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Photonic hyperthermal and sonodynamic
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Nanomedicine that enables multiple synergetic treatments provides effective non-invasive treatment
modalities for cancer therapy. Yet treatments for oral squamous cell carcinoma (OSCC) are rarely
reported. Here, we designed OSCC-targeting multi-functional nanomedicines to overcome the
therapeutic obstacles during OSCC treatments, including ineffective chemotherapy, and the traumatic
surgery and radiotherapy. The urokinase plasminogen activator receptor (UPAR)-targeting ligand AE105
decorated dendritic mesoporous silica nanoparticles (DMSN) encapsulating photonic active ultrasmall
Cu, S NPs and sonosensitizer Rose Bengal (RB) have been rationally designed and constructed
(designated as Cu,_,S-RB@DMSN-AE105, abbreviated as CRDA). These CRDAs initially target the uPAR,
which is overexpressed in the OSCC cell membrane, to increase the localized accumulation of CRDAs at
tumor sites. Under the irradiation of both near-infrared laser and ultrasound, the in situ photonic-
hyperthermal and sonodynamic effects are respectively enabled to induce the cell death of OSCC. Upon
both in vitro/in vivo challenges, tumor cells/xenografts have been efficiently eradicated, achieving the
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Introduction

The application of “nanomedicine” against cancer is one of the
medical research favorites at present. Various nanoplatforms
have been constructed using unique theranostic functionalities
to meet sophisticated biomedical circumstances.'™ In particu-
lar, multifunctional nanoparticles (NPs) combined with various
therapeutic modalities, including photonic hyperthermia,
photodynamic,’ chemotherapy,” magnetotherapy® and sonody-
namic therapy,”® can generate multiple theranostic modalities
in practical use to achieve a synergistic therapeutic outcome.
Among diverse nanoplatforms, the biomedical applications of
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targeting and synergetic treatment modality against the OSCC with satisfactory biocompatibility.

mesoporous silica nanoparticles (MSNs) have received consid-
erable attention during the past decades.”® MSNs feature a
well-defined mesoporous structure that can not only encapsu-
late therapeutic drugs but also functional nanoparticles to
support the construction of multifunctional nanoplatforms.
This progress provides an important basis for the clinical
transformation of nanomedicine with appealing therapeutic
potentials.

Oral squamous cell carcinoma (OSCC) is the leading cause of
death in head and neck squamous cell carcinoma (HNSCC) with
high malignancy, easy metastasis, and high recurrence.">'* One of
the reasons for the poor prognosis of OSCC-patients is the inade-
quate therapeutic efficacy for complete OSCC destruction.**® The
most frequently adopted treatments are surgery supplemented
with radiotherapy and/or chemotherapy. Surgical dissection is
associated with considerable trauma and serious side-impacts,
which substantially affect the post-treatment life quality of the
patients.">™"” Therefore, applications of nanomedicine with great
medical significance for the treatment of OSCC can effectively
ameliorate the prognosis. Photonic hyperthermal therapy (PTT)
typically refers to the use of near-infrared light to enable photonic
hyperthermia in the presence of photonic active agents. These
agents such as two-dimensional nanosheets,"®'® organic
semiconductors,” and other inorganic metal NPs (e.g, gold
NPs, 2 Cu$***® and Fe;0,*°) can convert incident light energy
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into heat for tumor destruction. Among these nanoparticulate
photonic active agents, ultrasmall Cu, ,S NPs (~5 nm) feature
high therapeutic prospects.”” Although it has been demonstrated
that PTT could generate a prominent therapeutic effect against
tumors, yet the uneven distribution of heat and poor tissue
penetration depth enabled by the laser during treatment may not
possibly lead to complete tumor eradiation, ultimately resulting in
tumor reoccurrence.”**® In order to guarantee a therapeutic out-
come and satisfactory prognosis, enhanced tumor-site accumula-
tions of therapeutic nanoagents are urgently demanded,
specifically by targeting engineering, which can simultaneously
reduce the side impacts while improving the therapeutic outcome.

The present research in the field of nanomedicine for OSCC
treatment is mostly focused on PTT with chemotherapy.®*=*
Statistical data have shown that, over the past 40 years, the
application of cytotoxic chemotherapeutic drugs has not
significantly ameliorated the survival or life quality of patients
with oral cancer.’>*® Therefore, exploring new synergistic thera-
peutic modalities to achieve safe and effective treatment for
OSCC, as well as to ameliorate the prognosis, is highly urgent
and necessary. Reactive oxygen species (ROS) play critical roles
in cell apoptosis,” which could be generated by sonodynamic
therapy (SDT).>® Recently, ultrasound (US)-triggered SDT was
found to be promising for practical use because of its non-
invasive nature and high tissue-penetrating capability.****
For instance, McEwan et al. designed RB containing sonody-
namic nanoplatforms PLGA MB-RB,*> Oxy MB + RB*° and
realized satisfactory SDT performance with a minimal RB dose
of as low as 1 puM. Therefore, the elaborate combination of
laser-triggered photonic hyperthermia and US-activated sono-
dynamic treatment is expected to achieve highly efficient OSCC
treatment outcomes.

