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Achieving optimal reactive oxygen species (ROS) production requires carefully balancing these interac-
tions to maximize therapeutic efficacy. Herein, we have successfully developed a nanosystem through
defect substitution using CuCoFe-layered double hydroxides (LDHs) as a template, followed by Pt reduc-
tion on the layer, the resulting nanoalloy, denoted as CuPt alloy@LDHs, demonstrating remarkable ROS
production activity. This superior ROS production was attributed to its low Gibbs free energy barrier for
generating hydroxyl radical ("OH), as confirmed by both characterizations and density functional theory

Alloy (DFT) calculations. Additionally, the nanoalloy exhibits good (NOy)-like activity, effectively disrupting the

Layered double hydroxides
Reactive oxygen species
Redox

Homeostasis

intracellular NADH/NAD™ cycling balance and enabling self-cycling of endogenous H,0,. This work high-

lights that CuPt alloy@LDHs can effectively disrupt the redox homeostasis in tumor regions, significantly

improving therapeutic efficacy and overcoming the limitations of current nanoalloy catalytic therapies.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In contrast to normal cells, which primarily use mitochondrial
oxidative phosphorylation for energy production, most cancer cells
rely on aerobic glycolysis, a phenomenon known as the Warburg
effect [1]. To disrupt this metabolic process, one effective strategy
is to inhibit NADH, which plays a crucial role in glycolysis. Interest-
ingly, NADH can react with superoxide radicals ("O,~) to regener-
ate NAD™, providing an alternative approach [2,3]. The continuous
generation of ‘O, is therefore essential for disrupting this path-
way. Superoxide radicals, hydroxyl radicals, and other reactive ROS
are critical for oxidative damage to cells [4,5]. Efficient regulation
of these highly reactive free radicals requires high electron transfer
capability and sufficient interaction sites to facilitate low activation
energy and enhance catalytic efficacy [6,7].

Alloying is an innovative method for effectively regulating var-
ious free radicals. The optimized band structures in alloy mate-
rials provide abundant electronic orbitals, enhancing interactions
with oxygen-containing molecules and improving energy trans-
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fer. Under this circumstance, it is superior than the chemother-
apy, radiation therapy, with less side effect and specifically control
the microenvironment. In this context, defect engineering tech-
niques, such as vacancy and substitutional defects, play a crucial
role [8-10]. These methods can organize and amplify active cat-
alytic sites within nanosystems, thus mimicking the functions of
natural enzymes. However, the independent operational character-
istics of isolated defect sites and their cooperative mechanisms
with biomolecules have not been fully explored. By incorporating
both substitutional defects and oxygen vacancies (Oy) into a sin-
gle nanostructure, highly efficient nanocatalysts can be developed,
representing a groundbreaking strategy with the potential to sig-
nificantly enhance anticancer efficacy [11,12].

Inspired by chemotherapeutic agents such as cisplatin, platinum
is considered a promising candidate for cancer therapy. Platinum
metal is renowned in the field of catalysis for its high catalytic ac-
tivity, selectivity, and stability. Furthermore, platinum alloys often
show significantly improved catalytic performance, enhanced dura-
bility, and optimized reaction selectivity through synergistic effects
and modulation of the electric field properties [13,14]. These char-
acteristics make platinum alloys a highly promising choice in catal-
ysis, not only enhancing the efficiency of catalytic reactions but
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Scheme 1. Schematic illustration of CuPt alloy@LDHs for US-enhanced catalysis for
cancer therapy.

also offering new solutions for economic and environmental con-
siderations in practical applications. Additionally, platinum helps
capture electrons, while GSH tends to capture holes, thereby sup-
pressing the recombination of electrons and holes. By applying this
“alloying” design principle, LDHs with good elemental tunability
and biocompatibility can be used as templates to create Pt al-
loy@LDH nanocatalysts [15-18]. These catalysts can feature abun-
dant vacancies and platinum substitution, presenting a potential
approach for effective catalytic applications.

