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The imbalance between oxidants and antioxidants in cancer cells would evoke oxidative stress-induced cell
death, which has been demonstrated to be highly effective in treating malignant tumors. Sonodynamic therapy
(SDT) adopts ultrasound (US) as the excitation source to induce the production of reactive oxygen species (ROS),
which emerges as a noninvasive therapeutic strategy with deep tissue penetration depth and high clinical safety.
Herein, we construct novel sonoactivated oxidative stress amplification nanoplatforms by coating MnO2 on Au
nanoparticle-anchored black phosphorus nanosheets and decorating soybean phospholipid subsequently (Au/
BP@MS). The Au/BP@MS exhibit increased ROS generation efficiency under US irradiation in tumor tissues due
to Au/BP nanosensitizer-induced improvement of electron-hole separation as well as MnOg-mediated Oz gen-
eration and GSH depletion, thus leading to notable inhibition effect on tumor growth. Moreover, tumor
microenvironment-responsive biodegradability of Au/BP@MS endows them with enhanced magnetic resonance
imaging guidance and clinical potential for cancer theranostics.

1. Introduction

Redox homeostasis is of great significance to maintain the various
normal physiological functions of the organism [1]. Disturbance in this
balance can induce genetic mutations, metabolic abnormalities, and
alteration in the microenvironments, thus leading to the occurrence of
many diseases, such as cancers [2-4]. Although moderate levels of ROS
in cancer cells have been considered to be associated with the devel-
opment of cancer, excessive accumulation of intracellular ROS above a
threshold can induce cell death by damaging nucleic acids, lipids, pro-
teins, and other cellular constituents. Recently, amplified intracellular
oxidative stress has been developed as an effective strategy to fight
against cancer by promoting ROS generation and/or antioxidant
depletion [5].
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SDT is a newly emerging noninvasive therapeutic modality, which
utilizes low-intensity focused US to activate sonosensitizers to realize
ROS-inducing apoptosis or necrosis [6-8]. Similar to clinically used
photodynamic therapy (PDT), sensitizing agents, Oy, and exogenous
stimuli are the indispensable components in producing ROS for
tumor-specific treatment. Unlike PDT, which uses laser irradiation, SDT
employs US exposure as the excitation source, thus endowing SDT with
excellent clinical prospect due to the deeper tissue-penetrating depth of
US in comparison with laser [9,10]. The originally validated sono-
sensitizers are organic photosensitizer molecules, such as porphyrins
and their derivatives [11,12]. However, their low chemical and bio-
logical stability, and rapid body clearance compromise the efficacy of
sonoactivated catalytic tumor eradication [13]. With the remarkable
advances in nanobiotechnology, various approaches have been
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developed to solve these problems, including transport or linkage of
organic sonosensitizers to nanomaterials and development of novel
inorganic sonosensitizers [7,14]. The most typical inorganic sonosensi-
tizer is titanium dioxide, however, its poor 10, production capability
derived from the rapid recombination of electron-hole pairs as well as its
non-biodegradable characteristic hinder its further clinical translation
[15,16]. Black phosphorus (BP) nanosheet, a fascinating 2D nano-
material composing of elemental phosphorus, has displayed versatile
biological effects against cancer with high biodegradability, biocom-
patibility, and specificity [17-20]. Despite BP-based photodynamic and
photothermal therapies have been extensively investigated, its sono-
sensitizing effect is still in its infancy [21-23]. Recent study has shown
that BP nanosheet as the piezoelectric material can be polarized by US
and exhibits US-excited cytotoxicity via ROS generation, demonstrating
its potential as a novel sonosensitizer [24].

Apart from exploiting highly efficient sonosensitizers, remodeling
tumor microenvironment (TME) is also a powerful means to potentiate
SDT efficacy as the hypoxic and glutathione (GSH)-rich TME can
significantly attenuate the 10, production efficiency [25]. Moreover, it
has been suggested that manganese oxide (MnO») nanosystems could
simultaneously achieve TME-specific O, generation, GSH depletion, and
biodegradability [26-28]. Inspiringly, herein, we explore a novel
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intelligent SDT nanoplatform with good physiological stability and
biocompatibility for highly efficient and magnetic resonance (MR)
imaging-guided sonoactivated catalytic tumor therapy by anchoring
gold nanoparticles (Au NPs) on the surface of 2D layered BP, coating
MnO; shell and modifying soybean phospholipid (SP) subsequently
(Au/BP@MS, Fig. 1A). The wunique energy band structures,
thickness-dependent band gaps, and semiconductor features of BP
nanosheets made them hold huge potential for the separation of
electron-hole pairs under exposure of exogenous US [19,29]. Moreover,
their high specific surface areas and reductive properties guaranteed the
high anchoring amounts of Au NPs which would trap the excited elec-
trons due to the surface plasmon resonance, thus inhibiting the rapid
recombination of electron-hole pairs for enhanced SDT [30,31]. Addi-
tionally, the remarkable alleviation of tumor hypoxia and depletion of
antioxidants achieved by MnOs shell would cause intracellular oxidative
stress amplification and synergistically strengthen SDT efficacy [32,33].
The simultaneous release of Mn?" derived from pH-sensitive biodegra-
dation would function as T;-weighted MR imaging agents for enhanced
tumor-specific imaging and detection [32,34]. Importantly,
TME-responsive biodegradable character of Au/BP@MS ensured
significantly enhanced tumor specificity and biosafety in vivo (Fig. 1B).

