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ABSTRACT

Ultrasound (US) has evolved from a solely diagnostic tool into a multifaceted theranostics platform,
proficient in both high-resolution imaging and tailored therap~=tic intervention. Progress in
acoustic physics, microbubble and nanobubble technology, ad precision beam-forming has
broadened its applications in cancer, neurology, cardiovascular dise. es, and regenerative medicine.
Notwithstanding these advancements, the translation into convencanal clinical procedures is
impeded by inadequate mapping of acoustic thresholds, variau.. safe y factors, and insufficient
integration with molecular and immunological targeting technic '1es, st ch as limited ligand specificity,
off-target effects, and inconsistent activation of immune ~sp =<es. This study consolidates the
present knowledge of the mechanical, thermal, and sonhcher. ical processes involved in US tissue
interactions, focusing on controlled cavitation, biohea’ ra sfer, and the formation of reactive oxygen
species. We investigate novel molecular tect “auc  sucn as ultrasound-targeted drug delivery,
gene therapy, immunomodulation, and son< dyna. iic ti. atment, emphasizing significant preclinical
and clinical achievements. The exploratio. &r cross-modality synergies, including magnetic
resonance imaging, photoacoustic imaging, ar. ‘' nuclear medicine, demonstrates how US might
enhance current diagnostic and therap. "itic proce: ses. Particular emphasis is centered on the tumor
microenvironment, where US may infiuc >ce immune cell migration, destroy stromal barriers, and
augment the effectiveness of checkpcint iri. “bitors. In regenerative medicine, low-intensity pulsed

ultrasound (LIPUS) is assessed for i fu. -tic.x in mechanotransduction and tissue healing.
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Introduction

Because it provides a unique combination ¢ foused
treatment potential, live imaging capacity, .nc 2 solid safety
profile, ultrasound (US) has emerged as ¢ cruciul modality
in modern healthcare. It transmits non-. miz :ig mechanical
waves that deeply penetrate-tssuet  settng it apart from
other energy-based techn’logies ana enabling a variety
of therapeutic approaches in addition to high-accuracy
diagnostics. The US has been .. ={ormed from a traditional
imaging technique into a sophisticated theranostics system
that is now essential in areas like tissue regeneration,
neurological disorders, cardiovascular medicine, and cancer
treatment, thanks to advancements in acoustic design,
contrast-enhancing bubble agents, and molecular imaging
integration (1, 2).

From a post-World War II experimental curiosity to
a vital part of modern healthcare, ultrasonography has
evolved over the last 70 years from a merely observational
imaging tool to a dynamic technology that can actively
affect biological processes (3, 4). Inspired by sonar systems,
ultrasonography was first limited to simple A-mode
applications for identifying structural defects in the 1940s
and 1950s. The discipline was transformed over the next
20 years by innovations such as B-mode imaging and

Doppler methods, which enabled real-time visualization
of physiological activity and significantly increased its
therapeutic relevance (5, 6). US is a key player in theranostics
today, combining imaging, molecular-scale monitoring,
and precision-guided therapies into a single, integrated
therapeutic procedure (7, 8).

The production, transmission, and interaction of high-
frequency mechanical waves, typically between 1 and 15
MHz in clinical settings, are the foundation of US, which has
its roots in acoustic physics. However, sophisticated systems
can function at much higher or lower frequencies for
specific applications (9). Variations in acoustic impedance
at the tissue-type borders control the behavior of these
waves as they travel through biological tissues via reflection,
refraction, scattering, and absorption (10). The equilibrium
between image resolution and penetration depth is shaped
by this physics-biology interaction, with direct therapeutic
importance. For this reason, a physician may choose to use
a low-frequency transducer to examine deeper abdominal
tissues or a high-frequency probe to visualize superficial
blood vessels in exquisite detail (11). Notably, the same
acoustic principles also underpin therapeutic applications,
enabling sub-millimeter-precision energy focus to create
controlled mechanical, thermal, or cavitational effects
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within specific target tissues (12, 13).

Most modern US systems fall into one of three
categories: hybrid, therapeutic, or diagnostic. Diagnostic
methods include B-mode, M-mode, continuous, pulsed,
and color Doppler techniques, as well as elastography, all
of which utilize distinct acoustic signal qualities to evaluate
the mechanical, structural, and mobility features of tissue
(14, 15). Therapeutic US encompasses a wide variety of
procedures, including microbubble-assisted sonoporation
to enable targeted medication and gene delivery, low-
intensity pulsed US to encourage tissue healing, and high-
intensity focused ultrasound (HIFU) for accurate tumor
eradication (4, 16). The most recent development in US
technology is represented by hybrid systems, which combine
contemporaneous therapeutic capabilities with high-
resolution imaging to provide real-time, feedback-guided
therapy. This integrated method enables a single transducer
to manage diagnosis, intervention, and monitoring in a
single session, shifting the workflow from a sequential “see
then treat” model to a unified “see and treat” approach.

US has a special edge in the field of energy-based medical
technology. US provides mechanical energy that can be
precisely focused deep within the body, without the dangers
of ionizing radiation, unlike lasers, which use coherent
electromagnetic light, or radiofrequency and microwave
devices, which produce heat through dielectric interactions
(17, 18). Significant safety and legal advantages result from
this, particularly for vulnerable populations like expectant
mothers and infants. Furthermore, US often uses the body’s
owntissue propertiesto provideits diagnostic contrast, which
simplifies processes and reduces expenses in comparisen. te
many electromagnetic-based methods that rely on exteina!
chromophores or conductive mediums. US’s po. “ion =2
vital tool in both high-tech clinical facilities an hea *hbcare
settings with limited resources has been ceinented by its
mobility, cheap equipment cost, and smogth .nte, . ution into
point-of-care workflows (5, 8). The al'so'ite r ovelty of US
in the twenty-first century lies in its .. tegration with other
scientific fields rather than in inc. ‘ment.  improvements in
transducer performance or pici-re wality. The functional
limits of the technoleg, are bein; pushed to new heights
by developments lik> automatc iimage processing powered
by artificial intelli, =nce, nanoscale contrast agents for
molecular-level visiol., »ndliybrid techniques that combine
US with optical or magnetic modalities (11, 13, 16). These
developments have made US a versatile platform technology
that can be used for various therapeutic purposes, including
regenerative medicine and highly focused cancer treatments
(4,7,19).

This review has a purposefully integrated stance.
Few studies combine US’s historical evolution, acoustic
principles, system classifications, and comparisons with
other modalities into a unified, coherent framework. At the
same time, much research concentrates only on specific US
methods or discrete clinical applications (3, 4, 7, 8). In this
study, we bridge these fields to demonstrate how a thorough
understanding of USs fundamental underpinnings
influences both its current clinical use and its potential for
future translation. We illustrate the US’s unique benefits,
intrinsic limitations, and uncharted territory by placing
it within the framework of both rival and complementary
energy-based technologies (10, 12). This work has two
objectives. First, to trace the development of US medicine
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from its beginnings in the middle of the 20th century to
its present status as a multimodal, hybrid technology that
exemplifies the theranostics paradigm (4, 7). To identify
critical areas where US might address unsolved issues in
diagnosis, treatment, and patient monitoring, our second
goal is to critically assess the innovation potential at the
intersection of physics, engineering, and clinical practice
(11, 13, 16). Our objective is to provide academics,
physicians, and engineers with a standard knowledge base
that may spur the creation of the next wave of US-driven
breakthroughs by tracking its progress and contextualizing it
within the broader range of biomedical energy technologies
(19).

Ultrasound has been a mainstay of diagnostic medicine
since its clinical rise in the mid-20th century, initially used
for fetal imaging, transthoracic echocardiography, and
Doppler blood flow measurement. Over time, advances
such as contrast-enhanced probes, HIFU, and microbubble/
nanoparticle carriers have expanded their functionality,
enabling not only im. ring but also therapeutic modulation
of tissues. However. rec>nt years have witnessed a more
rapid transformation. incegration of artificial intelligence
has enabled ~nutc mated interpretation of sonograms, Al-
guided intervent onal tools that assist non-expert operators,
and se2wner tisn/deep-learning models embedded into
wor. ble 1ltrasound systems to derive functional metrics
. real time. Meanwhile, wearable ultrasound devices have
em. "ged, including flexible patches and wireless transducer
arrays, capable of deep-tissue monitoring under motion,
long-term muscle activity tracking, and continuous
rvespiratory or cardiovascular monitoring. These devices
often incorporate AI/ML to interpret the rich signal data.
Together, these developments signal a shift from static,
operator-dependent imaging toward dynamic, adaptive,
personalized theranostics. Yet challenges remain in ensuring
robust performance across diverse patient populations,
maintaining signal fidelity under motion, achieving long
operational lifetimes in wearable formats, and obtaining
regulatory and clinical validation for safe translation.

In light of this, we offer ultrasound as a dynamic, highly
adjustable platform whose integrative potential will maintain
its relevance at a time when intelligent, multipurpose,
and minimally intrusive medical instruments are in high
demand rather than as a fixed, fully developed technology.
With the ability to sense, analyze, and carry out therapeutic
activities in real time, it may progress over the next ten years
from being one of multiple imaging alternatives to acting as
the main control center of image-guided therapies (Figure
1)(4,7, 20).

Molecular and cellular mechanisms
Mechanical effects

The term “mechanical effects” describes the non-
thermal mechanisms by which ultrasound interacts with
tissue, primarily via cavitation involving gas bodies,
acoustic streaming, and acoustic radiation force. These
occurrences, which each have distinct biological impacts
and safety implications, may happen in both diagnostic and
therapeutic contexts (21, 22).

