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Introduction: Sonodynamic therapy (SDT) has good targeting and non-invasive advantages 
in the treatment of solid cancers, and checkpoint blockade immunotherapy is also 
a promising treatment to cure cancer. However, their antitumor effects are not sufficient 
due to some inherent factors. Some studies that combined SDT with immunotherapy or 
nanoparticles have managed to enhance its efficiency to treat cancers.
Methods: In this work, an effective therapeutic strategy that can potentiate the antitumor 
efficacy of anti-PD-L1 antibody (aPD-L1) is developed by the use of cascade immuno- 
sonodynamic therapy (immuno-SDT). Titanium dioxide (TiO2), a nanostructured agent for 
SDT, sonosensitizer Chlorin e6 (Ce6), and immunological adjuvant CpG oligonucleotide 
(CpG ODN), are used to construct a multifunctional nanosonosensitizer (TiO2-Ce6-CpG). 
Then, we conducted in vitro and in vivo experiments to explore the antitumor effect of TiO2- 
Ce6-CpG under ultrasound (US) treatment.
Results: The characterization tests showed that the nanosonosensitizers are polycrystalline 
structure with homogeneous sizes, resulting in a good drug loading efficiency. The innova-
tive nanosonosensitizers (TiO2-Ce6-CpG) can not only effectively inhibit tumor growth but 
also stimulate the immune system to activate the adaptive immune responses, using the TiO2- 
Ce6 to augment SDT and the immune adjuvant CpG to enhance the immune response. After 
combined with the aPD-L1, the synergistic effect could not only efficiently inhibit the 
primary tumor growth but also lead to an inhibition of the non-irradiated pre-existing distant 
tumors by inducing a strong tumor-specific immune response.
Conclusion: In this study, we present an effective strategy for tumor treatment by combin-
ing nanosonosensitizer-augmented SDT and aPD-L1 checkpoint blockade. This work pro-
vides a promising strategy and offers a new vision for treating malignant tumors.
Keywords: cancer immunotherapy, sonodynamic therapy, titanium dioxide nanoparticles, 
sonosensitizer, checkpoint blockade

Introduction
Cancer is still one of the most fatal threats to human health in the world nowadays.1,2 

Conventional standard cancer treatment protocols, such as surgery, radiotherapy, and 
chemotherapy, are all unsatisfied to fight against cancer and have several inevitable side 
effects, including immune system impairment, adverse drug reactions, high cost and 
patient intolerance.3–7 Therefore, exploring other efficient therapeutic modalities with 
high specificities and low toxicities is urgently expected to eradicate malignant tumors, 
especially their metastases, and further prevent their recurrence. In recent years, various 
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research has been performed on the complicated interactions 
between cancers and the immune systems, and immunother-
apy has shown high potentials in treating some patients with 
advanced or metastatic tumors.8–10 Among the different 
kinds of cancer immunotherapies, checkpoint blockade 
immunotherapy using different antibodies, like anti-PD-1 
antibody (aPD-1) and anti-PD-L1 antibody (aPD-L1), has 
become a first-line treatment option for some multiple solid 
tumors.11–13 However, only a small number of patients 
respond to checkpoint inhibition (the response rates range 
from 10% to 40% for most cancer types) because of its 
dependence on the pre-existence of tumor-infiltrating CD8+ 

T cells, which limit its broad clinical application.14–17 

Therefore, strategies that can induce tumor microenviron-
ments to increase T cell infiltration would be promising 
ways to sensitize primary or metastatic tumors to checkpoint 
immunotherapy and increase response rates.

