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Light-activatable manganese carbonate
nanocubes elicit robust immunotherapy

by amplifying endoplasmic reticulum stress-
meditated pyroptotic cell death

Chuan Wu'f, Mingquan Gao?", Weidong Xiao*', Xie Huang?, Xinrui Yang?, Zifei Wu?, Xudong Yu?, Banghui Mo?,
Zaizhi Du?, Zigian Shang?, Jing Liu?, Can Shi?, Rong Li*', Shenglin Luo?” and Weidong Wang'**

Abstract

Although tumor immunotherapy has emerged as a promising treatment modality, it faces significant challenges
stemming from the immunosuppressive characteristics of the tumor microenvironment (TME), the low
immunogenicity of tumors, and the poor specificity of immunoactivation. These factors can hinder the efficacy of
immunotherapeutic approaches and lead to immune-related adverse events. This study reports a multifunctional
nanocube (Mn-ER-Cy) that integrates Mn carbonate (MnCO;) and a photosensitizer (ER-Cy) by targeting tumor-cell
endoplasmic reticulum (ER). The results demonstrate that Mn-ER-Cy preferentially accumulates in tumor tissues
and is retained within ER organelles, facilitating photothermal therapy (PTT) and photodynamic therapy (PDT)
upon exposure to 808 nm light irradiation. Triggered by acidic TME and light irradiation, MnCO; is rapidly degraded
to Mn?*, which in turn promotes the generation of reactive oxygen species through the Mn?*-mimic Fenton
reaction, enabling chemical dynamics therapy (CDT). Triple-modal synergistic therapy simultaneously happens in
ER to induce excessive ER stress, which subsequently amplify highly immunogenic pyroptotic cell death through
activating NLRP3 inflammasome, caspase-1, and gasdermin D (GSDMD) pathway. Meanwhile, the decomposition
of MnCO; consumes H* and contributes to an increased intracellular pH by regulating lactic acid levels, thereby
counteracting the immunosuppressive acidic TME. Furthermore, Mn-ER-Cy serves as an inherent dual-modality
imaging contrast agent for near-infrared fluorescence and photoacoustic imaging, facilitating imaging-guided
precision therapy. These findings underscore the potential of Mn-ER-Cy to substantially enhance the efficacy and
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specificity of tumor immunotherapy, portraying a bright prospect to improve the clinical outcomes of patients with

cancer.
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Photoacoustic imaging

Introduction

Malignant tumors remain a significant global health
challenge and are the second leading cause of death,
accounting for approximately 9.7 million deaths in
2022 [1]. As a promising therapeutic modality, immu-
notherapy has made substantial progress by activating
the patient’s immune system to combat tumors [2].
Strategies such as immune checkpoint inhibitors, chi-
meric antigen receptor T cell therapy, and tumor vac-
cines have emerged and shown promising potential in
treating various malignancies, substantially improving
the prognosis of patients with cancer [3]. Despite some
success, immunotherapy still faces tough challenges,
including relatively low response rates for limited effi-
cacy, and poor specificity for immune-related adverse
events [4, 5, 6]. Therefore, there remains an urgent
need to explore more effective and specific strategies
for promoting antitumor immune response in a larger
population of patients.

The effectiveness of cancer immunotherapy is pre-
dominantly limited by the immunosuppressive tumor
microenvironment (TME), including the acidic micro-
environment and immunosuppressive cells accumu-
lated in the TME, such as myeloid-derived suppressor
cells, M2 macrophages, and regulatory T cells (Tregs)
[7]. Tumor cells undergo metabolic reprogramming to
produce large amounts of lactate, leading to acidifica-
tion of the TME [8]. This acidic environment not only
expedites the proliferation and metastasis of tumor
cells but also impairs the function of immune cells [9].
In particular, recent evidence has demonstrated that
acidic TME can induce M2 polarization of tumor-asso-
ciated macrophages (TAMs), impede antigen presen-
tation, and inhibit dendritic cell (DC) activation [10].
Therefore, neutralizing the acidic characteristic of the
TME may represent an effective strategy for sensitiz-
ing cancer immunotherapy. For example, bicarbonates
are a representative class of antitumor adjuvant drugs
with good biocompatibility and biodegradability [11].
They are also commonly used as immune modulators
to neutralize the acidic TME and improve immuno-
therapy. Administration of an oral bicarbonate buffer
solution combined with anti-PD-1 treatment can effec-
tively inhibit melanoma growth and improve survival
rates [12]. However, bicarbonates lack specific target-
ing of tumor tissues and may alter the pH of healthy
tissues, thereby increasing potential side effects. Fur-
thermore, their release and action in vivo are relatively

short-lived, making it challenging to sustain the long-
term efficacy of treatment. Therefore, enhancing their
targeting capability and achieving their controlled
release may improve the therapeutic effect.

In addition to the immunosuppressive acidic TME
mentioned above, the low immunogenicity of tumors
is another critical factor that cannot trigger enough
immune response. Traditional treatment modalities,
such as chemotherapy and radiotherapy, can induce
immunogenic cell death (ICD) via apoptosis, necro-
sis, and autophagy pathways [13]. However, most of
these common strategies are still characterized by
limited immune responses. Therefore, shifting the
paradigm from low to high ICD would significantly
improve the efficacy of immunotherapy and provide
better outcomes for cancer patients. Among various
programmed cell death mechanisms, pyroptosis has
emerged as a promising candidate due to its associa-
tion with inflammation and the release of danger-asso-
ciated molecular patterns (DAMPs) that can activate
an immune response [14]. Pyroptosis is an inflam-
matory cell death typically mediated by gasdermin D
(GSDMD) proteins, leading to cell lysis and the release
of proinflammatory cytokines, which can enhance
immune cell recruitment and activation [15]. Despite
the potential benefits of inducing pyroptosis in
tumors, the underlying mechanisms governing its acti-
vation and effects on tumor immunity are still not fully
understood. Most importantly, developing specific
therapeutic strategies that effectively induce pyropto-
sis in tumor cells while minimizing potential adverse
effects on normal tissues is necessary.

In the past decade, researchers [16, 17, 18, 19] have
identified and developed a novel class of heptame-
thine cyanine (Cy) fluorescent dyes that preferentially
accumulate in tumor cells. Mechanism studies have
demonstrated that their tumor-specific active intake
is mainly mediated by organic anion-transporting
polypeptides (OATPs), which are cellular membrane
transporters overexpressed on the surface of various
cancer cells [20]. In further studies, a series of tumor-
targeting photosensitizers have been designed by our
group for tumor imaging-guided precise photothermal
therapy (PTT)/photodynamic therapy (PDT) based on
these active-targeting fluorescent Cy dyes [21, 22, 23,
24]. Among them, a few tumor/endoplasmic reticu-
lum (ER) dual-targeting Cy photosensitizers have
induced robust ICD for cancer photoimmunotherapy
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[25]. The ER is a critical organelle for protein fold-
ing, lipid synthesis, and calcium ion (Ca®") storage,
which are vital for maintaining cellular homeostasis
[26]. Under external stimuli or endogenous metabolic
disturbances, endoplasmic reticulum stress (ERS) is
a significant protective response crucial for preserv-
ing cellular stability and function [27]. However, more
and more recent studies have indicated that excessive
ERS can lead to pyroptotic cell death and produce
high immunogenic tumor antigens through mecha-
nisms involving the activation of nucleotide oligomer-
ization domain-like receptor protein (NLRP) 1 and 3
inflammasome and the disruption of intracellular Ca**
homeostasis and protein synthesis [28, 29, 30].

Based on the abovementioned studies, the current
study aimed to construct a multifunctional nanocubes
(NCs; designated as manganese-ER-Cy [Mn-ER-Cy])
by integrating Mn carbonate (MnCQOj;) and a tumor/
ER dual-targeting Cy photosensitizer (ER-Cy) [25]
modified on the surface of MnCO;. The Mn-ER-Cy
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was successfully prepared, characterized, and evalu-
ated via in vitro and in vivo experiments. Our results
demonstrate that Mn-ER-Cy can preferentially accu-
mulate in tumor cells and be retained in ER. Under
acidic TME and 808 nm light irradiation, Mn-ER-Cy
exerts a multimodal antitumor effect, including PTT/
PDT facilitated by ER-Cy, chemical dynamics therapy
(CDT) facilitated by Mn?**-mimic Fenton reaction.
Multimodal therapeutic approaches efficiently boost
pyroptotic death in tumor cells by inducing excessive
ERS, counteracting the immunosuppressive acidic
TME, and amplifying antitumor immunity (Scheme
1). This study may offer a promising new paradigm
for achieving high efficacy and specificity in tumor
immunotherapy.

Materials and methods

Chemical reagents

Cetyltrimethylammonium bromide (CTAB), cyclohex-
ane, ammonium bicarbonate (NH,HCO,), polyacrylic
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Scheme 1 Schematic illustration of the preparation and anti-tumor mechanism of Mn-ER-Cy. Mn-ER-Cy was prepared by the surface modification of
MnCO; with PAA and a tumor-targeting photosensitizer ER-Cy. Mn-ER-Cy exhibited a multimodal therapeutic effect of PTT/PDT/CDT, simultaneously
happening in the tumor-cell ER. Consequently, excessive ER stress was induced, efficiently boosting pyroptotic cell death, counteracting the immunosup-
pressive TME, specifically activating and efficiently amplifying antitumor immunity
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acid (PAA), and sodium carbonate (Na,CO,) were
sourced from Aladdin. n-Pentanol was procured
from MACK. Manganese(Il) chloride tetrahydrate
(MnCl,-4 H,O) was supplied by Xi'an Qiyue Biotech-
nology Co., Ltd. Sodium bicarbonate (NaHCO;) was
obtained from Shanghai Sansheng Biotechnology Co.,
Ltd., and Tris-HCI buffer was purchased from Sigma
Aldrich.

Synthesis of ER-Cy and MnCO; NCs

The synthesis method for cyanine photosensitizer
ER-Cy can be referenced from the experimental pro-
cedures detailed in a previously published study by our
research group [25].

MnCO; NCs were synthesized using a microemul-
sion-mediated solvothermal method, based on Hu’s
previous report [31] with minor modifications for
process optimization. First, prepare the following
solutions: Solution A: Dissolve 1.334 g of CTAB in a
mixture of 40 mL of cyclohexane and 2 mL of n-pen-
tanol. Solution B: Dissolve 5.336 g of CTAB in a mix-
ture of 160 mL of cyclohexane and 8 mL of n-pentanol.
Solution C: Dissolve 6.66 mmol of manganese(II) chlo-
ride tetrahydrate in 1.334 mL of deionized water. Solu-
tion D: Dissolve 12.66 mmol of sodium bicarbonate
and 0.66 mmol of ammonium bicarbonate in 5.336 mL
of deionized water. Next, add Solution C to Solution
A to form a clear emulsion, and then add the superna-
tant from Solution D to Solution B to create a slightly
translucent emulsion. Stir both emulsions separately
at 700 rpm for 3 h, then combine them and stir for an
additional hour. Wash the resulting mixture alternately
with ethanol and deionized water for three cycles, cen-
trifuging at 10,000 rpm for 10 min after each wash to
separate the precipitate. Finally, the precipitate was
vacuum dried to obtain MnCO4 NCs.

Preparation of MnCO5-PAA and Mn-ER-Cy
The preparation of MnCO;-PAA was based on the
method reported by Lei Ren et al. [32], with minor
modifications. Initially, 0.03 mmol of polyacrylic acid
(PAA) was dissolved in 90 mL of deionized water,
and the pH of the solution was adjusted to 8.0 using
0.5 M sodium carbonate (Na,CO,) to form a PAA-Na
solution. Subsequently, 5 mL of this PAA-Na solution
was added to 160 mL of water containing 40 mg of
MnCOj;. The mixture was stirred at room temperature
for 4 h. After stirring, the solution was centrifuged at
10,000 rpm for 10 min, washed with water three times,
and then vacuum-dried to obtain MnCO;-PAA for fur-
ther use.

To prepare Mn-ER-Cy, 20 mg of MnCO3-PAA was
dissolved in 40 mL of Tris-HCI buffer solution at pH
8.5. Next, 2.0 mg of ER-Cy dye was dissolved in 0.5
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mL of DMSO and added to the reaction mixture. The
mixture was stirred at room temperature at a speed
of 700 rpm for 8 h. After stirring, centrifuge was con-
ducted at 10,000 rpm for 5 min. Subsequently, the
resulting Mn-ER-Cy was washed three times with
deionized water to remove any unbound ER-Cy.
Finally, the Mn-ER-Cy was vacuum-dried and stored in
a sealed container at 4 °C for further use.

