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SUMMARY

Metal-organic frameworks (MOFs) based on nanomaterials have attracted attention for tumor microenviron-
ment (TME)-responsive therapy. However, they lack intrinsic imaging capabilities to monitor drug release and
predict therapeutic outcomes. Herein, metal-phenolic nanosheets (Cu/EA-MOF) with photoacoustic (PA) im-
aging property in the second near-infrared window were constructed to achieve diagnosis and treatment for
H,S-enriched tumors. Endogenous H,S triggers the decomposition of Cu/EA-MOF into the ellagic acid (EA)
and copper sulfide (Cu,_,S), which can be used for chemotherapy and chemodynamic therapy, respectively.
Moreover, EA can enhance the efficiency of chemodynamic therapy by boosting superoxide dismutase ac-
tivity. Importantly, the degradation of Cu/EA-MOF can be indicated via the change of ratiometric PA signal
intensity. Furthermore, the NIR-Il fluorescent molecule benzobisthiadiazole (BBT) was further introduced
into Cu/EA-MOF to investigate the degradation process and drug release. As a promising theranostic nano-
material, Cu/EA/BBT-MOF is successfully used to achieve effective synergistic therapy and predict thera-

peutic outcomes.

INTRODUCTION

The development of stimuli-responsive theranostic agents is an
emerging trend in cancer diagnosis and treatment.' Conse-
quently, many drug delivery systems with stimulus-responsive
drug release have been reported.*” Stimuli-responsive metal-
organic frameworks (MOFs) represent an ideal and prospective
class of nanomaterials for drug delivery owing to the abundance
and availability of their metal ions and ligands, both of which can
be harnessed for cancer therapy and bioimaging applications.®
Nevertheless, the traditional methods of loading drugs into
MOFs involve encapsulating drugs via multiple interactions,
such as electrostatic interaction, hydrogen bonding, coordina-
tion, and zn-n stacking.®'® Drugs without specific functional
groups may have compromised by low loading efficiency and
poor stability within MOFs. Employing both functional linkers
with intrinsic antitumor activities and active ions to fabricate
MOFs would improve the loading efficiency of drugs and prevent
the additional introduction of drugs with safety concerns.'"'?
Moreover, this strategy can effectively enhance the therapeutic
efficacy via synergistic effects of ions and linkers.

Natural bioactive polyphenols, as candidate substitutes for
conventional chemotherapy drugs, contain many phenolic hy-
droxyl groups, which can coordinate with metal ions to form

)

MOFs."®"'" They show high potential in the field of antitumor,
benefiting from their excellent biosafety and stimulus-responsive
ability in the tumor microenvironment (TME).'®?" Realizing the
controllable release of drugs is highly desired, as it is conducive
to achieving individual and precise therapy.”?* The real-time
monitoring of drug release in the tumor is essential to predict
therapeutic efficacy.”>’ Although many kinds of MOFs with
excellent antitumor effects have been constructed, the lack of
precise imaging tools during therapy made a challenge for their
bioapplications.

Recently, the biomedical applications of photoacoustic (PA)
and fluorescence (FL) imaging in the second near-infrared window
(NIR-I1, 900-1700 nm) have attracted widespread attention due to
their deep tissue penetration, high resolution, and low background
signal interference.’®? Single-mode imaging frequently fails to
supply comprehensive information essential for the precise diag-
nosis and treatment of cancer. The combination of NIR-Il FL and
PA imaging compensates for their inherent limitations, thus,
providing accurate and abundant information and enhancing the
accuracy of cancer diagnosis for each imaging modality.** Conse-
quently, the rational design and fabrication of NIR-Il FL/NIR-II PA
dual-modal imaging-guided multimodal comprehensive cancer
therapies effectively meet the urgent requirements for accurate
cancer diagnosis and precise, effective treatment.
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Limited by the light scattering and the change of probe con-
centration in biological tissues, single intensity-dependent signal
of PA imaging is fluctuant and distorted. However, these limita-
tions can be circumvented by constructing a self-calibration
signal.®*~*® The ratiometric NIR-Il PA imaging has the great po-
tential in understanding therapeutical process due to its ability
to precisely monitor the intensity ratio of two or more signal
channels. However, to our knowledge, nanoMOFs with the
intrinsic ability of NIR-II PA imaging in vivo have not been re-
ported. Therefore, the construction of MOFs with the ability to
facilitate stimuli-responsive ratiometric NIR-Il PA imaging will
significantly contribute to the development of individual and pre-
cise cancer therapies.

In this study, stimuli-responsive MOF nanosheets containing
Cu?* and ellagic acid (EA), designated as Cu/EA-MOF, were
developed to achieve synergistic combination therapy consist-
ing of both chemotherapy and enhanced chemodynamic ther-
apy (CDT), guided by ratiometric NIR-Il PA imaging (Figure 1A).
In order to better visualize distribution and destruction of Cu/
EA-MOF, NIR-II fluorescence molecule (BBT) was introduced
into Cu/EA-MOF, termed as Cu/EA/BBT-MOF. Upon internaliza-
tion of Cu/EA/BBT-MOF into the tumor, endogenous hydrogen
sulfide (H,S) induces the decomposition of Cu/EA/BBT-MOF, re-
sulting in the generation of copper sulfide (Cu,,S) and the
release of EA, (Figure 1B). Cu,S not only serves as an NIR-II
PA probe but also triggers a Fenton-like reaction upon exposure
to endogenous H,O, in situ, generating a cytotoxic hydroxyl
radical (-OH) and further inducing tumor cell apoptosis. In addi-
tion to possessing chemotherapeutic effects, EA also improves
the therapeutic outcome of CDT by enhancing superoxide dis-
mutase (SOD) activity. The presence of EA can promote the gen-
eration of H,O, in the tumor tissue, thereby improving the thera-
peutic outcome. Notably, Cu/EA/BBT-MOF exhibited strong
absorption at 1280 nm, while Cu,_,S formed via in situ sulfuriza-
tion of Cu/EA/BBT-MOF and endogenous H,S exhibited strong
absorption at 950 nm. Consequently, the variations in the ratio-
metric NIR-1I PA signal (PAgso/PA1280) can monitor the EA release
and Cu,.4S generation as a result of the degradation of Cu/EA/
BBT-MOF, which can be utilized for early prediction of the syn-
ergistic therapy effect. Both in vitro and in vivo experiments
have demonstrated that H,S-triggered synergistic therapy has
excellent antitumor effects, which was successfully predicted
by ratiometric NIR-Il PA imaging.