Sonodynamic therapy (SDT), based on ultrasound 
(US), is a non-invasive therapeutic modality that has 
been shown to induce antitumor immunity.18–20 As one 
of the emerging therapeutic modalities, unlike some tradi-
tional or other promising therapeutic procedures (ie, 
radiotherapy,4 chemotherapy,5 photodynamic therapy 
(PDT)21,22 and photothermal therapy (PTT)23,24), SDT is 
featured with sufficient tissue-penetrating depth, high ther-
apeutic efficiency, mitigating side effects and low cost, 
which makes it specific for treating some patients with 
tumors in deep positions that are challenging to access 
surgically.25,26 The therapeutic mechanism of SDT gener-
ally involves the sono-cavitation effect using sonosensiti-
zers and the production of highly toxic reactive oxygen 
species (ROS), predominantly the singlet oxygen (1O2), 
which kills cancer cells directly by inducing necrosis or 
apoptosis, also known as immunogenic cell death (ICD), 
and indirectly by damaging vessels or inhibiting neovas-
cularization in tumor tissues and producing tumor-specific 
immunity.21,27,28 Although tumor-associated antigens like 
peptides or proteins may induce antitumor immune effects 
under the help of immunologic adjuvants, the existing 
heterogeneity of patients limits their clinical 
application.29 Besides, previous studies showed that debris 
from tumor tissues could serve as tumor-associated anti-
gens by using SDT modality to elicit host immune 
response.18,30 However, the immune-oriented efficacy of 
SDT alone is not yet particularly robust to suppress pri-
mary tumor growth and metastasis.30 Therefore, develop-
ing a new strategy that is sufficiently strong and highly 
efficient for cancer immunotherapy is necessary.

Herein, we report, on the rational design and construction 
of a multifunctional nanosonosensitizer (TiO2-Ce6-CpG) 
with the encapsulated sonosensitizers and immunological 
adjuvant for high efficient cancer immunotherapy, which 
has been systematically evaluated and demonstrated by 
both in vitro and in vivo experiments. Titanium dioxide 
(TiO2) is one of the most studied sensitizers in nanostructured 
material science for PDT and SDT and is non-toxic to live 
cells due to the advantages of chemical inertness and long- 
term stability under physiological conditions.31–33 Although 
pure TiO2 nanoparticles (TiO2 NPs) are proven to generate 
ROS under US irradiation effectively, the quantum yield of 
the ROS production is low.34 To improve the ability of TiO2 

NPs as a nanosonosensitizer for SDT, it is used as a carrier to 
load Chlorin e6 (Ce6) and CpG oligonucleotide (CpG ODN) 
to enhance the immune response. Ce6 is a hydrophilic sono-
sensitizer derived from porphyrin, which has been shown to 
accumulate more effectively in tumors, and could be acti-
vated to produce a quantity of ROS to induce apoptosis and 
necrosis of the tumor cells by the US.35 CpG ODN is an 
immunological adjuvant that can induce cellular immune 
responses through the activation of Toll-like receptor 9 
(TLR9) and acts as an immunostimulant to enhance the 
anticancer activity of a variety of cancer treatments.36 Upon 
SDT of primary tumors injected with TiO2-Ce6-CpG, the 
released tumor-associated antigens could demonstrate vac-
cine-like functions together with CpG adjuvant, which can 
activate dendritic cells (DCs) and increase tumor-infiltrating 
CD8+ T cells to tumor tissues, generating a robust antitumor 
immunological response. Inspired by this result, the cascade 
immuno-SDT was further combined with aPD-L1 check-
point blockade therapy, which could not only efficiently 
inhibit the primary tumor growth but also lead to an inhibi-
tion of the non-irradiated pre-existing distant tumors via 
a significant abscopal effect (Figure 1), indicating the poten-
tiated effectiveness of checkpoint blockade antibodies.

Materials and Methods
Materials and Reagents
Titanium dioxide (TiO2) nanoparticles and Chlorin e6 
(Ce6) were purchased from Sigma-Aldrich. CpG oligonu-
cleotide (ODN) and FITC-labeled CpG were purchased 
from Invivogen. 1,3-diphenylisobenzofuran (DPBF) and 
2′,7′-dichlorofluorescein diacetate (DCF-DA) were 
obtained from Sigma-Aldrich. 4ʹ,6-diamidino-2-phenylin-
dole was obtained from Beyotime Biotechnology. Anti-PD 
-L1 (aPd-L1), anti-CD11c and anti-CD86 antibodies were 
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purchased from Invivogen. Tumor necrosis factor-α (TNF- 
α) and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) were obtained from Sigma-Aldrich. For cell 
culture, RPMI-1640, DMEM, trypsin-EDTA, and fetal 
bovine serum (FBS) were purchased from Invivogen. All 
ELISA Kit was purchased from Sigma-Aldrich. All che-
micals were of analytical grade and no further purification 
was required.

