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ABSTRACT. As a result of their radiation-free nature and deep-penetration ability, tumour
theranostics mediated by ultrasound have become increasingly recognized as a modality with high
potential for translation into clinical cancer treatment. The effective integration of ultrasound
imaging and sonodynamic therapy (SDT) into one nanoplatform remains an enormous challenge
yet to be fully resolved. Here, a novel theranostic system, consisting of rattle-type SiO2 (r-SiOz)
loaded with Mn doped In2S3/InOOH (SMISO), was designed and synthesized to enable an
improved ultrasound imaging-guided therapy. With Mn doping In2S3;/InOOH (MISO) and
heterojunction structure, this novel sonosensitizer facilitates the generation of reactive oxygen
species (ROS) for SDT. By coupling interfaces between shell and core in rattle-type SiO», multiple
reflection/scattering are generated, while MISO has high acoustic impedance. Integrating r-SiO:
and MISO, the SMISO composite nanoparticles (NPs) increase acoustic reflection and provide
enhanced contrast for ultrasound imaging. Through the effective accumulation in tumors, which
was monitored by B-mode ultrasound imaging in vivo, SMISO composite NPs effectively inhibited
tumor growth without adverse side effects under ultrasound irradiation treatment. This work
therefore provides a new approach to integrate novel gas-free ultrasound contrast agent and

semiconductor sonosensitizer for cancer theranostics.



1. Introduction

Cancer is a leading cause of death worldwide, accounting for nearly 10 million fatalities in 2020
!, Nanomedicine and diagnostic agent has been applied to reduce cancer mortality, while the
efficacy of tumor therapy is seriously limited by the complexity and heterogeneity of tumors. In
order to improve the treatment efficacy and reduce the toxic side effects, numerous researchers
have focused attention on noninvasive external field-mediated theranostic systems, which
integrate tumor diagnosis and treatment into one nanoplatform.? 3 Ultrasound is a popular
nondestructive and deep-penetration diagnostic tool that is widely accepted and employed in
clinics. The combination of ultrasound-based diagnosis and therapy is expected to realize effective

therapeutic functions without adverse side effects.* >

Ultrasound imaging, implemented by the pulse-echo principle of ultrasound, has the advantages
of radiation-free nature, clinical practicality, and real-time operation.® 7 The introduction of
contrast agents could ameliorate the inherent limited spatial resolution of ultrasound. Gas-filled
microbubbles, which utilize the total reflection of ultrasound onto the liquid-gas interface, can act
as contrast agents to improve the resolution and sensitivity of enhanced ultrasound imaging.””
Indeed, microbubble contrast agents and their targeted imaging approaches have been applied to
the field of molecular imaging and targeted therapy.'® !! Nevertheless, the current bubble contrast
agents are usually in micro-scale (1-10 um) and hence may not traverse the endothelial gap of
blood vessel after intravenous injection, hence they may become trapped in the blood pool, and
act effectively only as angiographic agents.!?> To extend the application of ultrasound contrast
agents in probing deep tissues, a series of nanoscale bubbles and nanodroplets have been studied,
including nano-liposome contrast agent with reflective properties and nano-fluorocarbon

emulsions (perfluoropentane (PFP), or perfluorohexane (PFH)) with liquid-gas phase transition



properties.'*'® However, these systems still use gas as the basis of reflection, thus suffering from
the problems of poor stability and short duration of intravital imaging. Therefore, gas-free systems
with a liquid-solid interface to realize high-intensity reflection and scattering of ultrasound onto
the surface may provide a new approach to achieve a prolonged, stable and efficient tissue imaging.
Considering that the reflection intensity is principally affected by the density and acoustic
impedance of materials, loading nanoparticles with high acoustic impedance onto the surface of
the contrast agent can be an effective method to further enhance the reflective abilities and the

contrast of tissue sonography.'’- 18

In addition, sonodynamic therapy (SDT) is an emerging treatment for cancer, which utilizes low-
intensity ultrasound to activate sonosensitizers to induce intracellular oxidative stress, generate
reactive oxygen species (ROS) and hence kill the tumor cells.!®%°. Sonosensitizers play a vital role
in the process of SDT, and increasing efforts have been exploring the advantages of inorganic
nanoparticles, such as semiconductors, as a new type of sonosensitizer.?!?*> Activated electrons
and holes generated in semiconductors could participate in the redox reaction to produce ROS
when promoted by the absorption of ultrasound.?* 2> However, the fast recombination of electrons
and holes can limit the ultrasonic catalytic activity of semiconductors. Heterojunction structures
and metal ion doping have been effective approaches to facilitate electron-hole separation and
improve the quantum yield.?*?® Various nano-platforms which integrated ultrasonic diagnosis and
treatment have been developed, but those systems are still gas-based, examples including stable
gas-generating nanoparticles (CaCOs, double-layer hollow manganese silicate nanoparticles
(DHMS), etc.) at the tumor sites and in situ stimuli-responsive (pH, H2O: etc.) nanobubbles.?*3°.

Therefore, combining SDT-based therapeutic agents with contrast agents characterized by liquid-



solid interfaces is a potentially highly promising approach but one whereby current understanding

and development has been lacking.

