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Inspired by the distinct metabolic pathway of tumor cells, here a new anti-cancer therapy
(i.e., Cu-TCPP(Fe) metal-organic frameworks (MOFs) with sonosensitizer for sonodynamic
therapy (SDT) and tumor microenvironment (TME)-specific release of copper/iron for
chemical catalysis) is introduced and verified. Upon exposure to ultrasound, the
porphyrin structure in the MOFs yields reactive oxygen species (ROS), and the copper/
iron induces the Fenton reaction in the TME existing H>O, and acid. Thus, highly toxic ROS
are generated through these TME-specific reactions to trigger the apoptosis and death of
tumor cells. The current work paves a new avenue to design SDT with catalytic
nanomedicine for the selective and effective treatment of tumors.
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1 INTRODUCTION

Malignant tumors are a global public health issue (Siegel et al., 2021). Although striking progress has
been made in the area of targeted cancer therapy, the anticancer effect of molecular targeted
treatment is still inadequate (Cheng et al., 2014; Chu and Dupuy, 2014; Liu et al., 2015a; Zhang et al.,
2015; Long et al., 2016; Pelaz et al., 2017). To better understand the tumor microenvironment (TME),
tumor cellular metabolism, biosynthetic intermediates, and the physical environment have been
broadly studied (Carmeliet and Jain, 2000; Coussens and Werb, 2002; Hanahan and Weinberg, 2011;
Wang et al., 2017). Among all TME signals, reactive oxygen species (ROS) (Trachootham et al., 2009;
DeBerardinis and Chandel, 2016; Hornsveld and Dansen, 2016)—chemically reactive molecules
containing oxygen, including hydroxyl radical (¢OH), superoxide anion (O,e-), singlet oxygen (‘O,),
and hydrogen peroxide (H,O,)—were found to be important messengers in the cell. Changes in the
levels of ROS influence cell proliferation, differentiation, apoptosis, or necrosis. Low levels of ROS
promote cell proliferation and survival. However, excess production of ROS can induce cell
senescence and death by causing oxidative damage to intracellular biomacromolecules, such as
proteins, lipids, RNA, and DNA (Landry and Cotter, 2014; Galadari et al., 2017; Zou et al., 2017).
Therefore, ROS-mediated cancer therapy has gained increasing attention (Dolmans et al., 2003;
Castano et al., 2006; Allison and Sibata, 2010; Firczuk et al., 2011). It should be noted that increasing
ROS levels via molecular-targeted drugs is a novel therapeutic regimen for treating cancer patients
with drug-resistant tumors.

As an emerging non-invasive management technique for malignant tumors, sonodynamic
therapy (SDT) has received extensive attention in recent years (Deepagan et al., 2016; McEwan
et al, 2016; Huang et al., 2017a; Kou et al., 2017). Similar to photodynamic therapy, SDT uses
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FIGURE 1 | Schematic illustration of the synergistic SDT/chemical
catalytic-therapeutic mechanism of Cu-TCPP(Fe) MOFs against cancer.

therapeutic ultrasound (US) waves to activate a sonosensitizer
(e.g., porphyrins) to generate ROS, which directly induces cancer
cell death (Harada et al., 2011; Li et al., 2016). Moreover, SDT has
been considered as a potential complementary treatment to
conventional cancer chemotherapy because of its deep-tissue
penetration, high spatial accuracy, and biosafety features.
Additionally, advancements in novel nanomaterials have
enhanced the accuracy of SDT and mitigated its side effects.
Metal-organic frameworks (MOFs) have been receiving
substantial consideration for various applications due to their
tunable structure and function, large surface area, and
highly ordered pores for substrate molecules (Strickland et al.,
2015; Huang et al., 2017b; Guo et al.,, 2017; Simon-Yarza et al,,
2017).

It is plausible that approaches that increase production ROS in
a controlled manner may serve as alternative strategies to SDT.
For example, the Fenton reaction has been used for the
production of ®OH—one of the strongest oxidants in nature
(Burkitt and Gilbert, 1990; Portnow et al., 2009; Rahim Pouran
et al., 2014; Hofmans et al., 2016). Therefore, in this work
(Figure 1), we report a sonodynamic agent based on MOFs
that possess enhanced sonodynamic effects in combination
with the Fenton reaction, which highlights the potential
clinical application of SDT combined with chemical catalysis
in anti-cancer management.

