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A B S T R A C T

Central nervous system (CNS) cancers, particularly glioblastoma (GBM), are associated with high mortality and 
disability rates. Despite aggressive surgical resection, radiotherapy, and chemotherapy, patient survival remains 
poor. The blood-brain barrier (BBB) significantly impedes therapeutic efficacy, making BBB penetration a critical 
focus of research. Focused ultrasound (FUS) combined with microbubbles (MBs) can transiently open the BBB 
through mechanisms such as cavitation, modulation of tight junction protein expression, and enhanced vesicular 
transport in endothelial cells. This review highlights precision delivery and personalized treatment strategies 
under ultrasound visualization, including precise control of ultrasound parameters and modulation of the im
mune microenvironment. We discuss the applications of ultrasound-responsive nanoparticles in brain tumor 
therapy, including enhanced radiotherapy, gene delivery, immunotherapy, and sonodynamic therapy (SDT), 
with a particular emphasis on piezoelectric catalytic immunotherapy. Finally, we provide insights into the 
clinical translation potential of ultrasound-responsive nanoparticles for personalized and precision treatment of 
brain tumors.

1. Introduction

Central nervous system (CNS) cancers are associated with high 
mortality and disability rates, with clinical manifestations varying based 
on histopathology and anatomical involvement [1]. Over the past three 
decades, the global burden of CNS cancers has increased [2,3], and the 
age-standardized incidence rate (ASIR) is projected to rise further over 
the next 25 years, particularly among females [4]. CNS cancers are the 
most common cancer type in children aged 0–14 years, with an average 
annual age-adjusted incidence rate (AAAIR) of 5.74 per 100,000 [4]. 
However, incidence and mortality rates in the 1–10 age group have 
significantly declined since 2019 [2]. Glioblastoma (GBM), the most 
common malignant CNS tumor, is typically treated with surgical resec
tion followed by radiotherapy and chemotherapy. Although emerging 
therapies such as immunotherapy, chronotherapy, and oncolytic viro
therapy are under development to improve outcomes and minimize 
adverse effects [5–8], GBM remains a challenging disease with a nearly 

universal fatality within two years of diagnosis, imposing significant 
economic and medical burdens on families and society [9–12].

The blood-brain barrier (BBB), blood-cerebrospinal fluid barrier 
(CSF), and blood-tumor barrier (BTB) are major obstacles in brain tumor 
therapy [13]. The BBB prevents harmful endogenous and exogenous 
molecules from entering the brain, limiting drug delivery to target sites 
and posing a significant challenge for neurological disease treatment 
[14–16]. The CSF barrier restricts the passage of most macromolecules 
from the blood to the cerebrospinal fluid, hindering systemic drug de
livery for brain tumors [17,18]. The BTB, characterized by high inter
stitial pressure due to leaky tumor vasculature, limits drug penetration 
from the bloodstream into the tumor [19]. However, the presence of 
10–30 nm pores between endothelial cells forming the BBB makes 
nanomaterials promising for brain tumor therapy [16,20].

Nanomaterials, with their small size, large surface area, enhanced 
retention, and high permeability in tumor regions, have become valu
able tools for tumor imaging and therapy [21]. Currently, 
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contrast-enhanced magnetic resonance imaging (MRI) is the most 
common method for brain tumor diagnosis, with gold nanoprobes [22], 
superparamagnetic iron oxide (SPIO) [23], and gadolinium nano
particles [24] clearly defining tumor boundaries. Although MRI offers 
high spatial resolution, it is associated with complex procedures, high 
costs, and gadolinium-induced nephrotoxicity [25]. Interestingly, 
ultrasound-triggered nanoparticles can open the BBB and deliver drugs 
to tumor tissues [26], and when loaded with sonosensitizers, they can 
enable sonodynamic therapy (SDT) [27,28]. Ultrasound, with its 
real-time, portable, non-invasive, and cost-effective advantages, shows 
significant promise in brain tumor therapy, particularly in overcoming 
BBB limitations, enhancing drug delivery efficiency, and enabling pre
cision medicine [29,30].

This review systematically elucidates the mechanisms of ultrasound- 
responsive nanoparticle-induced BBB opening, including macroscopic 
cavitation effects and microscopic molecular mechanisms (e.g., modu
lation of tight junction protein expression and enhanced vesicular 
transport in endothelial cells). Based on bibliometric analysis, we 
discuss current research hotspots in brain tumor nanotheranostics. We 
focus on precision delivery and personalized treatment strategies under 
ultrasound visualization, including precise control of ultrasound pa
rameters and modulation of the immune microenvironment. We also 
explore the applications of ultrasound-responsive nanoparticles in brain 
tumor therapy, including enhanced radiotherapy, gene delivery, 
immunotherapy, and SDT, with a particular emphasis on piezoelectric 
catalytic immunotherapy. Finally, we provide new insights into 
ultrasound-stimulated nanoparticles for personalized and precision 
treatment of brain tumors (Fig. 1).

2. Substance transport across the BBB

The BBB is primarily a physical and metabolic barrier that maintains 
brain homeostasis and prevents the invasion of harmful substances and 
microorganisms. This is largely due to the tight junctions between 
endothelial cells in brain capillaries (Fig. 2A and B) [31,32]. Addition
ally, the BBB contains extensive biochemical barriers, such as tight 
junction (TJ) proteins and major facilitator superfamily 
domain-containing 2a (MFSD2A). TJ proteins block the paracellular 
diffusion of most molecules [33], while MFSD2A regulates cellular 
endocytosis, forming the BBB’s biochemical barrier [34,35]. The brain, 
being the most energy-demanding organ, relies on a rich capillary 
network providing approximately 12 m2 of endothelial surface area for 
substance exchange [36] and receives about 20 % of cardiac output to 
maintain normal function [37]. The BBB expresses various receptors and 
transport proteins that supply the brain with essential amino acids, 
glucose, iron ions, and low-density lipoproteins [38,39]. Under physi
ological conditions, substances required by the brain are transported via 
free diffusion, absorptive transcytosis, receptor-mediated transcytosis 
(RMT), and carrier-mediated transport (CMT) (Fig. 2C) [40–42].

In pathological conditions, BBB integrity is compromised, leading to 
increased permeability, microhemorrhages, perivascular deposition of 
blood-derived products, cellular infiltration, and endothelial cell 
degeneration [43]. This compromised BBB also offers therapeutic op
portunities for brain diseases such as Alzheimer’s [43,44], Parkinson’s 
[45], and brain tumors [40]. Both molecular-targeted drugs and nano
medicines can cross the BBB for therapeutic or imaging purposes 
through: 1) passive targeting, where nanoparticles accumulate in 

Fig. 1. Schematic diagram of MB-FUS mediated BBB opening for the treatment and imaging of brain tumors; MB-FUS-mediated BBB opening can enhance the ef
ficacy of chemotherapy, radiotherapy, immunotherapy, and SDT, as well as deliver genes for treatment; The imaging guidance of MB-FUS- mediated BBB opening can 
be achieved by photoacoustic imaging, ultrasound imaging, and so on.
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damaged areas via the enhanced permeability and retention (EPR) effect 
(Fig. 2D) [46,47]; and 2) active targeting, where nanoparticles are 
modified to bind to receptors or integrins on vascular or tumor endo
thelial cells (Fig. 2E) [48–50].

