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Abstract

The blood–brain barrier (BBB) remains a major obstacle in the effective treatment of neurological disorders due to its highly selective
permeability, which restricts the entry of therapeutic agents into the brain. Therefore, the development of advanced and targeted drug
delivery strategies is of significant importance. This review highlights an emerging triad-based approach involving magnetic resonance-
guided focused ultrasound (MRgFUS), circulating microbubbles, and engineered nanoparticles for reversible and localized BBB mod-
ulation and enhanced brain drug delivery. In this strategy, FUS in combination with intravenously administered microbubbles induces
temporary and controlled BBB disruption, thereby creating a safe therapeutic window for drug transport into the central nervous sys-
tem. However, successful BBB opening alone does not ensure efficient drug distribution because the dense extracellular matrix of
brain tissue further limits molecular diffusion. To overcome this challenge, polymeric and lipid-based nanoparticles have been explored
as smart nanocarriers capable of penetrating the brain microenvironment and improving localized drug accumulation. Furthermore,
surface-functionalized nanoparticles enable targeted cellular uptake and controlled or sustained drug release, thereby enhancing thera-
peutic efficacy for applications such as chemotherapy, gene therapy, and neuroprotective treatments. The synergistic integration of FUS,
microbubbles, and nanoparticles offers a noninvasive, site-specific, and efficient platform for overcoming critical barriers associated with
brain drug delivery. Overall, this triad-based system represents a promising and transformative strategy for the treatment of brain tumors,
neurodegenerative disorders, and other central nervous system diseases with improved safety, precision, and therapeutic outcomes.
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1. Introduction
Recently, the development of novel drug delivery sys-

tems (NDDSs) has revolutionized the field of drug delivery
by allowing for more targeted drug delivery, longer sys-
temic circulation, target specificity, and lower off-target
toxicity. By engineering nanocarriers according to their
physicochemical properties, biological interactions, and
microenvironment characteristics, the therapeutic potential
of nanomedicine has been further advanced in recent years.
In addition, current literature has highlighted that effective
clinical translation of advanced NDDS requires a realistic
design strategy for each disease, scaling of manufacturing,
reproducible formulation, and adherence to the latest regu-
latory standards, which would help close the gap between
laboratory development and clinical application. Within
this rapidly growing field, focused ultrasound (FUS), mi-
crobubbles, and engineered nanoparticles are the next gen-
eration of central nervous system (CNS) drug delivery
strategies for targeted delivery of small molecules, biolog-
ics, nucleic acids, and gene-editing therapeutics. How-
ever, the blood–brain barrier (BBB) is still one of the ma-
jor barriers in the development of those drugs for clinical

use. The transient and localized BBB opening induced by
FUS facilitates the site-specific delivery of many different
kinds of nanocarriers to the brain, and toxicity is reduced.
As such, the unification of image-guided BBB modulation
with advanced NDDS is a promising strategy for precision
neurotherapeutics and accelerates the clinical translation of
nanomedicine for neurological disorders. Although many
recent reviews have discussed focused ultrasound (FUS)-
mediated blood–brain barrier opening, microbubble cavita-
tion, or nanoparticle-based brain drug delivery, and a few
have addressed FUS-microbubble systems for BBB mod-
ulation, there is an absence of a comprehensive review of
the synergy of focused ultrasound, microbubbles, and en-
gineered nanoparticles as a therapeutic framework for CNS
drug delivery. The novelty of this review is that it brings
these three complementary technologies in sync under the
same mechanistic and translational framework; the three
technologies can be used to improve and accelerate BBB
opening, microbubbles can be manipulated to enhance vas-
cular permeability, and nanoparticles can be used to deliver
therapeutic agents even after BBB modulation. In addi-
tion to summarizing the technological advancements, this

https://www.imrpress.com/journal/Pharmazie
https://doi.org/10.31083/Pharmazie54296
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0005-9607-3136
https://orcid.org/0009-0005-4107-5986
https://orcid.org/0000-0003-3592-4812
https://orcid.org/0000-0001-8162-9027


review also discusses their interdependencies, optimization
techniques, clinical translation, safety, and future applica-
tions in precision neurotherapeutics. By focusing on the
integration of these three technologies rather than using dis-
crete technologies to achieve the desired outcomes, a more
holistic view of CNS drug delivery can be gained, and be-
yond that, where the integrated technology will be imple-
mented into clinical practice [1].

2. The Blood–Brain Barrier (BBB) Challenge
TheBBB is a highly specialized and dynamic interface

that maintains the CNS homeostasis through direct com-
munication of molecules between the bloodstream and the
brain. It is composed of brain microvascular endothelial
cells (BMECs) that reside in tight junctions of claudin, oc-
cludin and zonula occludens (ZO) proteins, which restrict
paracellular transport. Moreover, the endothelial cells are
surrounded by pericytes that are integrated into the base-
ment membrane and astrocytic end-feet, forming the neu-
rovascular unit (NVU). Moreover, neurons, microglia, and
extracellular matrix proteins are essential for the develop-
ment, maintenance, and function of the BBB in complex
signalling pathways [2,3]. This multicellular environment,
of which the BBB is made, is highly regulated and is nec-
essary for the brain to function properly, to move neurons
and communicate efficiently, and to protect the brain from
harmful substances and pathogens. Physiologically, the
BBB is limited by physical, transport, metabolic, and im-
munological barriers. Tight junctions limit the diffusion
of hydrophilic compounds, whereas special influx trans-
porters such as glucose transporter-1 (GLUT1) and large
neutral amino acid transporter-1 (LAT1) slow the entry of
essential nutrients into the brain [3,4]. ATP-binding cas-
sette (ABC) efflux transporters such as P-glycoprotein (P-
gp), breast cancer resistance protein (BCRP), andmultidrug
resistance-associated proteins (MRPs) also actively expel
xenobiotics and many drugs back into the systemic circula-
tion. Furthermore, endothelial metabolic enzymes and the
low rate of vesicular transcytosis provide additional protec-
tion from entering the brain and potentially harmful com-
pounds. In spite of its critical physiological role, the BBB
is still one of the most significant barriers to effective CNS
drug delivery. Small-molecule drugs and nearly all biolog-
ics, such as peptides, proteins, monoclonal antibodies, gene
therapeutics, and nucleic acid drugs, are not well-solvable
in the brain due to poor permeability, active efflux, and
enzymatic degradation. Therefore, the treatment of neuro-
logical diseases like Alzheimer’s disease, Parkinson’s dis-
ease, glioblastoma, epilepsy, and multiple sclerosis often
becomes a challenge due to the lack of drug delivery to
the target. To address these challenges, a large number
of researchers have considered brain-targeting strategies
such as receptor-mediated and transporter-mediated tran-
scytosis, nanoparticle-based drug delivery systems, focused
ultrasound-mediated BBB modulation, intranasal adminis-

tration, cell-penetrating peptides, and biomimetic nanocar-
riers [4]. A comprehensive understanding of BBB struc-
ture, physiology, and transport mechanisms is crucial for
the design of safe and effective CNS-targeted therapeutics.

The BBB serves as a significant physiological obsta-
cle in creating effective neurotherapeutics, effectively ren-
dering the CNS a “pharmacological sanctuary” [3]. Instead
of functioning as a fixed physical barrier, the BBB is a dy-
namic and intricate structure known as the neurovascular
unit (NVU) [4]. This functional unit consists of special-
ized capillary endothelial cells that work in close collabo-
ration with pericytes, the end-feet of astrocytes, microglia,
and neurons to carefully regulate the microenvironment of
the CNS and maintain ionic balance [5,6].

The impressive impermeability of this barrier is sus-
tained by a three-tiered defense mechanism. From a
structural perspective, the endothelial cells are intercon-
nected through continuous tight junctions (TJs), which are
complex protein formations including claudin-5, occludin,
and junctional adhesion molecules (JAMs), all linked to
the cytoskeleton via zonula occludens (ZO-1, ZO-2) pro-
teins [7,8,9]. These junctions eliminate aqueous paracel-
lular pathways, limiting passive diffusion to small, lipid-
soluble molecules (under 400 Da) [2]. This physical bar-
rier is enhanced by a robust “chemical barrier” created
by ABC efflux transporters, particularly P-gp and BCRP
[10,11]. These transporters actively identify and expel
various xenobiotics—including chemotherapy agents and
antiretrovirals—back into the bloodstream, often prevent-
ing these compounds from reaching effective therapeutic
levels, even after crossing the cell membrane [12].

For nanoparticulate drug delivery systems, the BBB
presents an even more significant challenge. Despite the
ability of nanoparticles (NPs) to encapsulate and safeguard
sensitive cargos (such as genes or proteins), their size (20–
200 nm) typically hinders them from accessing the healthy
brain, as they exceed the dimensions of the paracellular
openings [13]. Additionally, in the absence of specific sur-
face modifications, NPs are susceptible to rapid opsoniza-
tion and clearance by the reticuloendothelial system or fail
to activate the highly specific receptor-mediated transcyto-
sis pathways (such as those involving Transferrin or Insulin
receptors) necessary for crossing the endothelium [14,15].
This systematic exclusion of over 98% of small-molecule
drugs and nearly all large-molecule biologics is a primary
factor contributing to the high failure rate of CNS drugs in
clinical trials [16], highlighting the urgent need for devel-
oping active, physical disruption strategies like focused ul-
trasound to temporarily breach these barriers.

3. FUS-Mediated Delivery
When compared to surgical techniques that involve

invasive procedures—such as convection-enhanced deliv-
ery or intracerebral injections—which pose considerable
risks of bleeding, infection, and damage to adjacent tissues
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[17,18], FUS stands out as a groundbreaking, non-invasive
method to penetrate the BBB. The remarkable aspect of this
technology is its capacity to precisely direct acoustic en-
ergy down to the millimeter level through the intact skull,
often using magnetic resonance-guided focused ultrasound
(MRgFUS) to pinpoint deeply located pharmacological tar-
gets while safeguarding the surrounding healthy brain tissue
[19,20]. In contrast to osmotic disruption, which impacts
large vascular areas, FUS, especially when paired with mi-
crobubbles, achieves a localized and temporary opening in
the barrier [21]. This disruption is reversible; the BBB
generally re-establishes its integrity within 6 to 24 hours
following sonication, providing a dependable “therapeutic
window” for drug delivery without causing enduring neu-
rovascular damage [22,23].

Additionally, this method is “agnostic” regarding the
therapeutic agents employed. It has proven effective in de-
livering a range of substances that typically struggle to pen-
etrate the CNS, including small-molecule chemotherapeu-
tics such as doxorubicin [24] and larger biologics like mon-
oclonal antibodies (such as trastuzumab and aducanumab)
[25,26]. Particularly relevant to contemporary formulation
methods, FUS significantly improves the delivery and infil-
tration of nanoparticulate carriers (including liposomes and
polymeric nanoparticles) and gene vectors, facilitating their
passage across the BBB and their distribution throughout
the brain interstitium [27]. This distinctive combination of
being non-invasive, spatially precise, and versatile makes
FUS an exceptionally promising technique for targeted drug
delivery to the brain.

