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A B S T R A C T   

Breaking the poor permeability of immune checkpoint inhibitors (ICIs) caused by the stromal barrier and 
reversing the immunosuppressive microenvironment are significant challenges in pancreatic cancer immuno-
therapy. In this study, we synthesized core-shell Fe3O4@TiO2 nanoparticles to act as carriers for loading VISTA 
monoclonal antibodies to form Fe3O4@TiO2@VISTAmAb (FTV). The nanoparticles are designed to target the 
overexpressed ICIs VISTA in pancreatic cancer, aiming to improve magnetic resonance imaging-guided sono-
dynamic therapy (SDT)-facilitated immunotherapy. Laser confocal microscopy and flow cytometry results 
demonstrate that FTV nanoparticles are specifically recognized and phagocytosed by Panc-2 cells. In vivo ex-
periments reveal that ultrasound-triggered TiO2 SDT can induce tumor immunogenic cell death (ICD) and recruit 
T-cell infiltration within the tumor microenvironment by releasing damage-associated molecular patterns 
(DAMPs). Furthermore, ultrasound loosens the dense fibrous stroma surrounding the pancreatic tumor and in-
creases vascular density, facilitating immune therapeutic efficiency. In summary, our study demonstrates that 
FTV nanoparticles hold great promise for synergistic SDT and immunotherapy in pancreatic cancer.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDCA) is a malignant tumor 
known for its subtle onset and extremely unfavorable treatment out-
comes and prognosis [1–3]. With the emergence of immunotherapy, 
immune checkpoint therapy presents distinctive advantages, offering 
novel avenues for treating PDACs. It has been confirmed that PDACs 
express a range of immune checkpoints involved in immune escape, 

including PD-1, PD-L1, CTLA-4, and VISTA. Notably, VISTA exhibits 
significantly higher expression levels in cancer cells and stromal cells in 
PDACs than PD-1/PD-L1, and it is also highly expressed in the tumor 
microenvironment and metastatic lymph nodes [4,5]. In recent years, 
the pre-clinical activity of CA-170, a novel dual inhibitor of VISTA and 
PD-L1, has been investigated [6,7]. Administration of CA-170 in patients 
with advanced solid cancers has shown a clinical benefit rate. Specif-
ically, in lung cancer patients, this medication has shown significant 
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improvement in progression-free survival [8]. Given to the immuno-
suppressive properties of VISTA, treatment with VISTA antibodies not 
only significantly prolonged the survival of pancreatic cancer-bearing 
mice but also clinical trials revealed a negative correlation between 
VISTA expression levels and survival in patients with primary PDACs 
[4]. Hence, VISTA emerges as a highly promising target for immune 
checkpoint therapy in PDACs. 

Nevertheless, the substantial presence of dense fibrous stroma 
encircling PDACs impedes the effective infiltration of therapeutic VISTA 
antibodies. Furthermore, this fibrous stroma is pivotal for facilitating 
immune escape within PDACs [9,10]. In pancreatic cancer, dendritic 
cells often exhibit an immature phenotype and sparsely distribute in the 
tumor microenvironment, which hinders the process of antigen recog-
nition and subsequently diminishes the activation of T cells [11]. These 
factors could potentially restrict the application of VISTA in the clinical 
treatment of pancreatic cancer. Hence, a formidable challenge in 
treating pancreatic cancer lies in surmounting the formidable barrier 
posed by the dense fibrous stroma, which could enhance VISTA antibody 
accumulation and promote T-cells infiltrating the microenvironment 
[10,12,13]. 

Therefore, choosing the practical approach to break the stromal 
barrier, increase the immune checkpoint inhibitors (ICIs) concentration, 
and reverse the immunosuppressive is the current hot spot in immune 
therapy of PDACs. Mechanical forces such as local thermal ablation and 
focused ultrasound can loosen the fibrous stroma barrier of PDACs, 
thereby enhancing the intra-tumoral penetration of drugs [14,15]. Our 
recent research findings indicate that photothermal therapy can poten-
tially loosen the stromal barrier and improve drug penetration within 
pancreatic tumors [16,17]. Multiple preclinical studies have also 
showcased therapeutic benefits when combining phototherapy with ICIs 
[18,19]. However, due to limitations in tissue penetration depth, 
near-infrared light-triggered phototherapy remains a challenge in 
treating deep-seated tumors like PDACs [20–22]. In contrast, ultrasound 
can penetrate soft tissues up to a depth of 10 cm, making 
ultrasound-based sonodynamic therapy (SDT) a more promising choice 
for treating PDACs. The potential of SDT for treating pancreatic cancer 
has been substantiated through a series of preclinical models, and the 
combination of SDT with ICIs can enhance the therapeutic outcomes 
[23–26]. 