Mn?* release determination

500 pg/mL of Mn-ER-Cy were dispersed in PBS buffer
solution at different pH values (7.4 and 6.5) and then
was gently agitated at 37 °C with a rotation speed of
120 rpm. At predetermined time intervals (1 h, 2 h,
6 h,8h, 12 h, and 24 h), a 1 mL aliquot was withdrawn,
centrifuged at 10,000 rpm for 10 min, and the super-
natant was subsequently collected. The concentra-
tion of released Mn** was quantified using inductively
coupled plasma mass spectrometry (ICP-MS) with
an iCAP TQ ICP-MS/MS system (Thermo Scientific,
USA).

Photothermal evaluation

1.5 mL of aqueous solutions containing Mn-ER-Cy at
varying concentrations (0, 12.5, 25, 50, 100 pg/mL)
were placed into Eppendorf tubes. The samples were
irradiated continuously with an 808 nm NIR laser at a
power density of 0.8 W/cm? for 5 min. The tempera-
ture changes were recorded every 30 s using a FLUKE
NIR thermal imaging camera. Finally, the photother-
mal conversion efficiency (PCE) of the Mn-ER-Cy was
assessed using methodologies established in our pre-
vious research [33]. Briefly, the samples containing
50 pg/mL Mn-ER-Cy and ddH,O were continuously
irradiated with an 808 nm laser (0.8 W/cm?®) for 5 min.
Temperature changes were monitored every 30 s using
a thermal imaging camera during irradiation. After
turning off the laser, the cooling process of both Mn-
ER-Cy and ddH,O solutions was similarly monitored
every 30 s until they cooled to room temperature. The
PCE (n) of Mn-ER-Cy was calculated using Eq. (1):

hs (Tmax - amb) - Qdis
I(1—10"As0s)

n=

(1)

Where the value of hs is determined by Eq. (2), with h
representing the heat transfer coefficient and s denot-
ing the surface area of the container. Qg represents
the heat dissipated by the solvent and container from
the laser irradiation. I indicates the laser power, and
Aggg is the absorbance of the 50 pg/mL Mn-ER-Cy
aqueous solution at 808 nm:
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Cso ution
hs = T solution @)

Ts

In Eq. (3), m represents the mass of the sample solu-
tion, C stands for the specific heat capacity of the
solution, and T s is the time constant derived from the
cooling curve versus time:

t

"o ®3)

Ty =

Where t represents time, and 0 is the dimensionless
driving force parameter calculated by Eq. (4):

T — Tamb
f=_——-omb 4
Tmax - Tamb ( )

T nax denotes the maximum temperature reached, and
T, b represents the ambient temperature.

Degradation characteristics of Mn-ER-Cy

200 pg/mL Mn-ER-Cy was dissolved in aqueous solu-
tions with different pH levels (pH 7.4 and pH 6.5)
and placed in a 12-well plate. Using a 100 uL pipette,
a small amount of the solution was drawn and then
dripped onto a copper grid. After 60 min, a small
amount of the liquid was again sampled and processed
in the same manner. To demonstrate that laser irra-
diation can promote the degradation of nanoparticles,
an additional experimental group at pH 6.5 combined
with laser irradiation was conducted for comparison.
Samples were taken and dripped onto the copper grid
at both 0 min and 60 min, allowing them to air dry
naturally. The degradation of Mn-ER-Cy was observed
through Transmission Electron Microscopy (TEM)
morphological analysis.

Singlet oxygen sensor green (SOSG) generation detection
100 pg of SOSG was dissolved in 33 pL of methanol to
prepare a 5 mM SOSG stock solution, which was kept
on ice for later use. A 50 pg/mL Mn-ER-Cy solution
was then prepared in a 2% methanol aqueous solution
and added to a 12-well plate. Next, 5 uM SOSG solu-
tion was added and mixed thoroughly. After irradia-
tion with an 808 nm laser for 5 min, the solution was
immediately transferred to a cuvette for fluorescence
emission spectrum analysis using a fluorescence spec-
trophotometer (excitation wavelength: 504 nm, emis-
sion wavelength: 525 nm).

Cell culture and experimental groups

The 4T-1 mouse breast cancer cells were obtained
from the Shanghai Institute of Life Sciences Cell
Bank and cultured in DMEM supplemented with
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1% penicillin/streptomycin (Gibco) and 10% FBS
(Hyclone) at 37 °C in a 5% CO, atmosphere. The
experiments were divided into four groups with the
following treatments: Control group (I): Cultured in
complete DMEM medium. Laser alone group (II):
Cultured in complete DMEM medium and exposed to
808-nm NIR laser irradiation (0.8 W/cm? for 5 min).
Mn-ER-Cy alone group (III): Cultured in DMEM con-
taining 50 pg/mL Mn-ER-Cy. Mn-ER-Cy (+) group
(IV): Incubated with 50 ug/mL Mn-ER-Cy in DMEM
for 4 h, followed by exposure to 808 nm NIR laser irra-
diation (0.8 W/cm? for 5 min).

Cell internalization analysis

4T-1 cells were seeded at a density of 5 x 1074 cells per
well in 35 mm confocal culture dishes and allowed to
adhere. Following adherence, 1 mL of DMEM contain-
ing 50 ug/mL Mn-ER-Cy was added and incubated for
designated time points (1, 2, 4, 8, 12, and 24 h). After
staining the cell nuclei with DAPI, fluorescence inten-
sity changes were assessed using a CLSM to evaluate
the uptake of Mn-ER-Cy by the cells at different time
points.

Subcellular localization analysis

4T-1 cells were seeded at a density of 5x 1074 cells per
well in 35 mm confocal culture dishes and allowed to
adhere. After adherence, 1 mL of DMEM containing
50 pg/mL Mn-ER-Cy was added, and the cells were
incubated for designated time points (1, 2, 4, and 8 h).
Subsequently, the cells were incubated with 1 mL of
Lyso-Tracker Green (cat#: C1047S, Beyotime) and ER-
Tracker Green probes (cat#: C1042M, Beyotime) at
37 °C for 20 min. Images were captured using a CLSM,
and the colocalization of Mn-ER-Cy with lysosomes
and the ER was analyzed using Image]J software.

Reactive oxygen species (ROS) generation determination
4T-1 cells were seeded in a 35 mm culture dish and
treated according to the designated experimental
groups, followed by an additional 24-hour incubation
period. DCFH-DA was diluted 1:1000 in serum-free
medium to a final concentration of 10 umol/L, and 1
mL of the solution was added to the cells for a 20-min-
ute incubation at 37 °C. Upon completion of the incu-
bation, the cells were washed with serum-free culture
medium to remove any unincorporated dye. Subse-
quently, intracellular ROS levels were visualized and
documented using a fluorescence microscope (1 x51,
OLYMPUS, Japan).

In vitro and in vivo PA imaging
To investigate the PA imaging capability of Mn-ER-
Cy, various concentrations (0, 12.5, 25, 50, 100, and
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200 pug/mL) of Mn-ER-Cy were prepared in aqueous
solution. These solutions were then transferred into
test tubes for ex vivo imaging. The tubes were placed
in the near-infrared PA imaging system (LOIS-3D,
TomoWave Laboratories, USA) and imaged using 808
nm near-infrared laser excitation.

For in vivo NIR PA imaging, tumor-bearing nude
mice were positioned on the imaging system platform
prior to drug administration. Baseline PA images were
acquired using 808 nm NIR laser excitation. Follow-
ing this, Mn-ER-Cy was administered intravenously
at a dosage of 20 mg/kg. PA imaging was conducted at
predetermined time points (0, 2, 6, 12, and 24 h post-
injection). The PA signal intensities within the tumor
regions were semi-quantitatively analyzed over these
time intervals to assess the accumulation of Mn-ER-Cy
in the tumor tissues.

In vivo NIR fluorescence imaging

The AniView multi-modal in vivo imaging system
(AV100-0923-8304D, BLTPhotoTech) was utilized
to continuously monitor the biodistribution and
tumor-targeting characteristics of Mn-ER-Cy. Briefly,
Mn-ER-Cy was administered intravenously to 4T-1
tumor-bearing BALB/c mice. Subsequently, in vivo
near-infrared (NIR) imaging was conducted at vari-
ous time intervals following the injection. At prede-
termined time points, the mice were euthanized by
cervical dislocation, and major organs (including the
heart, liver, spleen, lungs, kidneys, muscle, and small
intestine), as well as tumor tissues, were collected for
ex vivo NIR imaging. The fluorescence intensity in the
tumor region and other organs was semi-quantitatively
analyzed using AniView software.

Extracellular and intracellular pH detection

For the assessment of extracellular pH, 4T-1 cells were
seeded at a concentration of 1x 1075 cells/mL in a
6-well plate and treated according to the designated
experimental groups. A blank control group consisting
of fresh medium without cells was also established. All
plates were incubated in a 37 °C, 5% CO, incubator. At
predetermined time points (4 h, 12 h, and 24 h), the
pH of the cell culture supernatants from each group
was measured using a laboratory pH meter (PHS-3 C,
Leici, China).

For intracellular pH measurement, 4T-1 cells
were seeded in a 35 mm culture dish and treated
according to the experimental groups, followed by
a 24-hour incubation period. Intracellular pH was
assessed using a cell pH detection kit. Specifically,
1 mL of BBcellProbe® P01 staining working solution
(cat#:BB-481211, BestBio) was added to the treated
cells and incubated at 37 °C for 60 min. The cells were
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then washed three times with PBS, and 1 mL of serum-
free culture medium was added. Finally, CLSM was
performed immediately, utilizing an excitation wave-
length of 488-506 nm and an emission wavelength of
526—536 nm.

Transcriptome sequencing

The 4T-1 cells were treated according to their assigned
groups, specifically the Control group and the Mn-
ER-Cy with laser group. After a 24-hour treatment
period, the cells were collected and adjusted to a den-
sity of 2 x 1077 cells/mL. The samples were then frozen
in liquid nitrogen for 5 min and subsequently stored
at -80 °C. Transcriptome sequencing experiments and
analyses were conducted by Shanghai Bohan Biotech-
nology Co., Ltd.

NLRP3 inhibitor and ;;RNA transfection

4T-1 cells were pre-treated with 50 nM of the NLRP3
inhibitor MCC950 (catalog #: HY-12815, MCE) for
6 h or transfected with NLRP3 ;RNAs (GenePharma)
for 48 h. Following this, the cells were incubated
with 50 pg/mL of Mn-ER-Cy for 4 h, after which they
were exposed to 808 nm laser irradiation (0.8 W/cm?,
5 min). After 24 h, the morphology of cell pyroptosis
and the expression of related proteins were assessed.
The sequences of NLRP3 (RNAs are included in Table
S1.

In vivo antitumor therapy

All animal studies conducted in this research received
the necessary approval from the Ethics Committee of
the Third Military Medical University in Chongqing,
China (approval number: AMU2020067). The study
adhered rigorously to the ethical guidelines established
by the National Institutes of Health for conducting ani-
mal experiments. Female BALB/c mice, aged six weeks
and weighing between 18 and 22 g, were sourced from
the Laboratory Animal Center at the Third Military
Medical University. Following a week of acclimatiza-
tion, each mouse received a subcutaneous injection
of 100 pL of PBS containing 2 x 1076 4T-1 cells in the
right flank. Once the tumors had reached an approxi-
mate volume of 100 mm?® the tumor-bearing mice
were randomly allocated into four treatment groups
(n=5 per group) as follows: Group I received a 100 pL
PBS control via intraperitoneal injection; Group II was
subjected to 808-nm laser irradiation at a power den-
sity of 0.5 W/cm? for 5 min; Group III was adminis-
tered Mn-ER-Cy treatment at a dosage of 20 mg/kg via
intraperitoneal injection on days 1 and 2; and Group
IV underwent 808 nm laser irradiation 24 h post-Mn-
ER-Cy injection. Throughout the experiment, the body
weight and tumor volume of the mice were monitored



Wu et al. Journal of Experimental & Clinical Cancer Research (2025) 44:147 Page 7 of 26

a

STE R e i R Yy
"" Ly ﬁ ﬁ?&"

’ “'l?pl' q.“” "
 F

Absorbance (a.u.)

500 600 700 800 900 1000

Wavelength (nm)
500000 0 is
e \n-ER-Cy N —_ ——Mn-ER-Cy
= Pr— = ML‘_“_J_‘_“____‘ ;400000
3 3 s
& e . 300000 Ma2p
) R p o=
£ e ER-Cy ! = ERGy z
E’ i ¥ = i 8 200000
2 i [— ] =
= —0CO \i = 100000
= o3 qv & = MnCO,
l . 0
4000 3500 3000 2500 2000 1500 1000 500 1020 30 40 50 60 70 80 90 1000 800 600 400 200 0
Wavelength (cm-]) 20(degree) Binding energy (eV)
1 [ 7 -
s 3 8
L3
a\ {, s
T ¢ e .
% A
B Fsig 3 ol N b <
£ > .
- - ”~ e %
v i oLl ke s
L ]
. > 4
& l » Y= y‘f
. S 'l.‘
f % é‘ (2. % #
X oo
g el o <
. .
g . i
=4
° ¢
¥
*" & ¢ \ - :
% il e e o
1 s Sea
pH 7.4 2 pH 6.5 + Laser

Fig. 1 (See legend on next page.)



