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ABSTRACT: Malignant tumors remain a leading cause of
premature death worldwide, with disproportionately increasing

burdens in resource-limited regions. Although immune
checkpoint blockade (ICB) has emerged as a transformative
cancer therapy, its efficacy is often limited by the
immunosuppressive  tumor  microenvironment  (TME).

Leveraging iron as the most abundant bioactive transition
metal in Earth's crust, we report F-Fe, a complex |V-targeted
carbon monoxide-releasing molecule (CORM) that is
activated by a clinically approved dental light-curing unit to
induce pyroptosis for reprogramming the TME. We developed
a bioinspired delivery system named GLEAM to facilitate
clinical applications that adhere to tissue surfaces while
channeling light into deeper tissue for on-target CO release,
simultaneously providing real-time visual feedback for
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treatment monitoring. Murine oral and breast cancer models validated the therapeutic efficacy, showing significant tumor
suppression and TME remodeling. When combined with anti-PD-1 antibody (aPD-1) therapy, it markedly suppressed
metastasis, prevented recurrence, and prolonged survival. Our findings suggest that Fe-based small molecules with
biomimetic delivery can leverage dental light to boost ICB efficacy, offering a sustainable and translational approach to

tumor treatment.

KEYWORDS: Fe-N-heterocyclic carbene (NHC) complexes, carbon monoxide-releasing molecules, biomimetic delivery,

immunotherapy, mitochondrial complex IV targeting

1 Introduction

Malignant tumors remain a major cause of premature death
globally, with incidence and mortality increasing especially swiftly
in areas facing resource constraints [1, 2]. Following the surgery,

chemotherapy, and radiotherapy, cancer immunotherapy
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exemplified by immune checkpoint blockade (ICB) has
transformed the treatment landscape by harnessing the host
immune system to eliminate malignant cells, marking a significant
advancement in oncology [3]. However, the majority of patients do
not experience durable benefit from ICB, largely due to primary or
acquired resistance mechanisms driven by the immunosuppressive
tumor microenvironment (TME) [4].

Once known mainly for its toxicity, carbon monoxide (CO) is
now explored as an anticancer agent for its ability to modulate
cellular signaling pathways and remodel the TME [5].
Photoactivation of CORMs provides a way to generate high
concentrations of CO specifically within tumors. Such localized CO
delivery can inhibit mitochondrial complex IV (cytochrome ¢

Nano Research, 2026, 19, 94908830


https://orcid.org/0000-0002-3337-1452
https://orcid.org/0000-0001-8417-3061
https://orcid.org/0000-0003-0932-8013
https://orcid.org/0000-0002-3337-1452
https://orcid.org/0000-0001-8417-3061
https://orcid.org/0000-0003-0932-8013
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://doi.org/10.26599/NR.2026.94908830
mailto:hong.yi@whu.edu.cn
mailto:aiwenlei@whu.edu.cn
mailto:sunzj@whu.edu.cn
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830
https://www.sciopen.com/article/10.26599/NR.2026.94908830

Wang et al.

Nano Research | Vol. 19, No. 9

oxidase (CcO)) [5] and directly kill cancer cells, while also inducing
immunogenic cell death [6], enhancing antitumor T cell function
[7], and promoting MI-like macrophage polarization [8]. These
effects collectively convert the TME into an immunologically "hot"
state, making it more responsive to ICB therapy. Because complex
IV is central to CO's cytotoxic effects, rationally designing a carbon
monoxide-releasing molecule (CORM) with selective complex IV
targeting could amplify these therapeutic benefits (Fig. 1).

Transition metal-based agents remain a cornerstone of oncology,
exemplified by cisplatin's enduring clinical value, while many
emerging therapeutics exploit trace amounts of transition elements
[9, 10]. Seeking an accessible and sustainable strategy, iron (Fe)
shows application potential, which is the most abundant transition
metal in Earth's crust and an essential bioelement [11, 12], as the
core for CORMs [13, 14]. As a 3D metal, the flexible electronic
structure of Fe enables diverse coordination with CO ligands
[15, 16]. And the chemical property and photophysical behavior of
Fe-complexes have sufficient margin for adjustment through ligand
engineering [17-19], benefiting to enhance potential biological
activity. N-heterocyclic carbenes (NHCs) provide an ideal scaffold,
offering modifiable heterocycles and wing groups to fine-tune
molecular geometry and electronics [20], thereby creating abundant
sites for optimizing photochemical characteristics and
pharmacodynamic properties, with the potential to confer
enhanced biological targeting [21-23]. Their well-characterized
coordination chemistry, combined with the pronounced
photoinduced CO release observed in NHC-Fe complexes via high-
energy photon-triggered ligand exchange [24], makes them strong
candidates for clinically relevant photoactivation after further
modification. Leveraging these features, we envisioned NHC-Fe
CORM s activatable by clinically approved dental light-curing units
(LCU, ~ 460 nm) [25] for targeted CO delivery and translational
potential.

To facilitate clinical application, effective delivery strategies must
ensure both compound accumulation and sufficient light
penetration into tumors. Microneedle patches offer painless,
minimally invasive administration for cancer therapy and TME
modulation [26-28], with tunable geometry, multilayer designs,
and bioinspired features that enhance tissue retention [29], control
drug release [30], and even deliver high-energy photons [31].
Inspired by Octopus vulgaris, whose sharp beak and suction cups
enable a firm grip [32], we developed the GLEAM system,
integrating a photon-guiding core with puncture and adhesive
structures. The soluble tip, analogous to the beak, encapsulates the
NHC-Fe-based CORM (F-Fe) that targets mitochondrial complex
IV and undergoes light-triggered CO release under LCU
irradiation. Upon illumination, the cone guides light deep into
tissue, inducing on-target CO release that disrupts cancer cell
respiration and triggers gasdermin E (GSDME)-dependent
pyroptosis. A distinct color change provides real-time visual
feedback. This process reprograms the TME, activates systemic
immunity, and establishes durable immune memory, markedly
enhancing anti-PD-1 antibody (aPD-1) therapy, prolonging
survival, and reducing recurrence and metastasis in preclinical
models (Fig. 1).

