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Immunotherapy efficacy is hindered by the immunosuppressive metabolism of cancer cells and tumor-associated
macrophages (TAMs), yet their opposite metabolic programs complicate synchronized modulation of tumor
microenvironment. Here, we report an acid-activated Fe-Zn nanocomplex (FZNC) that transforms into spiky
FeOOH nanoparticles within the tumor microenvironment. This transformation enhances cellular uptake and
enables selective scavenging of hydrogen sulfide (H2S)—a metabolite that promotes glycolysis in cancer cells and

oxidative phosphorylation (OXPHOS) in TAMs. Local H,S depletion by FZNCs induces a bidirectional metabolic
shift: cancer cells are redirected from glycolysis to OXPHOS, while TAMs switch from OXPHOS to glycolysis. This
dual reprogramming enhances tumor immunogenicity with increased dendritic cell maturation and M1 polari-
zation in vitro, and enhanced cytotoxic T-cell infiltration in vivo. FZNCs treatment suppresses tumor growth and
metastasis, with synergistic effects when combined with PD-L1 blockade. This work introduces a materials-based
strategy to spatially coordinate opposing metabolic programs for improved antitumor immunity.

1. Introduction

Cancer treatment continues to face significant challenges, with
tumor metabolism playing a crucial role in disease progression and
immune escape [1,2]. In the tumor microenvironment, cancer cells and
tumor-associated macrophages (TAMs) together account for nearly
70-90 % of the cellular composition [3,4]. Interestingly, cancer cells and
TAMs adapt opposite metabolic programs that contribute to maintaining
an immunosuppressive tumor microenvironment [5,6]. Cancer cells
predominantly rely on glycolysis for energy production—a phenomenon
known as the Warburg effect [7], while TAMs use oxidative phosphor-
ylation (OXPHOS) to sustain their immunosuppressive phenotype [8].
The metabolic difference between cancer cells and TAMs creates a

fundamental biological barrier to simultaneously reprogram both cell
types, although this strategy is conceptually attractive. Indeed, extensive
studies have shown that metabolic reprogramming of either cancer cells
or TAMs alone can enhance antitumor immunity and improve thera-
peutic outcomes [9-14]. However, how to regulate the opposite meta-
bolic programs in both cell types in parallel remains an unmet challenge.

Hydrogen sulfide (HyS) has been widely studied as a metabolic
regulator, its effects varies across different cell types [15-17]. In
particular, the impact of HyS on metabolism differs markedly between
cancer cells and macrophages. In cancer cells, HoS enhances glycolysis
through pleiotropic mechanisms, such as reducing the mitochondrial
NAD'/NADH ratio and suppressing malate-aspartate shuttling [18,19]1,
thereby supporting rapid energy production for proliferation [20]. In
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macrophages, HoS promotes OXPHOS either by enhancing mitochon-
drial electron transport or limiting store-operated calcium entry [21,
22], which supports TAMs in their anti-inflammatory M2-like phenotype
[23]. The differential metabolic effects of HoS on cancer cells and TAMs,
together with the observation of elevated HsS levels in tumors [24],
make HsS a highly attractive target for therapeutic intervention. How-
ever, HyS also functions as an essential gasotransmitter involved in
various physiological processes [25,26], making it difficult to manipu-
late without inducing systemic side effects. For example, systemic use of
cystathionine y-lyase inhibitors can broadly suppress HoS production,
impairing physiological signaling and causing hepatotoxicity [27-29].
Despite extensive interest, it remains unknown how tumor-specific HyS
depletion might reshape the metabolism of both cancer cells and TAMs
simultaneously. This gap raises the need for a tumor-specific strategy to
reduce HsS level within the tumor microenvironment.

To develop dual metabolic regulation of cancer cells and TAMs in
tumor microenvironment via tumor-selective HyS depletion, a tumor-
activatable Fe-Zn bimetallic nanocomplex (FZNC) is reported in this
study based on a bimetallic metal-organic framework (MOF) structure
(Scheme 1, part I). The nanocomplex is constructed by coordinating
Fe*t and Zn?* ions with 2-methylimidazole (HmIM) as the organic
linker, forming a MOF-like architecture. Upon exposure to the acidic
tumor microenvironment, FZNCs transform into spiky FeOOH nano-
particles—a sulfur scavenger used in industry [30,31], that has also been
reported recently to reduce intratumoral HsS levels in vivo [32]. This
transformation brings two significant biological effects (Scheme 1, part
II): (1) enhanced cellular uptake due to surface topology, which in-
creases particle-cell membrane interactions and penetrates lysosome
membrane [33], and (2) tumor-specific HyS depletion, in which the
in-situ formed FeOOH acts as the key reactive species for HyS oxidation,
while the spiky structure promotes its tumor enrichment through
enhanced cellular uptake and nanoparticle accumulation. The localized
H,S depletion induces a unique dual-cell metabolic reprogramming
(Scheme 1, part III): shifting cancer cell metabolism from glycolysis to
OXPHOS, while simultaneously redirecting macrophage metabolism
from OXPHOS to glycolysis. This synchronous yet opposite modulation
of metabolism significantly enhances the immunogenicity of the tumor
microenvironment. In animal models, this metabolic shift leads to
increased T-cell infiltration, reduced expression of immunosuppressive
markers, suppressed tumor growth and metastasis, and extended sur-
vival—especially when combined with immune checkpoint blockade
therapy. By reversing the immunosuppressive metabolic landscape, this
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strategy offers a promising avenue for amplifying the efficacy of existing
cancer immunotherapies.

