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ARTICLE INFO ABSTRACT

Keywords: Since the innovative development of photosensitizers (PSs) is pivotal prerequisite for the successful clinical
Silicene translation of photodynamic therapy (PDT), the unresolved challenges of classical PSs such as photobleaching,
Two'dim§“?i°nal poor bioavailability, lack of tumor selectivity encourage the exploitation of new-generation PSs. In this work, we
El;asgg;:;:: therapy develop silicene nanosheets with unparalleled physiochemical nature and intriguing biocompatibility as the
Nanobiotechnology distinct two-dimensional (2D) nanoscale photosensitizer based on the mechanism of wet-chemical synthetic

approach to achieve effective PDT-based tumor nanotherapy. The generation capacities of singlet oxygen (*05) in
different atmospheres have been systematically explored in depth. Furthermore, the conjunction of ¢ (RGDyC)
onto 2D silicene nanosheets (denoted as SRGD) endows the SRGD nanomedicines with specific targeting prop-
erties to a,fs integrin-overexpressed cancer cells, accomplishing in vivo and in vitro potent tumor growth inhibition
efficiency. More notably, the excellent light absorption capacity of 2D silicene enables the tumor-specific pho-
toacoustic imaging for potentiating the therapeutic guidance and monitoring. This paradigm can inspire the future

design and applications of 2D silicene-based cancer-theranostic nanoplatform in biology and medicine.

1. Introduction

Cancer is deemed to the leading cause of decreasing life expectancy in
the 21st century and its incidence and mortality remain rapidly growing
worldwide [1]. Although the cancer-therapeutic strategies, such as
chemotherapy, radiotherapy, surgery, immunotherapy and synergistic
therapy are widely practiced in clinical application, the relevant systemic
side effects, drug/radio resistance and high recurrence rate stimulate
extensive investigations to refine the traditional cancer-treatment
methods and explore the alternate therapeutic modalities [2-4]. Photo-
dynamic therapy (PDT), emerging as a promising strategy for cancer
therapy, possesses its own merits due to minimal invasiveness, lower
systemic toxicity, negligible drug resistance and high efficiency [5-8]. In
the last decades, PDT has been successfully testified to be effective in
multiple types of cancer, such as breast, skin, oral and esophageal cancer,
etc [9]. In PDT, photosensitizer (PS) as one of the important components

* Corresponding author.
** Corresponding author.

* Corresponding author.

could be activated by local illumination with a specific wavelength and
then transforms ground-state oxygen to singlet oxygen (10s), resulting in
cancer-cell apoptosis [10]. Some common photosensitizers (PSs)
including organic molecules and metalated derivatives suffer the
inherent drawbacks of high hydrophobicity and poor bioavailability,
hampering their photophysical and photokilling properties and limiting
the subsequent clinical application [9,11]. In addition, the classic PSs
with poor tumor-selectivity feature readily accumulate in the normal
tissue. Therefore, maximizing the tumor-targeting efficiency still remains
a major challenge in PDT.

Silicon, the most abundant mineral in the environment, has been
shown to have a unique relationship with bone calcification, plant
growth and positive healthy effects [12-14]. Furthermore, as the third
most abundant trace element in the human body, silicon acts as an
indispensable role in the body metabolic procedure and its deficiency
inevitably leads to disorder and even healthy damage [13,15]. Recently,
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Scheme 1. (a) Scheme of the synthetic procedure of silicene nanosheets and silicene-RGD (SRGD). (b) SRGD-stimulated 10, burst results in initiate mitochondrial

damage and cell apoptosis for photodynamic tumor therapeutics.