SP modification

Au/BP@MnO,

~—~/"~ Soybean phosphdipid

MnO, + H,0, + 2H* ———» Mn?* + 2H,0 + O,
MnO, + 2GSH + 2H* ———» Mn?" + GSSG + 2H,0

Fig. 1. (A) Schematically illustration of preparation and (B) sonoactivated catalytic tumor theranostics of Au/BP@MS.
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2. Materials and methods
2.1. Materials

Black phosphorus crystals were purchased from Nanjing Muke Nano
Technology Co., Ltd. Gold (III) chloride trihydrate (HAuCls4-3H20) was
obtained from Sigma-Aldrich. Potassium permanganate (KMnO4) was
obtained from Sinopharm Chemical Reagent Co., Ltd. (Guangzhou,
China). Soybean phospholipid (SP) was purchased from Xi’an Ruixi
Biochemistry Technology CO., Ltd. N-methyl-2-pyrrolidone (NMP) was
purchased from Aladdin (Shanghai, China). All other chemicals and
reagents were of the highest quality commercially available and used as
received.

2.2. Synthesis of Au/BP@MS

BP nanosheets were prepared by a modified liquid exfoliation.
Briefly, bulk BP crystals was added to NMP (0.5 mg/mL), then was
sonicated with a sonic tip for 20 h (600 W). The resulting brown sus-
pension was centrifuged at 5000 rpm for 15 min and the supernatant
was further centrifuged at 14,000 rpm for 15 min to collect nanosheets
of appropriate size. The collected BP nanosheets were redispersed in
deionized water, HAuCl4 aqueous solution (100 pg/mL) was added into
the BP nanosheet dispersion (100 pg/mL) and the mixture was ultra-
sonicated for 10 min. The resulting product was acquired after three
times of centrifugation (12,000 rpm, 10 min). KMnO4 (200 pg/mL) was
added dropwise to the solution containing Au/BP under mild stirring.
Then, the mixture was stirred vigorously at 40 °C for 1 h. The resulting
Au/BP@MnO; were acquired after two times of centrifugation (12,000
rpm, 10 min) and redispersed in ethanol. As for the modification with
SP, SP was dissolved in of CHCl3 (500 pg/mL), followed by the addition
of Au/BP@MnO; nanosheets (1 mg/mL). After sonication for 10 min,
the solution was incubated in a rotary evaporator at 40 °C to evaporate
the solvent. The obtained Au/BP@MS were dispersed in phosphate
buffer solution (PBS) for further use.

2.3. Invitro O3 and 10, generation

The dissolved O, concentrations in PBS were measured by a JPSJ-
605F portable dissolved oxygen meter (Leici Instrument Co., Ltd,
Shanghai, China). Briefly, Au/BP@MS (50 pg/mL) was redispersed in
PBS (pH 7.4 or 6.5) and further filled with argon and sealed with par-
afilm. Then the real-time O, concentrations were recorded after injec-
tion of Hy0, (100 pM). Meanwhile, the O, concentrations of Au/BP (the
same Au/BP amount with Au/BP@MS) under the same conditions were
measured as the control group.

To detect US-triggered 'O, generation, Au/BP (25 pg/mL) or Au/
BP@MS (50 pg/mL) was mixed with HO2 (100 pM). After adding SOSG
(10 pM), the mixture was exposed to US irradiation (1.0 MHz, 1.0 W/
em?, 50% duty cycle) for different durations. Then the fluorescence in-
tensity of the mixture was measured by a fluorescence spectrophotom-
eter (Ex/Em: 488/525 nm). In the meanwhile, deionized water and pure
BP nanosheets (10 pg/mL based on the content of P element) mixed with
H205 (100 pM) were also detected.