3. Research hotspots in brain tumor nanotheranostics

Brain tumors can be broadly classified into primary and secondary 
brain tumors, with gliomas being the most common primary brain tu
mors, accounting for approximately 80 % of cases [51–53]. As previ
ously mentioned, the BBB’s structure and function are progressively 
disrupted as brain tumors develop [54]. Although drugs such as temo
zolomide (TMZ), paclitaxel, and doxorubicin can penetrate the BBB, 
their penetration and efficacy are limited [55]. However, nanomedicine 
delivery systems can overcome current BBB limitations [56,57]. Over 
the past 30 years, research on nanomaterials in brain tumors has steadily 
increased, with 17,200 publications from January 1994 to March 2024. 
The United States leads in publications with 7129 articles (41.45 %), 
followed by China with 3861 articles (22.45 %) (Fig. 3A). Most articles 
are published in the field of oncology (38.67 %), followed by multidis
ciplinary sciences and cell biology (9.91 % and 8.34 %, respectively) 
(Fig. 3B). The paper which published in 2008 is the most cited article, 
demonstrating that glioblastoma cells secrete exosomes containing 
mRNA, miRNA, and angiogenic proteins [58]. These exosomes, with 
their natural BBB-penetrating ability, show great promise as delivery 
vehicles for therapeutic RNAs and proteins, leading to the development 
of targeted or modified exosomes for precise brain tumor therapy 
[59–62].

Similarly, biomimetic systems constructed from tumor or platelet 
cell membranes can achieve precise drug delivery due to their excellent 
biocompatibility and ability to prevent drug degradation during delivery 
[63–65]. Keyword analysis reveals 17 clusters (Fig. 3C), including #0 
Case report, #1 brain metastases, #2 brain tumor model, #3 NSCLC 
patient, #4 blood-brain barrier permeability, #5 brain tumor detection, 
#6 glioma cell viability, #7 prophylactic cranial irradiation, #8 child
hood cancer, #9 hepatocellular carcinoma, #10 prognostic potential, 
#11 brain cancer incidence, #12 cancer incidence, #13 adult patient, 
#14 cutaneous melanoma, #15 magnetic field, and #16 glioblastoma 
multiforme. These clusters can be categorized into brain metastases, 
brain tumor incidence, and brain tumor therapy. Recent keyword cita
tion bursts (Fig. 3D) show that "deep learning" has the strongest burst 
intensity (19.27, 2022–2024). Additionally, keywords related to tumor 
immunity, such as T cells, immune infiltration, immunotherapy, and 
tumor microenvironment, frequently appear with high burst intensities. 
This indicates that brain tumor immunotherapy is a current research 
hotspot, and deep learning-based strategies for brain tumor diagnosis 
and treatment are also gaining attention.

Under physiological conditions, substances cross the BBB through 
the aforementioned pathways. Strategies for delivering drugs to the 
brain using nanomedicines include: 1) modifying the drug surface with 
receptors highly expressed on cerebrovascular endothelial cells, such as 
transferrin receptors or lipoprotein receptors (Fig. 4A) [66,67]; 2) using 
transporter-targeting ligands [68,69] or cationic modifications [70]; 3) 
employing biomimetic systems to "trick" the BBB into allowing drug 
delivery (Fig. 4B), such as encapsulating doxorubicin (DOX) in cancer 
cell membranes for homologous targeting of GBM [71,72]; and 4) 

Fig. 2. A) Schematic diagram of BBB, the inner layer of BBB is mainly composed of endothelial cells and tight junctions on the brain capillary wall, while the 
peripheral cells and matrix are located in the middle layer (i.e., the basement membrane). The outer layer is composed of extracellular matrix and astrocytes [32] 
Copyright 2019 Elsevier Ltd; B) Schematic representation of tight junctions between endothelial cells, tight junction proteins seal the surfaces of adjacent cells together 
through a complex network of intercellular and extracellular interactions and intracellular anchoring (middle image), and the right image illustrates various tight 
junction proteins and their intracellular and extracellular interactions in the blood-brain barrier 2015 Future Science Ltd [38] Copyright 2015 Future Science Ltd. C) 
Transport routes across the BBB. Pathways “a” to “f” are commonly for solute molecules; and the route “g” involves monocytes, macrophages and other immune cells 
and can be used for any drugs or drugs incorporated liposomes or nanoparticles [42] Copyright 2011 Elsevier B.V. D) Transport of multifunctional nanoparticles across 
the BBB:1) passive targeting through EPR effect, 2) adsorption-mediated endocytosis or 3) receptor-mediated endocytosis [48] Copyright 2013 Elsevier B.V. D) 
Mechanisms of transportation across the disrupted BBB and selective targeting of brain tumor cells [48] Copyright 2013 Elsevier B.V. 1) receptor-mediated trans
cytosis; 2) receptor-mediated endocytosis; 3) adsorption-mediated nanometer particles and cationized ligands transcytosis.; Both mechanisms provide targeted 
delivery to brain cancer cells while sparing normal tissues [48] Copyright 2013 Elsevier B.V.
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altering administration routes, such as direct intratumoral injection or 
intranasal delivery (Fig. 4C) [73]. However, FUS-mediated BBB opening 
is currently the most widely used method for drug delivery [69], as 
detailed in the next section (Fig. 4D).

4. MB-FUS-mediated BBB opening

Focused ultrasound (FUS) is an emerging non-invasive diagnostic 
and therapeutic method that can transiently and targetedly open the 
BBB in specific brain regions [74]. Initially, ultrasound was used to 
directly stimulate cerebral blood vessels in targeted areas, but this 
approach caused unpredictable biological effects, such as intracranial 
hemorrhage [74,75]. Later, Hynynen and colleagues improved this 
method by combining low-frequency ultrasound with microbubbles 
(MBs), proposing a safe and repeatable method for BBB opening [76].

The exact mechanism of MB-FUS mediated BBB opening remains 
unclear. Studies suggest that the synergistic effect of MBs and ultrasound 
plays a dominant role. When MBs interact with ultrasound, they may 
generate acoustic radiation forces, microstreaming, shear stress, and 
other mechanical effects, reducing the energy required for BBB opening 
and enhancing the safety of FUS [77,78]. At low ultrasound pressures, 
MBs undergo stable cavitation, generating shear stress on vascular 
endothelial cells, particularly during the MB contraction phase. This 
stress significantly increases and pulls the vascular wall into the lumen, 
leading to BBB opening [75,79,80]. Additionally, microstreaming 
around oscillating MBs generates circumferential stress, increasing 
pressure on microvessels and opening the BBB [81]. Interestingly, me
chanical stress from MBs can stimulate ion-sensitive channels on endo
thelial cell surfaces, further contributing to BBB opening [82]. At high 

ultrasound pressures, MBs undergo inertial cavitation, with high-speed 
microjets and localized extreme temperature increases causing BBB 
opening [81]. Smaller MBs fragment within the lumen, while larger MBs 
expand and fragment upon contact with the endothelial wall, potentially 
increasing endothelial cell damage, capillary lumen injury, or red blood 
cell extravasation (Fig. 5A) [83,84].