Herein, we use CuCoFe-LDH as the precursor precisely prepare
CuPt alloy@LDH. Cu can be regarded as the active center, enable
both peroxidase (POD)-like and oxidase (OXD)-like activities. Af-
ter the formation of nanoalloy, Pt can act to isolate Cu atom, and
the electronic density of Cu is modulated by Pt, leading to en-
hanced enzymatic activity. This unique structure can generate a
large amount of ROS in TME, attributed to the alloy structure and
optimized Gibbs free energy barrier for producing *OH, as verified
by experiments and DFT calculations. This alloy structure design
not only achieves unexpected catalytic effects but also provides a
methodological basis for constructing of nanoalloy.

Preparation of CuPt alloy@LDHs: Weigh the CuCoFe-LDHs 0.3 g
prepared by the above process, add 50mL of DI water, and me-
chanically stir for about 30 min to make CuCoFe-LDHs evenly dis-
persed in the DI water. Add 0.05g H,PtClg-6H,0 and CuCoFe-
LDHs solution and stir for 1h to make H,PtClg-6H,0 solution and
CuCoFe-LDHs evenly mixed. NaBH,:Pt** =40:1, dissolve it in about
5mL of DI water. Add two drops of KOH (2 mol/L) and make the
NaBH,4 solution alkaline. Then, the NaBH, solution was added into
the mixture, stirring and impregnating for 5h under nitrogen pro-
tection. After the reaction, the prepared CuPt alloy@LDHs was cen-
trifuged with a high-speed centrifuge, washed with DI water and
ethanol for 3 times, and dried in a freeze-drying oven for 24 h.

Initially, CuCoFe-LDHs was prepared by a typical co-
precipitation as a precursor. Subsequently, H,PtClg-6H,0 was
dripped into CuCoFe-LDHs, followed by the introduction of NaBHj.
Under the protection of Ny, Pt** can be partially reduced to Pt0
and deposited on CuCoFe-LDHs to form CuPt alloy@LDHs (Scheme
1). The structure of both CuCoFe-LDH and CuPt alloy@LDHs were
verified by X-ray diffraction (XRD) patterns. Both show obvious
characteristic (001) diffraction peaks centered at 26 =5.82°, 11.71°
(Fig. 1A). Compared with CuCoFe-LDHs alone, the new merging
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peaks in a range from 40°-50° can be indexed to typical CuPt
alloy peaks (PDF #48-1549), which can reveal the successful
preparation of CuPt alloy@LDHs [19]. Its morphology was initially
verified via transmission electron microscopy (TEM). The CuPt al-
loy@LDHs exhibits relatively uniform distribution with a diameter
of about 120+50nm (Fig. 1B and Fig. S1 in Supporting infor-
mation) while ultrasmall Pt nanoparticles were anchored on the
CuPt alloy@LDHs. In addition, the longitudinal dimension of CuPt
alloy@LDHs was further confirmed by atomic force micro-scope
(AFM). The average thickness of CuPt alloy@LDHs were measured
to be 45+0.5nm (Fig. S2 in Supporting information). Moreover,
HRTEM showed that the crystal face spacing of the small size
nanoparticle accumulation region is about 0.245 nm, which can be
corresponded to the (200) plane of CuPt alloy@LDHs (Fig. 1C) [20].
After the introduction of Pt atoms, a twisted, unordered lattice
can also be found, which lead to the occurrence of defects and
thus improving the catalytic performance (Figs. 1D and E). The
corresponding cross-sectional lines are illustrated in Fig. 1G. The
STEM-EDS diagram shows the distribution of Pt, Cu, Co and Fe in
CuPt alloy@LDH (Fig. 1F). The molar ratio of metal elements in the
CuPt alloy@LDHs was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES), with the molar ratio of
Cu/Co/Fe/Pt=2.6:3.7:2.5:0.2. In addition, CuPt alloy@LDHs was
well dispersed in PBS and DMEM for 7 days. There was no signif-
icant change in UV absorbance, indicating that CuPt alloy@LDHs
had good stability in the physiological environment (Fig. S3 in
Supporting information). The zeta potential of CuPt alloy@LDHs
is determined to be +25.4mV, which is significantly higher than
that of CoCuFe-LDH (+18.3 mV), indicating the successful loading
of Pt (Fig. S4 in Supporting information), and showed good water
stability [21].

