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ABSTRACT: The therapeutic efficacy of cancer is greatly
hampered by hypoxia, overexpressed glutathione (GSH) in the
tumor microenvironment (TME), and the high propensity for
tumor metastasis. Developing advanced diagnostic and therapeutic
strategies capable of destroying tumors holds great promise.
Herein, multifunctional manganese-based nanoparticles (FMBI
NPs) with multiple nanozyme activities and GSH-depleting
capabilities were designed to enhance cancer therapy by remodeling
the TME. The release of Mn ions from FMBI NPs under TME
conditions can modulate the tumor stroma, activate the cyclic
GMP—AMP synthase-stimulator of interferon genes (cGAS-
STING) pathway, and promote immunogenic cell death (ICD)
in tumor cells, which has been demonstrated through various
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cellular studies. Notably, systemic immune activation mediated by FMBI NPs effectively inhibits lung metastasis while
simultaneously enabling 'H and '”F MRI for tumor visualization. This approach opens the way to image the biodistribution of the
nanoagent in vivo and to monitor its therapeutic efficacy toward tumors noninvasively with MRI.
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1. INTRODUCTION

Cancer remains a grave public health challenge, underscoring
the imperative for effective therapeutic strategies.l_3 Recent
advancements have brought diverse treatment strategies,4’S
including chemodynamic therapy (CDT), sonodynamic
therapy (SDT), photothermal therapy (PTT), and photo-
dynamic therapy (PDT). However, surgical resection, chemo-
therapy, and radiotherapy remain the mainstay in clinical
settings.”” Given the complex and heterogeneous nature of
tumors as well as the limitations of existing therapeutic
approaches, the eradication of tumor cells via conventional
single-modality treatments proves to be a formidable challenge.
To address this challenge, multimodal synergistic therapy has
been developed, integrating the benefits of multiple therapies
to enhance treatment efficacy.”” Despite these advancements,
existing therapeutic approaches remain ineffective in eliminat-
ing cancer cells during the initial phases of tumor metastasis.
Tumor immunotherapy stands out as it possesses the potential
to activate the immune system and eradicate metastatic tumor
cells'” and is thus recognized as the optimal strategy for
treating tumor metastasis.

Various cancer treatment methods can induce immunogenic
cell death (ICD),"" which is crucial for effective tumor
immunotherapy. Nanotechnology enhances ICD by improving
targeted drug delivery, amplifying drug accumulation in
tumors, enabling the synchronous application of multiple
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therapies, and enabling precise dosage control.'” These
advancements refine the tumor microenvironment and bolster
the immune response, ultimately improving treatment out-
comes."”'* The emerging field of metal immunology has
garnered attention as studies increasingly demonstrate that
several transition metals can provoke autoimmunity."®
Notably, manganese (Mn)-based nanoparticles, particularly
those with simple compositions like manganese oxide (MnO,),
exhibit multifaceted roles in augmenting tumor magnetic
resonance imaging (MRI), modulating the tumor micro-
environment (TME), facilitating CDT, and boosting immu-
notherapy.'®"” Recent studies have underscored manganese’s
role as an immunostimulant. The cyclic GMP—AMP synthase-
stimulator of interferon genes (cGAS-STING) pathway can be
activated by Mn*" ions directly and the cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP)-medi-
ated stimulation of STING will be potentiated.'*~° It leads to
an elevated production of type I interferons (IFNs), thereby
optimizing antigen presentation, promoting dendritic cell
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Scheme 1. Schematic Illustration of the Preparation of FMBI NPs and the 'H/'’F MRI-Guided Synergistic PTT/CDT
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“This TME-responsive, manganese-boosted catalytic therapy is in conjunction with the activation of the cGAS-STING pathway.

(DC) maturation, and enhancing antitumor T cell responses.21
Leveraging the advantages of manganese-based nanoparticles,
researchers have developed innovative nanoplatforms to enable
effective combination immunotherapies targeting the cGAS-
STING pathway. These include amorphous porous manganese
phosphate nanoparticles,”” biomineralized manganese dioxide
(MnO,),”* Mn?**liganded micelles,”* and metal polyphenolic
networks.>**°

Manganese-based nanoparticles hold promise for tumor
therapy due to their diverse functionalities.”””® These
nanoparticles have also been designed to exhibit enzyme-like
activities (nanozymes), positioning them as promising
candidates for therapeutic nanodrugs.””*’ Manganese-based
nanozymes can elevate intracellular reactive oxygen species
(ROS) levels via Mn**-mediated Fenton-like reactions or by
reducing GSH through Mn*"-mediated redox reactions.”*”
Nevertheless, integrating manganese’s beneficial properties
into a single nanoplatform to enhance cancer treatment
efficacy is still an underexplored domain, particularly in the
convergence of MRI, metal-based nanozymes, and immunos-
timulants. Thus, there exists a compelling exigency to engineer
multifunctional manganese-based nanoparticles with simple
compositions to achieve these composite functionalities and
improve tumor immunotherapy efficacy.