Following FUS-mediated BBB opening, nanoparti-
cles can accumulate in brain tissue through passive accumu-
lation or active targeting, each offering distinct advantages
and limitations. Passive accumulation is mainly based on
BBB permeability, which is increased through FUS, allow-
ing nanoparticles to enter the brain based on size, surface
charge, and circulation time. While this approach is rela-
tively simple and generally applicable, it has limited con-
trol over cellular localization and may result in a hetero-
geneous distribution and nonspecific uptake in brain tissue.
In active targeting, surface-functionalized nanoparticles are
conjugated with ligands such as transferrin, angiopep-2, an-
tibodies, peptides, or aptamers that recognize BBB recep-
tors and/or disease-specific cellular markers, facilitating se-
lective uptake by target cells (e.g., neurons, glioma cells,
and/or activated microglia), thereby enhancing therapeu-
tic specificity and reducing off-target effects. While active
targeting can be effective, it depends on receptor expres-
sion, ligand affinity, and nanoparticle design. Therefore,
combining FUS-mediated BBB opening with active target-
ing strategies will provide a more effective combination of
brain penetration and selective cell delivery and is a promis-
ing platform for precision CNS therapeutics.

Although FUS-mediated BBB opening is generally
safe and reversible under optimal treatment conditions,

there have been reported adverse effects depending on ul-
trasound parameters, microbubble dose, and cavitation pat-
tern. Microhemorrhage, vasogenic edema, neuroinflamma-
tion, endothelial injury, neuronal damage, transient neuro-
logical symptoms, and long-term permeability of the BBB
can arise if inertial cavitation occurs or if acoustic pressure
is applied. Preclinical studies have demonstrated transient
activation of microglia and astrocytes with a sterile inflam-
matory response after BBB opening, but early clinical trials
have shown that MRgFUS leads to localized and reversible
BBB-induced disruption with good safety when stable cavi-
tation is maintained and real-timemonitoring is used. There
are still long-term clinical studies to examine the cumula-
tive effects of repeated BBB opening and to establish a stan-
dard treatment protocol for routine clinical use.

FUS-mediated BBB opening has been shown to be
safe in preclinical and early clinical studies, but its biolog-
ical effects are to be considered in the long term. Repeated
BBB opening has been associated with transient neuroin-
flammatory effects such as activation of microglia and as-
trocytes and elevated levels of pro-inflammatory cytokines.
Exposure to too much ultrasound or uncontrolled inertial
cavitation can also induce oxidative stress, endothelial dys-
function, and microvascular damage, including petechial
hemorrhage and disruption of cerebral capillaries. These
are generally reduced when cavitation is maintained with
appropriate acoustic parameters and cavitation monitoring
in real time. Studies show that repeated FUS treatments do
not result in long-term neuronal loss or persistent cognitive
impairment under certain treatments. The clinical trials in
patients with Alzheimer’s disease, glioblastoma, and other
neurological disorders have shown reversible BBB opening
without significant deterioration of cognitive or neurolog-
ical function, although patient numbers and follow-up pe-
riods are limited. However, in order to test the long-term
safety of FUS-assisted brain drug delivery, it is necessary
to continue to investigate the long-term effects of BBB dis-
ruption on chronic neuroinflammation, oxidative damage,
vascular remodeling, and cognitive outcomes.

4. Principles of the Tri–Component System
[Focused Ultrasound (FUS) and Microbubble
(MB) Cavitation]

The fundamental biophysical process that results in
FUS-induced changes to the BBB relies on the acoustic
excitation of intravascular microbubbles (MBs), convert-
ing these inert gaseous carriers into active mechanical el-
ements [28,29]. Generally, these microbubbles, ranging in
size from 1 to 8 µm in diameter to facilitate transpulmonary
movement, are composed of a high-molecular-weight gas
core (such as perfluorocarbon or sulfur hexafluoride) sur-
rounded by a stabilizing shell made of lipid, protein, or
polymer [30,31]. The significant difference in density and
compressibility between the gas core and the surround-
ing blood plasma—a phenomenon referred to as acoustic
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impedance mismatch—enables MBs to serve as highly ef-
fective resonant scatterers of ultrasound waves [32,33].

When subjected to the alternating phases of compres-
sion and rarefaction within a focused ultrasound setting,
the MBs experience acoustic cavitation, an oscillatory be-
havior that can be classified into two pressure-dependent
phases [34]. At lower peak-negative pressures (typically
between 0.3 and 0.6MPa), MBs enter a stable (non-inertial)
cavitation phase [35]. In this state, the bubbles continu-
ously change in volume around their equilibrium size with-
out collapsing [36]. This stable oscillation represents the
ideal therapeutic “sweet spot”, as it produces beneficial
fluid dynamic effects—specifically acoustic microstream-
ing (steady fluid movement) and shear stress—that me-
chanically energize the endothelial cytoskeleton and stretch
junctions [37,38,39]. The acoustic features associated with
stable cavitation are characterized by the release of subhar-
monic and ultraharmonic frequencies in relation to the pri-
mary driving frequency [40,41].

In contrast, at higher acoustic pressures, MBs shift
into inertial (transient) cavitation [42]. During this phase,
the bubble expands to a critical threshold before collaps-
ing abruptly, driven by the inertia of the surrounding liq-
uid. This implosion generates high-energy effects, includ-
ing localized shockwaves, extreme temperatures, and rapid
liquid microjets [43,44]. Although inertial cavitation can
successfully disrupt the BBB, it is often linked to vascu-
lar injury, which may involve damage to the endothelial
lining, leakage of red blood cells, and microhemorrhaging
within the tissue [45,46]. To mitigate these risks, contem-
porary clinical systems employ passive acoustic mapping
(PAM) to identify broadband emissions that signify iner-
tial collapse and utilize closed-loop feedback mechanisms
to maintain acoustic pressure within safe limits for stable
cavitation [47].

Microbubble cavitation is the biological mechanism
of FUS engagement of BBB opening, which can be di-
vided into stable (non-inertial) cavitation and inertial (tran-
sient) cavitation with different biological impacts. Sta-
ble cavitation occurs at relatively low acoustic pressures,
where microbubbles are continuously expanding and con-
tracting without collapsing. These movements produce
acoustic microstreaming, shear stress, and muscular force-
induced fluctuations that stimulate endothelial cells, cause
local reorganization of the cytoskeleton, and then disrupt
tight junction proteins like claudin-5, occludin, and zonula
occludens-1 (ZO-1) and facilitate local BBB opening. The
process results in high-energy shock waves, liquid micro-
jets, localized heating, and free radical formation, resulting
in significant increases in vascular permeability but also in
significantly higher endothelial disruption, erythrocyte ex-
travasation, petechial hemorrhage, vasogenic edema, and
neuroinflammatory reactions. Inertial cavitation may im-
prove drug penetration in some clinical applications; how-
ever, uncontrolled cavitation is a serious hazard and lim-

its the application of the therapy. That is why MRgFUS
platforms now rely on passive cavitation detection (PCD),
acoustic emissions monitoring, and real-time closed-loop
feedback systems to detect the harmonic and ultraharmonic
signals related to stable cavitation and to minimize broad-
band emissions related to inertial cavitation. These meth-
ods of monitoring ultrasound parameters and the acoustic
emissions are used to optimize BBB opening with minimal
adverse biological effects [45,46,47].

5. Mechanism of BBB Disruption
The transient opening of the BBB by FUS in the pres-

ence of circulating microbubbles is a careful biomechan-
ical process that promotes endothelial cell interaction by
cavitation and does not destroy the tissue. When exposed
to low-intensity pulsed ultrasound, the microbubbles oscil-
late in the brain capillaries, resulting in stable cavitation,
which remains continuous and does not collapse [19,32].
This oscillating activity is accompanied by localized shear
stress, acoustic microstreaming, and circumferential forces
that physically stimulate the endothelial cells while pre-
serving vascular integrity [35,38]. On the other hand, high
acoustic pressure may cause inertial cavitation and violent
microbubble collapse, which leads to shock waves and mi-
crojets that can cause endothelial damage, extravasation
of erythrocytes, and microhemorrhage. The current clin-
ical systems are based on real-time monitoring of cavita-
tion and acoustic feedback to keep the cavitation stable and
safe [48]. The mechanical stimulation of brain endothe-
lial cells through stable cavitation leads to several mechan-
otransduction pathways in brain endothelial cells that can
be activated by membrane tension and mechanosensitive
ion channels, which induce transient intracellular calcium
influx and cell remodeling and signaling pathways involv-
ing phosphorylation-dependent pathways [49,50]. This can
lead to the reversible breakdown of the tight junction pro-
teins, such as claudin-5, occludin, and ZO-1, and thus to the
transient increase in permeability and the migration of the
cell membrane [51]. In addition to this, FUS also increases
the permeability of the cells through the formation of cave-
olae and vesicle transcytosis, facilitating the transport of
larger molecules and nanoparticles across the endothelial
barrier. In case of sensitive acoustic conditions, sonopora-
tion may also promote permeability by forming nanoscale
membrane pores that quickly reseal after treatment [52,53].
More importantly, BBB opening due to FUS and microbub-
bles is reversible and spatially limited. Tight junction pro-
teins are slowly reassembled, endothelial integrity is re-
stored, and normal BBB function can be restored within 6–
24 hours, depending on ultrasound parameters, microbub-
ble dose, and vascular profile. This short therapeutic win-
dow can be used to efficiently deliver small molecules, bio-
logics, nucleic acids, and nanoparticle-based drug delivery
systems with minimal neurovascular damage over the long
term. An excellent understanding of these molecular and
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Fig. 1. Mechanism of blood–brain barrier (BBB) disruption. Inflammatory stimuli trigger the release of pro-inflammatory cytokines
and other mediators, promoting endothelial dysfunction and oxidative stress. These processes alter tight-junction proteins, including
claudin-5, occludin, and zonula occludens-1 (ZO-1), while matrix metalloproteinases contribute to the degradation of the basement
membrane and associated barrier structures. Concurrently, increased endothelial transcytosis may facilitate the passage of circulating
substances across the BBB. Collectively, these alterations disrupt the integrity of the neurovascular unit, increase BBB permeability,
and promote the extravasation of plasma proteins and, under pathological conditions, immune cells into the brain parenchyma, thereby
exacerbating neuroinflammation and neuronal dysfunction.

cellular mechanisms is needed to tailor treatment protocols
to enhance therapeutic effectiveness and ensure safe clinical
translation of FUS-mediated brain drug delivery [22]. Fig.
1 illustrates the structure and function of the blood–brain
barrier (BBB), which regulates the movement of substances
between the bloodstream and brain tissue. Tight junctions
between endothelial cells restrict the entry of unwanted sub-
stances into the brain, while pericytes and astrocyte end-
feet help maintain BBB integrity. However, cytokines and
inflammatory factors can disrupt these tight junctions, in-
creasing BBB permeability. This disruption may facilitate
the entry of inflammatory mediators and other substances
into the brain, potentially contributing to neuroinflamma-
tion and neurological disorders.

