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Pitaya-Inspired Metal-Organic Framework Nanozyme for
Multimodal Imaging-Guided Synergistic Cuproptosis,
Nanocatalytic Therapy, and Photothermal Therapy

Quer Yue, Qingbin Zeng, Qianni Guo,* Xiuchao Zhao, Yaping Yuan, Yuqi Yang,

Weiping Jiang, and Xin Zhou*

Nature often provides invaluable insights into technological innovation and
the construction of nanomaterials. Inspired by the pitaya fruit’s strategy of
wrapping seeds within its pulp to enhance seed survival, a unique
nanocomposite based on metal-organic framework (MOF)-encapsulated CuS
nanoparticles (NPs) is developed. This design effectively addresses the
challenge of short retention time afforded by CuS NPs for therapeutic and
imaging purposes. The MOF acts as the “pitaya pulp” protecting the internal
CuS NPs (“pitaya seeds”), thereby increasing their retention time in vivo. This
system exhibits triple-enzyme-mimicking activities and is proposed for
application in photoacoustic and magnetic resonance imaging-guided
therapies, including chemodynamic therapy, photothermal therapy, and
cuproptosis-related therapy. The exceptional enzyme-mimicking activities of
superoxide dismutase, catalase, and peroxidase not only produce oxygen to
alleviate hypoxia but also generate a reactive oxygen species (ROS) storm for
effective tumor destruction. By combining these multienzymatic properties,
superior photothermal performance, and Cu-induced cuproptosis,
nanozyme-treated mice exhibited an 84% inhibition of tumor
growth—approximately double the effect observed in mice treated with CuS
NPs alone. This study presents a smart strategy for integrating imaging with
therapeutic modalities, achieving exceptional outcomes for precise

1. Introduction

Copper plays a crucial role in cellular
metabolic processes, serving as a cofac-
tor in various enzymes and regulating cell
signaling pathways.['! However, abnor-
mal copper levels can cause cytotoxicity
and induce cell death via a newly iden-
tified pathway known as cuproptosis,’>°
which is different from other forms of cell
death such as pyroptosis,!*! apoptosis,[!’]
and ferroptosis.[>!2!8] In cuproptosis, cop-
per ions bind to lipoylated proteins, partic-
ularly dihydrolipoamide S-acetyltransferase
(DLAT) in the tricarboxylic acid (TCA) cy-
cle. This binding triggers protein aggre-
gation, loss of iron—sulfur (Fe-S) cluster
proteins, and proteotoxic stress, ultimately
leading to cell death.**) Cuproptosis has
emerged as a promising strategy for can-
cer treatment. However, effectively induc-
ing cuproptosis in tumor cells remains chal-
lenging owing to variations in copper ion
metabolism and the inconsistent efficacy of
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copper ionophores.

CuS is a commonly used inorganic
material with significant potential as a
cuproptosis agent for cancer therapy.l?! As important transition
metal sulfides, CuS nanoparticles (NPs) exhibit stable properties
and function as enzyme mimetics.[!2*] They can generate the
activities of three types of enzyme activities, viz., peroxidase
(POD), catalase (CAT), and superoxide dismutase (SOD), which
increase the oxygen levels in the hypoxic tumor microenviron-
ment and produce reactive oxygen species, thus promoting
tumor elimination synergistically. Additionally, CuS NPs exhibit
strong near-infrared light absorption and high photothermal
conversion efficiency, making them ideal for applications in
photoacoustic imaging (PAI),[?°! photothermal imaging (PTI),
and photothermal therapy (PTT).[26-3% However, directly using
CuS NPs as imaging and therapeutic agents presents chal-
lenges owing to their small particle size, which can lead to
sub-optimal imaging and therapeutic outcomes. Combining
CuS NPs with other platforms is a promising approach to im-
proving both the retention time and enhanced permeability and
retention (EPR) effect, leading to better imaging and therapeutic
efficacy.
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Scheme 1. Schematic illustration of multimodal imaging-guided tumor therapy by using PL-CuS-in-ZIF-8. Following intravenous administration, PL-
CuS-in-ZIF-8 accumulates at tumor sites, where it releases CuS. The released CuS induces cuproptosis and multienzymatic activity at the tumor site,
while its excellent photothermal performance enhances the antitumor efficacy.

Metal-organic frameworks (MOFs) are crystalline materials
renowned for their regular porosity, substantial pore volume,
and versatile structural and functional properties.3'-*”l The in-
corporation of NPs into MOFs has gained considerable attention
owing to the unique chemical and physical properties exhibited
by these NPs.3¥491 Additionally, certain MOFs can serve as con-
trast agents for magnetic resonance imaging (MRI). For instance,
the water-stable metal-organic framework (MOF), viz., ZIF-8,
demonstrates the ability to entrap xenon atoms for hyperpolar-
ized 12Xe MRIL*# offering heightened sensitivity for detecting
trace molecules at picomolar concentrations. However, relying
on a single imaging strategy has limitations, such as the inability
to provide comprehensive information about the disease.

Natural and real-world examples often inspire innovative so-
lutions. Drawing from these sources, we developed a unique
nanocomposite structure, modeled after the pitaya fruit, based
on ZIF-8-encapsulated CuS NPs, referred to as PL-CuS-in-ZIF-8.
In this design, ZIF-8 acts as the protective “pitaya pulp,” whereas
CuS NPs serve as the “pitaya seeds.” Similar to how the pitaya
fruit’s pulp protects its seeds from external impacts, preserving
their functionality, ZIF-8 encapsulates the CuS NPs, protecting
them from external influences and potentially improving their re-
tention time and efficacy. This versatile platform not only exhibits
triple-enzyme-mimicking activities and cuproptosis therapy po-
tential but also enables hyperpolarized '*Xe MRI, PAI, and PTT
capabilities.

