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Abstract: Ultrasound (US)-mediated sonodynamic therapy
(SDT) has emerged as a superior modality for cancer treatment
owing to the non-invasiveness and high tissue-penetrating
depth. However, developing biocompatible nanomaterial-
based sonosensitizers with efficient SDT capability remains
challenging. Here, we employed a liquid-phase exfoliation
strategy to obtain a new type of two-dimensional (2D) stanene-
based nanosheets (SnNSs) with a band gap of 2.3 eV, which is
narrower than those of the most extensively studied nano-
sonosensitizers, allowing a more efficient US-triggered sepa-
ration of electron (e@)-hole (h+) pairs for reactive oxygen
species (ROS) generation. In addition, we discovered that such
SnNSs could also serve as robust near-infrared (NIR)-medi-
ated photothermal therapy (PTT) agents owing to their
efficient photothermal conversion, and serve as nanocarriers
for anticancer drug delivery owing to the inherent 2D layered
structure. This study not only presents general nanoplatforms
for SDT-enhanced combination cancer therapy, but also
highlights the utility of 2D SnNSs to the field of nanomedicine.

Introduction

Despite tremendous progress in cancer therapies, cancer
remains one of the most notorious diseases worldwide.
Photodynamic therapy (PDT) which takes advantage of the
cytotoxic reactive oxygen species (ROS) generated by light-
activated photosensitizers to kill cancer cells has shown great

promise for cancer therapy in clinical settings.[1–3] Yet, PDT
suffers from low tissue-penetrating depth (on the order of
millimeters) and inherent phototoxicity from the photosensi-
tizers, thereby hindering the treatment efficacy for deep-
seated tumors and producing undesirable side effects.[4] To
address these shortcomings, ultrasound (US)-mediated sono-
dynamic therapy (SDT) has recently emerged as a powerful
modality for disease treatments owing to the non-invasive-
ness, spatiotemporal controllability, and most importantly,
high tissue-penetrating depth (on the order of centime-
ters).[5–7] Consequently, compared with PDT, SDT has become
a superior noninvasive modality for disease treatments.
Similar to PDT, the execution of SDT relies on the efficient
separation of electron (e@)-hole (h+) pairs within the US-
activated sonosensitizers; the e@ and h+, and the energy
released from the activated sonosensitizers could further
react with the surrounding O2 and H2O molecules to generate
cytotoxic ROS (e.g., 1O2, and COH).[8] Given this paradigm,
the synthesis of desirable sonosensitizers that can efficiently
generate ROS by the US trigger plays a pivotal role in
executing SDT.

The advantageous US-triggered generation of ROS for
SDT was originally showcased with organic small molecule
sonosensitizers, such as porphyrins, their derivatives, and
others.[5,9, 10] However, their long-lasting skin sensitivity, low
chemical stability, poor tumor accumulation, and high dose-
dependent toxicity have hindered their further applications in
clinical settings. Additionally, the hydrophobic nature of most
of these small molecules makes them easily aggregate in the
physiological environment, thereby reducing their bioavaila-
bility and ROS generation efficiency.[7] To solve the unmet
needs the past years have seen a focus on the synthesis of
biocompatible inorganic nanomaterial-based sonosensitizers
such as titanium dioxide (TiO2), zinc oxide (ZnO) nano-
materials, and their nanocomposites.[11–13] These studies have
substantially increased the chemical stability, biocompatibil-
ity, and desirable tumor accumulation for SDT. However,
challenges remain in the US-triggered ROS generation
efficiency since TiO2 and ZnO are known to have the wide
band gaps (3.2 eV and 3.4 eV, respectively) and fast combi-
nations of excited electrons and holes,[14] which may hinder
their further biomedical applications. Consequently, the syn-
thesis of biocompatible sonosensitizers with superior ROS
generation efficiency is urgently needed for SDT.

Inspired by the unprecedented success of graphene, two-
dimensional (2D) monoelemental materials (Xenes) and
their derivatives have received ever-increasing attention
during the past years.[15] These have been seen in the elements
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of group IIIA (B: borophene; Ga: gallenene),[16, 17] group IVA
(Si: silicene; Ge: germanene),[18–21] group VA (P: phosphor-
ene; As: arsenene; Sb: antimonene; Bi: bismuthene),[22–26]