In this study, we developed fluorine-containing manganese-
based core—shell nanoparticles with ICG-loading and BSA-
coating (FMBI NPs) that can deplete GSH and activate the
immune response against tumors while enabling multinuclear
'H/"F MRI in a melanoma model (Scheme 1). FMBI NPs
exhibit dual enzymatic activities similar to oxidase (OXD) and
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peroxidase (POD), generating abundant ROS to facilitate
tumor cell elimination. Additionally, FMBI NPs relieve tumor
hypoxia by mimicking catalase (CAT) activity, thus trans-
forming the TME. The depletion of GSH in the TME
promotes the release of Mn?** from FMBI NPs, further
enhancing the immune responses within the tumor. The local
application of FMBI NPs promotes the release of ICD signals,
which leads to damage-associated molecular patterns
(DAMPs) in tumor cells and activation of systemic immunity.
Concurrently, Mn? discharged from the nanoparticles
synergizes with cGAMP to strongly activate the cGAS-
STING pathway in DCs within nearby lymphoid tissues,
initiating a cascade of immune responses. This comprehensive
approach enhances systemic immune functions and hampers
lung tumor metastasis. Additionally, Mn®* accumulation in
tumors also facilitates efficient 'H T,-weighted MRI. Following
the GSH response, the paramagnetic relaxation enhancement
(PRE) effect of MnO, decreases, leading to an enhanced "’F
MRI signal within the nanoparticles. Simultaneously, the
release of free Mn?* from FMBI NPs further enhances the 'H
T-weighted MRI signal. In essence, our study introduces a
multifaceted nanoplatform that integrates multiple therapeutic
and imaging modalities, encompassing enzymatic activity,
photothermal therapy, immunotherapy, and MRL

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterizations of FMBI NPs.
The synthesis of FMBI NPs and fluorine-accumulated silica
nanoparticles (FS NPs) is outlined in Scheme 1 and elaborated
in the Supporting Information.”* The FMBI NPs showed a
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Figure 1. Characterizations of FMBI NPs. (a) Representative TEM image of FMBI NPs. (b) Size distributions of FS NPs and FMBI NPs as
measured by DLS. (c) {-Potential of FS, FMI, and FMBI NPs. (d) Corresponding elemental mapping of FMBI NPs. (e) Survey XPS spectrum and
(f) Mn 2p XPS spectrum of FMBI NPs. (g) UV—vis—NIR absorption spectra of ICG, FS@ICG, FMB, and FMBI NPs.

rough surface morphology and spherical core—shell structures
with an average size of about 145 nm, according to the
representative transmission electron microscopy (TEM) image
(Figure 1a). Dynamic light scattering (DLS) affirmed that the
average hydrated particle size of FMBI NPs (302.6 nm, PDI =
0.166) is larger than that of FS NPs (101.8 nm, PDI = 0.151).
The {-potential decreased from 19.1 + 4.4 mV for FS NPs to
—12.5 + 0.5 mV for FMBI NPs (Figure 1b,c), which can be
ascribed to the coating of MnO,, and the presence of negatively
charged BSA. The distribution of manganese (purple) and
fluorine (red) within FMBI NPs was identified using high-
angle annular dark-field (HAADF) imaging in conjunction
with energy-dispersive X-ray (EDX) element mapping (Figure
1d). The Mn 2p high-resolution spectrum obtained from X-ray
photoelectron spectroscopy (XPS) analysis comprising biva-
lent states Mn 2p, /, and Mn 2p;, confirmed the dominance of
Mn®" (48.47%) and Mn** (26.98%), respectively, while Mn**
was present at a lower proportion of 15.81% (Figure le,f).
Moreover, changes in the UV—vis—NIR absorption spectra
suggested the successful loading of indocyanine green (ICG)
onto the FES@ICG NPs, and the absorption peak of ICG was
further burst after encapsulation of the MnO, shell in FMBI
NPs (Figure 1g).

2.2. The Catalytic Activity of FMBI NPs. It is well-
established that low-valence manganese (Mn?* and Mn’")
exhibits POD- and OXD-like activities, while high-valence
manganese (Mn*") facilitates the depletion of GSH.*
Consequently, the hybrid valence states of Mn ions confer
FMBI NPs with multifunctional enzyme-like activities and
GSH-depletion capability. Previous studies have shown that
most MnO,, nanomaterials exhibit broad pH-dependent CAT-
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like activity with optimal performance across a wide pH
range,”® which enable the catalytic decomposition of H,0,
into H,0 and O,. The CAT-like activity of FMBI NPs was
confirmed by measuring O, generation with a dissolved oxygen
meter. Enzyme activity assays were conducted at a
physiological temperature of 37 °C and a slightly acidic pH
of 6.4 to simulate the tumor environment. The results revealed
that the CAT-like activity of FMBI NPs correlated with the
enzyme concentration, leading to varied levels of O,
production (Figure 2a). Subsequently, an expanded inves-
tigation was conducted on the POD- and OXD-like activities
of FMBI NPs. These nanozymes are known to catalyze the
decomposition of H,0, into *OH and °O,” by transferring
electrons to O,. These catalytic processes led to the oxidation
of 3,3',5,5'-tetramethylbenzidine (TMB) into its blue oxidized
form (oxTMB), which showed a characteristic UV absorbance
at 370 and 652 nm. The POD-like activity of FMBI NPs (pH =
6.4) exhibited a correlation between the UV—vis absorbance of
oxTMB and nanozyme concentration (Figure 2b). The
generation of *OH was further confirmed using the electron
spin resonance (ESR) technique with $,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) as the spin-trapping agent. FMBI NPs
produced a Fenton-like reaction quartet signal pattern
(1:2:2:1), similar to the FeCl,—H,0O, control, but with higher
intensity (Figure 2c). Likewise, the activity of the OXD-like
enzyme of FMBI NPs was evaluated via the TMB colorimetric
assay. The UV absorbance of the corresponding oxTMB was
found to be dependent on the OXD enzyme concentration,
following the direct addition of the color developer and FMBI
NPs under acidic conditions (Figure 2d). The POD-like
activity showed a lower absorbance than the OXD-like activity
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Figure 2. Multienzyme-like activities, GSH depletion, NIR, and MRI performance of FMBI NPs. (a) CAT-like and (b) POD-like activities of FMBI
NPs. (c) ESR spectra of FMBI NP-mediated generation of *OH. (d) The OXD-like and (e) SOD-like activities of FMBI NPs. (f) ESR spectra for
*0O,” of FMBI NPs. (g) Concentration-dependent GSH consumption by FMBI NPs. (h) Cumulative Mn ion release profiles at various GSH
concentrations. (i) '’F NMR spectra of FS NPs and FMBI NPs with or without GSH treatment. (j) "H T,-weighted MRI and (k) '’F MRI images
of FMBI NPs at different GSH concentrations. (1) NIR thermal images of FMBI NP aqueous solutions at various concentrations under an 808 nm