By transferring momentum to tissue, radiation force
creates displacements at the micrometer scale that disclose
mechanical characteristics. This idea is the foundation of
contemporary elastography methods, such as shear-wave
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Therapeutic opportunity

Figure 1. Schematic representation of high-intensity focused ultrasound (HIFU) in cancer therapy
HIFU serves as a versatile platform encompassing three main domains: screening and identifying effective genes or drug:, elucic ting underlying cellular and molecular

mechanisms, and advancing therapeutic strategies to improve treatment outcomes

elasticity imaging and Acoustic Radiation Force Impulse
(ARFI) imaging, which provide quantitative stiffness maps
that are now often used in vascular, thyroid, liver, and
breast diagnostics (23-26). When evaluating the safety of
radiation-force imaging, exposure limits established for
brief diagnostic pulses must be used carefully, as these
modalities employ longer and higher-intensity pulses than
typical B-mode (27). The oscillation of gas bodies caused
by an acoustic field is known as cavitation. When bubb'. =
are stable, they show sub- or ultra-harmonic oscilletions
that produce microstreaming and shear forces tha  may
temporarily change intercellular connections/ a.id <ot
membranes. Rapid bubble collapse in its inertlal “orn» may
produce wideband acoustic emissions and big.. velocity jets,
which might harm parenchymal tissue c. vascu.ir systems
(28, 29). Through transient breaches s ~ll 1. embranes and
endothelial barriers, encapsuvlaced 'nicrooubbles facilitate
sonoporation, promoting tae transtc. of medicines and
genes by lowering the acc stic threshold for cavitation
and limiting mechanical in. ~cte“on the microvascular
environment (30, 31). Stable cavitation is utilized in
conjunction with targeted ultrasound and microbubbles in
the central nervous system to temporarily and reversibly
break the blood-brain barrier (BBB). Accurate dosage
management and real-time safety monitoring are made
possible by the connection between acoustic emissions
and BBB permeability, as well as the degree of opening and
closure dynamics, facilitated by passive cavitation detection
and cavitation-guided imaging (31-34).

The Mechanical Index (MI) is often used in diagnostic
ultrasonography safety evaluation for non-thermal impacts.
Ultrasound systems in the US are limited to an MI of < 1.9;
more cautious limitations are recommended in the presence
of gas bodies to reduce the danger of cavitation (28,35).
MI was developed for brief pulses in liquids; hence, risk
evaluation for mechanical bioeffects should be informed
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by modality-specific »¥mosure context (pulse length, duty
cycle, tissuc viscelasticity, and contrast agent usage)(22,
27).

Th: *mal effects

Ulcasound thermal effects arise when acoustic energy
is ~bscroed in tissue and converted to heat, producing
a spectrum of clinically useful phenomena from mild
', perthermia (therapeutic warming) through controlled
coagulative necrosis (thermal ablation); the local rate of
energy deposition, the resulting temperature rise, and the
duration of heating determine the distinction between these
endpoints. In ablative applications such as HIFU, acoustic
focusing produces very high focal intensities that raise tissue
temperatures in the focal zone rapidly (typically reaching
>55 ‘C within seconds) and induce irreversible protein
coagulation and cell death by coagulative necrosis; this focal
mechanism underlies the clinical use of HIFU for tumor and
fibroid ablation (36). Thermal modeling of these processes
must account for conductive heat transfer, perfusion-
mediated convective cooling, and tissue heterogeneity; the
Pennes bioheat formulation and its modern variants remain
the practical basis for predicting temperature fields and
designing safe sonication protocols, although porous-media
and two-phase models are increasingly used to capture
perfusion and vaporization effects in highly perfused or
ablative regimes (37). Because biological outcome depends
on both temperature and exposure time, thermal dose
metrics such as cumulative equivalent minutes at 43 ‘C
(CEM43) provide a quantitative way to relate different
time-temperature histories to expected tissue injury and are
commonly used for safety guidance and treatment planning;
published threshold ranges (e.g., minutes at given CEM43)
help delineate mild, reversible heating from permanent
tissue damage (38). Clinically, the thermal domain between
~40-45 ‘C (mild hyperthermia) and the ablative range
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(>55 °C) is exploited for different therapeutic aims: mild
hyperthermia is used to increase tumor perfusion and
vascular permeability, sensitize tissue toradiation, and trigger
thermally responsive drug carriers, while ablative heating
is intended to produce immediate coagulative necrosis of
the target. Focused ultrasound platforms (including MR-
guided HIFU) permit spatially selective application of both
sustained mild hyperthermia and short high-temperature
ablation with real-time thermometry and feedback control,
enabling local activation of thermosensitive liposomes or
other thermal release systems for on-demand drug delivery
(39). Mechanistically, thermal bioeffects are multifactorial:
at the molecular level heat induces protein unfolding and
aggregation, denaturation of structural and enzymatic
proteins, disruption of lipid membranes and ion channel
behavior, and mitochondrial dysfunction; at the cellular level
these molecular insults lead to loss of membrane integrity,
impaired ATP production, and activation of regulated death
pathways (apoptosis, necrosis, or necroptosis depending on
dose and context). Significantly, sub-ablative hyperthermia
(=39-43°C) can transiently increase blood flow, oxygenation,
and endothelial permeability effects that enhance drug
and nanoparticle delivery and increase radiosensitivity
by reducing hypoxia. In contrast, ablative heating causes
immediate cell necrosis and a local sterile inflammatory
response that can alter immune cell recruitment and
antigen presentation (40). From a translational perspective
several practical considerations follow: precise dosimetry
and thermometry are essential to confine therapeutic
heating and protect adjacent structures (skin, nerves,
vascular walls), and CEM43-based or Arrhenius-baed
damage predictions must be validated for each tissu.
type and sonication regime; treatment planners must also
consider perfusion heterogeneity (which alters«oc'na),
tissue acoustic properties (which determine '2bsorption
and focusing), and the potential for cavitati nal 1...ing or
mechanical damage at high intensities. Real-i. me imaging
(MRI thermometry or ultrasound the: nomietry, when
feasible), robust feedback control o° pov. >r and duty cycle,
and validated treatment rianning models are therefore
central to the safe clinical 'eployment. Finally, the overlap
between thermal therapie. and immunology, whereby
ablation-released antigens aua hyperthermia-induced
stress signals can both prime or suppress immune responses
depending on parameters, presents both opportunity
and risk: combined thermal+immunotherapy strategies
require careful optimization of temperature, timing, and
fractionation to harness immunogenic cell death while
avoiding excessive tissue injury or counterproductive
immune suppression. The revised section thus frames
ultrasound thermal effects not as a single mechanism but
as a controllable continuum whose clinical utility depends
on accurate biophysical modeling, validated dosimetry, and
careful integration with drug/radiosensitizer design and
immune-modulatory strategies (36).

Sonochemical effects

Nanoparticles known as “ultrasound-responsive
nanozymes’ are designed to replicate the catalytic activities
of natural enzymes while providing the exceptional capacity
to be altered by acoustic waves. Their structure or functional
state may be altered by ultrasound exposure, enabling highly
accurate, on-demand modulation of catalytic activity (41).
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These nanozymes have great potential for a range of biological
applications, including therapeutic interventions, targeted
drug delivery, and diagnostic imaging. They are beneficial in
nanomedicinebecause of their ability to have catalytic activity
remotely controlled by non-invasive ultrasonography.
When triggered by external stimuli, nanosystems with dual
redox pairs, such as Fe**/Fe** and Cu*/Cu®", are particularly
good at producing hydroxyl radicals (-OH) via Fenton or
Fenton-like reactions. Ultrasound has been effectively used
in cancer treatment to improve sonodynamic therapy (SDT)
and allow regulated chemotherapeutic medication delivery.
Ultrasound creates cavitation bubbles that burst and produce
strong localized vibrations by generating concentrated shock
waves. The diffusion of nanozymes is enhanced by this sonic
cavitation mechanism, which significantly speeds up Fenton
and Fenton-like reaction rates and increases therapeutic
effectiveness (42). Thus, phooothermally and US-enhanced
CDT may be appropriately iriegrated onto a nanozyme to
effectively prevent tumor gro th and recurrence (43-45).
Numerous nanozyme forinc atio .s have been developed and
are still under study; the -all e:thibit excellent bioactivity and
distinct behaviors upc 2 caposure to ultrasonic radiation.
In a relevant binlc 7ical context, it is well established that
oxidative‘~es. induced osteoblast dysfunction is a central
patheg nic acto: in the development and progression of
osteopor. ‘is, affecting the ability to form new bone and
rvnodel ex: ting bone (46). MC3T3-El1 cells were used to
crea 2 an H,0,-induced oxidative stress model to determine
i TOF1-200 might reduce oxidative damage in osteoblasts.
Fo..Cwing a 24-hour incubation period, cytotoxicity tests
r< vealed that TOPH-200 was non-toxic at doses ranging
trom 0 to 500 pg/ml. Furthermore, TOPH-200 stimulated
osteoblastic proliferation in a dose-dependent manner
throughout the 0-125 pg/ml range. These results led to
the selection of moderate doses of 5, 25, and 125 ug/ml
for further investigations (43). Cell viability decreased to
50.78% in the H,O,-treated model group in comparison to
the blank control. At dosages of 5,25, and 125 pg/ml, TOPH-
200 treatment increased survival rates to 55.15%, 61.87%,
and 65.72%, respectively, restoring viability in a dose-
dependent manner. Comparing TOPH-200 to the model
group, fluorescence intensity decreased by 12.85% (5 ug/
ml), 32.27% (25 pg/ml), and 45.35% (125 pg/ml) in a dose-
dependent manner, lowering H,O,-induced intracellular
ROS levels in MC3T3-El cells. Since mitochondrial
membrane potential (MMP) is essential for maintaining
cellular redox equilibrium, decreases in MMP are well
recognized as a significant indicator of cellular health issues
(47). TOPH-200 also reversed the H,O,-induced decrease
in MMP by 12.94%, 58.59%, and 76.70% at doses of 5, 25,
and 125 pg/ml, respectively, compared with the model
group, in keeping with the ROS results. All of these findings
show that TOPH-200 effectively reduces oxidative stress
induced by H20, and protects osteoblastic MC3T3-E1 cells
from mitochondrial damage.

Structural & functional alterations

Microbubbles (MBs) and ultrasound hold considerable
promise for enhancing medical delivery. When ultrasonic
waves stimulate MBs, they cavitate and exhibit oscillatory
bubbles. The encapsulated medication may be released
when focused ultrasonography causes it to burst. Drug
release and cell membrane permeabilization may happen

Iran J Basic Med Sci, 2026, Vol. 29, No.



Ultrasound medicine in the era of precision theranostics

simultaneously when drug-loaded MBs are insonated.
Additionally, MBs can be visualized in real time using
low-intensity ultrasonography, enabling monitoring and
guiding the delivery process (48, 49). Additionally, by using
ultrasound-triggered microbubble destruction, MBs can be
combined with other nanocarriers to enhance targeted drug
delivery (50-52).

The cell membrane is a dynamic and adjustable interface
for better drug administration, as shown by recent
developments in ultrasound-mediated tumor treatment.
One prominent example is the use of nanobubble-liposome
conjugates, which improve the intracellular absorption of
therapeutic drugs by facilitating deep-tissue penetration
via ultrasound-triggered membrane permeabilization
(53). Likewise, ultrasonic-responsive nanogels have been
created to change the permeability of membranes and
deliver chemotherapeutic payloads straight into tumor
cells, all the while altering the tumor microenvironment
to enhance treatment results (54). Nanoscale carriers
may provide better tumor membrane engagement and
drug delivery efficiency when activated by ultrasound, as
evidenced by stronger membrane interactions and higher
intracellular drug accumulation in orthotopic liver tumor
models compared with microbubbles (55). These findings
collectively indicate a trend toward the development of
ultrasound-responsive technologies that actively interact
with the membrane to deliver effective, spatially regulated
therapeutic administration.

