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ABSTRACT: Hydrogen sulfide (H,S), highly enriched in colorectal tumors, acts as an
upstream regulator of copper homeostasis and cuproptosis. However, most existing
cuproptosis nanotherapeutics focus on downstream copper overload while lacking the
ability to resolve the dynamic H,S-mediated regulation that governs copper speciation and
redox stress. Here, we develop a self-driving and self-reporting petal-like Au—Cu,O
metalloenzyme that enables real-time interrogation of H,S-mediated cuproptosis.
Surfactant-directed anisotropic growth yields an interface-rich architecture with exposed
Au—Cu,O junctions, generating abundant plasmonic hotspots and redox-active sites for
synergistic SERS enhancement and photoenhanced peroxidase-like catalysis. The
nanocomposite drives sustained Cu*/Cu?* cycling, glutathione depletion, and reactive
oxygen species generation, leading to mitochondrial dysfunction and lipid peroxidation.
Using activity-based SERS monitoring in living cells, we reveal that H,S exerts a dual
regulatory role by transiently buffering oxidative stress while promoting intracellular
copper retention through copper-sulfide complexation, thereby amplifying downstream
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cuproptosis execution. By correlating H,S upregulation with copper retention and cuproptosis markers in colorectal cancer models,

this work establishes a foundation for precision intervention against H,S-altered malignancies.
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C uproptosis, a recently identified form of Cu-dependent
programmed cell death, presents new therapeutic
opportunities for regulating Cu levels in targeting metabolically
active cancers, particularly those resistant to conventional
treatments.' > Although not primarily mediated by oxidative
stress, cuproptosis is associated with a significant increase of
reactive oxygen species (ROS) generation due to the high Cu-
mediated Fenton catalytic efficiency (Cu*": 460 M™"s™!, Cu':
10000 M~"s™"), which exacerbates mitochondrial damage and
disrupts redox dysregulation.*® Cuproptosis inducers typically
exploit specific features of tumor microenvironment (TME),
such as enriched GSH, elevated level of H,0,, and mild
acidity.”~ In colorectal cancer (CRC), the TME is uniquely
characterized by elevated high levels of hydrogen sulfide
(H,S)."%7" It can interact with copper ions to form copper-
sulfide complexes, potentially creating a bioavailable copper
reservoir that modulates copper bioavailability and redox
activity.'»'* This positions H,S metabolism as a crucial
upstream regulator of copper homeostasis, yet the dynamic
relationship between upstream H,S fluctuations and down-
stream copper-induced redox dysregulation remains poorly
understood, limiting the development of precise cuproptosis-
based therapies.

Recent years have witnessed growing interest in leveraging
H,S as a trigger for CRC-targeting theranostic agents. Various
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H,S-responsive systems, including BODIPY probes, Cu-MOFs,
and copper single-atom nanozymes, have been developed for
photothermal and photodynamic therapy.'*™'® For instance,
Zhao et al. developed copper-ion-interference therapy using
H,S-responsive copper hydroxyphosphate nanoparticles to
disrupt copper homeostasis.” Despite their therapeutic promise,
these approaches predominantly focus on downstream copper
overload and therapeutic efficacy, while functioning as “blind”
delivery systems that lack the capability to dynamically track
upstream H,S-mediated regulation and its downstream redox
consequences in situ. Recent advances in analytical technologies
have enabled partial progress in monitoring cuproptosis-related
processes. Surface-enhanced Raman spectroscopy (SERS),'”
which offers molecular fingerprinting capability and single-
molecule sensitivity, has emerged as a powerful tool for probing
intracellular redox chemistry. Tian and coworkers developed
SERS probes to monitor CuCl,-stimulated cuproptosis via the
interconversion between Cu® and Cu®*" in mitochondria."®
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Scheme 1. Schematic Illustration of Cuproptosis Activation Induced by Petal-Like Au—Cu,O Hybrids in Combination with H,S/
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Nevertheless, these probes functioned as passive sensors without
built-in cuproptosis-inducing activity, creating a technological
gap between induction and monitoring capabilities.