and group VIA (Se: selenene; Te: tellurene).[27, 28] Due to the
unique structures and physicochemical properties, Xenes
have a variety of promising applications, including catalysis,
energy storage, electronics, and biomedicine.[29] Notably, the
recently discovered 2D stanene (Sn in group IVA) has
fascinated scientists owing to its unique electronic structures,
excellent quantum effects, thermoelectric properties, and
superconductivity.[30,31] All these promising properties indi-
cate that 2D stanene and its derivatives could serve as new 2D
materials for a variety of applications. More importantly,
since the band gap of stanene oxide is 2.5 eV,[32, 33] narrower
than those of TiO2 (3.2 eV) and ZnO (3.4 eV) conventional
nano-sonosensitizers,[34] we envision that such 2D stanene-
based nanostructures could potentially serve as advantageous
sonosensitizers for SDT. Despite the superior physicochem-
ical advantages of 2D stanene, to the best of our knowledge,
the experimental efforts and applications of 2D stanene and
its derivatives remain largely unexplored and are still in their
infancy, especially in nanomedicine for cancer therapies.

Originally, 2D stanene was primarily fabricated by the
epitaxial growth on various substrates by which the morphol-
ogy and electronic properties of 2D stanene could be well-
controlled.[30, 31, 35] Yet, the strong adhesion of the 2D stanene
on the corresponding substrates undermined the practical
usage of the 2D stanene nanomaterials alone. In efforts to set
the stage for biomedical applications, here, for the first time
we employed a liquid-phase exfoliation strategy to the large-
scale synthesis of 2D stanene-based nanosheets (SnNSs), and
applied such SnNSs as a new type of sonosensitizer to achieve
efficient US-triggered ROS (1O2 and COH) generation
(Scheme 1). In addition, we discovered that such black 2D
SnNSs could serve as robust photothermal agents for near-
infrared (NIR)-mediated photothermal therapy (PTT) owing
to their strong NIR absorption and efficient photothermal
conversion. The photothermal conversion efficiency of SnNSs
(37.9 %) is much higher than many other nanomaterial-based
photothermal agents, such as Au nanorods,[36] graphene

oxide,[37] MoS2 nanocrystals,[38] and black phosphorous,[39,40]

rendering SnNSs excellent photothermal agents for PTT.
Moreover, the inherent 2D layered structure with a high
surface-to-volume ratio enables SnNSs to function as drug
carriers for anticancer drug delivery. In summary, this study
not only provides a robust strategy for large-scale synthesis of
2D stanene-based nanosheets as sonosensitizers for SDT but
also creates a general nanoplatform for tri-modal combina-
tion cancer therapies. We believe that, owing to the unique
band gap and the electronic structure, these 2D SnNSs may
hold great potentials to serve as photocatalysts and thus
highlight the significance of their applications in the field of
catalysis and energy.

Results and Discussion

Synthesis and Characterization of Ultrasound-Activata-
ble SnNSs. SnNSs were obtained by a liquid-phase exfoliation
strategy through sonicating 10 mm Sn powder in isopropanol
by an ultrasound probe and water bath sonication. The
morphology of the obtained SnNSs was characterized by
transmission electron microscope (TEM) and atomic force
microscope (AFM). The TEM and AFM images showed that
the lateral size and thickness of the observed SnNSs were
approximately 100–200 nm and 4.4 nm, respectively (Fig-
ure 1a–c). The chemical composition and crystal structure of
SnNSs were determined by X-ray photoelectron spectroscopy
(XPS), scanning electron microscope (SEM)/energy disper-
sive X-ray spectrometer (EDS) elemental mapping, and X-
ray diffraction (XRD) pattern. The peaks at 486 eV, 495 eV,
and 531 eV in the XPS survey spectrum (Figure S1, SI) of
SnNSs could be assigned to Sn 2d and O 1s. Interestingly, both
SnO (495.2 eV: 3d3/2 and 486.8 eV: 3d5/2) and Sn (493.3 eV:
3d3/2 and 484.8 eV: 3d5/2) were found in the XPS spectrum with
a ratio of SnO/Sn = 8.2/1.0 (Figure 1d). The oxidation of
SnNSs likely resulted from the existence of stanene oxide
(SnO), which was attributed to the oxidation by air during the
exfoliation process.[18] SEM/EDS elemental mapping images
(Figure 1e) showed the homogeneous distribution of Sn and
O on the entire SnNSs, further supporting the existence of Sn
and O elements in the structure of SnNSs. XRD pattern of
SnNSs (Figure 1 f) displayed the crystalline structure of
tetragonal b-Sn (ICDD No. 04-0673).[41] However, the crys-
talline structure of SnO was not found in the XRD pattern,
suggesting the existence of amorphous structure of SnO in the
SnNSs.

