 h), washed twice with PBS, and fixed with 4 %
paraformaldehyde. The tumor spheroids were transferred to confocal
dishes, and the uptake of micelles at the three-dimensional level was
observed using CLSM.

Inhibition of three-dimensional tumor spheroids. The three-dimensional
tumor spheroids were treated with 50 pL of materials from various
groups (Control, Control (L), CNC (L), TC (L), CTC, CTC (L), with a PEG-
Ce6 concentration of 17 pg/mL) over a span of 6 days. During this
period, the Control (L), CNC (L), TC (L), and CTC (L) groups were
exposed to laser irradiation at 0.4 W/cm? for 5 min following 6 h of
incubation. This procedure was employed to assess the inhibitory effects
of these groups on cellular proliferation. Utilizing an inverted micro-
scope with a 10 x objective, the spheroid volume was monitored, and
the long diameter (dpyay) and short diameter (dmi,) of each tumor
spheroid were recorded. The volume was calculated using the equation
V =0.5 X dpax X d,zmn. The relative change in three-dimensional tumor
spheroid volume was determined by: R—=(V/V0) x 100 %, where V is the
post-treatment volume and VO is the pre-treatment volume of the tumor
spheroids.

Dead/Live Cell Experiment. Adhering to the aforementioned method,
tumor spheres were cultivated, and the experimental groups included
Control, CNC (L), TC (L), CTC, CTC (L). The CNC (L), TC (L), and CTC (L)
groups were subjected to 0.4 W/cm? laser irradiation for 5 min post 6 h
of incubation. Following 6 h of additional incubation and washed twice
with PBS, 1.5 pL of Calcein-AM/PI was stained for 40 min. The samples
were washed with PBS and fixed with 4 % paraformaldehyde, followed
by observation via CLSM.

ROS Production. In alignment with the previously described pro-
cedure, tumor spheres were cultivated. The experimental groups
comprised Control, CNC (L), TC (L), CTC, CTC (L). The CNC (L), TC (L),
and CTC (L) groups underwent laser irradiation of 0.4 W/ em? for 5 min
subsequent to 6 h of incubation. Upon completion of incubation, the
samples were washed with PBS and stained with DCFH-DA at 37 °C for
30 min. After washing, the samples were fixed with 4 % para-
formaldehyde, and the green fluorescence intensity was analyzed with
CLSM.

2.8. ICD assay in vitro

4T1 cells were plated in 24-well plates at a density of 7 x 10° cells
per well and cultured for 24 h. The experimental groups included Con-
trol, CNC (L), TC (L), CTC, CTC (L) (with PEG-Ce6 concentration of 17
pg/mL), and CNC (L), TC (L), and CTC (L) were exposed to 0.4 W/cm?
laser irradiation for 5 min following 6 h of incubation. Post-irradiation,
the cells were incubated for an additional 6 h, washed with PBS, fixed
with 4 % paraformaldehyde for 20 min, permeated with Triton X-100 for
10 min and blocked with BSA (5 %) at room temperature for 1 h, fol-
lowed by incubation with Calreticulin Rabbit Monoclonal Antibody/
HMGB1 Rabbit Monoclonal Antibody at 4 °C for 12 h. After washing
with PBS three times, the cells were treated with Alexa Fluor 488-
labeled goat anti-rabbit IgG (H + L) for 1 h at 4 °C and stained with
DAPI for 20 min. The intensity of green fluorescence was subsequently
observed through CLSM.

For ATP content assay, 4T1 cells were plated in 12-well plates at a
density of 2 x 10° cells per well and cultured for 24 h. The experimental
groups included Control, CNC (L), TC (L), CTC, CTC (L) (with PEG-Ce6
concentration of 17 pg/mL), and CNC (L), TC (L), and CTC (L) were
exposed to 0.4 W/cm? laser irradiation for 5 min following 6 h of in-
cubation. Following incubation for an additional 6 h, the cell was
collected and the intracellular released of ATP was detected by ATP
assay kit in accordance with the manufacturer’s protocol.
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2.9. Invitro evaluation of matured DCs

Bone marrow-derived dendritic cells (BMDCs) were obtained via
flushing the tibia and femur with RPMI-1640 medium containing 2 %
FBS. After the removal of red blood cells (RBCs) using RBC lysis buffer,
the cells were collected and cultured in RPMI-1640 medium containing
15 % FBS and 20 ng/mL GM-CSF and IL-4 for 5 days to acquire immature
DCs. 4T1 cells and DCs were seeded in the upper and lower chambers of
transwell plates, respectively. First, 4T1 cells were incubated with PBS,
CNC (L), TC (L), CTC, CTC (L). After 12 h, the CNC (L), TC (L), and CTC
(L) groups were exposed to laser irradiation at 0.4 W/cm? for 5 min.
After laser irradiation, 4T1 cells and DCs were co-cultured for 24 h, and
then the DCs were collected. The collected DCs were stained using FITC-
CD86, PE-CD80. The stained DCs were washed with PBS to remove free
antibodies and then analyzed by flow cytometer.

2.10. Anti-tumor efficacy assays in vivo

Biodistribution of CTC Micelles. Female BALB/c mice (aged 4-5 weeks,
weighing 18-20 g) were acquired from Sipeifu (Beijing) Biotechnology
Co., Ltd. All procedures related to animal handling were performed in
strict compliance with the guidelines set forth by the Hebei Provincial
Laboratory Animal Care and Use Committee, and the methodology was
sanctioned by the Animal Experiment Ethics Committee of Hebei Med-
ical University. Cultured 4T1 cells were concentrated and suspended in
PBS to achieve a cell density of 1 x 107 cells/mL. A suspension of 100 pL
containing 4T1 cells in PBS was injected subcutaneously into the
mouse’s right hindlimb. Upon the tumor reaching a volume of 150 mm?,
200 pL of CTC micelles were administered via tail vein injection. In vivo
fluorescence images of CTC micelles were captured at various time in-
tervals (1, 6, 12, 36, 50 h) utilizing an in vivo imaging system. Following
50 h post-injection, mice were euthanized, and the principal organs
(including heart, liver, spleen, lung, kidney) along with tumor tissues
were collected for fluorescence imaging (Excitation wavelength: 640
nm, Emission wavelength: 700 nm).

Experimental Grouping and Administration Regimen. A 4T1 tumor-
bearing mouse model was constructed according to the above method.
Experimental groups and the dosing protocol were as follows: Upon the
tumor volume reached approximately 80-100 mm?®, 24 tumor-bearing
mice were arbitrarily segregated into 6 groups: Control, Control (L),
CNC (L), TC (L), CTC, CTC (L). Treatment consisted of 100 pL injections
administered via the tail vein every other day. Additionally, all laser-
treated groups were subjected to 0.4 W/cm? laser irradiation for a
duration of 5 min, 36 h subsequent to administration. The body weight
and tumor volumes of the mice were monitored and catalogued on a
daily basis. The tumor volume was ascertained employing the formula
below:

Tumor volume(mm®) = (1x W?) / 2

where L is the tumor length and W is the tumor width.