It has been documented that epidermal growth factor recep-
tors (EGFRs) are overexpressed in OSCC, and the inhibition of
the EGFRs has been a desirable therapeutic target for OSCC
treatment. Currently, cetuximab is the only EGFR-targeting
drug approved by the US Food and Drug Administration.
However, secondary drug resistance would inevitably occur
during the medication.?” Recently, another OSCC-targeting site,
urokinase plasminogen activator receptor (uPAR) has been
discovered. The over-expression of uPAR in the OSCC cell
membrane can reinforce the signal transmission of the uPAR-
integrin pathway, a critical transmembrane pathway for OSCC
metastasis and proliferation.>®**® At the same time, uPAR
exhibits a higher OSCC specificity when compared to EGFR.
Therefore, uPAR can be used as an alternative biocompatible
target against OSCC with better performance.

In this work, we report uPAR-targeting PTT/SDT synergistic
therapeutic Cu, ,-RB@DMSN-AE105 (abbreviated as CRDA)
nanoplatforms for targeted PTT/SDT synergistic therapy of
OSCC. As the drug delivery system, biocompatible dendritic
mesoporous silica NPs (DMSN) can biodegrade slowly in the
acidic microenvironment of the tumor,’ achieving the cargo
release. DMSNs were employed to encapsulate photonic active
Cu,_,S NPs”” and sonosensitive Rose Bengal (RB)*' to realize
synergistic PTT/SDT nanotherapeutics. For OSCC targeting
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design, AE105 (H-Asp-Cha-Phe-(d)Ser-(d)Arg-Tyr-Leu-Trp-Ser-
OH) peptide features prominent targeting against uPAR that
originates from the competing binding towards uPAR.**>™**
When modified on the surface of DMSNs, OSCC targeting of
CRDAs can be additionally achieved, providing an intriguing
treatment modality against OSCC with targeting and synergistic
performance.

Materials and methods

Materials

Cetyltrimethylammonium chloride (CTAC, Sigma-Aldrich Co.),
tetraethyl orthosilicate (TEOS, Sinopharm Chemical Reagent
Co.), triethanolamine (TEA, Sinopharm Chemical Reagent Co.),
sodium salicylate (NaSal, Sigma-Aldrich Co.), hydrochloric acid
(Sinopharm Chemical Reagent Co.), sulfur powder (Aladdin
Biochemical Technology Co., Ltd), oleylamine (Aladdin Biochem-
ical Technology Co., Ltd), chloroform (Sinopharm Chemical
Reagent Co.), silane-PEG-carboxyl (silane-PEG,ny,—COOH,
Shanghai Ponsure Biotech, Inc.), AE105 peptide (D-Cha-
FsrYLWS, Nanjing Peptide Biotechnology Co., Ltd), Red Bengal
(RB, Aladdin Biochemical Technology Co., Ltd).

Synthesis of DMSNs

In a typical procedure, TEA (0.068 g) was initially mixed with
deionized water (5 mL). Then, 0.5 mL of the above solution was
mixed with 24.5 mL of deionized water, and placed in a water
bath with a magnetic stirrer (300 rpm at 80 °C for 30 min).
CTAC (0.38 g), as the structure-directing agent, was added to
the solution. After complete dissolution, NaSal (0.168 g) was
added to the solution and the reaction was allowed to continue
for 1 h, followed by the dropwise addition of TEOS (2 mL). After
another 2 h, the product was collected by centrifugation. CTAC
was removed using a mixture of ethanol and concentrated HCI
(6%) by extracting for 24 h at 70 °C three times. Finally, the
product was collected by centrifugation, washed with water
several times, and dispersed in 20 mL of ethanol.

Synthesis of ultrasmall Cu,_,S NPs

Cu,_,S NPs with diameter 2-5 nm were synthesized according to
the reported literature.”” Initially, sulfur (64 mg) was immersed in
oleylamine (12 mL) and placed in a water bath at 70 °C with a
magnetic stirrer until a dark red-brown solution was formed.
A chloroform solution (40 mL) containing copper acetylacetonate
(523.5 mg) and oleylamine (10 mL) was added to the above
solution in a dropwise manner. During the reaction of 0.5 h at
70 °C, the mixture turned from brown-yellow to dark-green.
Ethanol was added to precipitate the reaction. Finally, the product
was collected by centrifugation, washed with water several times,
and re-dispersed in 20 mL of chloroform.