Wu et al. Journal of Experimental & Clinical Cancer Research

(See figure on previous page.)

(2025) 44:147

Page 8 of 26

Fig. 1 Synthesis and characterization of Mn-ER-Cy. (a) Representative TEM image of MnCO;. (b) Representative high-resolution TEM image of MnCOs.
(c) Representative TEM image of Mn-ER-Cy. (d) Elemental mapping analysis showing the distribution of carbon (C), nitrogen (N), oxygen (O), sulfur (S),
chlorine (Cl), bromine (Br), and manganese (Mn) in Mn-ER-Cy. (e) UV-vis-NIR absorption spectrum of MnCO; ER-Cy, and Mn-ER-Cy in phosphate-buffered
saline (PBS). (f-h) FTIR spectrum, XRD pattern, and XPS spectrum of Mn-ER-Cy. (i) TEM observation of Mn-ER-Cy degradation following exposure to acidic

conditions or laser irradiation. Scale bar =1 pm

every three days using an electronic balance and cali-
per, respectively. On day 21, all mice were humanely
euthanized, and their tumor tissues were subsequently
harvested, weighed, and photographed. The harvested
tumor tissues were subsequently fixed in 4% parafor-
maldehyde for immunohistochemistry (IHC), hema-
toxylin and eosin (H&E) staining, and TdT-mediated
dUTP nick end labeling (TUNEL) analysis.

Immune response analysis

For dendritic cell (DC) maturation detection, tumor-
draining lymph nodes were isolated from tumor-
bearing mice in each experimental group three days
post-treatment. These lymph nodes were processed to
generate a single-cell suspension by mechanically dis-
rupting them using a 70-pm cell strainer. The resulting
cell solution was then resuspended in PBS to achieve
a cell density of 1x 1077 cells/mL. Subsequently, the
cells were incubated with antibodies against lineage
markers: APC-Cy7 anti-mouse FVS780 (Cat#:565388,
BD Biosciences), PE anti-mouse CDIllc (Cat#:12-
0114-82, eBioscience), APC anti-mouse CD80 (Cat#:
17-0801-82, eBioscience), and PE-Cy7 anti-mouse
CD86 (Cat#:25-0862-82, eBioscience), following the
manufacturer’s instructions.

For the infiltration analysis of cytotoxic T lympho-
cytes (CTLs) and regulatory T cells (Tregs), tumor-
bearing mice from each experimental group were
euthanized on the sixth day post-treatment, and
tumors were collected. The tumors were dissected into
small fragments, homogenized, and filtered through
a 70-pum cell sieve to obtain a single-cell suspension.
This cell suspension was then incubated with antibod-
ies against FITC anti-mouse CD3 (Cat#:11-0031-81,
eBioscience), PE-Cy7 anti-mouse CD4 (Cat#:25-0041-
82, eBioscience), PerCP Cy5.5 anti-mouse CD8
(Cat#:45-0081-82, eBioscience), PE anti-mouse FoxP3
(Cat#:320008, BioLegend), and BV421 anti-mouse
CD25 (Cat#:102034, BioLegend), according to the rec-
ommended protocols provided by the manufacturers.
Following antibody incubation, the samples were ana-
lyzed using flow cytometry, which facilitated the quan-
tification of the percentage of positive cell populations
with the assistance of FlowJo Flow Cytometric Analy-
sis Software.

Bilateral tumor model

4T-1 tumor-bearing BALB/c female mice, with tumors
approximately 100 mm?® in size located on the left
flank (proximal tumor), were randomly assigned to
four groups (n=>5 per group) and received the desired
treatment as previously described. On day 3, 4T-1
cells (3x 1075 cells per mouse) were inoculated into
the right flank of the BALB/c mice to establish a dis-
tant tumor. Throughout the experiment, the body
weight and tumor volume of the mice were monitored
every three days using an electronic balance and cali-
per, respectively. On day 21, all mice were humanely
euthanized via inhalation anesthetics, after which
their tumor tissues were harvested, weighed, and
photographed.

Lung metastasis model

For the in vivo anti-metastatic experiment, 4T-1
tumor-bearing BALB/c female mice were randomly
assigned to four treatment groups (n=3 per group)
and received the previously described treatment regi-
men. On day 3 post-treatment, 100 pL of PBS contain-
ing 1x 1076 4T-1 cells was injected into the tail veins
to induce lung metastasis. On day 21, all mice were
sacrificed, and their lungs were surgically excised for
imaging and H&E staining.

Survival monitoring

To monitor the survival rate of tumor-bearing mice,
animals were treated as previously described following
tumor inoculation (n =10 per group). The survival sta-
tus of each group was recorded every three days. Mice
were classified as deceased when their tumor volume
reached 2000 mm?® or when ulceration occurred. The
total observation period was 45 days.

Statistical analysis

Data were processed, analyzed, and plotted using Ori-
gin (Version 2019b, Northampton, MA, USA) and
GraphPad Prism (Version 9.0, La Jolla, CA, USA).
Results are expressed as mean +standard deviation
(SD). For data meeting the assumptions of normal
distribution and homogeneity of variance, one-way
analysis of variance (ANOVA) was used to assess the
significance of differences between group means. If
ANOVA indicated statistical significance, post hoc
analysis using the least significant difference (LSD)
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test was performed for group comparisons. A p-value
less than 0.05 was considered statistically significant.

Results and discussion

Preparation and characterization of Mn-ER-Cy NCs
MnCO; NCs were synthesized using a microemulsion-
mediated solvothermal method [31]. Transmission
electron microscopy (TEM) images demonstrated that
MnCO; exhibited a cubic morphology (Fig. 1a). High-
angle annular dark-field scanning TEM images clearly
showed the lattice fringes of MnCO, (Fig. 1b), with an
observed lattice spacing of 0.278 nm corresponding to
the (104) diffraction plane [34]. Second, polyacrylic
acid (PAA) bound to the MnCO; surface, forming
MnCO3;-PAA owing to the strong affinity between
the carboxyl groups and metal ions [32]. Finally,
ER-Cy was chemically synthesized based on our previ-
ously reported protocols [25] and assembled onto the
MnCO;-PAA surface through electrostatic and hydro-
phobic interactions, followed by self-polymerization
to produce Mn-ER-Cy (Fig. 1c). Energy-dispersive
X-ray spectroscopy element mapping demonstrated
a homogeneous distribution of carbon (C), nitrogen
(N), oxygen (O), sulfur (S), chlorine (Cl), bromine (Br),
and manganese (Mn) within Mn-ER-Cy (Fig. 1d). The
hydrodynamic diameter of Mn-ER-Cy (~ 108 nm) was
larger than that of MnCO, (~86 nm) (Fig. S1a). The
zeta potential significantly shifted from 10.5+8.65
to 43.1+£8.29 mV (Fig. S1b). UV-Vis—near-infrared
(NIR) absorption and fluorescence emission spectra
showed a characteristic absorption peak at 786 nm
and a fluorescence emission wavelength of ER-Cy of
825 nm (Fig. le and Fig. S2). The Fourier transform
infrared (FTIR) spectrum of Mn-ER-Cy not only dis-
played characteristic absorption peaks centered at 725,
860, and 1442 cm™! corresponding to MnCOj, but also
revealed peaks associated with the functional groups
of ER-Cy (Fig. 1f). Crystalline structures were char-
acterized by X-ray diffraction (XRD) (Fig. 1g), and all
characteristic peaks were consistent with that of the
standard MnCO, powder (JCPDS No. 44—1472) [34].
XPS analysis revealed distinct absorption peaks for S
and Cl elements in the spectrum, indicating the suc-
cessful coating of ER-Cy onto the MnCO, surface
(Fig. 1h).

MnCO; is stable under neutral and alkaline pH
environments, whereas it can decompose into Mn**
and CO, under acidic buffer conditions [35]. After 8
months of storage at —20 °C, no discernible changes
in morphology or particle size were observed, indi-
cating excellent long-term stability. In addition, the
hydrodynamic diameter, polydispersity index (PDI),
and UV-Vis-NIR absorption profile of Mn-ER-Cy did
not exhibit significant changes after 21 days of storage
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in PBS solutions under pH 7.4 (Fig. S3a-d). Its stabil-
ity was also assessed using TEM. However, at pH 6.5,
Mn-ER-Cy exhibited a time-dependent gradual degra-
dation. Notably, TEM analysis demonstrated a sharp
degradation of Mn-ER-Cy after irradiation with 808
nm laser under pH 6.5 (Fig. 1i). Inductively coupled
plasma mass spectrometry analysis further substanti-
ated that a weakly acidic environment can obviously
enhance Mn?" release, as evidenced by the approxi-
mately five times higher concentration of Mn** at pH
6.5 than at pH 7.4 (Fig. S3e). These findings suggested
that Mn-ER-Cy possesses acidity-responsive and light-
controllable release properties.

Cell uptake and ER-targeting accumulation

The cell uptake behaviors of Mn-ER-Cy were investi-
gated in 4T-1 mouse breast cancer cells using confo-
cal laser scanning microscopy (CLSM) imaging. The
results revealed that the cell uptake of Mn-ER-Cy
increased with incubation time, rapidly reaching satu-
ration at 4 h (Fig. S4). Previous studies have demon-
strated that the tumor-specific uptake of heptamethine
Cy dyes is actively mediated by OATPs, which are
abundantly located on the cellular membrane of vari-
ous cancer cells, including breast cancer cells [16, 36].
Considering that ER-Cy contains the tumor-targeting
heptamethine indocyanine moiety, a large number of
Mn-ER-Cy can be actively transported into tumor cells
via OATPs. Nevertheless, Mn-ER-Cy is a nanomaterial
that could be absorbed by cells partially through the
endocytic pathway. Acidic-labile nanomaterials often
degrade easily in lysosomes after being endocytosed.
To investigate this, the cell uptake process of Mn-ER-
Cy was tracked via CLSM imaging and fluorescence
colocalization between Mn-ER-Cy and a commercial
lysosomal probe (Lyso-Tracker Green), including Pear-
son colocalization analyses. The colocalization coeffi-
cient of Mn-ER-Cy with lysosomes declined over time,
decreasing from 0.76 at 4 h to 0.69 at 8 h (Fig. S5).
The results indicated that Mn-ER-Cy can escape from
lysosomes after being endocytosed. Several methods
have been developed to enhance the lysosomal escape
of nanomaterials. For instance, cationic substances
can act as drug carriers by entering the lysosome and
destabilizing the negatively charged lysosomal mem-
brane through electrostatic interactions, thus facilitat-
ing lysosomal escape [37]. Another approach involves
using materials rich in specific functional groups,
such as polyethyleneimine, which can induce lyso-
somal rupture via a “proton sponge” effect [38]. In this
study, it is speculated that Mn-ER-Cy achieve lyso-
somal escape through the following two mechanisms.
First, the cationic nature of Mn-ER-Cy may disrupt
lysosomes through electrostatic interactions. Second,
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Fig. 2 In vitro multimodal antitumor effect of Mn-ER-Cy. (a) Temperature profiles, (b) infrared thermal imaging, and (c) generation of singlet oxygen (‘Oz)
of Mn-ER-Cy upon exposure to 808 nm laser irradiation (0.8 W/cm?) for 5 min. (d) EPR spectrum illustrating the generation of hydroxyl radicals (:OH) from
Mn-ER-Cy with and without laser irradiation. (e) Schematic diagram depicting the integrated model of CDT, PTT, and PDT for Mn-ER-Cy. (f) Viability of
4T-1 cells after 24-h incubation with varying concentrations of Mn-ER-Cy (n=3, mean+s.d.). (g) Viability of 4T-1 cells after exposure to Mn-ER-Cy (50 g/
mL) combined with 808 nm laser irradiation (n=3, mean£s.d.). (h) Calcein-AM/propidium iodide images illustrating Mn-ER-Cy phototoxicity in 4T-1 cells.
Scale bar =200 um. Green represents live cells, and red indicates dead cells. (i) Clonogenic assays evaluating the effect of Mn-ER-Cy on the proliferation

of 4T-1 cells

Mn-ER-Cy may decompose to release Mn?*, which
can undergo a Fenton-like reaction with hydrogen per-
oxide (H,0O,) in lysosomes, generating hydroxyl radi-
cals (‘OH). Due to the lack of antioxidant enzymes in
lysosomes, hydroxyl radicals may attack lysosomes,
specifically targeting membrane lipids and proteins.
This damage may cause lysosomal membrane rupture,
resulting in altered membrane permeability and facili-
tating lysosomal escape.