The surface chemistry and compositions variation on the trans-
formation of CuCoFe-LDH to CuPt alloy@LDHs were identified by X-
ray photoelectron spectroscopy (XPS). XPS survey spectra revealed
that both CuCoFe-LDH and CuPt alloy@LDHs samples contained Cu,
Co, Fe and C in their near-surface region, while Pt can only be
found in CuPt alloy@LDHs (Fig. S5 in Supporting information). The
high-resolution Pt 4f XPS spectrum for CuPt alloy@LDHs show the
coexistence of Pt9 and Pt®*. The two characteristic peaks of 74.3
and 70.9eV are assigned to 4fs;, and 4f;, of Pt%, while peaks at
75.8 and 71.5eV are assigned to 4fs;, and 4f;, of Pt>*. The results
showed that Pt**can be successfully reduced [22,23]. We further
loaded the Pt cluster on the CuCoFe-LDHs as the comparison. Com-
pared with CuCoFe/Pt, the binding energy of Pt 4fs;, and Pt 4f7), in
CuPt alloy@LDHs undergoes a red shift of 0.2eV. This effect indi-
cates that the electrons are transferred from Cu to Pt and therefore
the electron density around Pt increases (Fig. 1H), The enhanced
electron density of Pt can which is also beneficial for providing the
electron for H,0, decomposition, leading to the great potential for
the generation of ROS. Fig. 11 shows the high-resolution XPS spec-
tra of Cu for CuCoFe-LDHs and CuPt alloy@LDHs. In CuCoFe-LDHs,
the peaks at 934.4 and 954.5€V are 2p3); and 2p,, signals of Cu?t,
However, after forming CuPt alloy@LDHs, we found that Cu® peak
appeared at 932.3eV and 952.2eV. At the same time, weak Cu?*
signals (934.4 and 954.5eV) exist, and the Cu®/Cu?* peak-area ra-
tio is about 3:7. There is no new valence state of Co and Fe after
the reaction. Therefore, we conclude that in the presence of NaBHy,
the Cu?t in CuCoFe-LDHs is reduced to a low-valence state (Cu®),
which is free from the bondage of LDH layer and interacts with Pt®
due to electronegativity, thus forming CuPt alloy [24,25].

Afterwards, we further investigated the multienzyme-
mimicking properties of CuPt alloy@LDHs. To verify if this alloy
can ease the hypoxia condition in the tumor microenvironment
(TME), we explored the catalase (CAT)-like catalytic activity (gen-
eration of oxygen) of CuPt alloy@LDHs. In the presence of H,0,,
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Fig. 1. Fabrication illustration and structure, morphology of CuPt alloy@LDHs. (A) XRD pattern of CuPt alloy@LDHs and CuCoFe-LDHs, respectively. (B) TEM images of CuPt
alloy@LDHs. (C) The lattice fringe of CuPt alloy@LDHs. (D) Lattice disorder of CuPt alloy@LDHs. (E) Lattice distortion of CuPt alloy@LDHs. (F) The corresponding elemental
mapping image of CuPt alloy@LDHs. (G) HAADF-STEM images of CuPt alloy@LDHs and EDS line scan. (H) Pt 4f XPS spectra of CuPt alloy@LDHs and CuCoFe-LDHs/Pt. (I) Cu

2p XPS spectra of CuPt alloy@LDHs and CuCoFe-LDHs.

the oxygen (0,) production of CuPt alloy@LDHs is higher than
that of CuCoFe-LDHs, indicating that CuPt alloy@LDHs has good
CAT-like activity. In addition, activity values were determined by
CAT enzyme kit [26]. The results show that the catalytic activity
of CuPt alloy@LDHs nanozyme (4.506U/mg) is nearly 5 times
higher than that of CuCoFe-LDHs (0.9134U/mg). Therefore, CuPt
alloy@LDHs can effectively generate O, and further improve the
hypoxia condition of TME (Fig. 2A).

