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Ning Yua

aDepartment of Ultrasound, The Affiliated Hospital of Qingdao University, Qingdao, China; bSchool of Basic Medicine, Qingdao Medical College, 
Qingdao University, Qingdao, China

ABSTRACT
High intensity focused ultrasound (HIFU) has demonstrated its safety, efficacy and noninvasiveness in 
the ablation of solid tumor. However, its further application is limited by its inherent deficiencies, such 
as postoperative recurrence caused by incomplete ablation and excessive intensity affecting surrounding 
healthy tissues. Recent research has indicated that the integration of nanomaterials with HIFU exhibits 
a promising synergistic effect in tumor ablation. The concurrent utilization of nanomaterials with HIFU 
can help overcome the limitations of HIFU by improving targeting and ablation efficiency, expanding 
operation area, increasing operation accuracy, enhancing stability and bio-safety during the process. It 
also provides a platform for multi-therapy and multi-mode imaging guidance. The present review 
comprehensively expounds upon the synergistic mechanism between nanomaterials and HIFU, 
summarizes the research progress of nanomaterials as cavitation nuclei and drug carriers in combination 
with HIFU for tumor ablation. Furthermore, this review highlights the potential for further exploration in 
the development of novel nanomaterials that enhance the synergistic effect with HIFU on tumor 
ablation.

GRAPHICAL ABSTRACT

1.  Introduction

High intensity focused ultrasound (HIFU) presents a viable 
approach for entirely noninvasive cancer treatment, with 
real-time monitoring and management possible through 

diagnostic ultrasound or magnetic resonance imaging 
(Al-Bataineh et  al., 2012). In recent years, HIFU ablation tech-
nology has developed rapidly. It was initially used mainly for 
the treatment of benign tumors such as uterine fibroids and 
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uterine adenomyosis, and subsequently expanding to the 
treatment of liver cancer (Tsang et  al., 2021), pancreatic can-
cer (Sofuni et  al., 2022), breast cancer (Feril et  al., 2021), kid-
ney cancer (Cranston et  al., 2021), prostate cancer (Napoli 
et  al., 2020) and soft tissue tumors in multiple locations, etc. 
It has demonstrated its wide application prospects and 
become an important means of local ablation treatment for 
solid tumors.

HIFU has great potential due to its noninvasive nature as 
a treatment method. However, its low efficiency and unsatis-
factory security limit its application in clinical settings (Dai 
et  al., 2017). Thermal effect, due to acoustic attenuation, is 
difficult to achieve the desired ablation effect. Increasing the 
intensity of HIFU can improve the therapeutic effect, but it 
also raises the risk of damage to the acoustic tract and sur-
rounding normal tissues. Conventional microbubble contrast 
agents can enhance the ultrasound signal and act as cavita-
tion bubbles to enhance the ultrasound cavitation effect. 
However, microbubbles in the micron sizes has a poor stabil-
ity, making it difficult to pass through the endothelium and 
deposit in tumor tissue. Therefore, there is an urgent need to 
explore a safer method to improve the efficiency of HIFU 
treatment.

The concept of combining HIFU with nanomaterials pro-
vides a new perspective That could enhance HIFU efficacy. 
This combination could lead to several benefits, including: (i) 
improved ultrasound imaging resolution, such as visualization 
of angiogenic vessels, (ii) attachment or encapsulation of 
tumor chemotherapeutic agents or gases and a controlled 
release under ultrasound application, and (iii) gentler heating 
extent at the tumor site (Alphandéry, 2022). Moreover, 
research indicates that ultrasonic treatment enhances the 
precision of chemotherapy drug administration, boosts the 
effectiveness of drug absorption, and escalates the cell-killing 
impact on designated cancerous cells (Panzone et  al., 2022).

This article provides a review of research on the combina-
tion of HIFU with nanomaterials. This aim is to enhance our 
understanding of this field and continuously update the cur-
rent status. The ultimate goal is to promote the application 
of HIFU in tumor treatment, and achieve better localization 
accuracy and ablation effect.

2.  Mechanism of synergistic application of HIFU 
and nanomaterials

The Mechanism of synergistic application of HIFU and nano-
materials includes thermal effects, mechanical effects, image 
brightness improvement and targeting (Figure 1).

Thermal effect is the main mechanism of HIFU (Zhou YF, 
2011; Khokhlova et  al., 2015). Through the in vivo use of low 
energy in vitro ultrasonic focus, HIFU can rapidly produce 
60 °C or higher temperature at the treatment site (Dubinsky 
et  al., 2008), leading to the necrosis and coagulation of dis-
eased tissue within a few seconds. However, the relatively 
low therapeutic efficacy has emerged as a key limiting factor 
for the further clinical use of HIFU. The ultrasonic energy 
decreases exponentially with the increase of the propagation 
(Kim et  al., 2014; Cohen et  al., 2016) distance, which leads to 

underdose of ultrasound energy in deep tumor tissues (Kim 
et  al., 2014; Cohen et  al., 2016). Furthermore, the presence of 
blood stream also contributes to the absorption of heat. 
Increase of HIFU output power merely for accumulating ade-
quate energy in the target region for the treatment of deep 
tumors or tumors with impediments in the beam route, 
would raise significant danger to healthy tissues along the 
beam path. The application of HIFU combined with nanoma-
terials provides the possibility to solve this problem. 
Nanomaterials synergize with the thermal effect of HIFU in 
two ways. Firstly, due to their high thermal conductivities, 
metallic nanoparticles can raise effective thermal conductivity 
of the tumor (Beik, Abed, Ghoreishi, et  al., 2016). Therefore, 
metal-containing nanoparticles will increase heating rate and 
regional ablation of the tumor under the action of HIFU. 
When exposed to ultrasound, tumors with gold nanoparticles 
(AuNPs), iron oxide nanoparticles (IONPs) are heated faster 
than those without (Beik, Abed, Ghadimi-Daresajini, et  al., 
2016). Therefore, such nanomaterials can improve heating 
efficiency and reduce the risk of surrounding tissues damage 
due to excessive power. Secondly, HIFU can also be used as 
an external heating device for nanomaterials. Nanomaterials 
with temperature-sensitive liposomes as shells maintain sta-
ble configurations at physiological temperatures and transi-
tion to an unstable state at higher temperatures (40–43 °C) 
(Alphandéry, 2022). At physiological temperature, drugs are 
encapsulated in the liposomes, while at phase transition tem-
perature, the permeability of phospholipid bilayer membrane 
increases by several orders of magnitude, thereby releasing 
its contents (Grüll & Langereis, 2012).