The benzene sulfonamide group can bind to sulfonyl-
urea receptors on the ER membrane, enabling benzene
sulfonamide-modified molecules or nanomaterials to
accumulate in ER [39, 40]. Considering that the tumor-
targeting ER-Cy contains two benzene sulfonamide
groups, this study further investigated whether Mn-
ER-Cy could accumulate in the ER using a commer-
cial ER tracker for fluorescence colocalization. Results
demonstrated that Mn-ER-Cy indeed accumulated in
the ER after 4 h, and the Pearson colocalization coef-
ficient of Mn-ER-Cy with an ER tracker reached 0.92
(Fig. S6), suggesting that Mn-ER-Cy rapidly accumu-
lated in the ER after escaping from the lysosomes.

In vitro multimodal antitumor effect of Mn-ER-Cy

First, this study investigated the phototherapeu-
tic effect of Mn-ER-Cy under 808 nm laser irradia-
tion because ER-Cy acts as a photosensitizer. Its PTT
effect increased with increasing drug concentration
(Fig. 2a). As shown in Fig. 2b, the temperature of the
control group (PBS) increased from 26.3 °C to 32.1 °C
(AT =5.8 °C) after 5 min of laser irradiation. In con-
trast, the temperature of the Mn-ER-Cy aqueous solu-
tion increased immediately after laser irradiation,
rapidly reaching 42.5 °C (AT =12.2 °C) within 1 min
and increasing to 55 °C (AT =24.7 °C) after 5 min. Pho-
tothermal conversion efficiency (PCE), a key indicator
for evaluating the performance of photothermal agents
(PTAs), is their ability to effectively convert light into
thermal energy. Surprisingly, results showed that the
PCE of Mn-ER-Cy reached 51.6% (Fig. S7), indicat-
ing their effectiveness in converting light into thermal
energy. In contrast, many currently reported PTAs,
both inorganic and organic, display PCEs of <40% [41,
42,43, 44]. The PDT effect of Mn-ER-Cy was also eval-
uated using a SOSG probe. As shown in Fig. 2¢, after
irradiation with the 808 nm laser, the fluorescence
intensity of SOSG in the Mn-ER-Cy group was nine

fold greater than that of the control group. MnCO,
NPs showed no significant PDT or PTT effects under
808 nm laser irradiation (Fig. S8), while Mn-ER-Cy
exhibited strong PTT and PDT effects under a single
excitation wavelength.

Second, previous studies have demonstrated that
Mn?* exerts the CDT effect in H,O, by promoting -OH
generate through Fenton-like reaction [45]. To verify
the CDT effect of Mn-ER-Cy, electron paramagnetic
resonance (EPR) was tested for the in situ detection
of -OH. Results demonstrated a significant EPR signal
exclusively in the presence of Mn-ER-Cy and H,O,,
confirming its CDT effect (Fig. 2d). Studies showed
that PTT/PDT can enhance the catalytic efficiency of
the Fenton reaction using Fe?* [46, 47]. Inspired by
this, this study further assessed whether the photo-
therapy effect of Mn-ER-Cy could enhance the Mn?'-
mimic Fenton reaction, increasing -OH generation.
Results showed that -OH generated much more after
laser irradiation than Mn-ER-Cy alone, indicating that
the phototherapeutic effect intensifies the CDT of Mn-
ER-Cy induced by the Mn**-mimic Fenton reaction
process (Fig. 2e).

Third, Mn-ER-Cy cytotoxicity was evaluated using
the CCK-8 assay and flow cytometry. The results show
that Mn-ER-Cy did not exhibit obvious cytotoxicity
on all kinds of cells when its concentration was below
50 pg/mL. More importantly, Mn-ER-Cy exhibited
specific toxicity towards 4T-1 tumor cells rather than
other normal cells (MCF-10 A, HUVECs, and RLE-
6TN) when the drug concentration reached to 50 pg/
mL (15%) (Fig. 2f and Fig. S9). This may be related to
the tumor-preferential accumulation of Mn-ER-Cy and
the elevated H,0, level in the 4T-1 cells, which may
trigger a Fenton reaction with Mn*'to generate ROS.
Encouraged by excellent PTT/PDT/CDT effects, this
study further evaluated the antitumor effect of Mn-
ER-Cy on 4T-1 tumor cells combined with laser irradi-
ation (+). Cell viability from the CCK-8 assay and live/
dead staining demonstrated that Mn-ER-Cy exhib-
ited 15% cell death compared with the control group,
likely due to the CDT effect mediated by Mn-ER-Cy.
In contrast, the Mn-ER-Cy(+) group demonstrated
a significantly higher cell death rate, exceeding 80%,
highlighting its exceptional phototherapeutic effect
(Fig. 2g-h, and Fig. S10a). Intracellular ROS and -OH
levels were detected using fluorescent probes (Fig.
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Fig. 3 Mn-ER-Cy plus laser irradiation (+) induced excessive ERS. (a) Volcano plot displaying DEGs between the Mn-ER-Cy(+) and control groups. (b)
Heatmap of DEGs, with red indicating high expression and blue indicating low expression levels. A represents the control group, whereas B represents
Mn-ER-Cy plus laser irradiation group. () GO enrichment analysis of upregulated DEGs. (d) Scatter plot of the results of KEGG enrichment analysis. (e)
Heatmap of DEGs involved in the response to ERS. (f) Bio-TEM observations of ER morphology changes in 4T-1 cells in each group. (g) CLSM images show-
ing CHOP and GRP78 expression levels in 4T-1 cells after various treatments for 24 h. (h) and (i) Quantitative statistical chart illustrating the fluorescence
intensities of CHOP and GRP78 (n=3, mean+s.d.). The experimental groups were categorized as follows: (1) PBS, (Il) 808 nm laser (0.8 W/cm?, 5 min), (Ill)
Mn-ER-Cy, and (IV) Mn-ER-Cy with 808 nm laser. Statistical analyses were conducted using one-way ANOVA followed by Tukey’s test. *p < 0.05, ***p < 0.001

S10b). Results indicated that the Mn-ER-Cy(+) group
exhibited the strongest green fluorescence signal,
likely due to the combined effects of CDT and PDT
(Fig. S11 and Fig. S12). Excessive ROS production can
damage the structure and function of the mitochon-
dria, resulting in decreased mitochondrial membrane
potential (MMP). The control group exhibited red flu-
orescence (JC-1 aggregates). In contrast, most cells in
the Mn-ER-Cy(+) group displayed green fluorescence
(JC-1 monomers), suggesting MMP loss (Fig. S13). The
antitumor effect of Mn-ER-Cy was further investigated
by inhibiting colony formation (Fig. 2i), migration (Fig.
S$14), and invasion (Fig. S15). Results indicated that
Mn-ER-Cy had a moderate inhibitory effect compared
with the control group, whereas the Mn-ER-Cy(+)
group exhibited the most significant inhibition. These
results revealed that Mn-ER-Cy had a potent antitu-
mor effect by combining CDT, PDT, and PTT to pro-
duce significant amounts of ROS and heat.

Light-activatable Mn-ER-Cy induced ERS and pyroptotic
cell death

The molecular mechanisms of cell death induced by
Mn-ER-Cy(+) were next explored using RNA tran-
scriptome sequencing. The volcano plot revealed that
there were 3510 differentially expressed genes (DEGs)
in the Mn-ER-Cy(+) group, consisting of 2135 upregu-
lated and 1375 downregulated genes compared with
the control group (Fig. 3a). To further illustrate the
consistency of gene changes after Mn-ER-Cy(+) treat-
ment, a heatmap was constructed, highlighting the
differences in gene expression between the control
and treated groups (Fig. 3b). To reveal the functional
categories of upregulated DEGs, Kyoto Encyclope-
dia of Genes and Genomes (KEGG) and Gene Ontol-
ogy (GO) enrichment analyses were conducted. GO
analysis indicated that DEGs induced by the Mn-ER-
Cy(+) group are associated with various aspects of bio-
logical processes, cellular components, and molecular
functions (Fig. 3c). GO analysis showed the top five
most affected biological processes: response to ERS,
response to topologically incorrect protein, unfolded
protein response (UPR), cellular response to topo-
logically incorrect protein, and cellular response to
unfolded protein (Fig. 3c). In addition, KEGG analy-
sis showed that the signaling pathway of protein pro-
cessing in the ER was significantly affected in the

Mn-ER-Cy(+) group (Fig. 3d). Gene Set Enrichment
Analysis results showed that ERS and the UPR were
significantly enriched (Fig. S16). This study also ana-
lyzed which ERS-related genes were affected by Mn-
ER-Cy(+) treatment. As shown in Figs. 3e and 31 genes
were affected, including Ddit3 (C/EBP homologous
protein [CHOP]), Hspa5 (glucose-regulated protein
78 [GRP78]), Eif2ak3 (also known as PERK), Atf3,
and Atf4. These results indicated that Mn-ER-Cy(+)
induces UPR and ERS.

Based on the results of transcriptome sequenc-
ing, this study further investigated in vitro whether
Mn-ER-Cy-mediated CDT/PTT/PDT can disrupt ER
homeostasis and induce excessive ERS. First, morpho-
logical changes in the ER in each treatment group were
observed using TEM. Results showed that the ER in
the control and laser groups was relatively short and
appeared generally normal, whereas the ER was signif-
icantly expanded and highly convoluted in the Mn-ER-
Cy group, indicating that ERS enhanced the protein
folding capacity by increasing the ER surface area
(Fig. 3f). Second, in the Mn-ER-Cy(+) group, the ER
was almost completely depleted, indicating that exces-
sive ERS had occurred, resulting in a significant dis-
ruption of the ER structure (Fig. 3f). Third, CHOP and
GRP78 are widely recognized biomarkers for ERS [27].
Specifically, GRP78 acts as a molecular chaperone in
the ER, significantly increasing its expression during
ERS to assist in the folding of misfolded proteins [48].
In contrast, CHOP, a transcription factor in the UPR
signaling pathway, is upregulated during prolonged
and severe ERS, playing a key role in regulating cellu-
lar responses and modulating cell fate [49]. As shown
in Fig. 3g -i, compared with the control group, CHOP
and GRP78 expression in the Mn-ER-Cy and Mn-ER-
Cy(+) groups significantly increased, with a more pro-
nounced upward trend observed in the Mn-ER-Cy(+)
group, further confirming that this treatment regi-
men can induce ERS in tumor cells. Fourth, the ER,
a crucial reservoir for Ca®* within the cell, releases a
significant amount of Ca?" into the cytoplasm during
ERS [50]. The results indicated that the control group
exhibited only weak green fluorescence signals, align-
ing with the fact that Ca®* concentrations are relatively
low under physiological conditions. In contrast, the
Mn-ER-Cy and Mn-ER-Cy(+) groups showed signifi-
cantly enhanced green fluorescence signals, with the
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Fig.4 Mn-ER-Cy plus laser irradiation (+) lead to pyroptotic cell death. (a) Bright-field images showing 4T-1 cells morphology in each group. White arrows
indicate cell swelling characterized by large bubbles. (b) and (c) Bio-TEM and SEM images illustrating the morphological features of pyroptosis. Red circles
highlight large bubbles within the cells and indicate cell membrane rupture. Green arrows show cell membrane degradation and an increase in surface
gaps. (d) CLSM images illustrating caspase-1 expression in 4T-1 cells. () Western blotting analysis of the relative protein levels of pyroptosis-related genes
(NLRP3, caspase-1, GSDMD, and GSDMD-N). (f) and (g) Quantitative analysis of IL-13 and IL-18 in the cell supernatants of each group using ELISA (n=3,
mean +5.d.). The experimental groups were categorized as follows: (1) PBS, (1) 808 nm laser (0.8 W/cm?, 5 min), (1) Mn-ER-Cy, and (IV) Mn-ER-Cy with 808
nm laser. Statistical analyses were conducted using one-way ANOVA followed by Tukey’s test. *p < 0.05, ***p <0.001

Mn-ER-Cy(+) group displaying the strongest fluores-
cence (Fig. S17). This suggested a substantial accumu-
lation of Ca®" in the cytoplasm, which coincided with
the increased Ca®* release observed during ERS. Based
on previous studies, each modality of CDT, PDT, and
PTT can exert antitumor effects by inducing ERS [51,
52, 53]. Therefore, the Mn-ER-Cy-mediated CDT/
PDT/PTT multimodal treatment would synergistically
damage the ER structure and function, inducing exces-
sive ERS.