In order to determine whether CuPt alloy@LDHs can produce
reactive ROS, a probe of 3,3,5,5-tetramethylbenzidine (TMB) was
utilized to study the generation of ROS from CuPt alloy@LDHs. The
detection mechanism mainly relied on the reaction of the colorless
TMB with ROS to form blue oxTMB products, and the correspond-
ing characteristic absorption would enhance at the wavelengths of
652 nm (oxTMB) (Fig. 2B) [27]. In the presence of H,0, (TME), the
absorption peaks of CuPt alloy@LDHs and CuCoFe-LDHs both in-
creased significantly as the time increased from 2 min to 10 min,
which could verify the formation of ROS. Compared with CuCoFe-
LDHs, CuPt alloy@LDHs has better ROS generation property and the
absorbance intensity was obviously enhanced with the increasing
concentration of CuPt alloy@LDHs (Fig. S6 in Supporting informa-
tion). Subsequently, the electron spin resonance (ESR) was used to
verify the above conclusion. The peak characteristics of 1:2:2:1 fur-
ther confirmed that CuPt alloy@LDH can generate “OH. Meanwhile,
the signal peak was further boosted under the action of US irradi-
ation, which is consistent with the above results (Fig. 2F).

Additionally, the O, can further transfer into singlet oxygen
(10,) via a cascade reaction. In order to determine whether CuPt
alloy@LDHs could produce '0,, 1,3-diphenylisobenzofuran (DPBF)
was utilized to monitor the 10, generation. We found that the
characteristic peak at 410nm decreased significantly over time,

while the UV-vis absorption peak in the control group decreased
slightly, indicating that CuPt alloy@LDHs could produce '0, (Fig.
2D and Fig. S7 in Supporting information) [28]. ESR test was fur-
ther performed to quantitatively measure the 10, generation dur-
ing the above process. As shown in Fig. 2E, 10, could be gen-
erated during the OXD-like catalytic process of CuPt alloy@LDHs.
Subsequently, the specific radical of “OH was further identified by
methylene blue (MB) degradation method. It is worth noting that
the degradation ratio of CuCoFe-LDHs (27.5%) and CuPt alloy@LDHs
(43.9%) under the same circumstance. This indicates that CuPt al-
loy@LDHs has a high POD-like activity, while the absorption peaks
of MB+H,0, do not decrease (Fig. 2C and Fig. S8 in Supporting
information). In addition, after forming an alloy with Cu element,
the electron transfer between Cu and Pt leads to the formation of
electron-rich states around Pt, which further promoting the POD-
like activity.

Encouraged by the multi-enzyme catalytic properties of CuPt al-
loy@LDHs, we further investigated whether CuPt alloy@LDHs has
NOy-like catalytic properties. The progress of NADH oxidation was
monitored using UV-vis absorption spectroscopy. As shown in Fig.
21, with the prolongation of the reaction time after the addition
of CuPt alloy@LDHs, the characteristic absorption peak of NADH at
340 nm decreased significantly, while the absorption peak of NAD*
at 260nm gradually increased [29]. This change in the absorption
spectrum is closely related to the conversion of NADH to NAD™,
suggesting that CuPt alloy@LDHs can induce the oxidation of NADH
through NOy-like activity. As an abundant endogenous antioxidant,
GSH maintains the intracellular redox homeostasis and prevents
ROS-induced cell damage. Therefore, consumption of GSH is an ef-
fective strategy for improving cancer therapy. Then, the catalytic
ability of CuPt alloy@LDHs to deplete GSH was investigated using
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Fig. 2. (A) O, generation from H,0, decomposition by CuPt alloy@LDHs (50 ug/mL). (B) TMB oxidation by *OH from CuCoFe-LDHs, CuPt alloy@LDHs and CuPt alloy@LDHs+US
in the presence of H,0,. (C) The POD-like activity of CuPt alloy@LDHs is indicated by UV-vis absorbance change trend of MB solution. (D) UV-vis absorbance of DPBF
with various samples. (E) 10, generation detected by ESR spectra. (F) *OH generation detected by ESR spectra. (G) The specific nanozyme activity of CuPt alloy@LDHs. (H)
Michaelis—Menten curve of CuPt alloy@LDHs. (I) Time-dependent absorption of NADH during 30 min of catalysis reaction by CuPt alloy@LDHs. (J) Time-dependent GSH

depletion by CuPt alloy@LDHs. (K) The mechanism scheme of CuPt alloy@LDHs.

the 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) probe, whose color
changed from colorless to yellow [30]. After being incubated with
the CuPt alloy@LDHs, the concentration of GSH sharply decreased
with longer incubation time (Fig. 2] and Fig. S9 in Supporting in-
formation), further revealing the GSH depleting catalytic activity
of the CuPt alloy@LDHs. The mechanism scheme was illustrated in
Fig. 2K.

