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A B S T R A C T

Thermal ablation (TA), as a minimally invasive therapeutic technique, has been extensively used to the treatment
of solid tumors, such as renal cell carcinoma (RCC), which, unfortunately, still fails to overcome the high risk of
local recurrence and distant metastasis since the incomplete ablation cannot be ignored due to various factors
such as the indistinguishable tumor margins and limited ablation zone. Herein, we report the injectable ther-
mosensitive hydrogel by confining curcumin (Cur)-loaded hollow mesoporous organosilica nanoparticles
(Cur@HMON@gel) which can locate in tumor site more than half a month and mop up the residual RCC under
ultrasound (US) irradiation after transforming from colloidal sol status to elastic gel matrix at physiological
temperature. Based on the US-triggered accelerated diffusion of the model chemotherapy drug with multi-
pharmacologic functions, the sustained and controlled release of Cur has been demonstrated in vitro. Signifi-
cantly, US is employed as an external energy to trigger Cur, as a sonosensitizer also, to generate reactive oxygen
species (ROS) for sonodynamic tumor therapy (SDT) in parallel. Tracking by the three-dimensional contrast-
enhanced ultrasound (3D-CEUS) imaging, the typical decreased blood perfusions have been observed since the
residual xenograft tumor after incomplete TA were effectively suppressed during the chemo-sonodynamic therapy
process. The high in vivo biocompatibility and biodegradability of the multifunctional nanoplatform confined by
thermogel provide the potential of their further clinical translation for the solid tumor eradication under the
guidance and monitoring of 3D-CEUS.
1. Introduction

Renal cell carcinoma (RCC) is the most severe malignant tumor of
kidney, and surgical resection is the conventional treatment for primary
tumor [1,2]. With the development of the versatile imaging modalities,
early diagnosis of small RCC is possible. Nevertheless, new alternative is
urgently needed since a high proportion (20%–30%) of RCCs has already
accompanied with distant metastasis in the first detection [3,4]. Thermal
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also makes new challenges that the residual carcinoma holds high risk of
accelerated recurrence or distant metastasis [7]. Typically, for
multidrug-resistant advanced RCC, it doesn't make much sense to receive
the conventional follow-up chemotherapy [8].Thus, new protocol to
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Alternatively, Curcumin (Cur), a natural xanthene dye with anti-
inflammatory, antimicrobial, antitumor and other pharmacological ac-
tivities, features therapeutic potential in a variety of cancers [9–11].
Furthermore, the photosensitive traits of Cur allow reactive oxygen
species (ROS) generation upon light activation to augment the antitumor
efficacy, which however suffers from poor penetration of the external
light trigger into biological tissue [12–14]. Ultrasound (US), as an
alternative external trigger with high tissue-penetrating depth and non-
invasiveness [15–17], has been reported to activate some special sono-
sensitizers with photosensitive traits (e.g. Cur) to generate toxic ROS for
therapeutics, named as sonodynamic therapy (SDT) [18,19]. Unfortu-
nately, the low bioavailability and biological/chemical instability of the
chemo-sonodynamic therapeutic agent Cur hinder its clinical translation
[20,21].

Retrospectively, remarkable progresses have been made to improve
the bioavailability by incorporating Cur into polymeric nanoparticles,
amino acid conjugates or liposomes [22–25]. These organic therapeutic
systems result in unavoidable leakage before reaching the desired tissues
or burst release upon external triggering because of the instability in
biological environment. Hollow mesoporous organosilica nanoparticle
(HMON) has inspired intensive interest in drug delivery due to the high
drug-loading capacity, ingenious adjustable composition, and rich sur-
face chemical functions [55,56], which has been highlighted to be
biocompatible and stable in physiological system. Hydrophobic drug
encapsulated in HMON shows a sustained low-dose release pattern in
target tissue [26–28], which is favorable for the treatment of chronic
diseases such as diabetes or hypertension [29,30]. However, as for ma-
lignant tumors, the long-term and continuous exposure to low-level
administration will lead to drug tolerance and fail to tumor growth
suppression [31,32]. Fortunately, the on-demand and controlled release
of the drug encapsulated in HMON can be achieved upon US triggering
[33,34]. In this work, physiologically active tetrasulfide bond was
adopted to fabricate organic-inorganic hybrid nanocarriers, which have
been demonstrated to be specifically biodegradable in tumor microen-
vironment (TME) with high concentration of glutathione (GSH) [35,36].
After loading Cur (Cur@HMON), an injectable thermosensitive hydrogel
was designed to confine the Cur@HMON (Cur@HMON@gel) in tumor
region via phase transformation at body temperature. The biodegrada-
tion of thermogel has been systematically evaluated both in vitro at liquid
level and in vivo on tumor-bearing mice. Additionally, the Cur@H-
MON@gel located in tumor site can function for at least half a month
after a single injection, consequently avoiding the repeated administra-
tion of anti-tumor agents. Upon US triggering, the residual RCC after
incomplete TA, incomplete laser ablation (ILA) in this work, was mopped
up by the local release of Cur accompanying with the generation of ROS.

For tracking this chemo-sonodynamic therapy process, three-
dimensional contrast-enhanced ultrasound (3D-CEUS), an objective,
simple and reproducible technique for real time imaging, was chosen to
display the dynamic perfusion of the whole tumor rather than traditional
in vivo fluorescence imaging or tumor volume calculation based on the
measured diameter of subcutaneous tumor that could be easily influ-
enced by artificial factors [37,38]. Especially and importantly, tumors in
the early stage of non-surgical treatment, such as TA and targeted ther-
apy, are usually characterized by decreased blood supply or intra-tumor
necrosis, rather than tumor volume reduction [39,40]. Especially, this
work provides the first paradigm for rescuing the incomplete TA via
chemo/sonodynamic synergistic therapy by a multifunctional biomate-
rial platform, and demonstrates the potential for therapeutic monitoring
and guidance during non-surgical treatment.