6. Nanoparticles (NPs) as Drug Delivery
Vectors

Several research reports in preclinical studies have
demonstrated the effectiveness of FUS BBB opening to
improve brain drug delivery. In one of the most impor-
tant studies, Treat et al. [54] reported that MR-guided fo-
cused ultrasound (MRgFUS)-assisted delivery of doxoru-
bicin. Other studies have explored the use of FUS and mi-
crobubbles to improve liposomal doxorubicin delivery and
the brain accumulation of engineered nanoparticles. These
results clearly demonstrate that FUS greatly improves local-
ized drug and nanocarrier delivery compared to untreated
controls while maintaining a favorable safety profile under
optimized treatment conditions [45,55].

Recent progress in nanoparticle design has led to the
development of multifunctional nanocarriers that can over-
come the biological barriers to CNS drug delivery. Ligand-
based nanoparticles with targeting molecules (transferrin,
angiopep-2, lactoferrin, antibodies, peptides, aptamers) can
enhance receptor transcytosis in the BBB and enhance se-
lective uptake in disease-ridden brain cells. Biomimetic
nanoparticles such as cell membrane-coated nanoparticles
and extracellular vesicle-based nanocarriers are able to ac-
cess biological interfaces to avoid immune rejection, pro-
long circulation, and target tissues. Among these systems,
exosomes have emerged as promising endogenous nanocar-
riers due to their biocompatibility, low immunogenicity,
and ability to transport proteins, nucleic acids, and small
molecules across biological boundaries. Furthermore, hy-
brid nanocarriers incorporate polymeric, lipid, inorganic,
or biological components to achieve improved drug load-
ing, controlled release, and targeting efficiency. Stimuli-
responsive nanoparticles, which respond to internal stim-
uli (pH, enzymes, redox potential) or external stimuli (ul-
trasound, magnetic fields, or light), allow the release of
drugs in space and time at a controlled level. When coupled
with FUS-induced transient BBB opening, these innovative
nanoparticle engineering strategies provide the possibility
to achieve complementary advancement of brain penetra-
tion, cell targeting, therapeutic efficacy, and safety, which
is of great potential for precision nanomedicine in neuro-
logical disorders.
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7. Ultrasound Wave Responsive NP
Ultrasound-mediated drug delivery is a non-invasive

technique that utilizes focused ultrasound waves to tem-
porarily open the BBB and facilitate the transport of thera-
peutic drugs to the brain [56,57,58]. Ultrasound waves can
function independently or in combination with microbub-
bles. These tiny gas-filled bubbles respond to the ultra-
sound waves, leading to mechanical disruption of the en-
dothelial cells within the BBB [56,57]. Employing ultra-
sound in conjunction with NPs has demonstrated an en-
hancement in the delivery of therapeutic agents to the brain.
NPs are capable of carrying drugs and assisting in their
movement across the compromised BBB [56,58,59].

Low-frequency FUS presents a novel, non-invasive
technique for temporarily and reversibly opening the BBB.
Utilizing MRgFUS, this approach employs low-frequency
ultrasound waves combined with gas-filled microbubbles
to specifically target and disrupt the BBB [60]. The mi-
crobubbles, typically composed of lipid-encapsulated per-
fluorocarbon gas and measuring between 1 and 5 μm in
diameter, are often employed as contrast agents in ultra-
sound imaging, aiding in the precise targeting and disrup-
tion of the BBB for therapeutic applications [61,62]. The
pressure levels applied during FUS to facilitate BBB open-
ing are safe for human use, aligning with those utilized in
diagnostic ultrasound, specifically under 1.5–2 MPa. Al-
though the precise mechanisms through which FUS opens
the BBB remain unclear, it is thought that ultrasound waves
lead to microbubble interactions with adjacent brain tissue
primarily via two processes: stable and inertial cavitation.
Stable cavitation occurs when microbubbles oscillate in a
low-pressure context, creating microstreaming in surround-
ing fluid and exertingmechanical forces on endothelial cells
that temporarily disrupt tight junction proteins [63]. In con-
trast, inertial cavitation, which occurs under high-pressure
conditions, causes microbubbles to collapse or fragment,
generating powerful forces such as shock waves and mi-
crojets that can damage cell membranes and enhance the
permeability of blood vessels [64].

Liposomes are among the most extensively studied
NPs used in collaboration with ultrasound. These spher-
ical vesicles, formed from a lipid bilayer, can encapsu-
late both hydrophilic and hydrophobic drugs. This dis-
tinctive structure enables them to serve as versatile carri-
ers for a variety of therapeutic agents. When combined
with ultrasound, liposomes can be administered quickly
and non-invasively to the brain, significantly improving
drug delivery efficiency and therapeutic outcomes [65,66].
For glioma treatment, a method known as magnetic res-
onance image-guided microbubble-enhanced low-intensity
pulsed focused ultrasound (LIFU) is utilized to temporar-
ily open the BBB [67]. This technique facilitates the de-
livery of a novel liposome-encapsulated small molecule,
specifically an O6-methylguanine-DNA methyltransferase
(MGMT) inhibitor, to mice afflicted with temozolomide-

resistant gliomas, underscoring the potential of integrat-
ing liposomal drug carriers for more effective targeting and
treatment of challenging brain tumors [68].

In addition to liposomes, various other nanoparticles,
including polymeric NPs and dendrimers, have been inves-
tigated for their ability to enhance BBB permeability using
ultrasound. Polymeric NPs are constructed from biocom-
patible polymers like poly(lactic-co-glycolic acid) (PLGA)
or polyethylene glycol (PEG), allowing for the design of tai-
lored carriers that can encapsulate different drugs aimed at
specific cells or tissues [69]. The application of ultrasound
alongside polymeric NPs has demonstrated improved de-
livery of therapeutic agents to the brain, resulting in more
favorable treatment outcomes [70].

The combination of ultrasound and NPs for achieving
BBB permeabilization offers numerous advantages com-
pared to alternative methods. Primarily, ultrasound is a
non-invasive and safe approach that can be directed at the
target area without causing damage to surrounding tissues
[71]. Additionally, NPs can be engineered to selectively
target particular cells, enabling concentrated delivery of
therapeutic agents to the brain [56]. Lastly, the integra-
tion of ultrasound with NPs can enhance the efficiency of
therapeutic agent delivery to the brain, leading to improved
treatment results [64].

Despite the promising potential of ultrasound-
mediated drug delivery, several obstacles remain to be
addressed for wider clinical application. A key challenge
lies in precisely calibrating the ultrasound parameters to
ensure sufficient BBB disruption while avoiding damage to
tissue or eliciting an immune response. Another difficulty
involves ensuring that therapeutic agents appropriately
target the tumor site to prevent detrimental effects on
healthy brain tissue [58,59].

Recent developments in ultrasound technology, in-
cluding advancements in high-frequency ultrasound and
real-time imaging methods for monitoring drug delivery,
hold promise for alleviating some of these challenges. On-
going research aims to investigate the possibilities of em-
ploying ultrasound-mediated drug delivery in conjunction
with other therapies, such as immunotherapy, to enhance
the efficacy of glioblastoma treatment [57,59].

8. Magnetic Field Responsive NP
Magnetic targeting and guidance represent a non-

invasive approach that employs magnetic fields to navi-
gate magnetic nanoparticles (MNPs) toward glioblastoma
(GBM) locations. This method is based on magnetic
nanoparticles that can carry therapeutic agents and can be
maneuvered through an external magnetic field into GBM
tissues across the BBB [72,73]. Prior to systemic ad-
ministration, these MNPs are associated with therapeutic
molecules. After being injected into the bloodstream, they
travel until an external magnetic field is applied at the GBM
site [72,73,74]. This external magnetic field serves as a fo-
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cal point, attracting the MNPs into the brain tumor, which
can markedly increase local drug concentrations and en-
hance therapeutic efficacy [75]. To ensure stability during
circulation and minimize immune recognition, these MNPs
are typically coated with biocompatible materials that pre-
vent early opsonization or aggregation in the vascular sys-
tem [76]. When the magnetic field directs these MNPs to-
ward the brain tumor, they facilitate the swift delivery of
therapeutic agents, thus elevating drug concentrations at the
target location while decreasing systemic exposure [72,74].

Magnetic resonance imaging (MRI) is a key compo-
nent of FUS-mediated BBB opening, allowing for accurate
treatment planning, focused targeting, real-time monitor-
ing, and post-treatment evaluation. MRI imaging prior to
sonication can help identify the target region, avoid criti-
cal neurovascular structures, and optimize ultrasound pa-
rameters based on patients’ anatomy. MRI guidance helps
to ensure a precise focal alignment during treatment and
can be incorporated into acoustic feedback systems for tar-
geting accuracy and procedural safety. After sonication,
contrast-enhanced T1-weighted MRI can be used to con-
firm the extent and location of BBB opening, and T2- and
susceptibility-weighted imaging (SWI) are employed to de-
tect potential adverse effects, including edema or microhe-
morrhage. This imaging approach enables quantitative as-
sessment of BBB permeability, verification of treatment ac-
curacy, and monitoring of BBB recovery, which is essential
in terms of safety, reproducibility, and clinical translation of
MRgFUS to CNS drug delivery [73,74].

Superparamagnetic iron oxide nanoparticles (SPI-
ONs) possess unique magnetic characteristics due to their
iron oxide core and the enclosing polymer coating. This
configuration not only imparts magnetic responsiveness to
SPIONs but also secures essential biological traits such as
biocompatibility, internalization, and viability [77]. Lever-
aging these magnetic features, an innovative treatment
strategy employs an external magnetic field to specifically
target SPIONs to tumor sites. One study investigated the
administration of SPIONs bonded to the chemotherapy drug
temozolomide (TMZ) for GBM treatment. The SPIONs-
TMZ combinations were able to cross the BBB and accu-
mulate at the tumor location, resulting in improved effi-
cacy compared to unbound TMZ [78]. However, despite
these advancements, magnetic targeting faces several chal-
lenges and limitations. The introduction of a magnetic
field within body tissues can inadvertently increase tem-
perature, a phenomenon known as magnetic hyperthermia,
which may harm healthy adjacent tissues [79]. Further-
more, there is a possibility that MNPs could disseminate
to unintended organs or tissues, leading to undesirable side
effects. To mitigate these risks, it is essential to optimize
the power and exposure duration of the magnetic field care-
fully [80]. A comprehensive understanding of the MNPs’
physical and chemical attributes—such asmagnetic respon-
siveness, size, surface charge, and biodegradability—is cru-

cial, as these parameters greatly affect the MNPs’ circula-
tion time, body distribution, and targeting accuracy [73,81].

As investigations progress, there is a growing em-
phasis on developing sophisticated MNP systems that pro-
vide controlled drug release, targeted delivery, and mini-
mal off-target accumulation [82]. This entails the incorpo-
ration of stimulus-responsive elements into the MNP de-
sign, enabling the controlled release of drugs based on
particular signals at the tumor site [72]. Magnetic field
techniques for traversing the BBB offer both advantages
and disadvantages that are relevant for clinical applications
[73,79,80]. A significant benefit is the non-invasive nature
of the method, which renders it safer and more comfortable
for patients. It allows for the remote activation of drug re-
lease, furnishing precise control over when and where the
drug exerts its effect [79]. Moreover, concentrating the
magnetic nanoparticles within the brain reduces systemic
side effects, leading to a more focused treatment that dis-
rupts other bodily systems less [80]. Nevertheless, the lim-
itations of this technique must be acknowledged. It is only
applicable to a restricted array of drugs that are compati-
ble with magnetic nanoparticles. The extent to which the
magnetic field can penetrate brain tissue is limited, which
may decrease its efficiency for deeper brain areas. Addi-
tionally, utilizing high-intensity magnetic fields raises wor-
ries about potential tissue heating and damage, endangering
patient safety [79,80]. Therefore, although magnetic field
approaches provide a promising pathway for crossing the
BBB, their implementation must be meticulously weighed
against these intrinsic limitations.