The POD-like activity of CuPt alloy@LDHs was further investi-
gated in different ways, the absorption intensity of oxXTMB gener-
ated with different concentrations of CuPt alloy@LDHs nanozyme
was measured to quantitatively evaluate the enzyme activity val-
ues (U/mg). According to the reaction curve of CuPt alloy@LDHs
nanozyme under different concentrations, the initial linear parts
were fitted to obtain the slopes, and then the SA value was cal-
culated by plotting the obtained slopes with the corresponding
mass. As can be seen in Fig. 2G and Fig. S10 (Supporting infor-
mation), the CuPt alloy@LDHs show relatively high catalytic activ-
ity (1.84 U/mg). Steady-state dynamic analysis was performed with
H,0, (0.25, 0.5, 1, 2, 4, and 8 mmol/L) at a fixed concentration of
CuPt alloy@LDHs nanozyme (Fig. S11 in Supporting information).
The Michaelis Menten diagram and Lineweaver-Burk diagram were

used for kinetic characterization, and the Ky, value and Vpax of
CuPt alloy@LDHs were 1.67 mmol/L and 6.53 x 10~ mol L~! s, re-
spectively (Fig. 2H). Under the same test conditions, the Ky, value
and Vpax of CuCoFe-LDHs are 3.62 mmol/L and 2.07 x 107 mol L-!
s~1, respectively (Fig. S12 in Supporting information). The above
results indicate that CuPt alloy@LDHs has a higher affinity with
the reaction substrate and a faster POD-like catalytic rate, which
is higher than the majority nanozymes (Fig. S13 in Supporting in-
formation) [31]. Therefore, this alloy can significantly enhance the
generation of ROS and holds great potential for the cancer therapy.
To further explore the mechanism of alloy enhanced enzymatic re-
action, charge transfer was studied by electrochemical impedance
spectroscopy (EIS). The smaller the radius of EIS, the stronger the
charge transfer ability. Obviously, compared with CuCoFe-LDHs,
CuPt alloy@LDHs has a smaller radius of EIS, indicating that it has
the best charge transfer and transport capacity, and electrons can
be transferred to the active site of alloy reaction. It is obvious that
the semicircle is smaller than the CuCoFe-LDHs alone. It should be
noted that CuPt alloy@LDHs + US group has the smallest semicircle,
which indicates that the electron transfer and transport process is
enhanced by US. It is proved that US provides energy for electron
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transfer, promotes electron accumulation on Pt, and improves cat-
alytic performance (Fig. S14 in Supporting information).

As demonstrated above, the superior cancer therapy perfor-
mance of CuPt alloy@LDHs compared to CuCoFe-LDHs derives from
more facile generation of ROS, mainly ‘OH. To reveal the in-
trinsic nature because "OH is more facilely generated over CuPt
alloy@LDHs than CuCoFe-LDHs, spin-polarized density functional
theory (DFT) computations were performed to calculate the Gibbs
free energy diagrams of H,0, reduction to "OH over CuPt al-
loy@LDHs and CuCoFe-LDHs, respectively (Fig. 3A). Detailed infor-
mation of model construction and computational methods are de-
scribed in Supporting information.