As a promising candidate to combine these capabilities,
cuprous oxide (Cu,0), a semiconductor containing Cu" that
can generate Cu** and Cu by disproportionation reactions, have
attracted increasing attention thanks to the superior catalytic
activities and optical properties."”~>" In the presence of H,0,,
Cu,O can catalyze the generation of «OH while consuming
GSH, enhancing the sensitivity of tumor cells to copper-induced
cell death.”” Numerous Cu,O-based nanomaterials with
enzymatic activities and H,S responsiveness have been
developed as therapeutic catalysts for aggravating redox
dyshomeostasis. Moreover, Cu,O could enhance Raman
scattering due to the photoinduced electron transfer, but its
relatively low enhancement ability impeded the SERS
biosensing. Recently, Au—Cu,O hybrids have been widely
explored to greatly enhance catalytic activity originating from a
considerable number of copper/oxygen vacancies and possible
plasmonic effects.”* Such hybrid structures are thus promising to
facilitate efficient electron transfer at the Au—Cu,O hetero-
junction, leveraging the localized electric field for SERS
enhancement and sensing.”*

Despite these advances, the dynamic speciation of copper-
sulfide complexes renders cuproptosis analytically elusive, while
the mitochondrial localization of key cuproptotic events
demands subcellular resolution.””™>’ These issues hindered

the monitoring upstream H,S mediation and downstream
effects in a direct way. Activity-based sensing (ABS) strategy
leverages chemical probes or enzymatic reactions for real-time
monitoring of biological processes via dynamic changes in
molecular activity.”*”” Using this concept, our group have
designed several ratiometric SERS sensors to monitor different
cell death pathways, such as apoptosis, ferroptosis, by tracking
the metabolic changes of downstream biomarkers.”””" Accord-
ingly, we hypothesized that combining this SERS-ABS strategy
with rationally designed Au—Cu,O hybrids could enable
simultaneous induction and monitoring of cuproptosis
processes.

Although the small lattice mismatch between Cu,O and Au
favors the formation of conventional core—shell architectures,
such configurations confine the built-in electric field to a narrow
interfacial region and often restrict analytes access and efficient
redox-coupled charge transfer. In this work, a petal-like Au—
Cu,O hybrid-based theranostic platform has been developed,
which enables simultaneous initiation and real-time monitoring
of H,S-mediated cuproptosis in living cells (Scheme 1). Our
strategy involves the anisotropic growth of Cu,O nanoplates on
gold nanoparticle surfaces to form a petal-like heterostructure
through a surfactant-directed method. Compared to conven-
tional core—shell structures, this petal-like architecture with
abundant exposed active sites, promotes effective electron—hole
separation, strong electromagnetic and chemical enhancement
effect, significantly enhancing both enzyme-like activity and
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Figure 1. (a) TEM and (b) SEM image of petal-like Au—Cu,O. (c¢) HAADF-STEM image and elemental mapping of petal-like Au—Cu,0. (d)
HRTEM image and lattice fringe in the circle regions of 1, 2, and 3. (e) XRD pattern of petal-like Au—Cu,O. XPS spectra of (f) Au 4f and (g) Cu 2p
spectrum. (h) Hydrodynamic size distribution of AuNPs and petal-like Au—Cu,O. (i) Zeta potential measurement of AuNPs, Cu,O nanosheets and

petal-like Au—Cu,O.

SERS sensitivity. By leveraging the H,S-responsive sulfidation
behavior, the platform achieves sustained Cu ion release and
glutathione depletion while maintaining stable SERS signal
output for dynamic detection. Furthermore, using the SERS-
ABS strategy, we directly correlate elevated H,S levels with
intracellular copper retention and key downstream cuproptosis
events in colorectal cancer models. This dual-functional
platform is promising for deciphering the metabolic dynamics
of metal ion-mediated cell death and for developing precision
theranostic strategies targeting H,S-altered malignancies.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Petal-Like Au—Cu,0
Nanocomposites

Petal-like Au—Cu,O nanocomposites were synthesized via a
surfactant-directed strategy using 50 nm CTAC-stabilized
AuNDPs as seeds (Figure S1). In this process, sodium dodecyl
sulfate (SDS) micelles acted as soft templates, complexing with
Cu® ions and adsorbing onto the AuNP surface. Subsequent
reduction of Cu** by hydrazine hydrate within this confined
environment led to the heterogeneous nucleation of Cu,O on
the Au substrate.”>*® With the reaction time going by, the
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growth of Cu,O was extended from the ends to the edges of
existing ones (Figure S2), ultimately resulting in the formation
of thin Cu,O nanosheets surrounding AuNPs (Figure la).
Scanning electron microscopy (SEM) images (Figures 1b and
$3) vividly displayed the unique morphology where petal-like
Cu,O nanosheets were anchored onto AuNPs. High-angle
annular dark-field scanning TEM (HAADF-STEM) and
elemental mapping verified the structure, showing a central Au
core with Cu and O distributed throughout the petals (Figure
1c).