Preparation of TiO2-Ce6-CpG 
Nanosonosensitizers
Briefly, 1mg TiO2 nanoparticles were dispersed in ultra-
pure water (1mL) to prepare the working stock solution. 
After sonicated at 50W on ice for 2 min, 20 ug/mL CpG 
adjuvant or FITC-labeled CpG adjuvant was added in the 
TiO2 solution. The mixture was then centrifuged at 
1000 rpm. After 10 min, the supernatant was removed 
to collect the precipitate. Then, the ultrapure water and 
sonosensitizer Ce6 were added into the precipitate and 
the final concentration of Ce6 was 200 ug/mL. After 
sonicated on ice at 30 W for 2 min and incubated in 

a shaker for 2–3 h at room temperature, the above mixed 
solution was centrifuged at 1000 rpm for 10 min, and 
then the supernatant was removed. The newly obtained 
precipitate was washed twice with ultrapure water and 
centrifuged again to get TiO2-Ce6-CpG nanosonosensiti-
zers successfully. Ultimately, TiO2-Ce6-CpG nanosono-
sensitizers were suspended in ultrapure water to different 
concentrations for the following use.

Physicochemical Characterization
The dynamic particle size and zeta potential of TiO2-Ce6- 
CpG were measured by dynamic light scattering (DLS) 
(NanoZS 90, Malvern, USA). The morphology and structure 
of nanosonosensitizer were observed by transmission elec-
tron microscopy (TEM) (Tecnai G2 Spirit BioTwin, FEI, 
USA). To test the encapsulation efficiency (EE), Ce6 and 
CpG in the nanosonosensitizer were respectively detected by 
UV-vis-near-infrared spectroscopy (UV-vis-NIR, Cary 5000, 
Agilent, USA) to calculate the EE as the formula: EE (%) = 
((weight of loaded drug)/(weight of initially added drug)) × 
100. Accordingly, the drug loading (DL) was calculated as 

Figure 1 Schematic illustration of antitumor immunity induced by combined noninvasive SDT with nanosonosensitizers and checkpoint blockade for effective cancer 
immunotherapy. SDT of nanosonosensitizers (TiO2-Ce6-CpG) induces ICD at the primary tumor site, leading to the release of tumor-associated antigens. The antigens 
activate DCs, and then elicit the proliferation of tumor-specific cytotoxic CD8+ T cells. Combined with PD-L1 checkpoint blockade, the SDT of nanosonosensitizers can 
result in not only tumor eradication in the primary sites but also a systemic antitumor immune response to reject distant tumors.
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the formula: DL (%) = ((weight of loaded drug)/(weight of 
nanosonosensitizer)) × 100.

Cell Culture
A murine hepatoma cell line Hepa1-6 was obtained from 
the Shanghai Institute of Cell Bank (Shanghai, China) and 
cultured in DMEM containing 10% FBS, 100 U penicillin 
and 100 U streptomycin. The cells were cultured in an 
incubator (Thermo Fisher Scientific) at 37°C under 
a humidified atmosphere containing 5% CO2.

Cell Viability Assay
The cytotoxicity of nanosonosensitizers was tested using 
a colorimetric assay with Cell Counting Kit-8 (CCK-8). 2 
× 104 hepa1-6 cells were respectively seeded in a 96-well 
flat-bottomed plate and incubated for 32 h. After washing 
with PBS, the cells were replenished with nanosonosensi-
tizers at various concentrations (0, 20, 40, 60, 100 and 120 
μg/mL) and coincubated for 24 h. Then, the medium was 
withdrawn, and fresh RPMI-1640 medium, together with 
CCK-8, was added to each well. After incubated for 2 h, 
the absorbance of each well was evaluated by fluorescence 
analysis using a microplate reader (Varioskan LUX, 
Thermo, USA) at a wavelength of 450 nm. Accordingly, 
the cell viability was calculated by measuring OD values 
deducting the blank.