To enhance the colloidal stability of SnNSs in the
physiological environments, we coated the surface of SnNSs
with DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)]), and the result-
ing nanomaterials were designated as SnNSs@PEG. The
successful PEG coating was confirmed by Fourier transform
infrared (FTIR), zeta potential value measurement, and
thermogravimetric analysis (TGA). The appearance of ab-
sorption bands at 2892, 1745, 1460 and 1335, and 1103 cm@1 in
the FTIR spectrum of SnNSs@PEG corresponded to C@H
stretching, C=O stretching, C@H bending, and C-O stretching,
respectively, demonstrating the successful PEG modification

Scheme 1. Schematic illustration of the preparation of polyethylene
glycol (PEG)-functionalized two-dimensional (2D) stanene-based nano-
sheets (SnNSs@PEG) by a liquid-phase exfoliation strategy and their
applications for chemotherapy- and photothermal therapy (PTT)-
enhanced sonodynamic therapy (SDT).
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on the SnNSs surface (Figure 1g). Additionally, the zeta
potential value of SnNSs@PEG measured in deionized water
at room temperature was @17.2: 2.4 mV, less negative than
that of SnNSs (@37.4: 1.5 mV), showing that DSPE-PEG
was coated on the surface of SnNSs (Figure 1h). Additionally,
the weight loss difference between SnNSs and SnNSs@PEG
after heating to 800 88C was 20.1 wt % (Figure 1 i), suggesting
an efficient PEG coating on SnNSs surface. Dynamic light
scattering (DLS) analysis showed that the sizes of
SnNSs@PEG were 140: 2 nm and 137: 7 nm in phosphate-
buffered saline (PBS) solution and RPMI-1640 cell medium
with 10% fetal bovine serum, respectively (Figure 1h; Fig-
ure S2b, SI). In contrast, the DLS sizes of SnNSs were 510:
10 nm and 329: 18 nm in those two buffer solutions, respec-
tively (Figure 1h; Figure S2a, SI). The results demonstrated
that the PEG coating on the surface of SnNSs substantially
enhanced the colloidal stability of SnNSs in the physiological
environments and thus was advantageous for further biolog-
ical studies.

Sonodynamic Performance of SnNSs@PEG. To explore
the potential of SnNSs@PEG as sonosensitizers for sonody-
namic therapy (SDT), we employed 1,3-diphenylisobenzofur-
an (DPBF) and 3,3’,5,5’-tetramethylbenzidine (TMB) as

singlet oxygen and hydroxyl radical probes to monitor the
generation of 1O2 and COH by US-triggered
SnNSs@PEG.[8, 42–45] The US-triggered generation of 1O2 was
carried out by exposing the solution containing a mixture of
SnNSs@PEG and DPBF to an ultrasound probe (1 MHz,
1 Wcm@2, 50 % duty cycle) (Figure 2a). The characteristic
peak of DPBF at 410 nm in the UV/Vis spectra gradually
decreased with increasing US exposure time (Figure 2b). The
results demonstrated that 1O2 generated by US-triggered
SnNSs@PEG reacted with DPBF and generated colorless 1,2-
dibenzoylbenzene over time (Figure 2 a). Comparatively,
negligible absorbance decreases at 410 nm were observed
for other control groups (DPBF, DPBF + US, and DPBF +

SnNSs@PEG) (Figure 2c; Figure S3, SI). Additionally, we
used TMB to detect the generation of COH by US-triggered
SnNSs@PEG with the same US parameters (Figure 2d). The
absorbance peaks of the oxidized TMB at 654 nm in the UV/
Vis spectra gradually increased with increasing US exposure
time (Figure 2 e). The results proved that COH generated by
US-triggered SnNSs@PEG reacted with TMB and produced
blue 3,3’,5,5’-tetramethylbenzidine diimine over time (Fig-
ure 2d). In contrast, no prominent absorbance peaks at
654 nm were observed for other control groups (TMB, TMB

Figure 1. Characterization of SnNSs and SnNSs@PEG. a) TEM image, b) AFM image, and c) the corresponding height profile of SnNSs. d) XPS
spectrum, e) SEM/EDS elemental mapping images, and f) XRD pattern of SnNSs. g) FTIR spectra, h) zeta potential values and DLS sizes (n = 3),
and i) TGA of SnNSs and SnNSs@PEG.
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+ US, and TMB + SnNSs@PEG) (Figure 2 f; Figure S4, SI).
Collectively, the 1O2 and COH generation by US-triggered
SnNSs@PEG demonstrated that SnNSs@PEG, with the
desirable sonodynamic performance, could serve as potential
sonosensitizers for SDT.