Different with previous works in which the lattice spaces
between Au and Cu,O are small, lattice fringes of 0.246 and
0.200 nm, respectively corresponding to the plane of Cu,O and
the {200} plane of Au could be observed (Figure 1d). Despite
the lattice mismatch, the Au—Cu,O interface with a lattice
spacing (0.194 nm) was well identified, indicating the formation
of the heterojunction probably due to a localized epitaxial
growth facilitated by the flexible CTAC/SDS surfactant bilayer
at the Au surface.”* X-ray diffraction (XRD) patterns (Figures le
and S4) matched well with the standard patterns for Au and
Cu,O, with characteristic peaks for both phases present. The
unique petal morphology is attributed to anisotropic growth
directed by SDS, which preferentially adsorbs onto the {110}
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Figure 2. (a) TEM images of Au—Cu,O hybrids synthesized with increasing Cu®* concentrations (1.5, 3, 6, and 10 mM). (b) UV—vis spectra and
corresponding photographs (inset) of the colloidal solutions from (a). (c) SERS spectra of 10~ M methylene blue (MB) obtained from the hybrids in
(a) and bare AuNPs. (d) TEM image of the CS structure synthesized for comparison. Concentration-dependent SERS spectra of MB using (e) the CS
and (f) the Petal nanostructures. (g) Calculated enhancement factors for AuNPs, CS, and Petal substrates. (h) Charge-transfer diagram of Au, Cu,O

and MB. (i) Comparison of SERS enhancement mechanisms for AuNPs, CS, and Petal hybrids.

facets of Cu,O, thereby promoting 2D extension along the
{111} directions.” Electrostatic repulsion between the
negatively charged, SDS-capped nanosheets forced them to
splay outward from the AuNP surface. In contrast, synthesis
without SDS resulted in uneven core—shell clusters (Figure S5),
highlighting the essential role of SDS in forming the super-
structure. The synthesis was also temperature-sensitive, with
optimal structures forming at 30 °C, whereas shorter and sparser
petals occurred at 0 °C, mainly due to the high solution viscosity
and restricted ion diffusion, limiting the lateral extension of
nanosheets (Figure S6a). By contrast, at 80 °C, the increased
fluidity and decreased stability of SDS micelles likely led to
coarse, loose structures that detach easily (Figure S6b).*”
X-ray photoelectron spectroscopy (XPS) analysis further
validated the chemical states (Figure S7). The Au 4f spectrum in
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Figure 1f showed doublets at binding energies of 83.6 eV (4f,)
and 87.7 eV (4f;,,), characteristic of metallic Au’. Meanwhile,
the Cu 2p spectrum exhibited peaks at 932.7 eV (2p;/,) and
952.5 eV (2py,,) (Figure lg), confirming Cu* as the
predominant state, with a minor amount of Cu?*. Figure 1h
indicates that the hydrodynamic diameter increased to ~450 nm
for the petal-like Au—Cu,O composites, favoring their passive
cells targeting and accumulation through enhanced permeability
and retention (EPR) effect.’> Zeta potential measurements
showed a significant decrease from +30 mV (AuNPs) to +8 mV
(Au—Cu,0), while pure Cu,O nanosheets were negatively
charged (—22 mV) (Figure li and S8). This substantial
reduction in positive potential strongly evidenced the successful
electrostatic assembly between AuNPs and Cu,O.
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Figure 3. (a) Evaluation of POD-mimic activity via the catalytic oxidation of OPD, showing absorbance of the product (oxOPD) at 437 nm for
different reaction conditions. (b) Time-dependent UV—vis spectra of Petal + OPD + H,0, reaction system. (c—d) ESR spectra using DMPO as spin
trap, confirming the generation of ¢OH and O, respectively, under different conditions including laser irradiation. Steady-state kinetic analysis of
the Petal nanozyme: (e) Michaelis—Menten and (f) Lineweaver—Burk plots with H,0, as the substrate. (g) Time-dependent SERS spectra of 3-
MPBA (100 M) reacting with H,0, (100 uM) upon Petal. (h) SERS-based monitoring of H,O, reaction kinetics catalyzed by AuNPs, CS and Petal.
(i) Comparison of Plasma-enhanced catalysis for CS and Petal hybrids. (j) Time-dependent GSH depleting ability of petal. (k) SERS spectra of 3-
MPBA (100 uM) reacting with fixed H,O, concentration (100 M) and increasing GSH levels (10 uM—10 mM). (1) Schematic illustration of self-
driving and reporting system.