DNA damage is a significant factor in the development
of many human illnesses, including cancer, according to
an earlier study. Cells are constantly subjected to internal
and external substances that may cause flaws in either ore
or both DNA strands (double-strand breaks, or DS. o1
just one strand (single-strand breaks, or SSB). Gez tica.'v
encoded molecular processes repair this daiaage by
removing damaged DNA segments via nucleotiue e.c.sion
repair (NER) or correcting misplaced nitro_e1 ous } ases via
base excision repair (BER). Even in appavc. tly healthy cells,
programmed cell death may occur w. >n the Cell is unable
to repair its genetic integrity comiy'otei (56, 57). It was
shown many years ago that-txe US cou.d alter the structure
of DNA. Until recently, 't was thocjlit that sonoporation-
mediated modifications ' » genomic DNA involve chemical
and mechanical processes | 2 5¢). Additionally, mechanical
stimuli resulting from exposure to the United States may be
transduced and activate appropriate effector mechanisms,
which, in turn, alter gene expression (60-62).

The most common kind of DNA damage is single-strand
breaks (SSBs), which may be caused directly by reactive
oxygen species (ROS) or indirectly by enzyme activities
during BER. In 1977, McKee and associates noticed
strand breaks in DNA solutions subjected to ultrasonic
degradation (UD), providing the first proof of SSBs caused
by ultrasound. They explained this action by claiming that
the sonolysis of water molecules produced free radicals (63).
In 1986, Pinamonti et al. (64) showed that Sonoporated
human leukocytes also contain SSBs. Later research showed
that the primary cause of these disruptions is intracellular
ROS formation. At the same time, external free radicals had
no discernible effect on SSB levels, most likely because of
their very short half-lives and incapacity to enter the cell
nucleus (65-67).

Since the lack of an unbroken template strand requires
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the cell to repair the lesion in a predominantly random
fashion, double-strand breaks (DSBs) are the most severe
kind of DNA damage. Kondo and colleagues published the
first known report of ultrasound-induced DSBs in 1985
(68). Later, a neutral comet test was used to validate them in
other leukemia cell lines (56). Interestingly, the molecular
signaling pathways triggered by ionizing radiation (IR)
and by sonoporation-induced DSBs differ. Histone H2AX
is phosphorylated at serine 139 (YH2AX) upon DSB
occurrence, forming a scaffold for the recruitment of repair-
related DNA damage response proteins. Members of the
phosphatidylinositol 3-kinase-related kinase (PIKK) family,
which includes ataxia-telangiectasia and Rad3-related
protein (ATR), DNA-dependent protein kinase (DNA-
PK), and ataxia-telangiectasia mutant (ATM), facilitate
this phosphorylation. Thus, yH2AX is a known biological
indicator of DSBs, and sonoporated cells have been shown
to exhibit it (56). IR or medications often activate ATM,
and replication stress do¢s so as well (69-71). ATM binds to
the MRE11/RAD50/NBS. ‘MRN) complex, which helps in
homologous recombination ‘HR) and DSB detection. The
Ku70/Ku80 heterodimer, vhich stabilizes DNA ends and
facilitatesrepairvi=the ron-nomologousend-joining (NHE])
pathway, is also recrtited in conjunction with DNA-PK. In
sonoporated cel. - ATM, DNA-PK, and NBS1 activation
have-al ee1 experimentally verified (72, 73). According
to Te. ~ut research, sonoporation appears to activate DNA-
PK mor selectively than ATM. In particular, DNA-PK was
hown to ve phosphorylated at serine 2056 (pS2056-DNA-
PN} on the periphery of nuclei, where it colocalized with
vH? AX. On the other hand, phosphorylation of serine 2609
happened without the involvement of YH2AX. According
to these findings, pS2056-DNA-PK has two functions: it
stimulates DNA damage signaling by activating H2AX
and facilitates NHE] repair of ultrasound-induced DSBs.
In addition to its mechanical effects, the kinetic energy
of ultrasound may damage DNA by denaturing proteins
bound to DNA and promoting the production of reactive
oxygen species. However, it has been shown that heat
stress preferentially activates ATM over ATR or DNA-PK.
Abdollahi et al. shed light on this matter by contrasting
the effectiveness of sonoporation in lymphoblasts with and
without the p53 gene. Both p53-positive and p53-deficient
cells were shown to be efficiently killed by ultrasound,
while the latter showed more resistance to the activation of
apoptosis (74). Additionally, Furusawa et al. demonstrated
that ATM activity mediates the phosphorylation of p53 at
serine 15, and that apoptosis was only inhibited in p53-
positive cells when ATM was inhibited (75).

On the other hand, it was discovered that DNA-PK
controls Akt phosphorylation and that inhibiting DNA-
PK decreased the cell death caused by sonoporation in
both p53-positive and p53-negative cells. The authors
hypothesized that DNA-PK would be a viable molecular
target for ultrasound-based anticancer treatments, based
on these findings (75). Consistent with all the data shown,
cells exposed to the US had much longer DNA replication,
up to 250%, indicating considerable DNA damage (76).
According to Hassan and colleagues, sonoporation may
promote necrotic division as a survival tactic to increase
tolerance to detrimental physiological or environmental
stimuli and extend cellular longevity, especially in p53-
mutated cells (77).
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Cell-type-specific responses

The extracellular matrix, a variety of immunological and
stromal populations (including endothelial cells), tumor
cells, and soluble factors, including growth hormones
and cytokines, comprise the highly dynamic tumor
microenvironment (TME)(78).

Tumor vs. normal cells

Fibroblasts and other stromal cells are examples of nearby
normal cells that tumor cells aggressively rewire into pro-
tumorigenic traits. Unlike their healthy counterparts, these
stromal cells contribute to angiogenesis, promote tumor
invasion, and create an immunosuppressive environment
when transformed (79, 80).

Immune cells

Immune cell populations are often skewed toward
immunosuppressive phenotypes by the TME. This
environment usually recruits or induces regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and
M2-polarized macrophages, which inhibit anti-tumor
immune responses and encourage tumor development and
spread (81, 82).

Endothelial cells (ECs)

Normal endothelial cells and tumor endothelial cells
(TECs) exhibit distinct phenotypes and functions. Through
mechanisms including endothelial anergy, in which
decreased expression of adhesion molecules restrict
immune cell attachment and transendothelial migration,
they promote aberrant angiogenesis and impede immn'une
cell infiltration (78). TECs are both immune rii~o. e
modulators and barriers, as they may present auitigens,
affect T cell function, and form tertiary lymphe ' stre.Clares
(Table 1)(78, 83).
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Translational research applications
Drug & gene delivery

Sonoporation, the temporary permeabilization of
cell membranes caused by ultrasound in the presence
of microbubbles, has emerged as a potent and adaptable
non-viral method for site-specific medication and gene
delivery. Microbubble-assisted ultrasound enables targeted,
enhanced in vivo transfection with plasmid DNA (pDNA).
Strong luciferase expression was observed in the rat knee
synovium following intra-articular injection of pDNA
with microbubbles and ultrasonic exposure, as reported
in a noteworthy study. Co-delivering siRNA in the same
setting achieved efficient, localized gene suppression (109).
Sonoporation has shown promise for delivering siRNA
into difficult-to-transfect imii.ane cells, as well as into
rapidly growing cell lines. Y.-maguchi et al. showed that
siRNA transfection in freshiy ‘solated primary human
and mouse T cells was eitac’>d 1y microbubble-assisted
ultrasound, resulting in « sign.ficant reduction in target
protein expression whu. maimntaining high cell viability
(110). Sonoporator has recently been expanded to
include gent e (diting using CRISPR/Cas9. Cas9/sgRNA
ribonuclk »oro ein MINP) and a sonosensitizer were co-
encapsulate.” in an ultrasound-responsive nanosystem
crec'ad by W, et al. Reactive oxygen species produced
by tiic system’s ultrasonic activation disrupted lysosomal
me.nbrai. s, allowing the Cas9 RNP to enter the cytosol
aud u.cu the nucleus. This method produced effective gene
dit'ng in models of hepatocellular cancer (111, 112). When
taken as a whole, these results highlight sonoporation’s great
translational potential for targeted gene therapy and genome
editing by demonstrating its ability to deliver a variety of
nucleic acid cargos, such as pDNA, siRNA, and CRISPR/
Cas9, with precise spatial targeting, low invasiveness, and a
favorable safety profile in comparison to viral vectors.

Table 1. Ultrasound effects on tumor miz. >env: -onme. t components, implications, and associated risks

Cell Type/Context De. ‘otion in TME

Ultrasound-Relevant Implications

Challenges / Risks References

To promote angiogenesis, invasion, and
Tumor cells immunosuppression, malignant cells control

fibroblasts and stromal cells

Normal stromal cells .
convert them into a pro-tumor phenotype

Regulatory T cells (Tregs) high in TME

Myeloid-derived
suppressor cells (MDSCs)

Suppress T cell responses and promote tumor
development

M2-polarized
macrophages

Characteristics that promote angiogenesis and are
pro-tumoral

Low expression of adhesion molecules
("endothelial anergy"); abnormal, leaky
vasculature

Tumor endothelial cells
(TECs)

Normal endothelial cells ~ Control the immune system and proper vascular
(ECs) permeability
TECs as immune Antigen presentation, T cell activation regulation,

modulators and tertiary lymphoid structure formation

Extracellular matrix
(ECM) and immunological penetration

Control the activation, differentiation, and
recruitment of immune cells

Soluble factors (cytokines,
growth factors)

improve drug delivery, and promote membrane
permeability

Preserve tissue homeostasis, but tumor signals can US-triggered cavitation may transiently disrupt tumor
stromal signaling and restore anti-tumor function

Suppress the activity of effector T cells that are Low-intensity US may increase anti-tumor immunity or Autoimmunity may result from off-target

Dense, aberrant network that limits medication To improve treatment administration, Ultrasound may

cytokine gradients

Ultrasound may boost therapeutic payload penetration, Risk of encouraging the survival or growth

of tumor cells if ultrasonography conditions  (84-86)
cause sub-lethal stress

Targeting just tumor-altered stromal cells
while avoiding harming healthy tissue is (86-88)
challenging

. . - (89-91)
alter Treg recruitment immune activity
US-induced ROS and mechanical forces may locally Overproduction of ROS may damage (92.95)
reduce MDSC numbers and functions healthy immune cells
Ultrasound may restore anti-tumor effects by After therapy, maintaining the long-term (96, 97)
reprogramming the M2 to M1 phenotype M1 phenotype is still difficult ’
Ultrasound may promote immune cell infiltration and Uncontrolled cavitation increases the risk of (98, 99)
temporarily enhance TEC permeability vascular rupture or bleeding ’
More resilient than TECs to permeability changes Has to be precisely targeted in order to (100, 101)
brought on by the US prevent damaging healthy vasculature ’
If the presentation is unbalanced, there is a (102-104)
The US may improve the ability to present antigens  risk of inducing undesired immunological
tolerance
By releasing tumor cells, excessive
. . ) r (105, 106)
temporarily alter the density of the extracellular matrix disruption may encourage spread
Possible induction, under some
. - hani
US may modify immune migration by changing circumstances, of pro-tumor cytokine (107, 108)

profiles
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Microbubbles and ultrasound-responsive nanocarriers
have evolved into powerful vehicles for targeted gene and
drug delivery, enabling precise temporal and spatial control
of therapeutic release. They use mechanical and physical
processes induced by ultrasound, including cavitation,
acoustic streaming, and localized heating, to temporarily
increase vascular permeability and enhance the uptake of
therapeutic substances by cells (113, 114).