Here, we designed a composite system involving the assembly of Mn doped In>S3/InOOH (MISO)
onto rattle-type SiO,. This SMISO nano-platform can simultaneously serve as a sonosensitizer and
a contrast agent. MISO was obtained via a one-step hydrothermal method and rattle-type SiO> (r-
Si0») was synthesized by etching solid-SiO2/hollow-SiO> (s/h SiO2) (Scheme 1). In this system,
r-Si02 with two layers of contributing interfaces which could provide multiple reflection/scattering
for ultrasound imaging. MISO with high acoustic impedance could further strengthen ultrasonic
signals and enhance the contrast of ultrasound imaging. Besides, the innovative design of MISO
composite could improve the electron-hole separation efficiency by tuning the band gap structure,
thus promoting the SDT performance. This study examines both the therapeutic efficacy and
imaging capability SMISO NPs in vitro and in vivo, thereby exploring this novel strategy as a

potentially highly useful means of achieving deep tissue theranostic activity.

2. Materials and Methods

2.1. Chemicals and agents. All the regents were analytical purity or better and used without further
treatment. Ammonia solution (NH3 H>O), tetraethyl orthosilicate (TEOS), sodium carbonate
anhydrous (Na;COs3), manganese (II) chloride tetrahydrate (MnCl, 4H>0), nitric acid (HNOs3,
69 wt.%) and hydrochloric acid (HCI) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. 3-aminopropyltriethoxysilane (APTES), Sodium sulfide nonahydrate (Na.S-9H>O) and
Indium (III) nitrate hydrate (In(NOs3)3) were purchased from Macklin. 1, 3-Diphenylisobenzofuran
(DPBF) were obtained from Aladdin Co., Ltd. Polyethyleneimine (PEI) and 2',7'-

Dichlorodihydrofluorescein diacetate (DCFH-DA, >97%) were obtained from Sigma-Aldrich.



2.2. Characterization. The micro-morphology and microstructure of materials were observed using
field-emission scanning electron microscopy (FESEM, Phenom LE) and transmission electron
microscopy (TEM, 200 kV/JEOL JEM-2010HR). The energy-dispersive X-ray spectroscopy
(EDS) were characterized to measure the chemical compositions. The X-ray diffraction analysis
were performed on a Rigaku D/Max-2550pc powder diffractometer, scanning 20 from 5° to 80°.
The X-ray photoelectron spectroscopy (XPS) was used on AXIS Supra, Kratos to characterize the
valence state of the composites. The UV-Vis absorption spectroscopy and the solid diffuse
reflectance spectra (DRS) were recorded on a UV-2600 UV-Vis spectrophotometer (Shimadzu).

The ESR spectra were measured by Bruker A300 X-band EPR spectrometer.

2.3. Synthesis and surface modification of rattle-type SiO».!7 Firstly, 35.7 mL of ethanol, 5 mL of
ultra-pure water and 1.57 mL of ammonia solution were mixed and stirred at 30°C for 30 min.
Then 3 mL of tetraethyl orthosilicate (TEOS) was injected into the above solution and the stirring
was continued for another 45 min. Then the mixture of 2.5 mL of TEOS and 1 mL of 3-
aminopropyltriethoxysilane (APTES) was added quickly and reacted for another 75 min. After
that, the as-prepared s/h SiO2 NPs were centrifuged and washed with water and ethanol for three

times and resuspended in 40 mL of water.

4 mL of as-prepared s/h SiOz suspension was mixed with 6 mL Na;COs solution (1 M) and stirred
at 80°C for 30 min, 1 h and 3 h, forming the targeted product rattle-type SiO>. Then the suspension
was centrifuged and washed with water for three times and redispersed in 4 mL of water. To
modify the r-SiO2 NPs, 4 mL of r-SiO> solution and 100 pL of PEI solution (20 mg/mL) were
mixed and stirred at room temperature for 3 h. Then the mixture was centrifuged, washed with

water for three times and resuspended in 4 mL of water for further use.



2.4. Synthesis of Mn doped In,S3/InOOH nanoparticles (MISO). Mn doped In>S3/InOOH
nanoparticles were synthesized using a hydrothermal method.?! Briefly, 72 mg of In(NO3); and
3.5 mg of MnCl>-4H>0O were solubilized with 10 mL of water and then the solution was added
dropwise into 10 mL of Na,S solution (0.06 M). After that, the pH of the mixture was adjusted to
2.67 and the mixture was subsequently stirred for another 10 min. Afterwards, the solution was
transferred to a 50 mL Teflon-lined stainless steel autoclave and maintained at 180 °C for 12 h.
After cooling down to room temperature, the suspension was centrifuged, washed with water for

three times and resuspended in 20 mL of water for further use.

2.5. Synthesis and surface modification of r-Si02@Mn-In2S3/InOOH composites (SMISO). In a
typical process, 4 mL of r-SiO2-PEI solution was mixed with 12 mL of Mn-In,S3/InOOH and
stirred overnight to form the r-SiO>@Mn-In2S3/InOOH composites. The suspension was
centrifuged, washed with water for three times and resuspended in 12 mL of water. Then 2 mL of
the r-SiO2@Mn-In2S3/InOOH solution was mixed with 20 mL of BSA solution (0.5 mg/mL) and

stirred for 3 h to modify the surface of composite.