Tumor Cellular Uptake of TiO2-Ce6-CpG 
Nanosonosensitizers
The tumor intracellular endocytosis was observed using 
confocal laser scanning microscopy (CLSM) (LSM780, 
Carl Zeiss, Germany). 1 × 105 hepa1-6 cells were respec-
tively seeded in a CLSM-specific culture dishes and incu-
bated for 32 h at 37°C. The culture media was then 
replaced with FITC-labeled TiO2-Ce6-CpG nanosonosen-
sitizers (1 mL, 30 μg/mL in DMEM) and further incubated 
for 12 h. Next, the DAPI was added into the culture dishes 
to stain the cell nuclei for 20 min. Finally, the tumor cells 
were washed with PBS four times for CLSM observation.

Extracellular ROS Generation
The extracellular ROS generation was evaluated by che-
mical oxidation of 1.3-diphenylisobenzofuran (DPBF) 
using UV-vis-near-infrared spectroscopy (UV-vis-NIR, 
Cary 5000, Agilent, USA) at different time points. 
Briefly, DPBF (2 mg/mL) dissolved in acetonitrile was 
added into various test sample solutions with an identical 

concentration of 100 μg/mL in a 96-well plate in triplicate. 
The mixture was then irradiated by US (US frequency: 1.0 
MHz, duty cycle: 50%, power density: 1.0 W/cm2, time 
duration: 4 min). The control group was prepared with 
deionized water (200 μL) and acetonitrile (2 μL).

Intracellular ROS Production
To detect intracellular 1O2 generation, 2′,7′- 
dichlorofluorescein diacetate (DCF-DA) was used as 
a redox fluorescence probe. In brief, hepa1-6 cells were 
seeded in 35 mm cell-culture dishes at a density of 4 × 105 

cells per dish. After 24 h, the medium containing nanoso-
nosensitizers (80 μg/mL) were added into each dish and 
incubated for 5 h at 37°C. Then, the culture media was 
replaced by DCF-DA and co-incubated for 30 min. 
Finally, the cells were washed with PBS three times before 
exposed to US irradiation (US frequency: 1.0 MHz, duty 
cycle: 50%, power density: 1.0 W/cm2, time duration: 4 
min), and then visualized by CLSM.

In vitro Sonotoxicity Assay
Hepa1-6 cells were seeded in 96-well plates (2 × 104 cells per 
well) in RPMI-1640 medium and incubated for 32 h to allow 
the cells to adhere to the plates. Then, nanosonosensitizers 
with the same concentration of 100 μg/mL were added into 
each well. After co-incubation with cells for 24 h, the cells 
were washed with PBS and replenished with RPMI-1640 or 
DMEM medium. Ultimately, the above-treated cells were 
irradiated by US (US frequency: 1.0 MHz, duty cycle: 50%, 
power density: 1.0 W/cm2, time duration: 4 min), and then 
MTT agents were added to the medium in each well, and the 
cell viability was analyzed by using a microplate reader.