To study the mechanism of sonodynamic performance of
SnNSs, the optical absorbance spectrum of solid SnNSs was
measured and a Tauc plot of the Kubelka–Munk (KM)
function was plotted to calculate the optical band gap (Eg) of
SnNSs. The Eg of SnNSs was measured to be 2.3 eV (Fig-
ure 2g), which could be attributed to the existence of stanene
oxide (SnO) semiconductor in the SnNSs and is consistent
with the previous reports.[32, 33] The band gap is related to the
required minimum energy to achieve electron excitation.
Therefore, the narrower band gap could facilitate the US-

triggered separation of the electron (e@)-hole (h+) pairs
followed by the ROS generation.[43] The mechanism of US-
triggered generation of ROS by SnNSs is summarized in
Figure 2h. Under the US exposure, the electrons in the
valence band of SnNSs received energy and were excited to
the conduction band to form electron-hole pairs, followed by
the energy released from the US-activated SnNSs during the
radiative recombination process. The released energy and
holes were captured by the surrounding O2 and H2O
molecules to generate 1O2 and COH ROS, respectively.[8,46]

Compared with the band gap of other nano-sonosensitizers in
the previous studies, e.g., TiO2 (Eg : 3.2 eV),[47,48] TiH1.924 (Eg :
2.7 eV),[49] and ZnO (Eg : 3.4 eV),[34] the narrower Eg of SnNSs
in this study suggested a more efficient US-activated separa-
tion of electron-hole pairs for ROS generation, and thus was

Figure 2. Sonodynamic performance of SnNSs@PEG. a,b) Time-dependent oxidation of DPBF showing 1O2 generation by US-triggered
SnNSs@PEG. c) Comparison of DPBF oxidation by SnNSs@PEG + US, SnNSs@PEG, US only, and control groups (n =3). The concentration of
SnNSs@PEG is 200 mgmL@1. d,e) Time-dependent oxidation of TMB showing COH generation by US-triggered SnNSs@PEG. The concentration of
SnNSs@PEG is 300 mgmL@1. f) Comparison of TMB oxidation by SnNSs@PEG + US, SnNSs@PEG, US only, and control groups (n= 3). g) UV/
Vis/NIR diffuse reflectance spectra of SnNSs. Inset shows the corresponding optical band gap (Eg) of SnNSs calculated by Kubelka-Munk
equation. h) Proposed mechanism of sonodynamic performance of US-triggered SnNSs@PEG.
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more favorable for US-mediated SDT for cancer treat-
ments.[43, 49]

Photothermal Performance of SnNSs@PEG. The black
SnNSs@PEG prompted us to further explore the photo-
thermal performance of SnNSs@PEG. The UV/Vis/NIR
absorption spectra of SnNSs@PEG showed a broad and
strong absorption spanning from UV to NIR regions (Fig-
ure 3a), in which light would have much deeper tissue
penetration depth in comparison to those in the UV and
visible light. Given this paradigm, we envision that
SnNSs@PEG could serve as photothermal agents for effective
NIR-mediated PTT. The NIR-mediated photothermal per-
formance was studied by exposing the water solution
containing SnNSs@PEG to an 808 nm NIR laser. The photo-
thermal heating profiles displayed strong dependence be-
tween temperature increase and (i) SnNSs@PEG concentra-
tion (Figure 3b), and (ii) power density of NIR laser (Fig-
ure 3c), with the highest temperature increase up to 52.5 88C at
the concentration and the power density of 200 mg mL@1 and
2 Wcm@2, respectively (Figure S5, SI). In contrast, minimal
temperature increase (4 88C) was observed when water was
irradiated by NIR for 8 min. To determine the photothermal
efficacy of SnNSs@PEG, the photothermal conversion effi-
ciency (PTCE, h), calculated according to the previous
method (SI), was determined to be 37.9 % (Figure 3de;
Figure S6, SI), which is much higher than the majority of
photothermal agents including Au nanorods (21%),[50]

Cu2@xSe nanocrystals (22 %),[50] MoS2 nanosheet (24%),[38]

black phosphorous quantum dots (28.4 %),[39] and Bi2S3

nanorods (28.1 %).[51] The remarkable h makes SnNSs@PEG
superior photothermal agents for NIR-mediated cancer
therapy. To investigate the photothermal stability of
SnNSs@PEG, an aqueous solution containing SnNSs@PEG
was repeatedly exposed to an 808 nm NIR laser for 8 min
(ON) followed by naturally cooling to room temperature
(OFF). As shown in Figure 2 f and Figure S7a (SI),
SnNSs@PEG exhibited stable photothermal performance
for 5 ON/OFF cycles, rendering SnNSs@PEG robust photo-
thermal agents for PTT. The photothermal stability of
SnNSs@PEG was further confirmed by the UV/Vis/NIR
spectra (Figure S7b, SI); negligible absorbance change across
the entire spectra was observed after 5 cycles of ON/OFF
NIR laser treatment.