Furthermore, MB-FUS interactions can alter BBB structure and 
cellular pathways. Ultrasound-mediated BBB opening mechanisms may 
include: 1) transcytosis; 2) endothelial cell cytoplasmic openings, such 
as fenestration and channel formation; 3) partial opening of tight 
junctions; and 4) free passage through injured endothelium (Fig. 5B) 
[75,85]. In the presence of contrast agents (e.g., Optison), ultrasound 
significantly increases BBB permeability, with reduced mRNA and pro
tein expression of tight junction proteins (claudin-5, occludin, and ZO-1) 
at 3 h post-stimulation [86]. Additionally, Akt signaling pathway acti
vation in neurons surrounding the BBB increases phosphorylation of 
downstream signaling molecule GSK3β, reducing interactions between 
occludin and ZO-1 [87]. MB-FUS can also locally downregulate 
P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) 
expression, with P-gp downregulation levels correlating with the extent 
of BBB opening [88]. This enhances brain penetration of P-gp and BCRP 
substrate drugs, such as doxorubicin, daunorubicin, vinblastine, 
vincristine, etoposide, and teniposide [88,89]. After MB-FUS mediated 
BBB opening, endothelial cells exhibit increased vesicle formation, 
confirming the presence of cellular transport [85,90].

In summary, MB-FUS mediated BBB opening involves physical ef
fects from MB cavitation and FUS-induced pathway activation, enabling 
precise control of BBB opening.

Fig. 3. An analysis of the current status of nanoparticle applications in brain tumors based on bibliometric. A) A quantitative assessment of published articles from 
1994 to 2024 reveals the annual trend in publications and the distribution across different countries. B) The top 25 most prolific research areas within this field are 
identified, highlighting the diverse applications and sub-specializations of nanoparticles in brain tumor research. C) A keyword clustering diagram visualizes the 
relationships and intersections between the most frequently used keywords. D) An analysis of the top 25 mutating keywords over the past decade provides insights 
into the evolution of research interests and emerging trends. By identifying keywords that have experienced significant changes in popularity, researchers can stay 
abreast of the latest developments and adapt their research accordingly.
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5. Parameter control in MB-FUS-mediated BBB opening

Although MB-FUS has largely achieved safe BBB opening, the effects 
of different FUS parameters, MB types, and doses on the BBB and sur
rounding brain tissue must be considered [91].

5.1. FUS parameters

Ultrasound frequency largely determines the MB response mode. The 
frequency range required for BBB opening is 28 kHz to 8 MHz, but due to 
skull attenuation, the optimal frequency for FUS application is likely 
between 0.2 and 1.5 MHz [92]. As the mechanical index (MI) increases 
(0.41–1.38), Evans blue (EB) permeability in the BBB also increases, 
accompanied by significant red blood cell extravasation [93,94]. FUS 
exposure below 0.6 MI can induce complete BBB opening without sig
nificant red blood cell extravasation or brain injury, while exposure 
above 0.6 MI is closely associated with cell extravasation (Fig. 6A). 
Lower ultrasound frequencies result in greater BBB opening (0.4 MHz vs. 
1 MHz) (Fig. 6B) [93]. As peak negative pressure (PNP) increases (250, 
350, 450 kPa), the number of inertial cavitation events in MBs increases, 
potentially damaging brain vascular endothelial cells [95]. At 400 kPa 
PNP, rapid short-pulse (RaSP) sequences do not significantly increase 
BBB permeability compared to 10 ms tone burst sequences but increase 
the risk of hemorrhage [96].

5.2. MB parameters

The persistence of BBB opening effects depends on the degradation 
kinetics of each MB type [94]. Compared to ultrasound parameters, MB 
parameters are more challenging to evaluate due to the numerous 

influencing factors in biological systems and the lack of standardized MB 
preparation and management protocols [91]. MB dose is closely related 
to BBB opening, with higher MB doses exerting greater force on cere
brovascular endothelial cells under ultrasound radiation, leading to 
more significant BBB opening [84]. However, MB size, size distribution, 
and shell composition can also significantly impact BBB opening 
[97–99]. And gas volume dose in MBs (2 μm and 6 μm in diameter) is the 
determining factor for FUS (1 MHz, ~0.5 MPa at the focus)-mediated 
BBB opening, with no significant difference in BBB opening extent 
under equal volume conditions [100].

In summary, ultrasound amplitude, mechanical index, PNP, and 
burst duration are related to BBB opening and potential brain tissue 
injury, while MB type, dose, size, pulse repetition frequency, and total 
radiation time are related to BBB opening without causing brain tissue 
damage [93–96,101].

6. Drug delivery for brain tumor therapy following MB-FUS- 
mediated BBB opening

6.1. Enhanced chemotherapy efficacy

FUS shows great promise in brain tumor therapy, primarily for BBB 
opening and drug delivery. Postoperative radiotherapy combined with 
TMZ chemotherapy is the standard treatment for newly diagnosed GBM 
in adults. Although clinical efficacy is limited, oral TMZ remains the 
primary treatment for O6-methylguanine-DNA methyltransferase 
(MGMT)-methylated high-grade gliomas [102].

Preclinical studies have shown that FUS increases local TMZ content 
in the brain from 6.98 ng/mg to 19 ng/mg and extends TMZ degradation 
time in the tumor core from 1.02 to 1.56 h [103]. In a rabbit model, one 

Fig. 4. Redrawn after Qiu et al. [69] Copyright 2022 by the authors. A) Cross the BBB by surface modification. (i) Schematic of a nanomedicine carrier modified with 
ligands targeting receptors. (ii) Schematic of a nanomedicine carrier modified with ligands targeting transporters. (iii) Schematic of a nanomedicine carrier modified 
with cationic. B) Biomimetic nano delivery system that can cheat the BBB. (i) Schematic of cells that can pass directly through the BBB, shown here as a neutrophil. 
(ii) Schematic of drug carrier coated with cell membrane. (iii) Schematic of extracellular vesicle drug delivery system. (iv) Schematic of virus nano drug delivery 
system. (v) Schematic of protein-based drug delivery system. C) Bypass the BBB by an unconventional route of administration. (i) Schematic of local administration 
mode, which can be realized by injection or surgical implantation. (ii) Schematic of nose-to-brain administration mode. D) Schematic of temporary destruction of the 
blood–brain barrier by ultrasound combined with microbubbles.
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hemisphere was treated with FUS for BBB opening, while the contra
lateral hemisphere served as a control. TMZ and irinotecan (CPT-11) 
concentrations increased by 21 % and 178 %, respectively, in the 
FUS-treated hemisphere compared to the control. Drug distribution in 
the brain was uneven, depending on the distance from the ultrasound 
source [104].