When it comes to SDT-based immune checkpoint therapy, one of the 
paramount concerns lies in the meticulous design of optimal sono-
sensitizers for the delivery of ICIs. As a critical catalytic material, tita-
nium dioxide (TiO2) nanoparticles possess advantages such as excellent 
biocompatibility and stable catalytic performance, making them widely 
utilized as sonosensitizers in cancer SDT [27–31]. Huang and colleagues 
recently utilized hollow TiO2 nanoparticles (NPs) in SDT of subcutane-
ous xenograft models of human pancreatic cancer. This approach 
effectively disrupted the fibrous stroma barrier, enhanced tumoral 
vascular density, and restrained tumor growth [28]. Furthermore, SDT 
can trigger immunogenic cell death (ICD), amplifying the potential of 
immune checkpoint therapy by causing necrotic apoptosis in tumor cells 
and releasing tumor antigens. This process fosters antigen presentation, 
stimulates the maturation of dendritic cells (DCs), and augments the 
activation and infiltration of T cells [32–36]. Lin’s group demonstrated 
that combining ultrasound-triggered TiO2 NPs with PD-L1 antibodies 
can effectively stimulate immunotherapy in both primary cervical tumor 
models and their metastatic counterparts [37]. Therefore, considering 
the challenges associated with immune therapy and the high expression 
of VISTA in pancreatic cancer, combining TiO2-based SDT with VISTA 
antibody treatment holds the promise to break through the barrier of 
immunotherapy for pancreatic cancer. 

In this study, we prepared core-shell nanoparticles composed of 
Fe3O4@TiO2 with a layered shell structure to serve as carriers to load 
VISTA monoclonal antibodies, forming Fe3O4@TiO2@VISTAmAb (FTV) 
NPs. The layered shell structure of Fe3O4@TiO2 has multiple catalytic 
active sites and provides ample space for loading VISTAmAb. The Fe3O4 

core in the nanoplatforms confers magnetic resonance imaging (MRI) 
capability, allowing for the visualization of the therapeutic process. As 
illustrated in Scheme 1, ultrasound treatment loosens the fibrous stroma 
and enhances the accumulation of FTV within the pancreatic tumor. 
Subsequently, ultrasound-triggered SDT of TiO2 induces apoptosis in 
cancer cells, leading to the release of calreticulin (CRT) and high 
mobility group box 1 (HMGB-1), which in turn recruits and activates T 
cells. Simultaneously, VISTAmAb blocks the VISTA immune checkpoints 
and initiates T cell immunotherapy. 

2. Results and discussion 

2.1. Synthesis and characterization of the nanoparticles 

A schematic illustration of the brief Fe3O4@TiO2@VISTAmAb (FTV) 
formation was presented in Scheme 1. The magnetic Fe3O4 NPs were 
prepared by solvothermal method, and Fe3O4@SiO2 NPs were formed 
by surface modification of Fe3O4 with TEOS. Then, Fe3O4@SiO2@TiO2 
NPs were synthesized by coating TBOT on the surface of Fe3O4@SiO2. 
Finally, the SiO2 layer was etched by NaOH, and Fe3O4@TiO2 (FT) NPs 
were obtained. A larger cavity structure remained after etching, which is 
believed to enhance the ultrasonic catalytic performance of titanium 
nanomaterials [30,31]. Transmission electron microscopy (TEM, Hita-
chi HT7800, Japan) was carried out to determine the size and micro-
structure of as-prepared nanoparticles. As shown in Figs. S1A–S1C, the 
diameter of core Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@TiO2 NPs are 
50 nm, 95 nm, and 130 nm, respectively. Fig. 1A and B shows that the FT 
NPs are relatively homogeneous, with an average diameter of about 120 
nm. Energy dispersive X-ray (EDX) elemental mappings reveal a uniform 
Fe, Si, and O elements distribution within FT NPs (Fig. 1C). The crystal 
structure of FT NPs was analyzed by powder X-ray diffraction (XRD) 
(Fig. S2). VISTAmAb, an immune checkpoint inhibitor, was electro-
statically adsorbed onto Fe3O4@TiO2 to construct Fe3O4@TiO2@VIS-
TAmAb (FTV) NPs. As shown in Fig. 1D, following the adsorption of 
VISTAmAb, the FTV NPs exhibit a newly emerged peak at 1735 cm− 1, 
attributed to the stretching vibration peak of C––O [38]. The dynamic 
light scattering (DLS) results show the hydrodynamic size and zeta po-
tential of FTV NPs are around 215 nm and − 28.9 mV, respectively 
(Figs. 1E and 2F). 