2 Experimental

2.1 General information

All reactions to synthesize Fe complexes were carried out in a glove
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box (Vigor) under an argon atmosphere. Ligands were placed in a
vacuum drying oven at 50 °C overnight before metal-coordinating
procedures. All glassware was oven dried at 80 °C for several hours
and cooled down under vacuum. Unless otherwise noted, all
substrates were obtained from commercial suppliers and used
without further purification. Thin-layer chromatography (TLC)
employed glass 0.25 mm silica gel plates. Flash chromatography
columns were packed with 200-300 mesh silica gel in petroleum
(bp. 60-90 °C).

2.2 Surface plasmon resonance (SPR)

Surface plasmon resonance experiments were conducted using a
Biacore T200 instrument (GE Life Sciences). Cytochrome ¢ oxidase
from bovine heart (Cat. C5499) was immobilized onto a Series S
Sensor Chip CM7 (Cat. 28953828, Cytiva) via standard amine
coupling. Varying concentrations of the molecules were injected
over the surface at a constant flow rate. Association and dissociation
phases were recorded in real time. The sensorgrams were fitted to a
1:1 Langmuir binding model using Biacore Evaluation Software to
calculate kinetic parameters and the equilibrium dissociation
constant (K;). Hemoglobin (Hb) from bovine blood (Cat.
abs47047819, Absin) was immobilized on the sensor chip using the
same method to detect CO release. PBS solutions without F-Fe, as
well as F-Fe samples before and after LCU irradiation, were
sequentially injected over the surface, and the resulting response
signals were recorded.

2.3 Mitochondrial complex IV (CcO) activity assay

Mitochondria were isolated from 4T1 cells, and CcO solution was
prepared using the reagents provided in the Mitochondrial
Complex IV/Cytochrome c¢ Oxidase Activity Assay Kit (Cat.
BC0940, Solarbio). Different concentrations of F-Fe were added to
the reaction system, followed by either LCU illumination or dark
incubation on icee. A  ultraviolet-visible = (UV-Vis)
spectrophotometer (UV-3600, Shimadzu) was used to continuously
record absorbance at 550 nm for 70 s, and enzyme activity was
quantified accordingly.

24 Cellular culture

The murine breast cancer cell line 4T1 (Cat. TCM-C705), human
tongue squamous cell carcinoma CAL 27 (Cat. TCH-C148), human
breast ductal carcinoma HCC1937 (Cat. TCH-C181), human
colorectal adenocarcinoma HCT-15 (Cat. TCH-C186), and human
breast adenocarcinoma MCF7 (Cat. TCH-C247) were purchased
from Hycyte. The murine head and neck squamous cell carcinoma
SCC7 was kindly provided by Prof. Qianming Chen (West China
School and Hospital of Stomatology, Sichuan University, Chengdu,
China). The 4MOSC1 cells were generously gifted by J. Silvio
Gutkind (University of California, San Diego, USA) under a
material transfer agreement (SD2017-202). 4T1, HCC1937, and
HCT-15 cells were cultured in Roswell Park Memorial Institute
1640 medium (RPMI-1640) supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% (v/v) Penicillin/Streptomycin (P/S).
SCC7 and CAL 27 cells were maintained in high-glucose
Dulbecco's modified Eagle medium (DMEM) with 10% FBS and
1% P/S. RPMI-1640 medium, DMEM medium, FBS, and
Penicillin/Streptomycin were obtained from Gibco. MCF7 cells
were cultured in MEM medium supplemented with 10% FBS, 1%
GlutaMAX, 1% non-essential amino acids (NEAA), 1% sodium
pyruvate, 10 ug'mL™ recombinant human insulin, and 1% P/S (Cat.
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Figure1 Schematics of complex IV-targeted, clinical photoactivatable Fe-CORMs and the bioinspired multifunctional delivery system GLEAM for enhancing ICB
therapy. The Fe-based CORM F-Fe was designed via ligand engineering, targets mitochondrial complex IV with high affinity and releases CO upon activation by clinically
approved dental LCUs, with a visible yellow-to-green color change enabling real-time monitoring. To enable clinical translation of F-Fe, the guided light-enabled adhesive
microneedles (GLEAM) system, inspired by O. vulgaris beak and suction-cup structures, integrates a soluble F-Fe-loaded tip with an optically transparent, light-guiding
base to deliver photons into deeper tissue. This approach achieves on-target CO release, induces pyroptosis, reprograms the TME, and synergizes with aPD-1 therapy to
suppress tumor growth, metastasis, and recurrence, prolonging survival in murine models, representing a sustainable approach to therapeutic development by harnessing

Earth's most abundant transition metal.

TCH-G247, hycyte). 4MOSC1 cells were maintained in
Keratinocyte-SFM  medium (K-SFM, Cat. 10744019, Gibco)
supplemented with 1% P/S, 5 ngmL” mouse epidermal growth
factor (EGF, Cat. PMG8041, Invitrogen), and 5 x 10" M cholera
toxin (Cat. 8052, Sigma). All cells were cultured at 37 °C in a
humidified incubator containing 95% air and 5% CO,.

2.5 Animal experiment

Animal experiments were reviewed and approved by the Ethics
Committee for Experimental Animals of the School and Hospital of
Stomatology, Wuhan University (approval number: S07923030F).
All procedures were conducted in accordance with the Regulations
for the Administration of Affairs Concerning Experimental
Animals, issued by the State Council of the People's Republic of
China. All animals were housed under specific pathogen-free (SPF)
conditions at a controlled temperature of approximately 22 °C and
relative humidity of ~ 50%, with a 12 h light/dark cycle.
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For the orthotopic 4MOSC1 oral cancer model, female C57BL/6
mice aged 6-8 weeks were inoculated with 1 x 10° viable 4MOSC1
cells in 30 pL of PBS directly into the tongue. The first intervention
was initiated 5 days post-inoculation. To ensure animal welfare, all
groups involved in oral cancer experiments were provided with a
complete nutritional gel supplement (Cat. SL0043, Shulaibao
(Wuhan) Biotechnology Co., ILtd) in addition to standard
husbandry. For the subcutaneous 4T1 breast cancer model, female
BALB/c mice aged 6-8 weeks received a subcutaneous injection of
1 x 10° 4T1 cells suspended in 100 pL of PBS into the right flank.
Treatment began on day 7 after tumor implantation.