Another important mechanism of HIFU is its mechanical 
effect. The mechanical effects of ultrasound originate from 
various sources, among which, cavitation effect is most men-
tioned. Cavitation is the process of formation, vibration and 
collapse of microbubbles in liquid under the action of ultra-
sound. The presence of cavitation microbubbles in the 
focused area of HIFU enhances cavitation effect, which as an 
effective method of energy gathering, would significantly 
enhance the thermal effect of HIFU. Temperature change will 
also affect cavitation effect. Encapsulating gas or phase 
changeable substances in nanomaterials as exogenous cavita-
tion nuclei can increase cavitation effect and improve the 
efficiency of tumor ablation. Tumor tissue compared with 
normal tissue, has a distinctively different structure. 
Extracellular matrix (ECM) is in high density and is typically 
overexpressed in tumor structures along with abnormal vas-
culature. (Tharkar et  al., 2019). The extensive ECM of hetero-
geneous tumor tissues can restrict drug-loaded nanoparticles 
(NPs) from penetrating deeply into the tumor, which restricts 
therapeutic efficacy in cancer treatment (Choi et  al., 2020). In 
addition, high interstitial fluid pressure, the high permeability 
of tumor vasculature, and the absence of the lymphatic 
drainage system, collectively known as the enhanced perme-
ability and retention (EPR) effect, block the nanoparticles 
from penetrating into the tumor. Additionally, these circum-
stances make it difficult for nanoparticles to be evenly dis-
tributed across the total tumor volume (Tharkar et  al., 2019). 
HIFU can overcome the shortcomings mentioned above by 
facilitating accurate drug delivery to the tumor through 
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ultrasound and enhancing penetration of nanoparticles into 
the tumor. Sonoporation can be generated during the cavita-
tion process. Sonoporation is a ultrasound-triggered process 
of forming transient pore in cell membrane (Przystupski & 
Ussowicz, 2022). The vibration and collapse of the microbub-
ble apply a shear pressure on the cell membrane, enhancing 
its permeability. Sonoporation is useful for drug delivery as 
the created pore allows for increased particle uptake in tar-
get tissues and increased particle crossing through intercellu-
lar and intracellular barriers. (Bachu et  al., 2021) Therefore, 
HIFU not only promotes the release of drugs in desired 
region, but also increased cellular uptake and accumulation 
of the nanoparticles.

The synergistic effect of nanomaterials and HIFU is also 
shown in the improvement of image brightness. As a con-
trast agent, microbubbles provide better contrast due to 
their low acoustic impedance and higher echo. However, 
microvesicles cannot be selectively placed in tumor tissues 
for targeted diagnosis and therapy because their microscopic 
size is too large to cross vascular endothelium and enter 
extravascular space (Hernot & Klibanov, 2008). The develop-
ment of nanomaterials with dual size can solve this problem. 
This duality enhances EPR effect generated by nanomaterials 

at nanoscale passive diffusion to the tumor, obtaining good 
echo at micron scale (Rapoport, 2012). Phase change sub-
stances can be encapsulated in nanomaterials, and HIFU can 
act as external stimulus to convert it into gaseous states. For 
example, a perfluorocarbon (PFC) liquid core (Rapoport, 
2012; Park & Na, 2015; Ishijima et  al., 2016), stabilized by a 
lipid, polymer or protein shell, can transform from liquid to 
gaseous state when heated by HIFU. The vaporized nanopar-
ticles can improve the backscatter frequency echo signal, 
echo enhancement and lesion image clarity (Zeng et  al., 
2022). They can also be effectively used as contrast enhancers 
(Strohm et  al., 2011).

Systemic administrated nanoparticles accumulate into solid 
tumors due to EPR effects (Yu JJ et  al., 2007; Prabhakar et  al., 
2013). However, studies have shown that on average, less 
than 1% of the nanoparticle dose reaches malignant tissue. As 
aforementioned, the combination of nanoparticles with HIFU 
can improve the situation. Sonoporation enhances the accu-
mulation and deeper penetration of nanoparticles within the 
diseased tissue. The stimulation produced by ultrasound can 
promote drugs from endovascular lumen enter intercellular 
space. The change of tumor microenvironment brought about 
by HIFU boosts the accumulation of nanodrugs, improving 

Figure 1.  The mechanism of synergistic application of HIFU and nanomaterials.
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treatment results noticeably (Nicolson et al., 2020). Additionally, 
biological or physiochemical modification of nanomaterials is 
frequently used to increase the number of nanomaterials 
deposited in the tumor area, which can improve targeting 
ability of nanoparticles and enhance HIFU ablation impact. 
Biological targeting is based on the connected targeting 
agents on the surface of nanoparticles that combine with the 
receptors specifically expressed or overexpressed on the sur-
face of tumor cells, where the nanoparticles localize and 
release. Physical and chemical targeting is based on the 
environmental-sensitive characteristic of nanomaterials, so as 
to promote the targeted release of targeted nanodrugs under 
specific external environment. For example, the nanomaterials 
that encapsulate magnetic substances that target tumor cells 
through an external magnetic field, exert curative effect by 
inducing drug release on the focused lesion site, have the 
characteristics of high efficiency and low toxicity.

3.  Application of nanomaterials as cavitation nuclei 
in HIFU

HIFU can produce many small bubbles and cause cavitation 
effect when applied to tissues as its energy reaches a certain 
threshold, contributing to tumor ablation. Enhancement of 
ultrasonic intensity could promote cavitation effect; however, 
excessive ultrasonic intensity would damage the surrounding 
healthy tissue. Nevertheless, the method of introducing the 
cavitation nucleus in vitro can be utilized to alleviate lesion 
with higher efficiency and reduce ultrasonic intensity required 
for ablation (Figure 2), showing a promising clinical applica-
tion prospect (Hill & ter Haar, 1995; Roberts et  al., 2006).

The classical external cavitation nuclei are microbubbles, 
but their large particle size prevents them from permeating 
the tumor site and gives them short half-life time. Moreover, 
microbubbles have uncontrollable cavitation scope, which 
limits their further clinical application. Therefore, it is urgent 
to explore a novel material with tiny diameters, accurate 
localization and controllable gas release strategy. Fortunately, 
varied nanomaterials above have been elaborately designed 
in recent years. These nanomaterials have longer circulation 
time and can accumulate efficiently in tumor sites because of 
its tiny diameters. In addition, these nanomaterials can 
achieve controllable nanobubbles or microbubbles formation 
through accurate localization and controllable gas release 
strategy, enhancing ultrasound contrast signals and thera-
peutic efficacy of HIFU more precisely (Exner & Kolios, 2021). 
According to the composition of the gas core, these nanoma-
terials are classified into four categories as shown in Table 1.

3.1.  Perfluorocarbon

Perfluorocarbon (PFC) are compounds in which all the hydro-
gen atoms in a hydrocarbon molecule are replaced by fluo-
rine atoms. PFC are widely used in many aspects (Krafft & 
Riess, 2007). In the field of ultrasound, as shown in Table 1, 
PFC is the one of the most classical sources of cavitation 
nuclei in nanoparticles for ultrasound contrast enhancers. The 
common types of perfluorocarbon include perfluoropropane 

(Abdalkader et  al., 2017), perfluoropentane (PFP) (Rapoport 
et  al., 2007), perfluorohexane(PFH) (Li W et  al., 2018), perluo-
rooctyl bromide (Bérard et  al., 2022) etc.