2.2. The SDT and MRI performance of FTV 

One of the primary mechanisms of SDT is the stimulation of sono-
sensitizers by ultrasound to generate reactive oxygen species (ROS), 
leading to the apoptosis of cancer cells. Hence, the yield of ROS is closely 
related to the effectiveness of SDT. Previous reports have demonstrated 
that titanium nanomaterials with large cavity structures and high spe-
cific surface areas possess more catalytic sites and exhibit high catalytic 
activity [30,31,39]. To verify the ultrasonic catalytic activity of the 
prepared FTV, we used commercial titanium dioxide nanoparticles and 
H2O as a control group for comparison. The compound 1,3-diphe-nyli-
soben-zofuran (DPBF) was used to detect the ROS production of 
ultrasound-irradiated FTV. The ROS production causes the oxidation of 
DPBF, converting it into colorless 1,2-dibenzoylbenzene. A mixture of 
DPBF and FTV NPs was exposed to ultrasound, and the UV–Vis ab-
sorption spectra of DPBF were tested. The DPBF peaks exhibit a 
decreasing trend as the duration of ultrasound exposure extends, indi-
cating a corresponding rise in the production of ROS. After a series of 
ultrasound exposure times (1–8 min), the peaks decrease from 94.97 % 
to 70.06 % (Fig. 2A). In contrast, commercial TiO2 (P25) shows less 
variation in peak value for the same ultrasound irradiation time (Fig. 2B 
and Fig. S3). Therefore, FTV NPs have better ROS production efficiency 
and SDT performance than P25, which can be attributed to their high 
specific surface area and numerous catalytic active sites. 

A 0.5 T MRI scanner was used to evaluate the magnetic resonance 
properties of the NPs. The longitudinal relaxation rate (r1) value of FTV 
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Scheme 1. The preparation process of Fe3O4@TiO2@VISTAmAb NPs and combining TiO2-based SDT with VISTA antibody treatment in pancreatic cancer.  

Fig. 1. A) and B) TEM images of FT NPs. C) High-angle annular dark field imaging (HAADF) and EDS elemental mapping of FT. D) Micro-FTIR test of VISTAmAb, FT 
and FTV. E) particle size of Fe3O4@SiO2@TiO2, FT, and FTV. F) Zeta potential. 
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NPs is 1.57 Mm− 1 s− 1 at the same Fe3O4 concentration. The transverse 
relaxation rate (r2) value of FTV NPs is 50.28 Mm− 1 s− 1 (Fig. 2D). The 
FTV NPs exhibit an r2/r1 value of about 32.03, signifying their effec-
tiveness as MRI T2 contrast agents. As depicted in Fig. 2C, the T2 dark 
signal is enhanced with increasing concentrations of FTV NPs. 

2.3. In vitro cellular targeting uptake 

As previously mentioned, VISTA is highly expressed in both 
pancreatic cancer and stromal cells, rendering it an ideal target for 
nanoparticle-based targeted therapy. Therefore, we selected the cell 
lines with high VISTA expression using western blot analysis. As illus-
trated in Fig. S4, pancreatic cancer cells (Panc-1 and Panc-2) exhibit 
significantly elevated VISTA expression in contrast to normal pancreatic 
ductal epithelial cells (hTERT-HPNE), which is consistent with the 
previous report indicating heightened VISTA expression in pancreatic 
cancer cells and relatively low expression in normal pancreas [3]. We 
chose Panc-2 cells for subsequent studies. 

The cellular uptake of FT NPs and FTV NPs was observed by CLSM. 
The red fluorescence emitted by rhodamine B-labeled FT and FTV NPs 
can trace the intracellular distribution of the NPs. Panc-2 cells were 
incubated with various concentrations of the materials over different 
time periods, resulting in an increase in fluorescence intensity that 

correlated with both time and concentration. Based on these results, the 
conditions of 50 μg/mL and 4 h were selected for subsequent experi-
ments (Fig. S11). In Fig. 3A and Fig. S5, it can be observed that the red 
fluorescence in Panc-2 cells incubated with FTV is slightly more intense 
compared to those set with FT. In addition, the intracellular fluorescence 
intensity of Panc-2 cells was examined by flow cytometry. In line with 
the CLSM findings, the fluorescence intensity in the FTV group surpasses 
that in the FT group, which is also confirmed by semiquantitative 
analysis (Fig. 3B and C). Thus, VISTA-modified FT NPs exhibit Panc-2 
cell targeting ability, which is expected to enhance the efficacy of SDT. 

