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Silicon-based metal-organic frameworks (SiMOFs) for immunogenic
cell death in cancer therapy
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ABSTRACT: Silicon-based nanomaterials, known for their unique . n > gﬂ
properties and favorable biocompatibility, significantly impact i, H;a: A "e_‘e"@%
sectors like energy, electronics, and biomedicine. Recently, metal- SINGS SINHS= SiNs &
organic frameworks (MOFs) have emerged as promising Qé" — o ﬁ
candidates for biomedicine, characterized by adjustable chemical @‘jﬁ@i - ok

composition, high porosity, and biodegradability. However, the 2 ‘@6‘° %y (f SNEs Cared)
combination of silicon with MOFs to create silicon-based MOF %E © 3 TME Remodelin
nanostructures (SIMOFs) remains underexplored. Herein, we é?i £ P a@f £ e '“ CMTO;"
establish a diverse library of SiMOFs with various nanostructures, . cns Ant _E. e o~
including flower-like, capsule-like, hexagonal snowflake-like, and I;!;in'g}umoroells Pres?r?t:gon Gran’ymeB Tregs
necklace-like morphologies via microwave-assisted synthesis. g s ;2;: o @ 1
These SiMOFs, with their spacious interiors, are ideal for drug Immature DCs MatwreDCs  ~HMGB1 macrophages _actation

delivery. They are used to load drugs and create drug-loaded SiMOFs (e.g., SiFeO). SiFeO exhibits excellent photothermal
effects and high reactive oxygen species (ROS) generation capacity, enabling synergistic treatments involving chemo-
chemodynamic-photothermal therapy. This approach efficiently triggers immunogenic cell death (ICD) and demonstrates
excellent antitumor efficacy in vivo. Immunofluorescence staining reveals that the synergistic therapy can modulate the
tumor microenvironment (TME) by reducing M2-phenotype macrophages, increasing the activation of antigen-presenting
cells (APCs), enhancing the infiltration of CD4* and CD8" T cells, elevating Granzyme B production, and decreasing the
presence of immunosuppressive regulatory T cells (Tregs). Consequently, drug-loaded SiMOFs-mediated combination
therapy effectively reverses the immunosuppressive TME and activates robust antitumor immune responses by inducing
ICD in tumor cells, ultimately achieving superior anticancer efficacy.

KEYWORDS: silicon-based nanomaterials, nanocarriers, immunogenic cell death, antitumor immune responses

1 Introduction

Functional =~ silicon-based nanomaterials, known for their
biocompatibility, unique optical/electronic properties, and surface
tailorability, have garnered significant scientific interest [1-3]. In
recent years, there has been noteworthy progress in the fabrication
of silicon-based nanomaterials, including silicon nanoparticles,
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silicon nanowires, and mesoporous silica nanoparticles [4-10]. The
structural morphology of these nanomaterials plays a crucial role in
defining their surface and chemical properties, tailoring them for
various applications [11]. For instance, silicon nanoparticles are
used in bioimaging due to their controllable optical properties and
small size [4, 5, 12, 13]. Silicon nanowires, with their rapid response
and facile surface modification, are attractive for electrochemical
and optical biosensors for sensitive detection of biological targets
like DNA and proteins [14, 15]. Mesoporous silica nanoparticles,
known for their high surface area and ordered porous network, are
excellent for drug delivery applications [9, 16—18]. This motivates
us to further explore other features and applications of silicon-based
nanomaterials.

Metal-organic frameworks (MOFs), offering functional porous
materials with unique properties, have emerged as a promising
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candidate in biomedicine, surpassing traditional materials like silica
and zeolites in versatility [19, 20]. However, silicon-based MOF
nanostructures remain underexplored. We hypothesize that silicon-
based MOF nanostructures, combining the advantages of silicon
and MOF structures, may hold significant promise in drug delivery
applications, and we proceed to test the hypothesis in cancer
immunotherapy.

Cancer continues to be a leading cause of disease-related death
[21-25]. Inducing immunogenic cell death (ICD) in cancer cells,
characterized by the release of damage-associated molecular
patterns (DAMPs) and proinflammatory cytokines, is a promising
strategy for cancer therapy [26-29]. This approach, which can
transform immunosuppressive tumors into immunogenic ones,
relies on DAMPs like calreticulin (CRT) and adenosine
triphosphate (ATP) to activate immune responses against cancer
[29]. Recent advances in nanodrug-based treatments, such as

tumor cells [30-34]. Despite such progress, continued research in
creating multifunctional nanodrugs with strong ICD-inducing
activity remains a crucial and worthwhile area of pursuit [35-44].
Herein, we reported the microwave-assisted synthesis of silicon-
based MOF nanostructures (SiMOFs) with diverse morphologies,
including flower-like, capsule-like, hexagonal snowflake-like, and
necklace-like structures, by altering reaction agent ratios (Scheme
1(a)). These SiMOFs, due to their large interior spaces and specific
surface areas, were excellent nanocarriers for drug delivery.
Considering the advantages of curcumin as a natural
chemotherapeutic agent in cancer therapy [45-47], we specifically
used capsule-like SIMOFs (SiNCs) to load curcumin, forming
SINCs@Curcumin. This composite was further reacted with
Prussian blue to produce iron-based nanoparticles on SiNCs,
creating SiFeO (curcumin and iron-based nanoparticles decorated
SiNCs) nanocomposites. Numerous studies have demonstrated that

radiotherapy, chemotherapy, chemodynamic therapy, and iron-based nanomaterials possess unique properties and
photothermal therapy, have shown potential in triggering ICD in multifunctional capabilities, making them promising candidates for
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Scheme1 Schematic illustration for the synthesis of SIMOFs (a) and SiFeO (b). (c) Schematic diagram of the regulation for tumor immune microenvironment to inhibit

breast cancer tumor.