Synergistic SERS Enhancement and Photo-Enhanced

Catalytic Activity

The Cu,O growth was tuned by varying the initial Cu®*
concentration (1.5 to 10 mM). The morphology evolved from
sparse petals to a well-defined structure at 6 mM, and finally to a
continuous shell at 10 mM (Figure 2a). This progression was
mirrored in the UV—vis spectra, which showed a progressive
red-shift of the Au SPR peak at ~533 nm (Figure 2b). SERS
measurements using the characteristic peak of methylene blue at
1617 cm™! indicated an approximately 6-, 10-, 15- and 2-fold

increase respectively compared to the bare AuNPs (Figures 2¢

and S9). This is likely because at lower concentrations, the
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initial, sparse growth of Cu,O petals provided limited surface
area and electromagnetic hotspots at the nascent Au—Cu,O
interfaces, resulting in modest SERS enhancement over bare
AuNPs. Comparatively, a well-defined petal-like structure
observed at 6 mM, maximized the density of intense
electromagnetic hotspots within the nanogaps between the Au
core and the surrounding petals while simultaneously providing
a large surface area for efficient analyte adsorption. However,
when Cu®* concentration reached to 10 mM, the overgrowth
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and loss of the intricate petal morphology increased the distance
between the molecules and the plasmonic Au core, diminishing
the SERS activity.

To further validate the superiority of the petal morphology
(Petal), its SERS performance was compared to a conventional
core—shell (CS) structure. As shown in Figures 2d and S10,
using CTAC as the surface ligand under the same 6 mM Cu**
concentration, the Au core was completely coated by Cu,O shell
with a thickness of about 10 nm, consistent with the previous
work.”" Using MB as the model molecule, the Petal enhanced
the SERS signal by ~4-fold compared to the CS (Figure S11).
The enhancement performance was further evaluated by the
limit of detection (LOD), which was measured to be 107'° M for
the Petal, 2 orders of magnitude lower than that of the CS and
bare AuNPs (10™® M) (Figures 2e,f and S12). The remarkable
enhancement factor (EF) of 1.55 X 10° for the petal-like
structure, significantly exceeding those of the core—shell (3.27 X
10%) and pure AuNPs (1.29 X 10%) (Figure 2g, Tables S1 and
S2), underscored a complex enhancement mechanism rather
than pure electromagnetic effects. While the finite-difference
time-domain (FDTD) simulations limited by pure physical
models displayed the CS structure having the lowest field
enhancement (Figure S13), its experimentally measured EF was
still higher than that of pure AuNPs. This contradiction could be
explained by the crucial role of chemical enhancement (CE) of
Cu,O (Figure S14), which possessed intrinsic semiconductor-
enhanced Raman scattering capability, even in the CS structure.
However, unlike the CS analogue where a continuous Cu,O
shell blocked molecular access to the underlying Au surface, the
Petal preserved accessible electromagnetic hotspots while
providing a vastly larger Cu,O surface area for efficient CE.
This synergistic mechanism was definitively confirmed using 4-
mercaptobenzoic acid (4-MBA), a molecule that bonded
strongly onto Au via its thiol group. The resulting SERS
intensity (Petal > AuNPs > CS, Figure S15) indicated the
presence of exposed Au regions on the Petal, enabling strong
chemisorption and electromagnetic enhancement, unavailable
in the CS.

Therefore, the interface-rich petal-like Au—Cu,O hybrid
enables multiple charge transfer (CT) pathways, as illustrated in
Figure 2h: (i) plasmon-induced hot electrons from Au (—S.1
eV) were injected over the Schottky barrier into the conduction
band (CB) of Cu,O (—4.22 eV), (ii) energetic electrons
subsequently transferred into the lowest unoccupied molecular
orbital (LUMO) level (—4.55 V) of adsorbed MB molecules,
and (iii) a photoassisted transition occurred from the highest
occupied molecular orbital (HOMO) level (—6.26 eV) of MB to
the Cu,O CB as well as (iv) from LUMO to the valence band
(VB) of Cu,0 (—6.62 eV) through Herzberg—Teller vibronic
coupling.“’37 Collectively, the petal-like architecture maximized
the synergistic interplay between the EM from the Au core and
the CE from the Cu,O semiconductor (Figure 2i), while
providing abundant adsorption sites, highly desirable for
sensitive SERS analysis.