For Fe-GLEAM treatment, mice were anesthetized with
isoflurane, and the Fe-GLEAM patch was applied to the tumor site.
After 10 min of contact, light irradiation was performed using the
previously described LCU for approximately 1 min, until the patch
turned completely green indicating complete activation. The
remaining GLEAM was then discarded. For ICB therapy,
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InVivoMAD anti-mouse programmed cell death protein 1 (PD-1)
(CD279, Cat. BE0146, Bio X Cell)l was administered
intraperitoneally at a dose of 10 mg-kg™.

For bioluminescence imaging, mice were injected with luciferase-
transgenic 4T1 (4T1-Luc) cells at the same dose as described above.
Prior to imaging, D-luciferin (150 mgkg™) was administered
intraperitoneally. Bioluminescence signals were then acquired using
an IVIS Spectrum Imaging System (PerkinElmer) and analyzed
with Living Image software (PerkinElmer).

2.6 Phototoxicity and dark toxicity assay of molecules

Various cell lines were seeded into 24-well plates at a density of
approximately 2 x 10* cells per well. After reaching the logarithmic
growth phase, cells were treated with the test compound solutions
and incubated at 37 °C for 15 min. For the light treatment group,
samples were irradiated using a dental LCU (V200, Veirun) for
1 min. After 24 h, cell viability was assessed using a CCK-8 staining
kit (Cat. BS350C, Biosharp). All cell experiments involving light
irradiation and their corresponding controls were conducted in
phenol red-free RPMI-1640 medium (PM150120, Pricella) and
DMEM (PM150223, Pricella).

2.7 Oxygen consumption rate analysis

Oxygen consumption rate (OCR) of cancer cells was measured
using Seahorse XF 24 Analyzer (Seahorse Biosciences) with
Seahorse XF Cell Mito Stress Test Kit (Cat. 103015-100, Seahorse
Biosciences). Basal measurements were collected 3 times, followed
by 3 measurements after addition of oligomycin (final
concentration 1.5 uM), followed by 3 measurements after addition
of carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
(final concentration 2.5 puM), followed by 3 measurements after
addition of antimycin A and rotenone (final concentration 0.5 ((M).

2.8 Western blotting

Cells were lysed using Radioimmunoprecipitation assay (RIPA)
lysis buffer supplemented with phenylmethanesulfonyl fluoride
(PMSEF; Cat. ST506, Beyotime). Equal amounts of protein were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) for size-based separation (Cat.
ET15412Gel, ACE), followed by transfer onto polyvinylidene
difluoride (PVDF) membranes. After blocking, membranes were
incubated overnight at 4 °C with primary antibodies, then washed
and probed with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit IgG (Cat. SA00001-2, Proteintech). Signal detection was
performed using an enhanced chemiluminescence (ECL) kit (Cat.
BL520B, Biosharp) and visualized with the Odyssey imaging system
(LI-COR Biosciences). Quantification was conducted using Image
Studio software (Version 5.2.5). Membranes were stripped using
stripping buffer (Cat. CW0056M, CWBIO), re-blocked, and re-
probed with the next antibody. This process was repeated until all
targets were assessed. The primary antibodies used in this study are
as follows: anti-DFNA5/GSDME-N-terminal (Cat. ab215191,
1:1000, Abcam); anti-cleaved caspase-3 (Cat. 9664, 1:1000, Cell
Signaling  Technology); and HRP-conjugated  beta-actin
monoclonal antibody (Cat. HRP-60008, 1:10000, Proteintech). All
experiments were performed in at least three independent
biological replicates.

2.9 LDH and adenosine triphosphate (ATP) release assay
Cells were seeded into 24-well plates at a density of 2 x 10* cells per
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well. After 24 h, the medium was replaced with phenol red-free
medium containing F-Fe or an equal volume of PBS. Cells were
incubated for 15 min, followed by LCU irradiation or no irradiation
as a control. After an additional 12 h incubation, the supernatants
were collected and centrifuged at 10,000¢ to remove cellular debris.
The LDH Cytotoxicity Assay Kit (Cat. C0016, Beyotime) and the
Enhanced ATP Assay Kit (Cat. S0027, Beyotime) were used to
quantify the levels of LDH and ATP, respectively, in the
supernatants. The data were normalized and visualized as a
heatmap.

2.10 Construction and characterization of GLEAM

Microneedle master molds were fabricated using a high-resolution
3D printer (nanoArch S140, BMF Precision Tech Inc.) with HTL
resin. Corresponding negative molds were then replicated using
polydimethylsiloxane (PDMS, SYLGARD 184 Silicone Elastomer
Kit, Dow Chemical). Polyvinyl alcohol (PVA, Cat. EFL-PVA-001,
EFL) solution was cast into the PDMS mold to form the light-
guiding cone and base layer, while sodium hyaluronate (Cat. EFL-
HA-150K, EFL) solution was applied to the outer surface to
construct the adhesive outer structure and the needle tip. Quality
control was conducted via optical microscopy. Surface morphology
was examined by scanning electron microscopy (SEM, TESCAN
CLARA). The optical transmittance of the PVA substrate was
measured using UV-Vis spectroscopy (UV-3600, Shimadzu).
Mechanical properties were evaluated using a digital force
measuring instrument (SF-5, Aipli).