2.4. Invitro GSH depletion

The consumption of GSH was monitored by UV-vis spectroscopy.
Au/BP@MS (50 pg/mL) were mixed with GSH (1 mM) at room tem-
perature. At different time points, the solution was taken out and mixed
with 675 pL PBS, and then 5, 5'-dithiobis-(2-nitrobenzoic acid) (DTNB)
(10 mg/mL) was added. The absorbance spectrum of the supernatant
was measured by UV-vis spectroscopy. Deionized water, pure BP
nanosheets (10 pg/mL based on the content of P element), Au/BP
nanosheets (25 pg/mL) at the same conditions were measured.
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2.5. Cell culture

Human breast carcinoma cell line MCF-7 was obtained from the
American Type Culture Collection. The cells were cultured in high
glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin at 37 °C under
an atmosphere of 5% CO,.

2.6. Cellular uptake

To investigate the cellular internalization profile of Au/BP@MS,
MCF-7 cells were seeded in the confocal dish with a density of 2 x 10°
cells and cultured overnight, and then co-incubated with Cy5-labeled
Au/BP@MS (the concentration of Cy5 was 5 pg/mL) for different time
points (0.5, 1.5, 3, and 6 h) at 37 °C. At the end of incubation, the
redundant media were removed by washing with PBS three times. Af-
terward, the cells were fixed with 4% paraformaldehyde solution and
stained by 4’,6-diamidino-2-phenylindole (DAPI), followed by obser-
vation under a confocal laser scanning microscope (LSN880, Zeiss,
Germany). Furthermore, flow cytometry (CytoFLEX, Beckman coulter,
USA) was also used to quantitatively detect the cellular uptake, wherein
MCF-7 cells were treated as described above.

2.7. Invitro cytotoxicity assay

The cytotoxicity of Au/BP@MS nanosheets against MCF-7 cancer
cells was evaluated by standard Cell Counting Kit-8 (CCK-8) assay. For
the in vitro cell toxicity test, MCF-7 cells were seeded in 96-well plates
with a density of 8 x 10° cells per well and cultured for 12 h. After
washing once with PBS, the cells were incubated with elevated con-
centrations (0, 6.25, 12.5, 25, 50, and 75 pg/mL) of Au/BP@MS or
corresponding concentrations (0, 3.125, 6.25, 12.5, 25, and 37.5 pg/mL)
of Au/BP for 24 h. After washing with PBS, the typical CCK-8 kit was
used to determine the relative cell viabilities.

For the in vitro SDT, MCF-7 cells were seeded in 96-well plates with a
density of 8 x 102 cells per well for 12 h. After washing once with PBS,
the cells were incubated with elevated concentrations (0, 6.25, 12.5, 25,
50, and 75 pg/mL) of Au/BP@MS or corresponding concentrations (0,
3.125, 6.25, 12.5, 25, and 37.5 pg/mL) of Au/BP for 6 h and washed
with PBS. Then, the cells were exposed to US irradiation (1.0 MHz, 1.0
W/cm?, 50% duty cycle) for 3 min and further incubated for 18 h. The
standard CCK-8 test was conducted to determine the cell viability.

The amounts of live/dead cells were further determined by using a
Live/Dead Calcein-AM/PI Double Stain Kit. Briefly, MCF-7 cells (1 x
10° cells per well) were firstly seeded in 12-well plates and cultured
overnight. Afterward, the media were replaced by fresh DMEM (control
group, US group), Au/BP (25 pg/mL) or Au/BP@MS (50 pg/mL). After
incubation for 6 h, the cells in US, Au/BP + US, and Au/BP@MS + US
groups were exposed to US irradiation (1.0 MHz, 1.0 W/cm?, 50% duty
cycle) for 3 min, and continued to culture for another 12 h. Finally, the
cells were stained with calcein-AM/PI solution for 20 min and observed
by fluorescence microscope (DMIRB, Leica, Germany).