Upon internalization by cells, PL-CuS-in-ZIF-8 releases CusS,
which exhibits CAT-like and POD-like activities upon interac-
tion with tumoral H,0,, generating O, and -OH, respectively.
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Moreover, its SOD-like activity scavenges -O>~ to generate O,
and H,0,, facilitating multi-channel chemodynamic therapy
(CDT). Additionally, CuS-mediated cuproptosis and thermal
energy from the photothermal effect induce apoptosis in tumor
cells. The combination of nanocatalytic therapy with cuproptosis
and PTT enhances the overall effectiveness of tumor treatment
(Scheme 1). This paper presents a promising multimodal
imaging-guided tumor therapy and paves the way for develop-
ing cancer treatments based on cuproptosis and nanocatalytic
therapy.

2. Results and Discussion

2.1. Synthesis and Characterization of Various NPs

Morphology plays a crucial role in determining the properties of
nanomaterials. To investigate the impact of morphology on the
imaging ability and xenon entrapment capability of MOF com-
posites, various MOF composites were constructed by altering
the type of zinc salts, 2-MI/Zn?* ratio, and the mixing method of
CuS NPs. The nanocomposites were classified into three groups
based on the location of the CuS NPs: (I) a large number of CuS
NPs encapsulated in ZIF-8, forming a pitaya-like nanocomposite
(denoted as PL-CuS-in-ZIF-8); (II) CuS NPs loaded on the ZIF-8
surface, creating a strawberry-like nanocomposite (denoted as
SL-CuS-on-ZIF-8); and (I1I) a small number of CuS NPs encapsu-
lated in ZIF-8, producing a cherry-like nanocomposite (denoted
as CL-CuS-in-ZIF-8). Transmission electron microscopy (TEM)
images revealed that the CuS NPs are ~10 nm in size, with a
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lattice spacing of 0.393 nm (Figure S1, Supporting Information).
Based on TEM images, the sizes of PL-CuS-in-ZIF-8 and SL-
CuS-on-ZIF-8 are ~250 nm, whereas that of CL-CuS-in-ZIF-8 is
~20 nm. TEM, scanning electron microscopy (SEM), and high-
angle annular dark-field scanning transmission electron mi-
croscopy images (Figure 1a) demonstrated that PL-CuS-in-ZIF-8
contains a large number of CuS NPs inside, whereas CL-CuS-
in-ZIF-8 has only a few entrapped CuS NPs. Additionally, both
PL-CuS-in-ZIF-8 and CL-CuS-in-ZIF-8 exhibit smooth surfaces
without any CuS NPs attached externally. In contrast, SL-CuS-on-
ZIF-8 NPs had alarge number of CuS NPs attached to the surface
of ZIF-8 (Figure 1la). Elemental mapping and energy-dispersive
X-ray spectroscopy (EDX) confirmed that CuS NPs were encap-
sulated within CL-CuS-in-ZIF-8 and PL-CuS-in-ZIF-8, whereas
they remained attached to the surface of SL-CuS-on-ZIF-8
(Figure 1a; Figures S2-S5, Supporting Information). The CuS
NPs exhibited a negative zeta potential of ~—5.4 mV, whereas
SL-CuS-on-ZIF-8, CL-CuS-in-ZIF-8, ZIF-8, and PL-CuS-in-ZIF-8
exhibited positive zeta potentials 0f 9.1, 18.1, 27.7, and 32.9 mV,
respectively (Figure 1b). Powder X-ray diffraction (PXRD) pat-
terns of these nanocomposites aligned well with those of pristine
ZIF-8 NPs and the simulation (Figure 1c), indicating good phase
purity and crystallinity. The lattice structure of ZIF-8 crystals
remained unchanged even after the incorporation of CuS NPs.

The UV-vis spectra of the NPs showed broad absorption over
the wavelength range of 700-1100 nm, which is characteristic of
CuS NPs. For PL-CuS-in-ZIF-8, the absorption profile mirrored
that of CuS NPs, whereas SL-CuS-on-ZIF-8 and CL-CuS-on-ZIF-
8 displayed weaker absorption, likely due to poor dispersion
(Figure 1d). The CusS loading percentages, determined using in-
ductively coupled plasma mass spectrometry, were 2.04%, 1.71%,
and 3.19% for PL-CuS-in-ZIF-8, SL-CuS-on-ZIF-8, and CL-CuS-
on-ZIF-8, respectively (Table S1, Supporting Information). The
formation process of PL-CuS-in-ZIF-8 NPs was illustrated by
TEM. The CuS NPs act as seed crystals, and the ZIF-8 NPs grow
on the surface of CuS, ultimately forming larger nanospheres
(Figure S6, Supporting Information). We further explored the re-
lease profile of CuS from PL-CuS-in-ZIF-8 in a mildly acidic en-
vironment. TEM imaging after dispersing PL-CuS-in-ZIF-8 in a
HOAc-NaOAc buffer solution (pH 5.5) revealed that the NPs dis-
integrated after 1 h, with CuS NPs dominating after 2 h (Figures
S7A-D, Supporting Information). UV-vis spectra also indicated
the release of CuS NPs from PL-CuS-in-ZIF-8 (Figure S7E, Sup-
porting Information).