211 Immunofluorescence and multiplex

immunohistochemical analysis

Cells were seeded at a density of 2 x 10* cells per well in 24-well
plates and incubated for 24 h. After the designated treatments, cells
were fixed with 4% paraformaldehyde. Primary antibody used was
anti-high mobility group box 1 (HMGBI1) (Cat. 6893, CST).
Secondary antibody was DyLight 488 goat anti-rabbit IgG (Cat.
A23220, Abbkine). Nuclei were counterstained using Antifade
Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI)
(Cat. P0131, Beyotime). For tissue samples, 4 um-thick paraffin
sections were prepared following fixation with 4%
paraformaldehyde. Multiplex immunostaining was performed
using the OPAL 6-Plex Manual Detection Kit (Cat. NEL811001KT,
Akoya Biosciences) according to the manufacturer's instructions.
The following primary antibodies were used: CD8 (Cat. 98941),
granzyme B (GZMB) (Cat. 46890), F4/80 (Cat. 70076), CD86 (Cat.
19589), and mannose receptor C-type 1 (MRC1)/CD206 (Cat.
24595), all purchased from Cell Signaling Technology (CST). Slides
were imaged using the Vectra 3 Automated Quantitative Pathology
Imaging System (PerkinElmer).

212 Flow cytometry

Tumor tissues, tumor-draining lymph nodes (TDLNS), and spleens
were harvested from mice and processed into single-cell
suspensions. Cells were subsequently stained in 96-well U-bottom
plates according to the manufacturers' instructions. The antibodies
used for flow cytometry included the following: anti-CD62L-
allophycocyanin (APC) (MEL-14), anti-MHCII-PC7
(M5/114.15.2), and anti-F4/80-PE-Cyanine7 (BMS), all purchased
from eBioscience; anti-CD45-APC-Cy7 (2D1), anti-CD3-
fluorescein isothiocyanate (FITC) (17A2), anti-CD8-PC5.5 (53-6.7),
anti-CD11b-FITC (M1/70), anti-Ly6G-phycoerythrin (PE) (1A8),
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and anti-CD206-APC (C068C2), all from BioLegend; anti-CD4-
eFluor450 (RM4-5), anti-CD44-PE (IM7), anti-CD11¢c-FITC
(N418), anti-CD80-PE (16-10A1), anti-CD86-APC (GL1), and anti-
Ly6C-APC (HK1.4), all from Invitrogen; anti-CD45-APC-cyanine
7 (Cy7) (2D1). A Fixable Viability Dye eFluor 506 (Cat. 65-0866-14,
eBioscience) was used to exclude dead cells. Flow cytometric
analysis was performed on a CytoFLEX LX Flow Cytometer
(Beckman), and data were analyzed using CytoExpert (v. 2.3,
Beckman Coulter) and FlowJo (v.10.8.1, FlowJo LLC) software.

2.13 Statistical analysis

All data are presented as mean + standard error of mean (s.e.m).
Comparisons between two groups were performed using a two-
tailed Student's t-test, while comparisons among multiple groups
were analyzed by one-way ANOVA followed by Tukey's multiple
comparisons test. A P value < 0.05 was considered statistically
significant and is indicated in the figures. Survival curves were
analyzed using the log-rank (Mantel-Cox) test. Data analysis was
performed using Excel 2019 (v.16.78, Microsoft) and GraphPad
Prism (v.10.4.1, GraphPad Software).

3 Results and discussion

3.1 Molecular design of complex IV-targeted NHC-Fe
CORMs

Motivated by reports that half-sandwich NHC-Fe complexes
undergo photoinduced CO release, we initiated synthesis of Me-Fe
by reacting CpFe(CO),I with NHC ligand under dark conditions
according to the literature (Fig. 2(a)) [33]. To confirm the CO
release ability under dental LCU, UV-Vis spectra revealed that Me-
Fe had absorption band at 360 nm and weak absorption at 460 nm
(Fig. S17 in the in the Electronic Supplementary Material (ESM)),
which markedly changed after 5 min of 460 nm light emitting
diode (LED) exposure, with new bands at 455 and 660 nm
(Fig. 2(b)), indicating light-induced structural changes in the
molecule. However, Me-Fe exhibited pronounced dark toxicity in
vitro without light irradiation, rendering it unsuitable for direct
therapeutic application (Fig. 2(c)). Limited proteolysis-coupled
mass spectrometry (LiP-MS) [34] showed that Me-Fe exhibits
promiscuous interactions with thousands of proteins. Gene
Ontology (GO) functional annotation further revealed that
fundamental cellular processes, metabolism, and regulatory
pathways proteins with catalytic, regulatory, and structural activities
may be functionally impaired by Me-Fe, collectively accounting for
its severe dark toxicity (Fig. 2(e) and Fig. S13 in the ESM).

Notably, among these potential targets we identified the
mitochondrial complex IV fragment COX6al (Fig. S14 in the
ESM). Since complex IV is the primary site through which CO
disturbs cellular respiration [5], this finding suggests that Me-Fe
could serve as a lead for designing CORMs with on-target
activation under dental LCU irradiation, thereby enhancing tumor
cell killing efficacy. Guided by the established influence of
substituent electronics on pharmacodynamics, we retained the Me-
Fe scaffold and modified its NHC ligand wing group by replacing
the phenyl methyl substituent with either methoxy (OMe-Fe) or
fluorine (F-Fe). The structures were confirmed by single-crystal X-
ray diffraction (SC-XRD), high-resolution mass spectroscopy
(HRMS), and nuclear magnetic resonance (NMR) spectroscopy
(Fig. 2(d), Figs. S2-S12 in the ESM, and Table S1 in the ESM).
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UV-Vis absorption spectra and "F NMR spectra demonstrated that
F-Fe acquired the light-induced structural change upon 460 nm
light irradiation (Fig. 2(c) and Fig. S25 in the ESM). However,
methoxy substitution rendered the complex air-sensitive or light-
induced dissociation process, which is unsuitable for drug
development (Fig. S18 in the ESM). Meanwhile, replacing the
methyl group in Me-Fe with its bioisostere fluorine markedly
reduced dark toxicity (Fig. 2(c)), making F-Fe suitable for
subsequent studies. LiP-MS analysis revealed that the introduction
of the fluorine substituent substantially reduced the number of
potential protein targets. The resulting decrease in non-specific
binding suggests lower off-target effects, with minimal interference
on enzymes, regulatory proteins, and structural proteins, which
accounts for the observed reduction in cellular dark toxicity
(Fig. 2(e) and Fig. S15 in the ESM). Simultaneously, SPR analysis
confirmed that F-Fe retained the desired strong binding affinity for
complex IV, with kinetic fitting yielding a dissociation constant (K)
of 9.334 x 10° M (Fig. 2(f)), demonstrating that the introduction of
the fluorine atom effectively enhances the molecule's targeting
affinity compared to the Me-Fe structure (Fig. S16 in the ESM).