2.4. In vitro SDT 

Prior to evaluating the therapeutic effect at the cellular level, we 
conducted a CCK-8 assay to assess the cytotoxicity of the NPs. The results 
in Fig. 4A confirm FT and FTV NPs have no significant toxicity to Panc-2 
cells within the experimental concentration range. The cell survival rate 
reaches approximately 90 % after incubating with the FTV NPs at a 
concentration of 100 μg mL− 1 for 24 h. Under US irradiation and co- 
incubation with nanoparticles (50 μg mL− 1), cell viability is signifi-
cantly reduced, decreasing by 56.69 %, as shown in Fig. 4B. A concen-
tration of 50 μg mL− 1 nanoparticles was selected for subsequent 
experiments due to its notable therapeutic effect without causing 

Fig. 2. A) UV–vis absorption curves of DPBF in FTV aqueous solution with ultrasonic irradiation at different times. B) The DPBF relative concentrations of ultrasound 
irradiated H2O, P25 and FTV, respectively. C) T2-weighted MR imaging of FTV at different Fe concentrations. US irradiation (1.0 MHz, 1.5 W cm− 2, 50 % duty cycle) 
was carried out in applicable groups. D) The relaxation curves of FTV. 
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apparent cytotoxicity concurrently. In addition, to further prove the SDT 
cellular effect of FT and FTV NPs, we performed live cell staining by 
calcein acetoxy methl ester (calcein-AM) and dead cell staining by 
propidium iodide (PI). Fig. 4C reveals that the nanoparticle groups 
under US irradiation exhibit the most effective anticancer effect, 
consistent with the results obtained from cell viability in the CCK-8 
assay. Next, a 2,7-dichlorofluorescein diacetate (DCFH-DA) probe was 
used to verify the ROS production at the cellular level, represented by 
green fluorescence. After co-incubation with nanoparticles and exposure 
to US irradiation, the intense green fluorescence observed indicates a 
substantial increase in intracellular ROS level when compared to other 
groups (Fig. 4D). This phenomenon demonstrates the intracellular 
mechanism through which FT and FTV NPs act as SDT agents. 

Damage associated molecular patterns (DAMPs) such as calreticulin 
(CRT) and high mobility group box 1 (HMGB-1) serve as the biomarker 
of ICD. CRT is a soluble protein in the lumen of the endoplasmic retic-
ulum (ER) that mediates several functions. During ICD, CRT is exposed 
on the cell surface, serving as a crucial ‘eat me’ signal [40,41]. HMGB-1, 
a highly abundant nuclear non-histone chromatin-binding protein, is 
released from the nucleus into the extracellular environment of dying 
cells during ICD [42]. Consequently, CRT expression is upregulated on 
the cell membrane, while HMGB-1 is downregulated. The expression 
levels of HMGB-1 and CRT during SDT were investigated using CLSM 
and FCM. As shown in Fig. 5A and C, the fluorescence intensity of 
HMGB-1 is notably reduced in FTV + US group, signifying that SDT 
causes the release of HMGB-1 from the intracellular to the extracellular 
environment. Furthermore, in the FTV + US group, CRT expression is 
higher than both FTV and US groups (Fig. 5B and D). These findings 
indicate that the SDT strategy can enhance the release of DAMPs, 
thereby potentially elevating ICD. 

2.5. In vivo biosafety and anti-tumor effect of the nanoparticles 

To assess the in vivo safety of nanoparticles, we analyzed various 
biological indicators, including mice’ weight, blood, and the condition 
of their major organs after injecting them with a dose of 15 mg kg− 1 of 
nanoparticles. Blood examinations were conducted on day 14 post- 

injection, and all measured parameters showed no significant differ-
ences, confirming the absence of any discernible risk of chronic toxicity 
(Figs. S6–S8). Hematoxylin and eosin (H&E) staining provides a 
comprehensive view of major organs after injection with different 
nanoparticles. The results presented in Fig. S9 reveal no discernible 
pathological changes in any organ slices, thus confirming an extremely 
low level of tissue toxicity. 

Motivated by the apparent therapeutic effect at the cellular level, we 
proceeded to assess the in vivo therapeutic performance of FTV NPs using 
the Panc-2 tumor-bearing C57BL/6 mice. All mice were randomly 
divided into six divisions (n = 5): control, US, FT, FTV, FT + US, and 
FTV + US group. The mice were intratumorally injected with or without 
FT or FTV NPs on day 0, and US irradiation was performed after 2 h of 
injection. Mouse body weights and tumor volumes were recorded every 
2 days. During the treatment period of 2 weeks, there was a gradual 
increase in the mice’ body weights, indicating that the treatment had no 
side effects on the mice (Fig. 6A). 

As depicted in Fig. 6B, tumors are significantly suppressed in the 
treated mice of the FTV group, indicating that VISTA-targeted nano-
particles offer therapeutic efficacy in a pancreatic cancer model. In 
contrast to the control groups, the most significant effect is observed in 
the FTV + US group, with a tumor weight inhibition index as high as 
85.36 % measured on day 14 compared to the control group (Fig. 6B, C 
and 6D). However, we can see that tumor growth is inhibited in mice 
after US irradiation without any injection, which may be attributed to 
the damage inflicted on the tumor cell by the mechanical waves of ul-
trasound. The tumor growth in the FTV + US group is significantly 
inhibited after SDT, showing that the nanoparticle-based SDT combined 
with immunotherapy can achieve better therapeutic effects by gener-
ating ROS to induce tumor ICD and trigger an adaptive immune response 
against the tumor. Moreover, H&E staining results show representative 
characteristic pyknosis and karyolysis in the FTV + US group, demon-
strating a severe disintegration of the cell nucleus. At the same time, 
varying degrees of cell damage can be observed in other groups exposed 
to ultrasound irradiation (Fig. 6E). 