Nano Research, 2025, 18, 94907080

94907080 (2 of 14)

(B 7% 2 | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080
https://www.sciopen.com/article/10.26599/NR.2025.94907080

Nano Research | Vol. 18, No. 1

Han et al.

combination therapies such as photothermal and chemodynamic
therapy [48, 49]. Photothermal and chemodynamic therapies are
promising cancer treatments that employ distinct mechanisms to
selectively destroy cancer cells while minimizing damage to
surrounding healthy tissues [50, 51]. Photothermal therapy uses
light-absorbing agents to convert light into heat, creating localized
hyperthermia that kills tumor cells [52]. In contrast, chemodynamic
therapy utilizes catalytic agents to produce reactive oxygen species
(ROS) within tumors, causing oxidative stress that leads to cancer
cell death. As anticipated, SiFeO exhibited a strong photothermal
effect and ROS generation ability, achieving synergistic chemo-
chemodynamic therapy-photothermal (CT-CDT-PTT) cancer
therapy. This combined therapeutic approach effectively induced
ICD in tumor cells, thereby enhancing their immunogenicity. This
increased immunogenicity facilitated the recruitment of tumor-
infiltrating cytotoxic T lymphocytes (CTLs), significantly boosting
the anticancer efficacy of the treatment (Scheme 1). In a 4T1 breast
cancer murine model, the SiFeO-mediated CT-CDT-PTT
combination therapy effectively eliminated the tumors with
minimal collateral damage to normal tissues, demonstrating the
potential of SiFeO as an effective nanodrug for cancer therapy.

2 Experimental

2.1 Synthesis of SiNPs

Firstly, original silicon nanoparticles (O-SiNPs) were prepared
according to our previous report [6]. Briefly, 100 mL of (3-
aminopropyl)trimethoxysilane was added to 400 mL of an aqueous
solution containing 0.1 g of fluorescein sodium and stirred for
20 min to ensure thorough mixing. The mixture was then
transferred into a 30 mL vitreous vessel for a one-pot microwave
reaction at 180 °C for 60 min. After microwave irradiation, the
solution was allowed to cool naturally to room temperature.
Subsequently, the solution was purified by dialysis (MWCO: 500,
Viskase) to obtain O-SiNPs. The as-prepared O-SiNPs were further
modified with glyoxylic acid. In short, 300 mg of glyoxylic acid was
added to a solution containing 60 mL of O-SiNPs and 20 mL of
acetic acid, and the mixture was stirred at room temperature for
approximately 180 min. Subsequently, the pH of the mixture was
adjusted to around 4.5 using NaOH solution and stirred for an
additional hour. Then, 110 mg of sodium borohydride was
introduced, and the mixture was stirred for another 2 h to produce
the modified O-SiNPs (referred to as SiNPs). To isolate residual
reagents, 2-propanol was added dropwise to the SiNPs solution
until it became slightly turbid, followed by centrifugation. The
purified SiNPs precipitates were then re-dispersed in water.

2.2 Synthesis of SiMOFs

The obtained SiNPs were added to an aqueous solution containing
zinc nitrate and 2-methylimidazole with continuous stirring. After
thorough mixing, the solution was injected into a 30 mL glass vessel
for a microwave reaction at 120 °C for 3 h. SiMOFs with varied
morphologies were obtained by adjusting the mass ratio of
SiNPs/zinc  nitrate/2-methylimidazole. ~ Typically, flower-like
SiMOFs (SiNFs), capsule-like SiMOFs (SiNCs), and necklace-like
SiMOFs (SiNNs) were respectively obtained under the following
conditions (mass ratios of SiNPs/zinc nitrate/2-methylimidazole):
5.5:1:6.3, 3.4:1:6.3, and 2.8:1:6.3. Interestingly, when an appropriate
amount of PEG was added to the precursor solution with a 5.5:1:6.3
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mass ratio of SiNPs/zinc nitrate/2-methylimidazole (e.g., setting the
mass ratio of SiNPs/zinc nitrate/2-methylimidazole/PEG to
5.5:1:6.3:0.8), hexagonal snow-like SiMOFs were produced after the
microwave reaction at 120 °C for 3 h. After microwave irradiation,
the solution containing SiMOFs was allowed to cool naturally to
below 30 °C, and then further purified by centrifugation to isolate
the SIMOFs.

2.3 Preparation of SiFeO

10 mL of a SiNCs aqueous solution (3 mg/mL) was added dropwise
into 60 mL of methanol containing 100 mg of curcumin under
stirring. The resulting mixture was stirred at room temperature for
24 h. Subsequently, the mixture was centrifuged and washed with
methanol and water to obtain purified SiNCs@Curcumin.
Subsequently, 5 mL of 2 mg/mL Prussian blue aqueous solution
was added to the SiNCs@Curcumin aqueous solution, followed by
24 h of stirring under ambient conditions. The mixture was
centrifuged to collect the green precipitate (SiFeO), which was
washed with water twice. The green precipitate was redispersed in
water, and polyvinylpyrrolidone (PVP) was introduced to the
solution under stirring at ambient temperature. After stirring for 24
h, the mixture containing SiFeO was collected and purified by
centrifugation and washing with water, resulting in SiFeO with
excellent water dispersibility. For the preparation of iron-based
nanoparticles (CPB), 5 mL of a Prussian blue aqueous solution (2
mg/mL) was added to the curcumin aqueous solution and stirred at
room temperature for 24 h. The mixture was then centrifuged to
obtain the CPB precipitate, which was subsequently washed with
water twice. Subsequently, a PVP aqueous solution was added to
the water solution containing CPB and stirred for 24 h. Finally, the
mixture was purified to obtain the as-prepared CPB.

SiFeO nanoparticles were suspended in ultrapure water to
prepare a homogenous dispersion. The hydrodynamic diameter of
the nanoparticles was measured at specified time intervals using
dynamic light scattering (DLS) to monitor any changes in particle
size over time. Measurements were conducted at multiple time
points to construct a stability curve (n = 3).

Hemolysis assay of SiFeO: Fresh blood was collected from
healthy BALB/c mice and centrifuged at 2000 rpm for 5 min to
separate red blood cells (RBCs). The isolated RBCs were then
washed three times with phosphate buffer saline (PBS) and
resuspended in PBS. The suspension was diluted to achieve a final
RBC concentration of 2% (v/v). Next, 200 pL of the 2% RBC
suspension was mixed with 200 pL of SiFeO at various
concentrations. The mixtures were incubated at 37 °C for 4 h. PBS
served as the negative control (indicating no hemolysis), while
ultrapure water was used as the positive control (indicating
complete hemolysis). After incubation, the samples were
centrifuged at 10,000 rpm for 10 min, and the supernatants were
carefully collected. The absorbance of the supernatants was
measured at 540 nm using a microplate reader. The hemolysis rate
was calculated using the following formula: Hemolysis rate (%) =
(OD sample ~ ODnegaﬁve comrol)/ (OD positive control OD negative comml) % 100%.
All experiments were performed in triplicate (n = 3) to ensure
accuracy and reproducibility.