In vitro DC Stimulation Experiment
Bone marrow-derived DC (BMDC) obtained from 
8-week-old BALB/c mice were cultured according to an 
established method.37 In brief, the bone marrow was har-
vested using RPMI-1640 medium containing 10% FBS 
and 50 μM 2-mercaptoethanol to flush the femur and 
tibia. After lysis of the red blood cells, the cells were 
seeded in 60 mm bacteria-culture dishes at a density of 1 
× 106 cells per dish. Each dish contained 3 mL medium 
with 20 ng/mL GM-CSF. On day 3, another 3 mL medium 
containing 20 ng/mL GM-CSF was added into the dishes. 
Then, half of the culture supernatant was gathered and 
centrifuged on days 6 and 8. The cell pellet was redis-
persed in 3 mL fresh medium containing 20 ng/mL GM- 
CSF and added into the original dish again. On day 10, the 
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BMDCs were obtained. BMDCs were then incubated with 
four different groups (TiO2-Ce6-CpG, TiO2, TiO2+Ce6, 
free CpG) containing identical amounts of Ce6 and CpG. 
72 h later, anti-CD11c and anti-CD86 antibodies were 
used to stain DCs, and cells were further detected by 
using flow cytometry (LSRFortessa, BD, USA). The 
inflammatory cytokines (tumor necrosis factor-α (TNF- 
α)) in culture supernatant were quantitatively measured 
for evaluating DC maturation with enzyme-linked immu-
nosorbent assay (ELISA) kits based on vendors’ protocols.

In vivo Combined Treatments for Cancer 
Immunotherapy
All female C57BL/6 mice (6–8 weeks) were purchased 
from the Shanghai Laboratory Animal Center of the 
Chinese Academy of Sciences (SLACCAS) and housed 
in a suitable environment. All in vivo experiments were 
performed in accordance with the Guide for the Care and 
Use of Laboratory Animals (8th edition, International 
Publication No: 978-0-309-15,400–0) and conducted 
under the protocols approved by Xiamen University 
Laboratory Animal Center. Sterilized food and distilled 
water were available for the mice ad libitum. For the first 
tumor inoculation, hepa1-6 cells (5 × 106) mixed with 
matrix gels were subcutaneously injected into the right 
flank of each female C57BL/6 mouse. For the second 
tumor inoculation, which was performed 6 days later, 
hepa1-6 cells (5 × 106) mixed with matrix gels were 
subcutaneously injected into the left flank of each female 
C57BL/6 mouse. The tumor volume was calculated 
according to the following formula: (width2 × length)/2. 
Then, these tumor-bearing mice were randomly divided 
into seven groups (n = 6), including: (1) PBS, (2) US, (3) 
TiO2-CpG + aPD-L1 + US, (4) TiO2-Ce6 + aPD-L1 + US, 
(5) TiO2-Ce6-CpG + US, (6) TiO2-Ce6-CpG + aPD-L1, 
(7) TiO2-Ce6-CpG + aPD-L1 + US. On the 9th day, dif-
ferent formulations were intratumorally (i.t.) injected into 
the first tumors on the right flank of each mouse. On day 
10, some groups were executed the same parameters of US 
irradiations (US frequency: 1.0 MHz, duty cycle: 50%, 
power density: 2.0 W/cm2; time duration: 7 min), and anti- 
PD-L1 antibodies were administered at the dose of 50 μg/ 
mouse. To evaluate antitumor effect of the combined treat-
ments, at the end of the study, mice were killed, and 
tumors were removed, collected and centrifuged for 
further analysis of mature DCs and CD8+ T cells using 

flow cytometry. In addition, the blood samples of mice 
were also collected for analysis of the routine and bio-
chemistry to evaluate the biosafety of nanosonosensitizers.

Statistical Analysis
All statistical analyses were performed with SPSS 25.0 
software. All experiment results were from at least three 
independent measurements (n≥3) and data were presented 
as the mean ± standard deviation (SD). Student’s t-test or 
Mann–Whitney U-test was applied to compare different 
groups. The level of significance was marked as: *P < 
0.05, **P < 0.01.

Results and Discussion
Preparation and Characterization of TiO2 

-Ce6-CpG
Hydrophilized TiO2 NPs were used as nanoplatforms 
and decorated by sonosensitizers (Ce6) and immune 
adjuvants CpG ODN based on the ionic bond and elec-
trostatic adsorption. The obtained nanosonosensitizers 
(TiO2-Ce6-CpG) were showed polycrystalline structure 
with homogeneous sizes according to TEM image 
(Figure 2A). The average hydrodynamic sizes of TiO2 