laser irradiation (0.5 W cm™, 10 min).

upon H,0, addition, demonstrating the existence of a cascade
reaction pathway with FMBI NPs. Nitro blue tetrazolium
(NBT) assay was conducted to detect superoxide dismutase
(SOD)-like activity. It was observed that the UV absorbance
and solution color gradually declined with higher concen-
trations of FMBI NPs, indicating effective SOD-like activity
(Figure 2e). The SOD enzyme activity was further confirmed
by employing S-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-
oxide (BMPO) to capture *O,” generated by the xanthine/
xanthine oxidase system (Figure S1, Supporting Information).
Upon the addition of FMBI NPs, the ESR signal intensity of
*0,” (a characteristic signal of 1:1:1:1) was notably reduced
under acidic conditions compared to that under physiological
conditions (pH = 7.4), suggesting that FMBI NPs possess
SOD-like activity (Figure 2f).
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The GSH-depletion ability of FMBI NPs was also evaluated
due to the presence of the high valence state of Mn ions. Upon
adding $,S-dithiobis (2-nitrobenzoic acid) (DTNB), a GSH
indicator, to the mixture of FMBI NPs and GSH, the
characteristic UV absorption at 412 nm decreased with
increasing GSH concentration (Figures 2g and S2). The
reaction of GSH with FMBI NPs leads to an increased level of
oxidative damage and promotes an antitumor immune
response through the generation of Mn**. Compared to
normal physiological conditions, the TME exhibits more
extreme physicochemical characteristics, permitting reactions
with MnO, nanomaterials to release Mn ions.”” The TME-
responsive Mn ion release from FMBI NPs was examined in a
TME-mimic in vitro system via ICP-OES. FMBI NPs were
initially incubated at 37 °C in PBS (pH = 6.4) with different
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Figure 3. Intracellular behavior and immune activation effect of FMBI NPs. (a) Cell viability of the 293T or B16F10 cells after incubation with
different concentrations of FMBI NPs for 24 h (mean + SD, n = 3). (b) Western blot analysis of STING, IRF-3, p-IRF-3, p-TBK1, and IFN-j
protein expressions in BI6F10 cells after treatment with PBS, FMB NPs, and FMBI NPs with or without laser irradiation. (c) CLSM images
showing intracellular total ROS production. (d) Bio-TEM images of B16F10 cells incubated with FMBI NPs for 4 h. (e) Flow cytometry scatter
diagram showing B16F10 cell apoptosis after different treatments (stained with Annexin V-FITC/PI apoptosis kit). (f) CLSM images of the
mitochondrial membrane potential (AW,,) performance. CLSM images of intracellular (g) CRT and (h) HMGBI expression after coincubation
with PBS (control), FMBI NPs, and FMBI NPs plus laser for 4 h. (i) Representative images of RAW264.7 analyzed by flow cytometry after
treatment with different conditions for 24 h. Quantitative analysis of the cytokines (j) IFN-y and (k) TNF-a secreted by B16F10 cells in the
medium after different treatments. n.s. not significant, **p < 0.01, and ***p < 0.001.

concentrations of GSH. The results showed that the release
rates of Mn ion from FMBI correlated with GSH
concentrations (Figures 2h and S3). Specifically, at a GSH
concentration of 2 mM, 90.08% of the Mn ions were released
within 2 h. In contrast, in the absence of GSH (pH = 5.4), only
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7.76% of Mn ions were released over the same period. These
findings suggested that FMBI NPs can selectively release Mn
ions under the TME conditions.