silicon and silica nanoparticles have been extensively and deeply inves-
tigated in biological and nanocatalysis applications due to their high
biocompatibility, biodegradability and biosafety in living system
[16-19]. Silicene nanosheets, emerging as a new two dimensional (2D)
crystalline silicon form with low buckled hexagonal honeycomb struc-
ture, would broaden perspectives for applications of silicon-based
nanomaterials due to their unparalleled physiochemical merits like
Quantum spin Hall effect, giant magnetoresistance and chiral supercon-
ductivity [20-22]. Recently, the development of novel synthetic strategy
(wet-chemical synthesis) of 2D silicene breaks through the limitation of
the large-scale/high-quality production, exhibiting intriguing prospec-
tive in biological field [23]. Moreover, the exploration of silicene opens
up the possibility for next-generation nanoelectronic and nano-
optoelectronic devices due to the excellent electronic and optoelectronic
properties [24,25]. In recent years, 2D inorganic nanomaterials, such as
graphene, black phosphorus nanosheets, transition metal carbi-
des/carbonitrides (MXene) have aroused the extensive attentions of re-
searchers due to its special 2D-layered structure and unique
physicochemical properties [26]. Based on the high biocompatibility,
excellent singlet oxygen quantum yield and efficient photodynamic
therapeutic effect, they have been explored in the biomedical field with
promising application potentials, especially in tumor photothermal
therapy and photodynamic therapy (PDT) [27-29]. Silicene nanosheets
as a new family member of 2D theranostic nanosystems also possess
outstanding advantages in biomedicine. The large surface area provides
abundant anchoring sites for loading either organic molecules or func-
tional nanoparticles. The intrinsic physiochemical properties such as
unique photonic response in near infrared (NIR) biowindow endow sil-
icene nanosheets with distinct therapeutic functionality and modality.
The main component of silicon in silicene nanosheets guarantees high

biocompatibility and fact biodegradation, superior to other 2D biomed-
ical nanosystems such as MoSs, black phosphorus, and MnO; nanosheets
[30]. Therefore, the miraculous properties and few reports focusing on
biomedical applications of silicene inspire our interest to investigate the
capability of 10, generation for further PDT-based biomedical applica-
tions, which has not been achieved so far.

Herein, 2D silicene nanosheets were engineered via the liquid mild
oxidation and delamination process based on the wet-chemical synthetic
strategy with Zintl-phase CaSiy as the bulk silicon source [23,31]
(Scheme 1a). The CaSiy precursor, iodine (I3) and anhydrous acetonitrile
(CH3CN) were added to round bottom flask, then stirred for 2 weeks at
room temperature under Ar atmosphere condition. Subsequently, the
products were treated ultrasonically for 12 h in ice bath and the super-
natant containing silicene nanosheets was collected. The silicene nano-
sheets exhibit superior 10, generation capability under the 660 nm laser
irradiation, demonstrating their intriguing application in tumor PDT.
After surface functionalization with a tumor-targeting agent ¢ (RGDyC),
the silicene nanosheets specifically accumulated into the tumor site. Both
in vitro and in vivo results evidence the remarkable anticancer effect and
desirable photoacoustic imaging performance of ¢ (RGDyC)-grafted sili-
cene nanosheets (denoted as SRGD). In addition, excellent biocompati-
bility and biosafety of SRGD further guarantee its possibility in clinical
translation (Scheme 1b).

2. Results and discussion
2.1. Synthesis and structure characterization of 2D silicene nanosheets

The standalone silicene nanosheets were synthesized via the typical
sequential mild oxidation and delamination processes [23,31]. Briefly,
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Fig. 1. Characterization of the CaSi, precursor and silicene nanosheets. (a) Schematic illustration of the synthetic procedure of silicene nanosheets. (b) SEM
image and (c) HRTEM (inset: elemental mapping of overlay Ca and Si) of CaSi, precursor. (d) Elemental mappings of Ca and Si elements in CaSi,. (e) Line scan element
analysis of CaSiy (inset: the region of line scanning in HRTEM). TEM images in (f) bright field mode, (g) SAED pattern, (h) secondary-electron imaging mode and (i) the
corresponding elemental mappings of silicene nanosheets. (j) EDS (inset: the red cycle represents selected region), (k) Raman spectrum and (1) AFM image of silicene
nanosheets. (For interpretation of the references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Characterization of the production of singlet oxygen. (a—c) Time-dependent absorbance of DPBF in (a) Air, (b) Ar and (c) O, atmosphere in the presence of
silicene nanosheets (50 ug~mL’1) under 660 nm laser (500 mW-cm~?) irradiation. (d) The normalized absorption spectra of DPBF in various atmosphere in the
presence of silicene nanosheets after continuously irradiated with 660 nm (500 mW-cm 2) laser. (e) Time-dependent fluorescence emission intensity detection of
SOSG at 525 nm induced by silicene nanosheets (SNSs) (50 pg-mL'l) and 660 nm laser (500 mW-cm™~?) in an ethanol solution with excitation at 488 nm. (f) ESR
spectra of singlet oxygen (up) and -OH (down) trapped by TEMP and DMPO, respectively, upon irradiation of silicene nanosheets (50 pg-mL-1) for 5 min by 660 nm
laser (500 mW-cm-2).
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Fig. 3. Cell endocytosis and colocalization. (a) Schematic diagram of surface functionalization of silicene nanosheets. (b) CLSM imaging and quantitative analysis
of U87-MG cells incubated with SPEG (Si: 50 pg-mL™") or SRGD (Si: 50 pg-mL ") for 4 h. The cells in RGD + SRGD group were pretreated with adequate free RGD
following incubation with SRGD. (c) Colocalization images of U87-MG cells upon incubation with FITC-labeled SRGD for 4 h. DAPI was used to label cell nucleus.
Green channel is originated from the FITC-labeled SRGD. MitoTracker Red and LysoTracker Red (red channel) were utilized to co-stain mitochondria and lysosome,
respectively. (For interpretation of the references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)