Upon completion of the treatment regimen, a single mouse was
randomly selected from each experimental group. Tumor tissue and
major organs, encompassing the heart, lung, liver, spleen, and kidney,
were excised and subsequently prepared for histological examination.
The specimens were fixed with 4 % paraformaldehyde and stained with
hematoxylin and eosin (H&E). Histological characteristics were scruti-
nized under light microscopy.

Ki67 Staining. Ki67 immunohistochemical staining was performed at
the treatment’s conclusion to evaluate the proliferation of tumor cells
across the different groups. Following the sacrifice of the mice, tumor
tissues were sectioned and subjected to Ki67 labeling. These sections
were then examined under light microscopy, and corresponding images
were captured.

TUNEL Staining. Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) staining was employed at the termination of
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treatment to assess apoptosis in tumor cells across the various experi-
mental conditions. After euthanasia, tumor tissues were subjected to
TUNEL staining to mark apoptotic cells. Nuclear staining was achieved
using DAPI. The stained sections were visualized via CLSM, with green
fluorescence indicative of apoptotic cells. Corresponding images were
acquired.

ROS Assay. The assay utilized dihydroethidium (DHE) as a ROS
probe to validate the production of ROS in vivo. BALB/c mice were
classified into groups (Control, Control (L), CNC (L), TC (L), CTC, CTC
(L)), based on tumor size, approximately 200 mm? and treatment was
administered via tail vein injection. Following a period of 36 h, the laser
groups were subjected to laser irradiation at 0.4 W/cm? for a duration of
5 min. The tumors were subsequently harvested, rinsed, flash-frozen,
and sectioned. The stained sections were then observed through CLSM.

2.11. In vivo ICD evaluation

CRT and HMGBI Staining. Upon the conclusion of treatment, mice
were sacrificed and tumor tissues were collected and fixed with 4 %
paraformaldehyde. Fixed sections of tumor tissues were stained with
primary antibodies (Calreticulin Rabbit Monoclonal Antibody/HMGB1
Rabbit Monoclonal Antibody) and secondary antibody (Alexa Fluor 488
labeled goat anti-rabbit IgG (H + L)). Nuclear staining was performed
using DAPI and the samples were examined through CLSM, with green
fluorescence indicating CRT and HMGB1. Images were subsequently
acquired.

Detection of ATP: Upon the conclusion of treatment, mice were
sacrificed and tumor tissues were collected. The ATP levels of tumors
were evaluated by ATP Assay Kit.

2.12. Analysis of immune cells

CD8 Staining. For the purpose of CD8 detection, mice were eutha-
nized at the termination of treatment, tumor tissues were harvested,
fixed, and sections were prepared for CD8 immunofluorescence staining.
The nuclei were stained with DAPI and the sections were viewed by
CLSM. Green fluorescence denoted the presence of CD8"' T cells and
corresponding images were captured.

After treatment, the tumors and spleens were collected and were
made into a single cell suspension. For the analysis of CD4" and CD8" T
cells, tumor and spleen cells were stained with anti-CD3-PerCP, anti-
CD4-FITC and anti-CD8-PE according to the manufacturer’s protocols.
For the analysis of T regulatory cells (Tregs), spleen cells were stained
with anti-CD4-FITC, anti-CD25-PerCP and anti-FOXP3-PE according to
the manufacturer’s protocol.

2.13. Abscopal effect of the bilateral tumor model

4T1 cells suspension (1 x 10° cells) was injected subcutaneously into
the mouse’s right hindlimb (the primary tumor), and 4T1 cells suspen-
sion (5 x 10° cells) was injected subcutaneously into the same mouse
left hindlimb (the distant tumor) on day 6. Upon the primary tumor
volume reached approximately 80-100 mm?>, the tumor-bearing mice
were randomly divided into 3 groups: Control, CTC, CTC (L). CTC mi-
celles were injected via the tail vein every other day. Additionally, CTC
(L) group was subjected to 0.4 W/cm? laser irradiation for a duration of
5 min, 36 h subsequent to administration. Tumor volumes of both the
primary tumor and the distant tumor were measured every day.

2.14. In vivo transcriptomic analysis

4T1 tumor-bearing mouse model was constructed according to the
above method. When the tumor volume reached about 200 mm?, the
tumor-bearing mice were divided into two groups and were injected
intravenously with PBS and CTC (L) every other day. The tumors were
collected on the 7th day, quickly frozen with liquid nitrogen, and then
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analyzed by high-throughput sequencing.

2.15. Biosafety evaluation

Hemolysis Rate Determination. Fresh blood was obtained from the SD
rats, and RBCs were centrifuged at 3500 rpm for 15 min. Following five
PBS washes, the RBCs were dispersed into 20-fold volume PBS. Different
concentrations of CTC micelles were mixed with 800 pL of RBC solution,
using PBS as a negative control and deionized water as a positive con-
trol. After incubation at 37 °C for 30 min and subsequent centrifugation,
the absorbance value at 570 nm was determined, and the hemolysis rate
was computed utilizing the subsequent formula:

Abs (Sample)-Abs (Negative control)

100%
Abs (Positive control)-Abs (Negative control) X °

Hemolysis rate =

Hematological Parameters and Biochemical Indices. For comprehensive
in vivo safety assessment, mice were subjected to analogous treatment
regimens (n = 3) as designated for the control group and CTC (L) group
within the antitumor experiment. On day 14, blood samples were
collected, and typical hematological markers such as white blood cells
(WBC), red blood cells (RBCs), hemoglobin (HGB), hematocrit (HCT),
mean red blood cell volume (MCV), mean red blood cell hemoglobin
(MCH), platelets (PLT), and mean platelet volume (MPV) were assessed.
An automatic analyzer was used to detection serum biochemical indices
including alanine aminotransferase (ALT), alkaline phosphatase (ALP),
aspartate aminotransferase (AST), urea nitrogen (BUN), and creatinine
(CRE).

2.16. Statistical analysis

Statistical evaluation was performed on data represented as mean +
standard deviation. Significance levels were denoted as follows: *p <
0.05, **p < 0.01, and ***p < 0.001, with these values indicating sta-
tistical significance.