Considering the release of the Mn ion, the GSH-mediated
enhancement of 'H T,-weighted MRI contrast and longi-
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tudinal relaxivity (r,) of FMBI NPs were investigated. First, the
longitudinal relaxation time of FMBI NPs with or without
GSH at various pH values (pH = 7.4, 6.4, and 5.5) was
measured. Notably, | increased significantly with higher GSH
concentrations. Specifically, the r, value of FMBI NPs
increased from 023 mM™" s7' to 6.09, 5.41, 6.10, and 4.38
mM™! 57 at GSH concentrations of 1, 2, 5, and 10 mM (pH =
6.4), respectively (Figure S4). Subsequently, '"H T,-weighted
MRI phantom images of FMBI NPs were acquired by using a
9.4 T MRI system. These images showed an increase in signal
intensity corresponding to higher GSH concentrations (Figure
2j). Similarly, r; was tested at different pH values but did not
show significant enhancement due to the GSH-dependent
mechanism of Mn ion release (Figures SS and S6). The MnO,
layer surrounding the nanoparticle attenuates the '"F NMR
signal of PFOB through the PRE effect. However, in a TME-
responsive manner, the disintegration of the MnO, layer
restores the '"F NMR signal. To examine changes in '°F
intensity, FMBI NPs were incubated with a 10 mM GSH
solution (pH = 6.4). A marked resurgence of the ’"F NMR
signal (—83.19 ppm) was observed, signifying the '"F NMR
signal turn-on behavior of the probe (Figure 2i). With
increasing GSH concentrations, the "’F MRI signal intensity
of FMBI NPs increased rapidly, indicating the GSH-mediated
activation of '°F MRI (Figure 2k).

The incorporation of ICG endows FMBI NPs with
photosensitizing properties. To investigate the photothermal
performance of FMBI NPs, various concentrations of FMBI
NPs were subjected to NIR irradiation using an 808 nm laser
(0.5 W cm™, 10 min), and infrared thermal images were
captured (Figure 21). The final temperature of the FMBI NP
solution was found to be concentration-dependent under
identical irradiation conditions (Figure S7). Additionally,
FMBI NPs maintained a stable photothermal performance
over four cycles of laser on/off, achieving a photothermal
conversion efficiency of 37.5% (Figures S8—S10). The above
results demonstrate that FMBI NPs possess favorable photo-
thermal properties.

2.3. Cellular Endocytosis and ROS Generation of
FMBI NPs. Given the ability of FMBI NPs to generate ROS
and deplete GSH, the potential for manganese-catalyzed
immune activation mediated by FMBI NPs at the cellular
level was investigated. The cytotoxicity of FMBI NPs in human
embryonic kidney cells (293T) and mouse skin melanoma cells
(B16F10) was first assessed by using the standard Cell
Counting Kit-8 (CCK-8) assay (Figure 3a). After 24 h of
coincubation, FMBI NPs demonstrated significant cytotoxicity
in BI6F10 cells starting at a concentration of 60 ug mL™".
With FMBI NP concentration increased to 100 ug mL™", the
cell viability decreased to 65.8 + 4.4%. In contrast, negligible
cytotoxicity was observed in 293T cells, even at a
concentration of 100 ug mL™". The cellular uptake behavior
of the nanoparticles was performed using confocal laser
scanning microscopy (CLSM). The internalization of rhod-
amine B-labeled FMB NPs by B16F10 cells demonstrated a
gradual augmentation, culminating in peak levels following 4 h
of coincubation (Figure S11). Next, the phagocytic behavior of
FMBI NPs was examined by using biological transmission
electron microscopy (Bio-TEM). The aggregated nanoparticles
were taken up by tumor cells and wrapped into the endosomal
system after 4 h of coincubation (Figures 3d and S12). These
results implied that FMBI NPs were effectively internalized by
B16F10 cells, a critical step for their cytotoxic efficacy against
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tumor cells. The low level of adhesion between melanoma cells
makes it difficult to form compact cell aggregates. Therefore,
AS549 cells were used as multicellular spheroid model to
evaluate the permeability of FMBI NPs in TME. Following
treatment with rhodamine B (RB)-labeled FMBI NPs under
designated conditions, multicellular spheroids were imaged
using a CLSM. Notably, tan increased the infiltration of FMBI
NPs, which was observed after treatment with 1 mM GSH, as
evidenced by the strong red fluorescence distributed
throughout the whole multicellular spheroids (Figure S13).
Upon GSH exposure, the {-potential shifted from —37.3 to
—4.2 mV, indicating a substantial reduction in surface
electronegativity (Figure S14).

To investigate the intracellular toxicity of FMBI NPs toward
B16F10 cells, the cellular ROS levels were detected using a
ROS probe, 2,7-dichlorofluorescein diacetate (DCFH-DA),
which reacts with ROS to produce 2,7-dichlorofluorescein
(DCF) with green fluorescence. B16F10 cells coincubated with
FMBI NPs displayed increased green fluorescence intensity
compared to the control group, and the fluorescence
brightened upon an 808 nm laser irradiation, corroborating
the flow cytometry results (Figures 3c and S1S5). These
findings suggested that ROS generation occurred in a laser-
activated manner. Previous studies have shown that elevated
intracellular ROS can induce apoptosis through mitochondrial
impairment and DNA double-strand breaks. The JC-1
fluorescent probe was used to measure the mitochondrial
membrane potential (AW,,) in order to investigate mitochon-
drial damage. The presence of red fluorescence from the JC-1
aggregates indicates an intact mitochondrial membrane
potential, whereas the formation of JC-1 monomers, which
emit green fluorescence, reveals depolarized mitochondria with
compromised membranes. Following coincubation with FMBI
NPs, B16F10 cells exhibited a significant decrease in red
fluorescence and an increase in green fluorescence over time,
suggesting a reduction in cellular AW, (Figure 3f). Apoptosis
assays were conducted to ascertain cell death by using the
Annexin V-FITC/PI staining method. After treating BI6F10
cells with FMBI NPs for 4 h with subsequent laser irradiation,
49.4% of cells were in the late apoptotic and early necrotic
stages, as observed via flow cytometry (Figure 3e). Confocal
microscopy live—dead staining of B16F10 cells further
confirmed that FMBI NPs plus laser treatment induced
apoptosis (Figure S16). These results suggest that FMBI
NPs exhibit potential for synergistic therapy, demonstrating
effective antitumor activity.