To directly demonstrate CO release process after irradiation, we
employed Hb as a biomolecular probe, based on the principle that
Hb normally binds O, but, in the presence of CO, rapidly forms CO-
Hb accompanied by a redshift of its UV-Vis absorption peak [35].
We reproduced this phenomenon by introducing CO into an O,-
saturated Hb solution as a standard control (Fig. 2(g)). When F-Fe
was added to an O,-Hb solution and irradiated with a 460 nm LED,
the low-energy doublet absorption peak of O,-Hb underwent an
obvious redshift, consistent with the phenomenon induced by CO,
whereas no such redshift occurred in the absence of light. Besides,
SPR analysis corroborated that the observed redshift originated
from CO release. On the chip with immobilized Hb, F-Fe showed
only very weak and reversible binding in the dark, which rapidly
dissociated upon washing. In contrast, irradiation induced Hb
capture of a substantial fraction of tightly bound molecules that
resisted elution, consistent with the slow dissociation kinetics
characteristic of the CO-Hb complex (Fig. S22 in the ESM).
Combined with gas chromatography (GC) analysis (Fig. S23 in the
ESM), the result provided direct evidence of photoinduced CO
release behavior of F-Fe.

Although the precursor molecule CpFe(CO),I also exhibited
considerable absorption at 460 nm (Fig. S19 in the ESM), it did not
display similar photo-responsive behavior upon irradiation, failing
to trigger CO release and lacking anti-tumor efficacy under LCU
illumination (Fig. S28 in the ESM). Density functional theory
(DFT) calculations show that CO dissociation is thermody-
namically unfavorable in the absence of an NHC ligand. With the
assistance of the NHC ligand, CO release essentially converts to the
ligand exchange process, making it thermodynamically feasible
(Fig. 3(a)). The kinetics of CO release were further monitored using
in situ infrared spectroscope (Figs. 3(b) and 3(c)). Despite the
differing electronic effects of the ligand substituents, both Me-Fe
and F-Fe initially exhibited CO stretching vibration signals at 2008
and 2048 cm™, consistent with previously reported observations.
The intensity of two absorption peaks gradually decreases under
460 nm LED, accompanied by the emergence of a new absorption
signal at 1940 cm™, indicating the dissociation of a single CO ligand
rather than complete release, even under prolonged irradiation.
This behavior is markedly different from that observed with P-
ligand-coordinated analogs [33], which may be attributed to the
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Figure2 Design and characterization of NHC-Fe CORMs. (a) Molecular design for NHC-Fe CORM:s. (b) UV-Vis absorption spectra of Me-Fe and F-Fe in DCM and
the absorption spectra after 460 nm LED irradiation. (c) In vitro cytotoxic data in 4T1 cells of Me-Fe and F-Fe (1 = 5). (d) Molecular structure (50% probability of thermal
ellipsoids) of OMe-Fe (left) and F-Fe (right) determined by scXRD with Fe in orange, C in grey, N in blue, O in pink, and F in green. Hydrogen atoms as well as counter
ions were omitted. (¢) GO level 2 annotation of candidate protein targets for Me-Fe (left) and F-Fe (right). Bar plots show the numbers of proteins in each GO category
(BP, MF, CC), with counts labeled above the bars. (f) SPR analysis showing the affinity of F-Fe for the mitochondrial complex IV protein. (g) UV-Vis absorption spectra
of Hb coordinated with CO (top), O, (middle), and the absorbance change of the solution containing Hb and F-Fe after 460 nm LED irradiation in 1 min.

strong o-donor effect of the NHC ligand and enhances n-back
donation from Fe to the remaining CO. Kinetic fitting data for both
compounds showed that CO release followed first-order reaction
kinetics. The release rate for F-Fe (K, = 0.24 min™) was slightly
higher than that of Me-Fe (K, = 0.13 min™) (Fig. 3(d)), in line with
the trend from DFT calculation (Fig. S24 in the ESM).

Subsequently, the pharmacodynamics of F-Fe were validated in
vitro. To assess the on-target release of CO, we designed a chip with
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immobilized mitochondrial complex IV and verified it using SPR
(Figs. 3(e) and 3(f)). Under dark conditions, the complex IV rapidly
and reversibly combined with F-Fe, generating strong SPR signals
that confirmed its on-target affinity (Fig. 3(f)). Upon light
activation, the CO released from F-Fe bound to complex IV in an
almost non-dissociable condition, resulting in a strong and
persistent SPR signal during the dissociation phase, consistent with
previous reports on CO-mediated inhibition of cytochrome ¢
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Figure3 Pharmacological evaluation of NHC-Fe CORMs. (a) The comparison of AG in the photo-induced CO release process of CpFe(CO),I and F-Fe. (b) In situ
infrared (IR) spectroscope of Me-Fe in DCM with 460 nm LED irradiation. (c) In situ IR spectroscope of F-Fe in dichloromethane (DCM) with 460 nm LED irradiation.
(d) Kinetic analysis of Me-Fe and F-Fe based on in situ IR data at 2048 cm™. (e) Schematic illustration of SPR monitoring of F-Fe interactions with complex IV before and
after irradiation. (f) SPR analysis showing the combination of F-Fe and CO for the mitochondrial complex IV protein. (g) Kinetic curve of mitochondrial complex IV-
catalyzed cyt ¢ oxidation reaction (n = 3). (h) Quantitative analysis of mitochondrial complex IV enzyme activity under different treatments (n = 3).

oxidase [5, 7]. UV-Vis spectroscopic monitor of CcO enzymatic
activity further demonstrated that, upon administration of F-Fe,
dental light exposure effectively inhibited CcO function (Figs. 3(g)
and 3(h)), suggesting the capability of F-Fe to serve as a
mitochondrial complex IV-targeting Fe-CORM activatable by
clinically approved dental LCU.