2 RESULTS AND DISCUSSION

2.1 Design, Synthesis, and Characterization

of Cu-TCPP(Fe)

The application of MOFs, a new type of 2-dimensional (2D)
nanomaterial with unique physical and chemical properties
(Novoselov et al., 2004; Chhowalla et al., 2013; Pakdel et al.,
2014; Ma and Sasaki, 2015; Tan and Zhang, 2015; Liu et al., 2016;
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Huang et al., 2017b), has been widely explored in many fields,
such as hydrogen storage and theranostic nanomedicine (Peng
et al., 2014; Rodenas et al., 2015). In this work, water-stable, 2D,
metalloporphyrinic MOFs, labeled as Cu-TCPP(Fe), were
fabricated by TCPP(Fe) [TCPP = tetrakis (4-carboxyphenyl)
porphyrin] as ligands and Cu,(COO), paddle-wheel clusters as
metal nodes. The four Cu,(COO), paddle-wheels were used as
the linkage of the 2D “checkboard” motif of TCPP(Fe) for each
layered sheet, and the layered sheets were stacked in an AB-
packing pattern (Figure 2A). The as-prepared Cu-TCPP(Fe)
MOFs were dispersed in water for several weeks in a tightly
sealed bottle. Digital photographs of Cu-TCPP(Fe) MOFs
dispersed in water with typical Tyndall effects indicated their
excellent hydrophilicity and dispersity (Figure 2B). Transmission
electron microscopy (TEM) image showed low contrast of the
obtained nanosheets with sizes ranging from hundreds of
nanometers to a few micrometers (Figure 2C), confirming the
ultrathin nature of the Cu-TCPP(Fe) MOFs. The TEM images
also displayed typical Cu-TCPP(Fe) MOFs (Figure 2D). The
corresponding selected area electron diffraction (SAED) pattern
(Figure 2E) also confirmed the basal plane’s hexagonal symmetry
structure, demonstrating its highly crystallized structure. The
quantitative element analysis was determined by the
inductively-coupled plasma optical emission spectroscopy
(ICP-OES) (Cu: Fe = 2:1). X-ray diffraction (XRD) patterns
exhibited characteristic diffraction peaks of 8.8", 10.6", and
19.2°, which were assigned to (110), (001), and (002) (Makiura
etal,,2010; Xu et al., 2012), further verifying the crystalline nature
of the 2D Cu-TCPP(Fe) nanosheets (Figure 2F). X-ray
photoelectron spectroscopy (XPS) analysis was carried out to
verify the oxidation states of copper/iron in the Cu-TCPP(Fe)
nanosheet. The XPS peaks for the Cu-TCPP(Fe) MOFs showed
Fe'' and its satellite peaks at 707.23 eV and 718.44 eV, and the
Fe'' peaks at 711.51 eV and 725.76 eV, demonstrating the
coexistence of Fel' and Fe'! in the MOFs (Figure 2G).
Deconvolution of the MOFs signal was used to determine the
portion of Fe" (59.55% and 12.34%) and Fe"" (23.76% and 4.35%)
in the sample.

To enhance the stability of the Cu-TCPP(Fe) nanosheets in the
physiological environment of the human body and lengthen the
internal circulation time, their surface was grafted with a
biocompatible soybean phospholipid (SP). These surface-
modified Cu-TCPP(Fe) nanosheets featured high colloidal
stability in physiological solutions, such as Dulbecco’s
modified Eagle’s medium (DMEM) and phosphate buffer
saline (PBS).