X-ray photoelectron spectroscopy was used to analyze the mod-
ification of PL-CuS-in-ZIF-8 (Figure S8, Supporting Informa-
tion). Cu 2p, , binding energies were observed to be 952.7 eV for
Cu* and 954.1 eV for Cu’*, and Cu 2p;, binding energies were
found to be 933.0 eV for Cu* and 934.3 eV for Cu?*, along with
a satellite peak at 945.6 eV. This indicates stable incorporation of
CuS NPs within the ZIF-8 structure.

Thermogravimetric analysis (TGA) showed no weight loss be-
fore 400 °C (Figure le), confirming the high thermal stability
of the materials and the complete removal of solvent molecules
from the MOF pores. Interestingly, the thermal degradation
temperature of the SL-CuS-on-ZIF-8 composite is significantly
higher than that of the other composites. This enhancement is
likely due to the presence of CuS NPs on the ZIF-8 surface, which
could raise the thermal degradation temperature of ZIF-8.
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N, adsorption experiments were conducted to evaluate the per-
manent porosity of these composites (Figures S9-S12, Support-
ing Information). The Brunauer—-Emmett-Teller surface area of
PL-CuS-in-ZIF-8 was ~1785 m? g1, surpassing those of pristine
ZIF-8 (1314 m? g~'), CL-CuS-in-ZIF-8 (1463 m? g~'), and SL-
CuS-on-ZIF-8 (1679 m* g=!) NPs. CL-CuS-in-ZIF-8 composites
exhibited a distinct distribution peak near 10 nm, suggesting the
formation of a mesoporous structure within, whereas PL-CuS-in-
ZIF-8 showed no mesoporosity.

When SL-CuS-on-ZIF-8, CL-CuS-in-ZIF-8, and PL-CuS-in-
ZIF-8 were dispersed in water at identical concentrations, all
three displayed the Tyndall effect (Figures S13a and S14a, Sup-
porting Information). However, after standing for two days, SL-
CuS-on-ZIF-8 and CL-CuS-in-ZIF-8 exhibited settling, whereas
PL-CuS-in-ZIF-8 remained uniformly dispersed and continued
to show the Tyndall effect (Figures S13b and S14b, Supporting
Information).

2.2. In Vitro Testing of PL-CuS-in-ZIF-8 Functions

Solvent-free composites, including pristine ZIF-8, SL-CuS-on-
ZIF-8, CL-CuS-in-ZIF-8, and PL-CuS-in-ZIF-8, were assessed for
their ability to trap xenon using hyperpolarized 12°Xe NMR spec-
troscopy. The composites were dispersed in aqueous solution,
and ”Xe NMR spectra were obtained. All samples exhibited
two characteristic peaks in aqueous solution with 5 mg mL™!
NPs: one peak at 193 ppm, attributed to dissolved 2Xe, and an-
other peak near 83 ppm, corresponding to 12°Xe entrapped within
the pores of the composites (Figure 2a). Significant differences
were observed in the entrapped '?Xe chemical shift, signal in-
tensity, and full width at half maximum (FWHM) among the
materials (Table S2, Supporting Information). The smaller par-
ticle size of CL-CuS-in-ZIF-8 resulted in lower entrapped '*Xe
signal intensity and narrower FWHM than those of materials
with larger particle sizes, which is consistent with our previous
findings.[**) For SL-CuS-on-ZIF-8, the surface-adsorbed CuS NPs
negatively impacted xenon entrapment capacity, resulting in the
weakest entrapped 2Xe NMR signal intensity. In contrast, PL-
CuS-in-ZIF-8 exhibited the strongest entrapped '*Xe NMR sig-
nal intensity among the materials tested. With respect to pristine
ZIF-8, PL-CuS-in-ZIF-8 showed comparable 2Xe signal inten-
sity (Figure 2a; Table S2, Supporting Information). Considering
the entrapped 2Xe NMR signal intensity, nanocomposite mor-
phology, CuS NPs encapsulation efficiency, and stability, PL-CuS-
in-ZIF-8 is identified as the optimal nanocomposite.

Owing to the excellent photothermal conversion properties of
CuS NPs, the stability of PL-CuS-in-ZIF-8 was evaluated using
TEM and '?*Xe NMR spectroscopy after exposure to near-infrared
(NIR) laser irradiation. PL-CuS-in-ZIF-8 NPs were dispersed in
an aqueous solution and irradiated with an 808 nm NIR laser at
an intensity of 1 W cm~2 for 5 min. TEM images revealed that
laser irradiation did not alter the morphology of the NPs. More-
over, the entrapped 12°Xe NMR signal intensity and chemical shift
remained unchanged post-irradiation (Figure S15; Table S3, Sup-
porting Information), indicating that the laser treatment did not
cause deformation or degradation of PL-CuS-in-ZIF-8, demon-
strating its high photothermal stability compared to that of pre-
viously reported systems.*0]
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Figure 1. a) TEM and SEM images of PL-CuS-in-ZIF-8, SL-CuS-on-ZIF-8, and CL-CuS-in-ZIF-8. b) Zeta potential of the NPs: I: CuS, II: SL-CuS-on-ZIF-8,
I1I: CL-CuS-in-ZIF-8, IV: ZIF-8, V: PL-CuS-in-ZIF-8. Data are presented as mean + SD, n = 3. ¢) PXRD patterns of SL-CuS-on-ZIF-8, CL-CuS-in-ZIF-8, ZIF-8,
and PL-CuS-in-ZIF-8. d) UV-vis spectra of CuS, SL-CuS-on-ZIF-8, CL-CuS-in-ZIF-8, ZIF-8, and PL-CuS-in-ZIF-8. e) TGA curves of CuS, SL-CuS-on-Z|F-8,
CL-CuS-in-ZIF-8, ZIF-8, and PL-CuS-in-ZIF-8.
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Figure 2. a) Hyperpolarized '2°Xe NMR spectra of SL-CuS-on-ZIF-8, CL-CuS-in-ZIF-8, ZIF-8, and PL-CuS-in-ZIF-8 at a concentration of 5 mg mL™". b)
Hyperpolarized '2°Xe NMR spectra recorded for aqueous solutions of PL-CuS-in-Z|F-8 at different concentrations (2.5, 5.0, 7.5, 10.0, and 12.5 mg mL™").
c) Hyper-CEST MRI of PL-CuS-in-ZIF-8 at different concentrations (50, 60, 80, 100, and 125 mg mL™") in aqueous solution. d) ESR spectrum detecting
hydroxyl radicals using DMPO as a trapping agent. e) ESR spectrum detecting superoxide radicals using BMPO as a trapping agent. f) PA imaging of
different concentrations of PL-CuS-in-ZIF-8. Data are shown as mean + SD, n = 3.