9. Viral Vector Drug Delivery
9.1 Virus-Like NP

Virus-like nanoparticle (VLP) drug delivery has sur-
faced as a highly promising strategy for treating glioblas-
toma (GBM), primarily due to its ability to effectively pen-
etrate the BBB. VLPs resemble viruses in structure but lack
viral genetic material. They present a novel method for
transporting therapeutic agents across the BBB to target
GBM cells [83]. VLPs are recognized for their structural
resemblance to viruses, enabling them to utilize the natural
pathways that viruses leverage for cellular entry, without
the dangers of viral replication or infection [83,84]. This
characteristic makes VLPs a compelling option for drug de-
livery, as they can accommodate various therapeutic agents,
including small molecules, nucleic acids, and proteins [83].
Recent studies have concentrated on understanding the in-
tricatemechanisms that viruses employ to navigate the BBB
[84].

Research indicates that SARS-CoV-2 can impact mul-
tiple cranial nerves, including the olfactory, trigeminal, op-
tic, and vagus nerves. Additionally, following a typical
respiratory infection, SARS-CoV-2 can disseminate into
the systemic circulatory system. Upon reaching the BBB,
SARS-CoV-2 can infiltrate endothelial cells through its in-
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teractionwith the angiotensin-converting enzyme 2 (ACE2)
receptor, changes in the tight junction proteins compris-
ing BBB endothelial cells, or through phagocytosis by im-
mune cells. The routes of entry include transcellular path-
ways, paracellular pathways, and the Trojan horse pathway
[85]. The entry of John Cunningham virus-like particles
(JC VLPs) into brain endothelial cells involves clathrin-
dependent mechanisms. In vitro experiments have demon-
strated exocytosis and both cellular and paracellular tran-
scytosis of VLPs through the BBB. Researchers observed
VLPs within mouse brain endothelial cells following in-
travenous (IV) and internal carotid artery (ICA) injections
[86].

The capability of VLPs to traverse the BBB is crucial
for their efficacy in treating GBM. Investigators are exam-
ining various approaches to enhance BBB penetration, such
as altering the surface characteristics of VLPs to leverage
receptor-mediated transcytosis mechanisms [87]. The ex-
ploration of VLPs for the treatment of brain tumors is still
in its nascent phases; however, it shows potential given that
various viruses capable of crossing the BBB have been rec-
ognized [88].

Ensuring the safety and compatibility of VLPs is vi-
tal for their application in clinical settings. Although VLPs
hold great promise for GBM treatment, obstacles persist in
transitioning these technologies from research laboratories
to clinical environments. Factors such as the scalability of
VLP production, the stability of drug encapsulation, and
the long-term safety of these delivery systems need thor-
ough examination. Continuous research and clinical trials
are essential to fine-tune VLP technology, assess its effec-
tiveness in treating GBM, and ultimately incorporate VLP-
based drug delivery into standard GBM treatment protocols
[84].

9.2 Intranasal NP Drug Delivery

Intranasal administration is an attractive and non-
invasive approach for delivering medications to the brain.
The olfactory and trigeminal nerves located in the nasal
cavity provide direct access to the brain, circumventing the
BBB [89,90]. Furthermore, intranasal delivery is a straight-
forward and painless method for administering medica-
tions, making it especially useful for long-term or repeated
treatments. However, this method primarily accommodates
small molecules and lipophilic drugs, which restricts the
range of medications that can be delivered effectively. Re-
searchers have explored the use of NPs to enhance the in-
tranasal delivery of drugs to the brain [91,92].

The initial phase of utilizing NPs for nasal drug ad-
ministration involves delivering them as a nasal spray or
droplets. Once administered intranasally, the NPs distribute
throughout the nasal cavity. The extensive surface area and
abundant blood supply of the nasal mucosa facilitate the ab-
sorption of drugs [91]. The NPs can settle in different re-
gions of the nasal cavity, such as the olfactory region and

the respiratory region. The olfactory region is particularly
significant for drug delivery to the brain, as it provides a di-
rect route through the olfactory epithelium and associated
nerves. Although the olfactory epithelium is less rigid than
the cerebral blood–brain barrier and allows for partial nose-
to-brain drug transport, it is restricted by mucus clearance,
enzymatic degradation, and reduced diffusion in the olfac-
tory and trigeminal pathways. On the other hand, FUS-
mediated drug delivery is designed to open the BBB of the
brain in a transient and localized fashion with microbubble-
assisted cavitation and therefore to deliver drugs to specific
brain regions. In addition, there is no clear evidence that
FUS can further increase drug transport in the olfactory
epithelium itself. Therefore, intranasal delivery and FUS-
mediated BBB opening should be viewed as complemen-
tary and not as overlapping strategies for CNS drug deliv-
ery.

The NPs can directly access the olfactory bulb and
then disperse into other areas of the brain. In the respira-
tory region, the NPs have the potential to enter the blood-
stream and subsequently reach the brain via systemic cir-
culation [91,92]. After settling in the nasal cavity, the NPs
interact with the nasal mucosa. The surface properties of
the NPs play a crucial role in determining their interactions
with the mucosal tissues. NPs can traverse the nasal mu-
cosa through various mechanisms, including diffusion, en-
docytosis, and paracellular or transcellular transport [93].
Thanks to their small size and advantageous characteris-
tics, the NPs can move across nasal epithelial cells. Fur-
thermore, certain NPs can be taken up by nasal epithelial
cells through endocytosis, allowing them to bypass the mu-
cosal barrier and enter the bloodstream [93,94].

NP-mediated intranasal delivery has demonstrated im-
proved brain delivery of medications that struggle to cross
the BBB. Polymeric NPs, such as PLGA and chitosan, have
been employed to enhance the intranasal delivery of diverse
drugs to the brain. Solid lipid NPs (SLNs) have also been
investigated for intranasal drug delivery, as they can en-
hance drug solubility and stability while promoting drug
transport across the nasal mucosa. NP-based intranasal
drug delivery offers prompt therapeutic action due to di-
rect access to the brain and quick absorption through the
well-vascularized mucosa, resulting in rapid therapeutic ef-
fects. Additionally, it is user-friendly and may be effective
for low molecular weight drugs, improving their bioavail-
ability. However, this method has significant limitations.
It is only appropriate for a specific range of drug types,
and the rapid mucociliary clearance in the nasal cavity may
lead to quick removal of the medication [89,90]. There is
also a chance of losing part of the dose due to improper
administration. Some patients may experience nasal irri-
tation or discomfort, and there is a limit to the quantity of
drug that can be effectively delivered through this method.
These factors make it imperative to balance the advantages
and disadvantages of intranasal drug delivery for conditions
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like glioblastoma. Further research is necessary to refine
NP systems for intranasal drug administration and evaluate
their effectiveness and safety in clinical applications [91].

10. Recent Advances in
FUS–Microbubble–Nanoparticle System

Recent advances in the FUS–microbubble–
nanoparticle system have significantly improved the
efficiency and precision of brain drug delivery by over-
coming the restrictive nature of the BBB. MRI-guided FUS
combined with circulating microbubbles has emerged as
a noninvasive technique capable of producing temporary
and localized BBB disruption with high spatial accuracy.
Improvements in microbubble formulation and cavitation
control have enhanced the safety, stability, and repro-
ducibility of BBB opening, thereby minimizing damage to
healthy brain tissues. Simultaneously, real-time imaging
technologies have enabled accurate monitoring of BBB
permeability and therapeutic distribution during treatment.

In parallel, major progress has been achieved in
nanoparticle engineering for targeted central nervous sys-
tem delivery. Polymeric, lipid-based, and surface-
functionalized nanoparticles have been developed to im-
prove drug stability, brain penetration, and selective cel-
lular uptake. FUS-mediated BBB opening has been shown
to be a promising approach to non-invasive delivery of nu-
cleic acid drugs such as siRNA, mRNA, plasmid DNA,
antisense oligonucleotides (ASOs), and CRISPR/Cas gene
editing, which are usually poorly permeable and rapidly
degraded by the BBB system. Encapsulation within lipid
nanoparticles, polymeric nanoparticles, or other nanocarri-
ers protects these molecules from nuclease degradation, im-
proves circulation, and enhances intracellular delivery af-
ter transient BBB opening. This approach is thus capable
of silencing genes, protein replacement, genome editing,
and modulation of disease-associated pathways in neuro-
logical disorders. Recently, it has been shown that FUS
and nanoparticle-based carriers are very effective in brain
delivery of siRNA and mRNA, and CRISPR/Cas systems
can be delivered to the brain for gene editing and to en-
hance system-level genome editing at a low systemic expo-
sure. These findings have great potential for brain tumors,
Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-
ease, and other genetic neurological disorders. However,
further optimization of delivery efficiency, editing speci-
ficity, long-term safety, and immunogenicity is needed
before widespread clinical translation is possible. These
nanocarriers can encapsulate a wide range of therapeu-
tic agents, including chemotherapeutics, proteins, genes,
siRNA, and CRISPR-based systems, while also provid-
ing sustained and controlled drug release. Multifunctional
nanoparticles integrated with targeting ligands and imag-
ing agents have further enhanced theranostic applications
by combining diagnosis and therapy within a single plat-
form [90,91].

Surface functionalization has been shown to be a
promising means of targeting nanoparticles in an efficient
manner following FUS-mediated BBB opening. Nanocar-
rier targeting can be achieved by conjugating nanopar-
ticles to BBB-associated receptors (transferrin receptor
(TfR), low-density lipoprotein receptor-related protein 1
(LRP1), insulin receptor, and LDL receptors) to promote
receptor-mediated endocytosis and transcytosis in brain en-
dothelial cells. In addition to facilitating BBB transport,
these ligands lead to accumulation in diseased brain tissues
and decrease the systemic distribution of non-cancerous
molecules. In addition to targeted targeting of BBB-
associated receptors, surface-functionalized nanoparticles
can be customized for cell uptake by the use of antibod-
ies, peptides, aptamers, and cell membrane-based coatings,
as they can recognize neurons, glioma cells, activated mi-
croglia, or other pathogens. Surface modification such as
PEGylation also enhances colloidal stability and prolongs
circulation, and multi-targeting nanocarrier devices inte-
grating targeting ligands and imaging or therapy can be
applied at the same time. When combined with transient
BBB opening caused by FUS, these active targeting strate-
gies have the potential to rapidly build drug accumulation at
the desired site, enhance therapeutic effectiveness, decrease
off-target toxicity, and to develop precision nanomedicine
for central nervous system disorders.

