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With the rapid development of sonodynamic therapy (SDT), sonosensitizers have evolved from traditional
treatments to comprehensive diagnostics and therapies. Sonosensitizers play a crucial role in the integration of
ultrasound imaging (USI), X-ray computed tomography (CT), and magnetic resonance imaging (MRI) diagnostics

while also playing a therapeutic role.

sonodynamic therapy sonosensitizers clinical

| 1. Contrast-Enhanced Ultrasound (CEUS)

Ultrasound (US) is a sound wave with a frequency of more than 20,000 Hz that is inaudible to the human ear.
Ultrasound has the advantages of low-cost, simple, rapid, non-invasive, non-radioactive, accurate, continuous,
dynamic, and repeatable scans 28], Using the physical properties of ultrasound, various cross-sectional images
of organs and surrounding organs can be displayed, which is close to the anatomical real structure. Therefore,
ultrasound is often used as the first choice for the examination of solid organs and fluid-containing organs. In
particular, ultrasound elastography and contrast-enhanced ultrasound (CEUS) are well established as being used
for diagnosis. In CEUS, intravenously injected microbubbles are excited by longitudinal ultrasound in the examined
area, producing nonlinear oscillations. The corresponding contrast agent software can distinguish the diseased
tissues from the received contrast agent signals 4. However, currently, 78.5% of radiology departments use
diagnostic ultrasound imaging as a routine diagnostic imaging method, while only 26% of them use contrast-
enhanced ultrasound . The excessively expensive price of ultrasound contrast agents and their lower selectivity
limited the clinical application of CEUS. It was found that some sonosensitizers used for SDT treatment also
showed promising results in CEUS. Table 1 lists the sonosensitizers and imaging capabilities used for CEUS
imaging. Sonosensitizers produce stable microbubbles (MBs) or nanobubbles (NBs) under CEUS cavitation to
achieve enhanced imaging BB Sonosensitizers achieve synergistic drug delivery and tumor therapy by affecting
the lesion’s tissue structure. Therefore, with the development of sonosensitizers, the clinical application of contrast-

enhanced ultrasound is becoming more and more broad.

Table 1. US Imaging Characteristics of the Multifunctional Sonosensitizers.
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contrast is commonly used in clinical practice but has the following limitations: (1) susceptibility to allergic reactions
and nephrotoxicity; (2) low dose-efficiency ratio; and (3) lack of targeting. Studies have investigated the utilization
of sonosensitizers as CT imaging agents to overcome the shortcomings of commonly used clinical contrast agents.

Table 2 lists the sonosensitizers and imaging capabilities used for CT imaging.
Table 2. CT Imaging Characteristics of the Multifunctional Sonosensitizers.
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concentration of Au-TiO2-A-TPP increased, the brightness and CT values of CT images increased, suggesting a
linear relationship between CT grayscale values and concentration. As mentioned previously, contrast agents
commonly used in clinical practice may not be appropriate for patients with renal insufficiency, who may be better
suited for contrast agents with a short half-life in vivo and low nephrotoxicity. Surprisingly, the half-life of Au-TiO2-A-
TPP in the blood circulation of mice was only 4.71 h, indicating Au-TiO2-A-TPP was very promising for patients with

renal insufficiency.
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Zhang et al. [28] constructed a novel oral nanoparticle, Au@mSiO,/Ce6/DOX/SLB-FA@CMC (GMCDS-FA@CMC),
that endowed the pH/ultrasonic dual-response to realize the combination of SDT with chemotherapy for colorectal
cancer treatment. After oral delivery of GMCDS-FA@CMC, a well-defined tumor CT signal was observed in situ in
colorectal cancer model mice and persisted for 7-9 h. It was found that the enteric-coated particles possessed
good CT imaging effects in vivo by oral delivery and could be used to direct SDT-chemotherapy for colorectal
cancer treatment.

| 3. Magnetic Resonance Imaging (MRI)