2.2 In vitro Reactive Oxygen Species
Generation and Cytotoxicity by Fenton

Reaction

We used 3,3',5,5'-tetramethylbenzidine (TMB), a widely-used
substrate for the assay of enzyme mimic catalytic performance
(Gao et al., 2007; Chen et al., 2012; Su et al., 2012; An et al., 2013;
Liu et al., 2015b; Kwon et al., 2016; Zhang et al., 2016), to assess
the peroxidase-like catalytic activity of Cu-TCPP(Fe) and the
enhancement of SDT (Figure 3A). The Cu/Fe in Cu-TCPP(Fe)
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FIGURE 2 | Characterization of Cu-TCPP(Fe) MOFs. (A) A schematic showing the synthetic procedure for Cu-TCPP(Fe) MOFs. (B) A digital photograph and (C)
TEM image of Cu-TCPP(Fe) MOFs. (D) A TEM image and (E) SAED pattern of a typical Cu-TCPP(Fe) MOF. (F) XRD patterns, and (G) XPS spectra of Cu-TCPP(Fe) MOFs.
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initially catalyzed H,O, to produce highly toxic hydroxyl radicals
(¢OH) in the acidic environment (Equation 1), which then
oxidized the colorless TMB to form chromogenic oxidized
TMB (ox-TMB) with a Ay.e = 650nm. The catalytic
functionalities and performances of Cu-TCPP(Fe) were
explored by plotting typical Michaelis-Menten steady-state
kinetics. H,O, (40, 20, 10, and 5 mM) served as the reactants
in the assays of 20 pg/ml Cu-TCPP(Fe) and the trigger of US (1.0
MHz, 1.5 W/em?, 50% duty cycle, 1 min) implied that SDT could
enhance enzyme mimic catalytic performance (Figure 3B). The
time-course absorbance upon the addition of H,0, into the Cu-
TCPP(Fe) in sodium citrate buffer solution (pH = 6.0) was
plotted, and the corresponding average initial velocities were
calculated. Michaelis-Menten steady-state kinetics of Cu-
TCPP(Fe) was plotted (Equation 2). All average initial
velocities of absorbance changes were then converted as initial
velocities (vo) of cation-free radical production or hydroxyl
radical formation via the Beer-Lambert law (Equation 3), and
then plotted against the corresponding concentration and fitted
with Michaelis-Menten curves (Figure 3D). The ox-TMB
resulted in the blue color in the solutions (inset in Figure 3C),
which showed a maximum absorption peak at 650 nm
(Figure 3C), demonstrating that the cascade reaction occurred.

A linear double-reciprocal plot (Lineweaver-Burk plot, Equation
4 and Figure 3E) was obtained to determine the Michaelis-
Menten constant (Kj;) and maximum velocity (V,,,.). The Ky,
and V,,,. values were calculated to be 33.60 mM and 1.2 X
107> M/s for Cu-TCPP(Fe).

H,0, + Cu*" /Fe** = Cu’* /Fe’* + «OH + OH~ (1)
A = kbc )

Vmux : [S]
T Kt 9] 3)

1 Ky 1 1

Vo B Vmux . m i Vmux

(4)

The methylene blue (MB) dye test (Figure 5A) was
performed to determine the presence of hydroxyl radicals
generated by the Fenton reaction (Satoh et al,, 2007; Zhang
et al, 2015). ®OH radicals are the primary active substances for
MB bleaching in the traditional Fe**/H,0, system. Importantly,
the added H,0, did not cause obvious MB bleaching
(Figure 4C) as compared to the MB group (Figure 4B),
whereas the MB with the H,O, group was homogeneously
dark blue. The introduction of Cu-TCPP(Fe) cause obvious
MB bleaching (Figure 4D) and adding US (1.0 MHz, 1.5 W/
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FIGURE 3| /n vitro characterizations of the catalytic performance of Cu-TCPP(Fe). (A) Schematic illustration of the mechanism of ROS generation by employing Cu-
TCPP(Fe) as sonosensitizer for SDT (left) and chemical catalyze (right). (B) The absorbance of Cu-TCPP(Fe) over time after the addition of varied concentrations of H,O»
(40, 20, 10, and 5 mM) and the trigger of US (1.0 MHz, 1.5 W/cm?, 50% duty cycle, 1 min) at pH = 6.0, with 0.8 mg/ml TMB and 20 pg/ml Cu-TCPP(Fe). (C) Absorbance
spectra changes (Amax = 650 nm) at the end of the reaction (inset shows the photographs of ox-TMB). (D) Michaelis-Menten kinetics and (E) Lineweaver-Burk
plotting of Cu-TCPP(Fe).

cm?, 50% duty cycle, 1 min) implied that SDT could enhance the
Fenton reaction (Figure 4E). The bleaching of MB in the Cu®*/
Fe’*/H,0, system can be divided into two stages: the short
initial stage and the long deceleration stage. In the short initial
stage, the ®OH generation rate was rapid, which led to a rapid
drop in MB concentration (Figure 4F). However, after H,0,
and Cu®*/Fe** were rapidly consumed during the short initial
stage, the bleaching reaction entered the long deceleration stage.
The bleaching of MB resulted in the pale blue color in the
solutions (inset in Figure 4F), which showed a maximum
absorption peak at 664 nm.