Recent preclinical and early clinical studies have
demonstrated the potential of this triad-based approach
in the treatment of glioblastoma, Alzheimer’s disease,
Parkinson’s disease, epilepsy, stroke, and neuroinflamma-
tory disorders. The integration of artificial intelligence,
precision imaging, and personalized nanomedicine
strategies has further accelerated the translation of this
technology toward clinical practice. Overall, the FUS–
microbubble–nanoparticle system represents a promising
advancement in modern neurotherapeutics, offering
safer, site-specific, and more effective treatment options
for complex neurological diseases. Table 1 (Ref. [
14,15,27,58,64,65,66,67,68,86,87,88,95,96,97,98,99,100])
presents recent advances in the FUS–microbubble–
nanoparticle system.

The therapeutic effect of FUS-mediated BBB open-
ing is very much dependent on the parameters of ultra-
sound. The frequency varies with the depth of penetra-
tion and focal accuracy, and lower frequencies (typically
220–700 kHz) are preferred in transcranial applications by
reducing skull attenuation. The pressure of the acoustic
probe is the most important parameter for microbubble cav-
itation and must be high enough to create stable cavita-
tion without inertial cavitation and vascular damage. The
pulse duration, pulse repetition frequency, and exposure
time also impact the amount of BBB opening and the du-
ration, with shorter pulsed exposure typically leading to
the removal of BBB and better safety. These parameters
should be optimized with microbubble dose and cavitation
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Table 1. Representative nanoparticle systems for FUS-mediated CNS drug delivery.
Nanoparticle
system

Composition Typical
size (nm)

Therapeutic
cargo

Major advantages Limitations Representative CNS
applications

Reference

Polymeric
nanoparticles

PLGA, PLA, PEG-PLGA,
chitosan

50–250 Small molecules,
proteins, siRNA,

DNA

Controlled release, high
stability, surface
functionalization

Moderate drug
loading, polymer
degradation

Glioblastoma, Alzheimer’s
disease, Parkinson’s disease

[27,58,64,97]

Lipid
nanoparticles
(LNPs)

Ionizable lipids,
phospholipids, cholesterol

50–150 mRNA, siRNA,
CRISPR/Cas

cargo

High nucleic acid
encapsulation, clinical

translation

Limited stability,
hepatic uptake

Gene therapy,
neurodegenerative disorders

[66,98,99]

Liposomes Phospholipid bilayers 80–300 Hydrophilic and
lipophilic drugs

Excellent biocompatibility,
clinical experience

Drug leakage, short
circulation without

PEGylation

Brain tumors, stroke [65,67,68]

Polymeric
micelles

PEG-PCL, PEG-PLA 20–100 Hydrophobic
drugs

Improved solubility,
prolonged circulation

Lower structural
stability

Brain tumors [14,15,100]

Dendrimers PAMAM, PPI 5–30 Drugs, genes,
imaging agents

High loading capacity,
multivalent surface

Possible cytotoxicity
(cationic)

Neuroinflammation, glioma [14,15,100]

Biomimetic
nanoparticles

Cell membrane-coated
nanoparticles, extracellular

vesicles

50–200 Drugs, proteins,
RNA

Immune evasion,
prolonged circulation,
enhanced targeting

Complex
manufacturing

Brain tumors,
neurodegeneration

[86,87,88,95,96,100]

FUS, focused ultrasound; CNS, central nervous system; PLGA, poly(lactic-co-glycolic acid); PLA, poly(lactic acid); PEG-PLGA, poly(ethylene glycol)-poly(lactic-co-glycolic acid); PEG-
PCL, poly(ethylene glycol)-poly(ε-caprolactone); PEG-PLA, poly(ethylene glycol)-poly(lactic acid); PAMAM, poly(amidoamine); PPI, poly(propylene imine); PEG, polyethylene glycol; DNA,
deoxyribonucleic acid; RNA, ribonucleic acid; mRNA, messenger RNA; siRNA, small interfering RNA; CRISPR, clustered regularly interspaced short palindromic repeats; Cas, CRISPR-
associated protein.
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in real time (as a means to achieve maximum dose and
low effects of edema, microhemorrhage, and neuroinflam-
mation). MRgFUS systems combined with passive cavi-
tation detection allow for individualized parameter adjust-
ment, which in turn improves targeting accuracy and repro-
ducibility, and clinical safety. In addition, standardization
of ultrasound exposure protocols is an important step to-
ward the successful clinical translation of FUS-mediated
CNS drug delivery [90,91]. The key ultrasound parame-
ters affecting the efficacy and safety of BBB opening, in-
cluding frequency, acoustic pressure, pulse duration, pulse
repetition frequency, and sonication time.

Although FUS-mediated BBB opening has shown a
good safety profile in preclinical and early clinical studies,
the safety is largely determined by the appropriate ultra-
sound parameters and microbubble administration. If too
much acoustic pressure or uncontrolled inertial cavitation is
present, microhemorrhage, endothelial damage, vasogenic
edema, neuronal injury, and short-term neuroinflammatory
activity will occur, and the therapeutic impact will be lim-
ited. Neuroinflammation is mainly caused by temporary
activation of microglia and astrocytes and the release of in-
flammatory mediators, which will largely be restored to the
BBB once BBB integrity is restored. CurrentMRgFUS sys-
tems with passive cavitation detection and real-time acous-
tic feedback can be used to control cavitation activity and
reduce the risk of tissue injury while still allowing BBB
opening. BBB damage is generally localized, reversible,
and well tolerated, with restoration of BBB integrity within
hours to days of treatment. However, longitudinal studies
would be required to assess the potential long-term effects
of repeated BBB opening, including cumulative neurovas-
cular changes and cognitive effects, in order to ensure safe
clinical translation of this technology.

11. Applications in Neuro-Oncology (e.g.,
Glioblastoma)

Microbubble-enhanced focused ultrasound (MB-
FUS) represents a novel strategy in the treatment of
glioblastoma (GBM), tackling significant issues such as
the BBB and the tumor’s immunosuppressive microenvi-
ronment [101]. GBM is the most prevalent and aggressive
form of malignant glioma, with a median survival rate
of under 18 months despite improvements in surgery,
radiotherapy, and chemotherapy [102]. The BBB, which
serves as a highly selective neurovascular barrier, hinders
most therapeutic agents from effectively reaching the brain,
thus limiting treatment effectiveness [103]. MB-FUS has
emerged as a promising method to breach this barrier,
facilitating transient and localized opening of the BBB
through the interaction of sound waves with microbubbles
injected into the bloodstream [101]. These microbubbles
vibrate when exposed to ultrasound, causing mechanical
disruption of endothelial tight junctions and enabling
therapeutic agents to infiltrate brain tissue [19].

In brain tumors, FUS improves the deliv-
ery of chemotherapeutics, immunotherapeutics, and
nanomedicines to tumor regions by overcoming het-
erogeneous BBB permeability. In neurodegenerative
diseases such as Alzheimer’s and Parkinson’s diseases, the
transient BBB opening enables the delivery of antibodies,
neurotrophic factors, and disease-modifying drugs while
promoting the clearance of pathological protein aggregates.
In stroke, FUS may help to better target the delivery of
neuroprotective and regenerative drugs, but treatment
timing and the risk of hemorrhagic transformation are
important. In epilepsy, local BBB opening is possible
to deliver antiseizure drugs with fewer systemic adverse
effects. In gene therapy, FUS allows the non-invasive
delivery of viral vectors, plasmid DNA, mRNA, siRNA,
and CRISPR/Cas-based therapeutics, which is considered a
promising approach to precision treatment of inherited and
acquired neurological disorders. Presenting these effects in
their own sections shows the different therapeutic potential,
challenges, and future directions for each neurological
disease.

One major use of MB-FUS in GBM is to enhance
drug delivery [104]. Research has shown that MB-FUS can
greatly enhance the delivery of small molecules, nanopar-
ticles, and even adoptive immunotherapy approaches like
chimeric antigen receptor (CAR)-T cells [105]. For ex-
ample, MB-FUS has been demonstrated to boost the up-
take and retention of temozolomide (TMZ), the standard
chemotherapy for GBM, within the tumor area, thereby
slowing tumor progression and prolonging survival in pre-
clinical studies [106]. Moreover, microbubble-mediated
focused ultrasound (MB-FUS) has demonstrated consider-
able potential in enhancing drug delivery across the blood–
brain barrier (BBB), enabling the transport of therapeutic
agents that would otherwise exhibit limited brain penetra-
tion, including carboplatin and doxorubicin [107].

Nanomedicines, such as liposomal, polymeric, and
peptide-encapsulated therapies, have also benefited from
MB-FUS, as the technology allows for controlled and sus-
tained drug release, enhancing antitumor efficiency [108].
Additionally, MB-FUS has been investigated for deliver-
ing drug-loaded microbubbles, which can directly transport
chemotherapy agents to the tumor, reducing off-target tox-
icity and improving treatment results [109].

In addition to drug delivery, MB-FUS has paved the
way for advances in liquid biopsy (LBx) for GBM [110].
The BBB usually blocks tumor-related DNA and biomark-
ers from entering the bloodstream, limiting the capability
of LBx for diagnosing and monitoring brain tumors [111].
The BBBO induced by MB-FUS has been shown to elevate
plasma levels of tumor-specific biomarkers and circulating
tumor DNA, thus facilitating more effective disease detec-
tion, treatment direction, and monitoring of residual disease
[112]. This method has been confirmed in preclinical in-
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Table 2. Applications of FUS–microbubble–nanoparticle system.
Application area Application of

FUS–microbubble–nanoparticle system
Key benefits Reference

Brain tumor therapy Targeted delivery of anticancer drugs across
the BBB

Enhanced tumor targeting and
reduced systemic toxicity

[104,105]

Alzheimer’s disease Delivery of antibodies and neuroprotective
agents

Reduction of amyloid plaques
and improved cognitive

outcomes

[117,118]

Parkinson’s disease Transport of dopamine-related therapeutics
and growth factors

Improved neuronal recovery and
symptom control

[119,120]

Gene therapy Delivery of siRNA, mRNA, plasmids, and
CRISPR systems

Efficient gene modulation and
sustained therapeutic action

[120,121,122,123,124]

Epilepsy treatment Localized administration of antiepileptic
drugs

Improved seizure management
with fewer side effects

[127]

Stroke therapy Delivery of neuroregenerative and
neuroprotective agents

Enhanced brain tissue repair and
functional recovery

[128]

CNS infections Enhanced penetration of antimicrobial
agents into the brain

Improved treatment efficacy
against resistant infections

[131]

Neuroinflammatory
disorders

Targeted delivery of anti-inflammatory
therapeutics

Reduced neuroinflammation and
neuronal damage

[125,126]

Brain imaging and
diagnostics

Use of theranostic nanoparticles with
MRgFUS

Simultaneous diagnosis and
therapy monitoring

[129]

Precision medicine Personalized and site-specific brain drug
delivery

Safer, controlled, and
patient-tailored treatment

approach

[58,64,100,130]

BBB, blood–brain barrier; MRgFUS, magnetic resonance-guided focused ultrasound.

vestigations and early clinical trials, showing its safety and
effectiveness.