Recent studies have indicated that ERS can induce
pyroptosis by activating multiple signaling pathways,
including IRE1, PERK, and ATF6 [54]. Specifically, ERS
enhances CHOP expression via the PERK and elF2«
pathways, which in turn promotes NLRP3 production
and further induces pyroptosis. IREla activates the
thioredoxin-interacting protein—-NLRP3 pathway, lead-
ing to the release of GSDMD protein and worsening
of pyroptosis [30, 55]. Furthermore, 4-phenylbutyric
acid, an ERS inhibitor, and MKC-394, an IREl« inhibi-
tor, have been shown to alleviate ERS and decrease
pyroptosis [56]. Therefore, this study further explored
whether Mn-ER-Cy(+)-induced cell death is related to
the pyroptosis pathway. Similarly, the results showed
that after 24 h of Mn-ER-Cy(+) treatment, most cells
exhibited typical characteristics of pyroptosis, includ-
ing bubble or vacuole formation, cell swelling, cell
and nuclear membrane rupture, and cellular content
release (Fig. 4a-c). During pyroptosis, activated NLRP3
is a sensor receptor that assembles an inflammasome,
recruiting and activating caspase-1. Caspase-1 cleaves
GSDMD, leading to pore formation in the cell mem-
brane, which increases membrane permeability and
facilitates cellular content release [57]. Immunofluo-
rescence assays for caspase-1 demonstrated mini-
mal green fluorescence signals in the control group,
whereas a pronounced green fluorescence signal was
observed in the Mn-ER-Cy(+) group (Fig. 4d), indi-
cating an elevated caspase-1 expression in the treated
cells. Moreover, western blotting analysis further con-
firmed that Mn-ER-Cy(+) treatment significantly ele-
vated the levels of NLRP3, caspase-1, and GSDMD-N
(Fig. 4e). Caspase-1 also promotes the maturation and
release of proinflammatory cytokines such as interleu-
kin (IL)-1p and IL-18, initiating a robust inflammatory
response [15]. Consistently, enzyme-linked immuno-
sorbent assay indicated that compared with the control

group, IL-1B and IL-18 levels in the cell supernatant
of the Mn-ER-Cy(+) group were significantly elevated,
with increases of 10-fold (from 8.28 to 86.95 pg/mL)
and 12-fold (from 5.45 to 69.81 pg/mL), respectively
(Fig. 4f and g). In addition, both the NLRP3 inhibi-
tor (MCC950) and NLRP3 siRNA effectively attenu-
ated Mn-ER-Cy (+)-induced pyroptotic effects, as
evidenced by the alleviation of typical pyroptotic cel-
lular morphology, reduced membrane rupture, and
decreased expression of pyroptosis-related proteins
(Fig. S18-19). These results demonstrated that Mn-ER-
Cy(+) NCs effectively induced cell pyroptosis in vitro,
and the underlying mechanism may be associated with
the activation of the NLRP3/caspase-1/GSDMD sig-
naling pathway mediated by ERS.

Mn-ER-Cy neutralized the acidic TME and augmented ICD
Accumulating evidence indicated that the acidic TME
promotes tumor proliferation, apoptosis evasion,
invasion, metastasis, and angiogenesis through vari-
ous mechanisms [9]. Acidic TME is a major contribu-
tor to tumor immune evasion because it significantly
suppresses the function of immune cells, including T
cells, DCs, and macrophages [58]. For instance, low
pH can reduce T cell proliferation and cytotoxicity,
potentially resulting in immune tolerance [59]. It also
impairs DCs, diminishing their capacity to present
antigens. Furthermore, macrophages are more likely to
shift toward the M2 phenotype in an acidic environ-
ment, which inhibits antitumor immune responses.
Therefore, neutralizing the acidic TME is an important
strategy for inhibiting tumor growth and stimulating
antitumor immunity. Considering that MnCOj easily
decomposes into Mn**, H,0, and CO, in acidic envi-
ronments, consuming H”, this study further evaluated
whether Mn-ER-Cy can reverse the acidic TME. As
shown in Fig. 5a, after 24 h of treatment, Mn-ER-Cy
significantly increased the pH of the cell supernatant
compared with the control group, which may primarily
be attributed to the acid-consuming effect of MnCOs.
In particular, Mn-ER-Cy combined with laser irra-
diation showed a significant increase in pH compared
with Mn-ER-Cy alone (Fig. 5b), suggesting a potential
for effectively neutralizing acid TME by light irradia-
tion in a more specific and controllable manner.

This study further explored the relationship between
the effect of Mn-ER-Cy on pH and incubation time.
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Fig.5 Mn-ER-Cy neutralized the acidic TME and enhanced ICD. (a) and (b) pH test paper and a pH meter revealing the pH values of cell supernatants after
various treatments for 24 h (n=3, mean+s.d.). (c) Time-dependent pH change curves for cell supernatants in each group (n=3, mean+s.d.). (d) CLSM
images showing the intracellular pH values of cells after various treatments for 24 h. Green fluorescence intensity correlates with higher pH. (e) CLSM
images showing CRT and HMGB1 expression in cells after various treatments for 24 h. (f) and (g) semiquantitative analysis of the fluorescence intensities
of CRT and HMGBT1 from e (n=3, mean+s.d.). (h) Flow cytometry analysis of BMDC maturation after incubation with supernatants from each treatment
group for 24 h. (i) Schematic diagram illustrating the potential mechanism by which Mn-ER-Cy promotes DC activation and maturation. The experimental
groups were categorized as follows: (I) PBS, (Il) 808 nm laser (0.8 W/cm?, 5 min), (Il) Mn-ER-Cy, and (IV) Mn-ER-Cy with 808 nm laser. Statistical analyses
were conducted using one-way ANOVA followed by Tukey's test. *p <0.05, **p < 0.01, ***p <0.001

Results showed that in the first 4 h, the pH of cell
supernatants in all groups decreased, which may be
related to the accumulation of acidic metabolic prod-
ucts (such as lactate) produced by tumor cells during
metabolism and the dissolution of CO, in the culture
medium. In contrast, after 4 h, Mn-ER-Cy group began
to increase and the Mn-ER-Cy combined with the laser
group showed a more pronounced trend (Fig. 5¢ and
Fig. S20). This phenomenon again demonstrated that
Mn-ER-Cy was substantially taken by tumor cells and
could neutralize the acid environment, particularly
when combined with laser irradiation. Furthermore,
the intracellular pH (pHi) change was examined using
a pH-sensitive fluorescent probe, BBcellProbe® PO1. As
expected, the control and laser groups exhibited only
weak green fluorescence, indicating a low pHi associ-
ated with an acidic environment (Fig. 5d). In contrast,
the Mn-ER-Cy and Mn-ER-Cy combined with the
laser groups showed strong green fluorescence signals,
suggesting a high pHi indicative of a slightly alkaline
environment.

Unlike other cell death mechanisms, such as apop-
tosis and necrosis, pyroptosis is a highly immunogenic
form of cell death [14]. During this process, calreticu-
lin (CRT) translocates from the ER to the cell surface,
serving as an “eat me” signal to recruit immune cells.
Meanwhile, high mobility group protein 1 (HMGB1)
is released from the nucleus into the extracellular
space, acting as a danger signal that promotes immune
response activation and enhancement [60]. Therefore,
the effects of Mn-ER-Cy on the expression and distri-
bution of CRT and HMGBI1 in cells was assessed using
immunofluorescence. As shown in Fig. 5e-g, com-
pared with the control group, the Mn-ER-Cy and Mn-
ER-Cy(+) groups showed increased CRT expression,
whereas intracellular HMGB1 decreased significantly,
with changes being more pronounced in the Mn-ER-
Cy(+) group. Previous studies showed that Mn?'-
mediated Fenton-like reactions can generate -OH by
reacting with H,0O, within tumor cells, killing the cells
and inducing ICD [61]. Therefore, CRT expression and
HMGBI release induced by Mn-ER-Cy might be medi-
ated by the CDT effects of Mn?*. CDT/PDT/PTT mul-
timodal approaches can exhibit a synergistic effect in
inducing ICD.

During pyroptosis, cells release various DAMPs and
antigens that activate DCs, promoting antigen pre-
sentation and enhancing T cell activation and prolif-
eration to effectively recognize and attack tumor cells
[62]. To validate this process, the impact of condi-
tioned medium from each treatment group on the mat-
uration of bone marrow-derived DCs (BMDCs) was
assessed. Consistent with the abovementioned find-
ings, flow cytometry analysis revealed that the propor-
tion of mature BMDCs (CD11c*-CD80"-CD86%) in the
control group was 25.58%. However, the proportions
in the Mn-ER-Cy group (51.93%) and Mn-ER-Cy(+)
group (71.08%) were significantly higher, with the
combination group exhibiting even more pronounced
effects (Fig. 5h and i). These results suggest that Mn-
ER-Cy mediates multimodal cancer therapies, includ-
ing CDT, PDT, and PTT, which can effectively induce
ICD in tumor cells and promote DCs maturation.

Tumor Preferential accumulation and dual-modality
imaging

Tumor-targeted accumulation and multimodal imag-
ing are essential for achieving precise tumor diagnosis
and enhancing therapeutic efficacy [63]. Accordingly,
the tumor-targeting and imaging capabilities of Mn-
ER-Cy were evaluated in a 4T-1 tumor-bearing mouse
model. Mn-ER-Cy exhibited strong NIR fluorescence
(NIRF) emission, which increased with enhanced drug
concentrations (Fig. 6a-b). Mn-ER-Cy was injected
into 4T-1 tumor-bearing mice, and tumor-targeting
accumulation was recorded using a NIR small-animal
imaging system. The results indicated that after Mn-
ER-Cy injection, fluorescence signals at the tumor site
began to appear after 2 h, gradually increasing over
time and peaking at 24 h (Fig. 6¢c and d). Meanwhile,
as signals in other areas gradually diminished, the
tumor site maintained a high fluorescence signal even
at 120 h after injection, suggesting that Mn-ER-Cy can
rapidly and persistently accumulate at the tumor site
to facilitate sustained antitumor effects. Consistent
with in vivo results, ex vivo results at 24 h showed that
the fluorescence signal at the tumor site was signifi-
cantly stronger than that in other organs and tissues
(heart, liver, spleen, lung, kidney, muscle, and intes-
tine) (Fig. 6e and f)).



Wu et al. Journal of Experimental & Clinical Cancer Research (2025) 44:147

a b

50 pg/mL

6.25 pg/mL 12,5 pg/mL 25 pg/mL 100 pg/mL 200 pg/mL 1.2x10°=

~ ~ 1x10°-
8x108~
6x10%-
4x10%-

2x10%

Page 18 of 26

0

Ga

= Fluoresence (p/s/cmzlsr)

8x10%—

6x10%-

4x108%-

2x10%

Fluoresence (p/s/cmzlsr)

gl

L]
6.25 12.5 25 50 100 200
Concentration (pug/ml.)

L)

2x10°=

2

Fluoresence (p/s/cm?/sr)

1.

n

0-¢ T T T
0 24 48 72

T T
96 120

x10°4
Heart Liver Spleen Lung 1x10°
QO N 1 * s i
Kidney Muscle Intestine Tumor 0-
& S & & v &
P & & &S
GRS SR e . R
VR VEEFSE S
100 pg/mL
50 pg/mL
’ 100 pg/mL —_
25 pg/ml. 200 pg/mL 25 pg/mL 2 o
/ . 200 pg/ml ‘;
s =
12.5 pg/mL 2
12.5 pg/ml. £
=
0 pg/mL 0 pg/mL En
2
<
o
0 T T T T
0 50 100 150 200
10—
£} T
E 84
':.
£ 6=
2
£
= 4
=
20
2 =
0 T T
0 2 6 12 24

Fig. 6 (See legend on next page.)

Time after injection (h)



Wu et al. Journal of Experimental & Clinical Cancer Research

(See figure on previous page.)

(2025) 44:147

Page 19 of 26

Fig. 6 Tumor-targeting accumulation and NIR/PAI dual-modality imaging. (@) NIR fluorescence imaging of Mn-ER-Cy at different concentrations. (b)
Semiquantitative analysis of fluorescence intensities from (a). (c) NIR fluorescence imaging analysis of Mn-ER-Cy accumulation in tumor regions at various
time intervals. Red circles represent tumor regions. (d) Semiquantitative analysis of fluorescence intensities in tumor tissues from (c). (e) Ex vivo NIR fluo-
rescence imaging of different organs and tissues (liver, heart, spleen, lungs, kidneys, muscle, and tumor) collected from mice 24 h after Mn-ER-Cy injection.
(f) Semiquantitative analysis of fluorescence intensities in vital organs and tissues (n=3, mean+s.d.). (g) In vitro PAl of Mn-ER-Cy at varying concentrations
under 808 nm laser irradiation. Left, axial slice; right, 3D view. (h) Linear relationship between Mn-ER-Cy concentrations and PAl signal intensities. (i) PAI
analysis of Mn-ER-Cy accumulation in tumor regions at various intervals. Red circles represent tumor regions. (j) Semiquantitative analysis of PAl signal
intensities in tumor tissues from (i), with PAl signal intensities at O h serving as the baseline (n=3, mean +s.d.)