3.2 Tumor cell pyroptosis induced by dental light-
activated F-Fe

Building on its favorable biocompatibility and on-target activity
performance, we investigated the in vitro antitumor efficacy of F-Fe
and explored the mechanisms by which it induces tumor cell death
(Fig. 4(a)). LC-MS analysis confirmed the rapid intracellular uptake
of F-Fe by tumor cells, with quantification showing efficient
membrane permeation within minutes (Fig. 4(c), and Fig. S26 in
the ESM). Across a range of human and mouse cancer cell lines,
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including CAL 27 (human OSCC), MCF-7 and HCC1937 (human
breast cancer), HCT-15 (human colorectal adenocarcinoma), 4T1
(mouse breast cancer), SCC7 and 4MOSC1 (mouse OSCC), F-Fe
consistently exhibited low dark toxicity and high phototoxicity
under irradiation with dental LCU (Figs. 4(c) and 4(d), and Fig. 527
in the ESM). Under dark conditions, F-Fe had minimal effect on
the OCR in tumor cells. However, upon light activation, a marked
reduction in basal, ATP-linked, and maximal respiration was
observed (Fig. 4(e)). This inhibition can be attributed to CO
released during phototherapy, which competitively blocks O,
binding at the reduced heme a,-Cu, center of mitochondrial
complex IV, thereby disrupting the electron transport chain [7],
and potentially triggering mitochondrial stress that leads to cell
death [36].

Notably, tumor cells undergoing F-Fe mediated phototherapy
exhibited a distinctive swollen, balloon-like morphology under
optical microscopy, a hallmark of pyroptosis observed consistently

Nano Research, 2026, 19, 94908830
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Figure4 F-Fe CORM induces pyroptosis of cancer cells. (a) Schematic illustration of the mechanism by which F-Fe induces pyroptosis upon dental LCU irradiation.
(b) Chromatograms of LC-MS analysis showing cellular uptake of F-Fe. (c) Heat map showing the cytotoxicity of F-Fe at varying concentrations in multiple cancer cell
under dark or light conditions (n = 5). (d) Phototoxicity and dark toxicity of F-Fe in 4MOSCI oral squamous cell carcinoma (OSCC) cells (n = 5). (e) OCR of cells
following different treatments, with responses to oligomycin, FCCP, and antimycin A/rotenone. (f) Cleaved caspase-3 and full length GSDME, and active GSDME-N
fragment by western blot analysis. (g) Morphological changes of 4MOSC1 and (h) 4T1 cancer cells after F-Fe treatment (scale bars: 20 um). (i) Quantification of LDH
release and (j) ATP secretion following phototherapy (1 = 6). (k) Immunofluorescence staining of HMGBI1 retention in the nuclei of 4MOSC1 and (1) 4T1 cells (scale

bars: 50 um).

across both 4MOSC1 and 4T1 cell lines (Figs. 4(g) and 4(h)).
Pyroptosis is a GSDMs-dependent process initiated by caspase-
mediated cleavage of full-length GSDMs, releasing the N-terminal
domains (GSDM") that oligomerize to form pores in cellular and
organelle membranes. This pore formation leads to the membrane
blebbing and progressive ballooning, ultimately resulting in osmotic
lysis and cell death [37]. Previous studies have demonstrated that
CO exerts context-dependent effects by modulating distinct
pyroptotic pathways. In the canonical pathway, low doses of CO
inhibit the NLRP3/caspase-1/GSDMD axis, thereby conferring
cytoprotection against acute lung injury, traumatic brain injury, and
ischemia-reperfusion injury [38]. Conversely, at the high doses
typically employed for anti-tumor applications, CO triggers the non-
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canonical caspase-3 pathway, driving GSDME-mediated pyroptosis
[39]. In this study, western blot revealed that mitochondrial stress
induced the activation of executioner caspase-3 (Fig. 4(f)).
Consistent with previous reports [40], activated caspase-3 cleaved
GSDME to release the pore-forming GSDME™ (Fig. 4(f)), thereby
converting the cell death modality from apoptosis to pyroptosis.
Excitingly, beyond directly inducing tumor cell death, pyroptosis
that characterized by plasma membrane rupture represents a
proinflammatory form of programmed cell death with the potential
to remodel the TME and enhance antitumor immunity [37, 41]. In
vitro, F-Fe-mediated phototherapy significantly increased the
release of LDH (Fig. 4(i)), a marker of plasma membrane rupture,
along with elevated ATP concentrations in the supernatant
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(Fig. 4(j)), a potent chemokine for dendritic cells (DCs) recruitment
[42, 43]. Concurrently, immunofluorescence staining revealed the
reduction in nuclear HMGBI, indicated its release into the
extracellular environment (Fig. 4(1)), where it acts as a
chemoattractant and proinflammatory signal [41]. These danger-
associated molecular patterns (DAMPs) suggest that F-Fe
phototherapy not only induces mitochondrial stress-mediated
cytotoxicity but also holds promise for reprogramming the TME,
thereby eliciting robust and durable antitumor immune responses.

3.3 GLEAM for bio-adhesive and light-guided delivery in
Fe-based phototherapy

Firm adhesion to rough tissue surfaces, minimally invasive and
precise drug delivery, and effective light transmission through
biological barriers are essential for enabling efficient in vivo
phototherapy with F-Fe. Inspired by O. vulgaris, a remarkable
marine predator, we engineered a GLEAM system that mimics the
organism’s efficient penetrating beak and adhesive suckers [32, 44],
and integrates a photonic delivery architecture to support deep-
tissue CORM therapy (Fig. 5(a) and Fig. S29 in the ESM).