A series of PL-CuS-in-ZIF-8 NPs were prepared to examine
the impact of CuS NPs loading on the entrapped '?Xe signal
intensity. Varying initial quantities of CuS NPs (10, 15, 20, 25,
and 30 mg) were added to the reaction solution. Although the
initial quantity of CuS NPs did not significantly affect the CuS
loading ratio (Table S4, Supporting Information), it influenced
the particle size of the nanocomposites and the entrapped **Xe
NMR signal intensity. PL-CuS-in-ZIF-8 constructed with 15 mg
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CuS NPs yielded the optimal signal intensity (Figure S16; Table
S5, Supporting Information). The entrapped '2?Xe NMR signal
intensity increased with the concentration of PL-CuS-in-ZIF-8 in
solution, whereas the chemical shift remained constant. A linear
relationship between the entrapped '2?Xe NMR signal intensity
and PL-CuS-in-ZIF-8 concentration was established in the con-
centration range of 2.5-12.5 mg mL~! (Figure 2b; Table S6, Sup-
porting Information).
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Furthermore, hyperpolarized xenon chemical exchange satu-
ration transfer (Hyper-CEST) was employed to further assess the
xenon entrapment capability of PL-CuS-in-ZIF-8 at low concen-
trations (Figure S17, Supporting Information). PL-CuS-in-ZIF-8
displayed two distinct saturation responses, with dissolved '*Xe
and entrapped *Xe showing peak positions at 193 and 84 ppm,
respectively. Even at a low concentration of PL-CuS-in-ZIF-8
(50 pug mL™"), the Hyper-CEST effect was ~39%, indicating
excellent xenon entrapment capability at ultralow concentra-
tions. When the concentration of PL-CuS-in-ZIF-8 increased to
125 pg mL™!, almost 100% saturation response was observed
at 84 ppm. Additionally, the Hyper-CEST effect exhibited a
polynomial relationship over the concentration range of 50-125
pg mL™' (Figure S18, Supporting Information). Hyper-CEST
MRI at various concentrations of PL-CuS-in-ZIF-8 in aque-
ous solution revealed strong signal intensity (Figure 2c), the
MRI signal intensity showed a polynomial relationship with
the concentration of PL-CuS-in-ZIF-8 (Figure S19, Supporting
Information). These findings highlight the remarkable xenon en-
trapment capability of PL-CuS-in-ZIF-8, making it an ideal xenon
host.

The multienzyme-like activity of PL-CuS-in-ZIF-8 was evalu-
ated. The abundant H,0, in tumors can be catalyzed to -OH
by a POD-like enzyme for CDT of tumors. First, the POD-like
activity of PL-CuS-in-ZIF-8 was monitored using electron spin
resonance (ESR); 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was
employed to trap the -OH species. The typical quadruple peak
pattern (1:2:2:1) observed in DMPO-trapped -OH species con-
firmed the generation of -OH by PL-CuS-in-ZIF-8 in the pres-
ence of H,0, (Figure 2d). -OH generation was further analyzed
by a colorimetric method using a 3,3’,5,5-tetramethylbenzidine
(TMB) assay. The absorbance of oxidized TMB at 652 nm rapidly
increased when PL-CuS-in-ZIF-8 was present at pH 4.0, indicat-
ing effective production of -OH in an acidic environment with
H,0, (Figure S20, Supporting Information). These results con-
firm the POD-like catalytic activity of PL-CuS-in-ZIF-8.

Furthermore, the SOD-like activity of PL-CuS-in-ZIF-8 was
evaluated using ESR with the specific spin-trap reagent 5-
tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO). The
characteristic quadruple peak pattern (1:1:1:1) observed for
BMPO-OOH confirmed the production of -O,~ by the xanthine
and xanthine oxidase system. When PL-CuS-in-ZIF-8 NPs
were present in the solution (pH 7.4), the signal intensity of
the quadruple peak decreased significantly. Additionally, the
quadruple peak completely disappeared when the solution pH
was 5.5 (Figure 2e). These results confirm the clearance of -O,~
by PL-CuS-in-ZIF-8, indicating its SOD-like activity. The SOD-
like activity was also assessed using a nitro-blue tetrazolium
assay, where the absorbance and color of the solution gradually
decreased with increasing concentrations of PL-CuS-in-ZIF-8
(Figure S21, Supporting Information). These results indicate the
effective SOD-like activity exhibited by PL-CuS-in-ZIF-8 NPs.

Subsequently, the CAT-like activity of PL-CuS-in-ZIF-8 was de-
termined using a dissolved oxygen meter. PL-CuS-in-ZIF-8 was
dispersed in aqueous solutions at different concentrations, with
H, 0, at a constant concentration (60 mM), and the oxygen con-
tent was measured using the dissolved oxygen meter. The pro-
duction of O, gas was observed upon mixing PL-CuS-in-ZIF-8
with H,0, (60 mM), and its concentration increased over time
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(Figure S22, Supporting Information). These results confirm that
PL-CuS-in-ZIF-8 NPs possess CAT-like activity.