The reaction begins with the adsorption of H,0,. As shown
in Figs. 3A and B, H,0, is strongly adsorbed over both CuPt al-
loy@LDHs and CuCoFe-LDHs with the Gibbs free energy changes
(AG) of —0.65 and —3.52eV, respectively. The stronger adsorption
of H,0, over CuCoFe-LDHs derives from the hydrogen bonds be-
tween H,0, and the hydroxyl group of CuCoFe-LDHs. After that,
H,0, is spontaneously splitted to ‘OH and OH~ over CuPt al-
loy@LDHs with a AG of —0.12 eV while this step is difficult to hap-
pen over CuCoFe-LDHs because the AG is as high as 3.00eV. The
desorption of “OH over CuPt alloy@LDHs needs to overcome an en-
ergy barrier of 3.10eV [32]. The adsorption free energy of OH# over
CuCoFe-LDHs (—3.21eV) is also stronger than that over CuPt al-
loy@LDHs (—3.10eV), resulting in a larger Gibbs free energy barrier
for OH# desorption. The differences of adsorption free energies de-
rive from their different reaction sites. For CuCoFe-LDHs, the reac-
tion site is the surface hydroxyls while that for CuPt alloy@LDHs
is CuPt alloy surface. For CuCoFe-LDHs, the hydrogen bonds be-
tween surface hydroxyls and the hydroxyls of reaction intermedi-
ates H,O,* and OH# are excessively strong, leading to its inferior
catalytic performance. The calculated desorption free energy of ‘OH
is deduced to be overestimated than that in real reaction condi-
tion because the coverage of OH* is much larger than the model in
this work. By analyzing the Hirshfeld charges of CuPt alloy@LDHs,
it is found that the Hirshfeld charge of Pt is —0.15 e, while those
of Cu range from 0.03 e to 0.04 e, indicating that the electron of
Cu transfers to Pt, which is also beneficial for providing the elec-
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tron for Hy0, decomposition (Fig. 3C). In general, H,0, can be well
converted to "OH over CuPt alloy@LDHs.

Considering that CuPt alloy@LDHs can produce a large number
of ROS, simultaneously consuming GSH and disturb NADH/NAD*
balance, leading to the disrupted homeostasis, further verified by
cell experiments. We initially evaluated the cell uptake behavior of
CuPt alloy@LDHs using confocal laser scanning microscope (CLSM)
imaging. Hoechst stained (blue) HeLa cells and Cy5.5-labeled CuPt
alloy@LDHs (red) were incubated for 1h to 3h. As shown in Fig.
4A, no red fluorescence signal was observed in control group. The
CuPt alloy@LDHs treatment group began to show reddish fluores-
cence after 1h, which mainly gathered in the cytoplasm. The red
fluorescence gradually increased with the extension of time from
1h to 3h, indicating that CuPt alloy@LDH was internalized into
cells through endocytosis [32]. The biocompatibility and biosafety
were subsequently evaluated by CCK8 method. It should be noted
that the cell viability of CuPt alloy@LDHs+H,0,+US group is sig-
nificantly lower than that of CuPt alloy@LDHs+H,0, and CuCoFe-
LDHs+US groups (Fig. 4C and Fig. S15 in Supporting information),
indicating that US can activate CuPt alloy@LDHs to produce a large
number of ROS.

Additionally, a DCFH-DA probe was further used to measure the
intracellular ROS concentration, and it could be found that green
fluorescence is evident in the CuPt alloy@LDHs+H,0,+US group,
indicating a large amount of intracellular ROS production, while
no significant ROS-related fluorescence was observed in the con-
trol group (Fig. S16 in Supporting information). Apparently, CuPt
alloy@LDHs+US can efficiently consume NADH in cancer cells by
mimicking NOx (Fig. 4D). The decrease of mitochondrial electron
transfer chain (ETC) activity caused by NADH/NAD* imbalance can
induce cell dysfunction [33]. Therefore, to further investigate the
mechanism of CuPt alloy@LDHs-induced cellular damage, we used
the JC-1 fluorescent probe to assess its effect on mitochondrial
function. As shown in Fig. 4B, an obvious increase in green flu-
orescence intensity was observed in CuPt alloy@LDHs+H,0,+US
treated cells, indicating significant depolarization, which may be
due to severe mitochondrial respiratory chain disruption. Thus,
CuPt alloy@LDHs+US could effectively cause mitochondrial dys-
function in tumor cells and accelerate oxidative stress in tumor
cells, leading to cancer cell death. Subsequently, the fluorescent
probe BODIPY 581/591 C11 was used to assess intracellular LPO
levels. BODIPY 581/591 C11 readily binds to cell membranes and
emits red fluorescence. When LPO accumulate in cells, BODIPY
581/591 C11 acts as a reducing agent, stimulating and emitting
the spectrum to the shorter wavelengths of green fluorescence.
Cell CLSM imaging showed that Control group, Control+US group
and H,0, group all showed red fluorescence, CuCoFe-LDHs+H,0,
group showed weak green fluorescence, CuPt alloy@LDHs+H,0,
green fluorescence was obvious, while the red fluorescence became
weak. In the CuPt alloy@LDHs+H,0,+US group, strong green fluo-
rescence was shown, and red fluorescence was further weakened,
indicating large accumulation of LPO in the tumor, which can also
indue ferroptosis (Fig. 4E).