2. Results and discussion

The FZNCs were synthesized via a one-step reaction at 4 °C, exhib-
iting a spherical morphology (Fig. 1A and S1) with an approximate size
of 130 nm as shown by dynamic light scattering (Fig. S2). The Fe:Zn
molar ratio in FNZCs was determined to be 0.8 by using inductively
coupled plasma optical emission spectroscopy (ICP-OES) analysis
(Table S1). The high-angle annular dark-field transmission electron
microscopy (HAADF-STEM) image and corresponding energy-dispersive
X-ray spectroscopy (EDS) elemental mapping images (Fig. 1B) demon-
strated a uniform distribution of Fe, Zn and N (from HmIM) elements. X-
ray diffraction (XRD) pattern of the FZNCs revealed no distinct diffrac-
tion peak (Fig. S3), indicating an amorphous nature.

To understand how FZNCs are formed, time-dependent studies were
performed for samples prepared at different time points using various
techniques. Firstly, the XRD analysis (Fig. 1C) showed diffraction peaks
(marked by grey dots) attributed to zeolitic imidazolate framework-8
(ZIF-8) at 5 min of reaction [34], their peak intensity decreased grad-
ually till 30 min. To characterize the structural change with time, the
products at 5- and 30-min reaction were examined by Raman spectros-
copy. As shown in Fig. 1D, the 5-min product exhibited signals at 168,
685, 1146, and 1460 cm ™! assigned to Zn-N stretching, imidazole ring
puckering, C5-N stretching, and methyl bending of ZIF-8, respectively
[35]. The 30-min product presented similar Raman peaks associated
with ZIF-8, but with noticeable peak broadening and splitting (indicated
by yellow squares). This observation is different from typical Fe2* doped
ZIF-8, [36] suggesting that the coordination of Fe3*-N forms at reaction
time of 30 min after the initial Zn-N coordination formation in ZIF-8.
The time-dependent ICP-OES analysis supports a similar conclusion:
negligible Fe was observed in the 5 min product, while the Fe/Zn molar
ratio gradually increased from 5 min to 30 min (0.01-0.80, Table S1).

To understand the time-dependent change in coordination chemis-
try, the pH of the reaction system was monitored over time. As shown in
Fig. 54, the system pH was as high as 13.2 at the beginning of reaction,
then decreased to below 8 after 5 min of reaction. According to the hard
and soft acids and bases (HSAB) principle, Zn>* ions, with lower
chemical hardness (10.8) than Fe3* (13.1), preferentially coordinate to
deprotonated mIM™~ ligands under high alkalinity conditions [37],
leading to decrease in pH. Nitrogen adsorption-desorption analysis test
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Fig. 1. Synthesis, structural characterization and formation mechanism of Fe-Zn nanocomplexes (FZNCs). (A) TEM, (B) HAADF and EDS elemental mapping
images of FZNCs. Time dependent (C) XRD patterns, (D) Raman spectra, (E) nitrogen adsorption-desorption isotherms and (F) pore size distribution of FZNCs
products obtained from 5 to 30 min. (G-H) XANES spectra at the Fe K-edge and Zn K-edge (inset: the enlarged pre-edges as marked with red colour). (I-J) FT-EXAFS
spectra of Fe and Zn in FZNC. (K) WT-EXAFS spectra of ZIF-8, FZNCs and Fe**-HmIM compound. (L) Schematic illustrating the formation mechanism of FZNCs. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

showed a decrease in the BET specific surface area from 1650 to 1179
m?/g (Fig. 1E) and a corresponding increase in pore size from 1.9 to 4.8
nm (Fig. 1F), as summarized in Table S1. FZNCs are derived from ZIF-8,
but compared to ZIF-8, their pores become larger while the specific
surface area decreases. This suggests that the intrinsic framework pores
of ZIF-8 have collapsed, and FZNCs no longer retain the original ZIF-8
framework structure.

To obtain further insights into the electronic structure and coordi-
nation environment in FZNCs, X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) were
carried out. As shown in Fig. 1G, Fe K-edge XANES spectra of FZNCs
shows an edge energy position very close to Fe;O3 standard sample and
almost the same as the compound of Fe3* and HmIM coordination (Fe3+-
HmIM, Fig. S5), demonstrating that Fe exists as +3 valence state in
FZNCs. The EXAFS fitting results (Fig. 11 and S6) reveal minimal changes
in the coordination number for the first shell of the Fe-N path or in
bonding distance (Table S2), indicating a Fe coordination environment
in FZNCs. Meanwhile, the Zn K-edge XANES spectra of ZIF-8 and FZNCs
have similar near-edge absorption energies to ZnO as standard (Fig. 1H),
indicating that the valence state of Zn atoms in FZNCs is close to +2. The
relatively higher energy of Zn?" in FZNCs compared to ZIF-8 (9667.7 vs
9666.2 eV) indicates partial electron transfer from Zn?* to Fe3* that
decreases the electron density around Zn, mainly due to the higher
electronegativity of Fe than Zn [38]. The higher partial positive charge
density of Zn in FZNCs than in ZIF-8 is consistent with EXAFS fitting
results (Fig. 1J and S6), which show an increased coordination number
from 4.1 in ZIF-8 to 4.9 in FZNCs (Table S3). In addition, the first shell at