2.4. The Enhanced Antitumor Immune Response
Induced by FMBI NPs. ROS and oxidative stress play
essential roles in evoking ICD. Considering the ability of FMBI
NPs to efficiently generate ROS and consume GSH, we
subsequently explored their potential to initiate ICD. The
release of DAMPs from dying tumor cells represents a critical
hallmark of ICD. Notably, the presence of key DAMPs,
including calreticulin (CRT) and high-mobility group box-1
(HMGB1)—prototypical proteins in this process—was
assessed following exposure to FMBI NPs. Immunofluor-
escence assays revealed a marked increase in intracellular CRT
fluorescence 4 h post-treatment, signifying elevated CRT
expression (Figure 3g). In addition, diminished intranuclear
HMGBI expression confirmed the release of DAMPs (Figure
3h). These observations indicate that FMBI NP-mediated
tumor-catalyzed therapy successfully instigates ICD.
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Figure 4. In vivo 'H/'’F MRI imaging and FMBI NP-induced synergistic cancer therapy. (a) In vivo 'H T,-weighted MRI images of B16F10 tumor-
bearing mice at different time points after i.v. injection of FMBI NPs. (b) 'H T,-weighted/'’F MRI of B16F10 tumor-bearing mice before and after
intratumoral injection of FMBI NPs. (c) Quantitative analysis of the 'H T,-weighted MRI signal enhancement rate of tumors after i.v. injection of
FMBI NPs. (d) Infrared thermal images and (e) corresponding temperature changes at tumor sites in BI6F10 tumor-bearing mice after i.v.
injection of PBS and FMBI NPs, followed by an 808 nm laser irradiation (0.3 W cm™, 5 min).

FMBI NPs promote ROS generation and GSH consumption
in tumor cells through their nanozyme activities and
photosensitizing properties, thereby perturbing redox homeo-
stasis. Concurrent interactions between FMBI NPs and GSH
result in the liberation of Mn ions. The excessive ROS, coupled
with diminished GSH, induces mitochondrial disruption and
nuclear double-stranded DNA breaks. Ultimately, apoptosis
and ICD occur, accompanied by the release of DAMPs.
Finally, the discharged DAMPs along with the resultant Mn**
potentiated subsequent immune responses.

Recent research suggests that Mn** plays an important role
in immune regulation and acts as a potent stimulator to
promote DC maturation and M1 macrophage polarization.*®
Given that Mn*" reacts with GSH to produce Mn*', we
evaluated the impact of GSH-depletion-induced immune
activation mediated by FMBI NPs. Initially, uncommitted
RAW264.7 mouse monocyte macrophages, representing the
MO phenotype, were differentiated into the M2 phenotype
upon IL-4 stimulation. The induced RAW264.7 macrophages
were exposed to supernatants from BI6F10 cells subjected to
various treatments. The ratio of M2- and MIl-type macro-
phages was analyzed by flow cytometry. Both macrophage
subtypes were identified by triple labeling with F4/80, CD86,
and CD206 (F4/80 served as a general marker for macro-
phages, M1-type macrophages: F4/80" CD86" CD206~, M2-
type macrophages: F4/80" CD86~ CD206"). The relative
abundance of M1 macrophages increased in groups treated
with FMBI NPs alone and in combination with a laser,
registering an increase from 43.3 to 93.5 and 95.9%,
respectively, when compared to the control group (Figure
3i). Flow cytometric analysis demonstrated that FMBI NPs
significantly enhanced DC maturation in vitro (Figure S17).
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The PBS control group exhibited 5.7% mature DCs, while the
FMBI NP group showed a maturation rate of 14.5%. When
combined with an 808 nm laser irradiation, the DC maturation
rate further increased to 27.3%, approximately 1.9-fold higher
than that of the FMBI NP group alone. Correspondingly, the
release of cytokines such as interferon-y (IFN-y) and tumor
necrosis factor-a (TNF-a) was also elevated (Figure 3j,k). The
enrichment of M1 macrophages, along with increased cytokine
levels, suggested that FMBI NPs could promote a phenotypic
shift toward MI-type macrophages, thereby triggering an
effective immune response. To substantiate that the STING
pathway’s activation was the cause of these observations,
Western blot analyses were performed to assess the expression
levels of STING, IRF-3, phosphorylated IRF-3 (p-IRF-3),
phosphorylated TBK1 (p-TBK1), and IFN-§ in treated
B16F10 cells. Notably, the level of expression of these proteins
was significantly increased in B16F10 cells treated with FMBI
NPs, particularly when combined with laser irradiation (Figure
3b). These findings consistent with flow cytometry and ELISA
assay results strongly support that FMBI NPs can effectively
activate the STING pathway, thereby facilitating immunomo-
dulation.