2. Experimental section

2.1. Materials

All reagents were of analytical grade and used without any
purification. Tetraethoxysilane (TEOS), ammonia solution (NH3⋅H2O)
2

(25%–28%), methanol, acetic acid anhydrous and anhydrous ethanol
were purchased from Sinopharm Chemical Reagent Co., Ltd. Trietha-
nolamine (TEA), bis[3-(triethoxysilyl)propyl]tetrasulfide (BTES), Chito-
san (CS) and β-glycerophosphate (β-GP) were obtained from Aladdin Co.,
Ltd. Cetyltrimethylammonium chloride (CTAC), Sodium chloride (NaCl),
Fluorescein isothiocyanate (FITC) and curcumin (Cur) were purchased
from Sigma-Aldrich Co., Ltd. Dimethyl sulfoxide (DMSO), Annexin V,
FITC Apoptosis Detection Kit, Calcein-AM/PI Double Staining Kit and
Cell Counting Kit-8 (CCK-8) were obtained from Dojindo Chemical
technology Co., ltd. 2’,7’-dichlorofluorescein diacetate (DCFH-DA), 40,6-
diamidino-2-phenylindole (DAPI) were purchased from Beyotime Insti-
tute of Biotechnology, Shanghai, China. Singlet Oxygen Sensor Green
(SOSG, Invitrogen Co., Ltd.) probe and methoxy poly (ethylene glycol)
silane (mPEG, Jenkem Technology Co., Ltd.) were purchased from
Shanghai Yare Biotechnology Co., Ltd, Shanghai. Deionized water was
used in all experiments. All chemicals were used as received without
further purification.
2.2. Synthesis of Cur@HMON@gel

a. Synthesis of (HMON)

HMON was obtained based on a well-established structural
difference-based alkaline etching strategy. Typically, a CTAC aqueous
solution (10 g, 10 wt%) and a TEA aqueous solution (0.4 g, 10 wt%) were
mixed and stirred at room temperature for 30 min, followed by the
addition of 0.75 mL TEOS dropwise in a 95 �C water bath with the
magnetic stirring speed of 300 rpm. The mesoporous silica nanoparticle
(MSN) was formed after hydrolysis/condensation reaction for 1 h, and
the mixture of BTES (1 mL) and TEOS (0.5 mL) were then added to the
system and stirred for another 4 h. After being washed with ethanol three
times, the resultant MSN@MON particles and 4 mL of NH3⋅H2O were
dispersed in 210 mL of deionized water and reacted for additional 3 h at
95 �C water bath. The product HMON was collected by centrifugation
and washed with water three times. To remove CTAC in particles, the as-
synthesized HMON was extracted in methanol (400 mL) with NaCl (5 g)
by magnetic stirring for 3 times (each time for 12 h).

b. Synthesis of Cur@HMON

The obtained HMON ethanol dispersion was added to Cur solution (1
mg⋅mL�1 in ethanol, 10 mL) under magnetic stirring in the dark for 24 h,
and the mixtures were centrifuged and washed with ethanol for three
times to remove residual Cur, the supernatant was collected for further
calculating of loading capacity. Ultraviolet absorption spectrum of
gradient concentration of Cur from 200 to 700 nm were obtained by
dissolving Cur in phosphate-buffered saline (PBS) containing 1% (v/v)
DMSO, and the corresponding standard curve between Cur weight and
UV absorbance at 425 nm was calculated. The dosage of Cur in the above
supernatant was calculated and the drug encapsulation efficiency of
HMON was derived according to the following equation:

Drug Encapsulation Efficiencyð%Þ¼Total Cur � Cur in supernatant
Total Cur

� 100

(1)

Drug Loading Capacityð%Þ¼ Cur in Cur@HMON
Total weight of Cur@HMON

� 100 (2)

c. Synthesis of Cur@HMON@gel

The hydrogel was prepared using a previous method with slightly
modifications [55,56]. Briefly, CS solution was firstly obtained by dis-
solving CS powder (100 mg) in hydrochloric acid (HCl, 0.1 M, 4 mL) and
stirred at room temperature until the solution was clear, and 500 mgβ-GP
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was dissolved in 1 mL of deionized water. The two solutions were cooled
to 4 �C and then β-GP was added into CS solution dropwise under mild
agitation. The resultant CS/β-GP hydrogel (gel) (5 mL, containing 2%
(w/v) CS and 10% (w/v) β-GP, pH ¼ 7.2) was mixed with Cur@HMON
(200 mg) and magnetic stirred at 4 �C for 12 h, by which Cur@H-
MON@gel was synthesized and then stored at 4 �C for further
application.

2.3. Characterization

The dynamic light scattering (DLS) measurement and the zeta po-
tential of nanoparticles were determined using a Zetasizer Nanoseries
(Nano ZS90, Malvern Instrument Ltd., UK). The morphology and the
structure of nanoparticles were observed by scanning electron micro-
scopy (SEM, Magellan 400, FEI Company, US) and transmission electron
microscopy (TEM, JEM-2100F, JEOL, Japan). UV–Vis–NIR absorption
spectra were recorded by a UV–Vis–NIR spectrometer (UV-3600, Shi-
madzu, Japan) with QS-grade quartz cuvettes at room temperature. The
confocal laser scanning microscopy (CLSM) photographs were acquired
in FV1000 (Olympus Company, Japan). Flow cytometry analysis for cell
apoptosis were conducted by BD LSRFortessa. The element quantified
analysis of sample was performed on inductively coupled plasma-optical
emission spectrometry (ICP-OES, Agilent 725, Agilent Technologies, US).
The element quantitative analysis of sample was conducted on induc-
tively coupled plasma-optical emission spectrometry (ICP-OES, Agilent
725, Agilent Technologies, US). The rheological properties of CS/β-GP
hydrogel were explored using a rotational rheometer (Physica MCR 301,
Anton Paar instrument, Germany). The evolution of the storage (G0) and
loss (G00) moduli was determined at a constant shear stress of 1 Pa and at a
fixed frequency of 1 Hz. The Electron spin resonance (ESR) character-
ization was performed on a Bruker EMX electron paramagnetic resonance
spectrometer. And all ultrasound experiments with low power density
were conducted on a portable ultrasound apparatus (Sonicator 740,
Mettler Electronics, US).