Fabrication of CRDAs

First, 2 mL of Cu,_,S NPs dispersed in chloroform (10 mg mL ™)
was added to 2 mL of DMSNs dispersed in chloroform (5 mg mL ")
with agitation. After 12 h of encapsulation, Cu,_,S@DMSN NPs
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were formed and collected by centrifugation. Then, Cu,_,S@
DMSN NPs (20 mg) were added to 10 mL ethanol containing
10 mg mL " of silane-PEG-NH, (molecular weight = 2000) at
60 °C with magnetic stirring. After 24 h of PEGylation, the
PEGylated Cu, ,S@DMSN NPs were centrifuged and washed
several times to remove residual PEG. Decoration of AE105 onto
DMSNs was accomplished by the reaction between AE105 and
PEGylated Cu,_,S@DMSN NPs in MES solution in the presence
of EDC and NHS for 12 h. After the centrifugation and purifica-
tion process, Cu,_,S@DMSN-AE105 NPs were collected.
2 mL of Cu,_,S@DMSN-AE105 NPs re-suspended in ethanol
(1 mg mL~") was mixed with RB (4 mg) for 12 h to encapsulate
the RB sonosensitizer. Finally, the Cu,_,S-RB@DMSN-AE105
NPs (CRDAs) were obtained. To produce Cu,_,S-RB@DMSN
NPs (CRDs), 2 mL of PEGylated Cu,_,S@DMSN NPs in ethanol
(1 mg mL~") was mixed with RB (4 mg). After an additional 12 h
of encapsulation, the CRDs were collected by centrifugation.

To explore the release profile of RB, 10 mL PBS solutions at pH
7.4 and 5.5, respectively, containing CRDAs (RB: 10 pg mL %),
were stirred on a magnetic stirrer. At pre-determined time points
(0.5,1, 2, 4, 8, 12, 24 h), aliquots of the solution were centrifuged
and the supernatant was used for UV-vis measurements.

Characterization

Transmission electron microscopy (TEM) images, energy-
dispersive X-ray spectroscopy (EDS) and corresponding EDS-
mapping were collected on a JEM-2100F transmission electron
microscope operated at 300 kV. DLS was conducted on a Nano
ZS90 Zetasizer (Malvern Instruments, Malvern, UK). UV-vis-NIR
absorption spectra were recorded on a UV-3600 Shimadzu spec-
trometer. Zeta potential was tested on a Zetasizer Nanoseries
instrument (Nano ZS90). The nitrogen (N,) adsorption-
desorption isothermal curve and the corresponding pore-size
distribution of DMSNs and Cu,_,S@DMSN NPs were calculated
using Micromeritics Tristar 3000 system. Inductively coupled
plasma atomic emission spectrometry (ICP-AES) was conducted
on a VISTA instrument (Varian Company, American). ESR char-
acterization was performed on a Bruker EMX electron paramag-
netic resonance (EPR) spectrometer.

Sonodynamic and photonic hyperthermia performance of
CRDs

In this study, DPBF was employed to evaluate the singlet oxygen
(*0,) generation induced by RB and CRDs respectively upon US
irradiation. Briefly, RB or CRDs (RB: 10 pg mL ™) was mixed with
DPBF (50 uM in DMF), diluted with ethanol. Then, the above
solution was exposed to US irradiation (1 MHz, 2.0 W cm ™2, 50%
duty cycle, 2 min) in the dark. The absorbance of the solution was
then recorded on a UV-vis spectrometer.

For ESR assays, triacetonediamine (TEMP, Aladdin Biochem-
ical Technology Co., Ltd) was used to trap 'O, generated by RB
and CRDAs using an ultrasound trigger. Typically, dimethyl
formamide (DMF) solution containing RB and CRDAs (RB:
8 ug mL ") were exposed to US irradiation (1.0 MHz, 2.0 W cm ™,
50% duty cycle, 2 min) in the presence of TEMP (20 pM).
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Aliquots of the assay solution were then transferred into the
quartz tube for ESR measurements.

For the assessment of the photonic hyperthermia perfor-
mance of CRDs, the localized temperature elevation profile of
CRDs (0, 25, 50, 100 and 200 pg mL™") under NIR laser irradia-
tion (Shanghai Connect Fiber Optics, 1064 nm, 1.5 W cm ™2,
5 min) was recorded on an infrared thermal imaging camera
(A325SC; FLIR Systems, Wilsonville, OR, USA). The photonic
hyperthermia stability of CRDs was revealed by the negligible
fluctuations of the maximum temperature during five sequential
laser on/off cycles against CRDs (400 pug mL ™', 1064 nm,
1.5 W cm ™2, 5 min).

In vitro synergetic performance of PTT/SDT of CRDs against
0SC-19 cells

OSC-19 cells were grown in DMEM with 10% FBS and 1%
penicillin/streptomycin in an incubator at 37 °C in an atmo-
sphere of 5% CO,. Cells were initially seeded into 96-well plates
with a density of 10* cells per well for 24 h. CRDs (0, 25, 50, 100,
200, 400 and 800 pg mL ')-containing fresh DMEM were
replaced for further co-incubations. For cytocompatibility inves-
tigations, medium was discarded 24 h or 48 h post-incubation
and cells were rinsed with PBS. Cell viability was performed
using cell-counting kit-8 (CCK-8) according to the protocols.