24 Hydroxyl radicals ((OH) generation ability

The generation of -OH was examined using ultraviolet-visible
(UV-Vis) spectroscopy. In brief, a solution containing 0.2 mM 3,3’
5,5-tetramethyl-benzidine (TMB) was treated with various
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formulations and incubated at room temperature for 1 h under
both pH 7 and pH 5.5 conditions. The -OH-induced oxidation of
TMB was monitored by measuring the changes in absorbance
intensity at 652 nm.

2.5 Photothermal performance assessment

The impact of CPB/SiFeO concentration on the photothermal
effect was investigated using different concentrations of CPB/SiFeO
under identical laser radiation conditions (808 nm, 1 W/cm?
20 min). Additionally, a 100 ug/mL CPB/SiFeO aqueous solution
was irradiated with an 808 nm laser at various power densities to
assess the influence of power density on the photothermal effect.
The photostability of CPB/SiFeO was also evaluated. In this
experiment, a 100 pg/mL CPB/SiFeO aqueous solution was
irradiated with an 808 nm laser at 1 W/cm? for 5 min, followed by
turning off the NIR laser and allowing the solution to cool naturally
for 15 min. This cycle was repeated four times to assess
photostability.

2.6 Cellular uptake study

To assess the cellular uptake of SiFeO, 4T1 cells were seeded in
plates and incubated overnight. Subsequently, the 4T1 cells were
exposed to Cy7-labeled SiFeO for 6 h in a humidified incubator
with 5% CO, at 37 °C. After the treatment, the following steps were
performed: (1) The cells were washed twice with PBS and
reincubated in a fresh medium containing LysoTracker Green for
1 h. Following this, the cells were stained with Hoechst 33342 for
approximately 30 min. After two additional washes with PBS, the
cells were visualized using a confocal laser scanning microscopy
(CLSM, Zeiss LSM-800); (2) the cells were collected, washed twice
with PBS, and then analyzed using a flow cytometer (BD,
FACSCanto).

2.7 In vitro antitumor efficacy

The in vitro antitumor efficacy of CPB and SiFeO was evaluated
using the Alamar blue assay. MDA-MB-231 and 4T1 cells were
seeded in a 96-well plates at a density of 1 x 10* cells/well and
incubated overnight. Subsequently, the following steps were
performed: (1) Various formulations at different concentrations
were applied to the cells and incubated for 24 h; (2) various
formulations at different concentrations were introduced to the
cells for a 6 h incubation, followed by either irradiation or no
irradiation with an 808 nm laser (power density: 1 W/cm’) for
10 min, and then further incubated for another 18 h. After these
incubations, the old medium was replaced with a fresh cell culture
medium containing 10% Alamar blue, and the cells were incubated
for an additional ~ 2 h. The fluorescence (excitation range: 540-
570 nm, emission range: 580-610 nm) and absorbance (OD at
570 nm, using 600 nm as a reference wavelength) of the samples
were recorded with a microplate reader to evaluate cell viability.

The in vitro antitumor effects of CPB and SiFeO were also
investigated using live/dead dual-staining assays. In brief, 4T1 cells
were plated into 24-well plates at a density of 1.5 x 10° cells/well.
After overnight incubation, the cells were exposed to different
formulations for 5 h (the final concentration of H,O, was 100 uM,
and the final concentration of CPB/SiFeO was 100 pg/mL). The
cells were either irradiated or left untreated for 10 min with an
808 nm laser (power density: 1 W/cm?), followed by an additional
24 h incubation. The cells were collected, and a live/dead cell assay
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was performed. The cells were then observed using a fluorescence
microscopy.

For apoptosis assessment, 4T1 cells plated in a 24-well dishes
were treated with CPB (50 pg/mL) or SiFeO (50 pg/mL) for 6 h,
followed by irradiation or no irradiation for 10 min with an 808 nm
laser (power density of 1 W/cm’). Subsequently, the cells were
further incubated for 18 h in a fresh cell culture medium.
Afterward, the cells were harvested and stained with Annexin V-
FITC and PI for apoptosis assessment. Following a 15 min
incubation in the dark, the cells were detected using flow cytometry.

2.8 Intracellular ROS detection

4T1 cells were treated with various samples for 6 h. The samples
included the control, H,O, (100 pM), CPB (50 or 100 pg/mL),
SiFeO (50 or 100 pg/mL), H,O, (100 uM) + CPB (50 or
100 pg/mL), and H,O, (100 pM) + SiFeO (50 or 100 pg/mL). After
the treatment, the medium was removed and the cells were washed
several times with PBS. Subsequently, the following steps were
performed: (1) Fresh medium containing DCFH-DA was
introduced into the cells and incubated for 30 min. The cells were
then visualized using a fluorescence microscopy; (2) the treated cells
were harvested and incubated with medium containing DCFH-DA
for 30 min. The cells were then analyzed using flow cytometry.

2.9 In vitro ICD response assessment

ICD was assessed by measuring surface-exposed CRT, ATP release,
and HMGBI secretion. Briefly, 4T1 cells were treated with PBS,
CPB (50 ug/mL), or SiFeO (50 pg/mL) for 6 h, followed by laser
exposure (808 nm laser, 1 W/cm’, 10 min). After laser treatment,
the old medium was replaced with fresh medium, and the cells were
incubated for an additional 18 h. Subsequently, the cells were fixed
and stained with anti-CRT (Abcam) at 4 °C overnight, followed by
labeled with goat anti-rabbit IgG H&L secondary antibody
(Abcam) at room temperature for 1 h. 4,6-Diamidino-2-
phenylindole (DAPI) was used to stain the nuclei. Finally, the cells
were either visualized using a fluorescence microscopy or analyzed
by flow cytometry. Additionally, the supernatants from the cells
were collected for ATP detection and HMGBI ELISA assays.

210 Biodistribution and in vivo thermal imaging

4T1 cells (5 x 10° cells) were transplanted into the subcutaneous fat
pad of 6-week-old female BALB/c mice. All animal procedures
were carried out following the guidelines for the Care and Use of
Laboratory Animals and received authorization from the
Laboratory Animal Ethics Committee of Jinan University (IACUC-
20210915-02). When the tumors reached approximately 150 mm®,
the mice were intravenously injected with SiFeO. The fluorescence
distribution was monitored using the PerkinElmer IVIS Lumina
Series I1I imaging system at 0, 6, 12, 24, 36, and 72 h post-injection.
At 24 h post-injection, major organs were excised and subjected to
fluorescence imaging using the same imaging system.