RESULTS

Preparation and characterization of Cu/EA-MOF

The process for preparing HoS-responsive Cu/EA-MOF s illus-
trated in Figure 2A. EA, a representative natural polyphenol pre-
sent in various herbs, was selected due to its rigid structure and
potential anti-tumor effects.®”*® Polyvinyl pyrrolidone (PVP)-
modified MOF was generated by a one-step hydrothermal
method using Cu®* as metal ions and EA as a bridging ligand.
The resultant Cu/EA-MOF was further characterized by various
techniques. As shown in Figure 2B, the transmission electron mi-
croscopy (TEM) image clearly illustrated the 2D nanosheet
morphology of Cu/EA-MOF, and the lateral size of the Cu/EA-
MOF nanosheets was determined to be 100-180 nm. Energy-
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dispersive X-ray (EDX) elemental mapping revealed that Cu, N,
and O were homogeneously distributed across the entire nano-
sheet (Figures 2C and S1). X-ray diffraction (XRD) data showed
that the reflection peaks of Cu/EA-MOF were well matched to
the simulated pattern of MIL-53 frameworks (Cambridge crystal-
lographic data no. CCDC-220475) (Figure 2D), indicating that
Cu/EA-MOF formed the MOF structure through coordination be-
tween EA and Cu?*."® Atomic force microscopy (AFM) revealed
that the thickness of the prepared Cu/EA-MOF nanosheets
was around 4.25 nm (Figure 2E and 2F). Dynamic light scattering
(DLS) data indicated that the average size of Cu/EA-MOF was
approximately 200 nm (Figure 2G), which was inconsistent with
the size measured by TEM because of the hydration of the nano-
particles. Subsequently, the negligible changes of hydrodynamic
diameters in PBS and DMEM confirmed that Cu/EA-MOF ex-
hibited high stability under physiological conditions owing to
highly negatively charged (Figures 2H, S2, and S3). This property
is beneficial for long-term storage.

The absorption spectrum of the Cu/EA-MOF nanosheets was
measured using an ultraviolet-visible-near-infrared (UV-vis-NIR)
absorption spectrophotometer (Figure 21). The absorption spec-
trum of Cu/EA-MOF was significantly different from those of EA
and Cu(NOg),, confirming the successful preparation of Cu/EA-
MOF. It was also observed that the absorption spectrum of
Cu/EA-MOF was mainly located in the NIR-Il region with the
peak at 1280 nm, suggesting enhanced deep tissue penetration
due to reduced light scattering and absorption in biological tis-
sues. Spherical metal-phenolic nanoparticles based on EA-co-
ordinated Cu have been reported, which presented the charac-
teristic peak in the ultraviolet and visible region.*® Therefore,
we speculated that the nanosheet structure was responsible
for NIR-II absorption ability of Cu/EA-MOF. In addition, a peak
at 550 nm was assigned to the characteristic ligand-to-metal
charge transfer band. The emergence of strong NIR-II absorp-
tion encouraged us to investigate the NIR-Il PA imaging property
of Cu/EA-MOF. Furthermore, the PA signals of Cu/EA-MOF at
different wavelengths were recorded (Figure 2J). The PA spec-
trum was closely consistent with the absorption spectrum,
implying that the NIR-II PA signal originated from the absorption.
The PA signal intensity at 1280 nm was linearly correlated with
the concentrations of Cu/EA-MOF (Figure S4). Therefore, Cu/
EA-MOF with inherent NIR-II PA imaging ability has great prom-
ise for image-guided therapy.

H,>S-responsivity of Cu/EA-MOF in vitro

Subsequently, the responsivity of the Cu/EA-MOF to H,S was
investigated in vitro (Figure 3A). HoS, as an endogenous gaso-
transmitter, is closely associated with tumor growth and prolifer-
ation in colon cancer with concentration range of 0.3-3.4 mmol
L~".40~*2 The concentration range of H,S that produces physio-
logical effects in normal tissues is 10-300 pM.*® NaHS was cho-
sen as an H,S donor in in vitro experiments, which can generate
H,S in water.** Following incubation with NaHS, Cu/EA-MOF
was rapidly converted into small nanoparticles with an average
size of approximately 8 nm (Figure 3B and 3C). The XRD ana-
lyses suggested that the generated nanoparticles were copper
sulfide crystals (CugSg, JCPDS card no. 36-0379) (Figure 3D).
The broad and diffuse XRD diffraction peaks were attributed to
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Figure 1. Schematic illustration of preparation and synergistic therapy based on metal-phenolic nanosheets
(A) Schematic illustration of Cu/EA-MOF preparation and its capability for H,S-triggered ratiometric NIR-1I PA imaging.
(B) Mechanistic diagram of how Cu/EA/BBT-MOF facilitates the synergistic combination of chemotherapy and chemodynamic therapy in tumors, guided by NIR-

Il FL and ratiometric PA imaging.

the polymer. The result of XPS indicated that the valence state of
Cuin Cu,.,S was between +1 and +2 (Figure S5). As displayed in
Figure 3E, the optical absorption of Cu/EA-MOF gradually
increased at 950 nm and decreased at 1280 nm with the
increasing concentration of NaHS, which was attributed to the
generation of Cu,,S and the decomposition of Cu/EA-MOF.
Cu,_,S had high absorption in the NIR region due to the localized
surface plasmon resonance (LSPR) effect.”* Additionally, we ob-
tained NIR-II PA images at 950 nm and 1280 nm in the presence
of different concentrations of NaHS (Figure 3F). This apparent
change in NIR-Il PA signal intensity can be validated by the
change of representative PA spectra (Figure S6). Although the
maximum PA signal of Cu/EA-MOF treated with NaHS was
around 800 nm located in NIR-l in Figure S6, we investigate
the change of NIR-Il PA signal at 950 nm in the NIR-II region

due to its deeper tissue penetration. As depicted in Figure 3G,
the ratio of PA signal intensity at 950 nm and 1280 nm increased
linearly with the concentration of NaHS across a broad range (0-
3 mM), indicating great potential for quantitative imaging. To
evaluate the reaction selectivity of Cu/EA-MOF for NaHS,
various interfering species were chosen, which widely were in
the living body. The Cu/EA-MOF demonstrated good selectivity
for NaHS, and no obvious change in ratiometric intensity was
observed during the treatment with other species (Figure 3H).
These results proved that the H,S-responsive decomposition
of Cu/EA-MOF can be monitored by ratiometric NIR-II PA
imaging.