the Si layers of CaSiy were oxidized by a weak oxidant, I, in CH3CN
under Ar atmosphere protection to weaken the electrostatic interaction
between the alternately stacked Ca layers and Si layers. Both excess Iy
and by-product Cal, could be easily removed due to their considerable
solubility in CH3CN. After the reaction process for two weeks, the in-
termediate products were redispersed in 1-methyl-2-pyrrolidone (NMP)
and sonicated in an ice bath to obtain high-quality pristine silicene
nanosheets with freestanding morphology, which facilitated the further
practical applications of silicene nanosheets (Fig. 1a).

Scanning electron microscopy (SEM) images demonstrate the alter-
nately layered stacking structure of CaSiy bulk materials, promising the
feasibility of peeling out Si layers from the bulk CaSi, (Fig. 1b and inset).

High-resolution transmission electron microscopy (HRTEM) images with
atomic resolution clearly exhibit that the CaSi, precursors are consist of
alternating hexagonal Si bilayer and trigonal Ca monolayer (Fig. 1c¢ and
inset). Unlike graphene with a perfect planar hexagonal rings, the atomic
arrangements of Si in CaSiy indeed form a buckled hexagonal honeycomb
structure [32]. The corresponding element mapping and line scan
element analysis further confirm the alternately Ca atoms and hexagonal
2D Si atoms layers (Fig. 1d and e and inset). The Si layers were gently
oxidized by I, under Ar atmosphere protection and the by-product in
CH3CN was removed after two weeks. Bright-field TEM image verifies
the well prepared ultrathin silicene nanosheets, which features the
typical 2D freestanding morphology (Fig. 1f). The selected area electron
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diffraction (SAED) pattern indicates the hexagonal structure of silicene
nanosheets, implying the well preserved honeycomb framework struc-
ture of silicon atoms in CaSiy (Fig. 1g). The disappearance of Ca element
reflected in the element distributions demonstrates the complete removal
of Ca layers and byproducts Cal; in the final product (Fig. S1, Supporting
Information, Fig. 1h and i). Similar to the element distribution results,
the energy dispersive spectroscopic (EDS) analysis shows the disap-
pearance of intense peaks of Ca element in comparison with CaSi, (Fig. 1j
and inset).

X-ray photoelectron spectroscopy (XPS) was utilized to further affirm
the composition of 2D silicene nanosheets. The XPS spectrum of silicene
nanosheets shows the disappearance of Ca-related peak compared to that
of CaSiy, further testifying the complete removal of Ca atoms (Fig. S2,
Supporting Information). Moreover, Raman spectroscopy was performed
to verify the integrity of silicene lattice (Fig. 1k). The typical symmetric
stretching of Si-Si bonds in planar hexagons is responsible for Exg
vibrational modes, which generates a sharp and intense peak located at
about 520 cm™'. In addition, the Raman spectrum of silicene has a
signature of broad asymmetric shoulder around 400-500 cm™? (Arg
breathing mode), which is induced by vertical buckling, in contrast to
bulk silicon and CaSiy [33]. The morphology of as-synthesized silicene
nanosheets was further tested by atomic force microscopy (AFM), which
clearly illustrates the typical 2D layer structure of standalone silicene
nanosheets with lateral size ranging from 90 to 250 nm and thickness
distributing from 0.7 to 3.5 nm, respectively (Figure 11 and Fig. S3,
Supporting Information).