3. Results and discussion
3.1. Characterizations and physicochemical properties

The synthetic pathways for CPT-CA-PEG-TPP and PEG-Ce6 were
delineated in Scheme S1A and S1B. Initially, ROS-responsive bonds (TK
and TA) were synthesized as detailed in prior literature [36,42], suc-
ceeded by the reaction of TK bonds with CPT to yield CPT-TK. Subse-
quently, CPT-TK reacted with TA-CA to produce CPT-CA, a process
validated by 'H NMR and MS (Figs. S1-S3). In the second stage, the
mitochondria-targeted group (TPP) was conjugated with COOH--
PEGs000-NHo through amidation reaction, resulting in PEG-TPP. The
subsequent emergence of a new infrared peak at 1634 cm ! in the
infrared spectrum of PEG-TPP, attributed to the appearance of amide
band I (C=O stretching), substantiated the successful formation of
PEG-TPP. 'H NMR spectra and UV-vis absorption results provided
additional evidence of this result (Figs. S4A-B). Ultimately,
CPT-CA-PEG-TPP was synthesized through esterification of CPT-CA and
PEG-TPP. As demonstrated in Fig. 1A, the C=O vibration of
CPT-CA-PEG-TPP shifted from 1736 cm™! to 1734 cm™! relative to
CPT-CA alone, with an intensified peak at 1734 cm™!. Fig. 1B reveals
that peaks at 7.60-7.93 ppm correspond to TPP’s aromatic hydrogen,
while peaks between 7.20 and 7.50 ppm correspond to CA’s aromatic
hydrogen. Additionally, the peaks of CPT aromatic hydrogen (d, e, f) and
methyl hydrogen (a, b) on the TK bond were discernible. These obser-
vations collectively confirmed the successful synthesis of
CPT-CA-PEG-TPP. Concurrently, PEG-Ce6 was synthesized through
amidation reaction, as evidenced by a contraction vibration peak of
C=O0 at 1632 cm ™! [43], indicating successful conjugation of Ce6 with
PEG (Fig. 1A). 'H NMR spectrum showing peaks (d) for carboxyl
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Fig. 1. (A) FTIR spectra of PEG, TPP, Ce6, PEG-TPP, CPT-CA, PEG-Ce6, and CPT-CA-PEG-TPP. (B) 1H NMR spectrum of CPT-CA-PEG-TPP. (C) 1H NMR spectrum of
PEG-Ce6 in DMSO-ds. (D) TEM image of CTC micelles. (E) 'H NMR spectra of CPT-CA following exposure to H,O, over different durations. (F) CA release and (G) CPT
release under various conditions in vitro. (H) O generation of CTC micelles incorporating different H,O5 concentrations. (I) O, concentration variations in HyOy
solution (1 mM) with the incorporation of different CTC micelles concentrations (CAT: 5/10 pg/mL). (J) The photodynamic activity and (K) ESR spectra of l02
trapped by TEMP of CTC micelles in/without H,O, after varied durations of irradiation (660 nm, 0.1 W/em?).

hydrogen as well as peaks (a) for imino hydrogen, further reinforced the
successful synthesis of PEG-Ce6 (Fig. 1C), along with UV-vis spectra
findings (Fig. S4C).

An exploration of the effects of CPT-CA-PEG-TPP and PEG-Ce6 on
particle size and morphology, as influenced by varying mass ratios,
followed. As displayed in Fig. S5, TEM images revealed that the mass
ratio of 1.5:1 of CPT-CA-PEG-TPP and PEG-Ce6 through the ethanol
injection preparation micelles yielded more uniform size. Accordingly,
this ratio was selected for subsequent micelles preparation. During the
self-assembly process involving CPT-CA-PEG-TPP and PEG-Ce6, CAT
was encapsulated within the micelles, culminating in the formation of
CTC micelles. TEM image affirmed that the CTC micelles were roughly
spherical and approximately 200 nm in size (Fig. 1D). Furthermore, to
evaluate the stability of the CTC micelles, hydration particle size, PDI
and Zeta potential were monitored over a 7-day period using a particle
size analyzer. As illustrated in Fig. S6, negligible variation in hydration
particle size and Zeta potential were observed, the PDI was less than 0.2,
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indicating that the prepared CTC micelles have good dispersibility and
stability. Thereby attesting to the CTC micelles’ excellent stability.

3.2. Evaluation of ROS-responsive ability and drug release profile

The assessment of the responsiveness of CTC micelles to ROS
involved an examination of the structural alterations of CPT-CA subse-
quent to incubation with identical concentration of HyO, over various
time frames within a methanol solution, as analyzed by 'H NMR. As
depicted in Fig. 1E, the positions labeled as a and b peaks pertain to ROS-
responsive TK and TA bonds, which undergo cleavage in the presence of
H50,, culminating in a reduction or even disappearance of NMR peaks.
It is discernible from Fig. 1E that following 6 h incubation of CPT-CA
with Hy0,, the NMR peak intensity at the a and b positions di-
minishes, and upon further extension of the incubation time with HyO,
to 24 h, the corresponding NMR peaks vanish, thereby substantiating
that the synthesized CPT-CA exhibits ROS responsiveness. Subsequently,
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the study probed the lysis of CTC micelles after a 5-day incubation with
varying concentrations of HoO3 (0, 0.1, 1 mM) utilizing TEM. As illus-
trated in Fig. S7, post-incubation for 5 days with 0 mM H30,, the CTC
micelles maintained their original morphology, while a progressive in-
crease in HyO5 concentration elicited a commensurate augmentation in
the lysis degree of CTC micelles. When the CTC micelles were subjected
to 1 mM H,0; for a span of 5 days, pronounced morphological alter-
ations ensued, accompanied by the most substantial lysis. In addition,
TEM image show that the structure of CTC micelles also collapsed
significantly when the concentration of HoO3 was 0.1 mM, which laid
the foundation for the responsive cracking of nanomicelles into the
tumor microenvironment. These findings corroborate the ROS-
responsive nature of CTC micelles.

The evaluation of the drug release properties of CA and CPT neces-
sitated an exploration of the release dynamics at 37 °C, under distinct
H20; concentration, and with or without laser irradiation. Fig. 1F and G
reveal that CTC micelles manifested negligible CA and CPT release at 0
mM H30,, in contrast to a notable enhancement in drug release at 10
mM H,0,, yielding CA and CPT releases of 11.9 % and 23.6 %,
respectively, at the 48-h mark. Additionally, before the release begin-
ning, apply laser irradiation of 0.5 W/cm? for 5 min to trigger an
increment in the release quantities of CA and CPT, with release per-
centages of 12.4 % and 31.0 %, respectively, at 48 h. This phenomenon
can be attributed to Ce6, functioning as a photosensitizer, which gen-
erates ROS upon laser irradiation at 660 nm [44], thereby inducing a
higher release of CA and CPT. These outcomes delineate that the HoOy
concentration and laser irradiation significantly influence the release of
CA and CPT.

3.3. Oy production and To, capacity assessment

The encapsulation efficiency of CAT within the CTC micelles was
determined to be 13 % using the BCA method. The ability to generate O,
within the micelles was assessed by employing a portable dissolved
oxygen meter to observe the Oy production. Fig. 1H and I illustrates that
CTC micelles, as anticipated, demonstrated catalase-dependent catalytic
activity with respect to HpO5. That is, the rate of O production pro-
gressively increased in accordance with the augmentation of CAT con-
tent in the micelles. Moreover, the Oy production capacity of CTC
micelles exhibited a positive correlation with the concentration of HyOy;
specifically, an increase in HyO; concentration led to a gradual
enhancement in the rate of O production when the concentration of
CTC micelles remained constant.