According to the aforementioned findings, the time-depen-
dent drug release of Cu/EA-MOF was further investigated. Cu/
EA-MOF was dispersed in PBS with pH of 7.4 and treated with

iScience 28, 112425, May 16, 2025 3
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Figure 2. Preparation and characterization of Cu/EA-MOF

(A) Scheme for the preparation of Cu/EA-MOF.

(B) TEM imaging of Cu/EA-MOF.

(C) Corresponding EDS mapping.

(D) XRD spectrum of Cu/EA-MOF.

(E and F) (E) AFM imaging of Cu/EA-MOF (F) the corresponding height profile along the white line in (E).
(G) Size distribution of Cu/EA-MOF.

(H) Stability of Cu/EA-MOF in PBS, pH = 7.4 (n = 3).

(I) Vis-NIR absorption spectra of Cu?*, EA, and Cu/EA-MOF.

(J) PA spectra of Cu/EA-MOF. Data are shown as means + SD.
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Figure 3. Ratiometric responsivity of Cu/EA-MOF to NaHS

(A) Schematic illustration of the reaction between Cu/EA-MOF and NaHS to produce copper sulfide nanoparticles.
(B) TEM imaging of copper sulfide nanoparticles.

(C) Size distribution of Cu/EA-MOF after reaction with NaHS.

(D) XRD pattern of the Cu,.,S nanoparticles.

(E) Absorption spectra of Cu/EA-MOF after addition with NaHS from 0 to 3.0 mM

(F) PA imaging of the ratiometric response of Cu/EA-MOF to different concentrations of NaHS.

(legend continued on next page)
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or without NaHS. As shown in Figure 3l, without incubation of
NaHS, EA release was negligible, avoiding non-specific degra-
dation in the normal physiological environment. When Cu/EA-
MOF was incubated with NaHS, the release ratio of EA increased
to 87% within 20 min, verifying that Cu/EA-MOF possessed
H.S-triggered rapid release behavior. Meanwhile, the release
efficiency can be indicated by ratiometric NIR-Il PA imaging.
Hence, Cu/EA-MOF is capable of highly efficient drug release
and Cu,..S generation in H,S-enriched cancer microenviron-
ment that can be precisely monitored by accurate imaging.

In addition, Cu,.,S is known to induce the generation of-OH in
the presence of H,O, through Fenton-like reactions, achieving
oxidative stress-induced cancer therapy.** Neither H,O, alone
nor Cu/EA-MOF without H,O, enhance FL intensity, which was
indicated by the use of hydroxyphenyl fluorescein (HPF) as an
-OH “turn on” specific fluorescent tracer. The FL signal recovery
of HPF confirmed the-OH production ability of Cu,_,S (Figure 3J).
In addition, the fluorescence signal intensity of HPF increased
with increasing concentrations of H,O,, suggesting that the
H.S triggered Cu/EA-MOF-mediated Fenton-like reaction was
dependent on H,O, concentration (Figure S7A). The FL signal in-
tensity at pH 5.0, 6.5, and 7.4 was negligible, which was benefi-
cial for high efficiency of CDT in the TME (Figure S7B). As shown
in Figure S8, the FL intensity of HPF progressively strengthened
and finally reached its maximum after 90 min with the increase of
time. As displayed in the electron spin resonance (ESR) spectra,
the characteristic 1:2:2:1 signal was observed when Cu/EA-
MOF, NaHS, and H,O, co-existed in the environment, while no
significant signal appeared in the other groups (Figure 3K). These
results demonstrated that upon sulfidation, the Cu/EA-MOF per-
formed the conspicuous ability of reactive oxygen species (ROS)
generation, which enabled Cu/EA-MOF to trigger CDT for H,S-
enriched tumors.

In vitro synergistic therapeutic effect of Cu/EA-MOF

The prominent H,S-triggered “turn on” performances of Cu/EA-
MOF encouraged us to explore the anticancer effect in vitro
(Figure 4A). Accumulating evidence has confirmed that tumor-
derived H,S as a signaling molecule plays an important role in
many pathological and biological processes, particularly in the
development and metastasis of colorectal tumors.*® In partic-
ular, the high concentration of endogenous H,S has been
measured in colon cancer. Accordingly, the mouse colon cancer
cells (MC38) line was selected to investigate the therapeutic ef-
ficacy. MC38 cells were pretreated with SAM to regulate the level
of endogenous H,S, which is a promoter for endogenous H.S
biosynthesis.*® ZnCl, was employed to scavenge endogenous
HoS. Firstly, the cytocompatibility was assessed on human
normal liver cells (LO2) by cell counting kit-8 assay. As shown
in Figure 4B, the cell viability of LO2 cells was higher than 90%
after incubation with different concentrations of Cu/EA-MOF,
implying the excellent biocompatibility in healthy tissues.

iScience

Notably, Cu/EA-MOF presented serious cell lethality for MC38
cells, indicating the specific therapy for colorectal tumor cells
without causing damage to normal cells (Figure 4C). The cell
viability of MC38 treated with Cu/EA-MOF was higher than those
treated with Cu/EA-MOF+SAM, originating from the relatively
low level of H,S in MC38 cells in vitro without treated with SAM
(Figure S9). To further tap into the H,S-triggered therapeutic ef-
fect of Cu/EA-MOF, MC38 cells were pre-treated with either
SAM or ZnCl,. The Cu/EA-MOF had a high cytotoxicity toward
the MC38 cells pretreated with SAM, while no obvious cytotox-
icity was observed in Cu/EA-MOF + ZnCl, group (Figure 4D).
The flow cytometry results further revealed that both control
group and the Cu/EA-MOF + ZnCl, group performed no obvious
signs of apoptosis (Figure 4E). However, the MC38 cells showed
significant signs of apoptosis in Cu/EA-MOF + SAM group. In
addition, EA alone can lead to signs of apoptosis in MC38 cell,
validating its chemotherapeutic effect. The investigation of live
(green) and dead (red) staining assay visually confirmed the
aforementioned results (Figure S10). Colony formation assay
manifested that Cu/EA-MOF presented excellent suppressing
angiogenesis effect (Figures 4F and S11). All aforementioned
findings indicated the effectiveness of H,S-triggered synergistic
therapy.