2.4. Sol-gel transitions of CS/β-GP hydrogels

A series of hydrogels composed of 2% (w/v) CS and vary ratios of
β-GP (5%, 10% and 15%, w/v)，denoted as CS (2%)/β-GP (5%), CS
(2%)/β-GP (10%) and CS (2%)/β-GP (15%) thermogels respectively,
were prepared following the procedure described above. The sol-gel
transition temperature was determined by the method of vial-inverting
method. Briefly, 5 mL of hydrogel was transferred into a 20 mL vial
and soaked in water bath with the certain temperature for 10 min. The
temperature of water bath was varied from 20 �C to 50 �C with an
increment of 1 �C per time. When no visual flow can be observed within
1 min, the hydrogel was considered to be elastic gel phase, and the
temperature was defined as the transition temperature of hydrogel. In
addition, the sol-gel transition duration of these hydrogels at 37 �C was
observed using the same method with a time interval of 1 min. Based on
the above results, the thermal hydrogel whose gelation temperature is
approaching body temperature was selected for further rheological tests.
The time- and temperature-dependent storage modulus (G0) and loss
modulus (G00) of hydrogel were measured in the linear viscoelastic region
at a constant shear. The evaluation duration was 2000 s at physiological
temperature (37 �C). And the transition temperature was conducted
under the increasing temperature from 20 to 50 �C with constant heating
rate of 1 �C per minute. The phase transition time and temperature were
obtained at the intersection point of G0 and G00.

2.5. Water absorption capability of hydrogel

In order to evaluate the cross-linking density and drug-loading po-
tential of the hydrogels prepared above, their water absorption capacity
closely related to the pore size of hydrogel and entanglement strength
3

between the chains was calculated. Three freeze-dried hydrogel samples
were weighed and immersed in 50 mL of PBS at 37 �C and neutral pH.
The samples were taken out, dried surface with filter paper and weighted
every 20 min, the process was repeated until the constant weight was
attained. Water absorption capability of hydrogel was measured by the
following equation.

Water Absorption ðWAÞ¼W2 �W1

W1
� 100% (3)

where W1 represents the weight of dry hydrogels and W2 represents the
weight of water absorbed hydrogels.

2.6. In vitro evaluation of hydrogel degradation

To explore the degradation property of hydrogel, 4 mL of gel was
transferred into a 20 mL vial with 15 mL of simulated body fluid (pH ¼
7.4) and saved at 37 �C. The morphology of the hydrogel was recorded
and the simulated body fluid was refreshed every 5 days until 45 days.

After embedding Cur@HMON into the hydrogel matrix, the degra-
dation behavior was also observed for 30 days. Cur@HMON@gel was
weighted every 5 days and degradation performance was quantitative
analyzed by the following equation.

Hydrogel Degradation ðHDÞ¼W1�W2
W1

� 100% (4)

where W1 represents the initial weight of swelled Cur@HMON@gel and
W2 represents the weight of remained Cur@HMON@gel.

2.7. In vitro drug release upon ultrasound (US) triggering

The in vitro Cur releasing behavior was evaluated by a modified
dialysis method. In detail, 1 mL for each of the 6 samples (Cur,
Cur@HMON, Cur@gel, and Cur@HMON@gel� 2, all with 1 mg mL�1 of
Cur), were placed in dialysis bags (molecular mass cut-off was 3.5 kDa)
and then immersed into a 50mL test tube, in which 40mL of PBS (pH 7.4,
37 �C) containing 1%DMSO (v/v) was added. To investigate drug release
kinetics under US irradiation, one sample of Cur@gel and Cur@H-
MON@gel were selected for ultrasonic irradiation (1.5 W⋅cm�2, 1 MHz,
with 50% duty cycle) for six cycles. And the Cur, Cur@HMON Cur@gel
and Cur@HMON@gel group with no stimulus were conducted to
compare the spontaneous drug release of different drug delivery system.
The tubes were placed in an orbital shaker (100 rpm). At each interval of
1 h, 3 mL of release medium was collected for UV detector at 425 nm and
then returned to original tubes.

2.8. Evidence of reactive oxygen species (ROS) generation in vitro

To verify the sonodynamic potential of Cur and Cur@HMON@gel,
SOSG was employed as a chemical probe for ROS as it is highly selective
for singlet oxygen (1O2). Briefly, the stock solution was prepared by
dissolving 100 μg of SOSG in 330 μL of methanol, 30 μL of stock solution
was then added to 5970 μL of PBS containing Cur (10 μg⋅mL�1 in ter-
minal solution). The fluorescence intensity of work solution received no
US irritation was saved as the reference line, and US (1.5W⋅cm�2, 1 MHz,
50% duty cycle, 1 min) was applied with 1 min intervals and the fluo-
rescence intensity of work solution was recorded immediately (excita-
tion/emission wave length: 488/525 nm).

Electron spin resonance (ESR) spectroscopy was applied to further
detect 1O2 generated by US þ Cur@HMON@gel, and 2, 2, 6, 6-tetrame-
thylpiperidine (TEMP) was adopted as a spin-trapping agent to visualize
the signal of 1O2 production. Generally, Cur@HMON@gel with Cur of 10
μg⋅mL�1 was exposed to US irradiation (1.5 W⋅cm�2, 1.0 MHz, 50% duty
cycle) for 1 min in the presence of TEMP (97 μM). The 1O2 signal was
immediately detected by the ESR spectrometer. In addition, the
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Cur@HMON@gel þ TEMP group, USþ Cur þ TEMP group, Curþ TEMP
group, US þ TEMP group and TEMP group were also tested for
comparison.

2.9. Cell experiments

a. Cell culture

HUVECs (human umbilical vein endothelial cells, bought from Cell
Bank of Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences) were maintained in DMEM medium, and 786-O cancer cells
(the cell line from human clear cell renal cell carcinoma，obtained from
the American Tissue Culture Collection) were cultured in RPMI-1640
medium (Hyclone), all medium were supplemented with 1% penicillin-
streptomycin (Gibco) and 10% fetal bovine serum (Gibco). Cells were
maintained at 37 �C with 5% CO2 in cell culture incubator (Thermo
Fisher Scientific).

b. Detection of intracellular ROS generation

786-O cells (1 � 105⋅well�1) were seeded in CLSM-exclusive culture
dishes and allowed to adhere for 12 h. The culture medium was
substituted by fresh medium containing Cur (10 μg⋅mL�1), Cur@H-
MON@gel (bearing Cur concentration of 10 μg⋅mL�1) or pure culture
medium and then incubated for another 4 h. The cell medium was
substituted by 1 mL of FBS-free medium containing DCFH-DA (10 μM)
and incubated for 20 min. For the positive control group, cells were
incubated with Rosup reagent for 30min. After beenwashedwith PBS for
three times and replaced DCFH-DA solution with complete cell medium,
half number of each kind of wells were selected for ultrasonic irradiation
(1 MHz, 1.5W⋅cm�2, 50% duty cycle, 1 min). Nuclei were counterstained
with DAPI for 15 min, washed with PBS for two times and then visualized
via confocal laser scanning microscopy (CLSM) with 405 nm and 488 nm
excitation wavelength. The fluorescence intensity generated by ROS was
quantitatively evaluated by image analysis software Image J (National
Institutes of Health, USA).