around 1.6 A and 1.5 A in R-space (Fig. 1K) indicates the Zn-N and Fe-N
path in FZNCs, which is similar to that of ZIF-8 and Fe3*-HmIM,
respectively. Taken together, these findings indicate that the Fe>* co-
ordination not only alters the electronic environment of Zn but also
disrupts the original ZIF-8 framework, leading to the formation of a
Fe-N/Zn-N co-coordinated structure in FZNCs.

Fig. 1L illustrates the formation mechanism of FZNCs. Initially,
under a high alkalinity condition, Zn?" ions (chemical hardness = 10.8)
preferentially coordinate with mIM™ ligands with a delocalized nega-
tively charge, forming a typical ZIF-8 structure. As the decreases in
alkalinity and Zn?t concentration, Fe3* ions (chemical hardness = 13.1)
may coordinate with mIM ™ and incorporate into the framework, leading
to the formation of a Fe and Zn bimetallic nanocomplex with a disor-
dered structure.

The trivalent Fe and low reaction temperature (4 °C) are crucial for
generating the FZNCs. Either divalent Fe or higher temperature failed to
yield well-dispersed FZNCs: synthesis with divalent Fe at No atmosphere
generated a typical ZIF-8 structure (Fig. S7), likely due to formation of
Fe?'-doped ZIF-8, whereas higher temperatures caused nanoparticles
aggregation (Fig. S8), presumably due to faster reaction rates. Therefore,
trivalent Fe and a sufficiently low temperature is essential to achieving
the stable Fe-Zn bimetallic framework of FZNCs.

We next explored the responsiveness of FZNCs to acidic conditions.
After exposing to pH 6.5 for 3 h, the TEM images (Fig. 2A-C) reveal a
morphological transition of FZNCs from smooth spherical nanoparticles
to rough particles adorned with surface spikes, which remain stable
upon prolonged exposure at this pH (Fig. S9). The corresponding
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Fig. 2. Acid-triggered structural and compositional transformation of FZNCs. TEM, elemental mapping, selected area electron diffraction (SAED), and high-
resolution TEM (HRTEM) images of FZNCs after incubation at pH 6.5 for (A) 0 h, (B) 1 h, and (C) 3 h, illustrating the acid-triggered morphological evolution
from smooth spherical particles to spiky FeOOH nanostructures. (D) XRD patterns (inset: enlarged view of FeOOH diffraction peaks) and (E) Raman spectra of FZNCs
after 0, 1, and 3 h of pH 6.5 treatment. (F) Release profiles of Zn, Fe, and HmIM at pH 6.5. The inset shows the NMR spectra for HmIM quantification. (G) Schematic
illustration of the transformation mechanism. (H) XRD patterns (inset: enlarged low-angle region showing (011), (002), and (112) reflections) and (I) XPS spectra of
ZIF-8, Fe?*-ZIF-8, and FZNCs. (J) TEM images of Fe2+-doped ZIF-8, FZNCs-L and FZNCs-H nanoparticles after acid treatment (pH 6.5 for 3 h). (K) The time-dependent
release profiles of Fe2+-doped ZIF-8 nanoparticles under pH 6.5 treatment. (L) XRD patterns and (M) Raman spectra of FZNCs, FZNCs-L and FZNCs-H. (N) Illustration
of the structural features enabling the transformation of FZNCs into FeOOH under acidic conditions.

elemental mapping indicates a gradual reduction of Zn and N in the
nanoparticles during the acidic treatment. At the same time, the selected
area electron diffraction patterns transformed from an amorphous state,
characterized by a halo ring pattern (Fig. 2A), to an amorphous core
surrounded by a single crystalline shell showing clear diffraction spots
(Fig. 2B). As shown in the HRTEM image (Fig. 2C), the outer crystalline
spike exhibited a lattice fringe with a d spacing of 0.23 nm, that can be
attributed to FeOOH. This observation aligns with previous reports that
FeOOH typically grows into nanorods due to its intrinsic orientation
growth [39,40] and is stable in mildly acidic conditions [41]. Further-
more, XRD patterns (Fig. 2D) of acid treated FZNCs exhibit two char-
acteristic peaks assigned to (110) and (100) lattice plane of FeOOH,
while Raman spectroscopy (Fig. 2E) reveals the decreased intensity of
Fe-N and Zn-N signals as well as the appearance of FeOOH peaks. The
release profiles of Zn, Fe, and HmIM (Fig. 2F and S10) reveal that Zn and
HmIM rapidly released from FZNCs, while Fe released more gradually
under pH 6.5 conditions. Based on above results, the acidity induced
transformation of FZNCs is summarized in Fig. 2G. Initially, FZNCs