Delivery of b-Elemene Anticancer Drug by SnNSs@PEG.
Considering the similarity of the 2D layered structure of
SnNSs@PEG to other 2D drug nanocarriers, such as gra-
phene, black phosphorous, and MoS2,

[52] we further inves-
tigated the potential of using SnNSs@PEG for anticancer
drug delivery. A hydrophobic anticancer model drug, b-
elemene, was loaded on SnNSs@PEG by soaking
SnNSs@PEG in different concentrations of b-elemene solu-
tion for 24 h followed by washing with PBS (Figure S8a, SI).
The loading of b-elemene is discussed in more details in SI
(Figure S8 and S9). Moreover, the NIR-responsive release of
b-elemene was studied. b-elemene-loaded SnNSs@PEG was
exposed to 10 min of NIR irradiation at 2 h, 4 h, and 6 h after
the release starting point (Figure S8d, SI). The burst releases
of b-elemene from SnNSs@PEG were observed; the release

Figure 3. Photothermal performance of SnNSs@PEG. a) UV/Vis/NIR absorption spectra of SnNSs@PEG at various concentrations. Inset shows
the photo of SnNSs@PEG dispersed in H2O at various concentrations. b) Concentration-, and c) NIR power density-dependent temperature-
increase profiles of water containing SnNSs@PEG irradiated by an 808 nm NIR laser. The power density (b) and SnNSs@PEG concentration (c)
are 2.0 Wcm@2, and 200 mgmL@1, respectively. d) Photothermal heating and cooling profile of SnNSs@PEG. The SnNSs@PEG concentration and
power density of the NIR laser were 200 mg mL@1, and 2.0 Wcm@2, respectively. e) Linear fitting curve of time and -Ln (q) acquired from the
cooling period of (d). f) Heating and cooling profiles for 5 repeated ON/OFF cycles of 808 nm laser irradiation. The SnNSs@PEG concentration
and power density of the NIR laser were 200 mg mL@1, and 2.0 Wcm@2, respectively.
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efficiency increases of 15.7%, and 8.1% were measured after
10 min of NIR irradiation at 2 h and 4 h, respectively. The
results showed that the NIR-mediated local hyperthermia by
SnNSs@PEG could not only execute PTT but also function as
on/off stimulus to control the release of b-elemene small
molecule anticancer drugs from SnNSs@PEG since a high
concentration of drug could be delivered to their surround-
ings in a short period.[22,53] Additionally, the release finally
leveled off at 6 h (87.6: 0.8 %), much earlier than that
without NIR irradiation, suggesting the NIR-responsive
SnNSs@PEG could efficiently release their payload in
a spatiotemporally controlled manner.

In Vitro Studies of Cytotoxicity and Cellular Uptake of
SnNSs@PEG. The successful demonstration of US-triggered
ROS generation, NIR-mediated photothermal performance,
and anticancer drug delivery by SnNSs@PEG prompted us to
explore the potential of the multifunctional stanene-based
nanoplatforms for in vitro therapeutic studies on cancer cells.
To evaluate the potential of SnNSs@PEG for further
biological applications, we first investigated the biocompat-
ibility and cellular uptake of SnNSs@PEG. No cytotoxicity of
SnNSs@PEG was observed for normal cells including
HEK293 (human embryonic kidney cells), THLE-3 (human
liver epithelial cells), and cancer cells including H1299 (a
human non-small cell lung carcinoma cell line), and HeLa (a
human cervical cell line) even at a very high concentration
(200 mgmL@1) for 24 h (Figure 4a) or 60 h for H1299 cells
(Figure S10, SI), rendering SnNSs@PEG biocompatible
nanomaterials for multimodal synergistic cancer therapy.
We next analyzed the cellular uptake of SnNSs@PEG using

Cy5-labeled SnNSs@PEG (SnNSs@PEG-Cy5) by a confocal
laser scanning microscope (CLSM). The cellular uptake of
SnNSs@PEG-Cy5 by H1299 cancer cells was correlated with
the lengths of incubation time; a stronger red fluorescence
intensity around the nuclei (blue fluorescence) was detected
with longer incubation time (Figure 4b; Figure S11, SI),
implying that more uptake of SnNSs@PEG-Cy5 by H1299
cells was observed. It is worth mentioning that the uptake
could even be observed when the incubation time was only
2 h, suggesting that the efficient uptake was advantageous for
further therapeutic studies.