2.5. "H/"°F MRI/Photothermal Performance of FMBI
NPs In Vivo. Leveraging the superior in vitro 'H MRI
performance, 'H T,-weighted MRI was performed on B16F10
tumor-bearing mice following the intravenous (i.v.) injection of
FMBI NPs. Interestingly, the tumor region exhibited enhanced
contrast in 'H T)-weighted MRI (Figure 4a). At 8 h
postinjection, quantitative analysis demonstrated a 34.8%
enhancement in the '"H T,-weighted MR signal intensity
within the tumor region (Figure 4c). The TME-activated '°F
MRI performance in vivo was performed following the
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Figure S. In vivo antitumor efficacy and immune activation by FMBI NPs. (a) Schematic depiction of the therapeutic procedure. (b) Body weight,

(c) tumor volume, (d) tumor weight changes, and (e) digital photographs of

dissected tumors after i.v. injection of PBS, FMB, and FMBI NPs with

or without laser exposure (0.3 W cm™2, 5 min). (f) H&E, TUNEL, CD4, and CD8 staining images of the tumor sections from mice treated with

various drug formulations. Quantitative analysis of the cytokines (g) TNF-a
%p < 0.05, #p < 0.01, and ***p < 0.001.

and (h) IFN-y secreted in B16F10 hormonal mice. n.s. not significant,

intratumoral injection of FMBI NPs. As expected, the '°F MRI
signal appeared as a “hot spot” image with zero background
noise within the tumor area (Figure 4b). The above results
demonstrate that FMBI NPs possess superior tumor imaging
capabilities in vivo. The photothermal imaging was conducted
using an infrared thermal camera to record the temperature
changes in different groups subjected to laser irradiation. A
stepwise increase in irradiation (S min, 808 nm, 0.3 W cm™2)
duration resulted in a significant enhancement of the
photothermal signals within the tumor region, confirming a
notable temperature increase by FMBI NPs (Figure 4d,e).
2.6. In Vivo Tumor Therapy. Driven by the remarkable
ability of FMBI NPs to enhance ROS production and induce
immune responses, an in vivo therapeutic study was performed
to assess their potential in suppressing tumor growth.
Subcutaneous melanoma models were established by inoculat-
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ing B16F10 cells in the right leg of CS7BL/6 mice. Once the
tumors reached 40—50 mm?, the mice were randomly divided
into six groups: PBS (control, I), PBS plus laser (II), FMB
(1IT), FMB plus laser (IV), FMBI (V), and FMBI plus laser

The treatment protocol is outlined in Figure Sa. After 12
days of treatment, no obvious changes in mouse body weight
were observed in any group, implying a negligible acute toxicity
of FMBI NPs (Figure Sb). In contrast, the tumor growth
patterns differed significantly among the experimental groups.
The PBS group exhibited a 31.5-fold increase in tumor volume,
whereas FMBI NPs plus laser treatment resulted in only a 2.1-
fold increase underscoring its pronounced antitumor eflicacy.
This effect was further corroborated by tumor weight analysis
(Figure Sc—e). The combination of FMBI NPs and laser
treatment exerted the strongest tumor suppressive effect. To
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Figure 6. In vivo antimetastasis performance by FMBI NPs. (a) Experimental design for lung metastasis inhibition. (b) Lung tissue weight after
various treatments. (c) Digital photographs and H&E staining (scale bar: 2000 ym) of excised lungs on day 28 after various treatments. (d)
Quantitative analysis of lung nodules. n.s. not significant, *p < 0.0S, and **p < 0.01.

further assess tumor-killing efficiency, hematoxylin—eosin
(H&E) staining and TdT-mediated dUTP nick-end labeling
(TUNEL) staining were performed on tumor sections.
Additionally, CD4"/CD8" T cell infiltration within the
tumor microenvironment was also monitored (Figure Sf).
The FMBI and FMBI plus laser groups demonstrated a
significant increase in the proportion of both CD4" T cells and
CD8" T cells. The corresponding cytokines, including IFN-y
and TNF-a, were quantified in the serum of treated mice,
revealing elevated levels in both the FMBI and the FMBI plus
laser groups (Figure Sgh). These results further confirmed the
immunomodulatory properties of FMBI NPs. Furthermore,
hemolysis experiments with FMBI NPs and H&E staining of
the mice’s major organs demonstrated that the injection of
FMBI NPs did not cause any organ damage or hemolysis
(Figures S18—S20), confirming excellent biocompatibility at
the administered doses.

The impact of FMBI NPs on primary tumor metastasis was
evaluated. Subcutaneous melanoma models were established in
immunocompetent mice, and 6 days postimplantation, mice
were randomized into groups receiving PBS, FMB, or FMBI,
with or without laser irradiation. Following treatment, primary
tumors were surgically resected, and a lung metastasis model
was established via i.v. injection of B16F10 cells. On day 28, all
mice were sacrificed, and lung tissues were harvested for
analysis (Figure 6a). Notably, the lung weight in FMBI NP-
treated groups was lower compared to that of other groups
(Figure 6b). The lungs of mice in the control group displayed
prominent black nodules, indicative of metastasized B16F10
cells in lung tissues. Conversely, the lungs of mice in the FMBI
NP-treated groups exhibited markedly fewer nodules. H&E
staining results indicated that tumor cell proliferation was
significantly inhibited in the FMBI NP-treated groups (Figure
6¢,d). TUNEL immunofluorescence staining provided addi-
tional evidence, revealing a significant increase in the apoptotic
signal of tumor cells following FMBI NP treatment and laser
stimulation (Figure S17). Remarkably, the combination of
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FMBI NPs and laser treatment almost eliminated lung
metastases, underscoring the efficacy of this approach in
combating tumor metastasis.