maintained a smooth spherical morphology. Upon acid treatment, Zn-N
bonds are cleaved more rapidly than Fe-N bonds, causing preferential
Zn-N breakage and the release of HmIM linkers. The released HmIM are
deprotonated by HoO to create an OH™ -rich microenvironment [42],
thus the released Fe>* ions react with OH™ to produce FeOOH, forming
spikes via oriented growth on the outer surface of nanospheres.
Traditional divalent metal-doped ZIF-8 materials, such as those
doped with Cu®", Fe?*, and Mn®", retain the original crystalline struc-
ture of ZIF-8 and typically undergo simple degradation and metal ion
release in acidic environments [43,44]. In contrast, FZNCs exhibit a
unique response under acidic conditions, not only releasing Zn** but
also converting to FeOOH nanostructures. To elucidate the underlying
mechanism behind this, we synthesized Fe?>-doped ZIF-8 (Fe2*-ZIF-8)
as a control. The XRD patterns (Fig. 2H) and Fourier transform infrared
spectroscopy (Fig. S11) of Fe?'-ZIF-8 exhibit typical ZIF-8 structural
characteristics. The intense diffraction peaks indicate a high crystallinity
of Fe?"-ZIF-8. X-ray photoelectron spectroscopy (XPS) (Fig. 2I) further
confirms the different valence states of Fe in the samples, with Fe>*
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present in Fe?>"-ZIF-8 and Fe>" in FZNCs. The Fe?"-ZIF-8 powder ap-
pears yellow and FZNCs appear red (inset of Fig. 2I), which is consistent
with the typical colors of Fe2* and Fe>* compounds. Upon acid treat-
ment, the TEM image of Fe?t.ZIF-8 (Fig. S12) shows a degradation
behaviour featured with debris from octahedral nanoparticles (Fig. 2.J),
similar to pure ZIF-8, without forming the characteristic spikes observed
in FZNGs. The release profiles of Zn, Fe, and HmIM from Fe?*-ZIF-8
(Fig. 2K) show that these components are released at similar rates,
contrasting with the unique release dynamics observed in FZNCs.

In addition, the influence of Fe®™ content on FZNCs-to-FeOOH
transformation was also investigated. We fabricated FZNCs with the
Fe* content of 0.41 or 1.76 (Fe/Zn) termed as FZNCs-L or FZNCs-H (as

Biomaterials 326 (2026) 123655

determined by ICP-OES in Table S1), separately. The XRD patterns
(Fig. 2L) and Raman spectra (Fig. 2M) indicate the successful fabrication
of FZNCs with low and high Fe>* content, respectively. The TEM images
(Fig. S12) exhibit a similar nanosphere morphology to FZNCs. As shown
in Fig. 2J, insufficient or excessive Fe3* content in FZNCs failed to form
FeOOH structures after acid treatment.

The transformation of FZNCs under acidic conditions can be attrib-
uted to their unique structural features as illustrated in Fig. 2N. (1)
Different from ZIF-8, the increased Zn-N coordination number weakens
the bond strength of Zn-N bond in FZNCs because the charge is
distributed over more bonds. This makes it easier to protonate HmIM
and break Zn-N coordination in FZNCs under acid conditions in
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comparison to ZIF-8 structure [45]. (2) The larger pores on FZNCs sur-
face, possibly due to the acidic responsive leaching profiles, enable H' to
penetrate into the interior structure, not remaining only at the outer-
most layer of the particles, thereby accelerating the dissociation process.
(3) The dissociation process preferentially happened in Zn?*-N bonds
rather than Fe>*-N because of the higher chemical hardness of Fe>* than
Zn?*, guided by the HSAB principle. Taking together, these structural
features of FZNCs are essential to the transformation of FZNCs to
FeOOH.

FZNCs have been demonstrated to transform from smooth nano-
particles to spiky rough nanoparticles under acidic conditions. This
transformation is significant because rough nanoparticles exhibit
enhanced interaction with cells and faster internalization [46,47]. We
first tested the colloidal stability of FZNCs in simulated serum. As shown
in Fig. S13, FZNCs showed negligible size variation and ion leakage in
10 % FBS media (DMEM or RPMI 1640) at 37 °C for 60 h. With stability
ensured, we next examined the cellular uptake of FZNCs under neutral
(pH 7.4) and acidic (pH 6.5) conditions. Bio-TEM images (Fig. 3A) reveal
the uptake of FZNCs by CT26 colon cancer cells and bone
marrow-derived macrophages (BMDMs) after 3 h of incubation. At pH
7.4, the smooth FZNCs predominantly remained outside the cells, as
indicated by arrows 1 and 2, which denote amplified positions. In
contrast, at pH 6.5, a significant portion of the FZNCs, now rough with
surface spikes, efficiently entered the cells. The quantification result
(Fig. 3B) also shows a significantly higher uptake of FZNCs at pH 6.5
compared to pH 7.4 in both CT26 cells and BMDMs, as analyzed by flow
cytometry.