2.3 Intracellular Biodegradation of
Cu-TCPP(Fe)

Bio-TEM was employed to perceive the underlying evolution of
Cu-TCPP(Fe) after co-culture with 4T1 cells over time [(Chu and
Dupuy, 2014; Liu et al., 2015a; Pelaz et al., 2017; Siegel et al., 2021)
d] (Figure 5A). The Cu-TCPP(Fe) was endocytosed well after 1 d
co-incubation. Subsequently, some nanoparticles were degraded
and excreted from the cells. As co-incubation continued, an
increasing amount of nanoparticles were degraded and barely
any nanoparticles were observed after 7 d.
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FIGURE 4 | MB bleaching test. (A) The sketch map of MB bleaching. MB absorbance spectra changes (\max = 664 nm) at different time points (0, 30, 60, 90, 120,
150, and 180 min) after initiation of the Fenton reaction at (B) pH = 6.0, (C) pH = 6.0 + 40 mM H,O,, (D) pH = 6.0 + 40 mM H,0, + 40 pg/ml Cu-TCPP(Fe) and (E) pH =
6.0 + 40 mM H,05 + 40 ug/ml Cu-TCPP(Fe) + US (1.0 MHz, 1.5 W/cm?, 50% duty cycle, 1 min). (F) Comparison of ROS production in different treatments as
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2.4 In vitro Sonodynamic Therapy/Chemical

Catalysis Therapy for Cancer

The above-mentioned in vitro research was shown to yield a
substantial amount of hydroxyl radicals by Cu-TCPP(Fe). The
CCK-8 assay was used to define the inherent toxicity of Cu-
TCPP(Fe) by using 4T1 cells. Furthermore, 4T1 cells were initially
co-cultured with Cu-TCPP(Fe) at various concentrations (20, 10,
5, 2.5, 1.25, and 0.625ug/ml) for 12 and 24h. No obvious
cytotoxicity of Cu-TCPP(Fe) nanocomposites was observed
(Figure 5B). 4T1 cells were then incubated at different pH
values (7.0, 6.5, 6.0, 5.5, 5.0, 4.5, 4.0, 3.5, and 3.0) for 12 h. No
obvious cytotoxicity was observed at pH values between 5.0-7.0
(Figure 5C). To observe the cytotoxicity of the Fenton reaction of
Cu-TCPP(Fe), 4T1 cells were then incubated with Cu-TCPP(Fe)
at various concentrations (20, 10, 5, 2.5, 1.25, and 0.625 ug/ml)
under acidic (pH = 6.0) and neutral (pH = 7.4) culture mediums
for 4h. The Cu-TCPP(Fe) present 47.76, 62.87, 61.46, 70.12,

76.66, 85.94, 91.91, 91.55, 94.94, 95.21, 96.25% cell viabilities at
descendent concentrations under the acidic (pH = 6.0) and
neutral (pH = 7.4) condition, respectively. This confirmed that
the cell viability is dependent upon the quantity of Cu-TCPP(Fe)
and the pH value (Figure 5D). Concurrently, a CCK-8 assay was
also used to define the toxicity of Cu-TCPP(Fe) as a
sonosensitizer. Cu-TCPP(Fe) alone exhibits negligible
cytotoxicity, whereas Cu-TCPP(Fe) combined with SDT
significantly improved the treatment efficiency, inhibited cell
proliferation, and induced cell death. These effects were Cu-
TCPP(Fe) concentration- and US irradiation time (30, 60, and
120 s)-dependent (Figure 5E).