For photothermal therapy, 4T1 tumor-bearing mice were treated
with SiFeO by intravenous (i.v.) injection. After 24 h, the tumor
sites were irradiated with a NIR laser at 1 W/cm? for 10 min, and
the temperature was monitored using an infrared thermal imaging
system.

4T1 tumor-bearing mice, with tumor volumes of ~ 150 mmy’,
were intravenously administered SiFeO at a dose of 10 mg/kg.
To evaluate the biodistribution and metabolism of SiFeO in vivo,
samples were collected at specified time points post-injection.

) 742w | Sci@pen
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Tumors, major organs, and feces were harvested at 12, 24, 48, and
72 h after injection, while blood samples were obtained at 0.25, 0.5,
2, 4, 8, 12, and 24 h to monitor circulating levels of SiFeO. All
samples were analyzed for metal content using inductively coupled
plasma mass spectrometry (ICP-OES; ThermoICPOES7200, USA).

211 In vivo antitumor efficacy evaluation

To assess the in vivo antitumor efficacy, 4T1 tumor-bearing mice
were randomly assigned to three groups (n = 8): PBS, SiFeO
(10 mg/kg), and SiFeO (10 mg/kg) + Laser (SiFeO/Laser). Mice
received different treatments according to the treatment schedule.
Specifically, mice were treated with SiFeO through intravenous
injection twice. Photothermal therapy (irradiation with an 808 nm
laser at 1 W/cm? for 10 min) was performed 24 h after the second
intravenous injection of SiFeO. Tumor volume and body weight
were monitored every 2 days. Tumor volume was determined using
the formula V = 0.5 x A x B* (where A is the longer diameter and B
is the shorter diameter). After 25 days of therapy, the mice were
euthanized, and the major organs and tumors were harvested for
hematoxylin and eosin (H&E) and immunofluorescence staining.
Immunofluorescence staining assays were performed according to
the manufacturer’s guidelines. Tumor sections were then examined
using fluorescence microscopy.

212 Statistical analysis

Data were reported as mean + standard deviation (SD). Statistical
analyses were conducted using GraphPad Prism 8. To compare
multiple groups, a one-way analysis of variance (ANOVA) was
conducted, followed by Tukey’s post-hoc analysis. Statistical
significance was defined as P < 0.05. The levels of significance were
denoted as follows: *P < 0.05, *P < 0.01, **P < 0.001, ***P <
0.0001; “n.s.” denotes not significant. Flow cytometry data were
analyzed using FlowJo version 10.8.1, and in vivo imaging data were
processed with Living Image software version 4.3.1.16427.

3 Results and discussion

3.1 Construction and characterization of SiMOFs and
SiFeO

The SiMOFs were synthesized using a microwave-assisted
hydrothermal method (Scheme 1(a)). Intriguingly, varying the
experimental conditions, such as the ratios of reaction agents,
resulted in SIMOFs with distinct structural morphologies, creating a
diverse array of SiMOFs. Figures 1(a)—1(h) show both the structural
models and transmission electron microscopy (TEM) images of
these various SiMOFs. The images included flower-like SiMOFs
(SiNFs) in Figs. 1(a) and 1(b), capsule-like SIMOFs (SiNCs) in Figs.
1(c) and 1(d), hexagonal snowflake-like SIMOFs (SiNHSs) in Figs.
1(e) and 1(f), and necklace-like SiMOFs (SiNNs) in Figs. 1(g) and
1(h). The SiNFs and SiNHSs were relatively large, with sizes around
800 nm and 1 pm, respectively. The SiNNs, in contrast, exhibited
unique, linearly ordered necklace-like nanostructures composed of
periodic hollow nanospheres, each approximately 80 nm in
diameter. The TEM image in Fig. 1(d) showed that SINCs have a
uniform capsule shape with an average size of about 200 nm. Most
of these nanocapsules appeared collapsed, indicative of their flexible
structure. Elemental mapping and energy-dispersive X-ray
spectroscopy (EDS) spectra (Figs. S1-S3 in the Electronic
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Supplementary Material (ESM)) confirmed the presence of
elements like C, N, O, Zn, and Si in the SIMOFs, regardless of their
morphological variations. The creation of SiMOFs with these
diverse morphologies demonstrated the versatility and effectiveness
of this synthetic approach.