c. Cytotoxicity evaluation

A standard CCK-8 viability assay was used for cytotoxicity assessment
of Cur and Cur@HMON@gel. HUVECs and 786-O cells were seeded in
lower chamber of the 24-well transwell system（Corning Co., Ltd., US）
with density of 1 � 104 cells per well and incubated for 24 h. For
Cur@HMON@gel group, hydrogels containing a gradient concentration
of Cur (0, 0.15625, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20 and 40 μg⋅mL�1)
were dropped on the upper chamber and incubated 10min at 37 �C. After
the hydrogel transform into gel state, the upper chamber was transferred
to the cell-seeded plates and 200 μL of culture medium was added. For
Cur groups, the culture medium containing Cur was added into the upper
chamber directly to achieve the same terminal gradient concentration (0,
0.15625, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20 and 40 μg⋅mL�1) as those of
Cur@HMON@gel group. After another 24 h co-incubation, the upper
chambers were removed and the viabilities of cell were evaluated by
CCK-8 assays. In consideration of the application of the DMSO in all cell-
line assessment for Cur dissolving due to its poor water solubility. The
cytotoxicity of DMSO (0, 0.083125, 0.16625, 0.3125, 0.625, 1.25, 2.5, 5,
10 and 20%, v/v%) to HUVECs and 786-O cell lines were also evaluated.
Each data point was measured for nine times.

For further measure the sonotoxicity of different nanosystems under
US, the additional experiments were administrated to obtain the 786-O
cells viability with or without US irradiation. The cell culture was car-
ried out according the above methods and then co-incubated with
different culture mediums (untreated cells as control, Cur, HMON, blank
gel, Cur@gel and Cur@HMON@gel groups, with Cur concentration of
10 μg⋅mL�1) for 12 h. For all US irradiation groups, the same US protocol
was applied (1.5 W⋅cm�2, 1 MHz, 50% cycle, 1.5 min), after that, the
4

following another 4 h co-incubated was performed and the cells were
wash with PBS three times for all groups, the standard CCK-8 assays were
used to evaluated cell viabilities of different groups.

After that, flow cytometry analysis and CLSM observation were
applied to verify the apoptosis of cells, and the procedure was similar to
the ROS detection as mentioned above except replace DCFH-DA with
Annexin V-FITC/PI and Calcein-AM/PI, followed by measurement with
BD LSRFortessa and CLSM, respectively.

With the purpose of exploring the influence of different treatment
parameters on sonotoxicity to RCC cells, the cell viabilities of 786-O cells
under different US power density (0, 0.5, 0.8, 1, 1.5 and 2.0 W⋅cm�2), US
irradiation duration (0, 0.5, 1, 2, 3 and 4 min) and varied Cur concen-
tration (0, 0.625, 1.25, 2.5, 5 and 10 μg⋅mL�1) were obtained by standard
CCK-8 assays using the same procedures as sonotoxicity evaluation of
different nanosystem mentioned above.

2.10. In vivo experiments

a. Animals

All procedures on laboratory animals were complied with the
guidelines of the Institute of Animal Care and Use Committee of
Zhongshan Hospital, Fudan University (IACUC, No. 2020–073). Male
BALB/c nude mice with an average age of 5 weeks (18–20 g) were pur-
chased from Shanghai Institute of Material Medicine and used for the
establishment of RCC subcutaneous xenograft and the corresponding
assessments of antitumor efficiency of Cur@HMON@gel and US. Male
Kunming mice with an average age of 4 weeks (20 � 2 g) were used to
evaluate the biocompatibility of Cur@HMON@gel and the degradation
of hydrogel in vivo. All mice were maintained in specific pathogen-free
(SPF) conditions during the experience procedures.

b. In vivo biocompatibility assay and degradation of hydrogel

Kunming mice (n ¼ 15) were divided into control group (the group
accepted 100 μL of PBS injection, n ¼ 3) and hydrogel group (n ¼ 12),
and 100 μL of CS/β-GP hydrogel solution was injected into the right flank
of Kunmingmice. The body weight of mice was recorded every 3 days. At
particular time points (1 month for control group; 30 min, 1 week, 2
weeks and 1 month for hydrogel group), three mice of each groups were
sacrificed to observe the gel state, and the skin tissues adjacent to
hydrogel and themain organs (heart, liver, spleen, lung and kidney) were
harvested for biocompatibility evaluation by hematoxylin and eosin
(H&E) staining.

c. In vivo chemo-sonodynamic therapy in eliminating residual tumor
after incomplete laser ablation (ILA)

The therapeutic efficacy of US irradiated Cur@HMON@gel nano-
system was assessed in subcutaneous 786-O tumor-bearing mice.
Approximate 5� 106 786–0 cells were subcutaneously injected into right
flanks of 60 nude mice to establish subcutaneous xenograft model. The
size of tumors was regularly measured every three days using a high-
frequency linear array ultrasonic probe (L18-5, Aplio500, central fre-
quency is 12 MHz, range 7–18 MHz; Toshiba Medical Systems Corpora-
tion, Tochigi, Japan) until it reached 8 mm in maximal diameter. The
tumor bearing mice were randomly assigned to the following six groups
(n ¼ 10): control (no treatment was given), ILA (1064 nm � 10 nm, 3.0
W, 10 s), ILA þ Cur (1 mg⋅mL�1), ILA þ Cur þ US（1.5 W⋅cm�2, 1 MHz,
50% duty cycle, 3 min）, ILAþ Cur@HMON@gel (containing Cur with a
concentration of 1 mg⋅mL�1)、 ILA þ Cur@HMON@gel þ US (1.5
W⋅cm�2, 1 MHz, 50% duty cycle, 3 min). The ILA treatment was per-
formed using a diode laser system (SoracteLite, EchoLaser X4 system,
Esaote, Italy) under the direction of a real-time ultrasonic unit with a
multifrequency linear transducer (4–13 MHz, MyLab Twice, Esaote).
After the procedure of ILA, 3D-CEUS was administrated to verify the