2.2. Photodynamic property of silicene nanosheets

As a graphene analogue of silicon, the silicene nanosheets are antic-
ipated to generate 10, under laser irradiation. Herein, the 1, 3-dipheny-
lisobenzofuran (DPBF) was adopted as probe to monitor 10, generation
of silicene nanosheets. As shown in Fig. 2a, the UV-vis absorption values
at 410 nm exhibit a time-course decrease under 660 nm laser (500
mW-cm~2) irradiation with the presence of silicene nanosheets, implying
10,-dependent DPBF oxidation process. Furthermore, the photo-
degradation performance of DPBF in Ar/O; atmosphere was also inves-
tigated to detect the effect of atmosphere species on the production of
10, (Fig. 2b and c). As expected, the absorbance spectra of DPBF show an
inconspicuous change under Ar condition but remarkably decrease in
oxygen environment, which clearly reveals the oxygen- and light-
dependent photodynamic features of silicene nanosheets (Fig. 2d and
Fig. S4, Supporting Information). Singlet oxygen sensor green reagent
(SOSG) was also selected as the molecular probe for fluorescence
detection to evaluate 10, generation capability of silicene nanosheets.
The fluorescence intensity of SOSG gradually increased with the pro-
longed exposure time to 660 nm laser in the presence of silicene nano-
sheets, further confirming 105 generation (Fig. 2€). Finally, electron spin
resonance (ESR) spectroscopy was conducted to capture direct evidence
of reactive oxygen species (ROS) generated from silicene upon 660 nm
laser irradiation. Herein, 2,2,6,6-tetramethylpiperidine (TEMP) and 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) were utilized as 102 and eOH (or
0%) trappers, respectively. The 'O, spectrum with 1:1:1 triplet signal
characteristic was captured and observed only under laser irradiation,
while neither -OH nor O3 signals was detected (Fig. 2f). It can be inter-
preted that the electrons in silicene nanosheets are excited from ground
state to the excited singlet state after 660 nm laser irradiation, followed
by 10, generation from the ground state 30, on the silicene nanosheet
accompanying with the electron transferring from the excited singlet
state to the ground state.

To investigate the generation ability of 102, Anthracene-9,10-
dipropionic acid disodium salt (Nag-ADPA) and Rose Bengal (RB) were
selected as indicator agent and standard photosensitizer (0, quantum
yield of RB is 0.75 in water) for the calculation of 102 quantum yield,
respectively [34]. The absorption values at 378 nm of Nap,-ADPA aqueous
solution decrease in the presence of silicene or RB upon the 660 nm laser
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irradiation, indicating the efficient generation of 10, by silicene and RB
(Fig. S5, Supporting Information). Simultaneously, the 102 quantum
yield of silicene was calculated to be 0.61, revealing similar 105 pro-
duction capacity compared to RB.

In addition, the photostability of silicene was estimated considering
the photobleaching problem of traditional photosensitizer. The absor-
bance of silicene at 410 nm displayed a negligible change after exposure
to 660 nm laser for 90 min, revealing the outstanding photostability of
silicene and giving a promising future for biomedical applications
(Fig. S6, Supporting Information).

2.3. Cancer cellular endocytosis, targeting potency and colocalization
assay

To further improve the biocompatibility and tumor-targeting prop-
erties for favoring subsequent therapeutic applications, silicene was
ammoniated with silane coupling agent (denoted as silicene-NHy) fol-
lowed by successive conjugation of polyethylene glycol (denoted as
SPEG) and ¢ (RGDyC) peptides (denoted as SRGD) (Fig. 3a). The grafting
processes of -NHj, PEG, and c (RGDyC) were monitored by Zeta poten-
tial, which exhibited serial changes resulting from the positive charge of
-NH; and slight negative charge on the surface of PEG and RGD,
respectively (Fig. S7a, Supporting Information). The Fourier transform
infrared spectrometer (FT-IR) spectral analysis results showed that the
absorption band of SRGD at 1634 cm™! was present compared with sil-
icene nanosheets, which is consistent with the existence of carbonyl
groups in RGD, confirming that the targeted moieties are coupled on
silicene nanosheets (Fig. S7b, Supporting Information). Subsequently,
fluorescein isothiocyanate (FITC)-labeled SRGD (FITC-SRGD) was pre-
pared for confocal laser scanning microscopy (CLSM) imaging to inves-
tigate the U87-MG cancer cellular endocytosis of SRGD. The gradually
enhanced green fluorescence signals of FITC-SRGD were observed with
prolonged incubation time, indicating increasing efficient accumulation
of SRGD in U87-MG cells and time-dependent cellular internalization
process (Fig. S8, Supporting Information).