Subsequently, the photoacoustic imaging (PAI) capa-
bilities of Mn-ER-Cy were also evaluated in vitro and
in vivo. As depicted in Fig. 6g, Mn-ER-Cy can gener-
ate a significant PAI signal even at a low concentration
of 12.5 pg/mL. Furthermore, signal intensity increases
gradually with higher concentrations, demonstrating a
strong linear relationship (Fig. 6h). This suggested that
Mn-ER-Cy is effective for PAI across a range of con-
centrations, indicating excellent imaging performance
and sensitivity. In addition, in vivo PAI showed that
Mn-ER-Cy can effectively accumulate in the tumor
site, reaching peak signal intensity after 24 h, clearly
indicating the tumor region (Fig. 6i-j). Therefore, these
findings suggested that Mn-ER-Cy possesses excellent
tumor-targeting accumulation properties and NIR/
PAI dual-modality imaging capabilities, demonstrating
their potential as a highly sensitive contrast agent to
support imaging-guided tumor diagnosis and therapy.

Mn-ER-Cy suppressed primary tumor growth by eliciting
antitumor immunity

Inspired by the positive antitumor effect of Mn-ER-Cy
observed in vitro, this study further investigated their
antitumor activity in vivo. The 4T-1 tumor-bearing
mice were randomly assigned to four groups to assess
their effects on tumor growth: (I) control group, (II)
laser group, (III) Mn-ER-Cy group, and (IV) Mn-
ER-Cy(+) plus laser group. The tumor-site tempera-
ture of mice in the control group only increased 5 °C
after 5 min laser irradiation. In contrast, the tumor-
site temperature in the Mn-ER-Cy(+) group showed
a dramatic increase (AT =23 °C) (Fig. S21). This fur-
ther indicated the effective intratumoral accumula-
tion of Mn-ER-Cy and its excellent PCE in tumors.
The results indicated that the control and laser groups
exhibited the fastest tumor growth and largest tumor
volumes (Fig. S22a-c). The Mn-ER-Cy group showed
moderate tumor inhibition, likely attributed to the
beneficial effect of mild CDT alone. In contrast, the
Mn-ER-Cy(+) group exhibited the smallest tumor vol-
ume, owing to the combined therapeutic effects of
CDT, PDT, and PTT. Most importantly, no significant
weight loss was observed in mice in any group during
the treatment period, suggesting that the multi-model
treatments are tolerable for mice (Fig. S22d). Hema-
toxylin-and-eosin (H&E) staining of tumor tissues

showed significant cell damage and necrosis in the
Mn-ER-Cy(+) group (Fig. S23a). Among the groups,
the proportion of Ki-67* cells was the lowest in the
Mn-ER-Cy(+) group, whereas the number of terminal
deoxynucleotidyl transferase-mediated dUTP nick-
end labeling-positive cells was the highest (Fig. S23a-
¢). These data suggest that Mn-ER-Cy-mediated CDT/
PDT/PTT can effectively suppress tumor growth with
minimal adverse effects.

Pyroptotic cell death can release inflammatory
factors and DAMPs, enhancing the local immune
response and promoting DC activation and maturation
[64]. Furthermore, neutralizing the acidic TME can
improve the functional status of DCs, enhancing their
ability to present antigens and stimulate T cells [65].
Therefore, this study first evaluated the effects of Mn-
ER-Cy on DC maturation in tumor-draining lymph
nodes (Fig. 7a). Consistent with the existing literature,
results indicated that the DC maturation rate in the
control group (CD86"-CD80") was 20.3%, whereas the
rates in the Mn-ER-Cy and Mn-ER-Cy(+) groups sig-
nificantly increased to 28.7% and 33.3%, respectively
(Fig. 7b-c). Mature DCs play a crucial role in the acti-
vation and proliferation of T cells. Mature DCs pro-
vide necessary costimulatory signals by interacting
with T cell surface receptors, such as CD28, through
surface costimulatory molecules, such as CD80 and
CD86, promoting the activation and proliferation of T
cells. Conversely, they also effectively present antigens
by displaying antigen fragments to T cells via major
histocompatibility complex molecules, thus stimulat-
ing a specific immune response. As expected, the pro-
portions of CD3*-CD4 +and CD3*-CD8" T cells in the
Mn-ER-Cy(+) group increased to 6.57% and 4.56%,
respectively, which were 2.5 times (2.57%) and 5 times
(0.93%) that of the control group (Fig. 7d-g). These
data suggested that Mn-ER-Cy may recruit immune
cells and activate adaptive immune responses.

Immunosuppressive cells in the TME, such as Tregs,
significantly reduce the activity of effector T cells and
other immune cells by releasing inhibitory cytokines,
leading to the poor efficacy of immunotherapy. Results
indicated that Mn-ER-Cy(+) treatment could also
reduce the proportion of Tregs in the TME, with the
proportion of CD25*-Foxp3™* cells being 13.2% in the
control group and 7.85% in the Mn-ER-Cy(+) group
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Fig. 7 In vivo immunostimulation effects. (a) Schematic diagram illustrating the procedures for the in vivo immunoassay. (b) Flow cytometry analysis
of DC maturation (CD80*~CD86*) in tumor-draining lymph nodes 3 days after the final treatment. (c) Quantitative analysis of the proportion of CD80*-
CD86" cells from (b) (n=3, mean+s.d). (d, f, h) Flow cytometry analysis of the infiltration of CD4* T cells (CD3*-CD4"), CD8* T cells (CD3*-CD8"), and
Treg cells (CD25*-Foxp3™) in tumor tissues 6 days after the final treatment. (e, g, i) Quantitative analysis of the proportion of CD3*-CD4*, CD3*-CD8*, and
CD25*-Foxp3™ cells in tumor tissues (1=3, mean+s.d). (j) and (I) Immunofluorescence analysis of CD8, FOXP3, CD16/CD32, and CD206 expression in
tumor tissues 21 days after treatment. (k-m) Quantitative analysis of the proportion of CD8*, Foxp3*, CD16/CD32*, and CD206" cells in tumor tissues. The
experimental groups were categorized as follows: (I) PBS, (II) 808 nm laser (0.5 W/cm?, 5 min), (II1) Mn-ER-Cy, and (IV) Mn-ER-Cy with 808 nm laser. Statistical
analyses were conducted using one-way ANOVA followed by Tukey's test. *p <0.05, **p < 0.01, ***p < 0.001

(Fig. 7h-i). The acidic TME significantly affects Treg
proliferation and activity through various mecha-
nisms, including surface marker expression, metabolic
reprogramming, signaling pathways, and cell inter-
actions. For example, acidic TME can promote the
upregulation of inhibitory molecules, such as CTLA-4
and PD-1, thus enhancing Treg immunosuppression
and inhibiting effector T cell activity. Therefore, Treg
reduction mediated by Mn-ER-Cy(+) may be partially
attributed to its ability to correct the acidic TME. In
addition, results of dual CD8-Foxp3 staining in tumor
tissues showed a similar trend, with many Foxp3* cells
(green fluorescence) and fewer CD8 + cells in the con-
trol group. In contrast, in the Mn-ER-Cy(+) group,
green fluorescence significantly decreased, whereas
red fluorescence increased (Fig. 7j-k).

TAMs are critical constituents of the TME, exhib-
iting multifaceted roles in tumorigenesis and pro-
gression. Specifically, M1 macrophages are typically
stimulated by proinflammatory factors and exhibit
strong antitumor activity, secreting proinflammatory
cytokines such as tumor necrosis factor-a and IL-12,
which enhance antigen presentation and T cell acti-
vation [66]. In contrast, M2 macrophages, which are
induced by anti-inflammatory factors and specific
stimuli in the TME, secrete cytokines, such as IL-10
and transforming growth factor-p, which significantly
promote tumor growth, metastasis, and immune sup-
pression [67]. These findings revealed that Mn-ER-Cy
treatment can influence the polarization pattern of
TAMs, promoting the conversion of immunosuppres-
sive M2 phenotype macrophages to the cytotoxic M1
phenotype (Fig. 7l-m). Similarly, numerous studies
showed that CDT/PDT/PTT multimodal therapy and
correcting the acidic TME can effectively reprogram
macrophages from the M2 to the M1 phenotype [10].
In addition to mediating the CDT effect, several stud-
ies demonstrated that Mn?* enhances DC matura-
tion and macrophage repolarization by activating the
cGAS-STING pathway [68]. This process significantly
promotes the infiltration of cytotoxic T lymphocytes
and helper T cells, which remodels the TME and
inhibits tumor growth and metastasis [69]. Previous
studies supported the idea that Mn-ER-Cy treatment
can effectively enhance tumor adaptive immunity
and improve the immunosuppressive acidic TME,

providing a favorable environment for amplifying sys-
temic antitumor immunity.

Mn-ER-Cy suppressed the growth of distant tumors and
lung metastasis

Inspired by its promising immunostimulatory effects,
this study next investigated whether Mn-ER-Cy can
inhibit the growth of distal tumors by stimulating the
body’s immune response in a bilateral tumor model.
The results demonstrated that Mn-ER-Cy(+) effec-
tively inhibited primary tumor growth (Fig. 8a-h), with
the tumor growth inhibition index reaching as high as
80%. More impressively, the Mn-ER-Cy(+) group dem-
onstrated the smallest volume of distal tumors (<5
mm?), whereas the control group exhibited tumor vol-
umes exceeding 200 mm?, resulting in a tumor growth
inhibition index of 70% (Fig. 8i-k). In addition, Mn-ER-
Cy(+) treatment afforded a 90% survival rate in tumor-
bearing mice (Fig. 8l).

The lungs are one of the most frequent sites of
metastasis in breast cancers. In patients with advanced
breast cancer, lung metastasis incidence is estimated
to range from 30 to 50%, with certain subtypes, such as
HER-2 +and triple-negative breast cancer, exhibiting
an even higher prevalence [70]. The anti-metastatic
effect of Mn-ER-Cy were evaluated in a lung metasta-
sis model. The appearance of lung tissue images indi-
cated that the control and laser groups exhibited many
metastatic nodules. In the Mn-ER-Cy group, the num-
ber of nodules was relatively reduced, which may be
attributed to CDT effects (Fig. 8m). Furthermore, the
Mn-ER-Cy(+) group showed the least number of lung
metastatic nodules, and the morphology of the lung
tissue appeared relatively normal, indicating a syner-
gistic inhibitory effect of CDT/PDT/PTT on tumor
metastasis facilitated by Mn-ER-Cy. Moreover, H&E
staining results of the lung tissue further supported
this observation, revealing a similar trend (Fig. 8n).
These findings indicated that Mn-ER-Cy not only
inhibits primary tumor growth but also enhances sys-
temic antitumor effects by activating the body’s adap-
tive immune response, thus effectively suppressing
tumor metastasis.
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Fig. 8 Mn-ER-Cy inhibited tumor growth and metastasis in vivo. (a) Images of proximal tumors and (b) tumor volume curves on day 21 after various
treatments (n=5, mean+s.d.). (c) Tumor weights and (d) body weights during the treatment period (n=5, mean +s.d.). (e-h) Tumor growth curves for
individual tumors in mice across various groups. Images of (i) distant tumors and (j and k) tumor volume and weights on day 21 after various treatments
(n=5, mean+s.d.). (I) Survival analysis of mice in each group during the 45-day observation period after treatment (n = 10). (m) Representative pictures of
mouse lung metastasis on day 21. (n) Representative H&E images depicting lung metastasis nodules in each group. Black arrows indicate lung metastasis
nodules. The experimental groups were categorized as follows: (I) PBS, (Il) 808 nm laser (0.5 W/cm?, 5 min), (1) Mn-ER-Cy, and (IV) Mn-ER-Cy with 808 nm
laser. Statistical analyses were conducted using one-way ANOVA followed by Tukey's test. *p < 0.05, **p < 0.01, **p <0.001

Pharmacokinetics and safety evaluation

Biological safety is a key factor limiting the clini-
cal translation of nanomedicine [71]. Therefore, this
study evaluated the pharmacokinetics and biocompat-
ibility of Mn-ER-Cy in healthy mice. Ex vivo fluores-
cence imaging of the organs showed that Mn-ER-Cy
primarily accumulated in the liver (Fig. S24a). The
fluorescence intensity in the liver peaked within 8 h
and gradually decreased, indicating that Mn-ER-Cy
can be rapidly absorbed and metabolized in the liver
(Fig. S24c). Similarly, blood fluorescence intensity
indicated that after intraperitoneal administration,
fluorescence signals appeared at 1 h, peaked within
8 h, and gradually weakened (Fig. S24b and d), dem-
onstrating the rapid absorption and distribution of
Mn-ER-Cy in the body. This study also assessed the
blood compatibility of Mn-ER-Cy. Negligible hemo-
lysis was observed at low-to-medium concentrations
(<100 pg/mL) (Fig. S25). Although some hemolysis
(3.3%) was noted at a high concentration (400 pg/mL),
it was still significantly lower than the National Medi-
cal Products Administration standard threshold of
5.0% set for the drug hemolysis rate, indicating excel-
lent blood compatibility. Next, the effects of different
doses of Mn-ER-Cy treatment (0, 10, 20, and 40 mg/
kg) on the blood routine, liver and kidney function,
and organ damage in normal mice were evaluated
after 21 days. Compared with the control group, there
were no significant differences in the parameters of
blood routine (white blood cells, red blood cells, and
platelets) and liver, kidney and heart function (alanine
transaminase, aspartate transaminase, urea, creatinine,
lactate dehydrogenase, and creatine kinase) among the
treatment groups, all of which remained within the
normal threshold range (Fig. S26 and Fig. S27). Fur-
thermore, H&E staining analysis of tissues and organs
(heart, liver, spleen, lung, and kidney) from each group
of mice showed no significant structural damage or
inflammatory cell infiltration (Fig. S28). These data
suggest that Mn-ER-Cy possesses excellent specificity
and biocompatibility, providing a potential for further
translational research.