Fig. 1. Schematic illustration of the construction of chemo-sonodynamic therapeutic Cur@HMON@gel and its controlled Cur release and SDT against residual
carcinoma after incomplete TA.
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activity of residual tumor by observing tumor blood perfusion after the
bolus injection of contrast medium (SonoVue, Bracco, Milan, Italy; 100
μL). After 24 h of ILA procedure, 100 μL of Cur solution or Cur@H-
MON@gel containing 100 μg Cur was injected into the residual tumor
under the guidance of ultrasound. US irradiation was conducted at 1.5
W⋅cm�2 for 3 min (1 min per cycle for each mouse in turn, 3 cycles) at 30
min after injection and every three days. The body weight of mice was
recorded and 3D-CEUS examination was performed accordingly. The
volume of the whole tumor or the enhanced part of residuals were
measured using the quantitative image processing system in Aplio500
ultrasonic apparatus, and the volume enhanced residuals (V1) were then
normalized to the initial volume after ILA was administrated (V0). After
all mice were sacrificed at the end of experiment, subcutaneous tumor
was isolated and sectioned into slices with H&E staining for histological
observation. And the immunohistochemical analysis, including Rabbit
monoclonal antibody against human proliferating nuclear antigen (Ki-
67) and Cysteine aspartic acid proteinase 3 (Capase-3), were also per-
formed to measure the proliferation and apoptotic properties of tumors.
To further assess the therapeutic biosafety of Cur@HMON@gel with or
without US irradiation, the H&E staining of the main organs (heart,
kidney, liver, spleen, lung, and skin tissue adjacent to tumor site) of mice
in ILA þ Cur@HMON@gel and ILA þ Cur@HMON@gel þ US groups
were obtained and analyzed at the end of research.

3. Results and discussion

3.1. Design, synthesis, and characterization of Cur@HMON@gel

Bearing the distinct advantage of antitumor and sonosensitive traits
combined [21], Cur was chosen as a desirable therapeutic agent, in this
work, to mop up the residual RCC after incomplete TA upon US irradi-
ation. To improve the drug-delivery efficiency and tumor-accumulation
capacity, Cur was encapsulated into the hollow interiors of HMON, and
Cur-loaded HMON was then embedded in the thermosensitive hydrogel
5

to obtain the therapeutic Cur@HMON@gel biomaterial platform. Typi-
cally, HMON was synthesized by the structural difference-based alkaline
etching strategy (Fig. 1). Briefly, a thin organic-inorganic hybrid meso-
porous organosilica shell was deposited on the pure inner mesoporous
silica nanoparticle (MSN) core, which was then selectively etched away
in a hot ammonia solution. With a huge hollow interior and
thioether-bridged framework, HMON enabled substantial encapsulation
of Cur with two benzene molecules via the interaction of π-π super-
molecular and hydrophobic-hydrophobic staking. Finally, in order to
construct an injectable therapeutic biomaterial, Cur@HMON was
embedded into the thermosensitive hydrogel matrix composed of CS and
β-GP (Cur@HMON@gel), which showed a rapid phase transition at body
temperature. Tracking by 3D-CEUS, the tumor growth of the mice
received incomplete TA and Cur@HMON@gel injection was markedly
suppressed with the assistance of sustained Cur release and ROS pro-
duction upon US irradiation.

The representative spherical MSN@MON with narrow particle-size
distribution can be observed from transmission electron microscope
(TEM) image (Fig. 2a). The hollow interior structure of HMON was ob-
tained by selectively etching of the MSN core (Fig. 2b). After the Cur
loading, no obvious change can be observed in the spherical morphology
and well-defined hollow nanostructure of HMON (Fig. 2c), and the
representative elements are homogeneously distributed on its shell
(Fig. S1). Especially, the well-designed mesoporous structure can also be
confirmed by the high-resolution scanning electron microscope (SEM)
images (Fig. 2d–f). Both prominent signals derived from Q and T silicon
sites shown in 29Si magic-angle spinning (MAS) solid-state NMR spec-
trum of HMON demonstrated the high cross-linking degree of the bissi-
lylated precursors (Fig. 2g). Correspondingly, the signals at �56.1,
�66.2, �90 and �120 ppm can be assigned to the characteristic reso-
nances of (SiO)2(OH)SiC (2T, δ ¼ �56.1 ppm), (SiO)3SiC (3T, δ ¼ �66.2
ppm), (OH)Si(OSi)3 (3Q, δ¼�90 ppm) and Si(OSi)4 (4Q, δ¼�120 ppm),
respectively. Additionally, the characteristic 1C, 2C, and 3C carbon spe-
cies of -Si-1CH2

2CH2
3CH2–S–S–S–S–3CH2

2CH2–
1CH2–Si- at 12.8, 22.3 and



Fig. 2. Characterization of Cur@HMON. (a–c) Representative TEM images of (a) MSN@MON, (b) HMON, and (c) Cur@HMON. (d–f) Representative SEM images of
(d) MSN@MON, (e) HMON, and (f) Cur@HMON, Scale bar ¼ 100 nm. (g, h) Solid-state (g) 29Si and (h) 13C CPMAS NMR spectra of HMON. (i) UV–vis absorption
spectra of Cur, HMON, and Cur@HMON. (j) N2 adsorption-desorption isotherms, (k) particle-size distributions and (l) Zeta potential of MSN@MON, HMON,
and Cur@HMON.
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41.5 ppm were also present in the 13C cross-polarization MAS (CPMAS)
solid-state NMR spectrum (Fig. 2h), which further indicates the molec-
ularly organic-inorganic hybrid framework of HMON.