2.6. ROS generation of MISO and SMISO composites. The detection of ROS generated by MISO
and SMISO composites upon ultrasound irradiation was performed by using 1, 3-
Diphenylisobenzofuran (DPBF) as a ROS indicator. Briefly, 100 uL of DPBF (2 mM) was injected
into 3 mL of 60 ug/mL sample solution (MISO with different Mn doping concentrations).
Subsequently, the mixture was irradiated with ultrasound (1.0 MHz, 1.0 W/cm?) in the dark and
the UV-Vis absorption of the reaction solution was measured every 2 minutes. Besides, the optical
density of DPBF solution at 415 nm was used as an index of ROS production to assess the ROS
production ability of different samples. The DPBF degradation ability of sample solution without

ultrasound treatment was also examined following the similar protocol.



To study the SDT effect of SMISO under neutral and acidic conditions, SMISO NPs were mixed
with PBS at different pH values (7.4 and 5.5) and reacted at 37 °C for 2 h. And the supernatant
was harvested after a low-speed centrifugation. Then ROS generation activity of the supernatant

under ultrasound irradiation was measured in the same way as described above.

2.7. ESR measurement. TEMP and DMPO probe were used to detect the generated 'Oz and -OH,
respectively. Briefly, after US irradiation for 2 min, 160 ul 1-MISO solution (60 pg/mL) was added
to TEMP (40 pl) or DMPO (40 pl), and the resultant TEMP-'0, and DMPO-OH adduct was

detectable by ESR spectrometer.

2.8. Reflection and scattering measurement. For the reflection and scattering measurements, a
waveform generator (Keysight 335008) and the transducer centering at 1.5 MHz were used for the
whole test. The samples were placed at 18 cm meter away from the main transducer and the sample
stage was aligned with the transducer. The transducer emitted ultrasound wave and subsequently
receive the reflected ultrasound wave in the reflection measurement. In the scattering
measurement, another transducer laying at an angel of 90° and tightly adhering to the sample stage

was employed and served as the receiving transducer.

2.9. Cell culture. 4T1 murine breast cancer cells, kindly provided by Sir Run Shaw Hospital,
Zhejiang University, were utilized for the in vitro and in vivo studies. 4T1 cells were cultured in
RPMI 1640 medium with 10% fetal bovine serum (FBS) and incubated at 37 °C in a humidified

incubator of 5% COa.

2.10. SDT performance in vitro. The SDT performance in vitro of SMISO was investigated by
measuring the cell viabilities after different treatments via MTT assay. In brief, the cells were

seeded in 35 mm culture dishes at a density of 10° cells/dish and cultivated for 12-16 h. After that,



the medium was replaced with serum-free medium containing SMISO with different
concentrations (0-200 pg/mL). After incubated for 2 h, the dishes were treated with or without US
irradiation (1.0 MHz, 1.0 W/cm?, 3 min) and supplemented with 150 uL of FBS per dish. Then the
cells were cultured for another 24 h and the medium was replaced with 10 % MTT solution and
incubated at 37°C for another 2 h. Finally, the MTT solution was replaced by DMSO to dissolve
the crystals. The absorbance at the wavelength of 560 nm was measured using a microplate reader.
As a comparison, the SDT effect of SiO> (100 ug/mL) and MISO (50 pg/mL) was also detected in

the same way.

2.11. Live&dead assay and cell apoptosis analysis. To prove the killing effect to the cells, the live
and dead cells were stained with calcein-AM/ propidium iodide (PI) according to the above
conditions. After US treatment for another 6 h, the cells were cultured with fresh medium
containing calcein-AM (4 pmol/L) and PI (8 umol/L) at 37°C for 30 min, and then observed by
fluorescent microscope (Nexcope NIB900) under blue and green light excitation. In addition, the
cell apoptosis analysis was also conducted by flow cytometry according to the similar treatment
as live&dead assay. The cells were co-stained with Annexin V—fluorescein isothiocyanate (FITC)

(5 pL) and PI (5 pL) for 15 and 5 min, respectively and monitored by flow cytometry.

2.12. ROS detection in vitro. The intracellular ROS was monitored by fluorescence probe 2',7'-
dichlorofluorescein diacetate (DCFH-DA), which could be transformed into green fluorescence
DCF based on ROS-dependent oxidation in the cell. Briefly, after seeded for 12-16 h, the cells
were incubated with different materials (SiO2, MISO, SMISO) for another 2 h. Then, the cells
were treated with or without US irradiation (1.0 MHz, 1.0 W/cm?, 3 min), stained with DCFH-DA
probe. At last, the cells were monitored by fluorescence microscope qualitatively and flow

cytometry quantitatively.



2.13. Animal model. All animal experiments were supported by the Ethics Committee of Sir Run
Run Shaw Hospital (ZJU20220345) and 4-6 weeks old female Balb/c nude mice were purchased
from Shanghai Laboratory Animal Center. The animal model used in our experiments was
constructed as previously reported. 4T1 cell tumor model was established by subcutaneous

injecting 50 puL of PBS containing 2 x 10° cells into the left side abdomen of nude mice.