Additionally, a 3.0 T MR scanning system was employed to evaluate 
the nanoparticle’s in vivo MRI performance. FT and FTV NPs were 

Fig. 3. A) CLSM images of Panc-2 cells incubated with FT or FTV (50 μg mL− 1) for 4 h. Scale bar: 20 μm. B) The intracellular uptake FT and FTV (50 μg mL− 1). C) The 
semiquantitative analysis of (B). All data are presented as means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
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Fig. 4. A) The cell viability of Panc-2 cells co-incubated with FT or FTV. B) Cell survival of Panc-2 cells after different treatments(1.0 MHz, 1 W cm− 2, 1 min, 50 % 
duty cycle). Scale bar: 50 μm. C) Live/dead cell staining of Panc-2 cells after different treatments (1.0 MHz, 1 W cm− 2, 2 min, 50 % duty cycle). *p < 0.05, **p < 0.01, 
***p < 0.001. D) Detection of ROS production in Panc-2 cells by staining with DCFH-DA after different treatments (1.0 MHz, 0.5 W cm− 2, 1 min, 50 % duty cycle). 
Scale bar: 50 μm. 
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injected into the tumors of different mice (10 mg kg− 1), and the MRI 
pictures were captured after 2 h of injection. The results are shown in 
Fig. 6F and Fig. S12. The tumor site exhibits strong T2 dark imaging, 
accurately visualizing the tumor’s size and clear contrast with the sur-
rounding tissues. The MR signal value of PBS, FT and FTV group are 
183.87, 42.2 and 44.17, respectively (Fig. S12). Hence, the results 
confirm that FTV NPs possess MRI T2-weighted imaging capabilities, 
making them a promising probe for potential tumor treatment 
visualization. 

2.6. Assessment in tumor microenvironment 

Masson staining and CD31 fluorescence staining were conducted on 
the tumor tissues to characterize the collagen fibers and blood vessels in 
tumor-bearing mice. The results of Masson staining are shown in Fig. 7A. 
The blue staining in the results represents collagen fibers, indicating that 
the pancreatic cancer model exhibits an abundance of collagen fibers, 
with a substantial amount of stroma surrounding the tumor cells within 
the interstitium. Ultrasound treatment changes the dense fibrous tissue 
within pancreatic cancer, disrupting tight junctions between cancer 
cells. The mechanical force exerted by US may contribute to the damage 
observed in tumor cells and alter the arrangement of collagen fibers and 
cells. In Fig. 7B, green fluorescence represents the blood vessels, and 

there is almost no green fluorescence in the control group, suggesting no 
capillaries in the tumor. As illustrated in Fig. 7C, the vascular density is 
enhanced by more than two-fold in the groups exposed to US compared 
to the control group. This phenomenon suggests an augmented angio-
genesis within the tumor tissue and an elevated density of central blood 
vessels within the tumor under US influence. These changes can facili-
tate the penetration of nanoparticles into the tumor’s interior and 
enhance their accumulation. 

VISTAmAb can stimulate the initial T lymphocytes to further 
differentiate into cytotoxic T lymphocytes with anti-tumor activity. 
Therefore, CD4+ T cells and CD8+ T cells in tumor tissue sections were 
fluorescently stained using double immunofluorescence to analyze their 
infiltration in tumor sites. Fig. 7D demonstrates that higher frequencies 
of CD8+ T cells and CD4+ T cells are present in tumor sections after 
injecting FTV nanoparticles compared to other groups. This suggests a 
significant infiltration of CD8+ and CD4+ T cells into the tumor micro-
environment, indicating a robust anti-tumor immune response. 

In this study, the immunotherapeutic effect is achieved using VIS-
TAmAb, which antagonizes the VISTA receptor protein located on the 
tumor cell membrane. This action reverses the local suppressive immune 
microenvironment in pancreatic cancer by preventing the binding of 
immune checkpoint VISTA to ligands on T lymphocytes. Consequently, 
this approach can activate a T lymphocyte-mediated immune response 