The synergistic therapy mechanism

Having manifested the in vitro promising therapeutic effect of Cu/
EA-MOF, we further investigated its working mechanisms.
Firstly, the in vitro Cu,,S generation and EA release were
explored by NIR-Il FL and PA imaging. NIR-II organic fluoro-
phores based on donor-acceptor-donor have been applied for
bioimaging due to their excellent imaging performance under
physiological conditions. A NIR-Il FL imaging molecule derived
from a benzobisthiadiazole (BBT) core with triphenyl amine that
we synthesized in previous study.’” The chemical formula of
BBT is shown in Figure S12. In order to better visualize destruc-
tion of Cu/EA-MOF, NIR-Il FL molecule (BBT) was introduced
into CuW/EA-MOF, termed as Cu/EA/BBT-MOF (Figure 5A). As
shown in Figure 5B, the typical absorbance peak of BBT at
around 700 nm could be observed in Cu/EA/BBT-MOF, which
evident the presence of BBT in nanoparticles. The quenching
and recovery efficacies of FL were 80.9% and 85.5%, respec-
tively (Figure S13A). The Cu/EA/BBT-MOF showed the good
selectivity for NaHS, and no obvious change in FL intensity
was observed during the treatment with other species
(Figure S13B). Cu/EA-MOF is a good photoinduced electron
transfer quencher, leading to low NIR-Il FL signal intensity of
Cu/EA/BBT-MOF. Additionally, upon the addition of NaHS, the
dose-dependent increase of NIR-Il FL signal intensity at
1050 nm excited by 808 nm laser was confirmed (Figure 5C).
In the stability experiment of Cu/EA/BBT-MOF, the low signal
of fluorescence in solution indicated that there was no BBT
leakage from Cu/EA/BBT-MOF, which was due to the strong

(G) Linear correlation between the ratio of PA intensity (PAgs0/PA+280) and the corresponding concentration of NaHS.

(H) PA ratio (PAgso/PA1250) of Cu/EA-MOF treated with interfering species for 2 min

() Time-dependent release of EA from Cu/EA-MOF treated with or without 1 mM NaHS.

(J) Generation of +OH determined using hydroxyphenyl fluorescein (HPF) as a probe.

(K) ESR spectroscopy of -OH generation by different groups. H,O, concentration in (J) and (K) was 5 mM. Data are shown as means + SD.
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Figure 4. In vitro synergistic therapeutic effect of Cu/EA-MOF
(A) Schematic illustration of synergistic therapy effect of Cu/EA-MOF.

Cu/EA-MOF+SAM

(B-D) (B) Cell viability of LO2 cells incubated with different concentrations of Cu/EA-MOF. (n = 3) (C) Cell viability of SAM-pre-treated MC38 cells incubated with
different concentrations of Cu/EA-MOF. (n = 3) (D) Cell viability of MC38 after different treatments. (n = 3) G1: control, G2: Cu/EA-MOF (200 pg mL~") + ZnCl,, G3:
EA-equivalent concentrations of EA, G4: Cu/EA-MOF (200 ug mL~"), G5: Cu/EA-MOF (200 pg mL~") + SAM.

(E) Flow cytometric analysis of apoptosis in MC38 cells after different treatments.

(F) Colony formation assay of MC38 cells with different treatments. Data are shown as means + SD.

coordination between the amino group of BBT and the copper
ion (Figure S14).

MC38 cells exhibited significant NIR-II FL signals in both Cu/
EA/BBT-MOF + SAM and Cu/EA/BBT-MOF + SAM + Cys
groups, suggesting that overproduction of H,S can trigger
obvious FL recovery. By contrast, MC38 cells showed weak FL
signal intensity in Cu/EA/BBT-MOF + ZnCl, group. A similar

outcome was observed in the confocal FL imaging (Figure
S15). The NIR-II FL signal intensity of cells with different treat-
ments displayed a negative correlation with cell viability
(Figure 5E). These results clearly implied that Cu/EA/BBT-MOF
exhibited the capability of H,S-activated NIR-Il FL imaging,
which can be used to monitor the disaggregation of Cu/EA-
MOF. As a result of the good relationship between the NIR-II
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(B) Absorption spectra of Cu/EA-MOF, BBT, and Cu/EA/BBT-MOF.

(C) FL intensity of Cu/EA/BBT-MOF following addition of various concentrations of NaHS from 0 to 3.0 mM
(D) Schematic illustration of NIR-Il FL and PA imaging of MC38 cells with different treatments.
(E) NIR-II FL imaging of MC38 cells and corresponding signal intensity at 1050 nm excited by 808 nm laser after different treatments. NIR-Il FL images were

collected in Eppendorf tubes (n = 3).

(F) NIR-II PA imaging of MC38 cells at 950 nm and 1280 nm with different treatments. G1: Cu/EA/BBT-MOF + ZnCl,, G2: Cu/EA/BBT-MOF, G3: Cu/EA/BBT-
MOF + SAM, G4: Cu/EA/BBT-MOF + SAM + L-Cys. L-Cysteine (L-Cys), a precursor for H,S biosynthesis, was used to additionally enhance the endogenous H,S

levels in MC38 cells. NIR-II FL images were collected in Eppendorf tubes.

(G and H) (G) SOD activity in MC38 cells with different treatments. G1: PBS, G2:

Cu/EA/BBT-MOF + ZnCl,, G3: Cu/EA/BBT-MOF, G4: EA, G5: Cu/EA/BBT-MOF +

SAM. (n = 3) (H) Confocal FL microscope images of DCFH-DA-stained MC38 cells (green fluorescence) after different treatments; scale bar: 50 um. Data are

shown as means + SD.
(**p < 0.01, **p < 0.001).

PA ratio and NaHS concentration in solution, the correlation be-
tween ratiometric NIR-II PA imaging and therapeutic effect was
further uncovered in vitro. Cells showed the increased PA signal
at 950 nm and decreased PA signal at 1280 nm with increasing
H,S levels tuned by different reagents, resulting in a significant

8 iScience 28, 112425, May 16, 2025

change of ratiometric NIR-Il PA ratio (Figures 5F and S16).
Notably, the cell viability showed a strong negative correlation
with the NIR-Il PA intensity ratio, illustrating that Cu/EA/BBT-
MOF could precisely predict the therapeutic outcome via the ra-
tiometric NIR-II PA imaging (Figure S17). As shown in Figure 5G,
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significantly higher SOD activity in MC38 cells was accidentally
discovered in the presence of EA than in the absence of EA, indi-
cating that EA can boost the SOD activity in MC38 cells. This
result suggested that EA can induce an enhancement of H,O,
levels to promote the CDT effect of Cu,_S. The generation of
intracellular ROS in MC38 cells was assessed using the intracel-
lular ROS probe 2,7-dichlorofluorescin diacetate (DCFH-DA).
Compared to the control and Cu/EA/BBT-MOF groups, the
ROS level in the Cu/EA/BBT-MOF + SAM group was clearly
higher, whereas a weaker FL intensity signal was observed in
the Cu/EA/BBT-MOF + ZnCl, group (Figures 5H and S18). This
discovery revealed the emergence of oxidative stress in cells, re-
sulting from the H,S-triggered Fenton-like reaction. Interest-
ingly, MC38 cells treated with EA presented with only a slight in-
crease in green FL intensity, testifying the enhancement of H,O,
levels. After C11-BODIPY staining for lipid peroxidation, Cu/EA/
BBT-MOF treatment enhanced lipid peroxidation compared to
the control and Cu/EA/BBT-MOF + ZnCl, group (Figure S19).
In contrast, the cells treated with Cu/EA/BBT-MOF and SAM ex-
hibited a more higher FL intensity signal, suggesting that the H,S
activated synergistic therapy. Comet assay was implemented to
study the DNA damage in MC38 cells. A long comet tail was
observed in the EA-treated cells, demonstrating that EA can
cause DNA damage (Figure S20).