Scholars have encapsulated doxorubicin in hollow mesoporous 
organosilica nanoparticles (HMONs) and integrated ultrasmall Cu2-xSe 
particles on their surface, achieving efficient photoacoustic imaging- 
guided and ultrasound-responsive in situ brain tumor therapy [105]. 
Additionally, chemotherapy drugs such as trastuzumab [106,107], 
bevacizumab [108], methotrexate [109], and carboplatin [110] have 
been shown to enhance BBB delivery in animal models under ultra
sound. MRI can assess BBB opening and its extent. MR-guided FUS 
(MRgFUS) systems enable precise, safe, and controlled transcranial ul
trasound energy delivery, showing great promise in enhancing chemo
therapy drug delivery to brain tumors. However, evidence for the safety 
and efficacy of this treatment in clinical brain tumor patients remains 
limited [108].

In a phase I, single-arm, open-label study, five glioma patients un
derwent MRgFUS one day before surgery and received chemotherapy, 
demonstrating the safety and feasibility of non-invasive low-intensity 

MRgFUS combined with systemic chemotherapy for transient BBB 
opening in tumor and peritumoral tissues [111]. However, with the 
widespread use of TMZ, an increasing number of patients develop drug 
resistance. NRF2, which enhances drug detoxification, autophagy, DNA 
repair, and reduces drug accumulation and apoptotic signaling, may 
reverse TMZ resistance and serve as a new therapeutic target [112].

6.2. Enhanced radiotherapy efficacy

Postoperative radiotherapy is a conventional therapy for brain tu
mors, but few studies have examined whether radiotherapy affects FUS- 
mediated BBB opening. Scholars administered a total dose of 30 Gy in 
five fractions to one hemisphere of normal mice and performed FUS on 
days 2 (acute phase) and 30 (chronic phase) post-radiotherapy [113]. 
Radiotherapy did not affect FUS-mediated BBB opening but facilitated 
BBB opening during the acute phase. Radiotherapy alone caused mild 
BBB opening, while FUS following radiotherapy increased peak fluo
rescence intensity of hypertonic dye in the ultrasound region by 17.5 ±
12.1 % compared to FUS alone, suggesting that radiotherapy may 
sensitize FUS-mediated BBB opening [114]. Interestingly, a study first 
combined radiotherapy and FUS in an orthotopic GBM mouse model. 
Local MB-FUS was performed to open the BBB before radiotherapy, 

Fig. 5. A) The physical mechanism of induced biological effects when MBs are excited by ultrasonic energy [83] Copyright 2014 Ivyspring International Publisher; B) 
Mechanisms of transport across the BBB following FUS. 4 main methods of transport across the BBB have been identified following FUS-mediated BBB opening. (a) 
Increased vesicles observed by electron microscopy indicated that transcytosis with either carrier proteins or receptor mediated is upregulated. (b) Caveolin proteins 
are significantly increased at 1 h after FUS treatment suggesting a role for caveolin-mediated endocytosis. (c) Downregulation of tight junction proteins has shown 
that paracellular transport can occur following FUS treatment. (d) Cytoplasmic channels created potentially by the fusion of vesicles or damage to the capillary 
endothelium have been observed using electron microscopy [75] Copyright 2015 Taylor & Francis.
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followed by radiotherapy 2 h later [115]. The RT-FUS (2 Gy) group had 
a significantly longer median survival than the RT (2 Gy) alone and 
control groups (P < 0.05) but did not exceed the RT (5 Gy) group. Later, 
they treated six patients with recurrent malignant high-grade gliomas 
with RT-FUS. Three patients achieved stable disease (average 323 days) 
with or without salvage chemotherapy or targeted therapy, and one 
patient showed partial response after RT-FUS, with an objective 
response rate (ORR) of 16.7 %. This clinical trial (NCT01628406) 
demonstrated the safety of RT-FUS combination therapy.

6.3. Enhanced gene delivery

DNA, as a natural biomaterial, has low cytotoxicity, immunoge
nicity, biosafety, high specificity, and tunability, making it a promising 
smart biomaterial [116,117]. By constructing pH-responsive DNA oc
tahedron loaded with epirubicin (Epr@DNA-Octa) and enhanced its 
delivery to the brain using MB-FUS, significantly improving the survival 
of brain cancer mice [118]. A gene-liposome system has been developed, 
in which liposomes carrying plasmid DNA (pDNA) formed 

Fig. 6. A) FUS-induced BBB opening of the previously employed exposure levels on the iso-contour MI/CI lines and denoted as three different levels: intact (marked 
in black), mild erythrocyte extravasations (marked in blue), and severe erythrocyte extravasations/brain damages (marked in red). FUS exposure levels within the 
range below 0.6-MI (green area) and below 0.45-CI (above 0.8 MHz, yellow area) seemed to induce intact BBB-opening without significant erythrocyte extravasations 
or brain damage [93] Copyright 2016 The Author(s). B) Representative gross views of EB-stained brains and post-processed DCE-MRI parameters including the 
signal-intensity (SI) maps, Gd-based area-under-curve (Gd-AUC) maps, Ktrans maps, and Ve maps at various MI/CI exposure levels. The scale of BBB-opening in
creases with MI/CI for both the 0.4-MHz FUS group and the 1-MHz FUS group. The mild BBB-opening caused by low MI/CI with 1-MHz FUS was similar to the 
BBB-opening of low MI/CI 0.4-MHz FUS. The higher MI/CI 0.4-MHz FUS and higher MI/CI 1-MHz FUS induced aggressive BBB-opening accompanied by erythrocyte 
extravasations. The FUS dimension is larger in 0.4-MHz than in l-MHz, therefore 0.4-MHz exposure contributed to a larger BBB-opening dimension [93] Copyright 
2016 The Author(s). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Schematic highlighting the immunomodulatory mechanism of thermal and mechanical stress and the most promising combinations with immune adjuvants 
to treat brain tumors [124] Copyright 2022 The Author(s),.
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liposome-plasmid DNA (LpDNA) [119]. FUS treatment enhanced CNS 
gene expression, with transfection efficiency dependent on LpDNA dose. 
Higher pDNA payloads resulted in higher transfection rates. Intranasal 
administration of plasmid DNA nanoparticles (NPs) offers a new 
approach for brain disease treatment. With FUS assistance, transgenic 
expression increased in the treated brain hemisphere, altering cell 
transfection patterns at the ultrasound site and improving plasmid 
nanoparticle penetration into the brain parenchyma [120].