2.8. Intracellular ROS generation, GSH depletion, and mitochondrial
membrane potential

MCEF-7 cells were seeded in the confocal dish with a density of 2 x
10° cells and cultured overnight, then co-cultured with fresh DMEM,
Au/BP (25 pg/mL), or Au/BP@MS (50 pg/mL) for 6 h. The cells in US,
Au/BP + US, and Au/BP@MS + US groups were exposed to US irradi-
ation (1.0 MHz, 1.0 W/cm?, 50% duty cycle) for 3 min. For in vitro ROS
detection, the cells were stained with DCFH-DA (20 pM) for 30 min. For
in vitro GSH detection, the cells were stained with ThiolTracker™ Violet
(20 pM) for 30 min. Mitochondrial membrane potential assay was
conducted by JC-1 kit. All the images were acquired by Confocal Laser
Scanning Microscope (LSN880, Zeiss, Germany).
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2.9. Animal model

Female Balb/c nude mice (16-18 g, 4-5 weeks old) were purchased
from Guangdong Medical Laboratory Animal Center (Guangzhou,
China). All animal experiments were performed according to the
guidelines approved by the Institutional Animal Care and Use Com-
mittee of Sun Yat-sen University (Guangzhou, China). 2 x 105 MCF-7
cells were subcutaneously injected into the forelimb chest of Balb/c
nude mice. When the tumor became distinct and the tumor volume
reached ~100 mm?, the mice were randomly assigned into six groups.

2.10. T;-weighted MR imaging and in vivo biological distribution study

Au/BP@MS with various Mn concentrations were dispersed in the
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different buffer solutions (pH = 5.5 or 7.4, [GSH] = 0 or 10 mM, [H20-]
= 0 or 100 pM) for 2 h at 37 °C under mild shaking. Then, the Au/
BP@MS solutions in Eppendorf tubes (1 mL volume) were performed for
MR scanning. For in vivo MR imaging, before and after the intravenous
injection of Au/BP@MS ([Mn] = 50 mM), the mice were scanned by a
3.0 T clinical MRI scanner (UNITED IMAGING) with a special coil for
small animal imaging.

As for in vivo fluorescence imaging and biodistribution of Cy5-
labeled Au/BP@MS. After the intravenous injection of free Cy5 or
Cy5-labeled Au/BP@MS (2.5 mg/kg Cy5 per mouse), the mice were
measured by the In vivo Imaging System (NightOWL II LB983, Germany)
at different time points (0, 2, 4, 8, 12, and 24 h). Then, the main organs
(heart, liver, spleen, lung, and kidney) and tumors were collected and
imaged immediately. The fluorescence intensities of Cy5 in tumors and
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Fig. 2. Synthesis and characterization of Au/BP@MS. TEM images of (A) BP, (B) Au/BP, (C) Au/BP@MnO,, and (D) Au/BP@MS. (E) HAADF-STEM image and
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main organs were quantified.
2.11. In vivo antitumor efficacy

To investigate the antitumor efficacy of Au/BP@MS, tumor-bearing
nude mice were divided into six groups (n = 5): (Group 1) control;
(Group 2) US alone; (Group 3) Au/BP (i.v. injection, 7.5 mg/kg); (Group
4) Au/BP + US (i.v. injection, 7.5 mg/kg); (Group 5) Au/BP@MS (i.v.
injection, 15 mg/kg Au/BP@MS is equivalent to 7.5 mg/kg Au/BP);
(Group 6) Au/BP@MS + US (i.v. injection, 15 mg/kg). These mice
received three injections on day 1, 3, and 5. At 12 h post i.v. injection,
the mice in the Group (2), (4), and (6) were exposed to US irradiation (1
MHz, 1 W/cm?, 5 min, 50% duty cycle), which was repeated once on the
following day. In the meanwhile, the tumor length and width were
recorded to calculate the volume of tumors by the formula: Volume =
(Length x Width?)/2. 14 days later, the mice were sacrificed and the
main organs (heart, liver, spleen, lung, kidney, and tumor) were
collected for histological analysis.