MB-FUS also offers potential for modulating the im-
mune system in GBM therapy [113]. By inducing mild and
temporary neuroinflammation, MB-FUS can transform the
immunosuppressive tumor environment into one that sup-
ports immune activation, thus enhancing immune surveil-
lance and improving the effectiveness of immunotherapies
like anti-PD1 and CAR-T cells [114]. Furthermore, MB-
FUS has been studied for sonodynamic therapy (SDT),
employing sonosensitizing agents that are activated by ul-
trasound to selectively target glioblastoma cells. This
method has yielded promising outcomes in preclinical mod-
els, demonstrating enhanced therapeutic effectiveness and
minimal damage to adjacent brain tissue [115].

While MB-FUS has shown considerable promise in
preclinical research, clinical trials are currently underway
to assess its safety, feasibility, and therapeutic advantages
for patients with GBM, particularly in post-surgical con-
texts to prevent recurrence and improve adjuvant therapies.
AsMB-FUS technologies advance, standardizing treatment
protocols and developing preclinical models that accurately
replicate clinical scenarios will be critical for successful
integration into standard clinical practice [116]. With
continued progress, MB-FUS has the potential to transform
GBM treatment and significantly enhance patient out-
comes. The applications were summarized in Table 2 (Ref.

[58,64,100,104,105,117,118,119,120,121,122,123,124,125,
126,127,128,129,130,131]).

12. Applications in Neurodegenerative
Disorders
12.1 Alzheimer’s Disease

Raymond et al. [129] successfully applied FUS-
BBBO to enhance the penetration of both therapeutic and
imaging drugs in AD animal models. Subsequently, Jordão
et al. [26] showed that targeted transport of BAM-10 anti-
betaamyloid antibodies induced a rapid clearance of plaque
pathology in an AD mouse model. These results are con-
sistent with those reported by Burgess et al. [117]; in
that study, they focused on the hippocampus. The bene-
fits on behavior were associated with a reduction of amy-
loid plaques and signs of neurogenesis in the hippocampus.
Leinenga and Götz [118] demonstrated that repeated scan-
ning ultrasound treatment was associated with a substantial
reduction in amyloid plaque burden in approximately 75%
of treated animals. This finding was supported by longitu-
dinal imaging using a kinetic analysis approach and was at-
tributed, at least in part, to the activation of microglia, sug-
gesting a potential role for ultrasound-mediated modulation
of neuroinflammatory responses in amyloid plaque clear-
ance. Such reduction in plaques was correlated with mem-
ory and behavior performance improvement in the treated
animals [118]. Another promising therapy target of both
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AD and tauopathies is tauopathy. The combined use of
FUS-BBBO and RN2N anti-tau antibodies was shown to
specifically decrease phosphorylation levels of tau proteins
and alleviate the anxiety-like behaviors [132]. Hsu and col-
leagues [133] demonstrated the effectiveness of inhibiting
phosphorylation processes by using an advanced glycogen-
synthase kinase-3 (GSK-3) inhibitor in an Alzheimer’s dis-
ease (AD) animal model. This approach resulted in a sig-
nificant reduction of amyloid plaques and a remarkable de-
crease in GSK-3 activity by as much as 61.3% [133]. In-
travenous immunoglobulin (IVIg), which is derived from
human blood and contains polyclonal antibodies, serves
as an immunomodulator both in the periphery and cen-
trally. Recent studies suggest that when FUS-BBBO is
combined with increased IVIg deposition, it lowers the lev-
els of the proinflammatory cytokine tumor necrosis factor
(TNF)-alpha. This modulation of inflammatory responses
not only promotes neurogenesis but also helps reduce amy-
loid plaques in the hippocampus of a transgenic AD ani-
mal model [134]. Given that impaired neurogenesis and the
buildup of amyloid plaques are key features of AD, FUS-
BBBO could be a promising strategy for enhancing treat-
ment options.

12.2 Parkinson’s Disease

The integration of low-intensity focused ultrasound
(LIFU) with microbubbles (MBs) stands out as a feasible
and highly promising therapeutic approach for Parkinson’s
disease (PD), allowing for the effective transportation of
gene vectors to particular, targeted areas in the brain [135].
This method is crucial since the BBB often reduces the ef-
fectiveness of potential treatments like neurotrophic factors
or agents aimed at α-synuclein [119,120]. The objective of
utilizing this FUS-driven delivery is to promote neuropro-
tection, adjust protein expression, or even prevent the pro-
gression of conditions such as the spread of Lewy bodies.
This therapeutic approach is being investigated using four
main categories of gene vectors: DNA-loaded microbub-
bles, DNA-NPs, gene–liposome–MB complexes, and gene-
adeno-associated virus (AAV) vectors.

The first category, DNA-loaded MBs, offers an in-
novative method of administration wherein the vector is
attached directly to the microbubble. Research indicates
that cationic microbubbles (cMBs) have a greater bind-
ing capacity for glial cell line-derived neurotrophic factor
(GDNF) plasmids compared to neutral microbubbles, and
a FUS-activated cMB platform containing these plasmids
has exhibited significant therapeutic outcomes [136].

Another approach involves DNA-nanoparticles, in
which FUS stimulates the microbubbles to release drugs
from accompanying nanocarriers. For example, MRg-
FUS utilizing nano-MBs has been found to enhance the
transfection efficiency of the therapeutic Nrf2 gene [137].
An especially advanced variation utilizes brain-penetrating
nanoparticles (BPNs) coated with PEG; when used in con-

junction with systemic FUS, these BPNs can lead to dose-
related transgene expression. In a rat model of PD, GDNF-
BPNs delivered via FUS reached therapeutic levels in the
striatum that persisted for up to 10 weeks [138].

The third and particularly effective category, which
circumvents the immunogenicity issues linked with vi-
ral vectors, involves gene–liposome–MB complexes [122].
Polyethylene glycol (PEG) liposomes are regarded as ex-
cellent carriers, and studies employing liposomes encapsu-
lating neurotrophic factor genes (such as BDNF or GDNF)
alongside microbubbles and FUS have successfully re-
stored motor function in PD models [124]. These com-
plexes outperform the separate administration of the com-
ponents because the oscillations of the microbubbles allow
the liposomal vector to directly interact with the opened
tight-junction pores, enhancing penetration and resulting
in more effective gene transfection. Preclinical research
has substantiated that delivering BDNF or GDNF genes
through this non-viral technique yields a strong neuropro-
tective effect, preserving dopaminergic neurons and allevi-
ating behavioral deficits [123,124].

Lastly, the fourth category centers on gene-AAV vec-
tors, addressing the prior setbacks in clinical gene therapy
that stemmed from invasive procedures and incomplete de-
livery methods. MRgFUS can non-invasively transport vi-
ral vectors like AAV9 and AAV2/1 to designated brain cells
[121]. Preclinical investigations have confirmed that FUS-
BBB technology combined with a viral vector silencing α-
synuclein mitigated the loss of nigrostriatal neurons [120].
This technology has recently progressed to trials in humans
and non-human primates, where MRgFUS-mediated BBB
opening combinedwith a systemicAAVvector successfully
induced novel protein expression in both the putamen and
substantia nigra [122]. Although this offers a promising di-
rection for modulating viral vectors in PD patients, con-
siderable challenges persist, including the high expenses
and systemic exposure risks related to the elevated AAV
titers required for human trials [135,139]. Future advance-
ments may hinge on the development of neuron-selective
AAV serotypes or scalable microbubble drug complexes
(MDCs), although issues regarding safety and viral pack-
aging capacity still need addressing [121].

12.3 Safety
Employing MB-FUS to breach the tight junctions

among endothelial cells in the BBB and BTB leads to a tem-
porary inflammatory reaction caused by cavitation induced
by microbubbles and pulsed thermal injury [140,141].
Safety issues associated with MB-FUS usage involve con-
cerns regarding this inflammatory response and the result-
ing edema.

12.4 Edema
MB-FUS causes tissue damage in a specific localized

area, consisting of three distinct concentric zones: a cen-
tral hypodense zone exhibiting coagulative necrosis, a sur-
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rounding hyperintense zone with cytotoxic edema, and a
peripheral area showing weak hyperintensity due to vaso-
genic edema [142,143]. As mentioned earlier, using larger
microbubbles or increasing the intensity of MB-FUS can
prolong the permeability of the BBB, but this may lead to
the unwanted effect of increased edema. The overall size of
the lesion is determined by the total thermal dose applied
[141,144]. In a study involving rabbits, cerebral edema
was found to develop over 48 hours, with a gradual de-
crease observed over the next five days [145]. Histological
analysis showed central necrosis in the white matter, sur-
rounded by edematous tissue infiltrated with inflammatory
cells. In a group of 21 glioblastoma patients who received
treatment with an implanted focused ultrasound device for
drug delivery, two patients (9.52%) experienced edema that
responded positively to steroids and resolved within a few
hours [146]. Despite concerns about edema following MB-
FUS application, it is generally considered to have a good
safety profile. Furthermore, studies have indicated that
low-intensity ultrasound stimulation can decrease BBB dis-
ruption and alleviate edema in a mouse model of ischemic
stroke [147].

13. Inflammation
It is suggested that the pressure on microvessel walls

caused by oscillating microbubbles at the focal point of
the ultrasound beam, along with the thermal damage from
the acoustic pulse, triggers a rapid and brief inflamma-
tory response in the vascular endothelium [125]. This re-
sponse results in heightened expression of proinflamma-
tory cytokine and chemokine genes, contributing to vari-
ous effects of MB-FUS, such as neurogenesis, angiogen-
esis, alterations in transporter expression, increased endo-
cytosis, and decreased immunoreactivity of tight junction
proteins. Parameters like ultrasound intensity, pulse repeti-
tion frequency, and sonication affect the degree of neuroin-
flammation, which can clinically present as intracerebral
hemorrhage, transient edema, necrosis, and reactive gliosis
[126]. The concentration of microbubbles employed does
not seem to influence the inflammatory response [148].
During sonication, the microvessels in the brain experi-
ence the most significant stress. Nonetheless, different cell
types exhibit varied responses to sonication. The activation
of vascular endothelial cells triggers the release of proin-
flammatory cytokines and chemokines, facilitating leuko-
cyte migration across the BBB. The acute activation of as-
trocytes may offer neuroprotection and aid in preserving
stability during sudden ischemic events. Pouliopoulos et
al. [149] demonstrated that using MB-FUS to breach the
BBB incites a brief immune reaction in the affected area,
resulting in an increased microglia density by the second
day, which subsided by day 18 without notable clinical
deficits in a non-human primate model. They also observed
a higher count of immature neurons in regions where the
BBB was compromised compared to areas with an intact

BBB. Further investigations have identified microstructural
alterations even one year following the injury, suggesting
significant tissue reorganization [150].