3. CONCLUSIONS

In summary, we have developed a TME-activable manganese-
based nanoparticle with multienzyme activities and immune-
stimulatory capabilities for synergistic therapy and MRI of
tumors. The FMBI NPs preferentially accumulate in the
tumor, where TME-triggered Mn ion release and concomitant
GSH depletion occur. FMBI NPs exhibit multienzyme-like
activities, effectively reducing the diffusion barrier and
enhancing the local concentration of reactive intermediates.
The synergistic effect of chemodynamic therapy promotes the
successive generation of ROS, thus killing tumor cells,
triggering the ICD of tumor cells, and promoting the
maturation of DCs. Mn** released from the FMBI NPs
activates the cGAS-STING signaling pathway, bolsters auto-
immune responses, and enhances systemic immune function.
Leveraging transition-metal ions as immunostimulants stream-
lines the creation of diagnostic reagents. In vivo studies in
B16F10 tumor-bearing mice demonstrated that FMBI NPs
could effectively induce antitumor immunity and inhibit lung
metastasis. In addition, their tumor-specific accumulation
enabled efficient 'H T,-weighted and '"F MRI. The FMBI
NPs provide a virtual strategy to concurrently monitor immune
activation and improve therapeutic outcomes in melanoma and
associated lung metastases.

4. EXPERIMENTAL SECTION

4.1. Synthesis of FMBI NPs. First, the fluorine-accumulated silica
nanoparticles (FS NPs) were synthesized according to the reported
method. 50 mg of CTAB was dissolved in 6 mL of deionized water
and sonicated for 10 min using an ultrasonic cell crusher. 30 uL of
PFOB was added to the CTAB aqueous solution and subjected to
ultrasonication for 2 h. To remove large aggregates or impurities, the
resulting CTAB-PFOB solution was filtered through a 0.45 um
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syringe filter. The filtered solution was added to 23 mL of deionized
water and 0.15 mL of NaOH (2 M) solution, stirred, and heated to 70
°C. Next, 0.25 mL of ethyl orthosilicate and 1 mL of ethyl acetate
were slowly added to the reaction solution and stirred for 4 h. The
obtained materials were centrifuged at 6000 rpm for S min, then
washed with deionized water at least 3 times. The samples were
redispersed in 20 mL of deionized water and stored at 4 °C. The FS
NPs were dripped with 1 mg mL™" of ICG solution and stirred for 16
h in the dark, followed by 3 rounds of centrifugation to obtain FS@
ICG NPs. FS@ICG NPs were dispersed in 2-morpholine
ethanesulfonic acid (MES) buffer (pH = 6.0, 0.1 M) and vortexed
for 3 min. Subsequently, 700 uL of KMnO, (5 mM) solution was
added dropwise under ultrasonic conditions to react for 30 min,
during which the solution color changed from purple to brown. The
resulting mixture was centrifuged (5000 rpm, 10 min) to obtain FMB
NPs. After wrapping the MnO, layer, BSA was added in a 1:1 mass
ratio, dissolved and sonicated for 10 min, and allowed to stand for an
additional 10 min. The final product was washed 3 times with
deionized water and dispersed in PBS for storage.

4.2. The CAT-like Activity of FMBI NPs. The CAT-like activity
of FMBI NPs was evaluated by measuring the generated oxygen using
a dissolved oxygen meter at 37 °C. The CAT-like activity of FMBI
NPs was measured by adding different concentrations of FMBI NPs
to H,0, solution (pH = 5.4). The generated O, solubility (mg L™")
was recorded at different reaction times.

4.3. The POD-like Activity of FMBI NPs. The POD-like activity
of FMBI NPs was evaluated using TMB as a probe at 37 °C in the
presence of H,0, in PBS solution (0.2 M, pH = 5.4). A UV—vis
spectrophotometer was used to record the absorbance of the
colorimetric reaction at specific time intervals, which served as an
indicator of the POD-like activity.

4.4. The OXD-like Activity of FMBI NPs. The OXD-like activity
of FMBI NPs was evaluated using TMB as both the probe and
substrate at 37 °C. Briefly, the OXD-like activity of FMBI NPs was
measured by adding different concentrations of FMBI NPs and TMB
in PBS (final TMB concentration: 1 mM, pH = 5.4). The absorbance
at 650 nm was detected by using a UV—vis spectrophotometer.

4.5. FMBI NP-Mediated Consumption of GSH. DTNB solution
(2 mM), glutathione (GSH) solution (1, 2, S, and 10 mM), and
deionized water were mixed with FMBI NP solution. The mixtures
were maintained at 37 °C with continuous magnetic stirring. The
optical absorbance at 412 nm was recorded.