Further evaluation was conducted to understand the in vitro
photodynamic characteristics of CTC micelles, particularly focusing on
its 0, generation capacity. This was accomplished by monitoring
changes in the absorbance value of 1, 3-diphenylisobenzofuran (DPBF)
at a wavelength of 410 nm. As depicted in Fig. 1J, the absorption in-
tensity of DPBF remained largely unchanged following 30 min of irra-
diation with a 660 nm laser at a power density of 0.1 W/cm?, thus
indicating commendable photostability of DPBF. Conversely, the pres-
ence of CTC micelles prompted a substantial decrease in the absorbance
value of DPBF at 410 nm, with the decline intensifying in conjunction
with prolonged illumination (Fig. 1J). These observations affirm that
CTC micelles possess a robust 10, generation capacity. Furthermore,
when the concentration of CTC micelles was maintained, the absorbance
value of DPBF at 410 nm exhibited a more marked reduction in the
presence of HoOy (1 mM) compared to its absence (Fig. S8). This un-
derscores the likelihood that the enhanced photodynamic activity is
attributable to O production, facilitated by the decomposition of HoO2,
a reaction catalyzed by the micelle-encapsulated CAT. In addition, the
10, production of CTC micelles in the presence of Hy05 by electron spin
resonance (ESR) measurement. CTC micelles show a characteristic 1:1:1
triplet ESR signal under 660 nm laser irradiation when 2,2,6,6-tetrame-
thylpiperidine (TEMP) as a spin-trapping reagent (Fig. 1K), which is
assigned to the signal of TEMP-'0, produced through the reaction of 10,
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and TEMP under experimental conditions. Considering the effective
H0, catalytic ability, we measured the 10, generation ability of CTC
micelles at a mimetic HoO5 environment. The ESR signals was intensi-
fied in the presence of HO2 suggesting that CTC micelles can utilize
H,0; to produce 10,. This outcome mirrors the result shown in Fi g. 1J.
Based on all above analyses, we concluded that CTC micelles have a
good ability to generate 10,. DPBF and ESR results showed that CTC
micelles was activated by 660 nm laser irradiation and produced large
amounts of 102, and CAT could further catalyze H,O5 to produce O,
resulting in increased !0, generation. Thereby, laser irradiation and
CAT were crucial domino causing a whole row of latter dominos to fall
inducing a domino effect for tumor therapy.

3.4. Cellular assays in vitro

3.4.1. Invitro cellular assays at two-dimensional level

Lysosomes escape. To achieve mitochondrial targeting, effective ly-
sosomes escape is essential for internalized micelles. Lysosomes escape
of CTC micelles within the 4T1 cells were monitored in real-time by
CLSM. 4T1 cells nuclei and lysosomes were stained by DAPI and Lyso-
Tracker Green, respectively. As depicted in Fig. S9, the red fluores-
cence from CTC micelles matched well with green fluorescence and
displayed yellow color after treated with 4T1 cells for 2 h. However, as
the incubation time was extended, the overlap between the red and the
green fluorescence became decreased. This decrease in co-localization
was evident from the decrease in Pearson’s correlation coefficient (Rr)
from 0.78 to 0.77, which further decreased to 0.67. This result demon-
strates that CTC micelles can effectively escape from lysosomes. More-
over, Zheng and co-workers reported that such effectively lysosomal
escape of nanosystem is probably a result of the good lipophilicity of the
TPP targeting ligand [45].

Mitochondria-targeted and Cellular Uptake. The mitochondria-targeted
ability of CTC micelles was assessed using CLSM. A detailed investiga-
tion was conducted into the colocalization of mitochondria following
various incubation durations between CTC micelles and 4T1 cells. The
4T1 cells were incubated with CTC micelles for time periods of 0 h, 2 h,
4 h, and 6 h, and subsequently stained with DAPI and Mito-Tracker (a
commercial mitochondrial green dye). Fig. 2A reveals that, compared to
0 h incubation, a minimal number of micelles reached the mitochondria
after 2 h of co-incubation with 4T1 cells. However, as the incubation
time was extended, the micelles penetrating the cells gradually
increased. Upon 6 h co-incubation with 4T1 cells, CTC micelles (Ce6: red
fluorescence) and Mito-Tracker exhibited significant overlap within 4T1
cells, manifesting as bright yellow fluorescence. This evidence sub-
stantiates the exceptional mitochondria-targeted ability of CTC micelles.
To present the mitochondrial colocalization effect more intuitively at
different time intervals, the overlap degree of green and red fluorescence
at distinct time was further analyzed using Image J software. The
analysis elucidated that the concurrence of green and red fluorescence
progressively intensified with the extension of time. Fig. S10 illustrates
that, compared to O h, the intracellular fluorescence intensity escalated
incrementally with prolonged incubation, confirming that the internal-
ization of CTC micelles into the cells gradually augmented. After a 6 h
incubation with 4T1 cells, a pronouncedly higher fluorescence intensity
was observed, indicating that CTC micelles could be effectively endo-
cytosed into tumor cells.

Cytotoxicity. The mitochondria-targeted and cellular uptake results
ascertain that CTC micelles were effectively internalized by 4T1 cells
and exhibit superior mitochondria-targeted capabilities, laying the
groundwork for their potential tumor treatment effects. To probe the
synergistic therapeutic implications of CTC system-mediated mito-
chondrial targeting, combined with enhanced chemotherapy and PDT,
cytotoxicity was appraised in different groups post 24 h co-incubation
with 4T1 cells using the MTT method. Fig. 2B illustrates that the CTC
group’s cell viability rate was 52 %, markedly greater than that in the
CTC (L) group (5 %). This result suggests that the administration of 660
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Fig. 2. (A) Mitochondrial co-localization of CTC micelles in 4T1 cells. (B) Analysis of viability of 4T1 cells subjected to various treatments at 37 °C over a 24-h
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nm laser irradiation can instigate cells to generate more ROS, thereby
stimulating more drug release and facilitating a more potent cell-killing
effect. The cell survival rate of TC (L) group was significantly elevated
compared to the CTC (L) group, which implies that CAT within CTC
micelles, upon targeting mitochondria, can catalyze HyO5 to produce O,
thus achieving enhanced PDT. Additionally, the CNC (L) group also
displayed a higher cell survival rate compared to the CTC (L) group, as
CTC micelles target mitochondria to accomplish enhanced PDT, thereby
inducing more robust oxidative stress in the mitochondria and conse-
quent increased apoptosis. To more vividly represent the cytotoxicity of
the CTC micelles, live/dead cell staining experiment was employed,
with live cells stained green by Calcein-AM and dead cells stained red by
Propidium Iodide (PI) [46]. Fig. S11 shows almost no cell death in the
control group, while the CNC (L), TC (L), CTC, and CTC (L) groups
exhibited varying degrees of cell death, with the CTC (L) group showing
the most potent red fluorescence and the weakest green fluorescence,
corroborating that CTC (L) could induce greater cell death. The staining
outcome align with the MTT result, collectively affirming that CTC (L)
micelles target mitochondria to realize enhanced chemotherapy and
PDT, resulting in the most substantial cytotoxicity.