In Vitro Chemotherapy- and PTT-enhanced SDT. In vitro
SDT performance of SnNSs@PEG was subsequently studied
to demonstrate the therapeutic efficacy of SnNSs@PEG.
H1299 cells were treated by various concentrations of
SnNSs@PEG followed by the US irradiation for 3 min
(1 min per cycle, 3 cycles). The results showed that no cell
viability decrease of the US only group was observed
(Figure 4c; Figure S12a, SI), indicating the US exposure was
harmless to cells and is a biocompatible treatment modality
for cancer therapy.[54–58] In contrast, the viabilities of H1299
cells were 85 %, 72%, 53%, and 28% when the SnNSs@PEG
concentrations were 25, 50, 100, and 200 mgmL@1, respectively
(Figure 4c; Figure S12a, SI). The viabilities of H1299 signifi-
cantly decreased with increasing SnNSs@PEG concentra-
tions, indicating the effective concentration-dependent SDT
for SnNSs@PEG-treated H1299 cells. To investigate the
intracellular mechanism of US-mediated cell killing by
SnNSs@PEG, we used 2,7-dichlorofluorescein diacetate
(H2DCF-DA) staining assay to monitor the intracellular

Figure 4. In vitro chemotherapy- and PTT-enhanced SDT. a) Cytotoxicity of SnNSs@PEG against different cells after 24 h of incubation. Cell
viability was determined by an AlamarBlue assay and normalized to the control without SnNSs@PEG treatment (n = 5). b) Confocal laser
scanning microscope (CLSM) images of the uptake of Cy5-labeled SnNSs@PEG by H1299 cells. Scale bars are 20 mm. c) Viability of H1299 cells
after various treatments (n = 5). d) Fluorescence microscope images and e) the corresponding fluorescence intensity of H2DCF-DA-stained H1299
cells after various treatments. Scale bar is 100 mm (n =5). f) Fluorescence microscope images of Calcein-AM (green, live cells) and PI (red, dead
cells) co-stained H1299 cells after various treatments. Scale bars are 200 mm.
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ROS generation; green fluorescence represents the intra-
cellular ROS production.[59] Fluorescence microscope images
of control groups (without treatment, SnNSs@PEG, and US
only) showed minimal fluorescence intensity (Figure 4de),
indicating negligible ROS was generated. In contrast, strong
green fluorescence in the H1299 cells was observed when cells
were treated by SnNSs@PEG followed by the US exposure;
13 times higher than those of other control groups (Fig-
ure 4e). Consequently, the data revealed that the US-
triggered SnNSs@PEG sonosensitizers efficiently generated
intracellular ROS and led to the cell death by SDT.

Since SnNSs@PEG exhibited excellent photothermal
conversion efficiency, we further investigated the in vitro
NIR-mediated therapeutic effect of SnNSs@PEG. H1299
cells were incubated with SnNSs@PEG at various concen-
trations for 24 h followed by NIR irradiation (808 nm,
1 Wcm@2) for 10 min. Like US-mediated cell killing, the cell
viability decreased with increasing SnNSs@PEG concentra-
tion as the cell viability decreased to 55% at a concentration
of 200 mgmL@1 (Figure 4c; Figure S12b, SI). The cell killing
primarily resulted from the NIR-mediated temperature
increases of the cell solution; 25.0 88C of temperature increase
was measured after 10 min of NIR irradiation at the
SnNSs@PEG concentration of 200 mg mL@1 (Figure S13, SI).
The live/dead cells co-staining assay further confirmed the
PTT therapeutic effect of SnNSs@PEG against H1299 (Fig-
ure 4 f). Compared with other control groups (Control, NIR
only, and SnNSs@PEG; green for live cells), only when cells
were treated by SnNSs@PEG followed by NIR irradiation
shows the existence of dead cells (red). Collectively, the
findings further demonstrated that the biocompatible
SnNSs@PEG possessed remarkable therapeutic effects
through NIR-mediated PTT. To investigate the chemother-
apy-enhanced SDT and PTT performance of SnNSs@PEG,
the in vitro dual combination therapies were then studied.
H1299 cells were treated by b-elemene-loaded SnNSs@PEG
(SnNSs@PEG-E) for 24 h followed by US (3 min) or NIR
(10 min) irradiation; i.e., SnNSs@PEG-E + US and
SnNSs@PEG-E + NIR. Compared with SDT and PTT alone,
the chemotherapy-enhanced SDT and chemotherapy-en-
hanced PTT substantially decreased the cell viabilities for
all of the SnNSs@PEG-E concentrations tested (Figure 4c;
Figure S12cd, SI). It was found that the cell viability
decreased to only 8% and 21% after the SnNSs@PEG-E +

US, and SnNSs@PEG-E + NIR treatment at 200 mgmL@1,
respectively. The results indicated that chemotherapy could
effectively enhance the SDT and PTT therapeutic efficacy of
SnNSs@PEG.