For in vitro PTT/SDT therapeutics, cells co-cultured with CRDs
(0, 25, 50, 100, 200 and 400 pug mL™ ") for 4 h were divided into
three groups according to the respective treatments: US group
(US irradiation); laser group (laser irradiation); US + laser group
(US irradiation, followed by laser irradiation). The parameters of
US irradiation were 1.0 MHz, 2.0 W cm™ 2, 50% duty cycle, 2 min.
The parameters of laser irradiation were 1064 nm, 1.5 W cm™?,
5 min. Then, the medium was discarded and cells were rinsed
with PBS several times. Cell viability was determined using a cell-
counting kit-8 (CCK-8) according to the protocols.

In vitro synergetic performance of PTT/SDT of CRDs against
0SC-19 cells by confocal laser scanning microscopy (CLSM)

Cells were initially seeded into confocal disks for 12 h with a
density of 10° cells per disk. Then, these disks were divided into
seven groups for respective treatments: control group
(untreated); US (US irradiation only); laser (laser irradiation
only); NPs group (co-incubation with CRDs for 4 h); CRDs +
laser group (laser irradiation followed by co-incubation of CRDs
for 4 h); CRDs + US group (US irradiation followed by
co-incubation of CRDs for 4 h); NP + US + laser group (co-
incubation of CRDs for 4 h with subsequent US irradiation
and laser irradiation). CRDs: 100 pg mL ', laser: 1064 nm,
1.5 W em ™2, 5 min, US: 1.0 MHz, 2.0 W cm ™2, 50% duty cycle,
2 min. Then, the cell culture medium was replaced with non-
fluorescent DCFH-DA solution and incubated for 30 min.
Finally, cells were washed gently with PBS and observed using
CLSM on a FV1000 system (Olympus, Tokyo, Japan).

For visualization of live/dead OSC-19 cells by CLSM, OSC-19
cells were stained by calcein-AM/PI (calcein-AM (40 uM) and PI
(60 uM) in PBS). After 10 min of staining, cells were washed
thrice with PBS prior to CLSM observation.

This journal is © The Royal Society of Chemistry 2020
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In vivo synergetic therapeutics of CRDAs against OSCC
xenografts in mice

Procedures involving animal experiments were in accordance
with the guidelines set by the Animal Care and Use Committee
of Shanghai Ninth People’s Hospital within the School of Med-
icine of Shanghai Jiao Tong University (Shanghai, China). Healthy
male BALB/c mice (4 weeks) were purchased by Shanghai Xipuer-
Beikai Experimental Animals (Shanghai, China). They were ran-
domly divided into four groups (n = 4 in each group) followed by
intravenous injection of CRDAs at elevated doses (0 mg kg *
(control), 5 mg kg™', 10 mg kg™*, and 20 mg kg™') to assess
in vivo biocompatibility. These mice were sacrificed after 15 days
of feeding for whole blood panel tests, biochemical analyses and
H&E-stained organ slices.

For in vivo biodistribution analysis, 8 healthy male BALB/c
nude mice were divided into 2 groups (n = 4) randomly. These
mice were then injected with OSC-19 cells (10° cells per site,
subcutaneous injection (s.c.)) in the right hind limb to establish
OSCC-xenograft models. When the average volume of the tumors
exceeded 150 mm?®, mice were injected intravenously (i.v.) with
CRDAs or CRDs (20 mg kg ') in PBS for each group respectively.
At predetermined time-points, mice were sacrificed at 4, 8, 12 and
24 h post-injection. Dissected organs and tumors were weighted
and homogenized, followed by ICP-AES analysis to determine the
concentration of Cu. The distribution of CRDAs/CRDs in organs
and the tumor-targeting efficiency were calculated as the species
concentration. For in vivo tumor-targeting analyses, in vivo photo-
acoustic imaging was performed on two male BALB/c nude mice
bearing an OSCC xenograft on the right hind limb. When the
volume of the tumors exceeded 50 mm?®, mice were injected
intravenously (i.v.) with CRDAs or CRDs (20 mg kg™ ') in PBS for
each group respectively. At predetermined time-points (0, 4, 8, 12
and 16 h post-injection), photoacoustic imaging of the nude mice
was performed.