Intracellular ROS Production. Continuous and adequate intracellular
ROS production stands as a fundamental requisite for the induction of
pronounced oxidative stress within the mitochondria, and consequently,
the onset of ICD. Accordingly, to evaluate the generation of intracellular
ROS following the co-incubation of 4T1 cells with various material
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groups, intracellular ROS was marked by the ROS fluorescent probe
(DCFH-DA). The staining principle entails that once DCFH-DA perme-
ates the cellular membrane, it is deacetylated by intracellular esterase to
form non-fluorescent DCFH, which can be oxidized by ROS to emit green
fluorescence [47], detectable via CLSM. As depicted in Fig. 2C, the CTC
group can prompt cells to yield a modest quantity of ROS compared to
the control group, demonstrating that mitochondrial endogenous ROS as
the beginning of the domino effect led to the cleavage of some
ROS-responsive bonds. However, subsequent to laser irradiation at 660
nm, the CTC (L) group exhibits robust green fluorescence, and the vol-
ume of ROS production is substantially augmented. Although the CNC
(L) group revealed strong green fluorescence, it was diminished
compared to that in the CTC (L) group, thus attesting that the micelles
can stimulate cells to generate increased ROS following mitochondrial
targeting. In addition, the green fluorescence of the TC (L) group re-
mains weaker than that of CTC (L), attributable to CAT’s role in cata-
lyzing the HyO2 production of O, thereby enhancing PDT and
subsequently inducing augmented ROS production. For a more intuitive
representation of the fluorescence intensity variance among different
groups, the mean fluorescence intensity after incubation with varying
groups was further analyzed by Image J software, resulting in values of
26.6 £ 0.1, 41.1 + 1.8, 34.2 £ 0.8, 33.0 + 1.3, and 50.6 + 4.6,
respectively (Fig. 2E). Additionally, to explore the capability of the CTC
micelles system in promoting sustained cellular ROS production, the
ROS generation in cells after diverse co-incubation durations with the
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CTC micelles and 4T1 cells was investigated via CLSM. It warrants
noting that following a 6 h co-incubation of CTC micelles with 4T1 cells,
laser irradiation is administered to effectuate PDT, inducing further ROS
production. As illustrated in Fig. 2D, the findings affirm that CTC mi-
celles can perpetually induce intracellular ROS generation post-laser
irradiation, and the mean intracellular fluorescence intensity across
different groups was also computed utilizing Image J (Fig. 2F). In
addition, we evaluated the generation of ROS within mitochondria.
After the CNC and CTC micelles were incubated with 4T1 cells for the
same time, the cell nuclei, mitochondria and ROS were stained with
DAPI, Mito-tracker and DCFH-DA, respectively, and the result was
shown in Fig. S12. Compared with the control group, both CNC (L) and
CTC (L) group can induce ROS generation in mitochondria. However,
the CTC (L) group has stronger green fluorescence, and the red and green
fluorescence matched well and displayed stronger yellow color, which
proved that nanomicelle modification of TPP can effectively induce
mitochondrial ROS generation. These results demonstrate that enhanced
chemotherapy and photodynamic therapy after targeting mitochondria
by CTC micelles can induce stronger ROS production through the
domino effect. Moreover, these findings substantiate the underlying
framework for the actualization of intracellular ICD.

Mitochondrial damage. To evaluate the extent of mitochondrial
impairment inflicted upon 4T1 cells by CTC micelles, variations in the
mitochondrial membrane potential (MMP) were ascertained through
JC-1 staining. Under standard physiological conditions, JC-1 aggregates
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within the mitochondrial matrix, thereby yielding red fluorescence.
However, in the event of MMP loss, the aggregated red fluorescence of
JC-1 transitions to monomer green fluorescence [48]. As delineated in
Fig. 2G, in comparison with the control group, the red fluorescence of
the other groups decreased and green fluorescence increased, indicating
that the incubation with different groups induced variable degrees
damage of mitochondria, with the CTC (L) group having the greatest
attenuation of red fluorescence and the strongest green fluorescence,
thus signifying that CTC micelles may inflict more substantial damage to
mitochondria post-mitochondrial targeting.

Apoptosis. To further validate that CTC (L) possesses an enhanced
cell-killing effect, apoptosis induced by the different groups was
explored using flow cytometry. Fig. 2H reveals that the apoptosis rate of
the CTC group was 23.97 %, the TC (L) group’s rate was 29.9 %, and the
CNC (L) group’s rate was 37.9 %, all of which were lower than the CTC
(L) group’s rate of 70 %. This evidence verifies that CTC micelles, after
targeting mitochondria, brought about more potent oxidative stress,
leading to augmented apoptosis by achieving enhanced chemotherapy
and PDT.

3.4.2. Cytotoxicity evaluation at the three-dimensional level

Research has demonstrated that three-dimensional (3D) tumor
spheroids more accurately reflect the tumor microenvironment [49,50].
Encouraged by the results produced from two-dimensional cell experi-
ments, 3D tumor spheroids were used to understand the local

36 pm Merge

Fig. 3. (A) Relative 3D tumor spheroids volume subsequent to various treatments. (B) Representative microscopic images of 4T1 tumor spheroids with different
groups. (C) CLSM images of the 3D tumor spheroids of 4T1 cells stained with Calcein-AM/PI following treatment with various groups at 24 h. (D) CLSM images of 4T1
tumor spheroids subsequent to 12 h of co-incubation with different groups, and staining with DCFH-DA. Where (1) Control, (2) Control (L), (3) CNC (L). (4) TC (L).

(5) CTC. (6) CTC (L), *p < 0.05 and **p < 0.01. scale bar = 100 pm.
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spatiotemporal effects of micelles on tumor cells in the tumor micro-
environment (e.g., overexpression of Hp03) [51,52]. The effective
internalization of micelles by tumor spheroids serves as a prerequisite
for their therapeutic efficacy within tumor spheres. Initially, 3D tumor
spheroids were fabricated utilizing the hanging drop method. Conse-
quently, CTC micelles and 3D tumor spheroids were co-incubated at
varying durations to explore its penetration into the 3D level. Fig. S13
illustrates that as incubation time prolongs, the red fluorescence in-
tensity (attributed to Ce6) within the tumor spheroids progressively
escalates, affirming that an increasing quantity of micelles is assimilated
by the tumor sphere, corroborating the findings from the 2D uptake
experiment. Subsequently, disparate groups of materials were
co-incubated with the tumor spheroids for an aggregate duration of 5
days, with the growth dynamics of the tumor spheroids being continu-
ally monitored. As depicted in Fig. 3A, tumor spheroids growth in the
control (L) group remained largely uninhibited relative to the control
group, attesting that laser irradiation in isolation essentially did not
impede the expansion of tumor spheroid. In contrast to the CNC (L), TC
(L), and CTC groups, the CTC (L) group manifested the most pronounced
tumor spheroid growth restraint, owing to the micelles achieving
augmented PDT under laser irradiation at 660 nm subsequent to mito-
chondrial targeting, thereby liberating additional chemotherapeutic
agents. This could provoke mitochondria to engender a more potent
oxidative response and thereby induce augmented cellular death. Fig. 3B
showing exemplary pictures of the tumor spheroids suppression exper-
iment. In succession, the cytotoxicity of CTC micelles at the 3D cellular
level was further substantiated by live/dead cell staining assay, as
demonstrated in Fig. 3C, corroborating that CTC (L) could induce a more
potent cytotoxic effect, harmonizing with the 2D level findings of
live/dead cell staining.