When subjected to ultrasound, microbubbles, which
typically consist of a gas core surrounded by a lipid,
polymer, or protein shell, oscillate (Figure 2). While inertial
cavitation may break vesicles and enhance intracellular
transport at higher pressures, stable cavitation occurs at
moderate acoustic pressures, temporarily boosting cell
membrane permeability (115). In addition to serving as
delivery vehicles, microbubbles may enhance site specificity
by conjugating with medicines, nucleic acids, or targeting
ligands.

Liposomes, polymeric nanoparticles, micelles, and
phase-change nanodroplets are examples of ultrasonically
responsive nanocarriers designed to release their cargo
in response to ultrasound stimulation. Thermosensitive
liposomes loaded with doxorubicin, for instance, have
shown selective drug release at sonicated tumor locations,
increasing intratumoral drug levels while reducing systemic
toxicity (116). Likewise, acoustic droplet vaporization of
perfluorocarbon nanodroplets may produce microbubbles
in situ, enabling the combination of triggered treatment and
imaging (117).

The integration of diagnostics (ultrasound imaging) and
therapy (drug or gene delivery) into a unified “Theranostic”
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platform greatly amplifies the clinical value of these systems.
By enabling precise, minimally invasive, and image-guided
interventions, ultrasound-responsive nanocarriers and
microbubbles offer strong potential for applications such as
targeted cancer treatment, thrombolysis, and localized gene
transfection.

Molecular imaging
Ultrasound

Because ultrasound molecular imaging can provide
quick, safe, and noninvasive results, all of which are essential
for AR, it is increasingly respected (118, 119). The promise
of targeted ultrasonography in transplant monitoring was
shown by Weller et al., who were the first to visualize intra-
graft T cells and intercellular adhesion molecule-1 (ICAM-
1) expression using this modality (120). In a similar vein, Jin
et al. evaluated acute rejection in a mouse heart transplant
model using manufactured microbubbles loaded with either
anti-granzyme B antibodie> (MBGzb) or isotype control
antibodies (MBcon)(121). Myocardial contrast signals in
the allogeneic MBGzb grouy decreased precipitously, and a
few seconds after the flasl ~ulse, “he microbubbles gradually
recovered. In compari on tc the allogeneic and syngeneic
MBcon groups, this';au, =50 showed a significantly higher

r

decrease in peak inten ity on postoperative days 2 and 5.
Granzyme B/!Gzb, xpression may be dynamically and
reliab'v qu ntit: 4 in vivo using this technique, providing
a valuche indicator for tracking rejection reactions.
Neverthelc s.signal loss due to microbubble disintegration
m 7 compromise the precision of these observations (122).

A, ‘ibody-mediated

rejection (AMR) after heart

Figure 2. Schematic overview of ultrasound-triggered gas therapy

Ultrasound-Gas therapy

Ultrasound exposure induces the release of therapeutic gases such as NO, O, CO, and CO, from gas-releasing molecules for tumor treatment
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transplantation may now be diagnosed noninvasively
because of recent advancements in ultrasonographic
molecular imaging. To target and identify acute rejection
in heart transplant animals, Liu et al. created nanobubbles
functionalized with CD3 antibodies (NBCD3)(123).
Nanobubble signal intensity increased proportionally with
concentration and showed excellent stability, as observed
in ex vivo imaging. Interestingly, nanobubbles coated with
anti-CD3 antibodies showed improved adherence to T cells
and increased imaging signals, particularly in allograft-
affected rats, indicating increased T lymphocyte infiltration.
Although further research is required to confirm its clinical
application, this method has significant promise for
noninvasive rejection monitoring (124, 125).

Liao et al. investigated the quantitative evaluation of
rejection levels after heart transplantation using targeted
ultrasound imaging and C4d, a particular biomarker for
AMR (126). The need for an invasive biopsy has limited
the use of C4d, despite its crucial role as a biomarker
recommended for AMR monitoring. To overcome this,
streptavidin-biotin conjugation was used to create C4d-
targeted microbubbles (MBC4d), which were then
evaluated in rat heart transplantation models. Targeted
ultrasonography demonstrated high sensitivity, enabling
real-time visualization of C4d distribution and revealing
significant protein expression during AMR episodes.
Crucially, MBC4d’s safety profile was confirmed by the
absence of reduced survival or additional tissue damage
upon administration. Given the widespread clinical use of
contrast-enhanced ultrasonography, there is a good chance
that this noninvasive, safe, and quantifiable method will be
quickly included in AMR assessment procedures (127).

Ultrasound molecular imaging is a valuable method for
detecting transplant rejection since it allows for continuous,
real-time monitoring. Targeted microbubbles are used to
assess allograft rejection with high sensitivity by detecting
key biomarkers, such as GzB and C4d. However, there
are still certain restrictions. In addition to ultrasound’s
inherently inferior contrast resolution compared with
computed tomography (CT) and magnetic resonaice
imaging (MRI), the physical destruction of microbu’ bic:
may impair imaging accuracy. These limitations suggest
that ultrasonic molecular imaging would be m" st eficcuve
when combined with other imaging moc'alities 2s part
of a multimodal diagnostic approach te.en.ance overall
accuracy.

MRI

MRI is a powerful imaging 1. ~thod known for its ability
to provide finely detailed anatomical images with superior
tissue contrast and high resolution (118, 128). It improves
imaging quality by using T1 and T2 contrast agents, which
makes it very helpful for tracking transplant rejection and
looking at different biochemical processes (129). Recent
studies in immune cell-based molecular imaging have
highlighted MRI’s capacity to provide comprehensive
insights into the processes of immune-mediated rejection.
It is beneficial for the early diagnosis of acute cellular
rejection (ACR) due to its high sensitivity in monitoring
immune cell trafficking and function. In a rat heart
transplantation model, Guo et al. effectively introduced
PDNA and superparamagnetic iron oxide nanoparticles
(SPIO) into primary T cells (130). SPIOs conjugated to a

I=MS

Ultrasound medicine in the era of precision theranostics

CD3 single-chain antibody/pDNA polymer were used to
accomplish this (131). Guo et al’s delivery method consisted
of superparamagnetic iron oxide nanoparticles (SPIONs)
and PEG-g-PEI functionalized with a CD3 single-chain
antibody (scAbD3). On MRI-balanced turbo field echo
pictures of the transplanted hearts, rats given targeted
polyplexes harboring a null plasmid showed clear low-
signal patches between days 0 and 10 post-transplantation,
suggesting targeted polymer buildup in the allografts.
Effective gene transfection in T cells was also made possible
by this platform, and gene therapy dramatically reduced
the immunological response in transplanted rats. All things
considered, this approach provided real-time feedback on
treatment effectiveness while enabling noninvasive MRI
monitoring of the entire therapeutic process.

Macrophages are great candidates for noninvasive in
vivo immune cell imaging because of their inherent ability
to phagocyte contrast agents and their ease of labeling in
situ with iron oxide particles. Wu et al. demonstrated this
by visualizing macrophages and detecting organ rejection
in vivo using cellular MRI with iron oxide particles (131,
132). Macrophages were chosen as targets because of their
essential role in autoimmune disorders, inflammation, and
organ rejection (133, 134). Addudonally, it has been shown
that T cells and lymphocytes 1. »y be tracked by MRI (135
,136). Liu et al. modified SPIO nan varticles with amination
to increase T cell absorption ¢ the particles (136). Using
EDAC-coupling processes, the researchers created IOPC-
NH, particles from /1Or = cores. T cells were labeled,
reinfused, and ther ag regaced in allogeneic lung and heart
transplants <. aw. g for the early MRI identification of
transplariv ejecdon. Vhen immune cells absorb tiny SPIO
particles, the - become magnetically sensitive and may
clui, . together 1 inflammatory regions, making them
visible «n MRI. These tagged immune cells demonstrated
stro1 7 ag..erence to target tissues and high biosafety.
Sreciauzed contrast agents, such as SPIOs, are used in
~MRT'molecular imaging to track cellular and pathological
alterations, particularly when combined with immune cell
targeting. High spatial resolution and excellent soft-tissue
contrast are two significant benefits of this method, making
it ideal for in-depth immune surveillance in transplantation
settings (137). However, several challenges remain in
the way of this approach’s clinical application. MRI often
requires greater probe concentrations than other molecular
imaging techniques, which might create toxicity issues.

Furthermore, certain patient groups may not be able
to obtain an MRI due to its higher cost and longer scan
time. However, recent advancements in hyperpolarization
techniques and high-contrast probe design have greatly
enhanced the capacity to identify biological targets at
lower concentrations. With significant significance for the
early diagnosis of ACR, these developments are crucial for
improving transplant rejection monitoring.

Nuclear medicine imaging

With the use of radioactive tracers for comprehensive
imaging, nuclear medicine imaging techniques, most
notably SPECT and PET, have emerged as alternative tools
for noninvasive monitoring of organ transplant rejection
(138). With several successful examples in preclinical
models, SPECT has shown significant value in monitoring
immune responses after transplantation. Using ®Ga-
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labeled CD163 and optically labeled CD206 for targeted
macrophage imaging, for example, has validated the
viability and efficacy of these molecular imaging techniques
(139, 140). To visualize Sn-expressing macrophages, an
anti-sialoadhesin (Sn; also known as Siglec-1 or CD169)
monoclonal antibody (SER-4) radiolabeled with 99mTc-
pertechnetate was used. This method enabled effective
monitoring of macrophage infiltration, allowing for the
detection of transplant rejection reactions (96, 141).