RGD peptide could selectively recognize and bind to a,fs integrin,
which is overexpressed in angiogenesis and metastases process of cancer
[35]. To demonstrate the targeting property of RGD, FITC-SPEG and
FITC-SRGD were incubated with U87-MG cells featuring overexpressed
ayfs integrin level for 4 h. As shown in Fig. 3b, the fluorescence signal
intensity of FITC-SRGD group is stronger than that of FITC-SPEG group.
Moreover, as a complementary but indispensable method, the
pre-blocking experiment was designed to further testify the cancer
cell-targeting ability of SRGD. U87-MG cells were treated with
FITC-SRGD after pre-incubation with free RGD for 1 h, displaying much
weaker fluorescence signal than that of without pre-blocking treatment,
which is attributed to the specific binding of RGD and overexpressed a,f33
integrin. The above results provide concrete evidences in support of the
target specificity of RGD moieties. Furthermore, the intracellular trace of
SRGD in subcellular organelles level was further tracked. U87-MG cells
were co-incubated with FITC-SRGD and organelle-targeted fluorescent
probes (mitochondria-MitoBright Red, lysosomes-LysoTracker Red, cell
nucleus-DAPI). The merged yellow fluorescence in CLSM image indicates
the efficient co-localization of SRGD within lysosomes. Comparatively,
no significant co-localization processes of SRGD in mitochondria and cell
nucleus can be detected (Fig. 3c). These results manifest that a,f33
integrin receptor-mediated endocytosis is an essential pathway in the
cellular uptake process of SRGD.

2.4. In vitro photodynamic therapeutic efficiency

Benefiting from the highly efficient 10, generation of silicene and
specific interaction of SRGD with a,3 integrin, the in vitro cytotoxicity
and photodynamic therapeutic effects were initially investigated on U87-
MG cells. The biosafety evaluation of SRGD, with an increasing concen-
tration from 25 pg-mL~! to 400 pg-mL~}, was performed by standard
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Fig. 4. Invitro photodynamic therapy and ROS detection. (a) Cytotoxicity of SRGD with various concentrations after incubated with U87-MG cells for 12 h and 24
h, respectively. (b) Relative viability of U87-MG cells after incubation with different concentrations of SRGD for 4 h followed by irradiation with 660 nm laser (500
mW-cm~2) for 15 min. (c) CLSM imaging of U87-MG cells treated with control, laser, SRGD and SRGD + laser group, respectively. Calcein-AM/PI kit was employed to
stain live (green fluorescence) and dead (red fluorescence) cells. (d) Flow cytometry analysis results of U87-MG cells treated with different groups. (e) CLSM imaging
and (f) flow cytometry analysis were performed to detect the ROS generation of U87-MG cells after incubation with SRGD and followed by 660 nm laser irradiation for
15 min. (For interpretation of the references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)

CCK-8 assays after incubation with U87-MG cells in dark for 12 h and 24
h, respectively. The results demonstrate that SRGD exhibits negligible
negative effect on U87-MG cells, with cell viability above 90% after co-
incubation for 24 h at high concentration of 400 pg-mL ™! (Fig. 4a). In
contrast, a significant lower cell viability was obtained after incubation
with SRGD for 4 h followed by 660 nm laser irradiation (500 mW-cm‘Z,
15 min), and only about 47% of cells survived at a concentration of 100
pg-mL*l (Fig. 4b). In addition, the photothermal effect of SRGD in
inhibiting cell proliferation was excluded due to the negligible temper-
ature elevation (Fig. S9, Supporting Information). These results indicate
cell proliferation ability was significantly inhibited with the increasing
concentration of SRGD in the presence of 660 nm laser, displaying

excellent biocompatibility and in vitro high-efficiency photodynamic
therapeutic performance of SRGD. Moreover, the U87-MG cell-killing
effect after different treatments was visualized through live/dead double-
staining assay. CLSM imaging of SRGD + laser group clearly displays the
dead cells resulting from phototoxicity of SRGD under laser irradiation,
while other treatments show almost no visible red fluorescence (Fig. 4c).
To more accurately evaluate the apoptosis of U87-MG cells, the flow
cytometry analysis was performed after various treatments. As shown in
Fig. 4d, SRGD and laser combined treatment (SRGD -+ laser) group
resulted in apparent cell apoptosis with the higher late apoptosis ratio,
approximately 50%, than that of control, laser and SRGD groups
(approximately 5%, 5% and 13%, respectively). As a consequence, it can
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Fig. 6. (a) The linear correlation of in vitro PA signal intensity and the concentrations of SRGD (Si: 1000, 500, 250, 125, 62.5 pug-mL~") (inset: the corresponding PA
images). (b) Time-course in vivo PA images of B mode, PA mode and double mode of tumor at various time points after the intravenous injection with SRGD (15

mg-kg™) and (c) the corresponding PA signal values by quantitative analysis.

be inferred that SRGD with potent cytotoxicity may play a significant role
in photodynamic cancer therapy.