To validate the synergistic effect induced by SDT and the
Fenton reaction of Cu-TCPP(Fe), a CCK-8 assay, calcein
acetoxymethyl ester (calcein-AM)/propidium iodide (PI)
solution stain test, and 2'-7'-dichlorofluorescein diacetate
(DCFH-DA) test were conducted. For the CCK-8 assay, 4T1
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cells were incubated with Cu-TCPP(Fe) at 20 pg/ml for 4 h at a pH
= 7.4 or pH = 6.0, with or without US (1.0 MHz, 1.5 W/cm?, 50%
duty cycle, 1 min) irradiation. As revealed in Figure 5F, the cells
were largely eradicated by US irradiation after co-incubation with
Cu-TCPP(Fe) under acid conditions (pH = 6.0). The viability of
cancer cells by Cu-TCPP(Fe) combined with US irradiation under
acidic conditions decreased to nearly 18%, which was much lower
as compared to neutral conditions at the same concentration
(20 ug/ml) under the same US irradiation conditions. The
drastically enhanced sonotoxicity of Cu-TCPP(Fe) under acidic
conditions was ascribed to the immense production of ROS
enhanced by the Fenton reaction. To visually observe the cells,
4T1 cells were stained with calcein-AM/PI solution after co-
culturing with 20 ug/ml Cu-TCPP(Fe) at pH = 7.4 or pH = 6.0
conditions for 4h. The viable cells emitted green fluorescence,
while the dead cells emitted red fluorescence as witnessed by
confocal laser scanning microscope (CLSM) (Figure 5G). The
CLSM showed that the 4T1 cells were impaired at pH = 7.4. A vast
amount of dead cells were observed at pH = 6.0. These results were
consistent with the cytotoxicity profiles of Cu-TCPP(Fe), which
was assumed to be initiated by the toxic hydroxyl radicals produced
in situ by Cu-TCPP(Fe).

To unveil the intracellular mechanism of Cu-TCPP(Fe) as
sonosensitizers that kill tumor cells, DCFH-DA was used to show
that the ROS levels within the cell (Figure 5H). Cu-TCPP(Fe) +
US irradiation (1.0 MHz, 1.5W/cm® 50% duty cycle, 60s)
induced substantial intracellular ROS production, as
manifested by the production of considerable green
fluorescence in tumor cells. The control, as well as the US and
Cu-TCPP(Fe) pH = 7.4 group, displayed a low level of green
fluorescence, indicating the increased production of ROS through
the sonodynamic method combined with Cu-TCPP(Fe).

2.5 The in vivo Synergistic Effects of
Sonodynamic Therapy and Chemical

Catalysis of Cu-TCPP(Fe)

Encouraged by the excellent synergy of SDT and the chemical
catalysis of Cu-TCPP(Fe), the in vivo synergistic effects of this
combination were further assessed by using intravenous
administration of the Cu-TCPP(Fe) into 4T1 tumor-bearing
mice followed by various treatments. Several evaluations were
carried out to estimate the in vivo biocompatibility of Cu-
TCPP(Fe) before subsequent in vivo therapeutic evaluation.
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FIGURE 6 | In vivo synergistic SDT/chemical catalysis for tumor suppression. (A) The bodyweight of mouse changes in the biocompatibility evaluation. (B)
Bodyweight changes of 4T1 tumor-bearing mice in different groups. (C) H&E-stained histological images of organs in the biocompatibility evaluation; scale bar: 50 ym.
Time-dependent tumor-growth curves (D), relative tumor volume (E), and tumor inhibition rate (F) of 4T1 tumor-bearing mice in four experimental groups (n = 5),
including the control group, US group, Cu-TCPP(Fe) group, and Cu-TCPP(Fe) + US group. (G) Photographs of the dissected tumors from four groups after

2 weeks of treatment (scale bar: 10 mm). (H) H&E staining, TUNEL staining, and Ki-67 immunohistochemical staining of tumor tissue from each group after different
treatments (scale bar: 50 um). &o < 0.05, calculated by repeated measure ANOVA test. *p < 0.05, calculated by one-way ANOVA test.