3. Results and discussion
3.1. Synthesis and characterization of Au/BP@MS nanosheets

The ultrathin BP nanosheets were successfully prepared by a simple
liquid-phase exfoliation method and employed as the self-sacrificed
templates for the reduction reactions with HAuCly and KMnO4 to
establish Au/BP@MnO; nanoplatforms. Afterward, the coating of SP
layer on the surface of Au/BP@MnO; via a rotary-evaporation tech-
nique contributed to the formation of Au/BP@MS nanosheets, which
endowed high dispersibility and physiological stability. The synthesized
BP, Au/BP, Au/BP@MnO», and Au/BP@MS nanosheets all exhibited an
ultrathin 2D morphology, as visualized under the transmission electron
microscope (TEM, Fig. 2A-D). The chemical component of Au/
BP@MnO; was investigated by high-angle annular dark-field scanning
TEM (HAADF-STEM) and energy-dispersive X-ray spectroscopy. As
shown in Fig. 2E and S1, the coexistence of P, Au, Mn and O elements
verified the successful construction of Au/BP@MnO,. Meanwhile, the
remarkable increases in particulate size and zeta potential determined
by dynamic light scattering technique as well as the noticeable color
change of the solutions further confirmed the successful functionaliza-
tion of BP nanosheets. Meanwhile, the remarkable increases in partic-
ulate size (from 205.54 4+ 5.91 nm to 275.03 + 2.46 nm) and zeta
potential (from —31.22 + 3.43 to —16.61 + 1.27 mV) determined by
dynamic light scattering technique as well as the noticeable color
change of the solutions further confirmed the successful functionaliza-
tion of BP nanosheets (Fig. 2F and G, S2A and B, and Table S1). More-
over, Au/BP@MS kept good stability no matter in DMEM medium with
10% FBS or PBS over a period of 7 d (Fig. S2C). In addition, X-ray
photoelectron spectroscopy (XPS) of Au/BP@MS confirmed the exis-
tence of Mn, O, N, C, Au, and P elements in Au/BP@MS (Fig. 2H and S3).
Moreover, as shown in Fig. 2I, the peaks at 653.8 and 642.2 eV in the
high-resolution Mn 2p XPS spectrum of Au/BP@MS were assigned to Mn
2p1 /2 and Mn 2p3 5, revealing that the element Mn existed in the form of
tetravalent state in Au/BP@MS [35,36]. In the Fourier transform
infrared (FTIR) spectra, compared with Au/BP, the appearance of ab-
sorption bands of Mn-O, C=0, and —-CH,- located at 500-700, 1726,
and 2923 cm ™! respectively also verified the successful MnO, coating
and SP modification (Fig. 2J) [37,38].

The hypoxic TME would severely weaken the therapeutic efficacy of
O,-dependent SDT. Numerous strategies have been developed to solve
this problem, such as directly transporting O or introducing catalase-
like nanoenzyme (eg, Pt NPs) [39,40]. However, the uncontrollable
leakage of O4 and the potentially toxic effect of metal nanoenzyme are
not conducive to further clinical translation of the sonosensitizers. MnOy
not only could be biodegraded in the acidic tumor microenvironment,
but also has the activity similar to catalase and catalyzes the
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decomposition of hydrogen peroxide (H2O5) to produce O,, thus over-
coming this dilemma and strengthening SDT efficacy [39,41]. As shown
in Fig. 3A, the Oy generation capability of Au/BP and Au/BP@MS in the
H30, aqueous solutions was monitored by the portable dissolved oxygen
meter. The dissolved O, concentration exhibited a remarkable increase
in Au/BP@MS solutions with different pH but little change in pure water
and Au/BP solution. Moreover, the O generation amount of
Au/BP@MS under weakly acidic solution was higher than that under
neutral solution, which was due to the higher enzymatic activity of
MnO- under acidic conditions.

To evaluate the capacity of sonoactivated catalytic performance of
Au/BP@MS, Single Oxygen Sensor Green (SOSG), a fluorescent probe
commonly used for detecting singlet oxygen (105) was employed to
monitor ROS generating efficacy. As revealed in Fig. 3B and C and S4A,
the characteristic absorbance of SOSG at 525 nm displayed no change in
the control group while a slight increase in BP + H02 with US irradi-
ation, but significant enhancement in Au/BP + H30, under US exposure
over time, suggesting the more efficient ROS generation and the huge
feasibility of Au/BP as sonosensitizers for SDT. More impressively, US-
triggered 10, generating ability of Au/BP@MS was stronger than that
of Au/BP at the same concentration, which would be ascribed to MnO,-
catalyzed H20» decomposition to supply sufficient O, as oxygen source
for enhanced SDT (Fig. 3D). In addition, Au/BP@MS also showed better
performance than Pplx in US-triggered 10, generation under the same
concentration and US irradiation (Fig. S4B). To prove this hypothesis,
the solid ultraviolet spectra of BP and Au/BP were conducted. The band
gaps of BP and Au/BP were calculated to be 1.57 and 1.30 eV respec-
tively according to the Kubelka-Munk (KM) function (Fig. 3E and F). The
declined band gap of Au/BP contributed to the easier excitation by US,
and the excited electrons would be effectively trapped and transferred
by the anchored Au NPs, resulting in efficient separation of electron-hole
pairs and enhanced generation of ROS during SDT (Fig. 3G).