These findings confirm that PL-CuS-in-ZIF-8 exhibits excel-
lent multienzyme activities, functioning as a POD-like, SOD-like,
and CAT-like enzyme. These enzymatic properties enable PL-
CuS-in-ZIF-8 to supply O,, alleviate hypoxic conditions within
the tumor microenvironment, and generate sufficient amounts
of reactive oxygen species (ROS) to disrupt the tumor’s reduc-
tive and microenvironment defense mechanisms. This, in turn,
facilitates effective tumor eradication.

Furthermore, the photothermal properties of PL-CuS-in-ZIF-
8 were investigated. PL-CuS-in-ZIF-8 demonstrated a strong
photothermal effect upon irradiation with an 808 nm laser. The
temperature of the PL-CuS-in-ZIF-8 solution (C, s =40 ug mL™")
increased by 30 °C after irradiation with a power density of 2 W
cm~? for 300 s, whereas pristine ZIF-8 showed only a slight
temperature increase under the same conditions (Figures S23
and S24, Supporting Information). The photothermal conver-
sion rate of PL-CuS-in-ZIF-8 was calculated to be 60% using a
previously reported method*¥! (Figures S25 and S26, Supporting
Information), indicating excellent photothermal conversion
performance. When the PL-CuS-in-ZIF-8 aqueous solution
(Ccus = 40 pg mL™') was exposed to varying power densities
(0.5, 1, 1.5, and 2 W cm™2), the temperature of the solution
increased significantly (Figure S27, Supporting Information).
Additionally, PL-CuS-in-ZIF-8 demonstrated excellent photo-
stability under 808 nm laser irradiation at a power density of
2 W cm~2 for 5 min, even after undergoing five heating-cooling
cycles (Figure S28, Supporting Information). The photother-
mal effect of PL-CuS-in-ZIF-8 at various concentrations (Cc,g
5-40 pg mL™') was investigated under constant irradiation at
2 W cm™, and the temperature of the solution exhibited a
direct correlation with concentration (Figure S29, Supporting
Information).

To assess the feasibility of in vivo PAI, initial in vitro experi-
ments were conducted to detect the photoacoustic (PA) signal of
the PL-CuS-in-ZIF-8 solution. As anticipated, the PL-CuS-in-ZIF-
8 NPs exhibited remarkable PA signals, with signal intensities
being linearly proportional to the NPs concentrations (Figure 2f).

2.3. Cancer Cell Interference by PL-CuS-in-ZIF-8

To investigate the cellular uptake of PL-CuS-in-ZIF-8 NPs, cel-
lular Hyper-CEST experiments were performed. After incubat-
ing A549 cells with PL-CuS-in-ZIF-8 NPs for 2 h, the cellular
Hyper-CEST spectrum exhibited two saturation responses. The
peak at ~84 ppm corresponded to the 2Xe entrapped by PL-
CuS-in-ZIF-8 in solution, whereas the peak at %92 ppm indicated
the entrapped '?*Xe within the cells (Figure 3a). Hyper-CEST
MRI of the cells also showed a strong CEST effect (Figure 3b).
Bio-TEM images confirmed the presence of PL-CuS-in-ZIF-8
in the cytoplasm, demonstrating efficient cellular uptake of
the NPs (Figure 3c). Additionally, cellular uptake was exam-
ined using the Zn?*-specific probe [N-(6-Methoxy-8-quinolyl)-p-
toluenesulfonamide] (TSQ). The fluorescence intensity of TSQ
within the cells increased over time (Figure S30, Supporting In-
formation), indicating both uptake of PL-CuS-in-ZIF-8 and pro-
gressive release of Zn?* ions into the cellular environment. These
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Figure 3. a) Hyper-CEST spectrum following co-incubation of 100 mg mL~" PL-CuS-in-ZIF-8 with A549 cells for 2 h. b) Hyper-CEST MRI results after
co-incubation of 100 mg mL~" PL-CuS-in-ZIF-8 with A549 cells for 2 h. c) Bio-TEM images of A549 cells, control, and treatment (Scale bar = 1 um). d)
Western blot analysis of DLAT, HSP70, and FDX1 proteins in A549 cells after different treatments (1: control, 2: PL-CuS-in-ZIF-8, 3: PL-CuS-in-ZIF-8 +
808 nm laser). e) Quantitative analysis of western blot results. f) Detection of succinic acid, pyruvate, and a-ketoglutaric acid in A549 cells after different
treatments using assay kits. Data are shown as mean + SD, n = 3. g) ROS production in A549 cells with different treatments (Scale bar = 100 um). h)
Calcein-AM/PI co-stained A549 cells treated with PL-CuS-in-ZIF-8 under 808 nm laser irradiation for 5 min. ***p < 0.001.
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results confirm the efficient uptake of PL-CuS-in-ZIF-8 NPs by
cells.

Cytotoxicity was assessed using the cell counting kit-8 assay.
At high concentrations (200 pg mL™!), PL-CuS-in-ZIF-8 showed
minimal cytotoxic effects on human normal lung cells (BEAS-
2B), with relative cell viability remaining at 90% (Figure S31b,
Supporting Information). In contrast, it exhibited cytotoxic ef-
fects on human lung cancer cells (A549) at lower concentrations
(120 pug mL™Y), resulting in a decrease in relative cell viability
(<70%) (Figure S31a, Supporting Information), with a calculated
IC50 value of 150 pg mL~! (Figure S32, Supporting Information).