Benefiting from the integration of AuNPs and Cu’/ Cu?*
redox couples, we further explored the enzyme activity of the
Petal using colorimetric o-phenylenediamine (OPD) assay. As
shown in Figure 3a, the Petal effectively catalyzed the oxidation
of the chromogenic substrate OPD in the presence of H,O, at
pH = 5.0, producing a yellow-colored product (oxOPD), while
negligible color change was observed without H,0,.”” Similarly,
the catalytic activity exhibited a strong dependence on the
morphology of Au—Cu,O nanostructures (Figure S16). The

well-defined petal-like structure obtained at 6 mM Cu**
demonstrated the highest peroxidase (POD)-mimic capability.
Figures 3b and S17 show the intensity of absorption peak
significantly increased within the first 30 min, indicating that a
large amount of generated ROS rapidly participated in OPD
oxidation. ESR spectroscopy confirmed the generation of both
®OH and O, radicals,”® with signal intensity dramatically
increasing under laser irradiation, establishing the material as an
effective photoenhanced Fenton-like catalyst (Figure 3c and d).
Steady-state kinetics was investigated in the mixture containing
the Petal and H, O, at different concentration to further evaluate
the catalytic activity. According to the Lineweaver—Burk plot, a
low Michaelis—Menten constant (K, = 0.293 mM) and a
maximal reaction velocity (Vi = 1.57 X 107" M-s™") of the
Petal could be obtained (Figure 3e and f), indicating its high
specificity for H,O, and high POD-like activity.

The catalytic activity of the nanostructures was further
investigated by SERS-ABS strategy, via modifying 3-mercapto-
phenylboronic acid (3-MPBA), a ROS-responsive Raman
probe. Using H,O,, one of the most abundant ROS molecule
as the model, the reaction between 3-MPBA and H,O,
generated a phenol, yielding a distinct SERS peak at 881 cm™
arising from C—O stretching vibrations (Figure 3g), while the
peak at 994 cm™! indexed to C—C in-plane bending remained
constant.”” The SERS intensity ratio between Igg; and Iog, (Igg;/
Loo,) showed good linearity with the concentrations of H,0, in
the range of 1 yM-10 mM (Figure S18). The response time of
Petal was estimated to 10 min based on time-dependent SERS
intensity ratio (Igg/logs) curves (Figure 3h), obviously lower
than those of obtained from CS (15 min) and AuNPs (30 min)
(Figure S19), indicating that the developed Petal provided a
high temporal resolution. Correspondingly, the absorption
increased significantly from the Cu,O nanosheets to the CS
and the Petal Au—Cu,O nanostructures (Figure 3a), showing
the Petal could induce the fastest decomposition of H,0, to
generate more ROS.

Then we hypothesized that under plasmon excitation, AuNPs
harvested light and produced hot electrons and hot holes
(Figure 3i). Compared with the bare AuNPs, the hot electrons
with sufficient energy can cross the Schottky barrier and inject
into the CB of Cu,0, leaving hot holes at the AuNPs surface.
Nevertheless, electron—hole recombination occurs if the hot
carriers are not consumed quickly.”* Because the surface of the
AuNPs in CS nanostructures was totally covered by the Cu,O
shell, the hot holes can be hardly consumed, resulting in a lower
reaction efliciency. In contrast, the active sites on the Petal
nanostructures were exposed. The plasmon-induced hot
electrons were captured by H,0O,, driving its reduction into
highly reactive ®OH, while the simultaneous oxidation to
e¢OOH (converted to 0,  rapidly).”” Thus, the efficient
electron hole separation would facilitate the generation of ROS
under laser irradiation, thereby accelerating the oxidation of 3-
MPBA and promoting POD-like catalysis. The nanocomposites
also demonstrated rapid glutathione (GSH) depletion within 30
min using $,5’-dithiobis(2-nitrobenzoic acid) (DTNB) as an
indicator (Figure 3j). Furthermore, the effect of GSH on the
Petal-induced ROS change was studied using 3-MPBA-
functionalized Petal with a favorable structure and signal
stability (Figure S20), because GSH is one of the most potent
natural scavengers of ROS, maintaining the redox balance within
the TME. With GSH concentrations increasing to 10 mM, I,/
Lyo, decreased by ~30% compared with that of the initial (Figure
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Figure 4. (a) Relative intracellular GSH levels in HCT116 cells after treatment with the Petal hybrid for different durations (0.5, 2, 4, 6 h). Data are
mean =+ s.d. (n = 3). (b) SERS mapping images of single HCT116 cells based on the Igg,/Ioo, ratio, after treatment with 3-MPBA-modified Petal for
varying times (0.5, 2, 4, and 6 h). Cells treated with 3-MPBA-modified AuNPs for 6 h serve as the control. (c) Representative SERS spectra extracted
from the mapping datain (b). (d) JC-1 staining to assess mitochondrial membrane potential (red: J-aggregates, high potential; green: J-monomers, low
potential). (e) C11-BODIPY staining to detect lipid peroxidation (red: reduced; green: oxidized). (f) Schematic diagram summarizing the Petal-
induced mitochondrial damage and redox dysregulation leading to cell death.