Perfluoropentane (PFP) has the boiling point of 29 °C, 
which makes PFP vaporize on physiologic temperatures, con-
versing nanodroplets to nano or/and microbubbles, which 
gives PFP the ability of real-time imaging and could enhance 
ultrasound contrast signals (Krafft & Riess, 2007; Rapoport 
et  al., 2007). For example, the nanoparticles with PFP cores 
designed by Rapoport et  al. could provide a long-lasting, 
strong and selective ultrasound contrast upon the intrave-
nous injections in tumor sites. In addition, bubbles formed by 
vaporization of PFP could cavitate and collapse under 
tumor-directed ultrasound, demonstrating its prospect of uti-
lization on HIFU ablation (Rapoport et  al., 2007). In 2013, the 
liquid PFC phase-shifted nanodroplets were proposed by 
Phillips et  al., with cores of highly volatile decafluorobutane 
(DFB) and less volatile dodecafluoropentane (DDFP) to bal-
ance the stability and acoustic sensitivity. These nanodroplets 
can control the location of enhanced thermal energy deposi-
tion by controlled vaporization, resulting in shorter treatment 
times, decreasing risk to healthy tissue along the ultrasound 
path, deepening access to tumors and thus improving the 
ablation effect efficiently. (Phillips et  al., 2013)

Perflurohexane (PFH) has gained strong attention of 
researchers for its suitable boiling temperature of 56 °C, which 
make the emulsions not only stable at room temperature, 
but also able to trigger vaporization whenever needed. Zhou 
et  al. carefully designed temperature-responsive organic tar-
geted nanoemulsions (TNEs) with PFH cores. TNEs can achieve 
temperature-responsive phase transitions. The liquid core can 
be triggered to release sufficient microbubbles via the acous-
tic droplet vaporization (ADV) under the HIFU stimulation, 
which is favorable for enhancing the capabilities of ultra-
sound imaging and therapy. The temperature sensitive ultra-
sonic behavior of TNEs was demonstrated by electron 
microscopy, ultrasonography and sound intensity examina-
tion. TNEs can remain unchanged at 60 °C , and the 
nano-emulsion begins to expand and fuze when the tem-
perature rises to 70 °C , indicating the beginning of phase 
transition and the formation of microbubbles. When it reaches 
80 °C , almost all particles become larger and produce a large 
number of microbubbles, which greatly enhances the abla-
tion ability of HIFU on tumors. This represents the first suc-
cessful demonstration of nanobiotechnology in stimuli- 
responsive ultrasound imaging and HIFU therapy, offering an 
alternative approach to enhance ultrasonography precision 
and ultrasound therapy efficiency, thereby demonstrating sig-
nificant potential for clinical translation toward effective 
ultrasound-based imaging and therapy (Zhou Y et  al., 2013).

Excellent features give PFC a promising future for clinical 
application. Apart from being ultrasound enhancers, PFCs are 
good carriers for many antitumor drugs such as doxorubicin 
(Rapoport et  al., 2007; Li W et  al., 2018) and curcumin (Ji 
et  al., 2014), showing us great possibility of the cooperation 
of HIFU and chemotherapy (Ma M et  al., 2014). In addition, 
PFC is a suitable carrier of oxygen (Song et  al., 2016), a kind 
of tumor sensitive gas, which not only increases the source 
of the nuclei to enhance HIFU ablation but also makes a 



Drug Delivery 5

great contribution to alleviating the tumor hypoxia, solving 
the issue of tumor multidrug resistance (MDR) and tumor 
metastasis (Ma X et  al., 2020; Tang R et  al., 2023).

In general, the application of PFC in nanomaterials to assist 
HIFU therapy is popular and commonly adapted in the 
research field. Studies have shown that PFC can be metaboli-
cally cleared by our body. For example, PFP released upon 
microbubble collapse is expected to be eliminated through 
lungs (Rapoport et  al., 2007), perfluorooctyl bromide and per-
fluorodichlorooctane could be eliminated through exhalation 
from lungs or skin pores, with respective elimination half-lives 
of three to four days and eight days (Song et  al., 2016). 
However, this does not guarantee biosafety of PFCS com-
pletely. People still show great concerns about PFC’s biosecu-
rity (Srivastava et  al., 2022). When used in ophthalmic surgery 

for the management of vitreoretinal diseases (Yu Q et  al., 
2014; Chan et  al., 2017), severe episodes of ocular toxicity 
were reported in Spain throughout Europe since 2013 (Pastor 
et  al., 2017; Srivastava et  al., 2018), which is thought to be 
due to the presence of reactive and underfluorinated impuri-
ties (Waxman, 1986; Gatto et  al., 2023). Additionally, some 
studies showed that PFC may be developmentally toxic to 
pancreas (Liu S et  al., 2020), demonstrating that careful con-
sideration is needed for its application in the future.

3.2.  Oxygen

Oxygen is a kind of colorless, odorless and tumor sensitive 
gas with high biological safety and application value. Recently, 
it has been adapted to strengthen cavitation effect, enhance 

Figure 2.  Application of nanomaterials as cavitation nuclei and drug carriers in HIFU.
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ultrasonic pre-imaging and alleviate tumor hypoxia during 
HIFU therapy (Table 1). At present, there are two ways to 
increase the amount of oxygen in the tumor microenviron-
ment, namely endogenous and exogenous oxygen genera-
tion (Liu T et  al., 2017; Wang C et  al., 2022; Sun L et  al., 2023).

Endogenous production of oxygen has been studied first, 
involving substance such as catalase or metal ions with cata-
lase activity like MnO2 (Hu et  al., 2020; Murphy et  al., 2021), 
Pt (Ren SZ et  al., 2021), Fe-PDAP (Jiang Q et  al., 2022) etc., 
catalyzing decomposition of hydrogen peroxide in situ in 
tumor microenvironment. A novel nanomaterial has been 
synthesized by Liu et  al. which integrates dendritic meso-
porous organic silica nanoparticles and catalase as contrast 
agent and synergist in ultrasound-guided HIFU cancer sur-
gery. The catalase on the nanoparticle takes advantage of the 
characteristic of rich H2O2 within the malignant tumor micro-
environment and thus generate O2 continuously in a rela-
tively mild way. This realizes the on-demand release of tumor 
sensitive gas during HIFU surgery and significantly increases 
the necrotic area of the tumor (Liu T et  al., 2017).

Nevertheless, due to the limited H2O2 content in tumor 
area, oxygen from endogenous production such as 
catalase-induced oxygen mentioned above is still insufficient 
to completely ablate tumor. Recently, some substances are 
used to achieve endogenous oxygen production. CaO2@SiO2 
NPs was developed by Wang et  al., which generates 
high-potency O2 bubble assisting HIFU surgery for tumor 
treatment (Wang C et  al., 2022). The calcium peroxide 
nanoparticles (CaO2 NPs) are used as an enhanced O2 body 
and H2O2 resource for HIFU therapy, and the unstable hydro-
gen peroxide is further converted to O2 after triggering the 
thermal effect of HIFU. Therefore, the nanoparticles can 
effectively improve the therapeutic efficacy of HIFU, opening 
up a way for the application of calcium peroxide in nano-
medicine (Wang C et  al., 2022). There are still many sub-
stances or combinations of substances that have not been 
developed for HIFU therapy but can be used to provide 
exogenous oxygen, such as CuO (Chen Z et  al., 2018), a 
fast-growing cyanobacterium Synechococcus (Sun T et  al., 
2020; Wang B et  al., 2022), the combination of the CaO2 and 
(NH4)2CO3 (Yu Q et  al., 2019), the combination of CaO2 and 

MnO2 (Hu et  al., 2020), the combination of the PFC and O2 
(Tang R et  al., 2023) etc., showing us its great potential 
application of this therapy.