According to a previous report, the spike structure on the surface of
nanoparticles helps penetrate through the endosomal membrane, which
facilitates appropriate endosomal escape [48]. To evaluate the endo-
somal escape capability of FZNCs, the lysosomes were stained using
Lysotracker for confocal laser scanning microscopy (CLSM) imaging. As
shown in Fig. 3C, the red signals from FZNCs colocalized well with green
signals from lysosome in CT 26 cells cultured under pH 7.4. Whereas no
obvious colocalization could be found under pH 6.5, demonstrating the
efficient endosome escape of FZNCs in acidic conditions. We also
examined confocal images at an earlier time point and observed a
similar pattern that FZNCs did not colocalize with lysosomes (Fig. S14).
This supports our hypothesis that the spiky morphology of FZNCs en-
ables them to physically pierce the endosomal membrane, thereby
preventing its acidification and maturation into lysosomes. In addition,
an enhanced cell toxicity of FZNCs could be observed under pH 6.5
(Fig. S15), which might be primarily due to the improved cellular
uptake.

Besides the enhanced uptake, the generated FeOOH as a widely re-
ported H,S trap agent is anticipated to reduce the excessive H,S in tumor
[49]. To demonstrate this, the reactivity of FZNCs with HyS was firstly
evaluated in NayS (HyS donor) solution with different pH (7.4 and 6.5)
and temperatures. The time-dependent H,S concentration curves are
shown in Fig. 3D, FZNCs exhibited weak reactivity with HyS at neutral
PH 7.4. A significantly higher reactivity at pH 6.5 compared to pH 7.4
was observed across all tested FZNCs concentrations (25, 50, and 100
pg/mL). Notably, the HyS depletion efficiency was further improved at
physiological temperature (37 °C). To further assess the cellular HyS
depletion ability of FZNCs, CT26 colon cancer cells or BMDMs were
treated with FZNCs under different pH conditions and then imaged using
CLSM with an H,S probe. For comparison, GYY4137, an intracellular
H,S donor, was used as positive control, which showed no significant
cell toxicity (Fig. S16). As exhibited in Fig. 3E, minimal H5S (green
signal) was observed in the control group, indicating baseline HyS levels,
while the GYY4137 group showed a significant increase of H,S,
reflecting elevated HS due to the donor. FZNCs at pH 7.4 exhibited
moderate level of HyS, but substantially reduced H»S at pH 6.5. The
quantification of intracellular HsS levels by flow cytometry (Fig. 3F and
G) further demonstrate the effectiveness of FZNCs in depleting cellular
H,S within acidic environments.
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The unique functions of H,S in manipulating metabolisms inspired us
to investigate the impact of FZNCs on metabolic reprogramming of
cancer cells and macrophages [50,51]. Therefore, the oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) mea-
surements were performed in CT26 colon cancer cells and BMDMs, as
depicted in Fig. 4A. In CT26 cells, the introduction of the HyS donor led
to a decrease in OCR and increase in ECAR, indicating an upregulation of
glycolysis, consistent with HsS’s role in enhancing tumor glycolytic
activity. When FZNCs were introduced, HyS’s effect was slightly weak-
ened. However, FZNCs with acid treatment induced a significant
metabolic shift, i.e., ECAR decreased while OCR increased, reflecting a
transition from a glycolytic phenotype to OXPHOS. This suggests that
FZNCs effectively reprogram the metabolic profile of CT26 cells from
glycolysis to OXPHOS preferably in the acidic environment.

For BMDMs, the H,S donor enhanced OCR, implying a preference for
OXPHOS. Upon treatment with FZNCs, especially in acid treated FZNCs
group, there was a notable decrease in OCR and an increase in ECAR.
This indicates that FZNCs can rewire the metabolism of BMDMs, shifting
them away from OXPHOS and towards glycolysis. Different from CT26
cancer cells, FZNCs alone also caused a moderate metabolism shift. This
is due to Fe’s role in regulating macrophage metabolism and a similar
phenomenon has been observed in our previous research [10]. The
measurement of 3C-glucose flux in metabolites provides further evi-
dence supporting these metabolic shifts (Fig. 4B). In CT26 cells,
HyS"/FZNCs*'/acidt group showed a marked reduction in glycolytic
metabolites such as 3 PG, PRY and LAC, while an increase in TCA
products such as FUM and MAL compared to HpS™, aligning with the
observed shift to OXPHOS. In contrast, BMDMs after
H,S"/FZNCs" /acidt treatment exhibited an enrichment of glycolytic
metabolites, consistent with their shift towards glycolysis. These
metabolomic changes demonstrate the ability of FZNCs to reprogram
cancer cells and macrophages in opposing directions—shifting cancer
cells from glycolysis to OXPHOS and macrophages from OXPHOS to
glycolysis.