Based on bio-TEM analysis, the mitochondria of cells treated
with PL-CuS-in-ZIF-8 exhibited reduced cristae compared to that
of the control group, suggesting potential cuproptosis (Figure 3c).
To confirm the role of cuproptosis in PL-CuS-in-ZIF-8 induced
cell death, additional western blot assays were conducted to as-
sess other hallmarks of cuproptosis (Figure 3d,e). The significant
down-regulation of Fe-S cluster proteins (FDX1), along with the
up-regulation of DLAT and HSP70 levels, indicated that PL-CuS-
in-ZIF-8 effectively induces cuproptosis leading to cell death.
Furthermore, after incubating A549 cells with PL-CuS-in-ZIF-8
NPs for 2 h, the levels of pyruvate and a-ketoglutaric acid in the
TCA cycle increased by 58% and 405%, respectively, whereas
succinic acid content decreased by 42% compared to that for
the control group (Figure 3f). Primary morphological features
indicative of cuproptosis included mitochondrial shrinkage and
endoplasmic reticulum enlargement.**] Confocal laser scanning
microscopy analysis demonstrated increased endoplasmic retic-
ulum fluorescence and decreased mitochondrial fluorescence
in A549 cells treated with PL-CuS-in-ZIF-8 compared to that for
the control group (Figure S33, Supporting Information). These
results strongly support the conclusion that PL-CuS-in-ZIF-8
effectively induces cuproptosis.!®]

The generation of ROS at the cellular level was assessed us-
ing 2’,7'-dichlorofluorescein diacetate (DCFH-DA). In the pres-
ence of ROS, DCFH-DA undergoes oxidation and emits green
fluorescence. Compared to the control group, cells treated with
PL-CuS-in-ZIF-8 NPs exhibited prominent green fluorescence
(Figure 3g), indicating that PL-CuS-in-ZIF-8 rapidly enhances in-
tracellular ROS levels through a POD-like reaction with H,O,.
The integrity of lysosomal membranes in A549 cells, following
incubation with PL-CuS-in-ZIF-8 NPs, was assessed using the
acridine orange (AO) staining method. AO emits green fluores-
cence in the cytoplasm and nuclei but shifts to red fluorescence
when it accumulates in acidic organelles, particularly intact lyso-
somes. In untreated control cells, both red and green fluores-
cence were observed (Figures S34 and S35, Supporting Informa-
tion). However, upon treatment with PL-CuS-in-ZIF-8 NPs, the
red fluorescence significantly decreased, indicating lysosomal
damage.[*] This effect is attributed to acid-triggered -OH gen-
eration by PL-CuS-in-ZIF-8 NPs within endo/lysosomes. Lysoso-
mal membrane permeabilization due to the loss of membrane in-
tegrity allows the release of lysosomal cathepsins into the cytosol,
leading to cancer cell apoptosis. Consequently, a key mechanism
of PL-CuS-in-ZIF-8 NPs-mediated cancer cell death involves lyso-
somal disruption through -OH generation. Additionally, the cyto-
toxicity of PL-CuS-in-ZIF-8 was assessed using calcein AM and
propidium iodide (PI) co-staining assays. Both the PL-CuS-in-
ZIF-8 and laser groups exhibited strong green fluorescence, in-
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dicating good biocompatibility of PL-CuS-in-ZIF-8 (Figure 3h).
In contrast, the PL-CuS-in-ZIF-8 + 808 nm laser group exhibited
the strongest red fluorescence in the laser-radiated area, accom-
panied by a significant decrease in green fluorescence, illustrat-
ing the superior anticancer efficacy of PL-CuS-in-ZIF-8 NPs. Ad-
ditionally, flow cytometry analysis using the Annexin V-FITC/PI
apoptosis detection assay demonstrated a higher percentage of
apoptotic cancer cells in the PL-CuS-in-ZIF-8 + 808 nm laser
group compared to other groups (Figure S36, Supporting Infor-
mation). These results further validate the cancer treatment po-
tential of PL-CuS-in-ZIF-8 NPs.