(a)

Suction anchoring
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To further facilitate the deep delivery of photonic energy, we
engineered an integrated light-guiding architecture within the
microneedle system. Previous research indicates that embedding
light-guiding microstructures in microneedles effectively increases
the tissue penetration depth of high-energy photons [31, 45]. Based
on the principle of total internal reflection, these structures can
efficiently deliver blue and even UV photons deep into tissues [31],
which is especially crucial when crossing skin and mucosal barriers.
Therefore, a cone-shaped light-guiding array with flattened tips was
positioned on the base layer of GLEAM. The positive model of the
base was fabricated by 3D printing using HTL resin (Fig. S30 in the
ESM). Subsequently, a negative mold was created by embedding the
resin structure in PDMS. PVA hydrogels, selected for their excellent
biocompatibility and visible-light transmittance [46], were cast into
the PDMS mold to form the translucent base with light-guiding
cone (Fig. S31 in the ESM). The successful fabrication of the light-
guiding layer was confirmed by optical imaging and transmission
electron microscopy (Figs. 5(b) and 5(c)).

Unlike other cephalopods, the suckers of O. vulgaris feature a
distinct internal protuberance at the orifice [32]. The specialized
anatomical structure has led some researchers to hypothesize that,
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Figure5 Design and characterization of Fe-GLEAM. (a) Schematic illustration of the O. vulgaris-inspired GLEAM, featuring drug loaded dissolvable tips for F-Fe
delivery, peripheral micro-suction cups, and embedded light-guiding cones. (b) Bright-field image of the GLEAM surface and base structure (scale bars: 200 um). (c) SEM
images showing the embedded light-guiding cone, and (d) the drug-loaded tips surrounded by micro-suction structures (scale bars: 200 um). (e) Fluorescence imaging of
the microneedles showing the rhodamine B labeled light-guiding cone (red fluorescence) embedded within the GLEAM (scale bar: 200 pm). (f) In vitro F-Fe release from
the Fe-GLEAM as measured by UV-Vis spectroscopy (n = 3). (g) Light-triggered color change of the GLEAM under irradiation by dental LCU, enabling visible feedback

during treatment.
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beyond the widely acknowledged active muscular hydrostatic
pressure actuations utilized in bioinspired robotics [47], it may also
contribute to adhesion via a passive attachment mechanism
[32, 48], offering a promising strategy for microneedle adhesion
design (Fig. 5(a)). Specifically, the dome-shaped bioinspired
structure can generate liquid-assisted suction when miniaturized to
the micrometer scale, enabling robust adhesion on both dry and
moist rough tissue surfaces [49]. These adhesive units were densely
arrayed around each microneedle tip on the patch backing
(Figs. 5(b) and 5(d)), allowing each GLEAM device to carry a high
density of suction interfaces that collectively ensure firm and
reliable attachment during phototherapy (Fig. S32 in the ESM).

To mimic the tapered geometry of the O. vulgaris beak and
facilitate penetration through keratinized epithelium, the GLEAM
tip was designed with a pyramidal architecture (Fig. 5(a) and Fig.
S29 in the ESM). Using the same fabrication approach, we 3D-
printed a mold for the GLEAM insertion tips and replicated it with
PDMS (Figs. S29 and S30 in the ESM). F-Fe was mixed into
hyaluronic acid (HA) and cast onto the light-guiding PVA base
layer, forming the drug-loaded, dissolvable insertion module of the
GLEAM system (Figs. 5(b) and 5(d), and Fig. S29 in the ESM).
SEM revealed that GLEAM featured well-defined, uniformly
distributed pyramidal tips surrounded by densely arranged
bioinspired adhesive structures (Fig. 5(d)). The optical microscope
further confirmed the embedding of the light-guiding cone beneath
the insertion tip, and the distinct orange-yellow coloration of the
microneedle surface indicated successful loading of F-Fe (Figs. 5(a)
and 5(b)). By labeling the PVA-based light-guiding layer with
rhodamine B, fluorescence microscopy showed bright red emission
from the embedded cone, while the overlying F-Fe loaded HA tips
appeared dark due to blue-light absorption (Fig. 5(e)). In vitro
dissolving experimental result demonstrated that the insertion tips
rapidly dissolved within minutes, enabling efficient release of the
encapsulated F-Fe from the outer HA layer (Fig. 5(f) and Fig. S34 in
the ESM). Consistently, photography and H&E staining of skin and
oral cancer tissue confirmed the ability of GLEAM to penetrate
tissue and deliver F-Fe effectively (Fig. S33 in the ESM). Notably,
the photolysis of orange-yellow F-Fe under dental LCU irradiation
yielded the green-colored product, allowing real-time monitoring of
microneedle treatment (Fig. 5(g), and Figs. S20 and S21 in the
ESM). Given that green is complementary to the reddish
appearance of most mucosal and biological tissues, this pronounced
color shift provides clear visualization of treatment progression.
This optical feedback may facilitate intra-procedural guidance in
subsequent in vivo treatment.

34 In vivo tumor suppression and immune-

microenvironment reprogramming by Fe-GLEAM

The murine 4MOSCI cell line [50, 51] was employed to establish
an orthotopic OSCC model, representative of the most common
superficial malignancy in the oropharyngeal region [52], to evaluate
the feasibility of Fe-GLEAM for in vivo treatment (Fig. 6(a)).
Additionally, a subcutaneous 4T1 breast cancer model implanted in
the dorsal region of mice was used to further corroborate the
generalizability of this approach (Fig. S35 in the ESM). Fe-GLEAM
phototherapy significantly suppressed OSCC growth in mice
relative to control and sham-treated groups (Figs. 6(b) and 6(c)),
leading to recovery of tumor-induced body weight loss (Fig. 6(d)).
In the subcutaneous 4T1 breast cancer model, Fe-GLEAM similarly
demonstrated potent antitumor activity, with stable body weights

Nano Research, 2026, 19, 94908830

94908830 (10 of 15)

throughout the treatment period supporting its safety (Fig. S35 in
the ESM).

Post-treatment histopathological examination of major organs
revealed no evident tissue damage (Fig. S36 in the ESM), and
hematological and serum biochemical analyses showed no
significant abnormalities (Tables S2 and S3 in the ESM), further
confirming the safety of Fe-GLEAM phototherapy.

Previous studies show that pyroptosis remodels the TME by
releasing DAMPs and cytokines that enhance antitumor immunity
[41]. Consistent with these findings, our in vitro experiments
revealed robust production of these immunostimulatory DAMPs
following treatment (Fig. 4).