3k), showing that the Petal established an all-in-one platform for
self-driving and self-reporting redox modulation (Figure 31).

Intracellular Redox Disruption and Real-Time SERS
Monitoring

Building on the exceptional POD-like activity and self-reporting
capability of the petal-like Au—Cu,O, we first evaluated its cell
cytotoxicity and dose-dependent effects. Cytotoxicity assays
(CCK-8) revealed that cell viability reduced to ~40% after 24 h
incubation at concentrations <50 ug/mL, while exhibiting a
concentration and time-dependent decrease (Figure S21).
Meanwhile, we discovered that the relative intracellular GSH
content showed a time-dependent decrease, dropping to
approximately 35% of the initial level after 4 h of treatment
(Figure 4a). This sustained GSH consumption created a critical
vulnerability in the cellular antioxidant defense system,
significantly lowering the threshold for oxidative damage and
amplifying the toxicity.”® SERS mapping based on the Igg;/Too,
ratio revealed time-dependent changes in the intracellular
oxidative state (Figure 4b). At 0.5 h, the nanocomposites were
primarily adsorbed onto the negatively charged cell membrane.
With time going by, progressive cellular uptake was observed,
accompanied by a steady increase in the intensity of 881 cm™

(Figure 4c). A 9-fold increase of Igg;/Ioos could be found when
the incubation time reached to 4 h (Figure $22), indicating the
capability to simultaneously induce and monitor self-triggered
oxidative stress, with the oxidative burden escalating with
prolonged incubation.

The catalytic generation of ROS by the internalized Petal
nanostructures initiated a cascade of downstream biochemical
events indicative of intense cellular stress. JC-1 staining showed
a significant increase in green fluorescence (monomeric state)
and a decrease in red fluorescence (aggregated state) after 4 h of
treatment with the Petal (Figures 4d and $23), indicating a
significant loss of mitochondrial membrane potential, a hallmark
of mitochondrial dysfunction.*' Concurrently, the C11-
BODIPY probe revealed a substantial increase in lipid
peroxidation (Figures 4e and S24), a key event in oxidative
cell death pathways.*” Combined with as-mentioned notable
cytotoxicity, the Petal’s catalytic activity could be translated into
a physiological disruption within the cellular environment
(Figure 4f).

H,S Mediates Copper Retention and Regulates Cuproptosis

H,S rich in TME of colorectal cancer, can interact with copper,
forming CuS, complexes that may act as a copper reservoir,
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Figure S. (2) SERS mapping images of single HCT116 cells after pretreatment with the CBS modulator SAM or AOAA, followed by incubation with 3-
MPBA-Petal for 2 h. (b) Representative SERS spectra from the mapping data in (a). (c) Quantitative analysis of the Igg,/Ioo, ratios from (b). Data are
mean + s.d. (n=35). (d) Cell viability assay under different treatment conditions (Control, SAM, AOAA, Petal, Petal + SAM, Petal + AOAA). Data are
mean + s.d. (n =5). (e) Confocal laser fluorescence imaging of intracellular H,S levels (using WSP-1) and total ROS levels (using DCFH-DA). (f)
Western blot analysis of ATP7A protein expression under different treatments. (g) Immunofluorescence staining images showing DLAT expression
and oligomerization. (h) Quantitative analysis of the relative fluorescence intensity from (g). (i) Western blot analysis of LIAS and GPX4 protein
expression under different treatments. Data are mean + s.d. (n = S, **¥p < 0.001, **p < 0.01, *p < 0.05 (Student’s two-sided ¢ test). (j) Schematic
diagram summarizing the H,S-mediated alterations in copper retention, distribution, and their impact on cuproptosis-related factors.