H,S-responsive NIR-Il FL/PA imaging in vivo

The excellent NIR-II FL and ratiometric NIR-Il PA imaging capac-
ity of Cu/EA/BBT-MOF induced by NaHS in vitro encouraged us
to explore its efficacy in NIR-Il PA/FL imaging of colon cancer.
Hence, the mice bearing subcutaneous MC38 tumor xenografts
were employed to further evaluate the H,S-responsive imaging
capability of Cu/EA/BBT-MOF. Mice were randomly split into
three groups: (1) Cu/EA/BBT-MOF, pre-treated with PBS; (2)
Cu/EA/BBT-MOF + AOAA, pre-treated with AOAA; and (3) Cu/
EA/BBT-MOF + SAM, pre-treated with SAM. Pre-treatments
were carried out for 24 h, followed by intravenous tail vein injec-
tion of Cu/EA/BBT-MOF. NIR-II FL images of mice at 1050 nm
were captured at different time points (Figure 6A).

In the Cu/EA/BBT-MOF group, NIR-II FL signal was observed at
the tumor site 6 h after intravenous injection of Cu/EA/BBT-MOF
and reached a maximum 18 h after injection, resulting from the
combination of the enhancement of H,S-responsive FL signal
and the enhanced permeability and retention (EPR) effect
(Figure S21). In the Cu/EA-MOF + SAM group, the NIR-II FL signal
intensity at 1050 nm was markedly increased in tumor tissues,
which was attributed to the “turn on” behavior of Cu/EA/BBT-
MOF in response to SAM-induced increases in H>S concentration
(Figure 6B). Cu/EA/BBT-MOF was degraded to Cu,_4S and BBT in

iScience

response to H,S after reaching the tumor. With the degradation of
Cu/EA/BBT-MOF, tumor cells continuously produced BBT. The
continuous uptake and degradation of Cu/EA/BBT-MOF by tu-
mors lead to the ability of sustained fluorescence imaging. More-
over, the structure of BBT contained amino groups, which can
easily bind to macromolecules within the tumor and linger in the
tumor.*®*° Owing to AOAA-induced inhibition of H,S generation,
negligible NIR-II FL signal at 1050 nm was detected at the tumor
site in the Cu/EA/BBT-MOF + AOAA group over the same time
period compared to that in the Cu/EA/BBT-MOF and Cu/EA/
BBT-MOF + SAM groups (Figure 6C). The NIR-Il FL images of
ex vivo tumors and organs confirmed that the FL signal of Cu/
EA/BBT-MOF can be successfully turned on by endogenous
H>S (Figures 6D and 6E). By comparing the three groups, we
found that the imaging ability of Cu/EA/BBT-MOF in tumors was
correlated with the expression level of H,S. It suggested that
Cu/EA/BBT-MOF imaging could semi-quantitatively show the
expression level of H,S in tumors. Cu/EA/BBT-MOF has great po-
tential for semi-quantitative analysis of H,S. These results sug-
gested that the H,S-triggered NIR-II FL imaging could be used
for monitoring the decomposition of Cu/EA/BBT-MOF.

However, single intensity-dependent signal of FL imaging is
difficult to achieve precise monitoring. Therefore, we proceeded
to evaluate ratiometric NIR-Il PA imaging ability of Cu/EA/BBT-
MOF in vivo (Figure 6F). The PA intensity increment (APA) was
calculated by subtracting the intrinsic PA intensity of the tumor
tissue before Cu/EA/BBT-MOF injection from the PA signal after
Cu/EA/BBT-MOF injection to minimize the tumor tissue interfer-
ence. After intravenous administration, both accumulation of Cu/
EA/BBT-MOF in the tumor and the conversion from Cu/EA/BBT-
MOF to Cu,_,S could be visualized using the gradual changes of
APA12g0 and APAgso signal intensity (Figure S22). In the pre-
treated inhibitor group, the APA 250 Signal increased significantly
due to the EPR effect and the low level of H,S (Figures 6G and
6H). A high APAi»g signal and a low APAgsg signal were
observed at the tumor site, showing no significant change in
the low ratio value (Figure 6l). However, the H,S levels in tumors
can be upregulated after SAM pretreatment, leading to a low
APA; 250 signal and a high APAgso signal. Meanwhile, the ratio
between APAgsq and APAi.g, drastically increased. Taken
together, these findings demonstrate that Cu/EA/BBT-MOF
can react with overexpressed H,S in the colorectal tumors to
form Cu,.,S, endowing the ratiometric NIR-Il PA imaging to
monitor the EA release and Cu,_.S generation.

In vivo antitumor efficacy
Encouraged by the H,S-triggered therapeutic effect in vitro and
ratiometric NIR-Il PA imaging in vivo, we further studied the

Figure 6. H,S-responsive NIR-Il FL/PA imaging in vivo

A) Schematic illustration of HoS-responsive NIR-II FL imaging in MC38 tumors during therapy.

B) NIR-II FL imaging of mice after different treatments.

D and E) Ex vivo NIR-Il FL imaging and relative NIR-II FL signal intensity of major organs 24 h after intravenous injection of Cu/EA/BBT-MOF.
F) Schematic illustration of H,S-triggered ratiometric NIR-II PA imaging in MC38 tumors during therapy.

(G) Representative NIR-II PA cross-sectional imaging of tumor sites in tumor-bearing mice after different treatments.

(H and I) Relative NIR-II PA signal intensity and ratio of (G). Data are shown as means + SD.