By measuring T-cell infiltration, SPECT imaging can
also be used to track the progression of transplant rejection.
A new radiolabeled probe, 99mTc-HYNIC-mAbCD4,
was developed by Li et al. to identify and track CD4* T
cell infiltration in cardiac transplants (142). Transplanted
hearts in allograft patients showed significant radiotracer
accumulation within 1 hour of *mTc-HYNIC-mAbCD4
injection, peaking at 6 hrs. Allograft uptake levels were much
greater than those of the autograft and treatment controls.
The potential of SPECT/CT imaging for noninvasive
monitoring and diagnosis of acute cardiac rejection is
highlighted by its capacity to distinguish allografts based on
enhanced *mTc-HYNIC-mAbCD4 uptake. Furthermore,
Sharif-Paghaleh et al. used ®mTc-rCR2 to effectively target
the complement component C3, with confirmation from
autoradiography and histology. This highlights the potential
of SPECT/CT as a robust tool for evaluating transplant-
related damage (143).

Another cutting-edge medical diagnostic technique, is
PET imaging, which is essential for identifying early sign.
of ACR in transplant recipients (144-148). Two radiotacers
were used to assess PET imaging in a prominent m 'rins
cardiac rejection model: '*F-fluorodeoxyglucose (j*F]-
FDG) and “N-ammonia ([**N]-NH3). Serial | ‘' £DG
PET imaging showed a significant ris¢ in radiotracer
uptake in allografts, particularly betweca days 14 and
28 post-transplant, which was strong:, associated with
increasing rejection grades in hetero apic neart transplants
with minimal MHC misn atches. In contrast, allografts
with chronic vasculopathy showed considerably lower
myocardial perfusion on [13:v7".WH; PET imaging than
controls. With encouraging implications for clinical
translation, our findings together highlight the benefits of
combining ["¥F]-FDG with [“N]-NH; PET imaging for
noninvasive, quantitative evaluation of allograft rejection.

N=MS

Wang et al.

Building on these developments, the creation of PET
probes targeting specific immune cell markers has begun.
For instance, Ueno et al. employed a novel PET-CT
technique to image macrophage activity in allografts,
aiming to detect cardiac transplant rejection (149, 150).
Similarly, Hirai et al. developed an immune PET tracer
targeting the OX40 receptor after identifying OX40 as an
imaging target for activated T cells (151-153). The temporal
dynamics of activated T cell growth and infiltration may
be quantitatively assessed using OX40 ImmunoPET, which
is in line with flow cytometry findings. Since activated
CDA4 T cells are the cells that express OX40 the most, ¥Zr-
OX40mAb was able to identify these cells in transplanted
hearts in the early stages of »“jection. These results suggest
that nanoparticle-enhance.' macrophage PET-CT may
become a prediction tool fcr raft survival in addition to
offering sensitive identifica.l>n o1 "zeart transplant rejection.
Numerous imaging ag-nts in nuclear medicine have
previously undergeiic ho.cugh safety testing and clinical
use, especially in'canccr. Comparing nuclear medicine
imaging to m: v otuci molecular imaging techniques, it
is hene furi1er c~wn the route to clinical translation for
transplan. “ejection monitoring. This is corroborated by a
si~gle-cente. research by Dar et al. that evaluated cardiac
trez. »lant rejection using ["*F]JFDG PET-CT, showing that
P=T n. 7 be helpful in early clinical practice for rejection
dia, ~osis (154). Despite persistent worries about the
exvense and security of PET and SPECT (155). One of the
urst molecular imaging techniques to be widely used in
clinical settings for regular monitoring of allograft rejection
is nuclear medicine. More generally, the toolset for rejection
monitoring is growing as molecular imaging advances
rapidly. Future research will concentrate on developing
more intelligent tracers and identifying more valuable
biological targets to enable safer, more accurate, and more
efficient post-transplant care (Table 2).

While nuclear medicine imaging (SPECT and PET)
offers unmatched molecular sensitivity and quantitative
capability, its limitations in spatial resolution, radiation
exposure, and infrastructure requirements necessitate
a balanced evaluation relative to MRI and ultrasound.
Unlike ultrasound, which provides real-time, radiation-
free imaging, or MRI, which offers high spatial resolution
and soft-tissue contrast, nuclear medicine excels at early

Table 2. Molecular imaging modalities for transplant rejection: Principles, targets, benefits, challenges

Modality Principle / Mechanism

Biomarkers / Targets

Key Benefits Limitations / Challenges Key References

Target molecules are bound by

1 lecul:
Ultrasound molecular microbubbles or nanobubbles coupled

imaging (Targeted

Granzyme B (GzB), CD3 (T

Accuracy may be lowered by

High molecular specificity;
& P’ ty: microbubble destruction; contrast

noninvasive, reproducible,

with ligands or antibodies; their number resolution is poorer than with 156-158
microbubbles / & . . cells), C4d (AMR biomarker) and real-time; potential for P L ( )
and location are detected by ultrasonic . R CT/MRI; and depth penetration is
nanobubbles) quick bedside use o
contrast agents limited
Excellent soft tissue contrast,
) ) T1/T2 MRI signal alterations are R A | . . .
MRI molecular imaging . high spatial resolution, Requires high concentrations of
X produced by immune cells (such as T .
(SPIO-labeled immune ) CD3 T cells, lymphocytes,and  concurrent functional and the probe, may be harmful to
cells and macrophages) tagged with . i . R (159, 160)
cells / targeted N macrophages anatomical imaging, and the nanoparticles, requires longer scan
X SPIO or targeted nanoparticles; these . oo i i .
nanoparticles) ) R A ability to monitor immune cell periods, and is more expensive
cells may combine delivery and tracking K .
infiltration
CD4' T cells, complement C3, Ext ) "
xtremely sensitive, . .
SPECT/PET measures uptake and OX40 (activated T cells), o Y High expense, limited tracer
. o i o quantitative, capable of o
Nuclear medicine distribution of radiolabeled antibodies, macrophage markers (CD163, . dentifyi et | 4 supply, radiation exposure, and (161-163)
1dentifying rejection early, an -
imaging (SPECT / PET) ligands, or tracers that target immune ~ CD206, and CD169), glucose . 8¢ . Y . the potential need for multimodal
A . with a well-established clinical . . .
cells or metabolic processes metabolism ([18F] FDG), and X correlation to achieve specificity
K infrastructure
perfusion ([13N] NH,)
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detection of molecular events, such as immune cell
infiltration and metabolic changes that precede structural
damage. Importantly, its theranostic role is increasingly
recognized: diagnostic tracers (e.g., 768Ga-labeled ligands)
can be paired with therapeutic radionuclides (e.g., A177Lu
or A225Ac conjugates) to achieve a true “image-and-treat”
paradigm. This integration places nuclear medicine at
the forefront of precision theranostics, particularly when
combined with complementary modalities to overcome its
individual shortcomings.

Immunomodulation
Ultrasound combined with microbubbles or nanoparticle
carriers

By converting “cold” tumors into “hot” ones that are
more vulnerable to immune attack, ultrasound offers a
unique way to enhance immune responses, particularly
when combined with microbubbles or nanoparticle carriers.
Ultrasound-targeted microbubble destruction (UTMD),
which stimulates many immune-boosting pathways, is
a significant cause of this shift (164) Tumor-associated
antigens (TAAs) are released when mechanical pressures
applied by pulsed or high-intensity focused ultrasound
(pFUS/HIFU) momentarily enhance the permeability of
endothelial and tumor cell membranes, disrupt stromal
structure, and induce targeted vascular damage (165) and
molecular patterns linked to damage (DAMPs)(166) such as
calreticulin, ATP, and HMGBI, which are essential for the
activation of dendritic cells (DCs) and the presentation of
tumor antigens to T lymphocytes (167-169).

Second, ultrasound reprograms the cytokine ang
chemokine profile of the TME. According to studies, pr -
inflammatory mediators such as IL-1p, TNF-a, and IEN-y
are rising, while immunosuppressive signals such s , Gt [
are falling (170-172).

Third, ultrasound-induced vascularmodulat, nprouiotes
immune cell trafficking and drug delivery 7~ tumc »sites by
increasing vascular permeability and re=fus, »n (168, 173,
174). Additionally, ultrasound m= 7 cat se acc ustic cavitation
and moderate hyperthermia’ which .. scase heat-shock
protein levels and enhance an igen cross-presentation, both
of which strengthen adaptive ir.. »unity. Preclinical research
repeatedly shows that, in comparison to untreated tumors,
ultrasound-treated tumors had higher activated CD8*
T-cell densities, more robust NK cell activity, and improved
antigen presentation (168, 169, 175, 176). When considered
together, these impacts create a confined, inflammatory
milieu that supports immune-mediated tumor removal.

Combination strategies with immune checkpoint inhibitors
and cancer vaccines

Ultrasound is an excellent adjunct to immune checkpoint
inhibitors (ICIs) and cancer vaccines, especially those
that target PD-1 and PD-L1, by releasing tumor antigens,
enhancing vascular function, and drawing effector immune
cells (177), or CTLA-4, which have transformed cancer
treatment; yet, their effectiveness is often restricted to
tumors that are already inflamed by T cells. Ultrasound
can bridge this gap by priming immune-desert tumors for
checkpoint blockade responsiveness (178, 179). Preclinical
findings indicate that pFUS combined with anti-PD-1
treatment dramatically increases survival in melanoma
and pancreatic cancer models, primarily by reducing Treg

10
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numbers and enhancing CD8 T-cell infiltration (180).

This strategy is supported by early clinical results
demonstrating that HIFU combined with immunotherapy is
safe, less painful, suppresses local tumors, and may increase
systemic immune activity in patients with liver metastases
(181). Mechanistically, ultrasound may increase PD-L1
expression on tumor cells, in addition to enhancing antigen
release, which may open up new targets for ICIs (167).

These processes also hold for cancer vaccines, which need
immune cell activation and potent antigen presentation.
Dendritic cell (DC) recruitment and ultrasound-induced
DAMP release serve as natural adjuvants that boost vaccine-
induced immune responses (182). By using acoustically
sensitive carriers, such as phase-change nanodroplets
or microbubbles, which release antigens locally upon
sonication, ultrasound may also facilitate targeted
vaccination administration (183, 184). According to animal
research, ultrasound-assisted . -imunization increases and
broadens tumor-specific T-cell re. »onses, improving tumor
management compared with vc ~ciration alone.