Then we used the Si-DMA fluorescence probe to detect the 10,
level in the cell. When 0, was present, internal peroxides would
be generated in the anthracene site of Si-DMA, and the red fluo-
rescence intensity of Si-DMA would be enhanced. In Fig. 4F, CuPt
alloy@LDHs+H,0, group has obvious red fluorescence. Under US
irradiation, the red fluorescence was further enhanced, while there
was no obvious red fluorescence in the control group, indicating
that CuPt alloy@LDHs combined with US can produce '0, in the
tumor. In order to analyze the effect of intracellular oxygenation
on alleviating hypoxia, we determined the intracellular O, level us-
ing a tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(Il) dichlo-
ride complex ([Ru(dpp);]Cl,) oxygen probe. The red fluorescence
of [Ru(dpp);]?>* was significantly enhanced when the intracellular
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Fig. 4. (A) CLSM images of Cy5.5-label CuPt alloy@LDHs taken by HeLa cells. (B) JC-1 staining of HeLa cells in different groups. (C) Cell viability of HeLa cells incubated
with CuPt alloy@LDHs with different treatments. ***P < 0.001. (D) NADH content of cancer cells in different treatment groups. (E) BODIPY 581/591 C11 containing HeLa cells
after different treatments, green fluorescence corresponds to LPO accumulation. (F) The Si-MDA probe was used to detect '0, in mitochondria. The strong red fluorescence
indicated that a large amount of '0, was produced. (G) CLSM images [Ru(dpp)3]Cl, in HeLa cells after different treatments.

oxygen content is reduced, and has weak red fluorescence when
the intracellular oxygen content is increased [34]. In Fig. 4G, the
CuPt alloy@LDHs+H,0,+US group showed weak red fluorescence
after US irradiation, which proved that the intracellular oxygen
supply was effective. In addition, CLSM imaging on cells stained
with both Calcein-AM (staining living cells with green fluores-
cence) and PI (staining dead cells with red fluorescence) were used
to further test their anticancer properties. It was found that Hela
cells were almost completely killed in the CuPt alloy@LDHs+US
group, and PI emitted a strong red fluorescence signal, indicating
that CuPt alloy@LDHs+US effectively induced apoptosis (Fig. S17
in Supporting information). In order to further explore the mech-
anism of cell death, HelLa cells were co-incubated with ROS in-
hibitors, and the survival rate of cells was found to be over 90%,
which proved that ROS is the main substance that destroys mi-
tochondrial function and induces ferroptosis (Fig. S18 in Support-
ing information) [35]. These results suggest that CuPt alloy@LDHs
has effective anticancer properties by producing highly toxic ROS
through a cascade catalytic reaction that destroys mitochondrial
function.

The interesting cascade catalytic anti-cancer properties of CuPt
alloy@LDHs in vitro encourage us to investigate its anti-cancer effi-
cacy in vivo. To observe the therapeutic effect of CuPt alloy@LDHs
on BALB/c mice with Hela tumor. To verify whether CuPt al-
loy@LDHs can be highly retained at tumor sites, we monitored its
distribution in vivo by labeling CuPt alloy@LDHs with the near-