2.14. Ultrasound imaging in vitro and in vivo. Ultrasound imaging was carried out using a
preclinical ultrasound imaging platform GE LOGIQ 9 unit (GE Healthcare, Waukesha, USA) and
the linear probe (9 L) was used to receive the acoustic signals. For the in vivo US imaging, the
tumor-bearing mice were anesthetized and intravenously injected with SMISO (15 mg/kg) via the
tail vein and the signals were monitored at different time points. As a supplement, SiO> (10 mg/kg),
MISO (5 mg/kg) and SMISO (15 mg/kg) were intratumorally injected and ultrasound imaging of

mice was conducted at 5 min post-injection.

2.15. In vivo SDT study. The tumor treatment was initiated when tumor reached a volume of ~100
cm’. The tumor-bearing mice were randomly assigned into 6 groups of 5 mice per group and
received the intravenous injection of different materials and treated with or without ultrasound
irradiation as described below: (1) Control (normal saline), (2) US alone (1.0 MHz, 1.5 W/cm?, 2
min), (3) SiO2 + US (10 mg/kg, i.v. injection), (4) MISO + US (5 mg/kg, i.v. injection), (5) SMISO
alone (15 mg/kg, i.v. injection), (6) SMISO + US (15 mg/kg, i.v. injection). At 12 h and 24 h after
administration, the relative mice were anesthetized for ultrasound irradiation. The administration
protocol was repeated three times every five days in 15 days. Furthermore, the body weight and
tumor volume of each mouse were measured every two days in 15 days. The tumor volume was
calculated in accordance with the following formula: width? x length/2. The mice were sacrificed

at the end of the treatment, after which the subcutaneous tumors were peeled off, imaged and
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weighed. After fixed with 4 % paraformaldehyde solution for 48 h, the tumor tissues were
dehydrated, embedded in paraffin and sectioned. Then the slices were stained with hematoxylin-
eosin (H&E) and Ki67 and observed by optical microscopy for histopathological analysis. In
addition, at 12 h after administration, the mice groups with different treatments were anesthetized
for ultrasound irradiation, and subsequently the tumor slices were collected, frozen, fixed and
stained using dihydroethidium (DHE) and DAPI successively for 30 min at 37°C for ROS staining.

The fluorescence images were monitored by a fluorescence microscope (NIKON ECLIPSE E100).

2.16. Biosafety evaluation. The biosafety of SMISO was assessed by histopathological analysis,
biodistribution experiment, blood biochemistry and blood routine examination. Briefly, the major
organs were harvested at 5 h, 12 h, 24 h and 72 h post injection of SMISO. Then the tissue samples
were weighed and digested with 10 mL of nitric acid/perchloric acid (9:1) at 255 °C and the
concentration of In was determined by ICP-OES. Also, the blood was collected from the eyeball
of mice at pre-injection, 1-day post-injection, 3-days post-injection and 7-days post-injection of

SMISO for blood routine test and blood biochemical test.
3. Results and discussion
3.1. Synthesis and functional characteristics of SMISO NPs

SMISO nanoparticles (NPs) were synthesized by loading the as-prepared Mn doped
In,S3/InOOH (MISO) NPs onto the surface of etched rattle-type SiO> (r-Si0O2) (Scheme 1). HNOs3,
MnCl; and In(NOs3); were dispersed in NaS solution and then MISO with Mn/In feeding molar
ratios of 0%, 1% and 5% were obtained by a one-step hydrothermal method.’! From the
transmission electron microscopy (TEM) images (Figure la and Figure S1, Supporting

Information), the MISO NPs with two different Mn doping concentrations show irregular
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polyhedral morphology with similar particle sizes (15£5 nm) and distinct lattice fringes were
observed in 1-MISO, which are corresponding to the (110) plane of InOOH and the (107) plane of
B-In>S3. The XRD patterns of MISO with two Mn doping concentrations are also similar (Figure
1b). MISO NPs are crystallized and the main peaks are matched well with those of -In2S3 phase
(JCPDS 25-0390) and InOOH phase ((JCPDS 17-0549). To verify the successful doping of Mn,
the contents of Mn and In were examined by ICP-OES, confirming the doping content of Mn
element in the samples of 0-MISO, 1-MISO and 5-MISO (Figure S2). Subsequently, in order to
investigate the SDT property of MISO NPs, the reactive oxide specie probe 1,3-
diphenylisobenzofuran (DPBF) was employed to study the ability of sono-induced ROS
generation by MISO. As shown in Figure S3, without US irradiation, the degradation of DPBF
was of low magnitude in the presence of MISO with different Mn doping concentration due to the
adsorption by MISO. In contrast, as demonstrated in Figure 1c and Figure S4, the characteristic
absorption of DPBF at 415 nm showed a marked decrease as US irradiation time proceeds. The
results show that In>S3/InOOH itself (0-MISO) possesses a SDT performance and1-MISO has the
strongest SDT performance. When exposed to US for 8 min, the degradation of DPBF in 0-MISO,
I-MISO and 5-MISO solutions are 46%, 99.5% and 85%, respectively. With increasing the
amounts of Mn doping, the performance decreased, 1-MISO had an optimum SDT efficiency and
DPBEF in this group was completely degraded after US irradiation for 10 min. With further increase
of Mn doping concentrations, the SDT performance was not higher. To clarify the type of ROS
generated, ESR spectra were conducted using TEMP and DMPO probe (Figure S5), and the
appearance of ESR signals showing three characteristic peaks with a ratio of 1:1:1 for TEMP-'0,
indicated the production of 'O, during the SDT process of 1-MISO. In addition, MISO with