Subsequently, DCFH-DA was employed as a ROS probe to assess ROS
production in cells following the co-incubation of 3D tumor spheroids
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with diverse material groups. As presented in Fig. 3D, the CTC (L) group
exhibited a more pronounced green fluorescence signal relative to other
groups, signifying that CTC (L) can more efficaciously instigate ROS
generation within 3D tumor spheroids, aligning with the ROS produc-
tion observations at the 2D level. Cumulatively, these findings un-
equivocally affirm that the synthesized CTC micelles can execute anti-
tumor functions in a manner more congruent with the tumor microen-
vironment, thereby laying a theoretical foundation for subsequent in-
vestigations into the in vivo anti-tumor efficacy of CTC micelles.

3.5. Micellar-induced ICD effect

ICD is a distinctive form of cellular demise with the capability to
enhance the infiltration of immune effector cells and remodel the tumor
microenvironment. Such actions are instrumental in amplifying sys-
temic anti-tumor immunity, ultimately aiming for comprehensive tumor
eradication post-treatment. ICD is delineated by the liberation of
damage-associated molecular patterns (DAMPs), including the exter-
nalization of CRT on the cellular membrane surface, the excretion of
high-mobility group box 1 (HMGB1) proteins and the secrete of aden-
osine triphosphate (ATP) [53]. These DAMPs send out signals of “find
me” and “eat me” to catalyze the migration and maturation of DC,
subsequently leading to antigen presentation to T cells and culminating
in the recruitment of cytotoxic T lymphocytes (CTLs) into the tumors to
achieve a tumor-killing immune response [54,55], hence positioning
ICDs as pivotal catalysts for immune engagement.

In a quest to ascertain whether sustained ROS production within cells
can efficaciously instigate ICD, the expression of CRT on the cellular
membrane, along with the discharge of HMGB1 within cells, were
appraised via immunofluorescence staining. As illustrated in Fig. 4A, the
control group manifested negligible CRT expression on the cellular
membrane surface. Conversely, the CNC (L), TC (L), CTC, and CTC (L)
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groups exhibited CRT translocation on the cellular membrane surface more obvious. This result was consistent with CLSM images. Finally,
post-co-incubation with 4T1 cells. Among these, the CTC (L) group ATP secrete was monitored by an ATP detection kit. As illustrated in
demonstrated particularly conspicuous CRT translocation, attributable Fig. 4E, compared to other groups, the CTC (L) group exhibited lower
to the enhanced PDT attainable through laser irradiation subsequent to intracellular ATP levels, which was consistent with the conclusions from
mitochondrial targeting. This consequently leads to the liberation of an the CRT exposure and HMGB1 release analysis. These results indicate
augmented quantity of chemotherapeutic agents and the subsequent that the constructed ROS-responsive and triple-synergistic mitochon-
induction of increased ROS production, culminating in more pro- dria-targeted polymer micelles (CTC micelles) effectively induce ICD.

nounced CRT exposure. The escalation of ROS levels within tumor cells DCs maturation is a crucial step in initiating an immune response. To
expedites the liberation of HMGB1 from the nucleus to the extracellular investigate this, mouse bone marrow-derived DCs (BMDCs) from BALB/
environment. Previous intracellular ROS generation experiments have ¢ mice were co-cultured with 4T1 cells after different treatments, and
validated that the CTC (L) group exhibits superior ROS generation the maturation of DCs was assessed using flow cytometry. As shown in
prowess, which is anticipated to further enhance the dissemination of Fig. 4F, the proportion of mature DCs was 9.59 % in the control group,

HMGBI1 from the nucleus to the extracellular matrix. Fig. 4B visually while in the CNC (L), TC (L), and CTC groups, it was 27.81 %, 21.00 %,

corroborates that, relative to the control group, the CNC (L), TC (L), CTC and 12.06 %, respectively. Notably, upon CTC (L) treatment, the pro-

and CTC (L) groups are capable of inducing HMGB1 release. Among portion of mature DCs increased to 31.57 %. This suggests that the

these, the CTC (L) group distinctly augments the liberation of HMGB1 prepared CTC micelles targeting mitochondria can enhance chemo-

from the nucleus to the extracellular matrix. Moreover, we measured the therapy and PDT under 660 nm laser irradiation can stimulate more DCs

CRT exposure rate of tumor cells after treatment with different groups to mature, augmenting the immune response.

by flow cytometry. As shown in Fig. 4C and D, compared to the control

group, the mean fluorescence intensity of CNC (L), TC (L), CTC, and CTC

(L) groups increased, indicating that different groups exhibited CRT 3.6. In vivo anti-tumor activity

translocation on the cellular membrane surface after coincubation with

4T1 cells. Among these, the CTC (L) group had a stronger mean fluo- Drawing upon the foundational in vitro studies, the in vivo investi-

rescence intensity, which proved that its induced CRT exposure was gation commenced with an exploration to ascertain the optimal duration
for light exposure subsequent to administration. To this end, the
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Fig. 5. (A) Fluorescence imaging of 4T1 tumor-bearing mice at differing intervals post tail vein injection of CTC micelles. (B) Fluorescence imagery of excised major
organs and tumor subsequent to a 50-h post-CTC micelles injection. (C-E) Relative tumor volume, visual representation of tumors, and tumor weights across varied
treatments (n = 4). (F) Evolution of body weight within the mice across the 14-day treatment regimen. (G) Ki67, TUNEL and ROS staining of tumor tissues extracted
from 4T1 tumor-bearing mice at the 14th day. *p < 0.05, **p < 0.01 and ***p < 0.001. Where (1) Control, (2) Control (L), (3) CNC (L), (4) TC (L), (5) CTC, (6)
CTC (L).
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accretion of CTC micelles within 4T1-bearing mice was initially scruti-
nized employing an In Vivo Imaging Systems (IVIS) system. The time-
dependent dispersion of CTC micelles in 4T1-bearing mice via animal
fluorescence imaging was monitored, following the injection of CTC
micelles through the tail vein. As depicted in Fig. 5A, the most robust
fluorescence signal was discernible in the tumor region at 36 h post-tail
vein injection, thereby corroborating that CTC micelles were adept at
concentrating efficiently at the tumor locale within this timeframe.
Conversely, a waning in fluorescence intensity at the tumor site was
observable at 50 h, a phenomenon attributable to the progressive
metabolism of the CTC micelles. Subsequent to tail vein injection for a
period of 50 h, mice were euthanized, and the principal organs (heart,
liver, spleen, lung, kidney) and tumor tissues were harvested for fluo-
rescence imaging (Fig. 5B). The imaging outcomes revealed pronounced
fluorescence within the tumor tissues, thereby testifying to the adept
tumor-targeting properties of the prepared CTC micelles. Of noteworthy
mention is the detection of strong fluorescent signal within liver organ, a
finding indicative of CTC micelles metabolism within the body. To
further assess the synergistic impact of mitochondrial-targeted CTC
micelles on the amplification of in vivo chemotherapy, PDT, and
immunotherapy, BALB/c mice were specifically chosen for a compre-
hensive study of the anti-tumor efficacy of CTC micelles in vivo. 4T1
tumor-bearing mice model was constructed and upon the tumor volume
expanding to approximately 80-100 mm?>, the mice were arbitrarily
allocated into 6 cohorts for administration via tail vein injection. Sub-
sequently, the tumor volume of the mice was meticulously measured on
a daily basis (Fig. 5C). At the conclusion of the 14-day treatment period,
the excised tumor tissues from the varying groups were assembled and
weighed (Fig. 5D and E). Fig. 5C illustrates that the control and control
(L) groups exerted no inhibitory influence on tumor proliferation,
thereby affirming that laser irradiation in isolation did not manifest
therapeutic effects on tumor growth. Conversely, when contrasted with
the control group, the remaining groups manifested disparate degrees of
tumor growth inhibition. Notably, the tumors of CTC (L) group were
obvious smaller in size and weight than other groups (Fig. 5D and E),
indicating the tumor suppressor impact most conspicuous. These find-
ings collectively substantiate that CTC micelles, upon targeting mito-
chondria, engender augmented PDT, thus facilitating increased drug
liberation, stimulating the tumors to generate augmented ROS, inducing
a more potent ICD effect, and culminating in a pronounced tumor sup-
pressor effect. Furthermore, a continuous monitoring of weight varia-
tions in mice across diverse treatment groups over the 14-day period, as
portrayed in Fig. 5F, revealed no substantial fluctuations in body weight
among the different groups during the treatment course. This observa-
tion underscores the satisfactory biocompatibility of CTC micelles.