Oxygen, as a tumor sensitive gas, a raw material of reac-
tive oxygen species and a great source of cavitation nuclei, 
also can be a kind of promising substance to cooperate with 
the combined therapy based on HIFU. That is, Oxygen can 
cooperate with the combined therapy of HIFU therapy and 
chemotherapy to alleviate tumor MDR and prevent tumor 
metastasis (Sun L et  al., 2023). Oxygen can also cooperate 
with the combined therapy of HIFU and immunotherapy to 
promote transition of the protumor M2-type macrophages 
into antitumor M1-type and enhance HIFU’s killing of tumor 
tissue (Tang R et  al., 2023).

In a word, the versatility of oxygen gives it superior utili-
zation value, which is of great guiding significance for subse-
quent research about the improvement of nanomaterials. 
Many oxygen-based nanomaterials for tumor ablation based 
on HIFU have been developed in recent years (Mai et  al., 
2021). Although the application of oxygen has broad pros-
pects, the biosafety of inorganic nanocases that catalyze oxy-
gen production or oxygen-carrying carriers like PFC has not 
been fully confirmed, which leads to some problems in clini-
cal conversion (Liu S et  al., 2020; Wang P et  al., 2021; Ren X 
et  al., 2022). Fortunately, Liu S et  al. had proposed a more 
biosafe oxygen-producing organic nanozyme for the treat-
ment of acute kidney injury (Liu S et  al., 2020), which has 
implications for alleviating hypoxic microenvironment of 
tumors in a more biosafe manner. We believe that more 
research is needed in the future.

3.3.  Carbon dioxide

Carbon dioxide (CO2), as a kind of safe nontoxic fat-soluble 
gas with relatively low production cost, could be put into 
practice as composition of cavitation nuclei. Moreover, it also 
has advantages stabilizing lipid shell, thereby stabilizing 
vesiculation and enhancing biosecurity (Table 1). Nowadays, 
various methods have been explored to produce CO2 (Wang 
et  al., 2016; Feng et  al., 2017; Wang D et  al., 2021; Gao 
et  al., 2022).

Table 1.  The utilization of bubble-generating nanoparticles to induce cavitation effect and combine with high-intensity focused ultrasound enhances the effec-
tiveness of the treatment.

Type Nanoparticle Size(nm) Advantages In vitro In vivo Model Ref

PFC A liquid nanodroplet 
with DFB and 
DDFP core

100–300 Thermal deposition↑ √ – (Phillips LC et  al., 
2013)

TNEs 200 Off-targeted heating hazard ↓ √ √ Ovarian cancer (Zhou Y et  al., 2013)
Oxygen Catalase@MONs 145.8 Endogenous oxygen↑

Utilization of tumor 
microenvironment ↑

√ √ Breast cancer (Liu T et  al., 2017)

CaO2@SiO2 NPs 40 Exogenous oxygen↑ √ √ Breast cancer (Wang C et  al., 
2022)

Carbon dioxide Lip-ABC 295.0 ± 13.7 The stability of gas 
production↑

The level of biosecurity↑

√ √ Human fibrosarcoma (Feng et  al., 2017)

Ca@H NPs 216.2 ± 46.09 Exogenous CO2↑
Utilization of tumor 

microenvironment ↑

√ √ Breast cancer (Gao et  al., 2022)

L-menthol HMSNs-LM 630 The stability of bubble 
production↑

The level of biosafety↑

√ √ Squamous cell cancer (Zhang K et  al., 2014)
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Ammonium bicarbonate solution has been utilized to pro-
duce CO2. Feng et  al. successfully prepared nanoscale bubble 
producing liposomes that are temperature sensitive and con-
tains ammonium bicarbonate solution (Lip-ABC). The lipo-
somes are stable at 37 °C while decomposing slowly. However, 
when the temperature exceeds 40 °C during the HIFU irradia-
tion, the ABC solution in the liposomes would rapidly decom-
pose and release large amounts of carbon dioxide. Since CO2 
bubbles are easily diffused from the liposomes, the diameter 
of the liposomes does not change significantly during decom-
position and gas production. This significantly reduces the 
possibility of gas embolization and ensures the safety of the 
liposomes during the HIFU synergistic process (Feng 
et  al., 2017).

CaCO3 are utilized to produce CO2 as well. Gao et  al. con-
structed Ca@H NPs with cores consisting of CaCO3. CaCO3 is 
pH-responsive, stable in neutral environment and unstable in 
a weakly acidic tumor microenvironment where it decom-
poses to produce CO2 (Gao et  al., 2022). In addition, other 
familiar substances such as NaHCO3 (Wang D et  al., 2021), 
effervescent disintegrants etc. could also be used to provide 
CO2 making the production process simpler and the cost 
lower, demonstrating its great possibilities for clinical 
application.

Additionally, the production of CO2 can be coupled with 
the release of antitumor chemicals. In Ca@H NPs, a typical 
acoustic-sensitive agent, hemaporphyrin-monommethyl ether 
(HMME) is coupled to CaCO3, in order to guide and promote 
tumor ablation through a series of combined therapeutic 
mechanisms and multi-mode effects (Gao et  al., 2022). This 
successful combination shows its great application value in 
multi-therapy combined ablation. Nevertheless, compared to 
oxygen, the tumor-sensitive gas, CO2’s functional effective-
ness and diversity for ablation mechanisms seem to be 
slightly inferior and it can’t solve the significant problems, 
MDR and tumor metastasis, caused by tumor hypoxia and 
thus limiting its further application in clinic.

3.4.  L-menthol

L-menthol (LM) has been reported as a replacement for tra-
ditional fluorocarbons. It is a highly volatile natural sub-
stance which stabilizes bubble production and enhances 
biosafety. LM has been first used as a gas core in a nano-HIFU 
enhancer by Zhang et  al. in 2014. In addition, they demon-
strate that this nano-HIFU enhancer has an advantage to 
repeatedly enhance HIFU therapy by a single intravenous 
injection because LM could continuously generate volatile 
gases in a relatively mild manner (Table 1), showing its great 
potential in enhanced ultrasound imaging (Zhang K 
et  al., 2014).

Recently, LM has been put into practice in many fields as 
bubble source and imaging enhancer to assist tumor abla-
tion, such as a novel theranostic agent based on gold 
nanoshell cerasome-encapsulated L-menthol (GNC-LM) pre-
pared by Guan et  al. (Guan et  al., 2019) and a photothermal 
conversion agent based on liposome load LM/IR-780 devel-
oped by Zhang et  al. (Zhang C et  al., 2019). Furthermore, 

although LM was predicted to be nontoxic, Sidhu et  al. had 
demonstrated that LM is cytotoxic toward cervical cancer 
CaSki cells through their in vitro analysis last year, confirming 
LM a potential therapeutic drug against cervical cancer, 
which indicates its potential value in treating other tumors 
(Sidhu et  al., 2023).

Additionally, nano-HIFU enhancers with LM cores can load 
multiple drugs, which would facilitate a series of combination 
therapies. Unfortunately, there are fewer reports about that, 
especially in HIFU therapy. But this might be a potential 
direction for future research based on LM’s capacity of gas 
generation, multiple drug delivery and wide cytotoxicity 
toward tumors.