NPs and nanosonosensitizers were ~65 ± 41.6 nm and 
~79 ± 47.7 nm as measured by DLS, respectively, sug-
gesting that the thickness of the decorated layer was 
about 14 nm (Figure 2B). The zeta potentials of TiO2 

NPs, TiO2-CpG and nanosonosensitizers were ~15.4 ± 
3.1 mV, ~4.5 ± 0.7 mV and ~ −12.6 ± 1.8 mV, indicat-
ing the successful combination of Ce6 and CpG ODN 
onto the surface of TiO2 NPs (Figure 2C). The encap-
sulation rate of CpG is close to 100%, while the encap-
sulation rate of Ce6 is 43.7 ± 3.8%, and the drug 
loading of CpG and Ce6 is 8.5 ± 2.3% and 5.6 ± 
1.2%, respectively.

In vitro Cytotoxicity Assessments
The biocompatibility of different concentrations of nanoso-
nosensitizers was evaluated on hepa1-6 cells by 
a colorimetric assay using CCK-8. As shown in Figure 2D, 
cells incubated with various concentrations of TiO2-Ce6- 
CpG for 24 h were mostly viable even at the dose of 200 
µg/mL, suggesting that nanosonosensitizers were not cyto-
toxic to cells and possessed excellent biocompatibility.
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Cellular Uptake of Nanosonosensitizers 
in vitro
The cellular uptake behaviors of nanosonosensitizers were 
observed using hepa1-6 liver cancer cells, in which the 
red, green and blue colors represent Ce6, CpG and DAPI, 
respectively (Figure 3A). CLSM images showed that TiO2 

-Ce6-CpG had an efficient internalization into the cells, 
implying that nanosonosensitizers could permeabilize the 
cell membrane.

In vitro ROS Generation
To detect in vitro ROS generation by nanosonosensitizers 
under the US irradiation, DPBF degradation assay was 
employed to quantitatively analyze the production of 1O2. 
As shown in Figure 3B, DPBF had only a small fluorescence 
drop in the presence of TiO2 NPs or Ce6 alone. However, in 
the group of TiO2-Ce6-CpG, the amount of fluorescence was 
demonstrated significant reduction as the US irradiation time 
increased, indicating that DPBF was consumed quickly by 
ROS produced by nanosonosensitizers under US irradiation. 
The results of the efficient 1O2 production suggested that 

SDT-based therapeutic outcomes would be useful to fight 
against tumors.

In vitro Antitumor Effect of SDT Using 
Nanosonosensitizers
The antitumor effect of TiO2-Ce6-CpG was assessed by 
in vitro MTT assay in liver cancer cells (hepa1-6) 
(Figure 3C). Nanosonosensitizers showed a higher antic-
ancer effect than TiO2 NPs or free Ce6 in tumor cells, 
which might be due to synergistic enhancement effects 
of the sonosensitizers TiO2 NPs and Ce6. Moreover, as 
the time of US irradiation prolonged, stronger cytotoxi-
city was observed. Therefore, compared to other groups 
with the same sample concentrations, the combination of 
nanosonosensitizers and US had a significantly better 
efficacy to kill tumor cells.

Intracellular ROS Measurement
To identify whether the antitumor effect of TiO2-Ce6-CpG 
under US irradiation originated from the production of ROS, 
we applied a high-sensitive fluorescent probe (DCF-DA) to 

Figure 2 Characterizations and in vitro cytotoxicity of the nanosonosensitizers. (A) TEM image of TiO2-Ce6-CpG nanosonosensitizers (scale bar = 100 nm). (B) 
Hydrodynamic diameters of nanosonosensitisers measured by DLS. (C) Zeta potential of TiO2, TiO2-CpG and TiO2-Ce6-CpG, error bars are based on SD (n = 3). (D) 
Relative viabilities of hepa1-6 cells after incubated with different concentrations of TiO2-Ce6-CpG nanosonosensitizers. *P < 0.05.
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reveal its mechanism (Supplementary Figure 1 and Figure 2). 
DCF-DA was nonfluorescent and it could be oxidized to 
fluorescent DCF by intracellular ROS. These results indi-
cated that nanosonosensitizers were able to generate intracel-
lular ROS under the US irradiation to cause cytotoxic effects 
and further induce the death of tumor cells.