As an important antioxidant, GSH is capable of scavenging excessive
ROS to maintain the cellular redox homeostasis, which would also
strengthen the resistance of cancer cells against oxidative stress [42,43].
Here we investigated the GSH depletion of Au/BP and Au/BP@MS using
5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) as the specific probe (Fig. 3H
and I, and S5). The absorbance of DTNB at 412 nm showed almost un-
changed with the extension of time in control, BP and Au/BP group,
while obviously decreased in Au/BP@MS, which was intuitively
observed by the attenuated yellow in the photographs, illustrating that
the coating of MnO5 endowed Au/BP@MS with robust GSH deprivation
ability. In addition to evaluating the performance and mechanism of
US-triggered sonodynamic effect of Au/BP@MS nanosheets, their
biodegradable behaviors in simulated TME were also studied. As shown
in Fig. 3J, the structure and morphology of Au/BP@MS kept relatively
intact in neutral condition for 12 h incubation while presented slight
rupture after incubating in acidic buffer solution (pH = 5.5) for 3 h.
However, further damage occurred in the structure of Au/BP@MS when
the time extended to 6 h in the acidic buffer solution (pH = 5.5).
Notably, the most serious structural collapse and dissolution of
Au/BP@MS were observed after 3 h incubation in acidic reductive so-
lution (pH = 5.5, 1 mM GSH) and almost all of the nanosheets were
disintegrated at 6 h. The addition of GSH could speed up the biodeg-
radation of the nanosheets compared to the single acidic buffer solution
(pH = 5.5), indicating the excellent biodegradability of Au/BP@MS in
simulated TME.

3.2. Invitro cellular uptake, cytotoxicity and SDT efficacy

Effective cellular internalization is crucial for nanomedicine to exert
an anti-tumor effect, thus Au/BP@MS nanosheets were initially fluo-
rescently labeled with near-infrared dye Cy5 and incubated with MCF-7
cancer cells for varied time points to analyze their cellular uptake using
confocal scanning microscopy (CLSM) (Fig. S6A). It was found that the
red fluorescence signals were mainly located around the nuclei and the
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time points. (J) TEM images of Au/BP@MS nanosheets after incubation in pure PBS (pH = 7.4), acidic buffer solution (pH = 5.5), and acidic reductive solution (pH =
5.5, 1 mM GSH). The concentration of H;O5 and GSH above were 100 pM and 1.0 mM, respectively.
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fluorescence intensity became stronger with the prolonged incubation
time, which was also verified by the quantitative flow cytometric
analysis (Fig. S6B). Next, we investigated the cytotoxicity of Au/BP and
Au/BP@MS after incubation with MCF-7 cells in 24 h with or without US
irradiation (Fig. 4A). The results showed that Au/BP and Au/BP@MS
revealed negligible cytotoxicity to MCF-7 cells even at the concentration
of 75 pg/mL, suggesting the high biocompatibility of Au/BP and Au/
BP@MS nanosheets. However, the MCF-7 cell viabilities remarkably
declined with the increased Au/BP concentration under US exposure,
confirming the superior sonodynamic effect of Au/BP sonosensitizer. In
addition, the higher cytotoxicity of Au/BP@MS + US than Au/BP + US
towards MCF-7 cells further confirmed that the effective decomposition
of endogenous Hy0> in cancer cells was beneficial to the improvement of
SDT efficacy. Furthermore, the live/dead dual staining using calcein-AM
and propidium iodide (PI) was also conducted to evaluate the killing
effect of Au/BP@MS under US irradiation. As shown in Fig. S7, Au/BP +
US would induce mild damage to MCF-7 cells due to the potent sono-
sensitizing effect of Au/BP. Importantly, the sonotriggered -cell-
damaging effect would significantly strengthen due to the adequate
supply of 10, from Au/BP@MS + US.