TUNEL HE 14th day

Ki-67

Healthy Kunming mice (n = 5) were administrated with Cu-
TCPP(Fe) (0, 5, 10, and 20 mg/kg) via tail vein injections. No
obvious major organ damage was detected one-month post-
injection, as confirmed by body weight (Figure 6A),
hematology (Figures 7A-D), serum biochemistry (Figures
7E,F), and histological analyses (Figure 6C). Then 20 tumor-
bearing mice were randomly divided into four groups (n = 5 per
group), including the control group (treated with saline), US
group, Cu-TCPP(Fe) group, and Cu-TCPP(Fe) + US group. The
US irradiation groups were treated with US irradiation on the first
and fifth day. The body weight and tumor volume of the four
groups were recorded every 2d (Figures 6B,D). The tumor-

bearing mice in the control and US group experienced rapid
tumor growth, while the tumor growth was significantly inhibited
in the Cu-TCPP(Fe) and Cu-TCPP(Fe) + US group, ultimately
demonstrating the therapeutic efficacy of SDT and its synergetic
effect with the chemical catalysis (Figure 6E). The tumor
inhibition rate in the Cu-TCPP(Fe) group and Cu-TCPP(Fe) +
US group reached 52.2% and 58.8%, respectively (Figure 6F). At
the end of the therapeutic treatment, the tumors in the mice of all
groups were imaged, dissected, and compared (Figure 6G). We
found that 4T1 tumor growth was effectively inhibited after the
intravenous administration of Cu-TCPP(Fe). To further study
the synergistic effect of various treatments, H&E, TUNEL, and
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FIGURE 7 | Blood routine examination and serum biochemical levels of mice treated with 0 mg/kg, 5 mg/kg, 10 mg/kg, and 20 mg/kg of Cu-TCPP(Fe). (A) Red
blood cell (RBC), (B) Hemoglobin (HGB), (C) White blood cell (WBC), (D) Platelet (PLT), (E) Blood urea nitrogen (BUN) and creatinine (CREA), (F) Alanine transaminase
(ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) levels of mice in all groups.

Ki-67 antibody staining were performed on tumor sections from
all groups of mice at 24h post-treatment (Figure 6H).
Additionally, H&E and TUNEL results showed that a large
number of dead cells were observed in the tumor tissue. The
Cu-TCPP(Fe) alone and combined with US exhibited greater
necrosis and apoptosis rates as compared to the control and US
group. The Ki-67 results of each group were in agreement with
the H&E and TUNEL staining results, confirming the efficacy of
SDT and its synergistic effects with chemical catalysis.
Furthermore, there was no noticeable adverse effects or organ
damage to the heart, liver, spleen, lung, and kidney in the
treatment groups (Figure 8).

3 EXPERIMENTAL SECTION

3.1 Materials and Reagents

Copper nitrate trihydrate [Cu(NO3),-3H,0, 99%], N,N-
dimethylformamide (DMF, 99.8%), hydrogen peroxide (H,O,,
30 wt%), soybean phospholipid (SP), and 3,3',5,5'-tetramethyl-
benzidine (TMB, 99%) were purchased from Sigma-Aldrich
(Shanghai, China). 3,7-bis(dimethylamino)-phenothiazin-5-ium
chloride (methylene blue dye, MB, 97%) was purchased from
Fluka (Buchs, Switzerland). Fe(III) meso-tetra(4-carboxyphenyl)
porphine chloride [TCPP(Fe), 97%] was purchased from J&K
Chemical Ltd. (Shanghai, China). Ethanol (99.9%) was purchased
from Merck (Nordic European Centre, Singapore).
Trifluoroacetic acid (CF;COOH, 99%) was purchased from

Alfa Aesar (Haverhill, Massachusetts, United States). 2'-7'-
dichlorofluorescein diacetate (DCFH-DA) was bought from
Beyotime Institute of Biotechnology. Calcein acetoxymethyl
ester (calcein-AM) and propidium iodide (PI) were purchased
from Thermo Fisher Scientific Inc. Dulbecco’s Modified Eagle
Medium (DMEM), penicillin-streptomycin solution, fetal bovine
serum (FBS), trypsin-EDTA solution, and phosphate buffer saline
(PBS) were purchased from Gibco (AG, United States). All
chemicals were used as received without further purification,
and their aqueous solutions were prepared using deionized water.