To maximize the SDT performance of SnNSs@PEG-E, we
employed the chemotherapy- and PTT-enhanced SDT tri-
modal combination therapy against H1299 cancer cells.
Excitingly, the cell viability was only 6% after the treatment
by SnNSs@PEG-E (200 mg mL@1) followed by the NIR and
US irradiation (Figure 4c; Figure S12e, SI). It is worth
mentioning that when cells were treated by the lower
SnNSs@PEG-E concentrations, superior therapeutic efficacy
was still measured; cell viabilities decreased to only 16%
(50 mgmL@1) and 13% (100 mgmL@1). Compared with the
chemotherapy-enhanced SDT and chemotherapy-enhanced

PTT (40% and 28% for SnNSs@PEG-E + US; 79% and
65% for SnNSs@PEG-E + PTT at 50 and 100 mgmL@1,
respectively), the significant cell viabilities decrease demon-
strated that SnNSs@PEG-E could serve as effective sonosen-
sitizers, photothermal agents, and anticancer drug carriers
since the tri-modal combination therapy showed excellent
anticancer performance and was more superior than all single
(Figure 4c; Figure S12abf, SI) and dual combinations (Fig-
ure 4c; Figure S12cd, SI).

In Vivo Sonodynamic and Photothermal Performance of
SnNSs@PEG. Encouraged by the excellent chemotherapy-
and PTT-enhanced SDT tri-modal combination therapy in
vitro, we further investigated the in vivo antitumor efficacy of
SnNSs@PEG-E on H1299 subcutaneous xenograft nude mice.
The tumor-bearing mice were randomly divided into 7
groups: 1) saline; 2) NIR + US; 3) free b-elemene (E); 4)
SnNSs@PEG-E; 5) SnNSs@PEG-E + US; 6) SnNSs@PEG-E
+ NIR; 7) SnNSs@PEG-E + NIR + US, in which the tumor
regions of group 2, 6, and 7 were exposed to NIR for 10 min
(1 W cm@2, 808 nm) and groups 2, 5, and 7 were exposed to US
irradiation for 10 min (5 min per cycle, 2 cycles) after the
administration of SnNSs@PEG-E. US-triggered ROS gener-
ation and NIR-mediated photothermal performance inside
the tumors were firstly studied to evaluate the in vivo
therapeutic effects of SnNSs@PEG-E. The ROS staining
assay indicated that tumor tissue treated by SnNSs@PEG-E +

US showed the strongest green fluorescence (Figure 5a;
Figure S14, SI) than other control groups (control,
SnNSs@PEG-E, and US only), thus demonstrating the
efficient ROS generation inside the tumors by the US-
triggered SnNSs@PEG-E.[43, 60] Subsequently, the photother-
mal performance of SnNSs@PEG-E inside the tumors was
measured by an IR thermal camera. The IR thermal images
displayed that temperature increase of NIR treatment was
only 3.7: 0.9 88C, in contrast, the temperature difference of
SnNSs@PEG-E + NIR significantly increased to 29.8: 1.4 88C
after 10 min of NIR irradiation (Figure 5bc). The significant
temperature increase showed the remarkable photothermal
performance of SnNSs@PEG-E inside the tumors during the
NIR irradiation. Collectively, the remarkable US-triggered
ROS generation and NIR-mediated photothermal perfor-
mance inside the tumors highlighted the significance of
SnNSs@PEG as sonosensitizers and photothermal agents
for both SDT and PTT.