To further explore the intrinsic mechanism of SRGD-induced
apoptosis in U87-MG cells, 2',7'-Dichlorodihydrofluorescein diacetate
(DCFH-DA) was adopted as probe to detect the generation of ROS in U87-
MG cells. CLSM images reveal minimal green fluorescence in U87-MG
cells under the 660 nm laser irradiation (laser group) or in the pres-
ence of SRGD only (SRGD group) compare to that of untreated cells
(control group), while bright green fluorescence was monitored in SRGD
+ laser group, demonstrating the generation of ROS induced by light-
motivated photodynamic effect of SRGD (Fig. 4e). Subsequently, the
flow cytometry was conducted to quantitatively analyze the ROS yield in
U87-MG cells of control, laser, SRGD and SRGD + laser groups (Fig. 4f).
As expected, the level of ROS in U87-MG cells was upregulated only in
SRGD + laser group, while SRGD and laser groups performed similarly in
contrast to control group. The intracellular ROS signal was substantially
amplified by SRGD under laser irradiation, offering the reliable support
for further in vivo highly efficient photodynamic anti-cancer treatment.

2.5. ROS-induced mitochondrial damage

Mitochondria as mobile organelles take a central role both in aden-
osine triphosphate (ATP) metabolism and regulation of apoptosis [36].
Excess ROS indirectly initiate the permeability transition pore opening
and respiratory chain damaging in mitochondria, which lead to the in-
crease of mitochondrial membrane permeability and loss of mitochon-
drial membrane potential, releasing the pro-apoptotic factors such as
apoptosis-inducing factor and cytochrome c, and ultimately inducing
apoptosis [37,38]. Mitochondrial dysfunction induced by SRGD was
studied in a method of mitochondrial membrane potential evaluation.
JC-1 could transform into red J-aggregate after entering the mitochon-
dria with physiological function, while the green JC-1 monomers appear
in dysfunctional mitochondria. Herein, JC-1 was selected as the fluo-
rescence probe to stain U87-MG cells with various treatments for further

observation. Distinguishing from control, laser and SRGD groups, the
markedly reduced red fluorescence and increased green fluorescence
were observed in SRGD + laser group, implying the loss of mitochondrial
membrane potential (Fig. 5a, b and c). Furthermore, Rh123 probe as ATP
content indicator exhibits yellowish green fluorescence due to membrane
penetration characteristics and mitochondrial aggregation properties
[39]. As expected, the fluorescence intensity of SRGD + laser group
visibly decreased in contrast to other groups after staining with Rh123
(Fig. 5d). These results confirm that SRGD combined laser irradiation
treatment would lead to mitochondrial depolarization, decrease ATP
production, and consequently induce cancer cell apoptosis.

The equilibrium state of fission and fusion is the pivotal dynamic
process in maintaining mitochondrial morphology, integrity, network
structure and physiological functions [40]. Fission contributes to the
fragmentation of mitochondria and creating smaller and more discrete
pieces, while fusion is responsible for interconnected network
morphology [41]. In order to observe the mitochondrial morphology
change, U87-MG cancer cells were stained with the mitochondria tracer
(MitoBright Red) after treating with different strategies. The mitochon-
dria maintain the integrated tubular interconnected network
morphology in control, laser and SRGD groups, while SRGD + laser
group induces the mitochondrial fragmentation, elucidating enhanced
mitochondrial fission (Fig. 5e). The increased fission process causes
mitochondrial dysfunction and consequently apoptosis by releasing cy-
tochrome c [42]. Based on the above results, it can be determined that
ROS-induced mitochondrial function impairment is a major mechanism
of cell apoptosis.