different Mn doping concentrations show negligible ROS production (Figure S6).
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To understand the mechanism of this phenomenon, the optical absorption, band variation and
charge transfer capacity of MISO with different Mn doping concentrations were measured. As
shown in UV-visible diffuse reflectance spectra (Figure S7 and Figure 1d), 1-MISO exhibits
higher light absorption compared with 0-MISO and 5-MISO, indicating its higher ultrasound
absorption during SDT process. The broad and strong absorption bands of MISO indicate an
internal bandgap transition from the valence band (VB) to the conduction band (CB). A Tauc plot
was used to calculate the bandgap of MISO according to the Kubelka—Munk formula; the bandgaps
of 0-MISO, 1-MISO, 5-MISO were 3.72 eV, 2.68 eV and 3.24 eV, respectively. The bandgap of
1-MISO is narrower than that of 0-MISO and 5-MISO, which implies greater production of
activated electrons (¢7) and holes (h") during the SDT process. According to the electrochemical
impedance spectrum (EIS) Nyquist plots of MISOs (Figure le), 1-MISO has the smallest
semicircle between 0-MISO and 5-MISO, indicating the reduced charge transfers resistance and
promotes charge separation efficiency. Therefore, 1-MISO was chosen as the optimum
sonosensitizer in this study. A putative mechanism is proposed in Figure 1f. The bandgaps of
InOOH and In>S3 are 3.75 eV and 2.12 eV, respectively, hence these two semiconductors could
absorb the ultrasound energy to induce the separation of e” and h*.>> More specifically, under US
irradiation, the electronic transition between InOOH and In»>S3 could induce the activated electrons
to transfer from the CB of In,S3 to that of InOOH and the activated holes to transfer from the VB
of InOOH to that of In»S3, according to the principle of the lowest energy and the difference of
Fermi level. In addition, the metal ion doping induces the formation of defect energy level near
the CB of InoS; and InOOH, thus capturing the electrons and disrupting electron-hole
recombination.>® The concentration of Mn can also change the content of In»S; and InOOH in

MISO. The redundant defects could be introduced by the excessive Mn which might result in the

13



recombination of ¢ and h' instead. It could be concluded that the synergism between
heterojunction and ion doping effectively separate e and h™ and promote the quantum yield,

thereby significantly enhancing the sono-induced ROS generation.

r-Si02 NPs were synthesized via etching solid-SiO2/hollow-SiO» (s/h Si02) NPs at 80 °C for one
hour.!” From the scanning electron microscopy (SEM) and TEM micrographs (Figure S8), the s/h
Si02 NPs maintain good dispersity and have a relatively uniform spherical morphology with an
average diameter of 205+25 nm. The thickness of the hollow-SiO> shell was 4545 nm. Through
etching of s/h SiO2 NPs using Na;COs solution, rattle-type SiO2> was successfully formed, as
shown in Figure S9 and Figure 2a, the large mesoporous channels in the outer shells were
visualized clearly. Meanwhile, r-Si02 was modified with polyethylenimine (PEI) in order to form
the MISO armored r-SiO; composite nanoparticles. The successful synthesis of SMISO NPs was
evidenced by zeta potential analysis (Figure S10), SEM and TEM examinations (Figure S11a-b
and Figure 2b). The PEI modification induces the change of SiO; surface charge from negative to
positive; after loading of MISO, the zeta potential changes from +25.5 mV to +20.3 mV, indicating
successful anchoring of MISO on SiO2. MISO NPs are homogenously and densely dispersed over
the surface of SiO», and SMISO NPs present homogeneous shape and relatively uniform size as
shown in Figure S11 and Figure 2b. The energy-dispersive spectroscopy element mapping (Figure
S12) reveals the distributions of In and S elements in the SMISO composite NPs. The XRD
analysis shows that the peaks of SMISO NPs are well-corresponded with the SiO2 (amorphous
phase), B-In>S3; and InOOH patterns (Figure 3¢). The chemical composition of SMISO NPs was
further confirmed from the X-ray photoelectron spectra (Figure S13), whereby the deconvoluted
In 3d peaks located at 452 eV and 444.5 eV corresponded to In 3ds» and In 3ds; orbitals of In(III),

respectively. The deconvoluted S 2p peaks located at 161 eV and 162.2eV with a doublet
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separation of 1.2 eV were assigned to the S 2p3» and S 2pi, orbitals of divalent sulfide (S%°),
respectively.** In the SDT performance test, SMISO NPs exhibited a higher DPBF oxidation rate
under acid conditions (pH = 5.5) than that under neutral conditions (pH = 7.4) (Figure 2d). This
was attributed to the release of MISO from SMISO and the exposure of the active sites, as shown

in Figure S14 and Figure S15.