To augment the understanding of the tumor treatment efficacy of
CTC micelles, tumor tissues were collected post-sacrifice of mice and
subjected to staining with H&E, Ki67, and TUNEL. As delineated in
Fig. 5G and S14, the H&E staining results reveal that regions of necrosis
or apoptosis were identifiable in tumor sections following 14 days of
treatment across various groups when contrasted with the control and
control (L) groups (Fig. S14). The CTC (L) group, in particular, exhibited
an expansive area of necrosis or apoptosis within tumor sections,
thereby signaling a superior anti-tumor effect in comparison with other
groups. Ki67, functioning as a marker of cell proliferation, is often
employed in the evaluation of tumor therapeutic effects. Thus, Ki67
(brown) immunohistochemical staining was conducted on tumor tissues
subjected to treatment by diverse groups. The comparative analysis with
control and control (L) groups elucidates that the expression of Ki67 in
tumor tissues witnessed a reduction post-treatment with other groups,
with the expression within tumor tissues of the CTC (L) group being
markedly discernible. This underscores the notion that the CTC (L)
group possesses the capability to augment therapeutic effects through
the inhibition of 4T1 tumor cells’ proliferation. Furthermore, the results
of TUNEL staining allow for the observation that the CTC (L) group
exhibited a significantly larger area of tumor cell apoptosis (green) as
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opposed to other groups. This substantiates that CTC (L) group can
achieve enhanced PDT following mitochondrial targeting, thereby
fostering increased drug release and subsequent promotion of more ROS
production within tumor tissues. This leads to the induction of more
robust ICD effects, thereby manifesting more potent tumoricidal effects.

In a bid to gauge the ROS level within tumor tissues, subsequent to a
36 h injection of varied material groups into the tail vein, the tumor
tissues were harvested and sectioned. The nuclei and ROS of 4T1 cells
were stained with DAPI (blue) and DHE (red), correspondingly, with the
results depicted in Fig. 5G. Relative to the control and control (L) groups,
the CTC group exhibited weak red fluorescence, thereby affirming that
CTC can stimulate the tumor tissue to engender a minimal amount of
ROS. However, upon the administration of 660 nm laser irradiation,
ROS generation experienced a substantial increase, highlighting that
enhanced PDT can be actualized under laser irradiation, which subse-
quently triggers more drug release and thus mediates elevated ROS
production. Additionally, the red fluorescence within the CNC (L) group
was found to be feebler than that in the CTC (L) group, indicating that a
more robust oxidative stress could be induced to generate increased ROS
following mitochondrial targeting. This is in alignment with the out-
comes of ROS production at the cellular stratum. Such results signify
that CTC (L) can efficaciously instigate ROS production in vivo, thus
laying the groundwork for the in vivo manifestation of ICD.

3.7. Immune activation in vivo

We constructed polymer micelles can stimulate sustained, stable, and
sufficient ROS production in cancer cells, inducing an effective ICD.
Thereby fosters the phagocytosis and presentation of tumor antigens by
dendritic cells, further efficiently initiating specific anti-tumor immune
responses (Fig. 6A). Given the exceptional in vivo ROS generation ca-
pacity of polymer micelles, an investigation was initiated to assess the
capability of CTC micelles to instigate ICD in vivo. Specifically, the
exposure of CRT at tumor locales and the discharge of HMGB1 were
analyzed by means of immunofluorescent staining subsequent to treat-
ment. As elucidated in Fig. 6B, the CRT staining outcomes indicate an
almost negligible expression of CRT within the control and control (L)
groups. Conversely, CRT exposure is discernible within the CNC (L), TC
(L), CTC, and CTC (L) groups, with the CTC (L) group displaying more
pronounced CRT exposure in comparison to the other groups. Further-
more, HMGBI1 staining substantiated that the CTC (L) group had a
marked release from the nucleus relative to other groups, the CTC (L)
group showed higher ATP secrete than the control group (Fig. S15).
Collectively, these findings corroborate the assertion that the CTC (L)
group can induce a more potent ICD effect than other groups.