When subjected to physical stress, the vascular en-
dothelium of the CNS produces proinflammatory cytokines
and chemokines to safeguard the brain from additional
harm. After the thermal injury induced by MB-FUS, there
is evidence of pro-inflammatory cytokine gene transcrip-
tion, which returns to normal after 24 hours [125]. This
may elucidate the role of MB-FUS in promoting tempo-
rary angiogenic activities and reducing drug outflow. The
sterile inflammatory response in the tissue, characterized
by the damage-associated molecular pattern (DAMP) re-
sponse and elevated levels of HSP, IL-1, IL-18, and TNF-α,
persists for approximately 24 hours, with macrophages re-
maining detectable for up to six days after treatment [45].
Chronic inflammation can lead to secondary harm. The
pro-inflammatory response subsides and reverts to base-
line levels after 24 hours, likely affected by immunoregula-
tory cytokines from astrocytes and their interactions with
microglia. A temporally managed level of inflammation
can support the clearance of myelin debris, promote myelin
repair, encourage angiogenesis, and assist in the removal
of amyloid beta plaques. However, when inflammation
remains chronic, it hinders neurogenesis and contributes
to apoptosis, necrosis, and various neurodegenerative pro-
cesses. Researchers have defined safety profiles to opti-
mize the effectiveness of BBB disruption while minimizing
chronic inflammation and its adverse effects [151,152].

14. Clinical Studies
Following two decades of promoting preclinical in-

vestigations, human trials for FUS combined with mi-
crobubbles (MBs) aimed at disrupting the BBB have com-
menced, with a principal focus on assessing safety [153].
Initial Phase I studies involving patients with conditions
like glioblastoma, Alzheimer’s disease (AD), and amy-
otrophic lateral sclerosis have successfully demonstrated
the ability to create temporary, localized increases in vas-
cular permeability without causing enduring radiological or
neurological issues [154,155,156,157,158]. The first appli-
cation in humans occurred in 2014 with an implanted ultra-
sound device (SonoCloud-1) in patients with glioblastoma,
which, while requiring surgery, was positively received and
suggested potential trends in efficacy [154]. A significant
advancement took place in 2015 with the development of
the first transcranial FUS system (ExAblate Neuro), which
employed phase correction to penetrate the skull and ef-
fectively raised chemotherapy concentrations in targeted
glioma tissues. Subsequent trials on Alzheimer’s patients
have further confirmed the safety of undergoing repeated
transcranial treatments, even in sensitive areas associated
with memory like the hippocampus, without any observed
long-term adverse effects up to 15 months after the proce-
dure.
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The clinical translation of MR-guided focused ultra-
sound (MRgFUS) has been progressing rapidly in the last
10 years, and several clinical trials are ongoing and have
been completed (both Phase I and Phase II) to determine its
safety and feasibility in neurological diseases in neurologi-
cal diseases, particularly glioblastoma and Alzheimer’s dis-
ease. Most studies have shown that temporary BBB open-
ing can be safely and reproducibly carried out in a localized
manner, with minimal systemic toxicity. The current trials
are focusing on optimizing the treatment parameters, eval-
uation of repeated BBB opening processes, and long-term
neurological and cognitive outcomes. Although the clinical
translation of FUS-mediated BBB opening has been exten-
sively studied, nanoparticle-assisted FUS drug delivery has
not yet been translated to clinical use. Most nanoparticle-
based therapeutic systems have shown promising perfor-
mance in preclinical studies but are still largely under de-
velopment, due to the challenges of large-scale manufactur-
ing, formulation reproducibility, regulatory approval, and
safety. There are ongoing clinical trials that will provide
critical evidence of the integration of advanced nanocarri-
ers with image-guided FUS in order to translate precision
nanomedicine to central nervous system disorders.

Despite promising preclinical and early clinical out-
comes, FUS-assisted nanoparticle-mediated CNS drug de-
livery remains a complex clinical problem. For large-
scale manufacturing, GMP-compliant production, quality
assurance, and batch-to-batch reproducibility are needed to
ensure the same nanoparticle size, drug loading, surface
properties, and biological performance. A variation in the
formulation and FUS treatment parameters of nanoparti-
cles may affect the efficacy and safety of the therapy, and
therefore the manufacturing and characterization practices
should be standardized. Regulatory approval of these plat-
forms is also complicated as they are combination prod-
ucts: a medical device (FUS system), microbubbles, and
nanoparticle-based therapeutics. Pharmacokinetics, biodis-
tribution, immunogenicity, long-term safety, and device-
drug interactions should be assessed before clinical ap-
proval. Furthermore, the clinical implementation is ham-
pered by the need for specialized MRgFUS infrastructure,
standardized treatment protocols, trained multidisciplinary
teams, and multicenter clinical trials. A solution to these
translational barriers is needed for the adoption of FUS-
mediated brain drug delivery to be reproducible, safe, and
cost-effective.

Despite this strong safety record, there are substan-
tial challenges in applying these findings to clinical set-
tings. A major obstacle is the discrepancy between pre-
clinical models, which typically focus on primary tumor
treatment, and the clinical need for post-surgical interven-
tions to address glioma recurrence. Additionally, the sig-
nificant variability of tumors such as glioblastoma makes
them difficult to replicate in animal experiments, leading to

preclinical successes that often do not accurately predict hu-
man outcomes [64]. As a result, future progress depends on
standardizing treatment protocols through a more profound
understanding of the complex interactions between ultra-
sound parameters and microbubble characteristics, as well
as developing more predictive models, such as those using
human-induced pluripotent stem cells (hiPSCs), to better
mimic clinical responses. MRI-guided focused ultrasound
(MRgFUS) for transient BBB opening has been translated
into clinical practice in the past decade, and a number of
Phase I and Phase II clinical trials have been carried out
to assess the feasibility and safety of this approach in pa-
tients with glioblastoma, Alzheimer’s disease, Parkinson’s
disease, and ALS. All these studies have shown that FUS
can deliver localized and reversible BBB opening without
major neurological damage if the optimal treatment meth-
ods are employed. Early clinical studies have also shown
that it is possible to deliver chemotherapeutics and biolog-
ics well to brain regions, but there is still no definitive treat-
ment effect in the longer-term randomized studies. In con-
trast, nanoparticle-assisted brain delivery and FUS are still
in the early stage of clinical development. Nanoparticle-
based approaches have achieved good results in preclini-
cal studies, and there is only limited clinical evidence in
terms of nanoparticle manufacturing, regulatory approval,
long-term safety, and standard treatment. We are optimistic
that futuremulticenter clinical trials that combine optimized
nanoparticle formulations with MRI-guided FUS will pro-
vide important evidence of therapeutic efficacy, safety, and
the broader clinical relevance of this approach for CNS dis-
orders.

Recent data regarding clinical studies on the FUS–
microbubble–nanoparticle system are given in Table 3 (Ref.
[154,155,156,157,158,159,160]).

Nanoparticle-based drug delivery systems in combi-
nation with FUS are generally divided into different types
with different properties. Polymeric nanoparticles release
drugs in a controlledmanner and are characterized by strong
structural stability and functionalization of surfaces. Lipo-
somes and lipid nanoparticles are biocompatible and en-
capsulate both hydrophilic and hydrophobic drugs well,
leading them to serve as good carriers for nucleic acids
and small molecules [58,161]. Polymeric micelles im-
prove the solubility of poorly water-soluble drugs, and den-
drimers have very stable and highly branched structures
and, thus, are capable of drug loading and a variety of sur-
face modifications. Recently, biomimetic nanocarrier sys-
tems such as cell membrane-coated nanoparticles and ex-
tracellular vesicle-inspired nanocarriers are promising due
to their long circulation, immune protection, and brain tar-
geting ability. Together with transient BBB opening by
FUS, these nanocarriers increase the delivery efficiency of
the drugs and reduce systemic toxicity. A classification of
these nanoparticle systems provides a way of finding ap-
propriate carriers if the therapeutic payload, disease type,
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Table 3. Clinical Applications of Focused Ultrasound–Microbubble–Nanoparticle Systems.
Disease/Indication Clinical trial NCT number Phase Intervention Status References

Alzheimer’s
disease

BBB opening using MRgFUS (ExAblate
Neuro)

NCT02986932 Phase I MRgFUS + Definity®
microbubbles

Completed [155]

Alzheimer’s
disease

Neuronavigation-guided FUS-induced BBB
opening

NCT04118764 Early Phase I FUS + Definity® microbubbles Completed [160]

Alzheimer’s
disease

Repetitive BBB opening using MRgFUS NCT06158789 Feasibility Repeated MRgFUS-mediated BBB
opening

Active/Not
Recruiting

[154,155,156,157,158]

Glioblastoma MRgFUS-mediated BBB opening with
chemotherapy

NCT02343991 Phase I MRgFUS + chemotherapy Completed/
Ongoing

[156]

Parkinson’s disease MRgFUS-guided BBB opening NCT03608553 Early Phase MRgFUS Ongoing [159]
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Table 4. Effect of nanoparticle physicochemical properties on BBB penetration after FUS.
Property Preferred characteristics Effect on brain delivery Design consideration Ref.

Particle size 20–150 nm Better BBB penetration and
interstitial diffusion

Larger particles show limited
penetration

[161]

Surface charge Neutral/slightly negative Longer circulation and lower
toxicity

Highly positive particles increase
nonspecific uptake

[64]

Surface
chemistry

PEGylation, ligand
functionalization

Reduced protein adsorption and
immune clearance

Improves circulation and targeting [58]

Shape Mostly spherical; rods/discs
under investigation

Influences margination and cellular
uptake

Disease-specific optimization
required

[58]

Surface ligand
density

Optimized receptor affinity Improves receptor-mediated uptake Excessive ligand density may
reduce circulation

[58]

and pharmacokinetic profile are relevant to the design of
next-generation CNS drug delivery strategies [51,100].

Nanoparticle transport across the temporarily dis-
rupted BBB depends on their physicochemical properties
such as size, surface charge, surface chemistry, and shape.
Nanoparticles with sizes typically ranging from 20 to 150
nm are able to penetrate the temporarily permeabilized
BBB, have a long circulation time, and can be removed
from the body in a short time. Table 4 (Ref. [58,64,161])
represents data regarding the effect of nanoparticle physic-
ochemical properties on BBB penetration after FUS. The
surface charge is also very important, as neutral or slightly
negative nanoparticles are more biocompatible (and have a
longer circulation time), and highly cationic nanoparticles
may increase cellular permeability but at the same time lead
to associated toxicity and nonspecific adsorption. The sur-
face chemistry also determines the stability and targeting
efficiency of nanoparticles. PEGylation helps in systemic
circulation by reducing protein adsorption and macrophage
uptake, and ligand-functionalized nanoparticles are able to
be taken up by brain endothelial cells and diseased tis-
sues [64]. Moreover, nanoparticle shape affects vascular
margination, cellular internalization, and biodistribution,
and non-spherical particles have different transport prop-
erties compared to spherical ones. These properties and the
FUS-mediated BBB opening are key to maximizing drug
delivery efficiency, which leads to better outcomes and re-
duces off-target effects in CNS [130].