4.6. Cell Culture and Animals. The B16F10, 293T, and
RAW264.7 cell lines were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). All cells were
cultured in a humidified atmosphere containing 5% CO, and 95% air
at 37 °C. All agents were purchased from Boster Company (China)
and filtered with a 0.2 um sterile filter before use. Female C57BL/6
mice (4—6 weeks old) were obtained from Beiente Biotechnology
Co., Ltd. (Wuhan, China).

4.7. Cytotoxicity of FMBI NPs. The cytocompatibility of FMBI
NPg in B16F10 and 293T cells was evaluated using the standard
CCK-8 assay. The cells were seeded in a 96-well plate (1 X 10* cells
per well) and incubated for 24 h. The FMBI NP stock solution was
diluted to final concentrations of S, 10, 20, 40, 60, 80, and 100 ug
mL™! using the corresponding cell culture medium and added to the
wells. After 24 h, the medium was carefully removed, and the cells
were incubated with CCK-8 solution for another 1 h at 37 °C. Finally,
absorbance at 450 nm was measured using a microplate reader. Cells
cultured in the medium without FMBI NPs served as the control. All
data are presented as the mean + SD, n = 3.

4.8. In Vitro ROS Detection. B16F10 cells were treated with PBS,
FMBI, and FMBI plus an 808 nm laser for 4 h, followed by multiple
washes with PBS. After treatment with 2',7’-dichlorofluorescein
diacetate (DCFH-DA, 10 uM), the production of ROS was measured
using confocal laser scanning microscopy (CLSM) with a 488 nm
excitation (A1R/Al, Nikon, Japan).

4.9. Mitochondrial Membrane Potential. BI6F10 cells were
cultivated in 20 mm confocal dishes for 24 h, after which the culture
medium was replaced with 1 mL of fresh medium. FMBI NPs were
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added to the dishes and incubated for 1 and 2 h, respectively, while
PBS served as the control. The culture medium was then replaced
with 1 mL of fresh medium supplemented with JC-1 probe (10 ug
mL™") and incubated. The mitochondrial membrane potential was
assessed by using a confocal microscope with 488 and 561 nm
excitations.

4.10. Cell Apoptosis. After BI6F10 cells were cultured in 6-well
plates for 12 h, the original medium was replaced with 1 mL of fresh
medium containing various compounds. Subsequently, specific groups
were subjected to an 808 nm laser irradiation, and after a 6 h
incubation period, the cells were harvested and stained using an
Annexin V/PI kit for 15 min. Finally, apoptosis was analyzed by flow
cytometry (CytoFLEX, Beckman).

4.11. Calcein-AM/PI Assay. B16F10 cells were cultivated in 20
mm confocal dishes for 24 h. Then, different substances (PBS, 40 ug
mL™" FMBI NPs, 40 ug mL™' FMBI NPs plus an 808 nm laser) were
added to each well and incubated for 6 h. The cells were washed
several times with PBS and stained with Calcein-AM and PI. Finally,
the cell apoptosis was detected using CLSM.

4.12. In Vivo 'H T,-Weighted/™F MRI. In vivo 'H T,-weighted
MRI and F MRI were performed using a 9.4 T microimaging system
(Bruker Avance 400, Ettlingen, Germany). When the tumor volume
reached approximately 80 mm?, the B16F10 tumor-bearing mice were
intravenously injected with FMBI NPs (10 mg kg™') and 'H T)-
weighted MRI was conducted using a RARE sequence (TR = 500 ms,
TE = 10 ms, FOV = 3.5 cm X 3.5 cm, slice thickness = 1 mm, RARE
factor = 2, matrix size = 256 X 256) at 0, 2, 4, 8, 12, 24, and 48 h. For
F MR, the tumor was intratumorally injected with 50 uL of FMBI
NPs (Cg = 20 mM). '°F MRI was conducted using a RARE sequence
(TR = 1000 ms, TE = 3 ms, FOV = 4.94 cm X 4.94 cm, slice
thickness = 14.8 mm, matrix size = 32 X 32, 64 averages).

4.13. In Vivo Therapy. To establish tumor-bearing mice, 4 week
old female CS7BL/6 mice were subcutaneously injected with 2 X 10°
cells into their right leg. Mice bearing B16F10 tumors (approximately
40—50 mm®) were randomly divided into six groups and received the
following treatments: I: PBS, II: PBS + Laser, III: FMB NPs, IV: FMB
NPs + Laser, V: FMBI NPs, VI: FMBI NPs + Laser, respectively.
These mice were intravenously injected with PBS, FMB NPs, and
FMBI NPs every 2 days for 6 times at a dose of 10 mg kg™". Body
weight and tumor volume were recorded every 2 days in the morning
throughout the treatment period. The tumor volume (V) was
calculated using the equation V = (length X width?)/2. The major
organs and tumors were removed after therapy and preserved in 4%
paraformaldehyde for further pathological examination. To assess in
vivo immunotherapy efficacy, another set of mice with B16F10 tumors
(~50 mm®) was randomly allocated into six groups. After the same
treatment procedure, the subcutaneous tumors were surgically
removed, and the incision was sutured. Additionally, 3 X 10°
B16F10 cells were injected into the caudal vein to establish a lung
metastasis model. After 16 days, the lungs were dissected and
preserved in a 4% paraformaldehyde solution for pathological
examination.
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