2.4. In Vivo Antitumor Efficacy

Hemolysis assays of PL-CuS-in-ZIF-8 demonstrated high bio-
compatibility, even at elevated concentrations (Figure S37, Sup-
porting Information). Subsequently, in vivo PAI and PTI were
performed to track the distribution of PL-CuS-in-ZIF-8 and op-
timize its therapeutic efficacy. For PAI analysis, A549 tumor-
bearing mice were retro-orbitally injected with PL-CuS-in-ZIF-
8 (10 mg kg™'), and PA signals were recorded at 4, 8, 12, and
24 h post-administration. The PA signals at the tumor sites in-
creased gradually, peaking at 12 h post-injection (Figures S38
and S39, Supporting Information), indicating effective accumu-
lation of PL-CuS-in-ZIF-8 in the tumor. This accumulation is at-
tributed to the EPR effect. Furthermore, at the same CuS dose,
mice treated with PL-CuS-in-ZIF-8 exhibited higher PA signals
compared to those treated with CuS NPs at each time point
(Figure S40a, Supporting Information). Specifically, the PA sig-
nal intensity in mice treated with PL-CuS-in-ZIF-8 was approx-
imately eight times higher than that in mice treated with CuS
(Figure S40b, Supporting Information), highlighting the supe-
rior in vivo PAI capability of PL-CuS-in-ZIF-8 for tumor moni-
toring and therapy. Based on the time-dependent accumulation
observed by PAI, thermographic images of mice were collected
12 h after retro-orbital injection. The temperature in the tumor
area increased rapidly to 45 °C within 5 min, demonstrating effec-
tive hyperthermia treatment. In contrast, the temperature in the
tumor region increased only slightly in the control group treated
with pristine ZIF-8 (Figure S41, Supporting Information).
Encouraged by the excellent catalytic activity and photothermal
capability observed in vitro, the antitumor effects of PL-CuS-in-
ZIF-8 were evaluated in A549 tumor-bearing BALB/c nude mice
(Figure 4a). When the average tumor size reached ~13 mm?, the
tumor-bearing mice were randomly divided into six groups (five
mice per group) and subjected to various treatments (G1: phos-
phate buffer saline (PBS), G2: PBS + laser, G3: CuS, G4: ZIF-
8, G5: PL-CuS-in-ZIF-8, G6: PL-CuS-in-ZIF-8 + laser). After ad-
ministering PBS and PL-CuS-in-ZIF-8 (10 mg kg™!), an 808 nm
laser (1 W cm™2) was applied for 5 min at 12 h post-injection.
During the treatment, tumors in the PBS group exhibited rapid
growth. The CuS, ZIF-8, and PL-CuS-in-ZIF-8 groups showed
only a slight inhibitory effect on tumor growth (Figure 4b,c).
In contrast, the PL-CuS-in-ZIF-8 + laser group demonstrated
significant tumor suppression, nearly eradicating the tumors
(Figure 4b,c). Specifically, compared to the PBS control group,
CuS treatment without laser resulted in ~46% inhibition of tu-
mor growth. Mice treated with PL-CuS-in-ZIF-8 and laser showed
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Figure 4. a) Schematic for the construction of the A549 tumor-bearing mouse model and evaluation of therapeutic efficacy. b) Photographs of tumors
after 16 days of treatment. c) Tumor volumes of mice over the 16-day treatment period. d) Body weights of A549 tumor- bearlng mice under different

treatment conditions. e) Ki67, FDX1, and ROS staining images of tumor sections for each group. Data are shown as mean + SD,n =5, *

significantly greater suppression of tumor growth, with an in-
hibition rate of ~84%. The tumor growth inhibition in the PL-
CuS-in-ZIF-8 + laser group was approximately twice as high as
that in the CuS NPs-treated group, suggesting that the combina-
tion of CDT and PTT using PL-CuS-in-ZIF-8 provides excellent
tumor inhibition. Throughout the 16-day treatment period, no
significant changes in body weight were observed in any group
(Figure 4d), indicating the favorable biosafety profile of PL-CusS-
in-ZIF-8.

Furthermore, a notable reduction in FDX1 expression was ob-
served in the tumors of the PL-CuS-in-ZIF-8 + 808 nm laser
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group, indicating effective induction of cuproptosis in vivo. Ad-
ditionally, the tumor tissue in this group showed elevated ROS
levels, which is consistent with previous results. The expres-
sion of Ki67, a marker widely used to indicate cell prolifer-
ation, was notably down-regulated in the PL-CuS-in-ZIF-8 +
808 nm laser group, reflecting strong inhibition of cell prolifera-
tion (Figure 4e). Hematoxylin and eosin (H&E) analysis of tumor
tissues and major organs in various mouse groups revealed sig-
nificant necrosis and apoptosis specifically in the PL-CuS-in-ZIF-
8 group with NIR light irradiation, compared to other treatment
groups. In contrast, the other major organs, including the liver,
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heart, lungs, spleen, and kidneys, showed no apparent damage
(Figure S42, Supporting Information). Moreover, all biochemi-
cal and hematological parameters remained within the normal
range (Figures S43-S46, Supporting Information), further con-
firming the excellent biocompatibility of PL-CuS-in-ZIF-8. These
results indicate that PL-CuS-in-ZIF-8 can effectively suppress tu-
mor growth via CDT, PDT, and cuproptosis with negligible toxi-
city concerns.

3. Conclusion

Herein, PL-CuS-in-ZIF-8, an imaging-guided nanozyme, has
been developed for tumor theranostics, demonstrating ef-
fective tumor cell elimination through its multienzymatic
properties. Additionally, disruption of Cu homeostasis impacts
the mitochondrial TCA cycle, leading to DLAT aggregation
and Fe-S cluster protein depletion, thereby inducing cuprop-
tosis. PL-CuS-in-ZIF-8 also exhibits superior photothermal
performance, significantly improving tumor treatment effi-
ciency. PL-CuS-in-ZIF-8—with its structural and compositional
advantages—enables excellent multimodal imaging (PAI and
MRI), facilitating precise tumor detection, distribution tracking,
and metabolism monitoring. In tumor-bearing mouse mod-
els, PL-CuS-in-ZIF-8 effectively inhibits tumor growth with
minimal side effects, and its therapeutic efficacy is further
enhanced by laser irradiation. This strategy presents a promis-
ing approach for precise imaging-guided tumor therapy using
nanozymes.

4. Experimental Section

Preparation of PL-CuS-in-ZIF-8 NPs:  First, Zn(OAc),-2H,0 (220 mg)
was dissolved in methanol (50 mL). Subsequently, 2-methylimidazole
(656 mg) and CuS NPs were mixed in methanol (50 mL), followed by
the addition of the Zn(OAc),-2H,0 methanol solution. After stirring for
3 h, the mixture was kept at room temperature and atmospheric pres-
sure for 24 h. The PL-CuS-in-ZIF-8 NPs were obtained by centrifugation
(10000 rpm, 5 min), washed three times with methanol, and the resulting
green powder was dried at 50 °C overnight.