potentlally modulating copper-dependent cell death (cuprop- but the sulfidation process did not lead to structural collapse,
tosis).'* As shown in Figure S25, exposure to H,S overnight preserving the catalytic activity. The crosstalk of H,S
resulted in a partial shortening and rounding of the nanosheets, metabolism and the induction of cuproptosis was further
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investigated. S-adenosylmethionine (SAM, a CBS activator®)
and aminooxyacetic acid (AOAA, a CBS inhibitor*") were used
to perturb intracellular H,S levels. SERS results revealed that
SAM pretreatment partially relieved oxidative stress with a lower
Igg1 /1904 ratio, while AOAA pretreatment produced an obviously
higher ratio compared to Petal-only treatment (Figure Sa—c).
The observed differential oxidative states under SAM and
AOAA pretreatment can be attributed to the dual role of H,S in
redox regulation.”> H,S as an immediate antioxidant that
buffered the oxidative burst (Figure S26), while simultaneously
establishing a labile copper reservoir." AOAA-mediated
inhibition of H,S synthesis disturbed the intrinsic antioxidant
system. Furthermore, the loss of H,S-mediated copper
sulfidation likely increased the amount of free Cu” ions, thereby
exacerbating ROS generation.

As evidenced by the results of inductively coupled plasma
mass spectrometry (ICP-MS) (Figure S27), SAM treatment
promoted substantial copper retention, increasing intracellular
copper levels by approximately 1.5-fold compared to the Petal
alone, while AOAA treatment attenuated this accumulation. Cell
viability assessment revealed SAM or AOAA alone showed
minimal cytotoxicity, while the Petal + SAM and Petal + AOAA
groups reduced the viability to ~50% (Figure 5d). Furthermore,
the cell viability after the treatment of 3-MPBA only remains
above 94% after different time (4, 8, 12, 24, 48 h) incubation,
indicating its excellent biocompatibility (Figure $28). H,S levels
critically modulated the copper-induced redox changes,
consistent with parallel fluorescence assays for H,S and ROS.
As depicted in Figure Se and Figure S29, compared to the
control group, treatment with SAM alone resulted in a more
intense green fluorescence signal, while treatment with AOAA
alone led to markedly weaker fluorescence. Notably, both the
control and the Petal + SAM groups exhibited conspicuous
green fluorescence, whereas the Petal + AOAA group displayed
substantially diminished fluorescence, confirming that SAM
effectively elevates H,S levels, AOAA suppresses them, and
copper ions released from the Petal nanocomposite efficiently
sequester H,S.*>*® In comparison to the control group, Petal,
Petal + SAM, and Petal + AOAA treatments effectively increased
the level of total ROS probed by the fluorescence of 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA).

We next examined key protein regulators of copper-induced
death. Western blot analysis showed that the nanozyme alone
significantly suppressed the expression of ATP7A, a copper
efflux pump (Figure Sf). This suppression was more pronounced
with SAM cotreatment, likely due to copper-sulfide complex
retention creating a feedback inhibition. AOAA pretreatment, by
reducing H,S and thus complex formation, allowed for a partial
recovery of ATP7A (Figures Sf and S30).'* A critical finding
emerged from analyzing DLAT, a protein that oligomerizes
during cuproptosis. Immunofluorescence revealed that SAM
pretreatment, despite yielding lower immediate ROS, strongly
enhanced DLAT oligomerization (Figure Sg and h). This
suggests that the H,S-generated copper-sulfide complexes act as
a sustained copper source, efficiently delivering copper to its
lipoylated protein targets in the mitochondria. In contrast,
AOAA-mediated H,S inhibition led to a surge of highly reactive
free copper ions, causing more extensive DLAT alggregation.46