To confirm the successful loading of Cur, the UV–vis absorption
spectra and Fourier transform infrared spectroscopy (FTIR) analysis were
conducted. Notably, a characteristic absorbance of Cur at 425 nm was
detected in the UV–vis absorption spectra of Cur@HMON when
comparing with HMON (Fig. 2i). Similarly, by comparing the FTIR
spectra of HMON and Cur@HMON, the prominent absorption at 1580-
1640 cm�1 was detected, which can be indexed as the characteristic
stretching vibration of C¼O in Cur (Fig. S2a). Furthermore, the obtained
Cur@HMON shows a much lower Brunauer-Emmett-Teller (BET) surface
area (347.1 m2⋅g�1) and pore volume (0.87 cm3⋅g�1) compared with
HMON (690.7 m2⋅g�1 and 2.26 cm3⋅g�1, respectively), which further
demonstrates the efficient encapsulation of Cur (Fig. 2j). As expected, no
obvious change was detected in the hydrodynamic diameters of
MSN@MON, HMON, and Cur@HMON (Fig. 2k). Typically, the surface
potential of MSN@MON was negative due to the exposure of abundant
Si–OH group, and the subsequent core etching and Cur loading further
6

decreased the zeta potential of the nanoparticles (Fig. 2l). To calculate
the drug encapsulation efficiency and loading capacity of HMON, the UV
absorbance of Cur in the supernatant collected in the drug-loading pro-
cess was detected. The Cur amount in supernatant solution was calcu-
lated to be 4.55 mg at a Cur/HMON feeding ratio of 0.2 (10 mg/50 mg),
and the corresponding drug encapsulation efficiency and loading ca-
pacity of HMON were determined to be 45.5% and 8.34% using UV–vis
spectroscopy, respectively (Fig. S2b).

To confine the Cur@HMON in tumor region, an CS/β-GP thermo-
sensitive hydrogel was constructed. By the vial-inverting method, the sol-
gel transfer behavior of hydrogel at specific temperature was demon-
strated (Figs. S3a–c). The irregular microporous knot and internal
framework of hydrogel made it possible to entrap nanoparticles in the
interconnected pore and block them diffuse freely (Fig. S4). Additionally,
with the increase of β-GP amount, the gelation time of CS/β-GP hydrogel
under body temperature (37 �C) and the fluid absorbed by hydrogel were
decreased gradually (Fig. 3a and b). In order to meet the requirement of
rapid phase transformation and appreciable strength simultaneously, CS
(2%)/β-GP (10%) hydrogel (gel) was selected for further investigation.



Fig. 3. Characteristics of CS/β-GP hydrogel. (a) Gelation time and (b) Water absorption behavior of series of CS/β-GP hydrogel with varied β-GP concentrations. (c)
Time- and (d) temperature-dependences of the storage (G0) and loss (G00) modulus of blank CS/β-GP hydrogel and Cur@HMON@gel at 37 �C. (e) The degradation
behavior of CS/β-GP hydrogel in vitro.
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To verify the injectability of the blank thermogel (gel) and Cur@H-
MON@gel in physiological environment (37 �C), the dynamic rheolog-
ical measurements were performed, and their exact gelation time was
determined to be 624 s and 707 s, respectively (Fig. 3c). The temperature
dependence of the storage/loss modulus of the blank gel and Cur@H-
MON@gel was also investigated and both of them demonstrated a
transformation from liquid status to elastic gel phase below 37 �C
(Fig. 3d). After immersing the gel-like matrix in the simulated body fluid
at 37 �C, no obvious change was monitored for more than a month
(Fig. 3e, Fig. S5), and there were only 26.38% of Cur@HMON@gel
degraded after 30 days, which guarantees to confine the nanoparticles in
tumor region and avoid adverse effects on normal tissues.
3.2. Controlled release of Cur and ROS generation upon US irradiation

To verify the on demand and controlled release behavior of
Cur@HMON@gel upon US irradiation, UV absorbance of Cur at 425 nm
was measured, which can be converted to the drug weight according to
the standard curve mentioned above. As expected, almost all Cur drug
7

molecules packaged in the dialysis bag spontaneously diffuse to the
medium in the first 2 h (96.8%). The release of Cur directly encapsulated
in gel was slightly retained without burst release due to the diffusion
barrier effect of gel, but the sustained release behavior cannot last for
longer than 2 h, expelling the large proportion of confined Cur at early US
irradiation time. By contrast, Cur loaded in HMON demonstrates a slow
and sustained low-dose release pattern for 6 h (31.8%), while Cur in
Cur@HMON@gel was well-confined in the matrix with negligible
leakage (4.6%). Interestingly, under US irradiation, Cur in Cur@H-
MON@gel demonstrated a pulsatile release pattern in the total six cycles
(Fig. 4a), consistent with the therapeutic requirement that controlled and
sustained drug release can be achieved upon external US triggering. The
intriguing drug-releasing behavior is triggered by the mechanical/cavi-
tation effect of US by breaking the interaction between Cur and organic-
inorganic molecularly hybrid framework of HMON [41].

Simultaneously, as a sonosensitizer, the typical ESR technology was
employed to verify the exact ROS generated in the SDT process upon US
irradiation under different conditions (Fig. 4b). The typical 1:1:1 triple
signal of the 2, 2, 6, 6-tetramethyl-1-piperidinyloxyl (TEMPO) free