In the previous studies, SiO> NPs have been investigated as gas-free ultrasound contrast agents
and have been demonstrated to allow ultrasound imaging.>> In our study, acoustic reflection and
scattering signals of SiO2, MISO and SMISO were measured and compared. While the squared
amplitude of ultrasound is positively proportional to the averaged gray value of in vitro ultrasound
images (Figure 2e-f),!” the reflection and scattering ratios of r-SiO> to s/h SiO; are 1.95 and 1.10,
respectively, calculated from their ultrasound signal intensity. This indicates that the increased
imaging capacity of r-SiOz is attributed to the promoted reflection. MISO NPs have a medium
reflection signal and a strong scattering signal. The reflection and scattering ratios of SMISO to r-
SiO2 are 1.80 and 1.88, respectively, confirming the optimal imaging performance of the
composite. Ultrasound B fundamental imaging mode was employed to test the imaging capacity
of the above materials, with both reflection and scattering signals contributing to the ultrasound
imaging, although the scattering signal is the major contributor.!” As shown in Figure 2g and
Figure S16a, SMISO NPs exhibit excellent and enhanced ultrasound imaging capacity than the
other three materials. The gray value of US images of SMISO NPs increases with their
concentrations (Figure S16b-c). To understand the mechanism of efficient ultrasound imaging of
SMISO NPs, r-SiO; with different etching times were synthesized. The diameter of the core was
decreased time-dependently, as shown in Figure S17 and Figure 2a. The reflection signals of the

etched r-SiO> varied with different etching time, and the NPs etched for 1 hour exhibited the best
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reflection performance, with the variation of scattering signals being relatively small (Figure S18).
This phenomenon could be due to multiple reflection/scattering occurred from shell-medium and
medium-core interfaces in 1h etched r-SiO», while limited reflection/scattering of ultrasound from
the s/h Si0; surfaces of particles etched of 0 h and 0.5 h. The inner core size decreased as with the
etch time increased to 3 h, but scattering cross-interfaces decreased. The quality of in vitro
ultrasound imaging was correlated to the levels of reflection/scattering at the interfaces (Figure
S19). Therefore, a proposed mechanism of ultrasound imaging of SMISO NPs is summarized in
Figure 2h. The structural design of r-SiO2 with multiple interfaces induces further
reflection/scattering after ultrasound irradiation.!”- 3¢ The incident waves could be reflected and
scattered by the 1st shell-medium layer interface and the transmitted wave could be reflected and
scattered by the 2nd medium-core interface, thus enhanced reflection and scattering occurs twice
in one nanoparticle and increased imaging contrast can be achieved. As reflection relies on the
density and acoustic impedance of materials, MISO NPs anchored on the surface of SiO», which
have high acoustic impedance, can further promote the reflection intensity and facilitate ultrasound

imaging.

3.2. In vitro study

Next, the in vitro SDT effect induced by SMISO NPs was evaluated by the standard methyl
thiazolyl tetrazolium (MTT) assay using the 4T1 mouse breast cancer cell line. As shown in Figure
3a, SMISO NPs show good cytocompatibility over the given concentration range (25-200 pg mL”
1) after co-incubation for 24 h. The cell viability significantly declined under US irradiation (1.0
MHz, 1.0 W cm?, 3 min), whereby only 17% of cells survived at the concentration of 200 ug mL-
!, As a comparison, SiO, and MISO NPs exhibited no clear toxicity to 4T1 cells (Figure 3b). When

exposed to US, SiO2 NPs exhibited weak sono-killing effect due to the relative mechanical motion
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of nanoparticles (‘nanoscalpel effect’), as previously reported.’” MISO NPs showed a similar
cytotoxicity to SMISO NPs under US irradiation, which is attributed to the pH-responsive release
of MISO from SMISO in the cell culture environment. Furthermore, the cell death derived from
SMISO-mediated SDT was investigated qualitatively by fluorescence microscopy and
quantitatively by flow cytometry. The Annexin V-fluorescein isothiocyanate (FITC) and
propidium iodide (PI) double staining test verified that the majority of cells were killed when
cultured with MISO or SMISO NPs under US irradiation, confirming their excellent SDT
efficiency (Figure 3d-e). To confirm the cell viability, calcein-AM (green, staining live cells) and
PI (red, staining dead cells) were co-incubated with cells after different treatments using SiOa,
MISO and SMISO with or without US irradiation (Figure 3f). The groups of MISO + US and
SMISO + US showed strong red fluorescence, indicating that these two groups induced significant
damage to 4T1 cells. To further validate the therapeutic mechanism of SMISO NPs as a
sonosensitizer, the intracellular ROS generation was analyzed using 2,7-dichlorofluorescein
diacetate (DCFH-DA) staining assay qualitatively and quantitatively. After penetrating the cells,
DCFH-DA could be hydrolyzed by esterase and subsequently oxidized by ROS to produce DCFH,
which emits green fluorescence under blue light. A distinct increase of ROS levels was noticed
when combining MISO or SMISO with US irradiation (Figure 3c, Figure S20 and Table S1),
whereas no clear change was detected in the control group and in the cells treated with Si02, MISO,
SMISO and US alone, demonstrating a significant SDT effect of MISO and SMISO. Moreover,
an enhancement of fluorescence intensity in SiO2 + US group confirmed the nanoscalpel effect of

Si02, which can promote the intracellular ROS generation (Figure 3f).