4.  Application of nanomaterials as drug carriers in 
HIFU

At present, it’s difficult to eliminate tumor radically with HIFU 
therapy due to its internal deficiencies such as the lack of 
effective targeting methods making nanomaterials as drug 
delivery system popularly adapted as accessory to HIFU treat-
ment. Treatments of atherosclerosis (Sha et  al., 2021), dental 
caries antibacterial (Zhu T et  al., 2022) and tumor microenvi-
ronment regulation (Wu M et  al., 2022) were coordinated by 
applications of drug-loaded nanomaterials, such as various 
drugs for chemotherapy, tumor toxic, and free radical 
enhancers, etc. (Alphandéry, 2022). Various targeting drugs 
can also be added to nanomaterials to enhance the targeting 
of HIFU therapy.

The construction of drug carriers can be divided into the 
following three ideas: equipping nanoparticles with chemo-
therapy drugs, combining nanoparticles with targeted drugs 
and making nano-bombs (Figure 2). To comply with specific 
requirements, different construction methods of nanomateri-
als were adapted for their properties and advantages. For the 
various nanomaterials listed in Table 2, we focused on their 
advantages and inspiring ideas of building platforms and 
looked into directions in future development.

4.1.  Nanomaterials equipped with chemotherapy drugs 
could combine with HIFU treatment

Nanomaterials can act as drug carriers, which can be trig-
gered by HIFU to release drugs and thus inhibit tumor 
growth. An earlier study confirmed that HIFU could be used 
for temperature-responsive drug delivery (Zhang K et  al., 
2014). On this basis, Choi et  al. synthesized glycol chitosan 
nanoparticles (CNPs) loaded with Doxorubicin (DOX) and trig-
gered the release of DOX-CNP by HIFU, effectively inhibiting 
the lung adenocarcinoma (LUAD) tumor growth of A549 
tumor-bearing mice (Choi et  al., 2020). They successfully used 
HIFU in vitro to trigger and accelerate drug release from 
DOX-CNPs. DOX can be effectively accumulated in tumor tis-
sues through deep tumor penetration by using this 
HIFU-triggered drug carriers, and the ECM with dense tumor 
can be destroyed by external HIFU, effectively inhibiting 
tumor growth.
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In addition to simple drug delivery, nanomaterials can be 
used to treat tumors that cannot be reached by normal drug 
delivery routes. Nanomaterials, being able to cross the 
blood-brain barrier that prevents many pharmaceuticals from 
brain damage treatment, have been adapted to carry drugs 
to the afflicted brain area. Luo et al. designed a HIFU-activated 
nanoparticle drug delivery system that uses angiopep-2-mod-
ified small poly (lactic-co-glycolic acid) (PLGA) as its shell 
and doxorubicin/perfluorooctyl bromide (ANP-D/P) as its 
drug to treat tumors of intracranial glioblastoma mice (Luo 
et  al., 2017). This drug delivery system enables angiopep-2 
modified ANP-D/P to cross the blood-brain barrier and spe-
cifically accumulate in glioblastoma tissues 17 times and 
13.4 times respectively higher than unmodified nanoparti-
cles, largely solving the problem of inadequate drug delivery 
to glioblastoma. This nanomaterial enhances the treatment 
of glioblastoma by using HIFU to activate a drug delivery 
system, providing a new approach to tackling glioblastoma 
and treating tumors across barriers in vivo.

Except for barriers, the tumor microenvironment is also 
one of the factors limiting the effectiveness of HIFU therapy. 
The clinical efficacy of HIFU in combination with chemother-
apy is often affected by MDR induced by the preexisting 
anoxic tumor microenvironment, which can also be solved by 
nanomaterials. Li et  al. developed a highly stable nanoparti-
cle that was simultaneously loaded with doxorubicin 

prodrugs (borate-Dox, BDOX) and β-laparone onto active tar-
geted pH (low) insertion peptides (pHLIPs) -polyethylene gly-
col and nitrogluconic acid copolymers (Li Q et  al., 2021). In 
vivo and in vitro experiments have shown that this material 
can produce large levels of NO and ROS in tumor tissues 
where GSH is present, improve tumor hypoxic environment, 
and enhance the therapeutic effect of HIFU and chemother-
apy. In particular, HIFU combined with P@
BDOX/β-lapachone-NO-NP has been shown to down-regulate 
p53 gene expression and hypoxia-associated protein (HIF-1α) 
levels, further inhibiting tumor growth. The therapeutic strat-
egy of using HIFU with nanomaterials to deal with the tumor 
microenvironment provides new insights to the development 
of nanomaterials for tumor and specific therapies targeting 
the characteristics and gene expression levels of the tumor 
microenvironment.

4.2.  Nanomaterials combined with targeted drugs 
participate in HIFU treatment

Targeted therapy means the delivery of a drug specifically to 
a target for action. As a main point of nanoparticle, targeting 
ability including passive targeting strategy, active targeting 
strategy, and environmental targeting strategy. Passive target-
ing strategies can be thought of as delivering nanomaterials 
to the tumor site through EPR effects. Although the EPR 

Table 2.  The utilization of drug-loaded nanoparticles for targeted delivery of drugs to tumor sites enhances the effectiveness of high-intensity focused ultrasound 
treatment.

Type Nanoparticle Particle size (nm) Advantages In vitro In vivo Model Ref

Equipped with 
chemotherapy 
drugs

Glycol chitosan nanoparticles Self-assembly: 
283.7 ± 5.3
Load DOX: 

265.9 ± 35.5

HIFU triggers release directly √ √ LUAD (Choi et  al., 
2020)

ANP-D/P 41 Increase cancer drug delivery √ √ Glioma (Luo et  al., 
2017)

P@BDOX/β-lapachone-NO-NPs 117 Targeting anoxic environment of 
tumors; Change tumor gene 
expression

√ √ Breast cancer (Li Q et  al., 
2021)

Combined with 
targeted drugs

PFP-PAA–F127-SPIO 50–310 Magnetic guidance; increase 
permeability of tumor cell 
membrane

√ √ Glioma (Huang et  al., 
2013)

Fe3O4@PLGA/LA NPs 292.1 ± 2.4 Release gas; produce free 
radicals; Coordinate treatment

√ √ Breast cancer (Yang et  al., 
2021)

mAbHLA-G/MTX/PLGA NBs 477.6 ± 119.7 Targeted therapy; prevent 
metastasis

√ √ CC (Zhang et  al., 
2014)

M@P-SOP 233.37 ± 2.20 CCM targeting guidance
Synergistic anti-cancer

√ √ Breast cancer (Tang R 
et  al., 
2023)

PLD@NEs PLD:90 Cells as targeting tools
Active targeting

√ √ Liver cancer (Shen et  al., 
2021)

PEI-PLGA-NaHCO3-NPS & B. 
bifidum

258.0 ± 3.3 Bacteria pioneer
Electrostatic adsorption

√ √ Breast cancer (Wang D 
et  al., 
2021)

Nano-bombs PFH/DOX@PLGA/Fe3O4–FA 281.0 ± 79.6 Targeted therapy; controlled 
release

√ √ Liver cancer (Tang H 
et  al., 
2018)

PFeRu-PL@SiO2(R) NPs 225 Ultrasonic magnetic effect 
dual-mode complementation; 
on-demand release