Since the first implementation of MRI in 1973 as a non-invasive and multi-contrast detection method, MR imaging
has been widely used in various biomedical fields [22. MRI can reflect tissue lesions by combining parameters such
as flow effects and electromagnetic wave-related proton density after the excitation of strong magnetic field pulses
and the formation of magnetic resonance phenomena through hydrogen atoms in human water molecules B9, The
images are also processed with the aid of computer technology to obtain an excellent diagnosis of the pathology,
which has high spatial and tissue resolution BHB2IE3] Therefore, it is extensively utilized clinically in the diagnosis
and prognostic status of various diseases. Magnetic resonance imaging is not sensitive, but this obstacle can be
overcome by exogenous contrast agents by decreasing the relaxation time of bulk water B384l |t was found that
appropriate contrast agents are important for enhancing the susceptibility and specificity of diagnosis, enhancing
the degree of signal contrast, and improving the resolution of soft tissue images for clinical application 2. For
example, with the help of gadolinium (Gd)-based T, agents, information about the boundaries of brain tumors can
be observed more clearly B2, In recent years, some new nuclear magnetic sensitizers containing Mn and Fe have
been applied to MRI tumor imaging 287 Table 3 lists the sonosensitizers and imaging capabilities used for MRI

imaging.
Table 3. MR Imaging Characteristics of the Multifunctional Sonosensitizers.
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At 24 h after intravenous administration of Fe-VS,-PEG, MR imaging of the tumor demonstrated significant

enhancement, and the quantitative analysis showed that signal strength was 2.04 times stronger than that before
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| 4. Multi-Modal Imaging

All imaging methods have their disadvantages: MRI has the characteristics of long acquisition time and low space
coverage; CT has the risk of ionizing radiation; and the US has limited penetration ability “Z[48I4950] - Sjngle-
modality imaging cannot meet the growing demand for accuracy and reliability in clinical diagnostics or clinical
research Bl The combined application of multiple testing techniques has become a hot research topic,
complementing each other’s advantages and realizing more precise diseases 2. Compared with single-mode
imaging, multimode imaging achieves multiple imaging functions through a single nanomaterial, providing a basis
for accurate cancer diagnosis 23l To date, several nanoparticle-based bimodal co-imaging materials have been

reported to achieve better imaging and treatment.

Wang et al. 24 prepared hollow CoP@N-carbon@PEG (CPCs@PEG) nanospheres (~60 nm) as sonosensitizers
to inhibit tumor growth by promoting ROS production under US irradiation. With the incorporation of cobalt ions,
which had magnetic properties and X-ray attenuation coefficients, CPCs@PEG were capable of both CT and MRI.
Further, the authors also performed MRI imaging studies in vivo using 4T1 tumor-bearing mice as a model. After
the injection of CPC10@PEG, the contrast of the cancer site became darker. In addition, the researchers
conducted a CT imaging capability study. With the increase in CPC10@PEG concentration, the CT signal was

gradually enhanced. The researchers also investigated the in vivo CT imaging capabilities of CPC10@PEG, which
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showed a significant increase in the brightness of the cancer site after intravenous injection compared with pre-

injection.

Gong et al. 28 designed and prepared a novel high-performance multifunctional sonosensitizer built on
ultramicroscopic oxygen-deficient bimetallic oxide MNnWOy nanoparticles for multimodal imaging-guided SDT for
cancer therapy. The MNnWOx-PEG nanoparticles exhibited effective SDT effects by producing 'O, and -OH and
possessed the glutathione depletion capability to enhance the SDT efficacy. MNWOy-PEG exhibited good biosafety
and excellent tumor growth suppression in mice under ultrasound irradiation. Due to the high attenuation of X-rays
by the W element, MNWOx-PEG can also be applied in CT imaging and as a reduction agent for T; in magnetic
resonance imaging. The findings indicated that after 24 h of intravenous injection of MNWOx-PEG 4T1, the tumor-
bearing mice showed significant CT (2.4 times) and MRI (1.8 times) signals in the tumor site. These multimodal
imaging results demonstrated that MNWOy-PEG can efficiently accumulate in tumors, and sonosensitizers had

diagnostic imaging capabilities and assisted in the precise treatment of tumors with SDT.
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