Optimizing ultrasound -ettirigs, improving nanocarrier
designs, and deternrining the best sequencing with ICIs
or vaccinations wul v > necessary for future advancements
(185). This ce aprhensive strategy presents the promise of
overcoray ~ irumune resistance and achieving long-lasting
systemic anv. tumor immunity. A study showed that more
pote.t system ¢ antitumor immunity and tumor growth
suppre.ion were observed following mechanical high-
inte ~sity tocused ultrasound (M-HIFU) compared with
thermal HIFU (T-HIFU). Single-cell RNA sequencing-based
~~':cular characterization of the tumor microenvironment
(TME) post-M-HIFU revealed a pronounced repolarization
of tumor-associated macrophages (TAMs) toward the
immunostimulatory M1 phenotype, in contrast to the
TME changes induced by T-HIFU. Furthermore, the
concurrent administration of anti-PD-L1 antibodies or
depletion of CD4* T cells—particularly those containing
regulatory T cell populations—substantially enhanced T
cell-mediated antitumor immunity and suppressed tumor
growth at distant, untreated tumor sites in M-HIFU-treated
mice compared with M-HIFU monotherapy. In these
combination approaches, CD8" T cells and natural killer
(NK) cells emerged as the primary effector cell populations
mediating tumor clearance (Figure 3)(186).

Regenerative medicine

Because ultrasound can be administered remotely and
non-invasively while producing a variety of biological
effects, it has attracted significant interest in therapeutic
medicine. Different intensities and frequencies are used in
medical practice for both diagnosis and therapy. Significant
therapeutic potential has been shown by low-intensity
pulsed ultrasound (LIPUS), particularly in supporting bone
regeneration and repair (187). Compared to high-intensity
ultrasound, which generates a lot of heat that may damage
organs, tissues, and cells, it is much safer. Low-intensity
pulsed ultrasonography was first used to hasten fracture
healing in 1983 (188, 189). Since then, several investigations
have demonstrated that LIPUS can alter angiogenesis and
other biological processes (190-200), cartilage formation,
and bone remodeling (201, 202), which occur during the
repair and regeneration of bone flaws (199, 200). LIPUS
has also shown promise in reducing delayed fracture union
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Figure 3. 1) Combination of M-HIFU and anti-PD-L1 antibody modulates unique gene expression in tumor-infiltrating CD8" T cells and macrophages
MM3MG-HER2 tumors in BALB/c mice were treated with M-HIFU, followed by anti-PD-L1 or control IgG on days 3 and 6. Tumor CD45" leukocytes were isolated for scRNA-
seq. (A, D) Venn diagrams show up-regulated DEGs in CD8" T cells and macrophages versus controls. (B, E) GO enrichment heatmaps display top-enriched terms for each
treatment, with combination therapy highlighted. (C, F) Representative DEGs significantly up-regulated in the combination group compared with M-HIFU monotherapy
(log.FC>1, FDR<0.05) are labeled in red, including genes linked to KEGG pathways or M1/M2 signatures

2) Synergistic inhibition of distant tumor growth by M-HIFU and PD-1/PD-L1 blockade depends on CD8" and NK cells

BALB/c mice bearing MM3MG-HER2 tumors in the leg and flank received M-HIFU to the leg tumor (day 7) and anti-PD-L1 or control IgG (days 10, 13, 16). (A) Experimental
design. (B) Growth curves of untreated flank tumors (n=10/group). (C, D) Flow cytometry of immune infiltrates in distant tumors on day 18, showing proportions of CD4*, CD8*,
CD49b* cells, and expression of ICOS, Foxp3, and granzyme B (n=3-4/group). (E) CD4*, CD8", or NK cell depletion in the same treatment schedule. (F) Growth curves of treated
leg tumors (left) and distant flank tumors (right) (n=5/group). Error bars: SE (B, F) and SD (C, D)

in preclinical research over the last several decades (195- ones to aid in the healing process. Both in vitro and in vivo
197) and in distraction osteogenesis (198, 199), promoting investigations have shown that ultrasound stimulates many
bone defect repair (200, 201) and periodontal tissue cellular signaling pathways throughout the healing process,
regeneration (202). It has also been used in several other indicating the complexity of the molecular processes
models of orthopedic diseases. Usually administered underlying LIPUS-induced bone regeneration (203, 204).
non-invasively via the soft tissue surrounding the bone, The transformation of mechanical inputs into biochemical
LIPUS transforms mechanical impulses into biological signals is facilitated by integrins (205). It has been shown
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that interactions with specific protein signaling molecules
may convert mechanical inputs into biological signals
(206). The phosphorylation of a crucial enzyme known as
FAK initiates this process (207). Through integrins, these
FAs facilitate the mechanical connection between the
intracellular cytoskeleton and the extracellular matrix.

Furthermore, LIPUS may increase RANKL production,
which stimulates chondroclasts and osteoclasts, thereby
promoting resorption (208). This may aid in the reshaping
of bones during the regeneration process. According to
research, osteoblastic differentiation increased with longer
ultrasonic stimulation time (209). According to a separate
study, Piezol channels act as a second messenger to initiate
ERK1/2 activation and perinuclear F-actin polymerization,
which together stimulate cell proliferation by converting
mechanical stresses produced by LIPUS into intracellular
Ca2+ influx (Table 3)(210).

Safety, challenges, and future directions
Safety standards and regulations

Ultrasound is often regarded as harmless when
administered correctly; however, its acoustic energy can
cause damage through thermal and mechanical effects. To
evaluate and mitigate these hazards, output display standards
(ODS) mandate the presentation of two safety metrics, the
Thermal Index (TI) and MI on the display screen (29).

Thermal index (TI) and mechanical index (MI) guidelines

The TI predicts the potential increase in tiss e
temperature approximately 1 ‘C per unit under extreme
conditions. It functions as an essential safety prec ution;
for example, Doppler ultrasound modes often elevate 11. In
first-trimester fetal imaging, TI values above 0., sh-uld be
avoided, and values above 3.0 are strong-y «'scouraged. A
recent NHS audit of more than 2,600 ‘u.‘rason.nd sessions
found substantial adherence to TI iecc nm .ndations, with
violations occurring in arovzid 1% c € obsietric cases, mainly
during pulsed Doppler us¢ (222).

The MI measures the p. =sibility of cavitation and other
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non-thermal bioeffects. It is calculated by dividing the
derated peak rarefactional pressure by the square root of the
center frequency. The classical Minnaert equation describes
the resonance frequency of a free gas bubble in a liquid:
1 [3yPO
fres = R T

Where p is the density of the surrounding liquid (kg/
m?), Py is the ambient static pressure (Pa), y is the specific
heat ratio of the encapsulated gas, and R is the radius of the
bubble (m). Smaller bubbles resonate at higher frequencies,
while larger bubbles reverberate at lower frequencies, as
shown in this connection. Matching the driving frequency
to or close to the bubble’s ree~nance in real-world ultrasonic
applications optimizes vol imetric oscillations. It amplifies
mechanical effects like mic ostreaming and shear stress
production, which impree th rapeutic effectiveness and
diagnostic contrast.

MI is capped at-1.7 i1, “agnostic circumstances by FDA
and AIUM regtlatory recommendations; levels below
this threshol¢ have .ot been associated with any negative
conse uen s in “issues devoid of gas bodies (29, 223). Still,
non-the =aal risks may arise in gas-containing organs, such

s the luny (threshold MI ~0.4) and intestines (MI ~1.4)
(2 .223). New consensus standards (such as ITRUSST) for
hoth' berapeutic and malignant ultrasonography confirm
ti. + 'eeping TI and MI within acceptable boundaries, and
k=eping MI < 1.9, maintains thermal increase below 2 °C or
chermal dosage below 0.25 CEM. 43 safety (29).

Minimizing off-target tissue injury

Although rare, thermal and mechanical hazards from
ultrasonography may still occur, especially in delicate
tissues, despite stringent regulations. Ultrasound absorption
and heating cause thermal injury, which is more severe in
tissues with poor blood flow; such as the cornea, lens, bone,
and fat. While tissue perfusion and metabolic activity affect
heat removal, acoustic intensity, target area, frequency, and
exposure length all affect the quantity of heat generated (29).

Table 3. Ultrasound-mediated immunomodulation and regeneration: Mechanisms, applications, benefits, and challenges

Clinical / Preclinical

Application Mechanism

Applications

Benefits Challenges / Limitations References

Vascular modulation, the release of TAAs
and DAMPs (HMGBI, ATP, calreticulin),
Immunomodulation via mechanical disruption of tumor/stromal
Ultrasound
toward pro-inflammatory states are all
caused by UTMD, pFUS, or HIFU

Ultrasound enhances tumor responses to
PD-1, PD-L1, or CTLA-4 inhibition by
augmenting antigen release, PD-L1

Combination with
Immune Checkpoint

Inhibitors (ICIs) . . . .
expression, and immune infiltration

Ultrasound induces the release of

TAAs/DAMBPs, attracts dendritic cells, and Improved antigen presentation

Combination with functions as an adjuvant; it may also

Cancer Vaccines facilitate the localized release of

TAAs/DAMPs from acoustically sensitive mediated tumor suppression

carriers

Low-intensity pulsed ultrasound converts
mechanical energy into biochemical signals
Regenerative Medicine  via integrins, FAK, Piezol-mediated Ca**
(LIPUS) influx, and ERK1/2 activation, so
facilitating angiogenesis, osteogenesis, and

cartilage regeneration

Transformation of "cold"
cancers into "hot" tumors;
cells, and cytokine profile reprogramming increased activation of CD8 T
cells, NK cells, and DCs

Synergistic treatment in models Surmounts immunological
of melanoma, pancreatic, and  resistance; augments the immune checkpoint inhibitors
liver metastases; enhanced
survival and tumor
management

and T-cell activation in tumor
models; increased vaccine-

Healing of bone fractures,
distraction osteogenesis,
restoration of bone defects, and
regeneration of periodontal
tissue

Targeted inflammation,

B . Preventing excessive tissue or
noninvasive immune

scular d ; striki
activation, and possible vascular damage; striking a (54, 211-213)
systemic anti-tumor

benefits

balance between toxicity and
immunological activation

Optimal sequencing of
effectiveness of current  is not standardized; there is a (172,214-217)
immune checkpoint risk of immune-related side

inhibitors effects

Enhances the scope and

Demands exact targeting;
intensity of the seting

contingent upon carrier
configuration and ultrasonic
specifications

immunological response; (125,218, 219)
targeted administration is

feasible

Secure, noninvasive, Inconsistent effectiveness in
reproducible; enhances

tissue regeneration;

clinical trials; limitations in
deep penetration; necessitate (187, 211, 220, 221)
regulates several prolonged treatment

regenerative pathways durations
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Practitioners should follow the ALARA (“As Low as
Reasonably Achievable”) principle to minimize exposure
time, use the lowest power settings, and carefully adjust
the ultrasound focus and mode to reduce risks. This is
especially important when using Doppler or pulsed-wave
modes, which tend to produce higher thermal effects (224).