Given their high porosity and ample interior space, SIMOFs were
deemed excellent candidates for drug loading and delivery. The
process of preparing drug-loaded SiNCs is illustrated in Fig. 1(i).
Initially, curcumin was introduced to SiNCs, forming
SINCs@Curcumin after a 24 h incubation period. These
SiNCs@Curcumin were then reacted with Prussian blue to create
iron-based nanoparticles on the SiNCs and then modified with
PVP, resulting in the formation of the nanocomposites SiFeO with
good water dispersibility, which comprised SiNCs loaded with both
curcumin (curcumin loading content: 11%) and iron-based
nanoparticles. The UV-Vis spectrum of SINCs@Curcumin, shown
in Fig. 1(j) (pink line), displayed a distinct absorption peak at
around 405 nm, confirming the presence of curcumin. In contrast,
iron-based nanoparticles (referred to as CPB), produced using
curcumin and Prussian blue as precursors, showed a weaker
absorption peak at ~ 405 nm and a prominent one at ~ 700 nm
(green line). SiFeO exhibited absorption peaks at both these
wavelengths (red line), indicating the formation of iron-based
nanoparticles on SiNCs through the interaction of curcumin and
Prussian blue. Images corresponding to these samples were
presented in the right panel of Fig. 1(j). TEM images (Fig. 1(k))
revealed that SINCs@Curcumin had a larger size (~ 280 nm)
compared to SINCs, possibly due to reduced nanostructure collapse
from curcumin loading. Figure 1(I) shows the morphology of
SiFeO, similar in size to SINCs@Curcumin. Additionally, the TEM
image of SiFeO displayed nanoparticles on the nanocapsules,
verifying the presence of iron-based nanoparticles on SiNCs. CPB,
in contrast, exhibited aggregated morphology with larger size and
poor dispersibility (Fig. $4 in the ESM). EDS spectra and elemental
mappings (Fig. S5 in the ESM) confirmed the presence of C, N, O,
and Fe elements in CPB. SiFeO, as depicted in Fig. 1(m), displayed
Si, Zn, N, C, O, and Fe signals, affirming the incorporation of iron-
based nanoparticles on SiNCs. Elemental mappings (Fig. 1(n))
showed a uniform distribution of Si, Zn, C, N, and O, while Fe was
localized, consistent with the TEM results. SINCs nanocapsules
were around 200 nm in size, smaller than SiNCs@Curcumin
(~ 280 nm) and SiFeO (~ 280 nm) observed via TEM (Figs. 1(d),
1(k), and 1(1)). However, SiNCs, SiNCs@Curcumin, and SiFeO
shared a similar hydrodynamic diameter of ~ 350 nm (Fig. 1(0)),
attributed to the flexible structures of the nanocapsules, which
could spread out in aqueous solutions. SiFeO exhibited a
significantly negative zeta potential (-22.6 mV) compared to SiNCs
(-5.04 mV) due to the abundance of negatively charged curcumin
(Fig. 1(p)). By tracking the hydrodynamic diameter over time, we
observed that SiFeO remained stable in water for up to 96 h, with
no significant variation in particle size (Fig. S6 in the ESM).
Additionally, we analyzed the nitrogen adsorption-desorption
isotherms and Barrett-Joyner-Halenda (BJH) pore size
distributions for SiNCs and SiFeO. These measurements
highlighted the porous nature of SiNCs. Specifically, the
Brunauer-Emmett-Teller (BET) surface area of SiNCs was found
to be 30.5 m’/g, indicating a high surface area conducive to drug
loading. SiNCs exhibited a mesoporous structure with a pore size of
approximately 29.4 nm, ideal for accommodating drug molecules
(Fig. S7(a) in the ESM). After drug loading to form SiFeO, both the
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Figure1 Characterizations of SiMOFs and SiFeO. (a)-(h) Structure models and TEM images of SIMOFs with various structures. (i) Preparation diagram of SiFeO. (j)
UV-Vis absorption spectra of various samples. TEM images of (k) SINCs@curcumin and (1) SiFeO. (m) The EDS spectra of SiFeO. (n) Elemental distribution mapping
images of SiFeO. (0) hydrodynamic diameter and (p) zeta potential of different formulations.

BET surface area and pore diameter decreased significantly, with
the BET surface area reducing to 184 m*g and the pore size
decreasing to around 112 nm (Fig. S7(b) in the ESM). This
marked reduction in surface area and pore size suggested that the
pores of SiNCs were effectively occupied by the drugs, confirming

32 ROS generation measurements in SiFeO for
chemodynamic therapy

CDT relies on the generation of highly reactive hydroxyl radicals
(‘OH) to kil tumor cells [21]. To assess whether SiFeO
nanoparticles could produce -OH, we used TMB as a detector. As
successful drug loading. depicted in Fig. 2(a), incubating TMB with a control compound
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(CPB) and hydrogen peroxide (H,O,) at pH 7.0 resulted in the
emergence of a clear peak at 652 nm in the UV-Vis spectrum,
revealing the generation of -OH and the formation of oxidized
TMB (ox-TMB). The absorbance peak of oxidized TMB at 652 nm
exhibited a substantial increase when TMB was incubated with
both CPB and H,0, at pH 5.5, as illustrated in Fig. 2(b). This
observation indicated the heightened capability of CPB for -OH
generation under acidic conditions.

Similarly, we investigated SiFeO’s ability to catalyze H,O,
decomposition. Under neutral pH (7.0), the group containing
TMB, SiFeO, and H,0, (green line) showed no noticeable peak at
652 nm (Fig. 2(c)), suggesting limited -OH generation. However,
the same group at a lower pH (5.5) displayed a robust peak at
652 nm (Fig. 2(d)), indicating strong -OH production by SiFeO
under mildly acidic conditions. These results indicated that SiFeO,
particularly due to its iron-based nanoparticles, was highly effective
in generating ROS, especially under mildly acidic conditions (pH
5.5). This efficacy positioned SiFeO as a potential nanodrug
candidate for chemodynamic cancer therapy, exploiting its ability to

catalyze the production of toxic -OH radicals in tumor

environments.

3.3 Photothermal effect of SiFeO

Motivated by their NIR absorption (Fig. 1(j)), we investigated the
photothermal properties of CPB and SiFeO. Both materials (Fig.
2(e)-2(h)) displayed concentration- and power-density-dependent
temperature increases, confirming their strong photothermal
efficiency. At 808 nm laser (1.0 W/cm? 20 min), pure water’s AT
remained low (< 6.0 °C), while CPB’s AT rose from 6.5 to 39.1 °C
as concentration increased from 5 to 200 pg/mL. SiFeO mirrored
this trend (Fig. 2(f)), reaching a AT of 324 °C at 200 pg/mL.
Notably, both CPB and SiFeO exhibited excellent photothermal
stability. Over four heating/cooling cycles (Fig. 2(i)), their
maximum temperatures remained nearly constant, showcasing
their potential for repeated photothermal applications. These
findings collectively indicated that SiFeO, with its iron-based
nanoparticles incorporated within the SiMOFs structure, possessed
outstanding photothermal properties, highlighting its potential for
photothermal therapy.

(@) (b)_ © ..
; 2. 0.36:
— TMB (1) — H0,(2) — TMB (1) — H,0,(2) — TMB (1) = H,0,(2)
Boa e st
$0.24+4 — 20, = 292 ® 0.24+ .
K} [ —
',?', TS _21 I CPBITME (5) _g SiFeOTMB/H,0, (4)
g — CPBIH,0, (6) § — CPB/H,0, (6 2 — SiFeO/TMB (5)
, < < 0.12+ — SiFeO/H,0, (6)
0.5+
: — 7 0.0+ 0.00 5 i
400 500 600 700 800 400 500 600 700 400 500 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
Arer 3 % & 4 "ﬁ‘ 4
- i > o | |
RURIR R h _
(d) o8 (e) 40- () 40,
08T ) — H0,(2 407« 5ug/mL 10 pg/mL 407 o 5 ugimL 10 pg/mL = 20 pg/mL
— TMBIH,0, (3) 20 pg/mL » 50 pg/mL @ 100 pg/mL
307+ 50 ug/ 301 & 200 pg/mL
g‘? ©100 pg/mL §
201 200 pg/mL g
: - a <
400 500 600 700 800
Wavelength (nm) 10+
0 T T T T T
0 10 20 0 5 _ 10 15 20
Time (min) Time (min)
()] (h) 45 () 254 4 siFe0 =CPB
454 Off Off Off Off
30
© 301 )
o #1 W/cm? Qi
e 5 =1 Wicm?
154 154
*0.5 Wem?
0.5 W/cm?
0 T T T y 0+ r T r T 2 . - - T
(] 5 10 15 20 0 5 10 15 20 0 20 40 60 80