√ √ Cervical cancer (Mai et  al., 
2021)

DPH 443.6 ± 62.9 Cells as targeting tools
Stimulates neutrophil migration

√ √ Breast cancer (Xu et  al., 
2020)

MBP 96.4 ± 2.28 Multifunctional nanoemulsion 
platform

√ √ Breast cancer (Kuai et  al., 
2022)

GVs-E. coli – Genetically engineered bacteria
Bacterial tumor targeting
Gene product cavitation nuclei

√ √ Breast cancer (Yang et  al., 
2021)
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effect can theoretically enable particles smaller than 200 nm 
to enter the tissue space through the vascular wall, it may 
not be sufficient to guarantee the targeting effect of nano-
materials in practical experimental studies and clinical appli-
cations due to heterogeneity (Zi et  al., 2022). Therefore, the 
construction of nanomaterials relies more on active targeting 
and environmental targeting, and the particle size of the 
nanoparticles in Table 2 also illustrates this problem from 
another aspect. Active targeting strategy is the most com-
monly used strategy for constructing nanomaterials. Common 
ways to construct targeted effects include magnetic effects 
(such as Fe3O4), antigen-antibody specific binding, etc. 
Environmental targeting strategy mainly focuses on tumor 
microenvironment. The tumor microenvironment contains 
many unique physiological and physicochemical properties 
(such as pH, inflammation, etc.), which can be used as the 
basis for targeted construction.

Magnetic effects were used to transport nanomaterials to 
the tumor site. A common targeting agent for magnetic 
effects is Fe3O4. Perfluoropentane (PFP) coated PAA-F127 
thermal nanofoam (PFP-PAA-F127) for RG2 glioma tumors in 
rats is one example of the combined use of HIFU with ultra-
sonic and magnetic effects. The material features nanoparti-
cles with Fe3O4 (Superparamagnetic iron oxide) on its shell 
(Huang et  al., 2013) allowing the nanovesicles to be magnet-
ically guided to the tumor site releasing high concentrations 
of anticancer drugs from the nanovesicles on HIFU. This con-
struction idea is an active targeting strategy. These drugs can 
temporarily increase the permeability of tumor cell mem-
branes, facilitating the uptake of drugs across membranes of 
tumor cells. Such nanomaterials utilizing magnetic effects can 
be used as potential vectors for image-guided, magnetically 
targeted and ultrasound-mediated drug delivery, providing a 
new approach for HIFU targeted cancer therapy.

Fe3O4 not only acts as a drug localization agent, but also 
participates in drug delivery reaction. Yang et  al. reported a 
polylactide-coethylene glycol (PLGA) nanoparticle (Fe3O4@
PLGA/LA NPs) based on superparamagnetic iron oxide (SPIO, 
Fe3O4NPs) as shell and L-arginine (LA) as core for synergistic 
HIFU treatment of breast cancer (Yang, Jiang, Zhang, et  al., 
2021). Fe3O4@PLGA/LA NPs are accumulated through mag-
netic field guidance and retained at the tumor site for a long 
time. The released LA can spontaneously react with hydrogen 
peroxide (H2O2) to produce NO in the tumor microenviron-
ment for gas therapy. Compared with previous studies, Fe3O4 
NPs can not only promote tumor ablation through magnetic 
effect guidance and combined with HIFU, but also react with 
H2O2 to produce highly reactive oxygen species (ROS) to 
accelerate the oxidation of LA and release of NO, so as to 
achieve better gas therapeutic effect. In this nanomaterial 
construction scheme, the targeted agents not only play a 
role of targeting guidance, but also promote drug release. It 
realizes the multi-utilization of single drug in nano platform, 
and has reference significance for building more concise and 
more powerful nano platform.

Antigen-antibody specific response is also a common way 
of active targeting guidance. Specific targeting drugs on 
nanomaterials can also be used to guide the targeting of 
drugs. A methotrexate (MTX) loaded polylactic acid co-glycolic 

acid (PLGA) coated nanobubbles (NBs) were designed to 
carry surfacing coupled active tumor-targeting monoclonal 
anti-HLA-G antibodies (mAbHLA-G) (Zhang X et  al., 2014). 
These mAbHLA-G/MTX/PLGA NBs can specifically target cho-
riocarcinoma (CC) tumor cells in vivo and in vitro, and the 
blood circulation time in vivo is significantly longer. HIFU 
stimulates the release of MTX in nanocolles in tumor tissues 
to promote solid necrosis, specifically to kill the remaining 
tumor cells after HIFU ablation, to improve the therapeutic 
effect of HIFU, and to prevent tumor recurrence and metas-
tasis. In this design scheme, monoclonal antibodies are added 
to the nanomaterial shell for targeted guidance, which com-
bines drug delivery to deal with participating tumor cells, 
and solves the defect of incomplete HIFU treatment.

In addition to loading targeted drugs, targeted guidance 
can also be completed through tumor cell membrane. A 
nanomaterial, M@P-SOP, with PLGA encapsulating SPIO and 
PFH (P-SP), modified with 4T1 cell membrane (CCM) on P-SP 
by co-extrusion and thus gaining the ability of homologous 
tumor targeting capability (Tang R et  al., 2023). M@P-SOP 
homologous targeted and enriched in tumor, which could 
greatly enhance in situ killing of tumor tissue and the total 
energy required for HIFU. The number of M1-type macro-
phages and cytotoxic T cells in tumor tissue were significantly 
increased. The combination of HIFU and M@P-SOP against 
PD-L1 also demonstrated a powerful synergistic anticancer 
effect against both primary and remote tumors. Moreover, 
M@P-SOP enables complementary multi-mode imaging, 
including PFH ultrasound imaging (USI), T2-weighted MRI, 
and superparamagnetic iron oxide (SPIO) photoacoustic 
imaging (PAI). M@P-SOP, based on homologous targeting, 
and rational combination of nanomaterials, HIFU and 
anti-PD-L1 blocking, can improve cancer therapy efficiency.

The process of HIFU treatment is accompanied by the 
generation of inflammatory environment at the tumor site, 
and inflammation will promote the migration of inflamma-
tory cells. This process can also be used to build environmen-
tal targeting. Shen et  al. selected neutrophils as the carrier, 
and pegylated liposome doxorubicin (PLD) as the model che-
motherapy nanodrug to form an innovative cell therapy drug 
(PLD@NEs) (Shen et  al., 2021). HIFU ablation creates an 
inflammatory environment at the tumor site, stimulating the 
migration of neutrophils in order to carry PLD@NEs to the 
tumor site, penetrate the endodermis of blood vessels and 
into the tumor and thus overcoming the biological barrier 
encountered by traditional drug administration. Once PLD@
NEs entered the tumor tissue, PLD is released through a retic-
ular structure and is then internalized by the tumor cells. 
HIFU ablation-induced inflammation is used to achieve active 
targeting, enabling this drug delivery strategy to provide the 
clinical drug PLD with good tumor targeting ability and per-
meability, and the ability to exert anti-tumor effects at doses 
below recommended. This effective integrated approach 
leverages the benefits of HIFU, chemotherapy, and 
neutrophils.