Hyperpolarized 2°Xe NMR: The gas mixture was polarized using a
custom-built hyperpolarizer and then bubbled directly into a 10 mm NMR
tube containing the MOF sample for 15 s, followed by a 3 s delay to allow
the bubbles to collapse. The 12°Xe spectra were acquired using a zg pulse
sequence (rectangular pulse, pulse length p1=31.8 ms).

Hyper-CEST Spectrum: The hyperpolarized gas mixture was intro-
duced into a 10 mm NMR tube for 20 s, which was followed by a 3 s delay
to let the bubbles collapse. The '2°Xe NMR spectra were acquired after the
Xe within the ZIF-8 was saturated by a continuous-wave pulse (6.5 uT, 10
s). All the 2°Xe NMR spectra were acquired in a single scan and processed
using Lorentzian broadening (LB =5 Hz).

Hyper-CEST MRI: Images were obtained using a RARE sequence
(slice thickness = 30 mm, field of view = 30 mm X 30 mm, matrix size
= 32 X 32, in-plane resolution = 0.9375 mm x 0.9375 mm, bandwidth
= 5400 Hz, echo time = 4.97 ms, repetition time = 28 080 ms, centric
k-space encoding, no partial Fourier transform acceleration, RARE factor
= 8). Sixteen on-resonant and sixteen off-resonant scans were acquired
and averaged. For each excitation, after the hyperpolarized '2°Xe bubbled
into the solution for 20's, a 3 s delay was incorporated to allow the bub-
bles to collapse. Before acquiring the image, the saturation pulse (13 uT,
5s) was applied to saturate the on-resonant (—109.5 ppm, relative to dis-
solved Xe in solution at 0 ppm) or off-resonant (109.5 ppm, relative to
dissolved Xe in solution at 0 ppm). The magnetic resonance images were
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processed using MATLAB (R2014a; MathWorks), with the 32 x 32 image
matrix interpolated into a 128 x 128 image matrix. The Hyper-CEST ef-
fect for on-resonant saturation was analyzed in comparison to off-resonant
saturation for each pixel, using the formula (CEST effect = (Intensity g —
Intensity,,,)/Intensity,g) on a point-by-point basis.

In Cell Singlet Oxygen Detection: DCFH-DA was used as a fluores-
cent probe for detecting ROS to reflect oxidative stress triggered by PL-
CuS-in-ZIF-8. In brief, A549 cells were treated with either PL-CuS-in-ZIF-
8 (100 ug mL~"y or ZIF-8 (100 ug mL™") for 2 h. After incubation, the
medium was removed, and the cells were washed thrice with PBS (pH 7.4).
Subsequently, the cells were stained with DCFH-DA (10 uM) for 30 min,
followed by capturing fluorescence images using a Nikon ATR/A1 confocal
laser scanning microscope.

Animals and Tumor Model: All animal procedures were conducted in
strict accordance with the Guideline for Animal Care and Use, Innova-
tion Academy for Precision Measurement Science and Technology, Chi-
nese Academy of Sciences (APM21013T). Healthy male BALB/c mice (3—4
weeks) were provided by Hubei Beiente Biotech Co., Ltd. (Wuhan, China).
The A549 cells (1.5 x 10%) were suspended in PBS (0.1 mL) and subcu-
taneously injected into the right hind leg of the BALB/c nude mouse to
establish the tumor model.

In Vivo PA Imaging:  Five nude mice were administered a 200 pL orbital
venous plexus injection of PL-CuS-in-ZIF-8 NPs (200 mg mL™"). At 1, 4,
8, 12, 24, and 48 h post-injection, the mice underwent PA imaging using
the MSOT inVision 256-TF small animal imaging system (iThera Medical
GmbH, Munich, Germany).

In Vivo Photothermal Imaging: Mice with A549 tumors were randomly
assigned to three groups (n =5 per group). Each group received an orbital
venous plexus injection of either PBS, ZIF NPs, or PL-CuS-in-ZIF-8 NPs.
At each predetermined time point, an 808 nm laser (1 W cm™2, 5 min)
was applied to the tumor sites. Photothermal images of anesthetized
mice were then collected using a thermal camera to record temperature
changes.

In Vivo Therapy:  Mice with A549 tumors were randomly assigned to six
groups (n =5 per group). Each group received an orbital venous plexus
injection of one of the following treatments: 1) PBS, 2) PBS + laser, 3)
ZIF NPs, 4) ZIF-8 NPs + laser, 5) PL-CuS-in-ZIF-8 NPs, or 6) PL-CuS-in-
ZIF-8 NPs + laser. At 12 h post-injection, the tumor sites of the mice in
the laser-treated groups were exposed to NIR light (808 nm, 1 W cm™2,
5 min) for photothermal therapy. NIR exposure was repeated every 2 days
for a duration of 16 days. Tumor volume (V) was determined using the
following formula.

_ Lxw?
2

v M

The shortest and longest tumor diameters are denoted by W and L,
respectively. The body weight and tumor volumes of the mice were as-
sessed every two days throughout the study. Following a 16-day treatment
period, the mice were sacrificed, and their organs along with the tumors
were removed. Subsequently, these tissues were subjected to histological
examination through H&E staining to evaluate any alterations in the tissue
structure.

Statistical Analysis: Data are expressed as mean + standard deviation
from at least three independent replicates. Statistical analysis was con-
ducted using one-way analysis of variance (ANOVA), complemented by
Tukey’s post hoc test for multiple comparisons, all performed within Orig-
inPro 2021. Significance levels are indicated by asterisks: a p-value of less
than 0.05 is the benchmark for statistical significance, ** for p < 0.01, and
3% for p < 0.0071.

Supporting Information
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