Time (min)

Time (min)

Time (min)

Figure2 Characterization of -OH generation and photothermal effect. (a) and (b) UV-Vis absorption spectra and corresponding photos of TMB, H,0,, TMB/H,0,,
CPB/TMB/H,0,, CPB/TMB, CPB/H,0, and CPB at pH 7.0 and 5.5. (c) and (d) UV-Vis absorption spectra and corresponding photos of TMB, H,0,, TMB/H,0,,
SiFeO/TMB/H,0,, SiFeO/TMB, SiFeO/H,0,, and SiFeO at pH 7.0 and 5.5. In (a)-(d), [CPB] = 20 pg/mL, [SiFeO] = 20 pg/mL, [TMB] = 0.2 mM, [H,0,] = 2 mM.
Photothermal curves of CPB (e) and SiFeO (f) with various concentrations under an 808 nm laser irradiation at 1 W/cm’, respectively. AT curves of (g) CPB solution (100
pg/mL) and (h) SiFeO solution (100 pg/mL) irradiated with 808 nm laser with different power densities for 20 min. (i) AT curves of CPB and SiFeO in aqueous phase

under four times on/off cycles.
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3.4 In vitro therapeutic ability

Encouraged by SiFeO’s excellent photothermal conversion capacity
and impressive ROS generation ability, we evaluated its in vitro
therapeutic efficacy. First, we assessed the cellular uptake of SiFeO
using confocal laser scanning microscopy and flow cytometry. The
results indicated that Cy7-labeled SiFeO was efficiently internalized
by 4T1 cells, demonstrating high uptake efficiency (Fig. S8 in the
ESM). Alamar blue assay revealed SiFeO’s dose-dependent
cytotoxicity against tumor cells, unlike CPB, which displayed
minimal toxicity (Figs. 3(a) and 3(b)). This potency of SiFeO may
be attributed to the encapsulated curcumin (Fig. S9 in the ESM)
and the generation of toxic ROS. Further evaluation of CPB and
SiFeO cytotoxicity on MDA-MB-231 cells (Fig. S10 in the ESM)
indicated that CPB had minimal effect, even at high concentrations
(50 pg/mL). In contrast, SiFeO demonstrated significant, dose-
dependent cytotoxicity in these cells. Under laser irradiation, SiFeO’
s effectiveness was markedly enhanced, with the SiFeO/Laser group
destroying about 80% of 4T1 cells at 50 pg/mL, underlining the
efficacy of combined CT-CDT-PTT treatments. Live/dead staining
further supported these findings, showing that both CPB/Laser and
SiFeO/Laser treatments possessed potent tumor cell-killing
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capacities, independent of the presence of H,0, (Fig. 3(c)).
Oxidative stress analysis using the DCFH-DA probe showed
negligible stress in control groups but significant fluorescence in
SiFeO-treated 4T1 cells, indicating increased oxidative stress (Fig.
3(d)). This was particularly intense in the SiFeO/H,O, group, as
supported by flow cytometry data (Fig. S11 in the ESM). Cell death
analysis using Annexin V-FITC/PI double staining showed that
CPB under NIR laser irradiation (CPB/Laser) induced an apoptosis
rate of 33%, which was significantly higher than the 19.2% rate
triggered by CPB alone (Figs. 3(e) and 3(f)). However, SiFeO led to
a strikingly high apoptosis rate of 76.1%, likely due to combined
chemotherapy/oxidation damage. The SiFeO/Laser group showed
the highest tumor apoptosis rate at 89.9%, with 69.5% early
apoptotic and 20.4% late apoptotic cells. These results suggested
SiFeO’s potential as an effective agent for tumor therapy, capable of
inducing strong oxidative stress and high apoptosis rates, especially
when combined with laser irradiation.

3.5 InvitroICD induction ability

Inducing ICD is a promising strategy in cancer therapy, as it can
transform immunosuppressive “cold” tumors into immunologically
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Figure3 Cytotoxicity evaluation and intracellular ROS level. Cell viability of 4T1 cells following treatment with different concentrations of CPB (a) and SiFeO (b) under
conditions with and without laser irradiation. (c) Live/dead staining of 4T1 cells treated with different formulations. (d) Intracellular ROS level observed by a fluorescence
microscope after various treatments. (e) Flow cytometric analysis to assess apoptosis in 4T1 cells following different treatments by staining with Annexin V-FITC/PL (f)
Quantitative comparison of apoptosis assay. # = 3 for all experiments. To evaluate statistical significance, we employed a one-way ANOVA and conducted Tuey’s post-
hoc test to compare group means. P values: *p < 0.05, **p < 0.01, ***p < 0.0001.
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active “hot” tumors [22-28]. The key players in ICD are DAMPs
such as CRT, HMGBI, and ATP, which stimulate immune
responses by promoting the maturation of dendritic cells and the
infiltration of cytotoxic T lymphocytes, thereby enhancing
antitumor immunity [29, 36, 53, 54]. Encouraged by the excellent
therapeutic effect of SiFeO on 4T1 cells via synergistic CT-CDT-
PTT therapy, we evaluated its ability to induce ICD by assessing the
exposure and release of DAMPs at the cellular level (Fig. 4).
Immunofluorescence staining was employed to detect the
translocation of CRT to the plasma membrane, a hallmark of ICD.
Minimal CRT translocation was observed in the PBS, Laser alone,
and CPB groups, indicating that these treatments did not
significantly induce ICD. In contrast, significant CRT exposure was
detected in the SiFeO group and the CPB/Laser group, suggesting
that SiFeO can induce ICD through chemotherapy and
chemodynamic therapy, while CPB combined with laser irradiation
can induce ICD primarily via photothermal treatment. Notably, the
SiFeO/Laser group exhibited the strongest CRT translocation,
indicating an enhanced ability to induce CRT exposure under laser
irradiation (Figs. 4(a) and 4(b)). These findings suggested that
SiFeO, when combined with laser irradiation, effectively promoted
CRT translocation through the synergistic effects of CT-CDT-PTT
therapy. Flow cytometry analysis further confirmed increased CRT
exposure in the SiFeO and SiFeO/Laser groups (Fig. 4(c)). We also
measured extracellular levels of HMGB1 using an ELISA assay.
Elevated HMGBI levels were observed in the CPB/Laser and
SiFeO/Laser groups, indicating that HMGB1 was released from the
nucleus into the extracellular matrix due to plasma membrane
disruption (Fig. 4(d)). Additionally, ATP secretion was significantly