For in vivo PTT/SDT therapeutics, 42 OSCC-bearing mice were
randomly divided into 7 groups (n = 6 in each group): control
group: i.v. injection of saline; US group: i.v. injection of saline,
followed by US irradiation; laser group: i.v. injection of saline,
followed by laser irradiation; CRDAs group: i.v. injection of
CRDAs; CRDAs + laser group: i.v. injection of CRDAs, followed
by laser irradiation; CRDAs + US group: i.v. injection of CRDAs,
followed by US irradiation; CRDAs + US + laser group: i.v.
injection of CRDAs, followed by sequential US irradiation and
laser irradiation. Treatment parameters: injection doses of
CRDAs are 10 mg kg™ ' (laser: 1064 nm, 1.5 W cm 2, 5 min;
and US: 1.0 MHz, 2.0 W cm™ %, 50% duty cycle, 2 min). Tumor
tissues were collected from one mouse in each group at 24 h after
treatment for ultrathin section preparation and histopathological
staining using H&E, TUNEL, and antigen Ki-67 respectively. After
respective treatment, mice were weighed and the tumor sizes of
mice in different groups were recorded every other day during the
15 days evaluation period. The length (L) and width (W) of tumors
were measured and the tumor volume (V) was calculated accord-
ing to the following formula:

V=L x W2

This journal is © The Royal Society of Chemistry 2020
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To evaluate the survival rate of the mice, the number of the
living mice was recorded every other day. Following the guide-
lines of the animal experiments, when the tumor volume
exceeded 1000 mm?>, the mice were sacrificed. All the mice
were sacrificed after the two-month evaluation period.

Statistical analyses

Data are the mean + standard deviation. Significance of the
data was obtained according to the Student’s t-test. P < 0.05
was considered as significant.

Results and discussion
Design, synthesis, and characterization of CRDAs

The design and synthesis of CRDAs are illustrated in Fig. 1a.
DMSNs and Cu,_,S NPs were initially fabricated respectively.
Featuring large mesopores of DMSNs, the Cu,_,S NPs and RB
could be enabled to be sequentially encapsulated. Further
decoration of the uPAR-targeting ligand AE105 leads to the
fabrication of CRDAs, which guarantee the targeting biosafety
and synergistic therapeutic performance of CRDAs for efficient
tumor therapy both in vitro and in vivo.

After intravenous injection, the CRDAs could accumulate into
tumor tissue for nanotherapies (Fig. 1b). Typically, CRDAs could
penetrate into tumor tissue via the enhanced permeability and

a
DMSN Cu, S@DMSN  Cu, S@DMSN-PEG
o \ il
:_%E:(C‘(-_ () :\ﬂ@? A vgfg&’ @ Cu, SNPs
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oy {\°‘Zy" o iﬁé}t DMSN
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Oral Squamous
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Fig. 1 Schematic diagram of the synthesis of CRDAs in combating OSCC.
(a) The synthetic route for Cu,_,S NPs and RB encapsulated, AE105 decorat-
ing CRDAs. (b) Therapeutic modalities of CRDAs for targeted photonic
hyperthermal/sonodynamic therapy against OSCC. CRDAs can target and
accumulate in the uPAR-overexpressed OSCC tumor sites to produce
synergistic PTT/SDT therapeutics upon NIR laser and US irradiations.
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retention (EPR) effect and the active targeting by uPAR-targeting
ligand AE105. Then, the Cu,_,S NPs of CRDAs could generate the
photonic hyperthermal effect for localized hyperthermia against
OSCC under laser irradiation at 1064 nm, while the sonosensitive
RB could induce the sonodynamic effect to produce singlet
oxygen species under US irradiation. With these prominent
effects, the OSCC cells/tissues are considered to be completely
eradicated.

Transmission electron microscopy (TEM) and dynamic light
scattering (DLS) were employed to characterize the morphol-
ogy, size and composition of Cu,_,S NPs, DMSNs, and CRDAs
respectively (Fig. 2). Typically, Cu,_,S NPs with a size of 2-5 nm
were synthesized via the pyrolysis method.>” The synthetic
Cu,_,S are hydrophobic NPs coated with an oleylamine layer
(Fig. 2a and Fig. S1a, b, ESIt). DMSNs with a size of approxi-
mately 100 nm were characterized with dendritic mesoporous
structures that were suitable for the encapsulation of Cu,_,S
NPs and RB, as confirmed by the TEM (Fig. 2b and Fig. Sic,
ESIT) and dark field images (Fig. S1d, ESIt). The morphology of
CRDAs (Fig. 2c and Fig. Sle, f, ESI{) was similar to that of
DMSNs according to the microscopy images, illustrating that
the loading of Cu,_,S NPs did not alter the three-dimensional
architecture of DMSNs. The loading mechanism of RB in
CRDAs was based on the electrostatic attraction and pore
encapsulations by DMSNs. Since RB is negatively charged, an
electrostatic attraction between RB and host nanoparticles
could facilitate the encapsulation of RB inside the pores of
the Cu, ,S@DMSN-PEG-AE105 nanoparticles (Fig. S2, ESIT).
The pore diameter of DMSNs was calculated to be 21.5 nm,
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| = DMSN (d=197 nm)
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determined via the N, adsorption-desorption technique using
Barrett-Joyner-Halenda methods (Fig. S3a, ESIf). Compara-
tively, the specific surface area (SSA) of DMSNs and
Cu, ,S@DMSN NPs are determined using the N, adsorption—-
desorption technique using Brunauer-Emmett-Teller methods
(Fig. S3b, ESIt). DMSNs and Cu, ,S@DMSN NPs showed
specific surface areas (SSAs) of as high as 574.3 m”> ¢” ' and
482.7 m*> g7, respectively, illustrating that ultrasmall Cu, ,S
NPs had been encapsulated inside the DMSNs nanoparticles.
EDS (Fig. 2g) and corresponding EDS-mapping (Fig. 2h) exhib-
ited uniformly distributed Si, O, Cu, and S elements, illustrat-
ing the dispersive loading of Cu,_,S NPs. The dynamic light
scattering (DLS) data acquired in aqueous solutions demon-
strate that the average hydrodynamic diameters (Dy,) of DMSNG,
and CRDAs were ca. 197 and 198 nm respectively (Fig. 2e). The
XRD pattern of Cu,_,S NPs most imitates the standard diffrac-
tion pattern of CusSg (Fig. S4, ESIT). To further quantify the
loading amounts of Cu,_,S NPs and RB, inductively coupled
plasma atomic emission spectrometry (ICP-AES) and UV-vis
spectrometer were employed respectively. It has been deter-
mined that the encapsulation percentage of Cu,_,S NPs (within
CRDAs) is approximately 38.8%, while that of RB sonosensitizer
is ca. 8.2% (within CRDAs) (Fig. S5a, b and S6, ESIt). Although
DMSNs can degrade faster than mesoporous silica of other
configuration structures, it can maintain the configuration for
several days in neutral and acidic environments.’ The release
profile of RB from CRDAs under different pH conditions
showed that RB can be released prior to the degradation of
DMSNs (Fig. S7, ESIT). The successful encapsulation of both