Moreover, CO generated by photochemical activation has been
shown to modulate multiple immunological processes [5—-8]. Based
on these observations, we further investigated the changes within
the tumor immune landscape induced by Fe-GLEAM
phototherapy. In the TDLNs, Fe-GLEAM phototherapy promoted
the maturation of DCs (CD80*CD86") (Fig. 6(i), and Figs. S37 and
S38 in the ESM), thereby enhancing their antigen-presenting
capacity and facilitating the priming and expansion of tumor-
specific T cells, as evidenced by the increased proportions of
CD3'CD4" and CD3'CD8" T cells (Figs. 6(j)-6(1), and Figs. $39 and
$40 in the ESM).

Within the tumor, we observed substantial infiltration of
cytotoxic CD8* T cells expressing elevated levels of GZMB
(Fig. 6(e)), indicating their cytotoxic activity. Concurrently, the
infiltration of immunosuppressive M2-like TAMs (F4/80*CD206")
was significantly reduced, while pro-inflammatory M1-like
macrophages (F4/80'MHCII*) were increased, highlighting a
reprogrammed milieu favoring antitumor immunity (Figs.
6(f)-6(h), and Figs. S41 and S42 in the ESM). Notably, Fe-GLEAM
phototherapy not only promoted the differentiation of T cells
toward effector phenotypes but also facilitated the generation of
memory subsets. In the TDLNSs, the proportions of both CD4* and
CD8" central memory T cells (Tq, CD44'CD62L") were
significantly increased (Figs. 6(m) and 6(n), and Fig. S40 in the
ESM), suggesting the establishment of durable antitumor immune
memory. Collectively, these findings demonstrate that GLEAM
therapy not only mediates direct tumor cell eradication via
pyroptosis but also remodels the TME to support sustained
antitumor immunity.

3.5 Fe-GLEAM enhances immune checkpoint blockade
for synergistic tumor therapy

Given that Fe-GLEAM induces pyroptosis-mediated T cell
infiltration and fosters a relatively hot TME, it holds promise for
enhancing responsiveness to ICB and enabling combination
therapy [53]. In the orthotopic OSCC model (Fig. 7(a)), tumor
growth curves revealed that combination therapy nearly eradicated
tongue tumors (Fig. 7(b)), with all mice in the Fe-GLEAM
combined with aPD-1 treatment group (n = 5) surviving until the
end of the study (Fig. 7(c)). Given that metastasis is a leading cause
of cancer-related mortality [54], we further established a dual-flank
breast cancer model to evaluate the systemic efficacy of the
combination treatment. Specifically, 4T1 cells were first inoculated
into the right flank to form a primary tumor, followed 2 days later
by contralateral implantation of tumor cells to mimic a distal
metastatic lesion. Fe-GLEAM phototherapy was applied locally to
the primary tumor, while systemic aPD-1 blockade was
administered (Fig. 7(d)). Tumor growth curves demonstrated that
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while Fe-GLEAM treatment targeted the primary tumor and
induced significant regression, the combination with aPD-1
blockade further suppressed the growth of distal tumor lesions,
highlighting a potent systemic antitumor response (Figs. 7(e) and
7(1)).

Tumor recurrence represents another major challenge that
compromises the long-term survival and quality of life in cancer
patients [55]. Building on the potent antitumor efficacy of Fe-
GLEAM and its capacity to induce immunological memory, we
reasoned that combining this strategy with ICB could effectively
suppress both tumor relapse and metastasis. To validate this
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hypothesis, we established orthotopic OSCC and subcutaneous
breast cancer rechallenge models (Fig. 7(g)). Following 7 weeks of
tumor-free survival after the combination therapy, rechallenge with
the same tumor cells did not result in tumor regrowth in either the
OSCC or breast cancer mice (Figs. 7(h)-7(j), and Fig. $43 in the
ESM). By contrast, naive control mice inoculated with the identical
cell lines developed progressive tumors, highlighting the induction
of robust and durable antitumor immune memory. Consistent with
these findings, the combination treatment effectively suppressed
distant tumor metastasis (Figs. 7(k) and 7(1)), and all mice subjected
to rechallenge exhibited sustained tumor-free survival (Figs. S44
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and S45 in the ESM), demonstrating that this strategy elicited a
remarkable and durable therapeutic response.

4 Conclusions

Iron, the most abundant transition metal in Earth's crust, has
shaped biological evolution as a primordial redox catalyst [11]. Its
central role in redox biology, together with its wide availability and
geological abundance, positions it as a promising candidate for
addressing the escalating demand for cancer therapeutics. Here, we
demonstrate that structure-activity guided design of Fe-NHC
complexes, combined with biomimetic delivery strategies, enables
the development of iron-based anticancer therapeutics with on-
target activity and clinical promise.

With the advent of cancer immunotherapy in clinical practice,
the immunosuppressive TME remains a major barrier limiting its
benefits for many patients [4]. Using the GLEAM system to deliver
the complex IV-targeted CORM F-Fe, and guiding photons from
clinically approved dental LCUs to deeper tissue, we achieved on-
target CO release that triggered pyroptosis and effectively
remodeled the TME. The strategy markedly enhanced aPD-1
therapy, significantly suppressed metastasis and recurrence, and
promoted durable immune memory that extended tumor-free
survival in mice. Against the backdrop of a rising global cancer
incidence [52], these findings suggest that iron, owing to its
abundance and bioactivity, may provide a viable basis for precise
and sustainable antitumor strategies, particularly considering global
inequalities in cancer burden [2] and increasing concerns about
financial toxicity [56] of cancer therapies.

Electronic Supplementary Material: Supplementary material
(detailed ~experimental procedures, synthetic protocols and
characterization data, supporting CO-release measurements, DFT
calculation details, GLEAM fabrication and characterization
procedures, additional in vitro and in vivo biological evaluations,
biosafety analyses, and flow cytometry gating strategies) is available
in the online version of this article at https://doi.org/10.26599/NR.
2026.94908830.
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