(@)  pgs  PBS/Laser

SiFe0 . CPBlLaser SiFeO/Laser (b)

increased in the CPB/Laser group, reflecting the effectiveness of
photothermal therapy. Notably, the SiFeO group demonstrated
substantial ATP release even without laser irradiation, attributable
to SiFeO’s potent tumor cell-killing capacity via combined
chemotherapy and chemodynamic therapy. The highest ATP
secretion was observed in the SiFeO/Laser group (Fig. 4(e)). These
results indicated that SiFeO-mediated CT-CDT-PTT combination
therapy effectively triggered ICD by releasing multiple DAMPs
through synergistic mechanisms, potentially reversing the
immunosuppressive tumor microenvironment and enhancing the
antitumor immune response.

3.6 In vivo antitumor study

We investigated the antitumor effects of SiFeO-mediated
combination therapy in vivo using a 4T1 tumor-bearing BALB/c
mouse model. Initially, we tracked the in vivo distribution of SiFeO
labeled with NIR-emitting Cy7 dye (Fig. S12(a) in the ESM). Post-
injection imaging revealed maximum fluorescence at the tumor site
24 h after injection, persisting beyond 72 h (Figs. S12(b) and S12(c)
in the ESM). The effective accumulation of SiFeO at the tumor site
was likely attributed to the enhanced permeability and retention
(EPR) effect [55]. This accumulation was also confirmed through ex
vivo imaging of tumor tissues and major organs (Fig. S12(d) in the
ESM). After 24 h of SiFeO injection, tumor sites in mice were
subjected to an 808 nm laser for 10 min at a power density of
1 W/cm® Thermal imaging revealed a substantial temperature
increase, reaching 52 °C. These findings suggested that SiFeO could
effectively accumulate in tumors for CT-CDT-PTT combination
therapy (Figs. S12(e) and S12(f) in the ESM). Additionally, we
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Figure4 In vitro ICD. (a) Fluorescent images to show CRT translocation on cell membranes in terms of different treatments. (b) CRT quantification analysis
corresponding to panel (a). (c) Flow cytometric assessment of CRT exposure on the surface of 4T1 cells after different treatments. Quantitative analysis of the HMGB1
release (d) and ATP secretion (e) in 4T1 tumor cells upon diversified regimens. n = 3 for all experiments. To evaluate statistical significance, we employed a one-way
ANOVA and conducted Tukey’s post-hoc test to compare group means. p values: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, n.s. stands for not significant.
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analyzed the pharmacokinetic profile of SiFeO to assess its
metabolic behavior. Following iv. injection of SiFeO, its
biodistribution in major organs, tumors, and fecal samples was
assessed at various time points using ICP-OES (Fig. S13 in the
ESM). The results showed efficient accumulation of SiFeO in tumor
sites, consistent with our in vivo imaging data. Similar to many
other nanomaterials, SiFeO preferentially accumulated in the liver,
likely due to uptake by the cells of the reticuloendothelial system.
Analysis of fecal samples demonstrated effective excretion of Fe, Si,

kinetics of Fe levels in the bloodstream, with the distribution and
elimination phase half-lives determined to be 0.44 and 13.6 h,
respectively.

The antitumor efficacy of SiFeO was further evaluated in three
groups of mice (n = 8): treated with PBS, SiFeO, and SiFeO plus
laser irradiation (SiFeO/Laser) when the tumors reached
approximately 150 mm® (Fig. 5(a)). Throughout the treatment
period, mice in the SiFeO and SiFeO/Laser groups exhibited stable
body weights without significant fluctuations, comparable to those

and Zn over time, indicating that SiFeO can be metabolized and
cleared from the body. Additionally, we assessed the
pharmacokinetics of SiFeO by measuring the concentration of Fe in
the bloodstream at various time points after intravenous injection
using ICP-OES (Fig. S14 in the ESM). A two-compartment
exponential model was developed to simulate the elimination

in the PBS control group, as shown in Fig. 5(b). These results
suggested that both SiFeO and SiFeO/Laser treatments caused
minimal systemic toxicity. We assessed the hemocompatibility of
SiFeO by measuring the hemolysis rate of blood samples treated
with various concentrations of SiFeO. The hemolysis rate remained
below 5% even at a high concentration of 1000 pg/mL, indicating
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Figure 5 Antitumor efficacy of SiFeO in vivo. (a) Schematic descnptlon of antitumor activity of SiFeO using 4T1 tumor-bearing BALB/c female mice model. (b) Body
weight changes during the treatment period. (c) Tumor volume growth profiles of mice. (d) Individual tumor growth curves depicting the progression of 4T1 tumors in
mice subjected to various treatments. (¢) TGIR in different treatment groups. (f) Photographs depicting representative tumors from various treatment groups on the 25"
day. (g) The weight of separated tumors after different treatments. Representative images of H&E staining (h), TUNEL staining (i), and Ki-67 staining (j) of tumor slices
harvested from mice treated with various formulations. Representative H&E-stained images of the lung (k), liver (1), and spleen tissues (m). # = 5-8. To evaluate statistical
significance, we employed a one-way ANOVA and conducted Tukey's post-hoc test to compare group means. p values: **p < 0.01, **p < 0.001, n.s. stands for not
significant.
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good hemocompatibility (Fig. S15 in the ESM). Furthermore, the in
vivo toxicity of SiFeO was evaluated by analyzing blood biochemical
parameters. No significant abnormalities were detected compared
to the control group (Fig. S16 in the ESM). H&E staining of major
organs showed no apparent tissue damage or pathological changes
(Fig. S17 in the ESM). These findings collectively demonstrated that
SiFeO possessed excellent biocompatibility and low toxicity,
highlighting its potential for safe use in biomedical applications.
Tumor growth analysis revealed that SiFeO alone had a minimal
effect on tumor suppression. In contrast, SiFeO combined with
laser treatment significantly inhibited tumor growth, as illustrated
in Figs. 5(c)-5(g). Specifically, this significant inhibition was
evidenced by a higher tumor growth inhibition rate (TGIR) (Fig.
5(e)) and smaller tumor mass in the SiFeO/Laser group (Fig. 5(g)).
H&E and TUNEL staining further indicated increased nuclear
injury and apoptosis in this group, compared to the PBS and SiFeO
groups (Figs. 5(h) and 5(i)). Ki-67 staining showed reduced cell
proliferation in the SiFeO/Laser group, confirming the extensive
apoptosis triggered by this treatment (Fig. 5(j)). Metastasis was
assessed through H&E staining of lung and liver tissues. Results
showed that SiFeO/Laser treatment inhibited tumor metastasis
(Figs. 5(k) and 5(1)). Splenomegaly, a common symptom in 4T1
tumor-bearing mice [46, 56, 57], was also evaluated. H&E-stained
spleen slices from the SiFeO/Laser group showed normal splenic
architecture, contrasting with swollen spleens in the PBS and SiFeO
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groups (Fig. 5(m) and Fig. S18(a) in the ESM). Spleen weights were
significantly reduced in the SiFeO/Laser group, indicating effective
mitigation of splenomegaly (Fig. S18(b) in the ESM). In summary,
these findings collectively demonstrated the potent therapeutic
efficacy of SiFeO in combination with laser irradiation, highlighting
its potential for effective cancer treatment.