As summarized in Table S2, most previously
reported Mn-based nanoplatforms primarily rely on
passive tumor accumulation via the enhanced per-
meability and retention (EPR) effect, exhibiting lim-
ited subcellular targeting capabilities. In contrast,

Mn-ER-Cy enables active and precise targeting of
tumor-cell ER organelles, thereby facilitating local-
ized therapeutic effects. Notably, Mn-ER-Cy achieves
a significantly higher photothermal conversion effi-
ciency (51.6%) under 808 nm irradiation compared
to conventional systems (typically below 40%). Fur-
thermore, whereas traditional Mn-based nanocarriers
are generally confined to a single imaging modality,
Mn-ER-Cy offers dual-modal imaging through NIRF
and photoacoustic imaging, enabling real-time moni-
toring and precision-guided therapy. Therapeutically,
Mn-ER-Cy integrates PTT, PDT, and CDT, collectively
inducing excessive ER stress, triggering pyroptotic cell
death, and augmenting antitumor immunity. These
distinct advantages underscore the clinical potential of
Mn-ER-Cy as a versatile platform for precision tumor
theranostics.

Although Mn-ER-Cy demonstrates multifunctional
properties and favorable biological performance in
preliminary studies, its clinical translatability remains
to be thoroughly investigated. Large-scale synthesis
is theoretically feasible through the optimization of
reaction conditions and purification processes; how-
ever, challenges such as batch-to-batch reproducibil-
ity, long-term stability, and cost-effectiveness must be
systematically addressed. Furthermore, although ini-
tial biosafety assessments indicate low acute toxicity,
comprehensive evaluations—including chronic toxic-
ity, immunogenicity, metabolism, and excretion stud-
ies—are essential before clinical application. Future
research will focus on detailed pharmacokinetics,
pharmacodynamics, and evaluations in large-animal
models to further substantiate the clinical potential of
Mn-ER-Cy.

Conclusions

MnCO; integrated with a dual-targeting Cy photosen-
sitizer within the Mn-ER-Cy nanocube was designed
to address the current challenges of clinical immuno-
therapy posed by the immunosuppressive acidic TME,
low immunogenicity of tumors, and poor specificity
of immunoactivation. Our findings revealed that Mn-
ER-Cy preferentially accumulates in tumor tissues,
neutralizes acidity, and induces ERS and pyroptotic
cell death through various therapeutic modalities,
promoting a robust antitumor immune response and
suppressing tumor growth and metastasis. Its
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dual-modality imaging capabilities also provide precise
guidance for treatment and enable effective therapeu-
tic monitoring. These findings underscore the poten-
tial of Mn-ER-Cy as an innovative strategy to enhance
the efficacy and specificity of immunotherapy, offering
promising implications for better clinical outcomes in
patients with cancer.

Abbreviations

BMDCs Bone marrow derived dendritic cells
CLSM Confocal laser scanning microscopy
CTAB Cetyltrimethylammonium bromide
CTLs Cytotoxic T lymphocytes

DAMPs Danger-associated molecular patterns
DC Dendritic cell

ER Endoplasmic reticulum

ERS Endoplasmic reticulum stress
GSDMD  Gasdermin D

HMGB1 High mobility group protein 1

ICD Immunogenic cell death

ICP-MS Inductively coupled plasma mass spectrometry
NIR Near-infrared

PAA Polyacrylic acid

PCE Photothermal conversion efficiency
PTAs Photothermal agents

TAMs Tumor-associated macrophages
TEM Transmission electron microscopy
TME Tumor microenvironment

Tregs Regulatory T cells

UPR Unfolded protein response

Supplementary Information
The online version contains supplementary material available at https://doi.or
g9/10.1186/513046-025-03408-5.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3
Supplementary Material 4

Supplementary Material 5

(2025) 44:147

Author contributions

CW, MG, SL designed the study. CW, MG, WX, XH, XR, ZW performed the
experiments. XY, BM, ZD, ZS analyzed and interpreted the experiments. JL and
CS provided essential technical support for animal experimentation. CW, MG,
SL wrote the manuscript. RL and WW revised the manuscript. SL, RL and WW
supervised the study.

Funding

This work was supported in part by the Key Projects of Sichuan Natural
Science Foundation (No. 2022NSFSC0051), Clinical Scientist Program of
Sichuan Cancer Hospital (No. YB2022003), the National Natural Science
Foundation of China (No. 82173457), Postdoctoral Research Foundation of
China (CN) (No. GZC20233600).

Data availability
No datasets were generated or analysed during the current study.

Page 24 of 26

Declarations

Ethics approval and consent to participate

All animal experimental protocols were received approval from Laboratory
Animal Welfare and Ethics Committee of Third Military Medical University
(Approved No. AMU2020067).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Radiation Oncology, Sichuan Clinical Research Center
for Cancer, Sichuan Cancer Hospital & Institute, Sichuan Cancer Center,
School of Medicine, University of Electronic Science and Technology of
China, Chengdu 610054, China

?Institute of Combined Injury, State Key Laboratory of Trauma and
Chemical Poisoning, Chongging Engineering Research Center for
Nanomedicine, College of Preventive Medicine, Third Military Medical
University (Army Medical University), Chongging 400038, China
*Department of Radiation Oncology, Radiation Oncology Key Laboratory
of Sichuan Province, Sichuan Clinical Research Center for Cancer,
Sichuan Cancer Hospital & Institute, Sichuan Cancer Center, University of
Electronic Science and Technology of China, Chengdu 610041, China
“Department of Pharmacy, Daping Hospital, Third Military Medical
University (Army Medical University), Chongging 400042, China

Received: 9 February 2025 / Accepted: 6 May 2025
Published online: 16 May 2025

References

1. BrayF, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram |, et al.
Global cancer statistics 2022: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2024,74(3):229-63.

2. RuiR, Zhou L, He S. Cancer immunotherapies: advances and bottlenecks.
Front Immunol. 2023;14:1212476.

3. Kennedy LB, Salama AKS. A review of cancer immunotherapy toxicity. CA
Cancer J Clin. 2020;70(2):86-104.

4. Hegde PS, Chen DS.Top 10 challenges in Cancer immunotherapy. Immunity.
2020;52(1):17-35.

5. Fenis A, Demaria O, Gauthier L, Vivier E, Narni-Mancinelli E. New immune cell
engagers for cancer immunotherapy. Nat Rev Immunol. 2024;24(7):471-86.

6. Pitt JM, Marabelle A, Eggermont A, Soria JC, Kroemer G, Zitvogel L. Targeting
the tumor microenvironment: removing obstruction to anticancer immune
responses and immunotherapy. Ann Oncol. 2016;27(8):1482-92.

7. Apostolova P, Pearce EL. Lactic acid and lactate: revisiting the physiological
roles in the tumor microenvironment. Trends Immunol. 2022;43(12):969-77.

8. Xial,OyangL,LinJ,Tan S, HanY,Wu N, et al. The cancer metabolic repro-
gramming and immune response. Mol Cancer. 2021;20(1):28.

9. Boedtkjer E, Pedersen SF. The acidic tumor microenvironment as a driver of
Cancer. Annu Rev Physiol. 2020;82:103-26.

10. Ding B, Zheng P, Tan J, Chen H, Meng Q, Li J, et al. Sodium bicarbonate
nanoparticles for amplified Cancer immunotherapy by inducing pyrop-
tosis and regulating lactic acid metabolism. Angew Chem Int Ed Engl.
2023,62(40):2202307706.

11. FengV, LiuY, Ma X, Xu L, Ding D, Chen L, et al. Intracellular marriage of
bicarbonate and Mn ions as immune ion reactors to regulate redox
homeostasis and enhanced antitumor immune responses. J Nanobiotechnol.
2022,20(1):193.

12. Kouidhi'S, Ben Ayed F, Benammar Elgaaied A. Targeting tumor metabolism: A
new challenge to improve immunotherapy. Front Immunol. 2018;9:353.

13. Zhang L, Montesdeoca N, Karges J, Xiao H. Immunogenic cell death
inducing metal complexes for Cancer therapy. Angew Chem Int Ed Engl.
2023;62(21):2202300662.

14. Rao Z ZhuY,Yang P, Chen Z, XiaY, Qiao C, et al. Pyroptosis in inflammatory
diseases and cancer. Theranostics. 2022;12(9):4310-29.


https://doi.org/10.1186/s13046-025-03408-5
https://doi.org/10.1186/s13046-025-03408-5

Wu et al. Journal of Experimental & Clinical Cancer Research

22.

23.

24.

25.

26.
27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms and
diseases. Signal Transduct Target Ther. 2021;6(1):128.

Luo S, Zhang E, SuY, Cheng T, Shi C. A review of NIR dyes in cancer targeting
and imaging. Biomaterials. 2011;32(29):7127-38.

Luo S, Tan X, Qi Q, Guo Q, Ran X, Zhang L, et al. A multifunctional
heptamethine near-infrared dye for cancer theranosis. Biomaterials.
2013;34(9):2244-51.

Li DH, Schreiber CL, Smith BD. Sterically shielded heptamethine cyanine dyes
for bioconjugation and high performance Near-Infrared fluorescence imag-
ing. Angew Chem Int Ed Engl. 2020;59(29):12154-61.

Li DH, Gamage RS, Oliver AG, Patel NL, Muhammad Usama S, Kalen JD, et al.
Doubly strapped zwitterionic NIR-I and NIR-Il heptamethine cyanine dyes
for bioconjugation and fluorescence imaging. Angew Chem Int Ed Engl.
2023,62(28):2202305062.

Zhang E, Luo S, Tan X, Shi C. Mechanistic study of IR-780 dye as a potential
tumor targeting and drug delivery agent. Biomaterials. 2014;35(2):771-8.
Tan X, Luo S, Long L, Wang Y, Wang D, Fang S, et al. Structure-Guided design
and synthesis of a Mitochondria-Targeting Near-Infrared fluorophore with
multimodal therapeutic activities. Adv Mater. 2017;29(43):1704196.

Luo S, Tan X, Fang S, Wang Y, Liu T, Wang X, et al. Mitochondria-Targeted
Small-Molecule fluorophores for dual modal Cancer phototherapy. Adv Funct
Mater. 2016,26(17):2826-35.

Kim SH, Lee JE, Sharker SM, Jeong JH, In |, Park SY. In vitro and in vivo tumor
targeted photothermal Cancer therapy using functionalized graphene
nanoparticles. Biomacromolecules. 2015;16(11):3519-29.

Tasnim KN, Rahman A, Newaj SM, Mahmud O, Monira S, Khan TZ, et al. Track-
able liposomes for in vivo delivery tracing toward personalized medicine care
under NIR light on skin tumor. ACS Appl Bio Mater. 2024;7(5):3190-201.
Huang X, Gao M, Xing H, Du Z, Wu Z, Liu J, et al. Rationally designed hepta-
methine cyanine photosensitizers that amplify Tumor-Specific Endoplasmic
reticulum stress and boost antitumor immunity. Small. 2022;18(34):e2202728.
Celik C, Lee SYT, Yap WS, Thibault G. Endoplasmic reticulum stress and lipids
in health and diseases. Prog Lipid Res. 2023;89:101198.

Marciniak SJ, Chambers JE, Ron D. Pharmacological targeting of Endoplasmic
reticulum stress in disease. Nat Rev Drug Discov. 2022;21(2):115-40.

Wang Y, Luo S, Zhang C, Liao X, Liu T, Jiang Z et al. An NIR-Fluorophore-Based
therapeutic Endoplasmic reticulum stress inducer. Adv Mater. 2018:21800475.
Dong M, Xiao XZ, Su ZG, Yu ZH, Qian CG, Liu JH, et al. Light-Induced ROS
generation and 2-DG-Activated Endoplasmic reticulum stress by antitumor
nanosystems: an effective combination therapy by regulating the tumor
microenvironment. Small. 2019;15(17):21900212.