3.3. In vivo ultrasound imaging and antitumor study
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A real-time B mode US imaging in vivo which is based on the change of gray scale at the region
of interest was assessed in the 4T1 breast cancer model. Normal saline, Si02, MISO and SMISO
solutions were intratumorally injected into the tumor site at the tumor-bearing nude mice and the
change of gray scale was detected subsequently. It could be clearly observed that there were
pronounced changes of gray scale after treated with SiO2, MISO or SMISO solutions. A significant
difference of gray value (p < 0.01) existed between SMISO and the control group (Figure 4a and
4c), which confirmed that SMISO NPs have a great potential to be an ultrasound contrast agent.
Furthermore, SMISO NPs were intravenously (i.v.) injected into the tail vein of 4T1 tumor-bearing
nude mice and the tumor site was scanned at each time period. As evidenced from the ultrasound
images (Figure 4b) and quantitative comparison of the signal intensity (Figure 4d) following the
injection from 0 to 24 h, the signal intensity from the tumor site increased gradually and peaked at
12 h. This phenomenon can be ascribed to a time-dependent accumulation of SMISO NPs at the
tumor site through the enhanced permeability and retention (EPR) effect. As the circulation time
was further prolonged, SMISO NPs were broken down and metabolized out of the tumor. These
results confirm the ultrasound imaging capacity of SMISO NPs, while also providing guidance as
to the optimal exposure timing for US irradiation so as to facilitate the subsequent treatment in

Vivo.

Encouraged by the ultrasound-mediated antitumor activity and ultrasound imaging guidance of
SMISO NPs, in vivo experiments were conducted on mice with 4T1 tumors; a methodological
flowchart is shown in Figure 5a. The 4T1 tumor-bearing mice were equally and randomly divided
into six groups (n = 5): (1) Control (normal saline, i.v. injection), (2) US alone (1.0 MHz, 1.5 W
cm, 2 min), (3) SiO2 + US (10 mg kg™!, i.v. injection), (4) MISO + US (5 mg kg'!, i.v. injection),

(5) SMISO alone (15 mg kg™, i.v. injection), (6) SMISO + US (15 mg kg™!, i.v. injection). At 12 h
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and 24 h post intravenous (i.v.) injection of the above materials, the tumor sites were subjected to
US irradiation and the administration was repeated three times during the 15 days’ treatment period
(every 5 days). The body weight and the tumor volume of each mouse were monitored every two
days. As shown in Figure S21-23, no pronounced abnormalities of body weight occurred,
implying that the treatment protocols are safe for biological applications. After the treatment, the
inhibition rate of tumor growth in SMISO + US group reached to 88.2%, which is significantly
higher than the other groups (Figure 5b and Figure S24). The variations of tumor weights and the
representative photographs of tumors dissected at the end of treatment also verified the best SDT
efficiency of SMISO NPs (Figure 5c-d). Notably, the therapeutic effect of MISO +US group is
weak, which could be ascribed to the rapid clearance of small-size MISO NPs in the mouse. The
exceptional therapeutic effect of SMISO NPs was further investigated by H&E and Ki67 staining
of tumors slices (Figure 5e). H&E staining images of the cross sections were compared with the
other five groups, and showed that the tumor tissues in SMISO + US group exhibit typical
apoptotic characteristics, including numerous nuclear pyknosis and severe cytoplasmic
vacuolization. Ki67 staining results demonstrate that the treatment with SMISO and US irradiation
substantially induced Ki67-positive cells and the proliferation of 4T1 cells was significantly
inhibited, which corresponds well with the in vivo study. In addition, ROS staining of tumor tissue
was carried out using dihydroethidium (DHE) to assess the production of ROS after different
treatments (Figure 5f). It is clear that SMISO + US group showed the strongest red fluorescence
compared with other groups. This finding implies the highest ROS level generated from SMISO
NPs and confirms the excellent SDT performance of SMISO NPs. To study the biosafety of
SMISO NPs, the body clearance behavior of SMISO NPs was investigated by measuring the

accumulation of materials in the main organs (heart, liver, spleen, kidney and tumor) at different
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time points post 1.v. injection using inductively coupled plasma optical emission spectra (ICP-
OES) (Figure 6a). Over a period of 24 h, the retention of SMISO NPs mainly presented at liver,
spleen, lung and tumor. While at 72 h post injection, the distribution in these organs decreased due
to the metabolism and clearance out of the body. Additionally, at 1st, 3rd and 7th days after i.v.
injection of SMISO NPs, the blood biochemistry and hematologic analysis were conducted to
verify the systemic toxicity of SMISO NPs (Figure 6b-1). No abnormalities and obvious side
effects to the animals were found from all the main biochemical indices, including alanine
aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), white blood
cell (WBC), red blood cell (RBC), blood platelet (PLT), hematocrit (HCT), hemoglobin (HGB),
mean corpuscular volume (MCV), mean corpuscular hemoglobin concentration (MCHC) and
mean corpuscular hemoglobin (MCH). H&E staining of the main organs (heart, liver, spleen, lung
and kidney) that were dissected at the end of the treatment were presented in Figure 6m and Figure
S25. The results show that SMISO NPs did not present clear negative effects to the main organs,

demonstrating the non-toxicity nature of SMISO NPs for its potential applications.