The anaerobic and acidic characteristics of the tumor 
microenvironment can be colonized by some special bacterial 
groups, and they can also become targeted supporters. 
Bifidobacterium bifidum (B. bifidum) selectively colonizes the 
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anoxic region of solid tumors due to its anaerobic growth 
characteristics. Disen Wang et  al. designed Polyethylenimine 
(PEI) -Modified Poly (lactic-co-glycolic) acid nanoparticles 
loaded sodium bicarbonate (PEI-PLGA-NaHCO3-NPS), a nano-
material that carries a positive charge (via PEI) (Wang et  al., 
2021). They injected B. bifidum into the tail vein of 4T1 breast 
cancer bearing-BALB/c mice in advance, and B. bifidum with 
negative surface potential can guide nanomaterials to target 
the tumor microenvironment through Electrostatic adsorp-
tion. In vivo and in vitro experiments confirmed that through 
B. bifidum’s mediations, positively charged NPs entered solid 
tumors faster, more in quantity and longer in residence. This 
approach utilizes B. bifidum as a pioneer, amplifying the 
advantages of the tumor’s special microenvironment. Since B. 
bifidum is a probiotic, experiments have also confirmed that 
B. bifidum will not have a significant impact on the body 
before and after colonization in the tumor microenvironment, 
so this is a reference method. The inspiration of this method 
is that researchers can transform inconvenient tumor micro-
environmental conditions into usable targeted electrostatic 
adsorption, which provides a new idea for the construction 
of targeted nanomaterials.

4.3.  Nano bombs combined with targeted drugs 
participate in HIFU therapy

Nanoparticles can form stable interactions with ligands, for 
its characteristic of size and shape variability, high carrier 
capacity, and the ability to easily bind with hydrophilic and 
hydrophobic substances. These characteristics make it favor-
able for specific and controlled delivery of micro- and macro- 
molecular targets in therapy (Yetisgin et  al., 2020). 
Nano-bombs can also be combined with targeted drugs to 
participate in HIFU therapy. It can also trigger phase change 
response at specific sites and enhance the effect of HIFU 
therapy. Tang et  al. designed a temperature-sensitive treat-
ment nanoplatform (PFH/DOX@PLGA/Fe3O4-FA) with PLGA as 
shell and PFH and DOX as core, conjugating folic acid on the 
surface and integrating Fe3O4 NPs for efficient dual channel 
ultrasound/magnetic resonance imaging (Tang H et  al., 2018). 
These nanocomposites can target liver cancer cells and pro-
mote the accumulation of nanoplatforms at tumor sites. 
Simultaneously, superparamagnetic iron oxide (Fe3O4) was 
used as the contrast agent for magnetic resonance imaging. 
HIFU induces phase transition and make encapsulated DOX 
act on specific tumor sites with controlled release, which 
effectively inhibits tumor growth. This kind of nano-bomb 
utilizes magnetic effect, targeting drugs for imaging and 
guidance, directing itself to tumor cells for phase transition 
reaction and drug release and thus significantly improving 
the ablation effect of HIFU. It achieves phase transition reac-
tion at controlled sites and provides a feasible multifunc-
tional nano platform for tumor treatment.

Targeting not only enables the targeted release of nano-
materials, but also enables the on-demand release of drugs 
at the tumor site, minimizing the impact on other parts  
of the body. Mai et  al. coated PLGA nanoparticles with 
ultra-thin silica shell, loaded with perfluorocarbon (PFOB), 

hydrophobic anti-tumor compound RuPOP and superpara-
magnetic Fe3O4, to obtain a multifunctional organic-inorganic 
hybrid nano-system (PFeRu-PL@SiO2(R) NPs) (Mai et  al., 2021). 
This system showed excellent tumor growth inhibition, better 
biodegradability and biocompatibility in ultrasonic/MR-guided 
HIFU treatment of HeLa-bearing nude mice. This nanomate-
rial is characterized by targeted drugs to induce HIFU- 
stimulated nanomaterials to release RuPOP on demand at 
tumor sites. This mode of action can inhibit residual tumor to 
the maximum extent, avoid toxic side effects on other major 
organs, reduce systemic side effects of HIFU significantly, pro-
vide a new scheme for noninvasive cancer treatment and 
overcome tumor recurrence, which is difficult to avoid with 
conventional methods.

Cells can also be used as targeting tools. Doxorubicin 
(DOX) and phase change perfluoropentane (PFP) were 
embedded in hollow mesoporous organic silica nanoparticles 
(HMONs) to prepare DOX/PFP loaded HMONs (DPH) before 
internalizing them into macrophages (RAW 264.7 cells) in 
order to develop ultrasound inactivated cell bombs (Xu et  al. 
2020). These cell bombs (DPH-RAWs) can remain active and 
return to the tumor cells spontaneously. During cell incuba-
tion at 37 °C, a small fraction of the vaporized PFP can be 
tracked by real-time ultrasound. After the remaining PFP 
accumulates at the tumor site, it can be triggered to further 
vaporize by HIFU, creating several large microvesicles that 
destroy DPH-RAWs and release the drug. DPH-RAWs com-
bined with HIFU significantly inhibited tumor growth and 
prolonged the survival of tumor-bearing mice. This study pro-
vides a new approach for cell-based drug delivery systems to 
track tumor migration in real time and enable targeted can-
cer therapies.

In addition to traditional nanoparticles and nano-bombs, 
some other forms of nano-targeted drugs also have good 
efficacy. A perfluorooctyl bromide (PFOB) nano emulsion 
holding MnO2 nanoparticles (MBP) was developed to coordi-
nate cancer immunotherapy (Shen et  al., 2021). MBP nano 
emulsion shows excellent MRI/CT dual-modal imaging capa-
bility, which can more accurately monitor tumor targeting 
ability of nano emulsion. MBP nanomaterials induce ICD 
effects by participating in HIFU therapy while depleting GSH 
and elevating intracellular ROS. The tumor immune microen-
vironment is regulated by inducing dendritic cell (DC) matu-
ration and promoting the activation of CD8 and CD4 T cells. 
Synergistic GSH depletion and HIFU ablation also amplified 
inhibition of tumor growth and lung metastasis. This study 
pioneered a new strategy for tumor targeted immunotherapy 
and realized a novel therapeutic paradigm of important clin-
ical significance.

Bacteria can also be engineered into nano bombs. Different 
from Wang et  al., who used bacteria to create targeting con-
ditions (Wang et  al., 2021), Yang et  al., made bacteria as 
materials to construct nano bombs (Yang et  al., 2021). They 
used a genetically engineered acoustic reporter gene (ARG) 
that was successfully expressed in Escherichia coli (E. coli) to 
produce protein nanoparticle-gas vesicles (GV) in vitro. After 
intravenous injection, GVs-E. coli could specifically target the 
tumor site and continuously colonized in the tumor microen-
vironment, which could significantly inhibit tumor growth. 
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Moreover, the GVs-E. coli protein nanoparticles could act as 
the cavitation nuclei to synergize HIFU therapy efficiently. 
Both in vivo and in vitro experiments confirmed that GVs-E. 
coli could greatly increase the tumor inhibition rate after 
HIFU treatment. Unlike normal nanomaterials, this nanomate-
rial is a biological agent produced by E. coli bacteria. The 
tumor targeting process of the drug is assigned to E. coli, and 
the cavitating action of the drug turns the E. coli into a nan-
obomb that enhances the effect of HIFU.