To disclose the therapeutic mechanism of Au/BP@MS for enhanced
SDT in vitro, the intracellular GSH level was assessed by incubating MCF-
7 cells with BP, Au/BP, Au/BP@MS, and staining with ThiolTracker™
Violet. Compared to the control group, the green fluorescence in MCF-7
cells treated with BP and Au/BP scarcely changed while significantly
declined in Au/BP@MS-treated cells, demonstrating the superior
intracellular GSH depletion ability of Au/BP@MS (Fig. 4B and C). In the
meantime, the Oy generation capacity in cells was evaluated by incu-
bating MCF-7 cells with pure DMEM, Au/BP, or Au/BP@MS for 12 h
under hypoxic condition. The strong green fluorescence signal could be
observed in both pure DMEM and Au/BP groups, indicating the serious
hypoxic microenvironment (Fig. S8). In contrast, the green fluorescence
signal was drastically decreased in Au/BP@MS group, which was similar
to that of MCF-7 cells incubated with pure DMEM under normoxic
condition, suggesting that the presence of MnO; layer in Au/BP@MS
was able to produce sufficient O, for alleviating hypoxia due to the
redox reaction between MnOs and endogenous Hy0». Inspiringly, the
intracellular ROS level was subsequently determined by the 2/,7'-
dichlorofluorescein diacetate (DCFH-DA) staining assay, wherein DCFH-
DA has no fluorescence but could be converted into green fluorescence
2/,7'-dichloro-fluorescein (DCF) in the presence of ROS (Fig. 4D). There
was almost no fluorescence in the Au/BP group, while the green fluo-
rescence was enhanced in the Au/BP + US group due to the sonosensi-
tizing effect of Au/BP. The weak green fluorescence in the Au/BP@MS
group was because the small amount of endogenous H2O2 would be
catalyzed to produce ROS by Au/BP@MS-mediated Fenton-like reac-
tion. Notably, Au/BP@MS together with US irradiation exhibited the
strongest green fluorescence owing to Au/BP nanosonosensitizer-
involved and MnOs-accelerated ROS generation. Subsequently, we
evaluated the mitochondrial function using JC-1 dye which shows
potential-dependent accumulation in mitochondria, indicated by red
fluorescent J-aggregates in the normal mitochondrial membrane but
green fluorescent monomers in the damaged mitochondrial membrane
(Fig. 4E). It was found that in contrast to the MCF-7 cells treated with
Au/BP, Au/BP@MS, or US alone, the cells treated with Au/BP + US
exhibited slightly enhanced green fluorescence, suggesting that sono-
triggered production of ROS could induce the decreased mitochondrial
membrane potential. The strongest green fluorescence in MCF-7 cells
after treatment with Au/BP@MS + US indicated the serious mitochon-
drial dysfunction, attributed to the most excessive elevation of intra-
cellular oxidative stress by MnOs-induced GSH consumption and Au/
BP@MS + US-mediated ROS generation.

3.3. MR imaging and in vivo biodistribution

TME-specific biodegradation behavior of Au/BP@MS not only
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contributed to the excellent biocompatibility for potential clinical
application, but also facilitated the abundant release of Mn?* for T;-
weighted MR imaging. The longitudinal relaxivity (r;) of Au/BP@MS in
neutral condition (pH = 7.4) was 1.62 mM s~ but notably increased to
7.01 mM~!s7! in mildly acidic condition (pH = 5.5) containing 100 pM
H,0,, suggesting that large amounts of paramagnetic Mn?* could be
obtained due to the decomposition of MnO coating. Moreover, the rq
value would further rise to 9.43 mM s~ after the addition of 10 mM
GSH, illustrating that GSH was conducive to the production of Mn?*
(Fig. 5A and B). In vivo MR imaging of the mice bearing MCF-7 tumor
was then assessed by intravenous (i.v.) administration of Au/BP@MS. It
was found that the tumor site became illuminated at 24 h post-injection,
indicating that Au/BP@MS could be effectively accumulated in the
tumor area and reduced to Mn?" by tumor-specific microenvironment
for enhanced T;-weighted MR imaging. The MR signal intensity at the
tumor site after 24 h injection was approximately 1.41-fold higher than
that before injection, while the MR signal intensity of the surrounding
muscles revealed no obvious changes before and after injection (Fig. 5C
and D). Subsequently, the in vivo biodistribution of Au/BP@MS was
evaluated by i.v. injection of Au/BP@MS-Cy5 in MCF-7 tumor-bearing
mice and tracking the fluorescence signals at different time points
(Fig. 5E). In comparison with free Cy5 group, the stronger fluorescence
signals could be observed in the tumor site in Au/BP@MS-Cy5 group.
Moreover, the fluorescence intensity intensified over time and reached
its maximum at 12 h post-injection (Fig. S9). The ex vivo fluorescence
images further verified that Au/BP@MS were mainly accumulated in the
tumor tissue other than other major organs, including heart, liver,
spleen, lung, and kidney (Fig. 5F and G).