LiY, FuY, Sun J, Shen J, Liu F, Ning B, et al. Tanshinone lIA alleviates NLRP3
inflammasome-mediated pyroptosis in Mycobacterium tuberculosis-
(H37Ra-) infected macrophages by inhibiting Endoplasmic reticulum stress. J
Ethnopharmacol. 2022;282:114595.

Wu X, Caol M, LU H, He X, Hu C. Microemulsion-mediated solvothermal
synthesis and morphological evolution of MnCO3 nanocrystals. J Nanosci
Nanotechnol. 2006;6(7):2123-8.

Cheng, Zhang S, Kang N, Huang J, Lv X, Wen K; et al. Polydopamine-Coated
manganese carbonate nanoparticles for amplified magnetic resonance
Imaging-Guided photothermal therapy. ACS Appl Mater Interfaces.
2017,9(22):19296-306.

Gao M, Huang X, Wu Z, Wang L, Yuan S, Du Z, et al. Synthesis of a versatile
mitochondria-targeting small molecule for cancer near-infrared fluorescent
imaging and radio/photodynamic/photothermal synergistic therapies. Mater
Today Bio. 2022;15:100316.

Zhang H, Pan X, Wu Q, Guo J, Wang C, Liu H. Manganese carbonate nanopar-
ticles-mediated mitochondrial dysfunction for enhanced sonodynamic
therapy. Explor (Beijing). 2021;1(2):20210010.

Xiao J, Zhang G, Xu R, Chen H, Wang H, Tian G, et al. A pH-responsive plat-
form combining chemodynamic therapy with limotherapy for simultaneous
bioimaging and synergistic cancer therapy. Biomaterials. 2019,216:119254.
Chen S, Yu'S, Du Z Huang X, He M, Long S, et al. Synthesis of Mitochondria-
Anchored nitroimidazoles with a versatile NIR fluorophore for hypoxic
Tumor-Targeting imaging and chemoradiotherapy. J Med Chem.
2021,64(6):3381-91.

Wang R, Yin C, Liu C, SunY, Xiao P, Li J, et al. Phenylboronic acid modifica-
tion augments the lysosome escape and antitumor efficacy of a cylindrical
polymer Brush-Based prodrug. J Am Chem Soc. 2021;143(49):20927-38.
Dong Y, ChenY, Zhu D, Shi K, Ma C, Zhang W, et al. Self-assembly of amphi-
philic phospholipid peptide dendrimer-based nanovectors for effective

(2025) 44:147

39.

40.

41.

42.

43.

45.

46.

47.

48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 25 of 26

delivery of SIRNA therapeutics in prostate cancer therapy. J Control Release.
2020;322:416-25.

Xiao H, Liu X, Wu C,Wu Y, Li P, Guo X, et al. A new Endoplasmic reticulum-
targeted two-photon fluorescent probe for imaging of superoxide anion in
diabetic mice. Biosens Bioelectron. 2017;91:449-55.

Naing A, Ferrando-Martinez S, Wolfarth A, Xu M, Goon JB, Ware MB, et

al. 1674P NT-17 plus pembrolizumab combination treatment enhances
infiltration of PD-1+T cells and provides a more Immunogenic tumor
microenvironment: biomarker data from the NIT-110 study. Ann Oncol.
2022,33:51308-9.

Zhao X, Zhao H,Wang S, Fan Z, Ma Y, Yin Y, et al. ATumor-Targeting Near-
Infrared heptamethine cyanine photosensitizer with twisted molecular
structure for enhanced Imaging-Guided Cancer phototherapy. J Am Chem
Soc. 2021;143(49):20828-36.

Li J,Yang D, Lyu W, YuanY, Han X, Yue W, et al. A bioinspired photosensitizer
performs tumor thermoresistance reversion to optimize the atraumatic
Mild-Hyperthermia photothermal therapy for breast Cancer. Adv Mater.
2024;36(38):2405890.

GuoT, LinY, Jin G,Weng R, Song J, Liu X, et al. Manganese-phenolic network-
coated black phosphorus nanosheets for theranostics combining magnetic
resonance/photoacoustic dual-modal imaging and photothermal therapy.
Chem Commun (Camb). 2019;55(6):850-3.

Sharker SM. Interaction of microwave and nanomaterials for thermorespon-
sive drug delivery and hyperthermal cancer therapy. Inorg Chem Commun.
2023;156:111152.

Qi C, He J,Fu LH, He T, Blum NT, Yao X, et al. Tumor-Specific activatable nano-
carriers with Gas-Generation and signal amplification capabilities for tumor
theranostics. ACS Nano. 2021;15(1):1627-309.

Tang Z, Zhang H, Liu Y, Ni D, Zhang H, Zhang J, et al. Antiferromagnetic pyrite
as the tumor Microenvironment-Mediated nanoplatform for Self-Enhanced
tumor imaging and therapy. Adv Mater. 2017;29(47):1701683.

Zhang Q, Guo Q, Chen Q, Zhao X, Pennycook SJ, Chen H. Highly efficient 2D
NIR-Il photothermal agent with Fenton catalytic activity for Cancer synergistic
photothermal-Chemodynamic therapy. Adv Sci (Weinh). 2020;7(7):1902576.
Xia S, Duan W, Liu W, Zhang X, Wang Q. GRP78 in lung cancer. J Trans| Med.
2021:19(1):118.

Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver disease. J Hepatol.
2011;54(4):795-809.

Cui C, Merritt R, Fu L, Pan Z. Targeting calcium signaling in cancer therapy.
Acta Pharm Sin B. 2017;7(1):3-17.

Liu X, LiuY, Li X, Huang J, Guo X, Zhang J, et al. ER-Targeting PDT

converts tumors into in situ therapeutic tumor vaccines. ACS Nano.
2022;16(6):9240-53.

Xie Y, Wang M, Qian Y, Li L, Sun Q, Gao M, et al. Novel PdPtCu nanozymes for
reprogramming tumor microenvironment to boost immunotherapy through
Endoplasmic reticulum stress and blocking IDO-Mediated immune escape.
Small. 2023;19(44):.e2303596.

Wang Z, GuoY, FanY, Chen J, Wang H, Shen M, et al. Metal-Phenolic-Network-
Coated Dendrimer-Drug conjugates for tumor MR imaging and chemo/
chemodynamic therapy via amplification of Endoplasmic reticulum stress.
Adv Mater. 2022;34(7):¢2107009.

Zhang J, Guo J, Yang N, Huang Y, Hu T, Rao C. Endoplasmic reticulum stress-
mediated cell death in liver injury. Cell Death Dis. 2022;13(12):1051.

Ke R, Wang Y, Hong S, Xiao L. Endoplasmic reticulum stress related factor
IRETa regulates TXNIP/NLRP3-mediated pyroptosis in diabetic nephropathy.
Exp Cell Res. 2020,396(2):112293.

Liao J,Hu Z, Li Q, Li H, Chen W, Huo H, et al. Endoplasmic reticulum

stress contributes to Copper-Induced pyroptosis via regulating the
IRETa-XBP1 pathway in pig jejunal epithelial cells. J Agric Food Chem.
2022;70(4):1293-303.

Wei X, Xie F, Zhou X, Wu Y, Yan H, LiuT, et al. Role of pyroptosis in inflamma-
tion and cancer. Cell Mol Immunol. 2022;19(9):971-92.

Brown TP, Ganapathy V. Lactate/GPR81 signaling and proton motive force

in cancer: role in angiogenesis, immune escape, nutrition, and Warburg
phenomenon. Pharmacol Ther. 2020;,206:107451.

LiuY, Wang F, Peng D, Zhang D, Liu L, Wei J, et al. Activation and antitumor
immunity of CD8(+) T cells are supported by the glucose transporter GLUT10
and disrupted by lactic acid. Sci Transl Med. 2024;16(762):eadk7399.

Inoue H, Tani K. Multimodal Immunogenic cancer cell death as a
consequence of anticancer cytotoxic treatments. Cell Death Differ.
2014;21(1):39-49.



Wu et al. Journal of Experimental & Clinical Cancer Research

62.

63.

64.
65.

66.

67.

LiT,Chen G, Lin L, Li B, Wang X, ChenYY, et al. Manganese oxide-constructed
multifunctional biomimetic nanovaccine for robust tumor-specific T cell
priming and chemodynamic therapy. Biomaterials. 2024;309:122626.

SunY, LianT, Huang Q Chang Y, Li Y, Guo X, et al. Nanomedicine-medi-

ated regulated cell death in cancer immunotherapy. J Control Release.
2023;364:174-94.

GuoT, LinY, Zhang WJ, Hong JS, Lin RH, Wu XP, et al. High-efficiency X-ray
luminescence in Eu(3+)-activated tungstate nanoprobes for optical imaging
through energy transfer sensitization. Nanoscale. 2018;10(4):1607-12.
Zhivaki D, Kagan JC. NLRP3 inflammasomes that induce antitumor immunity.
Trends Immunol. 2021,42(7):575-89.

Yang M, Li J, Gu P, Fan X. The application of nanoparticles in cancer immuno-

therapy: targeting tumor microenvironment. Bioact Mater. 2021,6(7):1973-87.

Qing S, Lyu C, Zhu L, Pan C,Wang S, Li F, et al. Biomineralized bacterial outer
membrane vesicles potentiate safe and efficient tumor microenvironment
reprogramming for anticancer therapy. Adv Mater. 2020;32(47):e2002085.
Chang M, Hou Z, Jin D, Zhou J, Wang M, Wang M, et al. Colorectal tumor
Microenvironment-Activated Bio-Decomposable and metabolizable Cu(2)
0@CaCO(3) nanocomposites for synergistic oncotherapy. Adv Mater.
2020;32(43):22004647.

(2025) 44:147

68.

69.

70.

71.

Page 26 of 26

Huang W, Shi 'S, Lv H, Ju Z, Liu Q, Chen T. Tellurium-driven maple leaf-shaped
manganese nanotherapeutics reshape tumor microenvironment via chemi-
cal transition in situ to achieve highly efficient radioimmunotherapy of triple
negative breast cancer. Bioact Mater. 2023;27:560-73.

Yang H, Yang S, Guo Q, Sheng J, Mao Z. ATP-Responsive Manganese-Based
bacterial materials synergistically activate the cGAS-STING pathway for tumor
immunotherapy. Adv Mater. 2024;36(23):e2310189.

Liang Y, Zhang H, Song X, Yang Q. Metastatic heterogeneity of breast cancer:
molecular mechanism and potential therapeutic targets. Semin Cancer Biol.
2020;60:14-27.

Overchuk M, Weersink RA, Wilson BC, Zheng G. Photodynamic and pho-
tothermal therapies: synergy opportunities for nanomedicine. ACS Nano.
2023;17(9):7979-8003.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Light-activatable manganese carbonate nanocubes elicit robust immunotherapy by amplifying endoplasmic reticulum stress-meditated pyroptotic cell death
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Chemical reagents
	﻿Synthesis of ER-Cy and MnCO﻿3﻿ NCs
	﻿Preparation of MnCO﻿3﻿-PAA and Mn-ER-Cy
	﻿Mn﻿2+﻿ release determination
	﻿Photothermal evaluation
	﻿Degradation characteristics of Mn-ER-Cy
	﻿Singlet oxygen sensor green (SOSG) generation detection
	﻿Cell culture and experimental groups
	﻿Cell internalization analysis
	﻿Subcellular localization analysis
	﻿Reactive oxygen species (ROS) generation determination
	﻿In vitro and in vivo PA imaging
	﻿In vivo NIR fluorescence imaging
	﻿Extracellular and intracellular pH detection
	﻿Transcriptome sequencing
	﻿NLRP3 inhibitor and ﻿Si﻿RNA transfection
	﻿In vivo antitumor therapy
	﻿Immune response analysis
	﻿Bilateral tumor model
	﻿Lung metastasis model
	﻿Survival monitoring
	﻿Statistical analysis

	﻿Results and discussion
	﻿Preparation and characterization of Mn-ER-Cy NCs
	﻿Cell uptake and ER-targeting accumulation
	﻿In vitro multimodal antitumor effect of Mn-ER-Cy
	﻿Light-activatable Mn-ER-Cy induced ERS and pyroptotic cell death
	﻿Mn-ER-Cy neutralized the acidic TME and augmented ICD
	﻿Tumor Preferential accumulation and dual-modality imaging
	﻿Mn-ER-Cy suppressed primary tumor growth by eliciting antitumor immunity
	﻿Mn-ER-Cy suppressed the growth of distant tumors and lung metastasis
	﻿Pharmacokinetics and safety evaluation

	﻿Conclusions
	﻿References