In Vivo Chemotherapy- and PTT-enhanced SDT. After
various treatments, we measured the tumor volumes and body
weights of mice every other day over a period of 14 days.
Compared with the saline control group, the NIR + US group
showed negligible antitumor efficacy. In contrast, a statisti-
cally different inhibition of tumor growth was observed for
mice treated by free b-elemene and SnNSs@PEG-E, with the
tumor growth inhibition ratios of 28 %, and 51%, respectively
(Figure 5df; Figure S15, SI). The results suggested that
SnNSs@PEG could serve as effective anticancer drug delivery
carriers for chemotherapy in vivo. Importantly, when the mice
were treated by SnNSs@PEG-E with US or NIR exposure,
i.e., SnNSs@PEG-E + US, or SnNSs@PEG-E + NIR, the
tumor inhibition ratios were 66 % and 82 %, respectively,
higher than that of SnNSs@PEG-E alone (51%, Figure S15,
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SI). The results demonstrate that, similar to in vitro studies,
both chemotherapy-enhanced SDT and chemotherapy-en-
hanced PTT substantially enhanced the antitumor efficacy
and were superior to the chemotherapy alone. It is worth
mentioning that the tumor recurrence was observed for both
SnNSs@PEG-E + US (on day 4) and SnNSs@PEG-E + NIR
(on day 6) (Figure 5df), suggesting the moderate antitumor
efficacy of these dual combination therapies and that chemo-
therapy- and PTT-enhanced SDT tri-modal therapy is re-
quired to eliminate the tumors. Remarkably, the tri-modal
combination therapy (SnNSs@PEG-E + NIR + US) showed
significant inhibition of tumors since the tumors were
completely eradicated on day 6 and no recurrence was
observed until day 14. The results demonstrated that the
chemotherapy- and PTT-enhanced SDT tri-modal combina-
tion therapy by SnNSs@PEG-E had an excellent synergistic
antitumor efficacy compared with all single and dual combi-

nation therapies, rendering SnNSs@PEG promising nano-
platforms for cancer therapeutic applications. Mice were
sacrificed on day 14 and the digital photo of the excised
tumors (Figure 5e) from the representative mice also reflect-
ed the remarkable therapeutic efficacy of the chemotherapy-
and PTT-enhanced SDT tri-modal combination therapy. It is
worth mentioning that mouse body weight showed no
decrease during the therapeutic period (Figure S16, SI),
suggesting that no acute toxicities of SnNSs@PEG, NIR,
and US irradiation were observed.

Finally, tumor sections were stained with hematoxylin and
eosin (H&E) and subjected to terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling (TU-
NEL) to approve the therapeutic effect of SnNSs@PEG-E-
mediated tri-modal combination therapy (Figure 5g; Fig-
ure S17, SI). Consistent with the tumor growth data, tumor
treated by chemotherapy- and PTT-enhanced SDT showed

Figure 5. In vivo chemotherapy- and PTT-enhanced SDT. a) Fluorescence microscope images of H2DCF-DA- and Hoechst-stained tumor slices
after various treatments. Scale bars are 100 mm. b) IR thermal images of H1299 tumor-bearing mice after various treatments. The location of the
NIR irradiation is indicated by circles (power density: 1 Wcm@2). c) Time-dependent temperature increase profiles of tumor regions in (b) after
various treatments (n = 3). d) Individual and f) average tumor growth curves for 14 days after various treatments (n = 4). Data are presented as
mean values : SD. Statistical significance was calculated with a two-tailed Student’s t test. e) Photo of tumors dissected from the representative
mice 14 days after various treatments. g) TUNEL and H&E staining of tumor tissue sections from different treatment groups. Scale bars are
100 mm.
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the most severe tissue damage and cell necrosis, supporting
that the tri-modal combination therapy effectively eradicated
tumors and displayed excellent synergistic antitumor efficacy.

Conclusion

In summary, for the first time, we have reported a new
type of two-dimensional (2D) stanene-based nanosheets
(SnNSs) obtained by a liquid-phase exfoliation strategy.
Owing to the unique band gap of SnNSs semiconductor
(2.3 eV), we applied such SnNSs as sonosensitizers to achieve
the ultrasound (US)-triggered generation of 1O2 and COH
reactive oxygen species (ROS) for sonodynamic therapy
(SDT). In addition, we discovered that such black SnNSs
could also serve as photothermal agents for near-infrared
(NIR)-mediated photothermal therapy (PTT) owing to its
excellent photothermal conversion efficiency (37.9%). In
vitro studies showed that the therapeutic efficacy of chemo-
therapy-enhanced SDT and chemotherapy- and PTT-en-
hanced SDT was significantly enhanced when the cancer cells
were treated by b-elemene-loaded SnNSs@PEG followed by
the US or NIR and US irradiation. Finally, in vivo studies
showed that the chemotherapy- and PTT-enhanced SDT tri-
modal combination therapy effectively eradicated tumors and
no tumor recurrence was observed 14 days after the treat-
ment. This study not only provides a robust strategy for the
large-scale synthesis of 2D stanene-based nanosheets as
sonosensitizers for SDT but also establishes general and
biocompatible nanoplatforms for tri-modal combination
cancer therapy. We also believe that, owing to the unique
band gap and physicochemical properties, 2D SnNSs would
hold great promises in other fields (e.g., photocatalysis, and
energy), beyond nanomedicine.
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