Although FUS opening of the BBB allows therapeu-
tic agents to enter the brain, the molecular distribution of
such pharmaceutical agents within the brain interstitium
is largely regulated by the Extracellular Matrix (ECM),
which is another transport barrier [162]. The ECM in the
brain is composed of glycosaminoglycans, proteoglycans,
hyaluronic acid, and fibrous proteins that form a very dense
and negatively charged network that prevents the diffusion
and transfer of nanoparticles into the brain. The BBB per-
meability in the brain interstitium is therefore related to dif-
fusion in the brain and ECM, hydraulic resistance, and inter-
actions between the nanoparticles and ECM [51]. In Table
5 (Ref. [163,164,165,166]) data of optimization of ultra-

sound parameters for BBB opening were listed. The pene-
tration of nanoparticles in the brain is influenced by the par-
ticle size, surface charge, and surface chemistry. Smaller
particles with neutral or slightly negative surface charge
will generally penetrate the brain more, and the tissue will
be more open to the presence of ECM, while diffusion in the
brain will be more strongly inhibited if it is large. Current
clinical studies of MRgFUS-mediated BBB opening were
listed in Table 6 (Ref. [40,156]). The surface modification
(PEGylation and biomimetic coatings) also reduces adhe-
sive interactions with the ECM, which improves the inter-
stitial transport and the distribution of therapeutic payloads
throughout the target tissue. So, successful CNS drug deliv-
ery requires BBB traversal and subsequent tissue penetra-
tion to achieve the same therapeutic distribution and to opti-
mize the treatment outcome [130]. Table 7 (Ref. [155,167])
presents major translational challenges for clinical imple-
mentation.

15. Future Perspective
Several reviews have discussed focused ultrasound-

mediated BBB opening, nanoparticle-based brain drug
delivery, or clinical applications of FUS. Most pri-
marily summarize the existing evidence without con-
sidering the mechanistic interactions among focused
ultrasound, microbubbles, and engineered nanopar-
ticles or critically analyzing the factors influencing
their successful clinical translation. Table 8 (Ref.
[58,64,100,104,105,106,107,117,118,119,120,121,122,123,
124,125,126,127,128,130,131]) represents the therapeu-
tic perspectives of the FUS–microbubble–nanoparticle
system. In this review, we focus on the synergistic role
of these three components in BBB opening, nanoparticle
design, optimization of ultrasound parameters, disease-
specific therapeutic applications, nucleic acid delivery,
clinical evidence, and translational barriers, among others,
such as manufacturing scalability, regulatory concerns,
and reproducibility. In Table 9 (Ref. [51,58,64,161]), a
comparison of different nanoparticle platforms for FUS-
mediated BBB drug delivery is listed. This integrated and
critical perspective gives practical insights into the rational
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Table 5. Optimization of ultrasound parameters for BBB opening.
Parameter Typical clinical/

Preclinical range
Influence on BBB opening Safety considerations Ref.

Frequency 220–700 kHz Lower frequency improves
skull penetration

Higher frequencies reduce
penetration

[163,164]

Acoustic pressure 0.2–0.8 MPa Determines cavitation intensity High pressure increases
hemorrhage risk

[163,164]

Pulse duration 1–10 ms Controls BBB permeability Long pulses increase tissue
damage

[163,164]

Pulse repetition
frequency

1–10 Hz Influences cumulative exposure Requires optimization with
pressure

[165,166]

Sonication time 30–120 s Longer exposure increases
delivery

Excessive exposure may induce
inflammation

[165,166]

Cavitation monitoring Passive cavitation
detection

Maintains stable cavitation Prevents inertial cavitation [165,166]

Table 6. Current clinical studies of MRgFUS-mediated BBB opening.
Disease Trial

stage
Therapeutic strategy Main findings Current limitation Ref.

Glioblastoma Phase I/
II

MRgFUS +
chemotherapy

Safe localized BBB opening;
enhanced drug delivery

Small cohorts [40,156]

Alzheimer’s disease Phase I MRgFUS Reversible BBB opening
without major adverse events

Long-term efficacy
unknown

[40,156]

Table 7. Major translational challenges for clinical implementation.
Challenge Current limitation Potential solution Ref.

Manufacturing scalability Difficult large-scale GMP production Automated GMP manufacturing [155,167]
Batch reproducibility Variation in particle size and drug

loading
Standardized manufacturing protocols [155,167]

Regulatory approval Drug-device combination products Harmonized regulatory framework [155,167]
Long-term safety Limited long-term clinical data Extended follow-up studies [155,167]
Clinical implementation MRgFUS infrastructure and expertise

required
Multicenter trials and standardized protocols [155,167]

Cost-effectiveness High equipment and treatment costs Technological optimization and
commercialization

[155,167]

GMP, good manufacturing practice.

design and future clinical implementation of FUS-assisted
nanomedicine for CNS disorders.

In the last almost twenty years, FUS paired with mi-
crobubbles [33] has seen remarkable progress, transform-
ing from a conceptual idea to active human clinical trials
addressing conditions like Alzheimer’s, Parkinson’s, and
brain tumors. It has become clear that the technique’s func-
tions extend beyond simply enhancing drug delivery, as
it also induces specific biological responses that could be
leveraged for therapeutic use. Nevertheless, most ongo-
ing clinical trials are typically in their initial stages, often
limited by small sample sizes and, particularly in neuro-
oncology, the challenge of assessing long-term effective-
ness due to the poor prognosis associated with glioblas-
toma. As a result, much of the research tends to focus on
short-term safety evaluations instead of definitive efficacy.

For this technology to gain wider acceptance for clinical ap-
plication, the field needs to move toward larger, multicen-
ter, randomized controlled trials to achieve a more compre-
hensive understanding of the biological effects of the drugs
used, fine-tune dosing protocols, and ascertain long-term
patient outcomes. Future achievements will also hinge on
technological advancements, such as frameless systems and
methods that do not depend on costly MRI guidance, to
boost cost-effectiveness and accessibility. This will be cru-
cial as investigations broaden into new applications, like
using FUS to eliminate amyloid and tau in Alzheimer’s dis-
ease or enhancing the efficacy of novel immunotherapies
like CAR-T cells and other promising chemotherapy agents
aimed at brain targets.
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Table 8. Therapeutic perspectives of FUS–microbubble–nanoparticle system.
Therapeutic area Role of

FUS–microbubble–nanoparticle
system

Therapeutic
advantages

Potential outcomes References

Brain tumors Enables localized BBB opening
for targeted delivery of

chemotherapeutic agents and
nanomedicines

Improved drug
accumulation at

tumor site, reduced
systemic toxicity,

enhanced penetration
into tumor tissue

Enhanced antitumor
efficacy and

prolonged patient
survival

[58,64]

Alzheimer’s disease Facilitates delivery of
neuroprotective drugs, antibodies,
and gene therapeutics across the

BBB

Reduction in
amyloid-β plaques,
improved neuronal
targeting, controlled

drug release

Improved cognitive
function and

delayed disease
progression

[117,118]

Parkinson’s disease Enhances transport of
dopamine-related therapeutics and
neurotrophic factors into affected

brain regions

Site-specific delivery
with minimized

peripheral side effects

Restoration of
neuronal function
and symptom
management

[119,120]

Glioblastoma
therapy

Assists penetration of
nanoparticles carrying anticancer

agents into dense tumor
microenvironment

Increased therapeutic
concentration within
glioblastoma tissue

Better tumor
suppression and

reduced recurrence

[104,105,106,107]

Gene therapy Supports delivery of plasmids,
siRNA, mRNA, and

CRISPR-based systems into the
CNS

Sustained and
controlled genetic
expression with
targeted cellular

uptake

Improved treatment
of genetic and

neurodegenerative
disorders

[120,121,122,123,124]

Epilepsy Enables focused delivery of
antiepileptic drugs to

epileptogenic brain regions

Reduced systemic
drug exposure and
enhanced local

therapeutic action

Better seizure
control and reduced
adverse effects

[127]

Stroke management Facilitates transport of
neuroprotective and regenerative
agents to ischemic brain tissue

Enhanced tissue
recovery and reduced
neuronal damage

Improved
neurological
recovery and

functional outcomes

[128]

CNS infections Improves brain penetration of
antimicrobial agents that poorly

cross the BBB

Enhanced localized
antimicrobial activity

Effective treatment
of resistant or
persistent CNS
infections

[131]

Neuroinflammation Allows targeted delivery of
anti-inflammatory drugs and

biologics

Controlled
modulation of
inflammatory
pathways

Reduction in
neuronal damage
and inflammation

[125,126]

Precision medicine Combines imaging-guided BBB
modulation with targeted

nanocarriers for individualized
therapy

Noninvasive,
reversible, and
patient-specific

treatment approach

Safer and more
effective

personalized brain
therapeutics

[58,64,100,130]
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Table 9. Comparison of different nanoparticle platforms for FUS-mediated BBB drug delivery.
Nanoparticle
platform

Typical composition Major advantages Limitations BBB penetration
efficiency

Drug
loading
capacity

Toxicity profile Representative
applications

References

Polymeric
nanoparticles

PLGA, PLA, PEG-PLGA,
Chitosan

Controlled release, high
stability, surface
functionalization

Moderate loading,
polymer

degradation

Moderate–high High Low–moderate Brain tumors, AD, PD,
gene delivery

[161]

Lipid
nanoparticles
(LNPs)

Ionizable lipids,
cholesterol, DSPC

Excellent for RNA delivery,
clinically validated

Limited long-term
stability

High Very high Low mRNA, siRNA, CRISPR
delivery

[64,161]

Liposomes Phospholipid bilayer Biocompatible, dual drug
encapsulation

Drug leakage, RES
uptake

Moderate High Low Glioblastoma, stroke [51,58,64]

Polymeric
micelles

PEG-PCL, PEG-PLA Solubilize hydrophobic
drugs

Limited structural
stability

Moderate Moderate Low Brain tumors [51,58,64]

Dendrimers PAMAM, PPI High surface functionality,
multivalent targeting

Cationic toxicity Moderate–high High Moderate Neuroinflammation,
glioma

[51,58,64]

Biomimetic
nanoparticles

Cell membrane-coated
NPs, extracellular vesicles

Immune evasion, prolonged
circulation, active targeting

Complex
manufacturing

Very high Moderate Very low Brain tumors,
neurodegenerative

disorders

[51,58,64]

AD, Alzheimer’s disease; PD, Parkinson’s disease; NPs, nanoparticles; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; RES, reticuloendothelial system.
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16. Conclusions
The integrated FUS–microbubble–nanoparticle plat-

form represents the next-generation approach to overcome
the BBB and enhance drug delivery to the CNS. It can
provide reversible and localized BBB modulation with
nanocarriers and also offer improved spatial and therapeu-
tic precision with better targeting of drugs. Future re-
search on ultrasound parameters, microbubble properties,
nanoparticle properties, and drug-release properties will be
useful to enhance safety and efficacy. Better understand-
ing of the molecular and biological interactions between
FUS, microbubbles, nanoparticles, and the brain microen-
vironment will be essential for the design of rational sys-
tems. Long-term efficacy, safety, dosing strategies, and
patient outcomes are to be established in large-scale, mul-
ticenter, randomized clinical trials. Standardized proce-
dures, reproducible manufacturing, regulatory frameworks,
and scalable production will be key for successful clini-
cal translation. Frameless and cost-effective FUS technol-
ogy will also be a key step to enable wider clinical adop-
tion. This platform could also have therapeutic potential
for brain tumors, Alzheimer’s and Parkinson’s diseases,
gene therapy, immunotherapy, and other CNS disorders.
In general, further interdisciplinary development will turn
FUS-based nanomedicine from an emerging technology to
a well-established, precise, and personalized approach to
CNS drug delivery.
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