(
(
(C) Relative NIR-II FL signal intensity at 1,050 nm of (B).
(
(

(**p < 0.001, n = 3).
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therapeutic effect of Cu/EA/BBT-MOF activated by endogenous
H.S in vivo using the MC38-tumor-bearing mice model. Before
administration to mice, the hemolysis tests were conducted to
explore the blood safety of Cu/EA/BBT-MOF. The hemolysis
rates below 5% were found over a wide range of concentration
(0-1.5 mg mL™"), proving the good blood compatibility of Cu/
EA/BBT-MOF (Figure S23).

As a standard method, all mice were randomly divided into five
groups, including PBS, EA, Cu/EA/BBT-MOF, Cu/EA/BBT-
MOF + SAM, and Cu/EA/BBT-MOF + AOAA. The mice were
respectively pretreated with SAM and AOAA in Cu/EA/BBT-
MOF + SAM group and Cu/EA/BBT-MOF + AOAA group, aiming
to upregulate and inhibit the level of endogenous H,S in tumor.
The treatment was repeated four times at a period of every
3 days, and tumor volume was recorded for 16 days
(Figure 7A). The tumor of mice in PBS group grew rapidly,
growing in volume by 16-fold after 16 days (Figures 7B and
7C). Compared to the PBS control, EA or Cu/EA/BBT-MOF
slightly inhibited tumor growth. Previous studies have demon-
strated that EA presented anti-tumor efficacy through multifac-
eted mechanisms, including inducing tumor cell apoptosis, sup-
pressing tumor cell proliferation, and other pathways of inhibiting
the growth of cancer cells.*®*° The tumor growth rate in Cu/EA/
BBT-MOF + SAM group was significantly inhibited, which attrib-
uted to the enhancing synergistic therapeutic effect of EA and
Cuo4S. In contrast, the tumor growth rate of mice pretreated
with AOAA was similar to that of the control, suggesting endog-
enous H,S-responsive therapeutic effect. On the 16th day, the
tumor inhibition rates of the EA, Cu/EA/BBT-MOF, Cu/EA/BBT-
MOF + SAM, and Cu/EA/BBT-MOF + AOAA treatment groups
were approximately 36.1%, 25.1%, 83.7%, and 8.5%, respec-
tively. These results revealed the excellent antitumor efficiency
of Cu/EA/BBT-MOF in tumors containing endogenous H,S. It
also illustrated that the anti-tumor ability of Cu/EA/BBT-MOF
were correlated with the expression level of H,S in tumor.

The relationship between ratiometric NIR-II PA imaging signal
and the late-time therapeutic outcomes in MC38 mouse models
were further investigated. The corresponding relative tumor vol-
ume changes were strongly negatively correlated with NIR-II PA
ratios, indicating the early prediction ability of in vitro and in vivo
therapy efficacy of Cu/EA/BBT-MOF (Figure 7D). Cu/EA/BBT-
MOF can remarkably prolong the survival of mice pre-treated
with SAM (Figure 7E). Negligible loss in body weight was
observed in mice treated with Cu/EA/BBT-MOF during the
therapy period of 16 days (Figure 7F). Furthermore, the
representative hematoxylin and eosin (H&E) staining of the tu-
mors displayed obvious necrosis of tumor cells in the Cu/EA/
BBT-MOF + SAM group in vivo, which further verified that H,S-
triggered the therapeutic effect of Cu/EA/BBT-MOF (Figure
7@). To further elucidate the underlying mechanism of the excel-
lent antitumor performance of Cu/EA/BBT-MOF, Ki67, and
TUNEL FL staining were carried out. These results verified that
Cu/EA/BBT-MOF could induce significant apoptosis and seri-
ously inhibited cell proliferation in tumors in Cu/EA/BBT-MOF +
SAM group (Figure 7H).

The in vivo biosafety of nanoparticles was then evaluated.
Firstly, H&E staining of the major organs (e.g., heart, liver, spleen,
lung, and kidney) revealed that negligible pathophysiological
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damage was observed in either the Cu/EA/BBT-MOF or PBS
group (Figure S24). Additionally, serum biochemistry analyses
indicated similar biochemical parameters between PBS and
Cu/EA/BBT-MOF groups (Figure S25). These results disclosed
the excellent biosafety of Cu/EA/BBT-MOF.

DISCUSSION

In summary, we constructed a theranostic Cu/EA/BBT-MOF
containing Cu®* ions and phenolic drug for colon cancer imaging
and treatment. Benefiting from the intrinsic NIR-Il PA imaging
ability of Cu/EA/BBT-MOF, the Cu,,S generation and EA
release can be accurately monitored, which can be further
applied to predict the therapeutic outcome. The prepared Cu/
EA/BBT-MOF could be activated by endogenous H,S and
induce apoptosis by synergistic chemo/chemodynamic therapy.
The Cu,_,S was formed from the reaction between Cu/EA/BBT-
MOF and H,S, resulting in a dramatic variation of NIR-II PA signal
intensity ratios. Based on the distinct switch in NIR-II PA ratios,
Cu/EA/BBT-MOF permitted real-time and non-invasive imaging
of activated therapy process, detecting the generation of agents
responsible for the therapeutic effects during endogenous H,S-
triggered synergistic therapy. Experiments showed that Cu/EA/
BBT-MOF can obviously inhibit tumor growth and prolong over-
all survival. Observed variations in NIR-Il PA ratios correlated
well with the therapeutic outcomes. This study has established
a simple strategy for both diagnosis and treatment of colon can-
cer guided by ratiometric NIR-Il PA imaging, which was assisted
to achieve precise therapy.

Limitations of the study

The performance of nanomaterials has not been validated in the
in situ colon cancer models. The application of the nanomaterials
in the in situ colon model can better illustrate the endogenous
H,S-activated combination therapy of chemodynamic therapy
and chemotherapy. Furthermore, the application of nanomateri-
als in the in situ colon cancer models can more effectively show
the advantages of NIR-Il FL and PA imaging.
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Figure 7. In vivo antitumor efficacy

(A) Schematic illustration of therapy in MC38 tumor-bearing mice.

(B) Photographs of tumors excised from mice with different treatments. Scale bars: 10 mm

(C) Relative tumor volumes of tumor-bearing mice with different treatments (Means + SD; n = 3).

(D) Correlation between the relative tumor volume at day 16 and the corresponding ratiometric NIR-II PA signal intensities after synergistic therapy.
(E) Relative survival curves of mice treated with different treatments (n = 5).

(F) The body weights of mice during different treatments (n = 3).

(G) H&E staining of tumor slices from different treatment groups. Scale bars: 100 pm

(H) TUNEL staining of tumors. Scale bars: 100 pm. Data are shown as means + SD.