20001 o
v
1000+
Cu s
0 ; v
0 1 2 3
Energy (keV)

Fig. 2 Structural and composition characterizations of Cu,_,S NPs, DMSNs, CRDs and CRDAs. (a) TEM image of Cu,_,S NPs, (b) DMSNs and (c) CRDAs.
(d) TEM image of CRDAs. (e) Size distribution profile of CRDAs and DMSNs measured by DLS. (f) Dark-field image (DFI), (g) energy dispersive spectrometry
(EDS) and (h) corresponding elemental mapping (EDS-mapping) of CRDAs. Scale bar: (a), (d), (f) and (h): 20 nm; (b) and (c): 100 nm.
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mixed with (b) RB and (c) CRDs after US irradiation (1 MHz, 2.0 W cm™2, 50% duty cycle) for 0, 2, 4, 6, 8 min. (d) Localized temperature elevation curves of
CRDs at a series of CRDs concentrations under the exposure to laser irradiation (1.5 W cm™2). (e) Photonic hyperthermia cycling profiles of CRDs during
five sequential laser on and off cycles (1.5 W cm™). (f) Specific period of heating and cooling curves of CRDs (250 pg mL™) and the linear fitting of time

constants derived from the cooling curve.

photonic active Cu,_,S NPs and sonodynamically active RB
sonosensitizers into the DMSNs enables therapeutic purposes
in the future.

Sonodynamic and photonic hyperthermia performance of
CRDs

As stimulated by the US and/or laser irradiations, Cu,_,S-RB@
DMSN NPs (CRDs) can enable ROS generation (via SDT process)
and localized temperature elevation respectively (Fig. 3a) since
SDT is essentially a sonosensitizer-mediated radical-generating
process for tumor destruction upon US irradiation. The singlet
oxygen ('O,) generation by RB sonosensitizers*® is the dominant
factor to evaluate the sonodynamic performance of CRDs. Com-
bined with ESR results (Fig. S8, ESIY), it can be certified that
CRDs as sonosensitizers can generate singlet oxygen (*0,) under
US irradiation to induce the toxic effect and achieve the ther-
apeutic function afterward. Therefore, 1,3-diphenylisobenzofuran
(DPBF) was used exclusively to evaluate the generation level of
0,. The decline of the characteristic absorptions of DPBF was
recorded via UV-vis spectrometry at the wavelength of 410 nm
after US irradiation when DPBF mixtured sequentially with RB
(8 ug mL™") (Fig. 3b) and CRDs ([RB] = 2 pug mL ") (Fig. 3c) were
subjected to the dark, indicating that CRDs with RB could
efficiently induce ROS generation during the SDT process.
Photonic active Cu,_,S NPs encapsulated inside DMSNs
are capable of converting laser photon energy into heat.
The hyperthermia performance of CRDs was assessed by the
localized temperature elevation and photonic hyperthermia
stability. Upon laser irradiation (1064 nm, 1.5 W cm™ >, 5 min),
the temperature of CRD aqueous suspension (at varied CRD

This journal is © The Royal Society of Chemistry 2020

concentrations: 25, 50, 100 and 200 pug mL™') increased by
4 to 20 degrees in a dose-dependent manner, as compared with
the control group (without CRDs) (Fig. 3d). In addition, the
excellent photonic hyperthermia stability of CRDs was revealed
by the negligible fluctuations of the maximum temperature
between five sequential heating and cooling cycles (Fig. 3e).
Finally, after detailed calculations, the photonic hyperthermal-
conversion efficiency () of CRDs under 1064 nm laser was
determined to be 34.7% according to the generally accepted
calculation method'® (Fig. 3f).