According to recent research, doctors seldom actively
monitor bioeffect indicators such as the TT and MI, despite
their detection during ultrasound tests. For instance,
although all scans were within acceptable limits, eye-
tracking research showed that operators looked at these
safety warnings in only 4% of regular obstetric scans. This
shows a severe human factor deficiency in preserving safety
consciousness (223-225).

Challenges in translation

The two primary interrelated obstacles to the therapeutic
use of ultrasound-responsive drugs are manufacturing/
regulatory complexity and patient-related variability.
Significant heterogeneity is created by variations in
patient anatomy, including tissue composition, depth, and
blood artery distribution, which affects how ultrasound
waves concentrate, travel, and activate contrast agents.
Furthermore, the dependability of ultrasonic dosage delivery
and microbubble response is diminished by differences in
tissue attenuation and dispersion across various body types
and organs (226). Achieving consistent imaging quality and
efficient therapeutic administration, such as sonoporation
and cavitation-driven drug release, is significantly
hampered by this inconsistency (227, 228). To overcome
these problems, quantitative ultrasound techniques
estimate and adjust for tissue attenuation coeflicients in real
time (229). Nonlinear tissue responses and the absence 0.
reliable reference data, especially in living systems, ‘allow
substantial variability to persist (230). These diffic::!tic~ ar-
exacerbated by operator variability: portable ‘1ltraspund
imaging and therapy are not standardized, ap< var. “"_ns in
probe angle, pressure, and placement occu1 acre s operators
and between scans performed by the sam. operator (231).
Significant variations in picture quality a. 1 ti.erapy efficacy
result from this discrepancy {232).

In addition to biological | nd technological heterogeneity,
manufacturing difficulties  nd regulatory ambiguities
impede clinical implementaw.on. Microbubbles and
multifunctional nanoparticles are examples of ultrasonically
responsive agents that need exact control over parameters,
including size distribution, shell composition, payload
loading, and ultrasound sensitivity. A thorough evaluation of
their physicochemical characteristics, including particle size,
structural integrity, and payload retention, as well as long-
term storage stability and consistency across manufacturing
batches, is necessary to ensure large-scale repeatability
(233). Regulatory obstacles are significant: these drugs’ dual
function as therapeutic and diagnostic instruments (also
known as “theranostics”) makes it more difficult to classify
and evaluate them. Regulatory bodies need thorough
preclinical safety (234), information on pharmacokinetics,
imaging effectiveness, and treatment performance.

Nevertheless, regulatory regimes often do not provide
specific guidance for new stimuli-responsive carriers or
nanotheranostics, which increases uncertainty around
submission expectations and lengthens the time to market
(235, 236). Early innovators sometimes face lengthy
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regulatory assessment processes; in new device categories,
approval delays for first entrants may be several months
longer than for subsequent applications. The primary causes
of this include ambiguous application criteria, a lack of
past instances to serve as a reference, and confusion over
submission forms (237).

When combined, these difficulties, variability among
patients and operators, and manufacturing and regulatory
barriers create a bottleneck for the rapid, reliable, and
scalable translation of ultrasound-responsive medicines
(238). Innovations in accurate imaging and delivery
calibration, automation to reduce operator variability,
scalable production with strict quality control, and proactive
cooperation with regulatory agencies to provide clear
clearance paths are all necessary to overcome these obstacles.
Together, these factors must be addressed to transition from
laboratory proof-of-concept to a dependable, safe, and
successful clinical applicatior{239).

Emerging frontiers
Al-enhanced image iul vpreiation and treatment
planning

The use of artinc. ! .ielligence (AI) in ultrasonic

imaging, such ac ¢ avoliitional neural networks and deep
learning, k=< b< n shuwn to significantly increase diagnostic
efficier v ar 1 aciracy in recent systematic evaluations.
Regardles “of the operator or clinical setting, these Al
st ategies ha »'been used to improve lesion identification,
pict.re quality, and consistency in interpretation across
2D, 5 and Doppler ultrasound modalities (240).
Aucomous multimodal large language model (LLM)
ag mts have been developed for targeted ultrasonic ablation
w1 treatment planning (240, 241). For example, consider the
FUAS Agents system, which generates customized treatment
regimens by integrating MRI data, image segmentation,
dosage prediction, and clinical guideline retrieval (241).
Expert assessments of the plans’ completeness, correctness,
fluency, and adherence to guidelines in a research study
on uterine fibroids yielded ratings of 82.5% or higher, with
clinical compliance at 97.5% (242).

Wearable and implantable ultrasound devices for
continuous monitoring or therapy

The creation of intelligent health monitoring systems
increasingly relies on Al-enhanced sensors. These
sensors provide enhanced functionality and simplicity
for applications involving continuous physiological
monitoring (243). At the same time, regulated, on-demand
medication delivery and real-time tracking are enabled
by implanted devices, which are increasingly essential for
customized treatment. Pharmacokinetics can be precisely
managed through these systems’ ability to dynamically
and continuously control treatment administration and
monitor drug concentrations in the blood (244). In a family
Alzheimer’s disease model, a sophisticated wearable system
has shown the capacity to reduce brain amyloid deposits
and improve cognitive function, indicating that wearable
ultrasonic devices may provide both therapeutic and
diagnostic advantages for neurodegenerative diseases (245).

Ultrasound-triggered immunotherapy and precision

medicine
In precision medicine, theranostic platforms that combine
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therapeuticand diagnostic capabilitiesare gaining popularity,
particularly for immunotherapy. These technologies allow
for adaptive therapy modification based on imaging input
and real-time monitoring of treatment response (246). In
particular, precise spatial and temporal control over the
release of medication or genes has been achieved using
ultrasound-responsive hydrogels. These hydrogels enable
targeted, on-demand administration of therapeutic drugs,
such as chemotherapeutics like doxorubicin, siRNA, or
CRISPR/Cas9 complexes, in response to acoustic cues
(247). Early theranostic techniques based on ultrasound
used targeted microbubbles that carried payloads of
miRNA or DNA. These microbubbles rupture in response
to ultrasonic stimulation, enhancing tissue permeability
and encouraging the absorption of their contents (248, 249).
Such treatments, such as microbubbles that target VCAM-1
to release miR-126, have been used in preclinical research to
halt the growth of abdominal aortic aneurysms (250, 251).

Multi-modal theranostic systems

In nuclear medicine, theranostics, the combination
of targeted treatment with diagnostic imaging has
been extensively explored. Examples include paired
radiotracer imaging and applications of radionuclide
therapy (e.g., thyroid cancer, neuroblastoma)(252-254).
Ultrasound-activated contrast compounds are becoming
part of emerging multimodal theranostic platforms
that go beyond nuclear medicine. Microbubble contrast
media, for instance, may release therapeutic chemicals
when stimulated by wultrasound and preferentially
accumulate in hyper vascular tissues, providing beou.
targeted treatment and diagnostic imaging (255, 25%).
Additionally, combinations of molecular targeting 1e.g.,
monoclonal antibodies attached to iron oxide nanspa.ticl's)
enable site-specific drug release and imagiry \ ia MRI),
thereby improving treatment monitoring '« xd sp.cificity,
particularly in cancer (257-259).

Future perspective
Future perspectives of ultrasc ‘ud enhanced by Al
Ultrasound, a historically ope. “»=“dependent real-time
imaging technique, is being transformed by Al into a more
intelligent, independent, and generally accessible diagnostic
tool. Al systems may help with activities such as directing
picture capture, automating diagnosis, and producing
clinical reports thanks to advances in deep learning,
computer vision, and natural language processing (260).

Enhanced diagnostic accuracy and consistency

The decrease in operator-dependent variability is one of
the main advantages Al provides for ultrasound. Depending
on the sonographer’s level of experience, conventional
ultrasound results might vary considerably (261). To
improve consistency and picture quality, Al-driven tools
may now automatically deploy probes, adjust imaging
parameters, and instantly detect bad scan planes (262). This
guarantees more consistent, repeatable imaging, which is
particularly important in extensive screening programs such
as echocardiography or prenatal abnormality identification
(263).

Democratization of ultrasound in low-resource settings
Ultrasound technology is becoming more accessible
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and smaller thanks to Al. High-quality diagnostic pictures
may be obtained and interpreted by non-specialists, such
as nurses, midwives, and field health workers, thanks to
portable ultrasound probes, cellphones, and integrated
Al algorithms (264). In areas with limited resources
and a shortage of skilled sonographers, this concept is
revolutionizing maternal healthcare. Google’s AI ultrasound
model, for example, showed that even inexperienced users
can reliably take pictures to determine the baby’s position
and gestational age (265, 266).

Integration with telemedicine and remote care

The integration of portable ultrasound equipment
into telemedicine systems has been enabled by Al-guided
image capture and analysis. This connection helps reduce
healthcare inequities between urban and rural areas by
allowing distant experts to analy. » Al-assisted scans almost
instantly (267, 268). These sys*ams « = beneficial for disaster
relief, emergency treatmen( ana home monitoring of long-
term conditions like hez:* fa."»r2'(269).

Al-driven robotic "tra. >=:ad systems

Moreardme rerchoticarms with Al capabilities are being
developed . perform fully automated ultrasound exams
(2702, These « wvices are perfect for repeated monitoring
jobs Li e tracking tumor development or prenatal growth
beca 1se L. =y provide constant scanning without tiring. They
212 Loser, the exposure of medical personnel to contagious
ratients, which was a crucial benefit during the COVID-19
ep-—cmic (271).

Automated reporting and clinical workflow optimization

Al is making ultrasound reporting easier by automatically
generating standardized, organized reports from collected
images. To translate measurements into thorough
preliminary reports for physician approval, several systems
use natural language generation (260). This decreases
transcribing mistakes, cuts down on reporting time, and
enhances documentation quality (272, 273).

Medical internet of things (MIoT) and real-time analytics

Continuous data collection, cloud storage, and
comprehensive analytics are made possible by the growing
integration of Al-powered ultrasound equipment into
the Medical Internet of Things (MIoT)(274). Machine
learning algorithms may analyze this data to track trends
in population health, predict patient decline, and identify
early indicators of illness in local areas (275). But these
capabilities also present cybersecurity issues that call for
strict regulation and strong encryption (273).