Fig. 5. CLSM images of HMGB1 (A) and CRT (B) expression in Panc-2 cells. Scale bar: 20 μm. FCM of HMGB1 (C) and CRT (D).  
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and prevent immune escape of the tumor cells. To further confirm the 
immunotherapeutic mechanism, we assessed the expression of immune 
checkpoints in pancreatic cancer. In Fig. 8A, following treatment with 
FTV NPs, a noticeable reduction in the yellow-brown staining repre-
senting VISTA expression can be observed. This indicates a decrease in 
the expression of VISTA at tumor tissue following blockade by anti-
bodies. The expression of VISTA in the tumor tissue is also reduced 
following treatment with FTV + US (Fig. 8A and B). Furthermore, the 
expression of PD-1 and PD-L1 was also assessed. Fig. 8C and D and 
Fig. S11 distinctly reveal the absence of PD-L1 and PD-1 expression in 
the control group, suggesting that achieving immunotherapeutic effect 
with anti-PD-L1/PD-1 alone is challenging. However, there is an 
observed compensatory increase in PD-L1 and PD-1 expression 
following VISTA-blockade treatment. The increased expression profile 
occurs after inhibition of other checkpoints, which indicates that the 
inhibition of one checkpoint will increase the expression of other 
checkpoints [43,44]. Previous research showed that release of IFN-γ 
from activated T cells is suppressed by soluble VISTA, while the appli-
cation of the dual VISTA/PD-L1 inhibitor restores IFN-γ production 
[45]. This is suggested that PD-1/PD-L1 blockade therapy also increases 

the activity of CD8+ T cells and further releasing IFN-γ. It can be 
postulated that treatment with anti-VISTA therapy may secondarily 
cause PD-1/PD-L1 upregulation. This finding may offer new insights 
into combination therapy involving both anti-PD-L1/PD-1 and VISTA-
mAb for enhanced immunotherapy outcomes. 

3. Conclusion 

In this study, we have prepared novel FTV NPs by attaching VIS-
TAmAb to Fe3O4@TiO2 core-shell nanoparticles and applied them to 
combining SDT with immunotherapy in Panc-2 tumor-bearing mice. 
These core-shell nanoparticles possess a layered shell structure with 
abundant catalytic active sites that effectively amplifies the production 
of ROS when exposed to ultrasound, thus enhancing their effectiveness 
in SDT. Furthermore, VISTAmAb adsorbed on the nanoparticle’s surface 
exerts an immune checkpoint therapeutic effect by binding to ligands on 
the cancer cell, activating the immune response. Simultaneously, SDT- 
induced immunogenic cell death of cancer cells results in the release 
of DAMPs. Simultaneously, SDT-induced immunogenic cell death of 
cancer cells results in the release of DAMPs, with CRT exposed on the 

Fig. 6. A) Body weight and B) tumor volume changes of mice treated for 14 days. C) Weight and D) photographs of the tumor on day 14 after treatment. E) H&E 
staining of tumor tissue after treatment. F) T2-weighted MR imaging before and after the nanoparticle injection. Scale bar: 50 μm. US irradiation (1.0 MHz, 1.5 W 
cm− 2, 50 % duty cycle) was carried out for 3 min in applicable groups. All data are presented as means ± SD from at least three independent experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. 
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cell membrane sending an ‘eat me’ signal, and HMGB-1 released into the 
extracellular environment. These DAMPs can trigger T lymphocytes’ 
anti-tumor immune response, thereby augmenting the effectiveness of 
immune checkpoint blockade therapy. Further, the Fe3O4 core offers the 
capability for MR imaging of tumor treatment. In summary, our study 
explored TiO2-based SDT combined with VISTAmAb, which shows 
promising prospects for SDT-immunotherapy in pancreatic ductal 
adenocarcinoma. 

4. Experimental section 

FeCl3⋅6H2O, Tetraethyl orthosilicate (TEOS), sodium acetate (NaAc), 
tetrabutyl titanate (TBOT), trisodium citrate, Dimethyl sulfoxide 

(DMSO), ethanol, ethylene glycol, concentrated ammonia solution (28 
wt%), NaOH, HCl, were purchased from Aladdin. Rhodamine B (Rh B) 
and P25 were purchased from Macklin. 1,3-Diphenylisobenzofuran 
(DPBF) was purchased from J&K Scientific. 

FeCl3⋅6H2O (1.62 g), trisodium citrate (1.625 g), and sodium acetate 
(NaAc, 3.0 g) were dissolved in ethylene glycol (50 mL) with magnetic 
stirring and heating until the solution turned clarified yellow. The ob-
tained yellow solution was then transferred and sealed into a Teflon- 
lined stainless-steel autoclave (100 mL in capacity). The autoclave was 
heated at 180 ◦C for 12 h and then cooled to room temperature. The 
black magnet products were washed with deionized water and ethanol 
for 3 times, respectively. 