4. Conclusions

In summary, we have successfully synthesized a novel theranostic system of SMISO nanoparticles
which enables simultaneous ultrasound imaging and sonodynamic therapy for tumor inhibition.
Following the reflection/scattering occurring on the liquid-solid interface, the compounding of
rattle-type SiO2 with multi-reflection/scattering interfaces and high acoustic impedance of MISO
shows an outstanding ultrasound imaging performance. Using B-mode ultrasound medical
imaging, the SMISO composite nanoparticles can serve as an ultrasound contrast agent to detect
the tumor growth and realize imaging-guided SDT. Besides, through combining In,S3 with InOOH

and Mn doping, the new type of sonosensitizer MISO can effectively facilitate the separation of
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activated electrons and holes for the US-induced ROS generation. Under US irradiation, SMISO
NPs exhibit an excellent pH-responsive ROS generation capability and an effective killing of
tumor cells. The in vivo results demonstrate that SMISO NPs have an excellent biosafety and
superior suppressive effects on the proliferation of tumor cells, thus effectively inhibiting the
tumor growth without harming to the body. Therefore, this innovative design of SMISO paves a

new way to develop ultrasound contrast agents and sonosensitizers in ultrasonic tumor therapy.
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Figure 1. (a) TEM image of 1-MISO nanoparticles. Inset: High-resolution TEM image. (b) XRD

patterns of MISO with 0, 1 and 5% Mn doping (0-MISO, 1-MISO and 5-MISO). (¢) Normalized

absorbance of DPBF after incubated with/without MISO with Mn dopings under the US irradiation

(1.0 MHz, 1.0 W cm) for 0 to 10 mins. (d) The relationship between (ahv)? versus Eg of 0-MISO,

1-MISO and 5-MISO. (e) Nyquist plots of 0-MISO, 1-MISO and 5-MISO from EIS measurement.

() A proposed SDT mechanism of MISO NPs under US irradiation.
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Figure 2. Characteristics and intrinsic properties of SMISO. TEM images of (a) Rattle-type SiO-
and (b) SMISO NPs. (c) XRD patterns of rattle-type SiO2 and SMISO NPs. (d) SDT performance
of SMISO under neutral (pH = 7.4) and acid (pH = 5.5) conditions. The relative echo amplitudes
(A and A?) of (e) the reflected sound waves and (f) the scattering signals of the test solutions,
including water, s/h SiO, r-SiO2, MISO and SMISO. (g) Comparison of measured average gray
value of US imaging for the test solutions in vitro. (h) Schematic illustration of the US imaging

mechanism of SMISO NPs.
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Figure 3. In vitro SDT performance of SMISO NPs. (a) Relative cell viability of 4T1 cells

incubated with the concentrations of SMISO (0-200 pg mL ") for 24 h in the presence or absence

of US (1.0 MHz, 1.0 W cm™, 3 min). (b) Relative cell viability of 4T1 cells incubated with the

solutions containing SiO2, MISO and SMISO with or without US irradiation. (c) Quantitative

analysis by flow cytometer of the ROS levels after the treatments combining with SiO>, MISO and

SMISO. (d) Corresponding quantitative analysis and (e) flow cytometry of 4T1 cell apoptosis

staining with PI and Annexin V-FITC under the different treatments._(f) Fluorescence images of

4T1 cells stained with DAPI, DCFH-DA under different treatments. Scale bar: 200 pum. (g)

Fluorescence images of 4T1 cells stained with Calcein AM and Pl under different treatments. Scale

bar: 100 pm. *** p <0.001, ** p <0.01 and * p <0.05.
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Figure 4. In vivo B-mode US imaging performed in 4T1 tumor-bearing nude mice. (a) US images
and (c) corresponding gray value of tumors obtained 5 min after intratumoral injection with PBS,
SiO; (10 mg kg!), MISO (5 mg kg™!), and SMISO (15 mg kg!). Scale bar: 2 mm. (b) US images
and (d) corresponding gray value of tumors obtained at various time points (0-24 h) after
intravenous injection with SMISO (15 mg kg™!). Scale bar: 2 mm. *** p < 0.001, ** p < 0.01 and

*p < 0.05.
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Figure 5. In vivo antitumor properties. (a) Schematic illustration of the in vivo SDT experiment

on nude mice. The profiles of (b) tumor volume and (c) tumor weights of mice after different
treatments (n = 5, mean = SD). (d) Photographs of the tumors from the sacrificed mice of each
groups on the 14th day. (¢) H&E and Ki67 staining of the collected tumor slices after treatments

(day-14). Scale bar: 100 pm. (f) Fluorescence images of tumor slices after DHE staining for ROS

detection. Scale bar: 25 um.*** p < 0.001.
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Figure 6. In vivo biosafety evaluation of SMISO NPs. (a) The biodistribution of In in the main
organs (heart, liver, spleen, lung and kidney) of the mice after i.v. injection of SMISO for 5, 12,
24 and 72h. Blood biochemistry and hematological analysis of mice after i.v. injection of SMISO
collected at 1st , 3rd and 7th days, including (b) alanine aminotransferase (ALT), (c) aspartate
aminotransferase (AST), (d) total bilirubin (TBIL), (¢) white blood cell (WBC), (f) red blood cell
(RBC), (g) blood platelet (PLT), (h) hematocrit (HCT), (i) hemoglobin (HGB), (j) mean
corpuscular volume (MCV), (k) mean corpuscular hemoglobin concentration (MCHC) and (1)
mean corpuscular hemoglobin (MCH). (m) pathological examination of the changes in the main
organs (heart, liver, spleen, lung and kidney) of the mice with or without i.v. injection of SMISO

using H&E staining. Scale bar: 100 pum.
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