The recruitment of immune cells into the TME constitutes a pivotal
parameter that bears a direct correlation with the anti-tumor immune
response [56]. Accordingly, in a pursuit to ascertain whether
mitochondria-targeted CTC micelles can augment their anti-tumor effi-
cacy via the enhancement of immune cell infiltration, CD8" T cells
within tumor tissues were subjected to immunofluorescence staining. As
depicted in Fig. 6B, the infiltration of CD8™" T cells (green) by the control
and control (L) groups was negligible. Additionally, the NC (L), TC (L),
CTC, and CTC (L) groups exhibited weak green fluorescence, denoting
reduced CD8" T cells infiltration. Conversely, the CTC (L) group man-
ifested a substantial number of infiltrated CD8™ T cells within the tumor.
In addition, we also measured the levels of CD4* and CD8" in the spleen
and tumor tissue by flow cytometry. After treatment, mice were sacri-
ficed for the determination of immune response. As shown in Fig. 6C-F,
we found that compared with the control and CTC groups, CTC (L)
treated spleen (Fig. 6C and E) and tumor (Fig. 6D and F) had the highest
proportion of CD4" and CD8" T cells. The percentages of CD3" CD8™
and CD3" CD4™ T cells treated with CTC (L) were 4.00- and 2.09-fold
higher than control in the spleen, respectively. The percentages of
CD3* CcD8" and CD3" CD4™" T cells treated with CTC (L) were 2.09- and
1.59-fold higher than control in the tumor, respectively. Notably, Tregs
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play a pivotal role in suppressing CD8' T cells and impeding DCs
maturation, thereby fostering an immunosuppressive microenvironment
[57]. Following CTC (L) treatment, we observed a noteworthy 10.78 %
decrease in the proportion of Tregs in the treated group compared to the
control group (Fig. S16). Subsequently, we conducted an in-depth
analysis of immunostimulatory cytokines (IFN-y, IL-6, and TNF-a) to
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assess the immune response triggered by CTC (L). As depicted in
Fig. S17, the levels of these cytokines were significantly elevated in
comparison to the control group. These results signifying that the
fabricated CTC micelles can significantly amplify the immunogenicity of
deceased tumor cells following light exposure, thereby eliciting an
anti-tumor immune response.
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To evaluate the abscopal effect of CTC (L)-mediated immune
response, we constructed a bilateral tumor model to evaluate the
abscopal effect of CTC (L)-mediated immune response. The right tumor
was set as the primary tumor and the left tumor was designated as the
distant tumor. Mice were randomly divided into 3 groups including
control, CTC and CTC (L), with the CTC (L) group receiving laser irra-
diation of the primary tumor 36 h after tail vein injection, whereas the
distant tumors were shielded from any treatments. As shown in Fig. 7,
compared to the control and CTC groups, the CTC (L) group showed
obvious inhibition effects on the tumor growth for both the primary
tumor and distant tumor. This result indicate that CTC micelles can
effectively initiate ICD-mediated immune response after laser irradia-
tion, which has a good therapeutic efficacy for both the primary tumor
and distant tumor.

3.8. Anti-tumor mechanism by transcriptomics analysis

On the basis of anti-tumor efficacy assays in vivo, in order to further
explore the molecular mechanisms of CTC micelles therapeutic effect,
we evaluated differentially expressed genes between the CTC (L) and the
untreated control groups by transcriptomics analysis of 4T1 tumors. As
shown in Fig. 8, CTC (L)-treated group induced a large number of genes
expression fluctuations compared with the control group. Analysis
revealed 1026 differentially expressed genes, 286 genes significantly
downregulated and 780 genes markedly upregulated. Subsequently,
Gene Ontology (GO) assessment was conducted on the aforementioned
differentially expressed genes, revealing their significant ties to “bio-
logical process”, “cellular component”, and “molecular functions”.
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis
was performed to determine the differences in biological processes and
pathways among different samples. Multiple signaling pathways were
significantly affected after treatment with CTC (L), including the
MicroRNAs in Cancer, Rapl signaling pathway, PI3K Akt signaling
pathway, and Ras signaling pathway. Among which the PI3K Akt
signaling pathway plays an important role in CRT exposure on the sur-
face of cancer cells [58]. In addition, Tregs were considered a key type of

A Primary tumor Distant tumor
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immunosuppressive cell, often hijacked by the tumor microenvironment
to evade immune response [59]. Foxp3 is considered a specific marker of
Tregs, which is an intracellular transcription factor that determines the
immunosuppressive phenotype of Tregs. Inhibition of Foxp3 can lead to
the loss of immune suppression function of Tregs. Foxp3 was signifi-
cantly downregulated after treatment with CTC (L), leading to the loss of
immunosuppressive function of Tregs and effectively alleviating the
immunosuppressive microenvironment. Collectively, these findings
confirm that CTC (L) can effectively activate anti-tumor immunity and
regulate immunosuppressive TME to enhance cancer immunity.

3.9. Biosafety evaluation

The inherent biocompatibility of polymer micelles serves as a foun-
dational cornerstone for their efficacy in vivo, and as such, the biosafety
of polymer micelles was the subject of an exhaustive investigation
through an array of experimental procedures. Initially, the cytotoxicity
of CTC micelles upon human normal hepatocytes (LO2) was scrutinized
by employing MTT assay. As delineated in Fig. S18A, subsequent to a 24
h treatment with a concentration of 43 pg/mL CTC micelles, the viability
of LO2 cells persisted at levels exceeding 85 %. Such findings are
indicative of the commendable biocompatibility inherent in the
formulated CTC micelles. Following this, in vitro hemolysis assay was
conducted, as documented in Fig. S18B. Remarkably, the hemolysis rate
was found to be less than 1 % even at a concentration of 43 pug/mL of
CTC micelles, a further testament to the CTC micelles’ favorable
hemocompatibility. Subsequently, comprehensive hematological and
biochemical assessments were undertaken. As illustrated in
Figs. S18C-18E no statistically significant deviations were observed in
liver function markers (ALT, AST, ALP), and renal function markers
(BUN, CRE), or hematological parameters when juxtaposed with the
control group. Lastly, key organs (namely the heart, liver, spleen, lung,
and kidney) from mice across various treatment groups were harvested
for H&E staining. The absence of discernible pathological alterations
(Fig. S18) points to the fact that polymer micelles exhibited minimal
toxic side effects during their accumulation within major mice organs.
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Fig. 8. (A) Differentially expressed genes between the CTC (L)-treated and the untreated control groups are represented on a volcano plot map. (B) GO enrichment
analysis and (C) KEGG pathway enrichment analysis of differentially expressed genes treated with PBS and CTC (L), respectively; n = 5.

The cumulative evidence garnered from these analyses consolidates the
assertion that CTC micelles possess an elevated level of therapeutic
biosafety. This is principally attributable to the precision delivery of
tumor-targeted drugs, thereby mitigating the adverse effects upon non-
tumor organs.

4. Conclusion

The study at hand presents a meticulous synthesis of a ROS-
responsive and triple-synergistic mitochondria-targeted polymeric
micelle construct (CTC micelle), specifically architected to function as a
multi-stage amplifier of ROS, with a goal to efficaciously trigger ICD by
inducing the domino effect. In the initial phase of development, the
mitochondrial-targeted micelles were fabricated via ethanol injection, a
process during which CAT was meticulously encapsulated within the
micelle’s architecture. This encapsulation was performed during the
micelle’s self-assembly phase, thus laying the groundwork for enhanced
PDT, achievable under laser irradiation at a wavelength of 660 nm. Such
a methodological approach was instrumental in dramatically augment-
ing the efficiency of ROS generation. Both in vitro and in vivo experi-
mental paradigms were employed to substantiate that CTC micelles
possess the capability to effectively incite the production of ROS,
thereby laying an empirical foundation for the effective induction of
ICD. Further in vitro and in vivo assays have illuminated that CTC mi-
celles can actively induce the exposure of CRT and the liberation of
HMGB1 ATP. Such a phenomenon is concomitant with a significant
amplification of CD8" T cells infiltration within tumors, a vital step in
reversing the tumor’s immunosuppressive microenvironment. In sum-
mation, the data presented herein unambiguously underscore the po-
tential therapeutic value that CTC micelles could offer within the ambit
of cancer therapeutics.
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