To further explore the metabolic impact of FZNCs treatment,
untargeted metabolomic profiling was conducted in both CT26 cancer
cells and BMDMs. The heatmap in Fig. 4C shows the relative abundance
of intracellular metabolites, where distinct patterns were observed be-
tween the control and FZNCs groups. Notably, in CT26 cells, metabolites
associated with glycolysis such as 3-phosphoglycerate and lactate were
significantly downregulated, while tricarboxylic acid (TCA) cycle in-
termediates like citrate and fumarate were elevated, consistent with a
shift toward oxidative phosphorylation. In contrast, BMDMs displayed
an opposite trend—glycolytic metabolites were elevated, while several
TCA cycle intermediates were decreased—supporting a shift toward
glycolysis. Principal component analysis (PCA) further confirmed the
global metabolic reprogramming (Fig. 4D and F). In both CT26 and
BMDMs, the FZNCs-treated samples clustered separately from the con-
trols, indicating distinct metabolic states. Volcano plots (Fig. 4E and 4G)
also identified >70 % significantly altered metabolites (fold change
>1.5, p < 0.05). To gain pathway-level insights, enrichment analysis
was performed (Fig. 4H) using the Reactome database [52]. In CT26
cells, the most activated pathways following FZNCs treatment included
the TCA cycle, vitamin and cofactor metabolism, and fatty acid oxida-
tion—consistent with enhanced mitochondrial function. Conversely,
BMDMs exhibited upregulation of glycolysis and fatty acid synthesis,
suggesting a metabolic shift away from mitochondrial respiration to-
ward aerobic glycolysis.

Given that the metabolic function of FZNCs relies on tumor-specific
H,S depletion, we specifically examined sulfur-related metabolic path-
ways (Fig. 4I). In CT26 cells, the sulfur amino acid metabolism path-
way—closely associated with endogenous HyS production—was
markedly downregulated after FZNCs treatment. Additionally, pathways
related to mitochondrial iron-sulfur cluster biogenesis and purine
metabolism also showed suppression. In BMDMs, FZNCs treatment led
to the upregulation of redox-related pathways such as reactive oxygen/
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of sulfur-related metabolic pathways in CT26 cells and BMDMs.

nitrogen species (ROS/RNS) production and post-translational modifi-
cation. These pathway-specific responses provide strong evidence that
FZNC-mediated H,S depletion alters intracellular sulfur metabolism and
drives distinct metabolic reprogramming in cancer cells and
macrophages.

To characterize the immunogenicity resulting from FZNCs-mediated
metabolic reprogramming, we measured key immunoregulating me-
tabolites secreted by CT26 cells under different conditions. As shown in
Fig. 5A, cells treated with GYY4137 elevated the secretion of lactate,
kynurenine, and adenosine, known metabolites associated with immu-
nosuppressive functions in the tumor microenvironment, but reduced
immunostimulatory ATP production. In contrast, FZNCs treatment,
especially under acidic conditions (FZNCs/H™), substantially reduced
the immunosuppressive metabolites while boosting ATP secretion.
Immunofluorescence imaging demonstrated significantly increased
surface expression of calreticulin (CRT), a hallmark of enhanced
immunogenicity, in FZNCs/H™ treated cancer cells (Fig. 5B). According
to previous reports, these immunogenic molecular patterns can actively
recruit dendritic cells for immune activation [53]. Thus, we next per-
formed the dendritic cell (DC) maturation assay via a coculture method

(Fig. 5C). CT26 cancer cells pretreated with FZNCs/H" promoted the
highest DC maturation rate compared to control or GYY4137-treated
cells (Fig. 5D and S17). Correlation analysis indicated strong negative
relationships between immunosuppressive metabolite levels (adenosine,
kynurenine, lactate) and DC maturation efficiency (Fig. 5E), as well as a
positive ATP-DC maturation relationship, supporting the direct link
between metabolic modulation and enhanced cancer cell
immunogenicity.

We next studied the influence of FZNCs-mediated metabolic
reprogramming on the immunogenicity of macrophages, where cell
phenotype and cytokines secretion were tested. Firstly, the macrophage
polarization was investigated by flow cytometry analysis (Fig. 5F and
G). Treatment with the HyS donor strongly induced the immunosup-
pressive M2 phenotype (CD206-positive cells, 94.5 %), which is
consistent with previous reports [54]. Whereas FZNCs treatment
reversed this trend, notably reducing CD206-positive cells to 29.2 %
under acidic conditions. Concurrently, FZNCs/H" treatment signifi-
cantly elevated the expression of the M1-associated markers CD80 and
IL-12, indicating a clear shift towards an immunostimulatory M1
phenotype. A moderate M1 polarization was also found in the FZNCs
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(F-G) Flow cytometry analysis of macrophage polarization after various treatments. CD206 was used as M2 phenotype marker and CD80/IL-12 was used as M1
phenotype marker. (H) ELISA analysis of cytokines IL-6, IL-12, and TNF-« secreted by macrophages treated as indicated. Data presented as mean + SD; *p < 0.05,
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group under neutral conditions, indicating a contribution by the typical
Fe>*-based M1 polarization pathway. Consistent with these findings,
ELISA assays demonstrated a robust increase in pro-inflammatory cy-
tokines IL-6, IL-12, and TNF-a from macrophages treated with
acid-activated FZNCs (Fig. 5H). However, we observed that treatment
with Fe®* or FZNCs alone under neutral conditions resulted in only
modest increases in pro-inflammatory cytokine secretion. This indicates
the pronounced enhancement of macrophage immunogenicity by
acid-activated FZNCs is primarily attributable to the reprograms cellular
metabolism rather than the widely reported Fe?+/3*-driven polarization
pathways. Collectively, these results strongly support the capacity of
acid-activated FZNCs to enhance tumor immunogenicity by simulta-
neously reducing tumor-derived immunosuppressive metabolites and
reprogramming macrophages toward a pro-inflammatory phenotype.
To test whether our FZNCs could synchronously regulate metabolism
in both cancer cells and macrophages in vivo, we built a mouse model
bearing CT26 tumors (Fig. 6A). After intravenous administration of
FZNCs, CT26 cancer cells and tumor-associated macrophages (TAMs)