All the nanomaterials mentioned above have been confirmed 
to have significant therapeutic effects on tumors by in vitro and 
in vivo experiments, enhancing the effect of HIFU therapy. The 
combination of nano-drug and macrovesicle complex strategies 
with HIFU is a promising cancer treatment tool (Han et  al., 
2017). At present, drugs carried by nanomaterials are still classic 
anti-tumor drugs, and their mechanism is mainly to cooperate 
with HIFU for tumor therapy through HIFU triggering release, so 
as to overcome deficiencies such as inadequate tumor treat-
ment and difficulty in preventing recurrence. In terms of the 
targeting of nanomaterials at the present stage, specific binding 
of various antigen-antibodies and magnetic targeting guidance 
are adapted to enhance treatment pertinency and reduce the 
impact on normal body. There still remained to be much room 
for the development of drug loading nanomaterials binding 
HIFU. In the future, there will be more sophisticated and power-
ful nanomaterial platforms, such as improved drug models for 
nanomaterials, or more targeted drug delivery systems, and sim-
pler and more efficient ways to complete nanomaterial architec-
tures. We have also noticed that some of the treatments in the 
laboratory do not match the current clinical direction of cancer 
treatments. We assume further development of nanomaterials in 
the future could broaden the application of HIFU to more types 
of cancer. In conclusion, nanomaterials have a promising devel-
opment stage that opens up new ideas for tumor therapy.

5.  Conclusion and prospect

Causing thermal and non-thermal (cavitation) effects to the 
focal region (Maloney & Hwang, 2015), HIFU has proven to 
be an efficient approach to noninvasive treatment for solid 
malignant tumors due to its positive attributes of less pain 
and quick recovery (Al-Bataineh et  al., 2012). In previous 
studies, micrometer-sized micro-bubbles were intervened to 
enhance cavitation effect. However, its size was incompetent 
to cross the internals of vascular endothelial cells or pene-
trate the tumor vessels (Sokka et  al., 2003). HIFU’s therapeutic 
effect was also affected by its low aggregation rate and 
ambiguous ultrasound or MRI image.

In recent studies, nanoparticles that provide cavitation 
nuclei were introduced to overcome the said deficiencies, 
such as NPs with micro-bubbles (Blum et  al., 2017), NPs with 
phase-changeable perfluorochemical substances (Schutt 
et  al., 2003) such as PFH (You et  al., 2016), PFP (Chen J et  al., 
2021), PFOB (Kuai et  al., 2022), NPs with peroxide such as 
CaO2 (Wang C et  al., 2022), enzymes-synergistic NPs such as 
catalase (Liu T et  al., 2017; Zhu J et  al., 2019), 
tert-butoxycarbonyl (Li H et  al., 2020) etc. Among those NPs, 
various materials, both inorganic and organic, were used as 
coating. Lipid material such as liposome (Maples et  al., 2015) 

and phospholipid used as stabilizer (Yildirim et  al., 2017) 
were adapted widely recently due to its stability and 
bio-compatibility. Heat sensitive materials such as low tem-
perature sensitive liposomes (Maples et  al., 2015) and mespo-
rous organosilica (Li H et  al., 2020) were adapted to ease the 
cavity on HIFU treatment. These NPs with cavitation nuclei 
effectively enhanced HIFU ablation by improving heating and 
cavitation effect, permeation and accumulation efficiency and 
ultrasound imaging, simultaneously alleviating damage to 
nearby healthy tissues.

HIFU, though advantageous on its noninvasive treatment, 
has difficulties in eliminating tumor cells in the affected area. 
In order to extinct residue of tumor cells after HIFU ablation, 
scientists developed NPs that could active immune system 
and induce immunogenic cell death. (Kuai et  al., 2022) Such 
nanoparticles as ‘nano-bomb’ was also introduced to accom-
plish the mission of chemo-therapy to eliminate tumor cells 
yet to be ablated after HIFU treatment, of which distinct 
pharmaceuticals targeting specific types of tumor were 
packed as core, such as DOX (Choi et  al., 2020), paclitaxel and 
PFH (Du et  al., 2022), methotrexate MTX (Zhang X et  al., 
2014). Besides chemotherapy, radio-therapy is also widely 
applied in cancer treatment (Allen et al., 2017). Bismuth-based 
NPs was reported to combine HIFU treatment with 
radio-therapy (Wen et  al., 2022). These NPs targeted specific 
tumor cell, benefit in treatment for kidney, breast, prostate, 
liver, pancreas, thyroid, parathyroid, connective tissue and 
brain cancer (Maloney & Hwang, 2015).

To accurately target tumor cells, scientists developed 
peptide-modified (Li Y et  al., 2019), biotin-avidin-modified 
(Zhang Y et  al., 2019), low PH environment sensitive (Li Q 
et  al., 2021), Bfidobacteria bounded (Jiang BL et  al., 2020) and 
magnetic Fe3O4 loaded (Sadeghi-Goughari et  al., 2020) NPs, 
targeting the diseased area chemically, biochemically, physi-
cally or any combination to these above (Jiang F et  al., 2022). 
Postoperative infection was also a major problem of 
post-therapy recovery (Fernández-Ugidos et  al., 2019), which 
diclofenac was reported capsuled to reverse (Wu H et al., 2022).

Although the diagnosis of ultrasound works in almost 
every hospital/clinic, its use in treatment has long been under-
estimated. Recently, the US Food and Drug Administration 
(FDA) approved the use of ultrasound together with micro-
bubbles for diagnostic applications (Mullick Chowdhury et  al., 
2017). Furthermore, there are many ultrasound-responsive 
microbubbles and nanoparticle preparations that are in clini-
cal trials or have been used clinically as ultrasound contrast 
agents and to enhance ultrasound-triggered drug release 
applications. For example, SonoVue, Definity, Optison, and 
Sonazoid were used as ultrasound contrast agents, and 
ThermoDox (liposomal doxorubicin) was used to enhance 
doxorubicin release triggered by temperature induced by 
high-intensity focus ultrasound (Anselmo & Mitragotri, 2019). 
The potential toxicity of nanomaterials is one of the keys lim-
iting clinical applications, which comes not only from the 
nanomaterials themselves, but also from the solvents and 
chemicals involved in the synthesis process. Successfully pre-
pared nanoparticles may exhibit low toxic side effects in a 
short time, but their long-term cytotoxicity and associated 
immune response remained to be further studied. Moreover, 
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in basic studies, small animal models cannot fully mimic com-
plex human in vivo microenvironments. Therefore, only if tox-
icity assessment of nanomaterials on different animal models 
could provide valuable clues for their potential clinical transla-
tion applications should it possibly move toward clinical trials 
and applications.

In future studies, the direction of research should be 
focusing on finding more bio-compatible, heat-sensitive and 
stable material as shell, combining with effective phase- 
changing substance, peroxide, gas-releasing enzyme and 
micro-bacteria, coating specific targeting marker and carrying 
chemo- and radio pharmaceuticals, thus accomplishing HIFU 
treatment intra-surgeryly and post-surgeryly. With the devel-
opment of nanotechnology, the application of HIFU in the 
biomedical field will flourish in the future.
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