In vitro DC Activation
To further investigate the function of the component of 
CpG ODN in nanosonosensitizers as an immune adjuvant 
to induce immune response after SDT, flow cytometry was 
performed to analyze the maturation of DCs. DCs are one 
of the most important types of antigen-presenting cells and 
play crucial roles in the process of innate and adaptive 

immunities.38 Once exposure to the antigens, the immature 
DCs will engulf the antigens and then process them into 
peptides when migrating to the near lymph nodes. 
Afterward, the immature DCs will become maturation 
and present the major histocompatibility complex (MHC) 
peptide to the naive T cell.39 Therefore, the immunological 
effects of TiO2-Ce6-CpG towards BMDCs were assessed 
by analyzing the upregulations of co-stimulatory mole-
cules CD11c and CD86, which are the representative mar-
kers for DC maturation. It was found that TiO2-Ce6-CpG 
nanosonosensitizers could significantly promote in vitro 
DC maturation compared with free CpG ODN at the 
same dose. Simultaneously, there was no apparent 
immune-stimulation effect on DCs in the group of TiO2 

Figure 3 In vitro cellular uptake, ROS generation, antitumor effect and immune response of TiO2-Ce6-CpG nanosonosensitizers. (A) CLSM images of hepa1-6 cells after 
incubation with nanosonosensitizers (scale bar = 15 μm). Nuclei were stained with DAPI. (B) DPBF absorption of TiO2, Ce6 and TiO2-Ce6-CpG under US irradiation. (C) 
Relative viability of hepa1-6 cells after different treatments, detected by MTT assay. (D–E) Quantification of the level of DC maturation (D) and the secretion of TNF-α (E) in 
DC suspensions. Data are expressed as means ± SD (n = 3). *P < 0.05, **P < 0.01.
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NPs or TiO2-Ce6 (Figure 3D). This result also indicated 
the presence of CpG ODN in TiO2-Ce6-CpG 
nanosonosensitizers.

Cytokine secretion is another important indication of 
immune responses.40 Thus, TNF-α, a crucial marker in the 
activation of cellular immunity, was employed to analyze 
the level of DCs by ELISA.24,41 Consistent with the afore-
mentioned DC maturation results, a significantly higher 
level of TNF-α was observed by using TiO2-Ce6-CpG 
nanosonosensitizers (Figure 3E), further demonstrated 
that CpG ODN could enhance the immune response. 
Therefore, this novel nanosonosensitizer could be used as 
the immune-stimulating adjuvant and efficiently activated 
the DC maturation.

In vivo Antitumor Effect of Combined 
SDT and Immunotherapy
To study the synergistic therapeutic effect of the combina-
tion of nanosonosensitizers-augmented SDT and PD-L1 
blockade on primary and metastatic tumors, a bilaterally 
bearing subcutaneous hepa1-6 tumor model was applied. 
The design of our experimental animal process is shown in 
Figure 4A. The liver cancer cells were inoculated on the 
right flank of each mouse as the primary tumor. Six days 
later, the second tumor was inoculated on the same mouse’s 

left flank as an artificial model of metastasis. Before the 
therapeutic experiment, TiO2-Ce6-CpG nanosonosensitizers 
were injected into the first tumors on day 9. The 
following day, the area of the first tumors was treated with 
US irradiation twice at 24 h and 48 h. Afterward, mice were 
intravenously (i.v.) injected with aPD-L1 at doses of 50 μg 
per mouse twice a week for a total of two weeks. The growth 
of bilateral tumors in different groups was measured by 
a caliper every other day, and the treatment results are 
summarized in Figure 4B and C. Notably, TiO2-Ce6-CpG 
nanosonosensitizers-augmented SDT, in combination with 
PD-L1 blockade, could not only efficiently suppress the 
primary tumor but also significantly inhibit the growth of 
the distant tumor. To further evaluate the survival outcomes 
of combined treatment of nanosonosensitizers-augmented 
SDT and aPD-L1, the tumor-bearing mice were closely 
monitored after various treatments. We found mice could 
survive greatly longer for more than 80 days after SDT plus 
aPD-L1 therapy, in significant contrast to mice in the other 
six control groups, all of which died within 35–55 days 
(Figure 4D). These encouraging results suggest that such 
combined therapy of SDT and non-specific immunotherapy 
could improve cancer treatment effectively.