were rapidly isolated from tumor tissues using an optimized low-
temperature magnetic sorting protocol, utilizing EpCAM and F4/80
antibodies for positive selection. Notably, CT26 cells exhibit robust
EpCAM expression (>99 %, Fig. S18), ensuring efficient cell enrichment
for metabolic analysis. Single-cell metabolomic analysis in vivo is tech-
nically challenging, as tissue processing and cell sorting procedures
inherently influence the highly dynamic nature of the metabolome. To
validate our experimental design, we first simulated the digestion and
sorting workflow using cultured CT26 cells an BMDMs in vitro. Metab-
olite profiles before and after simulated procedures revealed that over
70 % of analyzed metabolites displayed acceptable variations (<20 %,
Fig. 6B and C and S19). However, certain metabolites, such as ATP and
NADPH, exhibited notable variability (up to ~50 %), highlighting the
importance of selecting stable metabolites for in vivo analysis. Therefore,
we identified and selected 50 metabolites with minimal processing-
induced variability for subsequent in vivo profiling. As shown in
Fig. 520, the in vivo metabolic analysis clearly demonstrated that FZNCs
induced robust, simultaneous, and opposite metabolic reprogramming
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in CT26 cancer cells and TAMs. To further exclude the procedural var-
iations, we selected the most stable 9 metabolites (marked by green dots
in Fig. 6B and C) and illustrated their abundance in a metabolic pathway
diagram. As displayed in Fig. 6D, in CT26 cells from FZNC-treated tu-
mors, glycolysis-related metabolite (Lac) was notably decreased, while
metabolites associated with the tricarboxylic acid (TCA) cycle (Suc and
Mal) and fatty acid oxidation (ALCAR) significantly increased. In
contrast, TAMs isolated from the same tumors displayed upregulated
glycolysis and fatty acid synthesis (Gly) metabolites and decreased
levels of TCA cycle intermediates, suggesting a metabolic shift from
oxidative phosphorylation toward glycolysis.

These in vivo results highlight the dual functionality of FZNCs in
precisely orchestrating metabolic shifts tailored to distinct cell types
within the same tumor microenvironment. While minor technical vari-
ations inherent to sample preparation and cell sorting procedures are
unavoidable, the observed synchronous yet opposing metabolic
reprogramming represents a significant advance, providing, to the best
of our knowledge, the first demonstration of nanomaterial-induced
simultaneous and opposite in vivo metabolic regulation of cancer cells
and macrophages.

Encouraged by our in vivo metabolic regulation results, we next
evaluated the performance of FZNCs in reversing immunosuppressive
tumor microenvironment for cancer immunotherapy. One important
feature of tumor tissue is the acidic microenvironment, which has been
widely exploited to develop acid responsive delivery strategies for
therapeutic agents [55]. The acidic nature of the tumor microenviron-
ment is expected to trigger the transformation of FZNCs from smooth to
rough nanoparticles, enhancing their cellular uptake and accumulation
in tumor tissues. This inspired us to explore the biodistribution of FZNCs
in the tumor model. To directly visualize the in vivo biodistribution,
FZNCs were labelled with fluorescent Cy-5.5 and intravenously injected
into tumor-bearing mice. The distribution at various time points
post-injection (3, 6, 9, 12, 24, and 48 h) was imaged by IVIS (Fig. 7A).

Fe?'-ZIF-8 nanoparticles were also set here as comparison. The imaging
results show that FZNCs exhibit prolonged retention at the tumor site
compared to Fe?*-ZIF-8, indicating their good tumor-targeting capa-
bility. Besides roughness, presumably the good colloidal stability and
acid responsive change in surface (Fig. S21) also contribute to its good in
vivo tumor targeting ability. Moreover, PEGylation of FZNCs exhibited a
further improvement in tumor accumulation (Fig. S22), implying that
FZNCs are feasible for surface modifications and the enabled new bio-
functions. The biodistribution of FZNCs in major organs and tumors was
assessed by quantifying Zn and Fe content via ICP-MS. As shown in
Fig. 7B, a significant amount of Fe accumulated in the tumor tissue,
whereas Zn levels were minimal. This discrepancy likely results from the
acid-responsive disassembly of FZNCs in the extracellular tumor
microenvironment, where Zn?' ions are rapidly released and cleared
due to the high interstitial fluid pressure and dynamic ion exchange. In
contrast, Fe>t within the FZNCs is converted into rough-surfaced
FeOOH nanoparticles, which exhibit enhanced cellular uptake and are
more readily retained within the tumor, leading to selective Fe
enrichment.

The H,S depletion capability of FZNCs was further evaluated in vivo.
For comparison, the 1194496, an inhibitor targeting cystathionine
y-lyase and endogenous HsS production [56], was also used. As shown in
Fig. 7C and D, while 1194496 effectively reduced HyS levels, this
reduction occurred non-specifically in both the liver and tumor tissue,
raising concerns about potential systemic toxicity. In contrast, FZNCs
selectively reduced H,S levels within the tumor with minimal impact on
non-target organs such as the liver, indicating their specificity for
tumor-associated HyS depletion.