In summary, MB-FUS- guided DNA [118–121] and RNA [122,123] 
delivery is a safe and non-invasive brain-targeted gene therapy strategy.

6.4. Enhanced immunotherapy

MB-FUS-mediated BBB opening can modulate the brain tumor im
mune microenvironment through mechanical and thermobiological ef
fects, transforming low immune cell-infiltrated tumors into high 
immune cell-infiltrated tumors, potentially leading to long-term anti- 
tumor immune responses (Fig. 7) [124]. During the acute phase of 
MB-FUS -mediated BBB opening, microglia, astrocytes, and T and B 
lymphocytes are recruited in response to vascular changes, triggering a 
mild inflammatory response through upregulation of PDGFRβ and 
VEGF-A [125]. Repeated ultrasound stimulation may increase the 
expression of genes related to pro-inflammatory cytokine and chemo
kine signaling and dendritic cell changes, promoting the generation of 
pro-inflammatory cytokines, chemokines, and trophic factors (CCTFs). 
This shifts tumor-associated macrophages (TAMs) and microglia toward 
a pro-inflammatory phenotype, remodeling the tumor microenviron
ment (TME) and overcoming immune evasion in GBM [126]. Single-cell 
sequencing confirmed that MB-FUS- mediated BBB opening remodels 
the TME by recruiting CNS-associated macrophages (CAMs) and 
proliferating microglia, along with changes in disease-associated 
microglial populations [127].

Combining MB-FUS with immune checkpoint inhibitors and/or 
adoptive cell therapy can induce robust responses. The study success
fully delivered anti-PD-1 using MB-FUS, accumulating it within gliomas 
and enhancing the focal delivery and persistence of chimeric antigen 
receptors in the brain, significantly improving mouse survival [128]. 
Delivering PD-1 inhibitors (PD-1-IN-17) significantly increased CD4+

and CD8+ T cell infiltration [129]. However, anti-PD-1 therapeutic ac
tivity may be mediated by M1-like polarization of microglia in the brain 
TME [130]. Researchers have constructed an antibody-drug conjugate 
(T-DM1) for treating breast cancer brain metastases. MB-FUS alleviated 
the vascular barrier and enhanced interstitial convective transport in 
solid tumors, increasing T-DM1 delivery to tumor sites [131]. When 
combined with other immune modulators (e.g., monoclonal antibodies, 
immune cells, and cytokines) that do not readily accumulate in the 
brain, MB-FUS can serve as a powerful adjuvant therapy, as indicated by 
a recent review [132]. In a preclinical study, a combination of 
FcE-aCTLA-4, anti-PD-1, and doxorubicin with MB-FUS achieved a 90 % 
cure rate in an immunotherapy-resistant glioma mouse model, associ
ated with robust CD8+ T cell infiltration and immune memory estab
lishment. This team’s clinical trial (NCT05864534) showed that 
combining anti-PD-1, doxorubicin, and MB-FUS significantly upregu
lated FcγRIIIA on TAMs, enhancing immunotherapy efficacy [133]. In 
summary, MB-FUS-mediated BBB opening enhances immunotherapy 
efficacy by delivering immune inhibitors or remodeling the TME.

6.5. Enhanced SDT

Reactive oxygen species (ROS) play a significant role in cancer 
therapy. Low ROS levels regulate immune cells in the TME and are 
involved in glioma cell proliferation, invasion, metastasis, and death 
[134]. ROS accumulation can lead to glioma cell death [135]. The 
combination of ultrasound and sonosensitizers under certain conditions 
generates large amounts of ROS, known as SDT, which has been 
explored as a promising alternative for glioma treatment [136,137]. SDT 

mechanisms may involve low-energy ultrasound and 
sonosensitizer-mediated cavitation, followed by sonomechanical and/or 
sonochemical processes that initiate cell damage [138]. For example, 
ultrasound-excited TiO2/PEG polymers induce glioma cell death 
through physical membrane disruption rather than oxygen radical 
damage [139]. SDT also reduces mitochondrial membrane potential 
[140], disrupts calcium ion balance across cell membranes [141], and 
activates death receptor pathways [142] to trigger cancer cell death. 
However, traditional sonosensitizers, such as 5-ALA [143], protopor
phyrin IX (ppIX) [144], hematoporphyrin monomethyl ether (HMME) 
[145,146], and fluorescein [147], lack specific targeting and are hin
dered by the BBB, limiting their tumor-killing efficacy [148]. Re
searchers have modified sonosensitizers with tumor-homing peptides 
[149], angiopep-2 [27], and exosome camouflage [137], successfully 
delivering them to brain tumor regions with MB-FUS assistance and 
achieving efficient SDT under repeated ultrasound stimulation 
(Fig. 8A–C) [27]. Traditional sonosensitizers have limited ROS genera
tion under ultrasound, resulting in suboptimal SDT efficacy. Therefore, 
exploring new sonosensitizers with higher ultrasound responsiveness is 
crucial. Promising candidates include piezoelectric materials, defective 
semiconductors, hybrid-assembled polymers with narrow bandgaps, 
and novel sono-catalysts with heterojunctions [150]. Recent studies 
have shown that TMZ can generate ROS under ultrasound, enhancing 
SDT and TMZ chemotherapy efficacy in GBM [151].

Piezoelectric materials, such as P(VDF-TrFE) [152,153] and BaTiO3 
[154], can also serve as sonosensitizers for glioma treatment. In 
MB-FUS- mediated delivery, layered piezoelectric SrBi2Ta2O9 nano
particles (SBTO NPs) selectively accumulate in mitochondria. Under 
ultrasound, piezoelectric materials undergo electron-hole pair separa
tion, generating charges that indirectly reduce mitochondrial membrane 
potential through ROS or directly depolarize mitochondria, inducing 
apoptosis [155]. In our recent review, we termed this 
ultrasound-triggered piezoelectric material-mediated ROS generation or 
electrical stimulation for tumor treatment as sono-piezo dynamic ther
apy (SPDT) [156]. Importantly, ultrasound-excited P(VDF-TrFE) nano
particles can trigger microglial polarization toward the M1 phenotype, 
disrupting the immunosuppressive GBM microenvironment and 
enhancing immunotherapy efficacy [157]. This therapeutic strategy is 
referred to as piezoelectric catalytic immunotherapy.

In summary, SDT has been demonstrated as a promising alternative 
for brain tumor treatment. Optimizing sonosensitizers, such as using 
piezoelectric materials, can further enhance therapeutic efficacy. SPDT, 
combining ultrasound and piezoelectric materials, can sensitize GBM to 
piezoelectric catalytic immunotherapy.