In vitro synergetic performance of PTT/SDT enabled by CRDs
against OSC-19 cells

According to the literature, the production of ROS and the
generation of hyperthermia could kill cancer cells effectively
(Fig. 4a). In order to evaluate the in vitro therapeutic perfor-
mance against OSCC, we employed OSC-19 cells for CRDs co-
incubation. The cytotoxicity of CRDs was initially assessed by
Cell Counting Kit-8 (CCK-8). According to the results, no
obvious cytotoxicity was observed even when the concentration
of CRDs reached as high as 800 pg mL ™" after co-incubation
with OSC-19 cells for 24 and 48 h, indicating their high
biocompatibility (Fig. 4b). Next, the therapeutic effects of SDT
and PTT against CRDs-treated OSC-19 cells were estimated,
irradiated with US and/or laser respectively (Fig. 4c-e). The cell
viability of OSC-19 cells decreased along with the elevated
concentration of CRDs after US and/or laser irradiation. At a
dosage of 400 pg mL™" of CRDs, the viabilities were 77.1% (US
group), 45.9% (laser group), and 29.0% (US + laser group)
respectively. According to in vitro cellular experiment, the

J. Mater. Chem. B, 2020, 8, 9084-9093 | 9089
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dose-viability fitting curves of the three groups of cell therapy
can reflect the therapeutic effect (Fig. S9, ESIt). The decline in
the curve of the US + laser group was significantly greater than
that of the US group and the laser group. Therefore, combina-
tive treatment of PTT/SDT against CRDs-treated OSC-19 cells
induces the highest cytotoxicities, indicating that the synergetic
SDT and PTT could improve the therapeutic efficacy over the
respective monotherapy.

To visualize the SDT performance and therapeutic outcome,
a DCFH-DA probe was used to indicate the cellular generation
of ROS upon sonodynamic treatment, which is attributed to the
transformation of non-fluorescent DCFH-DA to green fluores-
cent 2,7-dichlorofluorescein (DCF) in the presence of ROS.'®
After co-incubating the cells with CRDs, DCFH-DA was supple-
mented to stain the cellular ROS for confocal observations. It
has been observed that the cells in CRDs + US, CRDs + US +
laser groups displayed the strongest green fluorescence signals,
revealing the prominent generation of ROS (Fig. 4f and Fig. S10,
ESIT). Comparatively, the cancer cells in other treatment groups
exhibited weaker green fluorescence signals, implicating the
inefficient ROS-generating capacity. To directly visualize the
anti-tumor effects, calcein-AM and PI cell stains were supple-
mented after respective treatments (Fig. 4g and Fig. S11, ESI¥).
As indicated, a major proportion of dead cells (stained in red

9090 | JU. Mater. Chem. B, 2020, 8, 9084-9093

fluorescence) was observed in the synergetic CRDs + US + laser
treatment group, as compared to that of the other treatment
groups. Collectively, these experiments solidly validated the
prominent synergetic therapeutic performance enabled by
the in vitro PTT and SDT as enabled by the constructed CRDs.

In vivo synergetic PTT/SDT cancer therapeutics enabled by CRDAs

An in vivo biocompatibility assay was conducted to guarantee
further in vivo therapeutics of CRDAs. Sixteen healthy BALB/c
mice were randomly divided into four groups (n = 4 in each
group) followed by intravenous injection of CRDAs at elevated
doses (0 mg kg~ (as the control group), 5 mg kg™ ', 10 mg kg™,
and 20 mg kg ). These mice were sacrificed at the end of the
15 day-evaluation period for harvesting the whole blood and
major organs (ie., heart, liver, spleen, lungs, and kidneys).
As compared to the control group, the bodyweight profiles of
mice between each group show no obvious variations during
the therapeutics (Fig. 5a), and no significant variations in
complete blood panel tests and biochemical analyses could
be indicated (Fig. 5b). In addition, no substantial tissue damage
or inflammatory lesions were discovered from hematoxylin and
eosin (H&E)-staining ultrathin sections of different major
organs (Fig. 5c), suggesting that the injection of CRDAs (with
a dose of as high as 20 mg kg™') featured satisfactory in vivo

This journal is © The Royal Society of Chemistry 2020
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biocompatibility. To identify the in vivo targeting effects
of CRDAs, the biodistribution of CRDAs was evaluated by
analyzing the concentration of Cu species (Fig. 5d and e) in
the main organs and tumors at 4, 8, 12, 24 h post-injection. The
in vivo biodistribution evaluation suggests that CRDAs could
effectively accumulate into tumor sites with a distribution
dosage percentage of 10.99% (Fig. 5d) 4 h post-injection, which
was significantly higher than that of CRDs without AE105
targeting design (3.03%, Fig. 5e). Compared to nontargeting
CRDs, the targeting CRDAs can accumulate higher and faster
at the tumor site, while causing less pathological impact
against other organs. In addition, the ICP-AES results showed
that CRDAs and CRDs accumulated inside the tumor sites in
4 h. By imaging the in vivo tumor sites via photoacoustics,””
targeting accumulation of CRDAs could also be indicated
(Fig. S12a-c, ESIf). The specifically enhanced accumulations
of the nanoplatforms could further benefit the prominent
therapeutics with mitigated cytotoxicity.