To evaluate the immunotherapeutic performance of FZNCs, CT26
colon tumor-bearing mice were treated with FZNCs, PDL1 immune
checkpoint inhibitors (anti-PDL1) or their combination and then the
tissues and blood were harvested for further analysis, as outlined in the
experimental setup (Fig. 7E). The tumor growth profile in Fig. 7G
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revealed significant tumor inhibition by FZNCs, with the greatest effect
observed in the combination therapy group (FZNCs + anti-PDL1).
Representative tumor images and tumor weight data (Fig. 7F-H) further
corroborated these findings, demonstrating the potent therapeutic ef-
fects of FZNCs and their synergistic interaction with anti-PDL1 blockade.
Notably, previous studies have reported that zinc ions can activate anti-
tumor immunity by enhancing antigen presentation, modulating tumor-
associated macrophage polarization, and promoting T cell-mediated
immune responses [57]. In our study, the contribution of Zn?" to the
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therapeutic effect appears to be limited due to its low accumulation
within the tumor microenvironment (Fig. 7B). Importantly, body weight
remained stable across all treatment groups (Fig. 7H), and H&E staining
of major organs, including the heart, liver, spleen, lung, and kidney,
showed no signs of tissue damage (Fig. S23), further indicating the low
systemic toxicity of FZNCs.

To understand the underlying mechanisms of tumor suppression,
tumor tissues were analyzed for key biomarkers associated with tumor
progression and immune modulation. The CD31 staining revealed a
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decrease angiogenesis in the FZNC-treated group, while Ki-67 staining
revealed a significant reduction in tumor cell proliferation (Fig. 7I and
$24-25). According to previous reports, this can be attributed to the
synchronous metabolic reprogramming of both cancer cells and mac-
rophages that reduces the secretion of pro-angiogenic factors such as
VEGF and IL-10 [58,59]. Furthermore, immunohistochemical staining
revealed a marked reduction in IDO (indoleamine 2,3-dioxygenase)
expression in the FZNC-treated groups, which is known to inhibit
T-cell activity (Fig. 7I and S24-25). To demonstrate this,
tumor-infiltrating lymphocytes were further analyzed by flow cytom-
etry. As shown in Fig. 7J-S26 and S27, FZNCs treatment significantly
increased the proportion of cytotoxic CD3*CD8™ T cells, while reducing
the population of immunosuppressive CD4 "Foxp3™" regulatory T cells.
These changes indicate that FZNCs not only promote immune cell
infiltration into the tumor microenvironment but also shift the immune
balance toward a more active antitumor state. To further assess the in
vivo immune-regulatory effect of FZNCs, we treated the tumor with
FZNCs alone and then analyzed CD8'IFNy™ T cells and inflammatory
cytokines after 96 h. As shown in Fig. 528, FZNCs treatment elevated
CD8'IFNy™ T cells population around 10 times to control group,
together with increased levels of TNF-a and IL-12p40, suggesting FZNCs
triggered a pro-inflammatory tumour microenvironment.

To evaluate the potential of FZNCs in preventing tumor metastasis,
lung tissues were examined for metastatic nodules via H&E staining
(Fig. 7K). Mice treated with FZNCs displayed significantly fewer tumor
nodules in the lungs compared to controls, indicating that FZNCs can
effectively inhibit metastatic spread, a critical feature for improving
long-term outcomes in cancer therapy. Finally, the survival benefits of
FZNCs were assessed through a Kaplan-Meier survival analysis (Fig. 7L).
FZNC treatment significantly extended the survival of tumor-bearing
mice compared to controls, with the combination therapy group
achieving the longest survival. This highlights the potential of FZNCs to
enhance the efficacy of existing immunotherapies, particularly immune
checkpoint inhibitors.

3. Conclusion

This study demonstrates the potential of Fe-Zn bimetallic nano-
complexes (FZNCs) as a tumor-activatable platform for cancer immu-
notherapy. Unlike conventional divalent Fe-doped ZIF-8, our trivalent
Fe-doped framework disrupts the classical ZIF-8 structure, enabling a
unique transformation into spiky FeOOH nanoparticles under acidic
tumor conditions. This structural transformation enhances cellular up-
take, selectively reduces tumor-associated HyS, and reprograms meta-
bolic pathways in both cancer cells and macrophages. The resulting
metabolic rewiring boosts tumor immunogenicity by promoting den-
dritic cell maturation, macrophage polarization toward an M1 pheno-
type, and T-cell infiltration, thereby enhancing antitumor immune
responses. In vivo, FZNCs effectively suppressed tumor growth, reduced
metastasis, and extended survival, with the combination of FZNCs and
anti-PDL1 achieving synergistic therapeutic effects. Importantly, FZNCs
exhibited negligible systemic toxicity, demonstrating their translation
potential. These findings highlight FZNCs as a novel material-driven
strategy for synchronizing metabolic and immunological reprogram-
ming, paving the way for next-generation cancer immunotherapies.
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