2.6. Invitro and in vivo photoacoustic imaging

Photoacoustic (PA) imaging enables the conversion of the thermo-
elastic waves that are induced by photons in tissue into images, featuring
with higher resolution, deeper tissue penetration, more sensitive and
richer optical contrasts compared to traditional optical imaging, which
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plays a crucial role in early detection and precise location/monitoring of
tumor [43]. To investigate PA imaging capability of SRGD, in vitro im-
aging was initially performed by Vevo LAZR photoacoustic imaging
system. SRGD aqueous solutions with different concentrations were
imaged and the PA signal at 950 nm near infrared light excitation were
recorded (Fig. 6a). A good linear correlation (R? = 0.9621) between the
SRGD content and the corresponding PA signal intensity proved that
SRGD could be the desirable candidate as a contrast agent for PA imag-
ing. For in vivo PAI, the U87-MG tumor bearing mice were injected
intravenously with SRGD nanomedicines, and then two dimensional ul-
trasound and PA images of tumor were acquired at predetermined time
point followed by the PA signals analysis (Fig. 6b and c). The tumor
exhibited gradually enhanced PA signal in 12 h post-injection of SRGD in
contrast to control group (without injection of SRGD). Remarkably, the
PA signal in tumor showed about 9-times greater than that of control
group at 12 h post-injection, illuminating excellent passive intratumoral
accumulation and longer retention time in tumor tissues of SRGD. It is
expected that the PA imaging property of SRGD could provide guidance
for tumor detection and location.

2.7. In vivo biocompatibility and metabolism

To interrogate in vivo biocompatibility and biosafety concerns of
SRGD, female Kunming mice (4 weeks) were injected with SRGD. On day

1 and day 28 post injection, the whole blood haematological analysis and
serum biochemical assay were performed to detect the in vivo toxicity of
SRGD. All indicators of SRGD groups demonstrate no significant differ-
ence compared with those of control groups, indicating SRGD have
negligible acute and chronic toxicity side effects for further noninvasive
therapy (Fig. 7a and b). The vital organs were dissected for histology
analysis by hematoxylin & eosin (H&E) staining, which showed no
distinct inflammation, necrosis and fibrosis lesions, implying insignifi-
cant cardiotoxicity, hepatic/spleen/lung injury and renal toxicity
(Fig. 7¢).

Considering the biodegradability concern, the metabolism of SRGD in
vivo was investigated by inductively coupled plasma optical emission
spectrometer (ICP-OES). After 48 h post-injection, a large proportion of
silicon element was excreted from mice body through urine and faeces,
exhibiting excellent biodegradability in physiological environment
(Fig. S10, Supporting Information), further evidencing that the injectable
SRGD is a biocompatible and degradable 2D nanomedicine.

2.8. In vivo anticancer photodynamic therapeutics

Encouraged by the desirable in vitro anticancer efficacy, superior
biocompatibility and biodegradability of SRGD, animal experiments
were performed to exploit the in vivo photodynamic therapeutic efficacy.
The U87-MG tumor bearing mice were divided into five groups (n = 5),



H. Duan et al.

a b

Materials Today Bio 16 (2022) 100393

1000
S —e— Control -
b Laser ’3
E 800 SRGD / T
\Y -~ SPEG+laser 1/
N\ N N &\ g 600 SRGD+laser ;4
\ y \ \ E 2 / .
1 1 1 1 S 400 A
Day 1 Day 3 Day 5 Day 7 o]
€ 200
2 *#
0~ . : .
0 4 8 12 16
Time (day)
1000 1000 - 1000 1000 1000
Control Laser / SRGD SPEG+aser SRGDaser
£ 800 800 800 800
600 600 600

Tumor volume (mi
E
o
o

Tumor volume (mm?)
N
o
o

>

_

600

B
=3
=3

400

N
=3
=

200

Tumor volume (mm?)
Tumor volume (mm?®)

T 0+
0246 810121416 024 6 810121416

e Time (day) Time (day)
T = J
~ *ae
2
[l w
C60 * o3
8 =
o
=30
£
=
5]
£ 01
S
[=
3 X S) X X
R ¢ 2
s L & "
& <)
& 5
f 120 =
£ 100
g 804 |_
Control
E 601 Laser
§ 40{ — SRGD S
= -~ SPEG+laser -l
S 204
o 0 _ SRGD+laser =
0 T T T T T T
0 5 10 15 20 25 30 35

Time post therapy (day)

024 6 810121416
Time (day)

N Gy G

0+
0 24 6 810121416
Time (day)