(*p < 0.01, **p < 0.001; (1) PBS, (2) EA, (3) CW/EA/BBT-MOF+AOAA, (4) Cu/EA/BBT-MOF, (5) Cu/EA/BBT-MOF+SAM.).
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
Cu(NOg),-3H.0 Sigma Aldrich Cat: 61194, CAS: 10031-43-3
Ellagic acid (EA) Sigma Aldrich Cat: 14668, CAS: 476-66-4
Polyvinyl pyrrolidone (PVP) Sigma Aldrich Cat: PVP40, CAS: 9003-39-8
Ethanol Sigma Aldrich Cat: 1009831011, CAS: 64-17-5
NaSH Aladdin Cat: S106641, CAS:207683-19-0
Tris-HCI buffer Aladdin Cat: T301509
Phosphate-buffered saline (PBS) Sigma Aldrich Cat: P4474
H20, Aladdin Cat: H112520, CAS: 7722-84-1
ZnCl, Aladdin Cat: 2112534, CAS: 7646-85-7
S-adenosyl-L-methionine (SAM) Aladdin Cat: S192607, CAS: 29908-03-0
Aminooxyacetic acid (AOAA) Aladdin Cat: A607614, CAS: 645-88-5
L-Cysteine (L-Cys) Aladdin Cat: C108238, CAS: 52-90-4
NaCl Aladdin Cat: C111547, CAS: 7647-14-5
Na, SO, Aladdin Cat: S433908, CAS: 7757-82-6
Na,CO3 Aladdin Cat: S432757, CAS: 497-19-8
NaH,PO, Aladdin Cat: S108343, CAS: 7558-80-7
Glutathione (GSH) Sigma Aldrich Cat: Y0000517, CAS: 70-18-8
Cyanine dye Cy5 Aladdin Cat: C288764, CAS: 146368-14-1
Critical commercial assays
Reactive oxygen species (ROS) assay kit Beyotime Biotechnology Cat: S0061S

(Shanghai, China)
Lipid peroxide (LPO) fluorometric assay kit Elabscience Biotechnology Co., Ltd Cat: E-BC-F003
Aspartate aminotransferase assay kit (AST) Nanding Jiancheng Cat: C010-3-1

Bioengineering Institute
alanine aminotransferase assay kit (ALT) Nanding Jiancheng Cat: C009-3-1

Bioengineering Institute
The enzyme linked immuno sorbent Shanghai Jianglai Industrial Cat: JL54862
assay (ELISA) kits (CRE) Limited by Share Ltd
BUN Detection Kit Shanghai Jianglai Industrial Cat: JL-T1014

Limited by Share Ltd
Cell Counting Kit-8 (CCK-8) Med Chem Express Cat: HY-K0301

(Monmouth Junction, NJ, USA)
Superoxide dismutase (SOD) assay kit Solarbio Life Sciences Cat: BC5165
Propidium iodide (Pl) dye detection kit Beyotime Biotechnology Cat: C1352M

(Shanghai, China)
Annexin V-FITC apoptosis detection kit Beyotime Biotechnology Cat: C1062M

(Shanghai, China)
Comet assay kit Beyotime Biotechnology Cat: C2041S

(Shanghai, China)
Experimental models: Cell lines
LO2 Fu Heng Biology FHO109
MC38 Fu Heng Biology FH0644

Experimental models: Organisms/strains

BALB/c nude mice

Shanghai SLAC Laboratory Animal
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Software and algorithms

Prism 9
ImagedJ

GraphPad
Schindelin et al.®’

https://www.graphpad.com
https://imagej.nih.gov/ij/

Other

HT7700 Exalens TEM
Multimode 8 AFM

UH4150 spectrophotometer
Ultima IV 285 X-ray powder

diffractometer XRD
ESCALAB 250XI XPS

Malvern Zetasizer Nano ZS

Fluorescence spectrometer FLS980

In-Vivo Master small animal
NIR-II bioimaging system

Hitachi, Japan

Bruker, Germany

Hitachi, Japan

Rigaku Co., Japan

Thermo, USA

Malvern, U.K.

Edinburgh Instruments,
England

Wuhan Grand-imaging
Technology Co., Ltd

Confocal laser scanning microscope Nikon A1+, Japan

https://www.hitachi-hightech.com/cn/
zhcn/products/microscopes
https://www.bruker.com/zh/products-and-
solutions/microscopes/materials-afm.html
https://www.hitachi-hightech.com/cn/zhcn/
products/analytical-systems/spectrophotometers/
https://rigaku.com/products/x-ray-
diffraction-and-scattering
https://www.thermofisher.cn/cn/zh/home/
industrial/spectroscopy-elemental-isotope-
analysis.html
https://www.malvernpanalytical.com.cn/
products?view=product-ranges&display=
grid&technologies=101953
https://www.edinst.com/products/
fluorescence-spectrometers
https://www.bio-equip.com/
show1equip4379961.html

https://www.microscope.healthcare.nikon.com/

zh_CN/products/confocal-microscopes

InVision 128 MSOT system iThera Medical, Germany https://ithera-medical.com/products/

preclinical-research/invision/
Cytoflex Flow Cell analyzer Beckman Coulter https://www.mybeckman.cn/flow-cytometry
https://www.waters.com/nextgen/cn/zh/

products/chromatography.html

High-performance liquid chromatography Waters, MA, USA

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Mouse colon cancer cells (MC38) and human normal liver cells (LO2) were respectively cultured in DMEM medium and RPMI 1640
medium containing 10% FBS and 1% penicillin/streptomycin. All cells were cultured at in sterile cell culture flasks at 37°C and 95%
humidified atmosphere with 5% CO..

Animal model

All procedures and animal experiments were implemented in accordance with the requirements of the Institutional Animal Care and
Use Committee of Fujian Medical University. BALB/c nude mice (female, 5-6 weeks old, ~20 g) were provided by Shanghai SLAC
Laboratory Animal Co., Ltd. The animals were cared for following the guidelines for the care and use of laboratory animals in China.
The mice were housed under specific-pathogen-free (SPF) controlled conditions of 22 + 1°C and 60% + 10% humidity witha 12 h
light/dark cycle and free access to standard rodent diet and water for 1 week.