3.2 Synthesis of 2D Cu-TCPP(Fe)

Metal-Organic Frameworks

A mixture of Cu(NO3),-3H,0 (4.8 mg, 0.02 mmol), TCPP(Fe)
(8.8 mg, 0.01 mmol), CF;COOH (20 pL, 1.0 M), DMF (1.5 ml),
and ethanol (0.5 ml) was added into a small, capped vial, which
was then heated to 80°C and kept for 24 h. The resulting dark-
brown crystals were washed with ethanol and re-dispersed in
ethanol.

The as-prepared Cu-TCPP(Fe) MOFs are hydrophilic and
cannot be used for future biological applications. To solve this
problem, a “thin-film” approach was used to produce SP-
encapsulated = Cu-TCPP(Fe) = MOFs  [Cu-TCPP(Fe)-SP].
Typically, 2ml of Cu-TCPP(Fe) MOFs in ethanol solution
(1 mg/ml) was added into 10 ml of SP in chloroform solution
(1 mg/ml) and sonicated for 5 min. The mixture was incubated in
a vacuum rotary evaporator at 60°C for 30 min to evaporate the
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solvent. Subsequently, 10 ml of PBS was added into the lipidic
film and then sonicated for 10 min.

3.3 Characterization

Transmission electron microscopy (TEM) images and energy-
dispersive X-ray spectra (EDS) were acquired using a JEM-
2100F transmission electron microscope operated at 200 kV.
X-ray diffraction (XRD) was performed on a Rigaku D/MAX-
2200 PC XRD system with Cu Ka radiation (\ = 1.54 A) at 40 kV
and 40 mA. Scanning electron microscopy (SEM) images and
element mapping were captured by FEI Magellan 400 scanning
electron microscope (FEI Company, United States). XPS spectra
were recorded by ESCAlab250 (Thermal Scientific). The CLSM
images were measured on an FV1000 (Olympus Company, Japan).
The optical absorbance spectra were conducted on a Molecular
Device SpectraMax M2. The concentrations of copper and iron
were measured by using inductively coupled plasma optical
emission spectrometry (ICP-OES, OPTIMA 7000DV).

3.4 Cell Culture and Animals

Mouse breast cancer cell 4T1 cells were used in all of these

experiments, which were cultured in high glucose DMEM media

supplemented with 10% FBS and 1% penicillin-streptomycin. The

cells were maintained at 37°C in a humidified incubator with 5% CO..
Healthy female Kunming mice (18-22g, 6-8 weeks) and

female BALB/c nude mice (18-22 g, 6-8 weeks) were obtained

from Beijing Vital River Laboratory Animal Technology Co., Ltd.
and raised at the Laboratory Animal Center at Shanghai Medical
College of Fudan University. All animal experiments were
conducted in agreement with the guidelines of the Regional
Ethics Committee for Animal Experiments, and the care
regulations were approved by the Administrative Committee
of Laboratory Animals of Fudan University.

3.5 In vitro Reactive Oxygen Species

Generation by Sonodynamic Therapy

The cells were co-incubated with Cu-TCPP(Fe) (1 ml, 20 pg/ml in
DMEM) at 37°C for 4h. Then, the cells were incubated for
another 4h after being treated by US irradiation (1.0
MHz, 1.5W/cm? 50% duty cycle, 1min). The cells were
washed with PBS three times after staining for 15 min with
DCFH-DA (100puL, 1 pL/9pL in DMEM), and finally
observed by CLSM.

3.6 CLSM Evaluation of the Sonotoxicity of
Cu-TCPP(Fe)

The cell processing procedures were similar to those in ROS
generation mentioned above; however, the culture medium was
replaced with Calcein-AM (100 puL, 20 uM) and PI (100 uL,
20 uM) to stain the live and dead cells, respectively.
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3.7 In vitro Sonodynamic Therapy Efficacy
of Cu-TCPP(Fe) Against Tumor Cells

4T1 cells were cultured and seeded in 96-well plates at a density of
1 x 10* cells per well for 12 h to allow them to stick to the plate.
Then, Cu-TCPP(Fe) (20, 10, 5, 2.5, 1.25, and 0.625 pg/ml) was
added to the well and co-incubated for another 4 h. Then the cells
were treated with US irradiation (1.0 MHz, 1.5 W/cm?, 50% duty
cycle) for 30, 90, and 120 s. CCK-8 (100 pL, Vcck.s: Vomem = 1:
9) was then used to examine the cell inhibition rate on a
microplate reader at the wavelength 450 nm after 90 min.