In order to show the biosafety of this combined treat-
ment, the evaluation of the potential harmful effect to 

Figure 4 Antitumor effect of nanosonosensitizers-augmented SDT plus PD-L1 blockade immunotherapy in subcutaneous tumor models. (A) Schematic illustration of TiO2- 
Ce6-CpG-based SDT and aPD-L1 combination therapy to inhibit tumor growth at distant sites. (B–C) Primary (B) and distant (C) tumor growth curves of different groups 
of tumor-bearing mice (n = 6) after various treatments as indicated in the figure. (D) Morbidity-free survival of different groups of mice-bearing subcutaneous hepa1-6 
tumors after the indicated treatments (n = 7), statistical significance was calculated via the Log rank test. Data are presented as means ± SD. *P < 0.05.
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normal organs was performed. The serum biochemistry 
and blood routine assays were conducted on the tumor- 
bearing mice after receiving combined treatments. It was 
observed that there were no significant differences of all 
the measured indicators between the treated groups and the 
healthy control (Supplementary Fig. 3–5), indicating that 
the mice could tolerate such a boosted antitumor immunity 
of nanosonosensitizers-augmented SDT plus aPD-L1.

Furthermore, to better understand the underlying 
mechanism behind the antitumor effect, we investigated the 
abundance of the immune cells (including mature DCs and 
CD8+ T cells) in the primary and secondary tumor tissues 
posttreatment. As is well known, DC maturation is critical 
for antigen presentation to T cells, thus promoting the infil-
tration of cytotoxic CD8+ T cells in tumor. We first examined 
the population of mature DC in both primary and distant 
tumors after various treatments by flow cytometry. As is 
shown in Figure 5A and B, treatment with TiO2-Ce6-CpG 
+ US + aPD-L1 could significantly enhance the amount of 
mature DC in bilateral tumors, whereas the phenomenon was 
not found in the groups of TiO2-Ce6-CpG + US or TiO2-Ce6 
-CpG + aPD-L1. Then, the intratumoral infiltration of cyto-
toxic CD8+ T cells in both primary and secondary tumors 
was further analyzed and the similar results were observed 
(Figure 5C, D and Supplementary Figure 6). The treatment 
with TiO2-Ce6-CpG + US + aPD-L1 also dramatically 
increased the quantity of CD8+ T cells in both tumors. 

These interesting findings verified that combined treatment 
could not only have synergistic therapeutic effect but also 
potentiate the infiltration of tumor-specific cytotoxic CD8+ 

T cells, thereby eliciting systematic anti-cancer immunity to 
kill the distant tumor cells, as is illustrated in Figure 1.

Conclusion
In summary, we have successfully developed an effective 
strategy for tumor treatment by combining nanosonosensiti-
zer-augmented SDT and aPD-L1 checkpoint blockade. The 
innovative nanosonosensitizers (TiO2-Ce6-CpG) can not only 
effectively inhibit tumor growth but also stimulate the 
immune system to activate the adaptive immune responses, 
using the TiO2-Ce6 to augment SDT and the immune adju-
vant CpG to enhance the immune response. When combined 
with blockade of PD-L1, SDT of this nanosonosensitizer 
showed superior inhibitory activity against primary and meta-
static tumors in the bilateral subcutaneous mouse model of 
liver cancer. These delightful results would be attributed to 
the generation of systematic anti-cancer immunity, including 
the activated maturation of DCs and effective stimulation of 
cytotoxic CD8+ T cells. Collectively, this promising strategy 
offers a new vision for treating malignant tumors.
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