Fig. 4. Cur-releasing behavior and ROS-generation performance of Cur@HMON@gel under US irradiation. (a) In vitro Cur release profiles under different
treatments, including Cur, Cur@HMON, Cur@gel and Cur@HMON@gel with or without US irradiation (1 MHz, 1.5 W⋅cm�2, 50% duty cycle, 1 min). (b) Electron spin
resonance (ESR) spectra of 1O2 under different conditions, including Cur and Cur@HMON@gel with or without US irradiation (1 MHz, 1.5 W⋅cm�2, 50% duty cycle, 1
min). (c, d) Fluorescence changes of SOSG (λex ¼ 488 nm, λem ¼ 525 nm) in the presence of (c) naked Cur and (d) Cur@HMON@gel under US irradiation of varied
durations. (e) Confocal laser scanning microscopy (CLSM) observation of RCC cells under different treatments, including Cur and Cur@HMON@gel with or without US
irradiation (1 MHz, 1.5 W⋅cm�2, 50% duty cycle, 1 min), (Scale bar ¼ 40 μm).
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Fig. 5. In vitro chemo-sonodynamic
therapeutic efficacy of Cur and
Cur@HMON@gel against 786-O cells.
(a, b) Cell viabilities of (a) 786-O cancer
cells and (b) HUVECs after incubation
with Cur and Cur@HMON@gel at
gradient concentrations. (c) Cell viabil-
ities of 786-O cells after different treat-
ments (including control, Cur, HMON,
gel and Cur@HMON@gel groups) with
or without US irradiation (US power
density ¼ 1.5 W⋅cm�2, US irradiation
duration ¼ 1.5 min). (d–f) Cell viabilities
of 786-O cells treated with chemo-
sonodynamic therapy under varied (d)
Cur concentrations (US intensity ¼ 1.5
W⋅cm2, US time ¼ 1.5 min), (e) US
power densities (Cur concentration ¼ 10
μg⋅mL�1, US time ¼ 1.5 min), and (f) US
irradiation durations (US intensity ¼ 1.5
W⋅cm�2, Cur concentration ¼ 10
μg⋅mL�1). (n ¼ 6, *p < 0.05, **p < 0.01,
and ***p < 0.001.). (g) CLSM observa-
tion and (h) flow cytometry analysis of
786-O cells after various treatments,
including control, Cur, Cur@HMON@-
gel, US only, Cur þ US, and Cur@H-
MON@gel þ US groups. Scale bar ¼ 40
μm.
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radical derived from conventional spin-trapping agent (2, 2, 6, 6-tetrame-
thylpiperidine, TEMP) is suggested to determine the generation of single
oxygen (1O2) [42,55]. Evidently, negligible signals of 1O2 can be detected
among groups with sensitizer- or US-triggering only, indicating that
neither is dispensable. Significantly, prominent signal intensity of 1O2
was observed in the Cur þ US and Cur@HMON@gel þ US group, due to
the formation of excited species under the specific sonoluminescence
mechanism. Subsequently, singlet oxygen sensor green (SOSG) reagent, a
specific probe for 1O2 [43], was applied to further semi-quantitatively
verify the 1O2 production (Fig. 4c and d). Though both of Cur@H-
MON@gel and Cur group clearly showed the dramatic increase in the
fluorescence intensity under prolonged US irradiation, faster decline was
achieved in Cur@HMON@gel group compared with Cur group. It is
speculated that Cur is a special sonosensitizer with photosensitive traits
[44,45], and unavoidable photolysis occurred in the experimental pro-
cess, resulting in a low availability of naked drug Cur.

Furthermore, the intracellular 1O2 generation was also verified by
using 20, 70-dichlorofluorodiacetate (DCFH-DA), a cell-permeable probe
to detect ROS, which can be converted to the fluorescent 20,70-dichlor-
ofluorescein (DCF) by ROS oxidation [37,46,47]. Consistent with the in
vitro ESR measurement, no obvious green fluorescence was observed
inside RCC cell (human renal clear cell carcinoma cell, 786-O cell line) in
all groups without US exposure, while significant DCF signal can be
detected in both Cur þ US (101.34 � 35.85 au) and Cur@HMON@gel þ
US (89.03 � 27.07 au) groups by CLSM observation (Fig. 4e), further
demonstrating the US-triggered ROS production. Especially, the moder-
ately weaker DCF fluorescence in Cur@HMON@gelþ US group than Cur
þ US group was due to the burst exposure of all sensitizers upon US
irradiation in free drug group but a sustained and controlled release of
Cur upon US irradiation in Cur@HMON@gel group, which is consistent
with the design for simultaneous pulsatile release of drug and ROS
generation.
3.3. In vitro chemo-sonodynamic therapy efficacy against cancer cells

As a hydrophobic agent, the cytotoxicity of Cur was investigated in
the aid of cosolvent dimethyl sulfoxide (DMSO) at a safe concentration
(0.01% in this work, Fig. S6) by employing the standard cell-counting kit
8 (CCK-8) assay. Initially, the cell viability of 786-O cell was obviously
inhibited by the naked drug Cur in a dose-dependent manner (Fig. 5a).
Fig. 6. In vitro bio-capability of CS/β-GP hydrogel. (a) The one-month weight gr
behavior of CS/β-GP hydrogel in vivo (30 min, 1 week, 2 weeks and 1 month). (c) His
tissue of the treated mice at 30 days after injection of CS/β-GP hydrogel. Scale bar
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When it comes to human umbilical vein endothelial cells (HUVECs), low
concentrations of Cur showed a cytoprotective action, while higher
concentrations (more than 20 μg⋅mL�1) were demonstrated to pro-
foundly inhibit the proliferation (Fig. 5b), which was consistent with
previous report [21,48]. Therefore, on demand and controlled Cur
release is highly required for killing cancer cells to avoiding drug toler-
ance, in the meantime, protecting normal tissue from the side effect of
Cur.

By embedding Cur-loaded HMON into thermogel, the nanoparticles
are well-confined in the framework without obvious leakage. After co-
incubation with these two cell lines (786-O and HUVECs), no signifi-
cant inhibitory effect was observed even at the lethal concentration
(Fig. 5a and b). The biocompatible and biosafe carrier and matrix showed
negligible inhibition to cancer cell proliferation, while the cell viability of
the naked drug group only remained 77% left. Under US irradiation, the
cell viability of Cur-containing groups decreased sharply (Fig. 5c) to the
same level, which demonstrates that the meticulously designed strategy
could achieve an efficient tumor cell-killing efficiency and simulta-
neously circumvent the limitation of naked drug via controlled release of
Cur and ROS generation. Especially, such a suppressive effect by
Cur@HMON@gel combined with US exposure presented the specific Cur
concentration-, US power intensity-, and US irradiation duration-
dependent manner (Fig. 5d–f) [41,49,50].

Furthermore, to intuitively determine the chemo-sonodynamic ther-
apeutic efficacy of Cur@HMON@gel combined with US triggering, both
CLSM observation and flow cytometry analysis were conducted (Fig. 5g
and h). In consistence with the ROS generation result, no obvious cell
death was observed in all groups without US exposure, while significant
cancer cell death could be detected both in Cur þ US and Cur@H-
MON@gel þ US groups.
3.4. In vivo chemo-sonodynamic therapy in eliminating residual tumor
after incomplete TA

The on-demand and controlled Cur-releasing behavior and ROS
generation efficacy of the constructed Cur@HMON@gel combined with
US exposure provide highly promising potential for unavoidable residual
RCC tumor elimination after incomplete TA. Initially, the in vivo
biocompatibility evaluation of CS/β-GP hydrogel was comprehensively
conducted on healthy male Kunming mice. There was no significant
owth curves of mice post-injected with CS/β-GP hydrogel. (b) The degradation
tological slices obtained from heart, liver, spleen, lung, kidney and adjacent skin
¼ 100 μm.