3.7 Antitumor immune response induced by SiFeO/Laser
treatment

To explore the mechanism responsible for the potent antitumor
activity observed in the SiFeO/Laser group, we conducted
immunofluorescence staining of tumor tissue slices after various
treatments, as shown in Fig. 6. The strongest CRT signals, a vital
ICD biomarker, were observed in the SiFeO/Laser group (Figs. 6(b)
and 6(c)). This indicated a significant translocation of CRT to the
plasma membrane, suggesting potent ICD induction by
SiFeO/Laser treatment. The phenotypes of tumor-associated
macrophages (TAMs), which can either suppress (M2) or promote
(M1) tumor immunity [53, 58—61] were also assessed. The
SiFeO/Laser treatment group showed reduced CD206 signals, a
hallmark of M2 macrophages, indicating a decrease in
immunosuppressive M2  macrophages in the tumor
microenvironment (Figs. 6(d) and 6(e)). Antigen-presenting cells
(APCs) are crucial in the immune system’s response to tumors,
prominently enhancing antitumor immunity. CD80 and CD86 are
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Figure6 Immune response in vivo. (a) Schematic illustration of immune response in vivo. Representative immunofluorescent images and quantitative results of CRT (b)
and (c), CD206 (a hallmark of M2 macrophages) (d) and (e), CD80 and CD86 (hallmarks of APC activation) (f) and (g), CD4 (h) and (i), CD8 (j) and (k), GzmB (1) and
(m), FoxP3 (n) and (o) expression in tumors. To evaluate statistical significance, we employed a one-way ANOVA and conducted Tukey’s post-hoc test to compare group

means. p values: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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key markers indicating APC activation and their preparedness to
stimulate T cells and enhance antitumor responses [62—64]. In our
study, the SiFeO/Laser treatment group exhibited significantly
higher expression levels of CD80 and CD86 in tumor tissues, as
shown in Figs. 6(f) and 6(g). This suggested that SiFeO/Laser
therapy effectively promoted APC activation, thereby enhancing
antitumor immune responses. An increase in both CD4* and CD8*
T cells was noted in the SiFeO/Laser treatment group (Figs.
6(h)—6(k)), indicating enhanced infiltration of these cells into the
tumor tissues. This shift was critical for transforming the TME
from “cold” to “hot”. Granzyme B (GzmB), a cytotoxic protein
secreted by CD8" T cells, was found at the highest levels in the
SiFeO/Laser ~ group.  This  indicated the  significant
immunostimulatory effect of the treatment (Figs. 6(1) and 6(m)).
Finally, the SiFeO/Laser group exhibited a decrease in Foxp3 signals
(Figs. 6(n) and 6(0)), a marker for regulatory T cells (Tregs) known
for their immunosuppressive functions [65]. The reduction of Tregs
in this group suggested a less immunosuppressive TME. These
findings collectively confirmed that SiFeO/Laser treatment
exhibited excellent antitumor activity due to the activation of robust
antitumor immune responses via the induction of ICD.

4 Conclusions

Using rapid microwave synthesis, we synthesized diverse SiMOFs
with unique flower-like, capsule-like, hexagonal snowflake-like, and
necklace-like morphologies. Notably, these high-porosity SiMOFs
excelled as drug carriers. We loaded capsule-like SIMOFs (SiNCs)
with curcumin (SiNCs@Curcumin) and then modified them with
Prussian blue to incorporate iron-based nanoparticles, generating
SiFeO. SiFeO, with its excellent photothermal effects and high
capacity for generating ROS, can effectively kill tumor cells through
chemotherapy, chemodynamic therapy, and photothermal therapy.
This multi-pronged CT-CDT-PTT approach effectively triggered
ICD, marked by the exposure or the release of multiple DAMPs,
including surface-exposed CRT, released ATP, and secreted
HMGBI. SiFeO with NIR laser displayed remarkable antitumor
efficacy. Immunofluorescence analysis revealed significant
modulation of the tumor microenvironment, characterized by a
decrease in M2 macrophages, increased activation of APCs,
enhanced infiltration of CD4" and CD8" T cells, elevated levels of
Granzyme B, and a reduction in regulatory T cells. Notably, SiFeO
showed promise in synergistic treatment strategies for inducing
ICD and boosting antitumor immunity. This work enriches the
SIMOF  library and highlights their potential in cancer
immunotherapy, motivating further exploration of SiMOFs in
other biomedical applications.

Electronic Supplementary Material: Supplementary material
(materials and chemicals, characterization, and some additional
experimental results (e.g, EDS, TEM, stability, nitrogen
adsorption—desorption isotherms, Barrett-Joyner-Halenda (BJH)
pore size distributions, cellular uptake, cytotoxicity, ROS
generation, biodistribution, photothermal imaging,
pharmacokinetic profile, hemolysis results, H&E staining, blood
biochemistry, spleen photos, and spleen weight)) is available in the
online version of this article at https://doi.org/10.26599/
NR.2025.94907080.
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