The in vitro synergetic PTT and SDT by CRDs and their
desirable in vivo biocompatibility encourage further systematic
in vivo therapeutics of CRDAs against OSC-19 cells. During the
investigations, forty-two BALB/c nude mice were randomly
divided into seven groups (n = 6 in each group) prior to the
tumor xenograft establishment. When the volume of the tumor
xenografts reached 50 mm?, these nude mice were injected with
saline (for mice in control, US, laser groups) and CRDAs (for
mice in CRDAs, CRDAs + US, CRDAs + laser, CRDAs + US + laser

This journal is © The Royal Society of Chemistry 2020

groups) respectively. CRDA-treated mice were further exposed
to external stimuli irradiation including US and/or laser corre-
spondingly (Fig. 6a). During NIR-laser irradiation (for CRDAs +
US + laser group), the localized temperature of tumor sites
increased from 24 °C to 54 °C while for mice in the laser group,
merely 5 degrees of temperature increase was recorded
(Fig. 6b). During the 15 day-therapeutics, the body weight of
mice and the dimension of the tumors were recorded every
other day. The body weight profiles of mice between each group
show no obvious variations during the therapeutics, implying
the biocompatibility of the therapeutic modalities (Fig. 6c).
The tumor xenografts of mice in control, US, laser and
CRDAs groups grew extensively within 15 days, while mice
receiving synergistic PTT/SDT treatments enabled by CRDAs in
CRDAs + US + laser group exhibited intense therapeutic
efficacy with an inhibition rate (IR) of 103.4% (meaning
destruction rather than inhibition), significantly higher than
that of the CRDAs + US group (49.79%) and CRDAs + laser
group (61.89%) (Fig. 6d), verifying the effectiveness of the
synergetic therapeutic consequence of PTT/SDT enabled by
the targeting CRDAs.

At 24 h post-treatments, one tumor-bearing mouse from each
group was euthanized and the major organs and tumors were
dissected for detailed pathological analyses by H&E, TdT-
mediated dUTP Nick-End Labeling (TUNEL) and antigen Ki-67
immunostaining respectively (Fig. 6e). As compared to the con-
trol, US, laser and CRDAs groups, mice in the monotherapeutic

J. Mater. Chem. B, 2020, 8, 9084-9093 | 9091
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CRDAs + US and CRDAs + laser groups exhibited reduction of the
tumor cells, enlarged proportions of the apoptotic area (in H&E
and TUNEL staining microscopy images), and mitigated expres-
sions of the cell proliferation (in antigen Ki-67 staining microscopy
images). Comparatively, the synergetic PTT/SDT therapy was con-
ceived to deliver much prominent consequence. The xenografts of
mice in the CRDAs + US + laser group were almost eradicated, as
revealed by, H&E, TUNEL, antigen Ki-67 staining images and the
digital photographs (Fig. 6f). The survival rate suggested that
photonic hyperthermal and sonodynamic targeting therapy can
extend the living time of mice (Fig. S13, ESIt). These results
collectively demonstrate the prominent therapeutic effects of the
synergetic PTT/SDT therapeutics enabled by CRDAs against OSCC
with satisfactory biocompatibility.

Conclusions

In summary, we have constructed an intriguing uPAR-targeting
ligand AE105-decorated DMSNs-based delivery system co-encap-
sulated with photonic active Cu,_,S nanoagents and sonosensi-
tizer RB (abbreviated as CRDAs) for high-performance OSCC-
targeting and synergetic PTT/SDT nanotherapeutics. Based on
the prominent hyperthermia and sonodynamic performance of
the integrated Cu,_,S NPs and RB respectively, the rationally
engineered CRDAs could efficiently enable satisfactory tumor
destruction against the OSCC both in vitro and in vivo. Featuring
the targeting performance of AE105, the enhanced accumula-
tion of CRDAs into tumor xenografts was achieved on an in vivo
OSCC tumor xenograft. Together with the high biocompatibility

9092 | J Mater. Chem. B, 2020, 8, 9084-9093

of the designed CRDAs, a prominent tumor inhibition rate of
103.4% was realized. The present synergetic strategy has illu-
strated a satisfactory therapeutic modality to treat oral squamous
cell carcinoma with both effectiveness and biocompatibility.
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