The core-shell Fe3O4@SiO2 NPs were prepared through a Stöber sol- 

Fig. 7. Tumor tissue staining of different treatment groups (A) Masson and (B) CD31. C) The analysis of CD31 (green color) in (B). D) Immunofluorescence analysis of 
CD4 and CD8. Scale bar: 50 μm. All data are presented as means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 8. A) Immunohistochemical staining of VISTA. B) The analysis of VISTA expression in (A). C) Immunohistochemical staining of PD-L1. D) The analysis of PD-L1 
expression in (C). Scale bar: 50 μm. All data are presented as means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p 
< 0.0001. 
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gel method. The Fe3O4 NPs (45 mg) were added to a three-neck round- 
bottom flask charged with absolute ethanol (80 mL), deionized water 
(16 mL), and concentrated ammonia solution (2.0 mL, 28 wt%) under 
ultrasound for 15 min. Then, 0.4 mL of TEOS was added slowly, and 
hydrolytic reaction for 10 h at room temperature under mechanical 
stirring (150 rpm). The Fe3O4@SiO2 NPs were washed with deionized 
water and ethanol for 3 times, respectively. 

The core-shell Fe3O4@SiO2@TiO2 NPs were synthesized based on 
TBOT hydrolytic condensation. The produced Fe3O4@SiO2 (150 mg) 
were redispersed in ethanol (200 mL) and mixed with the concentrated 
ammonia solution (0.9 mL, 28 wt%) under ultrasound for 15 min. TBOT 
(1.2 mL) was added dropwise within 5 min, and the reaction was carried 
out under continuous mechanical stirring(150 rpm) at 45 ◦C for 24 h. 
The Fe3O4@SiO2@TiO2 nanoparticles were obtained and washed for 3 
times. 

Fe3O4@TiO2 NPs were prepared by alkaline hydrothermal corrosion- 
assisted crystallization method. 50 mg of Fe3O4@SiO2@TiO2 were 
sonicated by ultrasonic cell crusher for 5 min, then mixed with NaOH (1 
mL, 2.0 M) and H2O (14 mL) and added into a Teflon-lined stainless- 
steel autoclave (20 mL in capacity). The autoclave was heated in an oven 
at 150 ◦C for 6 h and then cooled to room temperature. The obtained 
products were immersed in HCl (10 mL, 0.1 M) for 30 min and then 
washed with deionized water until the pH value was close to 7. The 
Fe3O4@TiO2 (FT) NPs were dispersed in the deionized water. 

Fe3O4@TiO2@VISTAmAb NPs were obtained by mechanical stirring 
(250 rpm) VISTAmAb (100 μg) and Fe3O4@TiO2 (1 mg) in deionized 
water at 4 ◦C for 12 h. Finally, Fe3O4@TiO2@VISTAmAb (FTV) NPs 
were obtained by centrifugation and washing. 

Hydrodynamic size and Zeta potential of Fe3O4, Fe3O4@SiO2, 
Fe3O4@SiO2@TiO2, FT, and FTV were measured by Zeta Sizer Nanos-
eries instrument (Nano-ZS, Malvern, England) in an aqueous solution at 
room temperature. 

DPBF was dissolved in DMSO and added to 100 μg mL− 1 of FTV 
solution. After being irradiated by 1 W cm− 2 of ultrasound (1.0 MHz, 50 
% duty cycle) for different times, UV–visible absorptions of the solutions 
were tested in the dark. Meanwhile, commercial P25 nanoparticles were 
used as control groups, and the results were obtained using the same 
treatment method. 

FTV NPs were formulated into solutions with different Fe3O4 con-
centrations (0.05 mM, 0.10 mM, 0.15 mM, 0.20 mM, 0.25 mM) added to 
tubes. The longitudinal (r1) and transverse (r2) relaxation rates of FTV 
were calculated through the obtained relaxation time values. In addi-
tion, T2-weighted MRI performance was determined for different con-
centrations of Fe3O4@TiO2@VISTAmAb NPs. 

hTERT-HPNE pancreatic ductal epithelial cells, Panc-1 PDAC cells, 
Panc-2 PDAC cells, and MIA PaCa-2 PDAC were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, China). The cells 
were cultured with DMEM medium containing 10 % FBS, 100 U mL− 1 

penicillin, 100 U mL− 1 streptomycin, and streptomycin in a 37 ◦C 
incubator containing 5 % CO2. 

The VISTA levels in the hTERT-HPNE pancreatic ductal epithelial 
cells, Panc-1 PDAC cells, Panc-2 PDAC cells, and MIA PaCa-2 PDAC cells 
were quantified via western blot analysis. 

Panc-2 cells (105 per well) were seeded in 35 mm glass-bottom 
dishes. The cells were co-cultured with Rhodamine B-labeled FT and 
FTV (50 μg mL− 1) for 4 h, respectively, and then were stained by 
Hoechst. The cellular uptake of FT and FTV was observed by confocal 
laser scanning microscopy (CLSM). The excitation wavelengths of 
rhodamine B and Hoechst are 552 nm and 350 nm, and the emission 
wavelengths are 571 nm and 460 nm, respectively. 