SRGD+laser

s R EanY

0246 810121416

Time (day)
SPEG+laser
Sttt

s

Laser SRGD
7 BT
v

Fig. 8. In vivo anticancer photodynamic therapeutics by SRGD. (a) The schedule of in vivo treatment of SRGD (All groups received injection or laser treatment on
the day 1, 3, 5 and 7, respectively). (b) Time-dependent tumor volume changes of U87-MG tumor-bearing mice after different treatments (n = 5, all the data are
presented as mean =+ SD). (c) Representative photographs of tumors dissected from each treatment group on day 14. (d) Individual tumor volume changes curves after
different treatments. (e) The tumor inhibition of each group after 14 days of therapies (n = 5). (f) Survival analysis curve of mice in the course of 35 days after different
treatments (n = 5). (g) Representative H&E, TUNEL and Ki-67 staining images of tumor tissues from each group. *P < 0.01 compared with control group, *P < 0.01

compared with SPEG + laser group.

including control, laser, SRGD, SPEG + laser and SRGD + laser. The
control and SRGD groups were received intravenous injection of PBS and
SRGD, respectively. For SPEG + laser and SRGD + laser groups, the mice
were injected with SPEG and SRGD via the tail vein followed by 660 nm
laser irradiation (500 mW-cm’Z, 15 min). All the treatments were per-
formed on the first, third, fifth and seventh day, respectively (Fig. 8a).
The tumor sizes were monitored and recorded every other day in the
duration of therapy. The tumors of laser and SRGD groups exhibited a
negligible suppression rate compared with those of control group, and
SPEG + laser group showed a slight therapeutic effect. As anticipated,
SRGD + laser group displayed distinct tumor growth inhibition effect,
which is benefit from superior photodynamic effect of 2D silicene and the
specific target ability of RGD (Fig. 8b-d and Fig. S11, Supporting
Information).

Furthermore, the tumor inhibition rates of each group on the 14th day
were calculated to quantitatively analyze the tumor suppression capa-
bility. The tumor inhibition rates of control, laser and SRGD groups are
1.7%, —8.8% and 7.4%, respectively. PDT derived from SPEG increased
the rate to 49.5%. Comparatively, the evident inhibition rate with 88.7%
has been captured in SRGD + laser group (Fig. 8e). In addition, the body
weights of mice were not obviously affected by various therapies in

10

contrast to those of control group, implying negligible adverse effects of
SPEG, SRGD and laser groups (Fig. S12, Supporting Information). Finally,
the survival analysis was preformed to evaluate the survival time of each
group. The mice with tumor volume exceeding 1000 mm?® were identi-
fied as death. All the mice of control, laser, and SRGD groups died on the
day 16, 18 and 22, respectively. By contrast, the therapy modalities of
SPEG + laser and SRGD + laser significantly prolong the living time of
mice (Fig. 8f).

To analyze the pathological change of tumor tissues, the representa-
tive tumors were dissected after the last time treatment and sliced for
H&E, terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) and Ki-67 antibody staining (Fig. 8g). H&E analysis displayed
much more pyknotic cancer cells and large vacuoles in SRGD + laser
group, confirming the occurrence of apoptosis or death. While the tumor
tissues in control, laser, and SRGD group maintained intact morphology.
Similarly, the SRGD + laser and SPEG + laser groups exhibited obvious
cell apoptosis and proliferation inhibition according to TUNEL and Ki-67
staining assays. The above results further verified the striking photody-
namic therapeutic efficiency of SRGD.
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3. Conclusions

In summary, we have developed high-quality 2D silicene nanosheets
via a facile and scalable strategy based on the wet-chemical synthetic
mechanism. The silicene nanosheets demonstrated high photostability
and superior 'O, generation capacity by photonic activation. Remark-
ably, the conjunction of ¢ (RGDyC) and silicene nanosheets enabled
SRGD nanomedicine to serve as a theranostic nanoplatform with
considerable biocompatibility, achieving a potent in vivo and in vitro
photodynamic therapeutic anticancer efficacy under the guidance of PA
imaging for oncotherapy and tumor detection/monitoring. Moreover, the
specific cancer cell-targeting property arising from ¢ (RGDyC) achieved
the excellent photodynamic therapeutic selectivity to the specific tumor
microenvironment characterized by the overexpression of /3 integrin,
which further facilitated tumor growth inhibition efficiency of SRGD and
avoided the negative effect on normal cells. It is highly expected that this
work can offer fresh inspiration to broaden the utilization of 2D silicene
nanosheets in biomedicine.
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