Fig. 7. In vivo chemo-sonodynamic therapeutic efficacy of Cur@HMON@gel in eliminating residual RCC after ILA. (a) The sagittal plane images of 3D-CEUS in
each treatment group at the beginning and end of the experiment period (white arrow show the border of tumor). Scale bar ¼ 2 mm. (b) The changes of normalized
tumor volumes of the mice in each treatment group (*p < 0.05, **p < 0.01, and ***p < 0.001. Two independent sample t-test was used). (c–h) Individual tumor
growth in volume (n ¼ 10) (i) Tumor inhibition rate in each treatment group. (j) The changes of body weight of the mice during treatment. (k) H&E staining, antigen
Ki67 and antigen Caspase-3 immunofluorescence staining of tumor sections from different groups. Scale bar ¼ 100 μm.
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body-weight loss observed after subcutaneous injection of hydrogel in
the right flank of mice compared with the control group administrated
with phosphate buffer solution (PBS) injection for one-month feeding
(Fig. 6a). During the whole evaluation period, the CS/β-GP hydrogel
sustainably maintained an elastic gel-like status, even though gradually
degraded (Fig. 6b), which guarantees the high accumulation of
Cur@HMON in tumor region and negligible impact on normal tissues.
Furthermore, the hematoxylin and eosin (H&E)-stained histological
sections of the main organs, including heart, liver, spleen, lung and
kidney, and skin tissues adjacent to hydrogel revealed no detectable
pathological signs at the end of evaluation (Fig. S7 and Fig. 6c), indi-
cating that CS/β-GP hydrogel features a high biocompatibility and low
systemic toxicity after in vivo administration.

Subsequently, to verify the chemo-sonodynamic therapeutic efficacy
of Cur@HMON@gel combined with US irradiation on mopping up the
residual tumor after ILA, the active tumor volume changes under
different treatments were monitored by 3D-CEUS, which can display the
viable tumor tissue in three-dimensional stereo form via visualizing blood
perfusion situation of tumor (Fig. 7a–h). Sixty 786-O tumor bearing mice
were divided into six groups, including control group, ILA group (ILA
only), ILA þ Cur group (intratumoral injection of Cur after ILA), ILA þ
Curþ US group (intratumoral injection of Cur followed by US irradiation
after ILA), ILA þ Cur@HMON@gel group (intratumoral injection of
Cur@HMON@gel after ILA) and ILA þ Cur@HMON@gel þ US group
(intratumoral injection of Cur@HMON@gel followed by US irradiation
after ILA). It is shown that the active tumor volume of ILA only group
increased sharply after treatment, which were even larger than that of the
control group. This phenomenon is due to the transient hypoxia condi-
tion after thermal treatment, which unfortunately, may lead to the high
expression of hypoxia-inducible factor 1 (HIF-1) and angiogenetic
growth factor, resulting in the following rapid growth of residual tumors
[51,52]. Although in ILA þ Cur and ILA þ Cur þ US groups, the tumor
growth were slightly inhibited by the burst diffusion of Cur and the
generation of ROS upon US irradiation at the initial stage, the residuals
kept their growth progress after the 3rd day of treatment. Comparatively,
obvious intratumoral necrosis was observed in Cur@HMON@gel þ US
group, and the residual RCC growth was significantly inhibited with a
tumor inhibition rate of 88.89% by chemo-sonodynamic therapy via
on-demand high dose release of Cur and ROS generation (Fig. 7i and
Fig. S8). On the contrary, the only injection of Cur@HMON@gel after ILA
made no difference to tumor process, which implied that the Cur@H-
MON was well-confined in the gel matrix with no effective dosage
leakage, thus avoiding the development of drug tolerance [53,54]. The
body-weight of mice presented no significant difference in each group
during the whole duration, and there was no obvious signs of damage and
inflammatory lesions in the H&E staining of the main organs (heart,
kidney, liver, spleen, lung, and skin tissue adjacent to tumor site) of mice
in ILA þ Cur@HMON@gel and ILA þ Cur@HMON@gel þ US groups,
further indicating the high biosafety of the constructed
chemo-sonodynamic therapeutic agent (Fig. 7j and Fig. S9).

To further understand the underlying biological mechanism of the
chemo-sonodynamic therapeutic efficacy by Cur@HMON@gel upon US
irradiation to eliminate residual RCC after incomplete TA, the tumor
sections at the end point of treatment cycle were collected and stained by
H&E, Cysteine aspartic acid proteinase 3 (Capase-3), and Rabbit mono-
clonal antibody against human proliferating nuclear antigen (Ki-67)
antibody (Fig. 7k). As observed from the top-ranking images, there
occurred characteristic necrosis phenomenon, such as collapsed cyto-
skeleton, chromatin condensation, nucleus disintegration and cell lysis,
in all treatment groups due to ILA. Additionally, the larger amount of
necrosis was captured in Capase-3 process in ILA þ Cur@HMON@gel þ
US group (Fig. 7k, middle-ranking images). Correspondingly, the tumor
cell proliferation was significantly inhibited in ILA þ Cur@HMON@gel
þ US group when compared with other groups (Fig. 7k, down-ranking
images), in consistent with the 3D-CEUS images, further suggesting the
tumor eradication effect of Cur@HMON@gel upon US irradiation by
12
promoting apoptosis and inhibiting cell proliferation of residual RCC
after ILA.

4. Conclusions

In summary, we have successfully developed an injectable thermo-
sensitive chemo-sonodynamic biomaterial platform by embedding Cur-
loaded HMON nanomedicine into biocompatible and biodegradable
CS/β-GP hydrogel, which integrates the on-demand and controlled drug-
releasing capability and ROS generation capacity together under the high
tissue-penetrating US irradiation. The drug-releasing behavior is trig-
gered by the mechanical/cavitation effect of US by breaking the inter-
action between Cur and organic-inorganic molecularly hybrid framework
of HMON, and the ROS generation is activated by the sonoluminescence
effect of US irradiation. Consequently, the high chemo-sonodynamic
therapeutic efficacy can be achieved to mop up the residue RCC tumor
after incomplete TA based on the high accumulation of Cur@HMON in
tumor region confined by the biocompatible and biodegradable ther-
mogel, which circumvents the risk of drug resistance from sustained low-
dose drug release and the side effect on normal tissue, as well as the
repeated administration of anti-tumor agents. Monitoring by the
emerging 3D-CEUS, it is highly expected to visually track the tumor
elimination process, which provides an alternative for rescuing the
incomplete TA and mopping up malignant tumors.
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