Panc-2 cells (2 × 105 per well) were inoculated in 96-well plates for 
12 h. DMEM medium containing 150, 100, 75, 50, 25, and 0 μg mL− 1 of 
FT or FTV were added and incubated for 24 h. After incubation, the old 
culture medium was aspirated, and 100 μL of DMEM medium containing 
10 μL of CCK-8 solution (5 mg mL− 1) was added to each well and 
incubated for 30 min. The absorbance of each well was recorded at 450 

nm using an enzyme marker, respectively. In addition, in vitro SDT of FT 
and FTV nanoparticles were determined by CCK-8 assay. 

Panc-2 cells (2 × 105 per well) were inoculated in 96-well plates and 
incubated with FT or FTV (50 μg mL− 1) for 4 h, and then treated with or 
without ultrasound irradiation according to groups (control, US, FT, 
FTV, FT + US, FTV + US). The parameters of ultrasound irradiation were 
1 W cm− 2 for acoustic power, and 1 min for irradiation time. Then, 
incubated for another 12 h, the therapeutic effect in vitro was admin-
istered by CCK-8 test for cell viability evaluation.Panc-2 cells (2 × 105 

per well) were inoculated in 24-well plates for 12 h, incubated with FT 
or FTV (50 μg mL− 1) for 4 h, and then treated with or without ultrasound 
irradiation according to groups. The parameters of ultrasound irradia-
tion were 1 W cm− 2 for acoustic power, and 2 min for irradiation time. 
Then, the cells were incubated with the calcein-AM and propidium io-
dide PI staining. Inverted fluorescence microscopy was used to observe 
live/dead cell fluorescence imaging. 

Panc-2 cells (2 × 105 per well) were inoculated in 24-well plates for 
12 h. DMEM medium containing 50 μg mL− 1 of FT or FTV was added to 
the plates and incubated for 4 h. Then, the old culture medium was 
aspirated, and the DCFH-DA probe was added and incubated at 37 ◦C for 
30 min. The cells were treated with ultrasound (0.5 W cm− 2, 1 min, 1.0 
MHz, 50 % duty cycle) and incubated for 30 min at 37 ◦C. Inverted 
fluorescence microscopy was used to observe intracellular ROS 
generation. 

Panc-2 cells (2 × 105 per well) were inoculated in 6-well plates for 
12 h or 35 mm glass-bottom dishes. The cells were co-cultured with 
different NPs for 4 h, followed by ultrasonic irradiation. Then 0.3 % 
Triton X-100 was permeabilized for 20 min, and 5 % BSA-containing 
PBS was added to block non-specific binding sites for 30 min. After 
washing with PBS, the cells were incubated with HMGB1 or CRT anti-
body (diluted 400 times) at 4 ◦C overnight. Cells were washed with PBS 
and then were incubated with the secondary antibody (diluted 400 
times) for 1 h. The nuclei were stained with Hoechst for 15 min and 
imaged with CLSM and flow cytometry (FCM). 

All the animal experiments were carried out under the guidelines of 
the Experimental Animal Ethics Committee of Ningbo University 
(Permit No. SYXK Zhe 2019-0005). 

To further evaluate the in vitro biotoxicity of the NPs, FT/FTV in PBS 
were injected into 6-week-old Babl/c female mice (15 mg kg− 1), 
respectively. After 14 days, blood samples were subjected to routine 
blood and blood biochemical tests. Main organs, such as the heart, liver, 
spleen, kidney, and lung, were fixed with paraformaldehyde and were 
evaluated pathologically. 

For the pancreatic tumor-bearing model, 6-week female C57BL/6 
mice were selected, and 3 × 107 Panc-2 cells in 100 μL PBS were injected 
into the right leg of each mouse. The treatment started when the 
diameter of tumor reached 5–7 mm. The tumor volumes were calculated 
as V = 0.5 × (length) × (width)2. Tumor-bearing mice were randomly 
divided into six groups (n = 5): Control, FT, FTV, US, FT + US and FTV 
+ US. The FT/FTV NPs were intratumorally injected, and the mice were 
treated with or without ultrasound 1 h after injection. The parameters 
were 1.5 W cm− 2, 3 min, 1 MHz, and 50 % duty cycle. The body weights 
and tumor volumes were measured every two days. After 14 days of 
observation, mice were euthanized, and tumors were excised and 
weighed. The tumors were sectioned and stained by hematoxylin-eosin, 
immunohistochemistry, and immunofluorescence to analyze tumor ne-
crosis, microvascular, collagen fiber, and expression of CD4+/CD8+ T 
cells, VISTA, PD-1/PD-L1. 

MR imaging of animals was measured by a 3.0 T MRI system 
(MAGNETOM Prisma, Siemens). FT or FTV (10 mg kg− 1) were injected 
into the tumor, respectively, and MR images were recorded 2 h later. 

Two-tailed unpaired student’s t-test and One-Way ANOVA were used 
to test the experimental groups’ statistical differences. All data are 
presented as means ± standard deviation from at least three indepen-
dent experiments. Differences of p < 0.05 were considered statistically 
significant. 
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