New lipid-based microbubbles and ultrasound
Lipid-based microbubbles, combined with ultrasound,
offer a versatile platform for targeted tumor therapy,
enabling precise drug and gene delivery with minimal
systemic toxicity (276, 277). Future research should focus on
engineering microbubbles with multifunctional lipid shells
capable of carrying therapeutic gases, chemotherapeutics,
or nucleic acids, while integrating imaging agents for
theranostic applications (278). Advances in ultrasound
technology, such as real-time monitoring and adjustable
acoustic parameters, will further enhance treatment
precision. Moreover, optimizing microbubble stability,
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circulation time, and tumor-specific targeting ligands could
improve efficacy (279). Translating these innovations into
clinical settings will require robust safety profiles, scalable
production, and integration with multimodal cancer
therapies. The mechanism of Lipid-based microbubbles and
ultrasound is shown in Figure 4.

Future challenges and research directions

The integration of AI with ultrasonography presents
many challenges that must be addressed.

« Data diversity: Models should be trained on datasets that
include a range of demographics, equipment kinds, and
clinical settings to guarantee generalizability (265).

« Regulatory approvals: Al systems need stringent validation
to comply with FDA, CE, and other regulatory standards
(260, 280, 281).

o Clinical acceptance: Physicians must have confidence in
AT outputs, necessitating the use of explainable AI (XAI)
methodologies to ensure decision transparency (271).

o Integration with current workflows: Systems must be
easily incorporated into electronic medical records and
PACS without introducing complexity (262).

In the next decade, ultrasound is poised to become an
intelligent, multimodal platform that integrates accurate
diagnosis, targeted treatment, and immune regulation.
Progress in Al will facilitate automated picture acquisition,
instantaneous anatomical recognition, and quantitative
assessment, diminishing reliance on operators and
enhancing accessibility for non-experts. Integrating
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ultrasound with molecular imaging agents, such as targeted
microbubbles or nanobubbles, would provide real-time
viewing of essential biomarkers, namely Granzyme B, CD3,
and CD4, thereby enhancing early illness identification and
continuous therapy assessment.

Ultrasound’s mechanical, thermal, and sonochemical
properties will be increasingly used for targeted, site-specific
administration of pharmaceuticals, genetic material, and
immunotherapies. Sonoporation using microbubbles or
nanocarriers will enhance intracellular delivery with spatial
and temporal precision, while concentrated ultrasound will
synergistically augment immune checkpoint inhibitors and
cancer vaccines to mitigate immune resistance (214, 217).

The potential of LIPUS in bone regeneration will continue
to be demonstrated (187), as will mechanotransduction
processes, including integrins, FAK, and Piezol-mediated
Ca? influx, to heal cartilage and soft tissues (220).
Although robust cybersecurity protections will be essential,
integration with the Medica! Internet of Things (MIoT) will
enable remote monitoring, . ¢ge-scale data analytics, and
adaptive therapy optimization. There are still issues, such
as standardizing acoustic sc'tings to ensure consistency
across devices, overcomu o regulatory obstacles, and using
clinical validation ‘o ve.fy long-term safety. Despite these
challenges, contlius s developments at the intersection of
biology, <y nec.ing, and physics put ultrasonography in a
positior ‘o evolve .rom a supplementary imaging modality
into a cent. ', intelligent platform for precise, image-guided
tre tments.

as Ui us.id-Based Drug Delivery System

Gas
CaFs

——— Lipid shell
DSPC, DSPG, DSP.. PEG2k

MBs co-injec, ed
with drugs

Enhanced
permeability

Normal tissue

Target tissue

Endothelium

Ultrasound

Figure 4. Lipid-based microbubbles as an ultrasound-mediated drug delivery system
Upon ultrasound exposure, lipid-shelled microbubbles can enhance vascular permeability, promote targeted drug release, and facilitate localized delivery of therapeutic agents to

tumor sites, minimizing systemic side effects
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Long-term toxicity and
radiosensitizers

An essential consideration in the clinical translation of
nanoparticle¥based radiosensitizers is their long-term fate in
the body. Key parameters include biodistribution, retention
in non-target organs, degradation or transformation, routes
of excretion, and any chronic toxicity or immunological
reactions (276, 282-284).

Nanoparticles typically accumulate in reticuloendothelial
organs such as the liver, spleen, and kidneys, particularly
when their size exceeds ~20-30 nm or when surface
coatings enhance opsonization (276). For instance,
gold nanoparticles (~20 nm, citrate- or peptide-coated)
show rapid redistribution to the liver after intravenous
administration, with notable retention even after 28
days, and may occasionally cause mild anemia or splenic
atrophy, depending on the coating. In contrast, ultrasmall
nanoparticles (<5-6 nm) or metabolizable designs using
biodegradable or iron-oxide coatings can undergo renal
or metabolic clearance, reducing non-target accumulation
and long-term toxicity (283). While some long-term
studies, such as 15-month investigations of gold nanorods
for photothermal therapy, demonstrate minimal toxicity
when particles are well-purified and surface-modified,
other reports indicate subtle hematologic or inflammatory
effects due to persistent organ accumulation, especially after
repeated dosing. Therefore, optimizing nanoparticle size
and surface chemistry is essential to enhance clearance and
biocompatibility (284). However, most data remain limited
to single-dose experiments, with few long-term or large-
animal studies assessing chronic exposure, immunogenicity
(e.g., anti-coating antibody formation, complemen.
activation), or cumulative toxicity, leaving significant gz,'s
in understanding long-term safety and design strateies
(283).

clearance of nanoparticle

Gaps and key challenges in application area<

In reviewing the literature in ultrasou. d the. inostics,
several application areas stand out:caner (therapy
& imaging), blood-brain bar.ier (BBb) ‘modulation,
immunomodulation, and wesrable / pc.-t-of-care devices.
Below, we detail (1) contrad -tory findings, (2) identified
gaps, and (3) pressing translatic I challenges in each.

Cancer therapy & imaging

Studies on nanoparticle-based radiosensitizers, such
as gold nanoparticles, report conflicting outcomes; some
demonstrate substantial enhancement of radiotherapy
efficacy in tumor models. In contrast, others observe little
or no improvement under comparable dose and timing
conditions. These inconsistencies often arise from variations
in nanoparticle size, surface coating, biodistribution,
and tumor vascularization (10, 285). Similarly, HIFU for
breast tumor ablation shows initial success in achieving
tumor shrinkage, yet follow-up studies reveal variable
recurrence rates, likely due to incomplete margin ablation
or tissue heterogeneity. Long-term investigations in large
animal models or humans remain scarce, and few studies
systematically compare nanoparticle formulations or assess
off-target tissue effects under standardized ultrasound
parameters. Translational challenges persist in ensuring
adequate tumor penetration and retention of nanoparticles,
overcoming regulatory barriers related to safety and
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clearance, and improving reproducibility across institutions
with differing ultrasound systems and operator expertise.
Moreover, integrating reliable imaging guidance and real-
time feedback mechanisms is crucial to verify complete
tumor ablation during therapy.

Blood-brain barrier (BBB) opening & neurological
applications
Contradictory findings

In Alzheimers models, some studies show that low-
intensity  ultrasound+microbubbles reduces amyloid
burden, improves cognition, or enhances delivery of
antibodies; other studies report negligible or even adverse
effects depending on microbubble dosage and ultrasound
parameters (286). Variability in reported safety: while
many animal studies show transient BBB opening without
neuronal damage, others report microhemorrhages or
edema under certain ultrasound pressures or bubble
formulations.

Immunomodulation
Ultrasound  (especial. = _with  microbubbles or
nanoparticles) show! inccasistent immune effects ranging
from strong activatic » of innate and adaptive immunity,
enhanced” a adiisic cell maturation, and improved
checkpoi. inkibitor :ficacytominimal orvariableresponses
depending ¢ tumor type, dose, and timing. The balance
betw en immune stimulation and suppression remains
uncleal, as some studies report immunosuppressive tumor
mic nemvironment changes. Mechanistic understanding,
including specific immune cell roles, molecular pathways,
= optimal sequencing with immunotherapies, is limited.
Translational challenges include bridging preclinical
models to humans with diverse immune profiles, ensuring
safety against excessive inflammation or autoimmunity,
and standardizing ultrasound-immunotherapy protocols
regarding dose, particle type, and timing.

Wearable/point-of-care & Al-guided systems

AI/ML-based ultrasound radiomics perform well in
single-center studies but often lose accuracy in multicenter
validation due to variations in devices, operators, and patient
populations. Similarly, wearable ultrasound devices show
inconsistent performance; some maintain stable signals in
motion, while others suffer from artifacts or fidelity loss.
Despite the promise, few longitudinal studies have assessed
wearable ultrasound for therapeutic monitoring, and
robustness under motion, environmental noise, and user
variability remains underexplored. Open datasets for Al
training, particularly in rare or resource-limited contexts,
are scarce. Key translational challenges include ensuring
hardware safety and biocompatibility over time, achieving
regulatory approval, maintaining data privacy and
standardization across platforms, and integrating adaptive
feedback loops for real-time monitoring and Al-guided
imaging or therapy (287).

Conclusion

Ultrasound medicine has evolved into a flexible
theranostic platform that integrates imaging, targeted
delivery, and therapeutic modulation. This study has
emphasized ultrasound’s therapeutic promise, molecular
probe synergy, immunological modulation, and regenerative
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uses, as well as its mechanical, thermal, and sonochemical
processes. Ultrasound improves sensitivity, specificity, and
translational effect when paired with MRI, PET/SPECT,
and photoacoustic imaging. Despite this development,
major issues persist. Reliable clinical application requires
standardization of acoustic parameters, improvements in
safety thresholds, and repeatable dosimetry. Molecular
targeting techniques still have ligand specificity, off-target
effects, and immune activation consistency issues. While
ultrasonic theranostics has promise in cancer, cardiovascular
medicine, and regenerative therapies, large-scale clinical
validation is missing. Smart, multifunctional nanocarriers
and acoustically responsive biomaterials for precise drug,
gene, and immunotherapy delivery, artificial intelligence and
real-time monitoring for adaptive, personalized treatment
guidance, and standardized protocols and multicenter trials
to accelerate regulatory approval and clinical adoption
should be the focus of future research. Finally, ultrasound’s
capacity to combine diagnosis, treatment, and monitoring
makes it essential for precision theranostics. Ultrasound
might become a cornerstone of image-guided, customized
medicine in the future decade by resolving technical and
translational constraints.
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