3.4. In vivo antitumor efficacy

Encouraged by the excellent sonocatalytic tumor treatment of Au/
BP@MS in vitro, we further evaluated their efficacy in vivo against mice
bearing MCF-7 tumor. As can be seen from Fig. 6A-C, the mice bearing
tumor were randomly separated into six groups and intravenously
injected with PBS, PBS + US, Au/BP, Au/BP + US, Au/BP@MS, and Au/
BP@MS + US. In the groups with US irradiation, the tumor areas of mice
were irradiated with US (1 MHz, 1.0 W/cmz, 50% duty cycle, 5 min) at
12 h post-injection and repeated for three treatments. During the period
of treatment, the tumor volume and body weight were monitored every
two days. It was notable that the tumor growth was slightly suppressed
in Au/BP + US group while significantly inhibited in Au/BP@MS + US
group, suggesting that Au/BP@MS could induce potent sonotoxicity via
the amplification of intratumoral oxidative stress under US exposure.
The hematoxylin and eosin (H&E) and terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL) immunofluor-
escence staining of tumor slices further verified the most notable cellular
damage and apoptosis in Au/BP@MS + US group (Fig. 6D). Moreover,
the tumor hypoxic status in each group was further evaluated by
immunofluorescence staining to determine the expressions of hypoxia-
inducible factor 1a/vascular endothelial growth factor (HIF-1a/VEGF)
(Fig. 6E). The strong fluorescence signals of HIF-1la (red) and VEGF
(green) in control, US alone, Au/BP, and Au/BP + US groups revealed
the severe hypoxia levels in tumor tissues. Comparatively, the attenu-
ated fluorescence signals of HIF-la and VEGF could be distinctly
observed in Au/BP@MS and Au/BP@MS + US groups, attributed to the
sufficient Oy generation from endogenous HyO9 catalyzed by MnO,
layer in Au/BP@MS. The alleviated hypoxic level in Au/BP@MS + US
was beneficial for promoting in vivo SDT therapeutic performance and
reducing hypoxia-associated resistance in oncology therapy. In addition,
no obvious difference in body weight and histopathological change in
major organs (heart, liver, kidney, lung, and spleen) were observed in all
treatment groups compared to the control group, showing the high
biosafety of these treatment modalities (Figs. S10 and S11).
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Fig. 4. Invitro cytotoxicity and SDT efficacy. (A) Relative cell viabilities of MCF-7 cells after treatment with Au/BP and Au/BP@MS at varied concentrations with or
without US irradiation in 24 h incubation. (B) CLSM images and (C) quantification of intracellular GSH depletion in MCF-7 cells stained with ThiolTracker™ Violet
(green) after incubation with BP, Au/BP, and Au/BP@MS nanosheets. Scale bar = 50 pm. (D) CLSM images of intracellular ROS level in MCF-7 cells after receiving
different treatments. Scale bar = 50 pm. (E) CLSM images of the mitochondrial membrane potential in MCF-7 cells after varied treatments indicated by JC-1
monomer (green channel) and aggregate (red channel). Scale bar = 50 pm. p values in (A) and (C) were calculated by Tukey’s post-test (***p < 0.001, **p <
0.01, or *p < 0.05).
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Fig. 5. MR imaging and in vivo biodistribution. (A) T;-weighted MR imaging and (B) corresponding T, ! versus Mn concentration for different concentrations of Au/
BP@MS under varied conditions. (C) In vivo MR imaging and (D) quantification and of MCF-7 tumor-bearing mice before and after i.v. injection of Au/BP@MS at 24
h. The red circles indicate the tumor region. The yellow circles indicate the surrounding muscle region. (E) Time-dependent in vivo fluorescence imaging of MCF-7
tumor-bearing mice post i.v. injection of free Cy5 and Cy5-labeled Au/BP@MS. The red circles indicate the tumor region. (F) Ex vivo fluorescence image of the tumor
and major organs from the free Cy5-treated and Cy5-labeled Au/BP@MS-treated mice at 24 h post-injection. (G) Quantitative biodistribution analysis of the tumor
and major organs from the free Cy5-treated and Cy5-labeled Au/BP@MS-treated mice at 24 h post-injection. p values in (D) and (G) were calculated by Tukey’s post-

test (***p < 0.001, **p < 0.01, or *p < 0.05).
4. Conclusions

In summary, we fabricated a novel kind of US-triggered tumor
theranostic nanoplatforms by integrating Au NPs and MnO; with
biocompatible/biodegradable ultrathin 2D BP nanosheets. The
anchored Au NPs on BP nanosheets could decrease the band gap of BP
and trap the excited electrons, thus improving the separation of
electron-hole pairs for enhanced sonodynamic effect. Moreover, the
introduced MnO; could decompose endogenous HyO» to provide
adequate Oy and consume GSH in TME, amplifying the intratumoral
oxidative stress. Notably, the tumor growth would be efficiently sup-
pressed in Au/BP@MS together with US irradiation. The high biode-
gradability of Au/BP@MS not only guaranteed their possible clinical
translation but also supplied abundant Mn?* for tumor-specific MR
imaging. This work has exploited the enormous potential of Au/BP as
promising sonosensitizers, which also provides a new perspective for the
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evolution of BP-based tumor theranostic nanoplatforms.
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