In addition, it was found that Petal could destabilize lipoyl
synthase (LIAS), a key cuproptosis regulator. Distinct from all
other known cell death mechanisms (such as apoptosis,
pyroptosis, and ferroptosis), cuproptosis is characterized by
the direct binding of intracellular Cu ions to lipoylated enzymes

in the tricarboxylic acid (TCA) cycle, resulting in mitochondrial
proteotoxicity and Fe—S cluster protein destabilization. As
shown, AOAA treatment potently downregulated LIAS
expression for cuproptosis amplification (Figures Si and S31),
simultaneously impairing lipoic acid synthesis and copper efflux
pathway.” Notably, the GPX4 inactivation in Petal-treated cells
indicated synergistic activation of ferroptosis pathways,
consistent with the observed lipid peroxidation accumulation
(Figures 4e and 5i). GPX4 is a central negative regulator of
terroptosis. This synergistic interaction explains the concurrent
activation of both cell death pathways observed in our study,
with SAM-mediated H,S elevation partially restoring GPX4
expression by maintaining radical scavenging activity while
paradoxically promoting copper retention for cuproptosis
execution (Figures 5i and $32).*** Taken together, the petal-
like Au—Cu,O nanocomposite as an efficient copper-delivery
platform not only initiating cuproptosis through specific
dependence on H,S mediation, but enabling in situ tracking
via SERS monitoring (Figure Sj). It establishes a self-feedback
system for precise copper-dependent cell death regulation,
promising for theranostic integration in cancer therapy.

B CONCLUSIONS

In summary, we have developed a multifunctional petal-like
Au—Cu,O hybrid that combines catalytic therapy and real-time
SERS monitoring within a single platform. Its interface-rich
structure provided abundant electromagnetic “hotspots” for
highly sensitive SERS detection, while also exposing numerous
active sites for catalytic reactions. Specifically, the nano-
composite exhibited strong photoenhanced peroxidase-like
activity, efficiently generating reactive oxygen species and
depleting glutathione to disrupt cellular redox balance.
Furthermore, this platform allowed real-time tracking of self-
triggered oxidative stress, bridging the gap between induction
and observation of biological processes. More importantly, using
this system, we elucidated the critical role of H,S in regulating
cuproptosis in colorectal cancer cells. The endogenous H,S
acted as a key modulator of copper-dependent cell death by
forming copper-sulfide complexes that controlled copper
retention and delivery. This work thus establishes a self-
teedback theranostic platform, offering a powerful tool for redox
biology research and for developing intelligent and self-
reporting anticancer agents.

B METHODS

Synthesis of Petal-Like Au—Cu,0

The S0 nm AuNPs (3 mL) were centrifuged twice at 6000 rpm for 10
min. The precipitate was then redispersed in 200 uL of a mixed solution
containing SDS (125 mM) and Cu(NO;),-3H,0 (6 mM).
Subsequently, the NaOH (50 uL, 2 M) solution was added, and the
resulting mixture was allowed to react at 30 °C for 20 min. After that,
the N,H,-H,O solution (50 L, 0.374 M) was introduced, and the
reaction was continued at 30 °C for 40 min to obtain the final petal-like
Au—Cu,0, and the product was collected via centrifugation at 4500
rpm twice and redispersed in water for further use.

Measurements of Peroxidase-Like Activity of Petal-Like
Au—Cu,O

The peroxidase-like activity of the petal-like Au—Cu,O nano-
composites was evaluated using a classical chromogenic system with
OPD as the substrate. In a typical procedure, 10 uL of OPD (5 mM), 10
uL of H,0, (5,7.5,10, 15, 20, and 25 mM), and 20 uL of the petal-like
Au—Cu,O nanocomposites (0.1 mg/mL) were added to B-R buffer
(pH = 5.0), and the total reaction volume was adjusted to 200 uL. After
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incubation at 37 °C 30 min, the absorbance at 440 nm (corresponding
to the oxidized OPD product) was measured by UV—vis spectroscopy.
For each H,0, concentration, the initial reaction rate (V,) was
determined based on the change in absorbance at 440 nm using the
Beer—Lambert law, with a molar extinction coefficient (&) of
17200 M™"-cm™ for oxidized OPD (A = ebc). The kinetic parameters,
Michaelis—Menten constant (K,,) and maximum reaction rate (V,,,.),
were derived from the initial rates (V,) measured at varying substrate

concentrations ([S]) using Lineweaver—Burk plot analysis.
1 K, +[S] K

V, V.S V._[S]  V

max max

w1 1
+

Intracellular SERS Imaging

The petal-like Au—Cu,O nanocomposites were first functionalized with
3-MPBA probes, collected by centrifugation, and diluted in complete
culture medium prior to use. HCT116 cells were seeded into confocal
dishes and cultured overnight. After stimulation with AOAA and SAM,
the functionalized nanocomposites were added and incubated with the
cells. Before SERS testing, the cells were washed twice with PBS, and
then subjected to measurement. Spectral mapping was performed over
a defined area of 30 yim X 30 ym with a step size of 1 #m in both the x
and y directions.
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