3.8 Michaelis-Menten Kinetics

TMB (0.8 mg/ml) was applied to monitor the chromogenic reaction
(A = 650 nm) of 20 pg/ml Cu-TCPP(Fe) upon addition of various
concentrations of H,O, (40, 20, 10, and 5 mM). The trigger of US
(1.0 MHz, 1.5 W/cm?, 50% duty cycle, 1 min) was applied to verify
the enhancement of SDT. Sodium citrate buffer solution (pH = 6.0)
was used to prepare the above reagents. The Michaelis-Menten
kinetic curve of Cu-TCPP(Fe) was acquired by plotting the
respective initial velocities against H,O, concentrations. The
Michaelis-Menten constant (Kj;) and maximal velocity (V)
were calculated via the Lineweaver-Burk plotting.

3.9 Bleaching of MB by Reactive Oxygen
Species

MB (200 pL) was used to monitor the chromogenic reaction (A =
664 nm) of 40 pg/ml Cu-TCPP(Fe) upon addition of 40 mM
H,0,. Sodium citrate buffer solution (pH = 6.0) was used to
bring the final volume to 3 ml. Further, 200 uL MB and 40 mM
H,0, were added into 3 ml of sodium citrate buffer solution (pH
= 6.0) to observe the bleaching ability of H,O,. The trigger of US
(1.0 MHz, 1.5 W/cm?, 50% duty cycle, 1 min) was applied to
verify the enhancement of SDT. MB (200 pL) in 3 ml of sodium
citrate buffer solution (pH = 6.0) was set as the control. The
spectrum of MB in the different groups was acquired at different
time points (5, 15, 30, 60, 90, 120, 150, and 180 min).

3.10 In vivo Sonodynamic Therapy
Efficiency of Cu-TCPP(Fe) Against Tumor
Growth

A total of 20 female BALB/c nude mice were subcutaneously injected
with 4T1 cells (1 x 10° cells/mouse) to establish the tumor model.
When the tumor volume reached 40 mm?, the mice were divided
into 4 groups (n = 5 in each group): 1) control group, 2) US group, 3)
Cu-TCPP(Fe) group, and 4) Cu-TCPP(Fe) + US group. The mice in
the Cu-TCPP(Fe) + US group and Cu-TCPP(Fe) group were
intravenously injected with Cu-TCPP(Fe) (10 mg/kg). The mice
in the Cu-TCPP(Fe) + US group and US group were treated with US
irradiation (1.0 MHz, 2.3 W/cm®, 50% duty cycle, 5min) after
injection of Cu-TCPP(Fe) for days 1 and 5. The tumor volume
was calculated as follows, V = (ab®)/2, where a and b refer to the
largest length and width of the tumor, respectively. The tumor
volume was recorded and photographed every 2 d. At the end of the
treatment, the tumor was cut and stained by H&E, TUNEL, and Ki-
67 for histological analysis.

MOFs for Sonodynamic Tumor Eradication

4 CONCLUSION

A concept of SDT combined with chemical catalysis has been
introduced into the field of nanomedicine to effectively inhibit
tumor growth by Cu-TCPP(Fe) MOFs with excellent
biodegradability and biocompatibility. The porphyrin
structure in Cu-TCPP(Fe) is effectively triggered by US,
which results in a microenvironment of H,O, and acid
within the tumor tissue. This microenvironment is
subsequently used in Fe-based chemo-Fenton reactions,
which results in increased levels of toxic hydroxyl radicals
that induce tumor cell apoptosis and death. This work
showed that introducing well-designed nanocatalysts into
tumor tissue could trigger a specific sequence of specific
TME responses that inhibit tumor growth. Thus, we provided
here a promising strategy for tumor therapy that could greatly
enhance tumor specificity and reduce side effects on normal
tissue.
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