METHOD DETAILS

Synthesis

A 6.0 mg of Cu(NO3),-3H,0 (0.085 mmol), 15.1 mg of ellagic acid (EA) (0.048 mmol), and 10 mg polyvinyl pyrrolidone (PVP) were dis-
solved in 10 mL of water. The pH value of mixing solution was adjusted to 9. Subsequently, the obtained mixture was ultrasonicated
for 5 min, and stirred at room temperature for 10 min. Then, the mixture was added into an autoclave, and heated at 100°C for 12 h.
After the autoclave was naturally cool to room temperature, the obtained product was purified by centrifugation at 8000 rpm for
10 min, washed with ethanol for three times to remove unreacted starting materials, and finally re-dispersed in water for further use.
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In vitro H,S-responsive behavior

In a typical experiment, NaHS solution (500 pL) with different concentrations (0, 0.4, 0.4, 0.8, 1.2, 1.6, and 3.0 mM) was added into
Tris-HCI buffer (pH = 7.4, 500 pL) containing Cu/EA-MOF (0.5 mg mL~"), respectively. The absorption spectra of obtained mixtures
were tested by UV-Vis-NIR absorption spectrophotometer after incubation at room temperature for 10 min. Subsequently, PA imag-
ing was conducted under excitation at 950 and 1280 nm.

In vitro drug release

In vitro EA release from Cu/EA-MOF was measured using a dialysis method under physiological and NaHS through HPLC. First, the
Cu/EA-MOF solution containing 1 mg of EA was suspended in 2 mL of phosphate-buffered saline (PBS) with or without 1 mM NaHS
and then transferred to respective dialysis membrane bags (molecular weight cutoff = 10,000 Da). Then, the bags were immersed into
50 mL centrifuge tubes containing 20 mL of PBS with or without 1 mM NaHS. The tubes were gently shaken at 37 °C at 110 rpm,
0.2 mL of aliquot was collected, and an equal volume of fresh corresponding PBS was replenished at predetermined time points.
The amount of EA released was determined by HPLC.

Cell toxicity test

MC38 cells and L02 cells were selected to investigate the cell toxicity. Cells were seeded in 96-well culture plates (5x10° cells/well)
for 12 h. Then, the cells were cultured in a medium containing different concentration (0-200 pg mL~") of Cu/EA-MOF for 24 h at 37°C.
Following this, medium containing 10 uL CCK-8 solution was added to each well and the cells were incubated for 40 min. The ab-
sorption signal intensity at 450 nm of cells was recorded by ELISA instrument. Subsequently, the viability of cells was calculated
by the following formula:

Viability (%) = (mean absorbance value of treatment group / mean absorbance value of control) x 100%.

Evaluation of intercellular ROS

2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA) was selected as a fluorescent probe for the evaluation of ROS in cells, which
can be oxidized and recover FL signal. S-adenosyl-L-methionine (SAM) was used to additionally enhance the endogenous levels of
HoS in MC38 cells. MC38 cells were seeded in 96-well plates and incubated for 12 h. Cells were divided into five groups:Control
(PBS), EA, Cu/EA-MOF, Cu/EA-MOF + ZnCl,, Cu/EA-MOF + SAM. Cells were pre-treated with PBS, ZnCl,, or SAM for 1 h. Then
the medium was removed and the cells were washed three times. Then, medium containing Cu/EA-MOF was added. The cells
were incubated for 4 h before the Cu/EA-MOF medium was removed and replaced with a medium containing 20 pM DCFH-DA. Cells
were cultured for 60 min in the dark. Finally, the FL images of cells were captured using CLSM with an excitation wavelength of
488 nm.

NIR-Il FL and PA imaging of cells

MC38 cells (~2x10* were seeded into a 96-wells plates and cultured overnight. All cells were divided into four groups: 1) control (Cu/
EA/BBT-MOF), treated with PBS; 2) Cu/EA/BBT-MOF + ZnCl,, treated with 300 uM ZnCly; 3) Cu/EA/BBT-MOF + SAM, treated with
200 pM SAM; and 4) Cu/EA/BBT-MOF + SAM + L-Cys, treated with 200 uM SAM +200 pM L-Cys. The MC38 cells were incubated
with their respective treatments for 1 h. Additionally, the cells were incubated with Cu/EA/BBT-MOF for 12 h. Cells were collected,
distributed in PBS, and stored in centrifuge tubes for imaging. NIR-Il FL images were acquired using NIR-II FL imaging system equip-
ped with an 808 nm excitation laser and a 1050 nm bandpass filter. The exposure time was 2000 ms. The NIR-Il FL images of cell were
further analyzed using the Imaged software. The ratiometric PAimages of tumors were captured under excitation at 950 and 1280 nm.

In vivo NIR-Il FL and PA imaging of mice

To evaluate the biodistribution and response capability of Cu/EA/BBT-MOF in vivo, NIR-Il FL and PA imaging was carried out. Cu/EA/
BBT-MOF (200 L, 1 mg mL~") was administered by intravenous injection. Aminooxyacetic acid (AOAA) (2 mg kg~ ') and SAM (20 mg
kg~") were used for suppression and upregulation of endogenous H.,S, which were intraperitoneally administered 12 h before Cu/EA/
BBT-MOFs injection. NIR-II FL images of MC38 tumor bearing mice at different time points were obtained at 1050 nm using an NIR-II
FL imaging system with an 808 nm excitation laser (180 mW cm~2). All mice were anesthetized by isoflurane. The exposure time was
500 ms, and a 1050 + 50 nm band optical filter was selected. 12 h after administration, the mice were sacrificed. Major organs (heart,
liver, spleen, lung, and kidney) and tumors were collected and imaged. NIR-Il FLimages and NIR-II FL signal intensity in the regions of
interest were processed by Imaged software. The ratiometric PA images of tumors were captured under excitation at 950 and
1280 nm.

Therapeutic efficiency in vivo

To study the synergistic anti-tumor therapy, MC38 cells (2 x 108) were implanted subcutaneously into female BALB/c-nude mice. All
mice were divided into five groups: 1) PBS; 2) EA; 3) Cu/EA/BBT-MOFs; 4) Cu/EA/BBT-MOFs + AOAA, pre-treated with AOAA; and 5)
Cu/EA/BBT-MOFs + SAM, pre-treated with SAM. Mice in the Cu/EA/BBT-MOF, Cu/EA/BBT-MOFs + AOAA, and Cu/EA/BBT-
MOFs + SAM groups were injected with 2 mg mL~' Cu/EA/BBT-MOF in a final volume of 100 pL. Mouse body weight, tumor
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size, and mouse survival were recorded every 2 days. After 16 days of treatment, the mice were sacrificed. The tumors and major
organs were collected for H&E, TUNEL, and immunofluorescent Ki67 staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experimental data are presented as the means + standard deviation (SD) of at least three independent experiments. Statistical

analysis was conducted using Student’s t-tests. Statistical significance is expressed as *p < 0.05, **p < 0.01, and **p < 0.001.
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