6.6. Other applications

With the advancement of precision medicine, theranostics has 
become a research hotspot. By incorporating MnO2 [158], DOTA-Gd 
[152], and superparamagnetic iron oxide [159], MRI-guided MB-FUS 
therapy for brain tumors can be achieved. Additionally, combination 
therapies can adapt to the complex TME. For example, Scholars used 
HMME to mediate both photodynamic therapy (PDT) and SDT, gener
ating more ROS for C6 glioma cell inactivation [146]. Other studies have 
combined chemotherapy drugs, such as TMZ [160], bleomycin (BLM) 
[161], and DOX [162], with SDT for brain tumor treatment, achieving 
promising results. Interestingly, combining SDT with autophagy, ther
motherapy, gas therapy, and immunotherapy shows great potential for 
brain tumor treatment (Fig. 8D) [148]. Current clinical studies on FUS 
for brain tumor treatment are detailed in recent reviews [163].

7. Ultrasound-responsive nanoparticles for brain tumor imaging

Ultrasound imaging, with its real-time and repeatable operation 
advantages, has long been used in neurosurgical imaging [164]. How
ever, MRI and positron emission tomography (PET) imaging, 

Z. Chen et al.                                                                                                                                                                                                                                    Materials Today Bio 32 (2025) 101661 

8 



particularly perfusion MRI, provide physiological information about 
brain tumors and are increasingly important in glioma response 
assessment [165]. A clinical study comparing intraoperative enhanced 
MRI and intraoperative contrast-enhanced ultrasound (CEUS) for GBM 
location, morphology, margins, and size found that intraoperative CEUS 
had similar enhancement patterns to intraoperative enhanced MRI, 
suggesting its potential as an intraoperative imaging aid for GBM [166].

MRgFUS is an emerging technology that enables controlled and safe 
BBB disruption in time and space. MRgFUS systems can also monitor the 
biological effects of ultrasound energy delivered to the CNS in real time, 
measuring local thermal effects or acoustic emissions from oscillating 
microbubbles [108]. Preclinical and clinical studies have confirmed that 
MB-FUS-mediated BBB opening under MRI guidance and monitoring 
enhances the delivery of traditional chemotherapy drugs or novel 
nanocarriers designed for active drug transport or extended drug 
half-life, significantly improving therapeutic efficacy [167,168]. How
ever, MRgFUS requires patients to be placed inside an MRI scanner, and 
the imaging time for precise targeting is lengthy (over 3 h), which may 
be challenging for elderly patients. The high cost also limits the appli
cation of various treatment methods [169].

Neuronavigation-guided real-time passive acoustic mapping can 
accelerate FUS procedures without MRI by visualizing acoustic events in 
the brain to confirm targets and monitor treatment at different locations 
[169]. The NaviFUS system has a BBB opening dose tolerance of less 
than 0.68 MI, with no surgery-related adverse events or radiological 
sequelae. The device is portable, integrated with standard neuro
navigation systems, and does not require large spaces or expensive 
intraoperative MRI suites. The procedure is efficient and can be 
completed in 15 min. NaviFUS does not require rigid skull fixation and 

achieves target accuracy with less than 3 mm deviation error [170]. At 
higher FUS levels (MI = 0.81), immunomodulatory responses may 
convert "cold" tumors to "hot" tumors, supporting NaviFUS advancement 
to the next stage of clinical trials [171]. Under neuronavigation guid
ance, FUS-induced BBB opening enables "bidirectional transport" be
tween the brain and bloodstream, releasing brain tumor-derived 
biomarkers into the blood. Analysis of blood samples collected before 
and after FUS sonication showed that ultrasound biopsy enriched 
plasma circulating tumor DNA (ctDNA), with mononucleosome-free 
DNA (cfDNA) fragments (120–280 bp) increasing up to 1.6-fold, 
achieving ultrasound biopsy of high-grade gliomas under neuro
navigation guidance for the first time [172]. However, spatial cavitation 
monitoring is crucial for neuronavigation-guided FUS. By developing a 
real-time cavitation mapping, enabling full burst analysis for 
neuronavigation-guided FUS systems with enhanced spatial resolution, 
confirming the feasibility of real-time acoustic mapping for safe and 
efficient BBB opening [173].

Ultrasound imaging-guided MB-FUS-mediated BBB opening pri
marily uses microbubbles, phase-shift emulsions, and gas-filled nano
bubbles, which form microbubbles or gasify under ultrasound, enabling 
contrast-enhanced ultrasound imaging [174]. A novel protein nano
particle for molecular imaging is the gas vesicle (GV), a gas-filled protein 
nanostructure expressed by certain cells [175]. Scholars have showed 
that intravenous infusion of GVs enhances ultrafast Doppler ultrasound 
contrast and visually evoked hemodynamic contrast in transcranial 
functional ultrasound imaging (fUS) in mice, reliably amplifying neu
roimaging signals (Fig. 9A and B) [176]. Ultrasound imaging also pro
vides opportunities for anatomical structure visualization, blood flow 
imaging, cavitation imaging, tissue property measurement, and 

Fig. 8. A) A schematic illustration depicts the delivery of the sonosensitizer Ce6 and the autophagy inhibitor HCQ to brain tumors, modified with Angiopep-2, to 
enhance the anti-glioma effects of SDT through autophagy inhibition [27] Copyright 2019 Taylor & Francis. B) Ce6 preferentially accumulates in mitochondria [27] 
Copyright 2019 Taylor & Francis. C) Bioluminescence signals associated with tumor growth over time [27] Copyright 2019 Taylor & Francis. D) A schematic repre
sentation of SDT strategies employed for the treatment of GBM multiforme [148] Copyright 2022 The Author(s).
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temperature monitoring, as indicated by a recent review [177].
Photoacoustic imaging (PAI) combines the high selectivity of optical 

imaging with the deep penetration of ultrasound imaging. Scholars 
synthesized mesoionic dye A1094 encapsulated in Arg-Gly-Asp- 
modified hepatitis B virus core protein for effective second near- 
infrared window (NIR-II) PAI of brain gliomas, achieving an imaging 
depth of 5.9 mm and high-resolution PAI images, precisely co-localized 

with ultra-sensitive single-photon emission computed tomography im
ages [178]. In addition, scholars have constructed indocyanine green 
(ICG)-doped microbubbles (MBs-ICG) for visualizing FUS-mediated BBB 
opening and enhancing photothermal therapy (PTT) for GBM [179]. 
MBs-ICG combined with FUS achieved in situ and synchronous visuali
zation of BBB opening with a NIR-II fluorescence signal-to-noise ratio of 
6.2 ± 1.2, providing a new method for monitoring BBB opening and 