infrared dye indolyl ring green (ICG). After injection, it accumu-
lated at the tumor site with the increase of time, and the fluores-
cence intensity at the tumor site reached the maximum 6h (Figs.
5A and B). Subsequently, the fluorescence intensity decreased grad-
ually, indicating that CuPt alloy@LDHs has a good accumulation ca-
pacity at the tumor site and gradually metabolism in vivo.
Magnetic resonance imaging (MRI) is one of the most com-
monly used imaging methods in clinical diagnosis, which can over-
come the obstacle of limited penetration depth of exogenous stim-
ulation [36]. Therefore, the MR imaging capability of CuPt al-
loy@LDHs was studied due to the presence of paramagnetic com-
ponents in CuPt alloy@LDHs. As revealed in Fig. S19 (Supporting
information), both 1/AT; have a linear relationship with Fe con-
centration. The relaxation of the CuPt alloy@LDHs sample is 8.76L
mmol~! s=1 at 1/AT;. CuPt alloy@LDHs has good contrast en-
hancement ability in magnetic resonance imaging (Fig. 5C).
Encouraged by the high catalytic performance of CuPt al-
loy@LDHs, we further investigated the therapeutic effect of CuPt
alloy@LDHs nanozymes in vivo. BALB/c mice were divided into 5
groups (n=4): (1) Control group; (2) Control+US; (3) CuCoFe-LDHs
group; (4) CuPt alloy@LDHs group; (5) CuPt alloy@LDHs+US group.
Compared with the Control group and the Control+US group, the
tumor growth of CuPt alloy@LDHs group was significantly inhib-
ited, indicating that CuPt alloy@LDHs has a good therapeutic effect.
At the same time, CuPt alloy@LDHs combined with the US group
showed almost complete inhibition of tumor growth, demonstrat-
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Fig. 5. (A) In vivo fluorescence images and (B) the corresponding fluorescence intensity of HeLa-tumor-bearing mice injected with ICG-CuPt alloy@LDHs at various time
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tumor-stained tissue images of each treatment group.

ing the feasibility of our enhanced CuPt alloy@LDHs catalytic an-
titumor therapy (Fig. 5D and Fig. S20 in Supporting information).
Within two weeks of treatment, there was no significant change
in body weight in each group (Fig. 5E). ICP-AES analysis was per-
formed to assess Cu element clearance kinetics in blood over
time. The blood circulation half-time of CuPt alloy@LDHs in the
bloodstream followed a classical two-compartment pharmacoki-
netic model with the terminal elimination half-lives of 0.17 h and
3.28h for the central component and peripheral component, re-
spectively (Fig. S21 in Supporting information).

In addition, hematoxylin and eosin (H&E) staining of tu-
mor cells confirmed that CuPt alloy@LDHs caused more seri-
ous damage to tumor tissues. Meanwhile, dUTP-biotin nick and
labelling (TUNEL) demonstrated positive apoptotic cells, while
much fewer Ki67-positive proliferative cells in the tumor tis-
sue for CuPt alloy@LDHs treatment than other formulations. Con-
focal fluorescence images, HIF-1a stained tumor sections con-
firmed that CuPt alloy@LDHs could reverse tumor hypoxia, and
CuPt alloy@LDHs had good oxygen-producing properties in TME
(Fig. 5F). In addition, biosafety was carried out for Control group,
Control+US group, CuCoFe-LDHs group, CuPt alloy@LDHs and CuPt
alloy@LDHs+US. H&E-stained mouse main organs were shown, and
no obvious tissue inflammation was found after all kinds of pro-
cessing, demonstrating good biocompatibility (heart, liver, spleen,
lung and kidney) (Fig. S22 in Supporting information).

In summary, we have successfully developed CuPt alloy@LDHs
nanocatalyst, which can effectively inhibit tumor growth by inter-
fering with intracellular redox homeostasis. After exposure to TME,
a large number of ROS can be produced at the tumor site through
OXD-like and POD-like catalytic activity, causing oxidative damage
to tumor cells. Most importantly, CuPt alloy@LDHs can also dis-
rupt the NaDH/NAD™ cycle, resulting in the decline of mitochon-
drial ETC activity, disrupting cell redox homeostasis, and thus sig-
nificantly enhancing the efficacy of tumor therapy. At the same
time, CuPt alloy@LDHs nanozyme can also be activated under US
irradiation, further amplifying tumor oxidative stress. After the ad-
ministration of CuPt alloy@LDHs in HeLa tumor mice models, ideal
tumor suppression was achieved. This strategy of tumor therapy,
which disrupts the redox homeostasis of tumor region by simulat-
ing cascade catalytic reaction, overcomes the shortcomings of cur-
rent catalytic therapy and further broadens its application in the
field of cancer therapy.
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