Fig. 9. A) Power Doppler images at 60s with and without saline and GV injection; Mean brain signal change over time with and without saline and GV injection 
[176] Copyright 2019 The Authors. B) Activation maps overlaid on power Doppler images of the mouse brain with and without bolus injection of saline and GVs; fUS 
signals in the most responsive LGN pixel with and without bolus injection of saline and GVs [176] Copyright 2019 The Authors. C) Microscopic ultrasonic and PAI 
results of brain tumors before and after treatment with PBT NPs alone [182] Copyright 2019 Wiley-VCH. D) Microscopic ultrasonic and PAI results of brain tumors 
before and after the combined therapy of PBT NPs and FUS coupled with intravenous microbubble injection [182] Copyright 2019 Wiley-VCH.
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enhancing GBM treatment. Among various NIR-II fluorescent nanop
robes, aggregation-induced emission (AIE) has gained attention for its 
fluorescence enhancement at high concentrations or in aggregated 
states, overcoming the limitations of traditional organic dyes’ 
aggregation-caused quenching effects [180]. Several studies have ach
ieved NIR-II imaging based on AIE dots, with large near-infrared ab
sorption rates promoting near-infrared photoacoustic imaging, enabling 
in situ brain tumor NIR-II and PAI multimodal imaging (Fig. 9C and D) 
[180–183]. Additionally, by constructing a hybrid cell 
membrane-coated ICG liposomes (HM-Lipo-ICG) as biomimetic 
near-infrared (NIR) fluorescent probes, achieving a signal-to-noise ratio 

of 6.5 in the GBM region of an orthotopic glioma mouse model under 
high-contrast NIR imaging guidance, improving tumor margin detection 
accuracy by fourfold [184].

8. Inflammatory responses during MB-FUS-mediated BBB 
opening

MB-FUS-mediated BBB opening facilitates drug delivery but may also 
allow exogenous toxins and pathogens to enter the brain, causing in
flammatory responses [185]. Previous studies have shown that 
MRgFUS-induced BBB opening can cause sterile inflammation in the 

Fig. 10. (A, B) Brain sections were stained for neutrophils (MPO, magenta), astrocytes (GFAP, green), and nuclei (DAPI, cyan). Numerous MPO + neutrophils were 
present in the dura (*), in both sonicated and control animals, likely due to the cranial window procedure. (C–E) Neutrophils were found within and outside of blood 
vessels [188] Copyright 2021 The author(s). (C) A blood vessel is outlined by GFAP+ (green) astroglial processes [188] Copyright 2021 The author(s). (D, E) Neu
trophils were identified as MPO+ (magenta) cells containing multi-lobed nuclei (counter-stained with DAPI, cyan) [188] Copyright 2021 The author(s). F) A mass of 
cells began to accumulate adjacent to an affected arteriole at T = 1 h after the onset of sonication, and increased in volume until the end of imaging [188] Copyright 
2021 The author(s). G) Heat map of genes associated with the inflammatory response at 0.25 MPa (blue line) and 0.42 MPa (red line) [189] Copyright 2022 The Author 
(s). H) Heat map of genes displaying significant changes in expression relative to control regions 6 h post-FUS. Scheme 1. MB Dose: 10(μl Definity/kg), PNP: acoustic 
controller used, PRF: 1(Hz), Pulse Length:10 (ms), Sonication Duration: 120(s); Scheme 2. MB Dose: 100(μl Definity/kg), PNP: 0.290, PRF: 1(Hz), Pulse Length:10 
(ms), Sonication Duration: 120(s); Scheme 3. MB Dose: 100(μl Definity/kg), PNP: acoustic controller used, PRF: 1(Hz), Pulse Length:10 (ms), Sonication Duration: 
120(s) [190] Copyright 2017 Ivyspring International Publisher. I) Representative Ktrans maps acquired at 15 min and 2 h post-FUS + MB exposure demonstrate a more 
rapid restoration of BBB integrity in a DEX-treated animal compared to a saline-control animal [193] Copyright 2020 The Author(s). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version of this article.)
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normal brain microenvironment [186]. Glioma implantation also in
creases monocytes, neutrophils, and lymphocytes in the brain paren
chyma. Transient BBB opening using MRgFUS combined with 
microbubbles can activate monocyte homing and differentiation, 
inducing a shift toward a more pro-inflammatory state in the glioblas
toma immune environment [187]. MB-FUS-mediated BBB opening can 
cause acute inflammatory responses characterized by transient upre
gulation of pro-inflammatory genes. The study identified leukocyte ac
tivity indicators during the acute inflammatory phase after ultrasound 
treatment, including transendothelial migration, cell aggregate forma
tion, and cell clusters capable of disrupting blood flow, with neutrophils 
being the most critical leukocyte type (Fig. 10A–F) [188]. Scholars have 
identified sterile inflammation as a potential biological effect accom
panying MB-FUS-mediated BBB opening, as even the lowest acoustic 
settings causing BBB permeability could induce sterile inflammation 
[186]. However, at low ultrasound frequencies (0.25 MPa), BBB opening 
did not cause cell/tissue damage or sterile inflammation, while at 0.42 
MPa, BBB opening could induce sterile inflammation, indicating that 
ultrasound parameters influence sterile inflammation occurrence 
(Fig. 10G) [189]. Additionally, they found that A2-type astrocyte 
expression has neuroprotective properties, promoting brain tissue repair 
and maintaining brain microenvironment homeostasis. Microbubble 
dose is also related to sterile inflammation. At clinical imaging doses, 
genes involved in acute inflammation and immune activation, such as 
NFκB signaling pathway genes, did not significantly change. However, 
at high MB doses, the NFκB signaling pathway was activated, accom
panied by edema, neuronal degeneration, neutrophil infiltration, and 
microhemorrhage (Fig. 10H) [190]. A useful indicator during 
MB-FUS-mediated BBB opening is microbubble cavitation dose, as it 
provides real-time information on biological effects [191]. In the context 
of target cavitation doses, as cavitation dose increases (1 × 107 V2•s, 5 
× 107 V2•s, 1 × 107 V2•s), the relative gene expression of inflammatory 
cytokines and receptors also significantly increases, but all cavitation 
dose groups return to baseline gene expression levels at 72 h. Therefore, 
cavitation monitoring and control during MB-FUS-mediated BBB open
ing can potentially modulate or limit the extent of neuroinflammation 
[192].

Administering dexamethasone 24 h after MB-FUS-mediated BBB 
opening can accelerate BBB recovery and reduce the risk of 
inflammation-induced tissue damage (Fig. 10I) [193]. In summary, 
MB-FUS- mediated BBB opening is a safe and effective strategy for brain 
tumor therapy, as indicated by a recent review [194].

9. Outlook

MB-FUS-mediated BBB opening for drug delivery shows great 
promise in brain tumor therapy, although it may induce sterile inflam
matory responses [186]. However, scholars have constructed a neutro
phil (NE) membrane-like system loaded with doxorubicin, which has 
similar inflammatory chemotaxis to mature NEs [195]. This system can 
move along chemokine gradients to residual GBM sites post-surgery, 
achieving targeted drug delivery and treatment. Therefore, leveraging 
inflammatory factors generated during MB-FUS-mediated BBB opening 
to create favorable targets for brain tumor immunotherapy is promising 
but challenging. This process requires careful consideration of 
MB-FUS-mediated BBB opening safety, ensuring no damage to normal 
brain tissue or significant red blood cell extravasation. Most published 
clinical studies on FUS-mediated BBB opening for enhanced brain tumor 
therapy are phase 0 or I trials, focusing on assessing the safety and 
feasibility of FUS-mediated BBB opening. Seven clinical trials (involving 
61 patients) have shown that FUS is a promising strategy for safely 
disrupting the BBB, enabling precise and non-invasive lesion targeting, 
and enhancing drug delivery [196]. FUS-mediated BBB opening has 
demonstrated significant safety and potential for enhancing drug de
livery in patients with malignant gliomas and recurrent GBM, making it 
a safe and feasible method for improving brain tumor treatment 

outcomes [197]. To date, no clinical trials have formally disclosed or 
reported the efficacy of FUS-mediated BBB opening for brain tumor 
treatment. However, this therapy’s potential clinical advantages, such as 
minimal invasiveness and benefits for pediatric patients, are highly 
innovative. After confirming the efficacy of FUS-mediated BBB opening 
for brain tumor treatment, the next research direction may be opti
mizing FUS parameters to enhance therapeutic effects, including 
adjusting FUS stimulation frequency and targets based on BBB or BTB 
characteristics [198].

MB-FUS-mediated BBB opening enhances chemotherapy, radio
therapy, gene therapy, and SDT efficacy. SDT, through ROS-induced 
glioma cell damage, is considered a promising alternative for glioma 
treatment [136,137]. However, existing sonosensitizers, mostly derived 
from photosensitizers, have limited ROS production [199]. Therefore, 
developing new sonosensitizers for brain tumor treatment is attractive. 
Our team [152,156,200] has used piezoelectric materials as sonosensi
tizers for glioma and 4T1 cell SDT, achieving promising results. We 
termed this approach SPDT, where ultrasound triggers electron-hole 
pair separation in piezoelectric materials, inducing immunogenic cell 
death (ICD) through piezoelectric electrical stimulation and ROS. This 
strategy shows great potential in glioma treatment, as ROS-mediated 
ICD can promote TAM polarization toward the M1 phenotype, remod
eling the TME. The mechanism may involve NF-κB pathway activation 
[201] or targeting lactate in the TME. Lactate, upon receiving H+, 
converts to pyruvate, reducing lactate accumulation in tumor cells and 
effectively disrupting the immunosuppressive microenvironment, 
thereby enhancing immunotherapy efficacy [202]. In summary, 
MB-FUS- mediated BBB opening, combined with piezoelectric materials, 
can enhance TME remodeling through piezoelectric electrical stimula
tion and ROS-mediated ICD, sensitizing brain tumors to immuno
therapy. This requires further preclinical validation.

MB-FUS-mediated BBB opening has immense potential in brain 
tumor therapy but faces challenges in safety, technical limitations, and 
clinical translation. Ultrasound energy attenuation through the skull, 
particularly for deep brain tumors, limits effective energy delivery. 
Additionally, the lack of efficient real-time monitoring technologies to 
assess BBB opening extent, range, and drug delivery efficacy [173] poses 
challenges. In clinical trials, variations in skull thickness, brain tumor 
location, and BBB characteristics among patients may lead to inconsis
tent MB-FUS effects [196]. Computational design of tightly fitting hel
met frames and skull-conformal phased arrays for ultrasound-guided 
transcranial FUS therapy can improve BBB opening efficiency [203]. 
However, MRI’s limited spatial resolution is not optimal for monitoring 
BBB disruption and individual blood vessels [204]. Combining 
MR-guided FUS [205,206], PET/CT guidance [207], and neuro
navigation can achieve precise FUS control and real-time navigation. 
PAI [180–183] or ultrasound imaging [174] can assess BBB opening 
extent and drug delivery efficacy in real time, optimizing personalized 
treatment plans. Imaging-guided strategies may enhance precise tumor 
visualization and minimize residual margins in GBM, reducing post
operative recurrence and prolonging survival [184]. Although MRI can 
monitor FUS-induced biological effects, its long imaging time, high cost, 
and lack of portability limit its practical application. Therefore, devel
oping high-resolution, real-time, and portable imaging monitoring 
technologies is urgently needed.

Current clinical trials are small-scale and mostly in early phases (I/ 
II), lacking large-scale, multicenter phase III trial data to validate safety 
and efficacy. Optimizing ultrasound parameters, developing novel 
microbubbles and nanoparticles, combining multimodal imaging, and 
integrating AI technology can drive large-scale clinical trials, compre
hensively assessing the safety and efficacy of MB-FUS- mediated BBB 
opening and promoting its widespread clinical application. Future 
research should focus on personalized treatment, novel material devel
opment, and multidisciplinary collaboration to further advance MB-FUS 
technology in brain tumor therapy.
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10. Conclusion

Curing brain tumors remains a significant challenge. Chemotherapy 
can improve brain tumor patient prognosis to some extent, and brain 
tumor immunotherapy is a current research hotspot. However, the BBB, 
BTB, and CSF remain major obstacles to chemotherapy. MB-FUS can 
safely open the BBB, promoting drug entry and enhancing brain tumor 
treatment. The most extensively studied application is enhancing 
chemotherapy efficacy, but MB-FUS also enhances radiotherapy, gene 
delivery, and immunotherapy. Combining SDT with MB-FUS shows 
great promise. To date, ultrasound-responsive nanomaterials for brain 
tumor diagnosis and treatment are rapidly developing, and further ad
vancements in materials and technologies will provide more effective 
treatment strategies for brain tumors.
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Abbreviation

CNS Central nervous system
ASIR Age-standardized incidence rate
AAAIR Average annual age-adjusted incidence rate
GBM Glioblastoma
BBB Blood-brain barrier
CSF Blood-cerebrospinal fluid barrier
BTB Blood-tumor barrier
MRI Magnetic resonance imaging
SPIO Superparamagnetic iron oxide
RMT Receptor-mediated transcytosis
CMT carrier-mediated transport
EPR Enhanced permeability and retention
TMZ Temozolomide
FUS Focused ultrasound
MBs Microbubbles
P-gp P-glycoprotein
BCRP breast cancer resistance protein
EB Evans blue
MI Mechanical index
PNP Peak negative pressure
RaSP Rapid short-pulse

HMONs hollow mesoporous organosilica nanoparticles
MRgFUS MR-guided FUS
NPs Nanoparticles
TAMs Tumor-associated macrophages
TME Tumor microenvironment
CAMs CNS-associated macrophages
ROS Reactive oxygen species
ppIX Protoporphyrin IX
HMME Hematoporphyrin monomethyl ether
SPDT Sono-piezo dynamic therapy
PDT Photodynamic therapy
DOX Doxorubicin
PET Positron emission tomography
CEUS: Contrast-enhanced ultrasound
GV Gas vesicle
fUS: functional ultrasound imaging
PAI Photoacoustic imaging
NIR-II Near-infrared window
AIE Aggregation-induced emission
ICG Indocyanine green
PTT Photothermal therapy
ICD Immunogenic cell death
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