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Biomaterials and pertaining formulations have been very successful in various diagnostic and therapeutic ap-
plications because of its ability to overcome pharmacological limitations. Some of them have gained significant
focus in the recent decade for their theranostic properties. Exosomes can be grouped as biomaterials, since they
consist of various biological micro/macromolecules and possess all the properties of a stable biomaterial with size
in nano range. Significant research has gone into isolation and exploitation of exosomes as potential theranostic
agent. However, the limitations in terms of yield, efficacy, and target specificity are continuously being addressed.
On the other hand, several nano/microformulations are responsive to physical or chemical alterations and were
successfully stimulated by tweaking the physical characteristics of the surrounding environment they are in. Some
of them are termed as photodynamic, sonodynamic or thermodynamic therapeutic systems. In this regard, ul-
trasound and acoustic systems were extensively studied for its ability towards altering the properties of the
systems to which they were applied on. In this review, we have detailed about the diagnostic and therapeutic
applications of exosomes and ultrasound separately, consisting of their conventional applications, drawbacks, and
developments for addressing the challenges. The information were categorized into various sections that provide
complete overview of the isolation strategies and theranostic applications of exosomes in various diseases. Then
the ultrasound-based disease diagnosis and therapy were elaborated, with special interest towards the use of
ultrasound in enhancing the efficacy of nanomedicines and nanodrug delivery systems, Finally, we discussed
about the ability of ultrasound in enhancing the diagnostic and therapeutic properties of exosomes, which could
be the future of theranostics.
1. Introduction

Human system consist of several cell types and all the cells are needed
to be in synchrony for normal physiological function. Hence, a constant
mode of cell-cell communication is maintained between functionally
related cells and extracellular vehicles (EVs) are one among the cellular
cargo systems that play a very prominent role in intercellular commu-
nications [1,2]. It was believed that EVs provide key information about
the cellular health as they are secreted by both normal cells and cells
under pathological stress [3,4]. Microvesicles, apoptotic bodies and
exosomes are different types of EVs classified based on size and mode of
secretion [5,6]. Exosomes are bi-layered vesicles, which range between
30 and 150 nm and are released by well-regulated exocytosis process.
They were initially considered as cellular waste disposal system, but
recent studies provided comprehensive evidences that exosomes carry
diverse range of biomolecules that can regulate the cellular metabolic
process which are reflected as altered physiological or pathological
processes. These effector molecules from exosomes can be potential
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biomarkers for specific diseases [7].
Exosomes were first identified as small vesicles ranging around 100

nm, secreted by chondrocytes and later it was identified that they are part
of EVs secreted by platelets [8,9]. Further exosomes were identified in
subsequent years from osteogenic cells that help in bone and tooth for-
mation [10,11]. It was believed that, similarly functioning exosomes
were involved in both normal physiological functions like wound repair,
bone formation etc. [12–14], and pathological processes of thrombus
induced disorders and certain autoimmune diseases [15–17]. Research
studies in early 1980s have showed exosome secretion during differen-
tiation of reticulocytes and also in seminal fluids that help in sperm
maturation [18–20]. Collectively the early studies in identification of
exosome and its mechanism of secretion revealed that they are consid-
ered as protein quality control and thus exosomes contain significant
information about the health status of the cells and allows them to
contribute to health and disease management [21].

Exosomes are similar to a cell in the structural characteristics and the
size of exosomes released, mainly depend on their composition and
gineering, Pukyong National University, Busan, 48513, Republic of Korea.
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Fig. 1. Biological functions of exosomes [35].
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health status of the cells [22]. On the other hand, biochemical hetero-
geneity of exosomes is very common, as they contain almost all types of
biomolecules such as proteins, enzymes, glycans & glycoconjugates,
lipids derivatives and nucleic acids [7]. After several studies done with
exosomes, certain proteins that commonly occur in exosomes of different
cellular origin, are considered as specific markers of exosomes. Certain
physiological and pathological functions of exosomes are carried out by
lipid and nucleic acid contained in it [23].

Several functions of exosomes were reported continuously since its
discovery and among which, strong evidences for cellular waste man-
agement and intercellular communications by exosomes were estab-
lished (Fig. 1). Exosomes are believed to be the quality control of protein
in the cells. Plasma membrane budding of zygotes induced by fertiliza-
tion to remove the sperm receptor is one of the best examples of protein
waste removal [24–26]. Further it was believed that exosomes also carry
out protein sorting pathway that help in defining the anterior-posterior
polarity of migrating cells that includes from simple amoeba to highly
defined human leucocytes [27,28]. Another important function of exo-
somes is the cell-to-cell communication, in which they carry signaling
molecules that deliver information from distant cells by either cell uptake
or by activating the receptors in the recipient cells’ surface, that can
regulate the desired metabolic and signaling pathway [29]. Exosomes
also help in remodeling of extracellular matrix that result in physiological
or pathological processes. Wound repair and osteogenesis are common
physiological processes that are significantly derived by exosomes and its
influence in ECM remodeling [30–32]. On the other hand, cancer cell
plasticity, pathological calcification and neurodegeneration were also
mediated by exosomes [33,34].

The biological functions of exosomes make it highly desired medium
for understanding the physiological status of the cells and progression of
the pathological conditions. Exosomes has gained so much of attention
among the multidisciplinary researchers recently as they are instru-
mental in biomarker/image guided diagnosis of specific diseases [36,37].
The ability of the exosome-derived molecules that either get internalized
in the recipient cells or regulate cellular pathways through receptors
make them ideal candidate for an efficient drug delivery system [38].
2

These properties of exosomes were considered by the biomedical re-
searchers in developing exosomes as a potential theranostic agent. There
are several challenges involved in materializing the applications of
theranostic agents including the key factors like specificity, site targeting,
etc. This led the experts to seek for an external triggering force or image
guidance to potentiate the theranostic properties of exosomes and other
similar theranostic agents. Imaging modalities such as MRI, CT, ultra-
sound etc., were commonly sorted for image guided diagnostic and
therapeutic applications [37].

Biomedical imaging has created a specific niche in disease diagnosis
and had improvised several therapeutic strategies for certain complex
conditions such as cancer and neurodegeneration [39,40]. Certain
physical properties of biological molecules such as magnetism, acoustics,
ionization, radiation, fluorescence etc., were utilized to provide signifi-
cant information about the pathological and anatomical status of the
system for diagnosis of the disease condition [41]. Though every imaging
method has its own advantages, ultrasound was one of the commonly
prescribed non-invasive imaging methods, because it does not require
high doses of contrast agent like MRI for better visualization, does not
involve ionizing radiations, but provide significant information about the
soft tissues [35,42].

Different cells respond to ultrasound uniquely and are effective in
modulating the migration and mobility of the cells [43]. Apart from the
physical properties, intra/extracellular molecular profile of cells changes
due to acoustic manipulations. Several researchers focus and explore on
exosomes as one of the media that are being used for improving the
cellular uptake of the drug and diagnosis or tracking of specific cell types.
The influence of ultrasound over cellular properties was exploited by
several researchers to focus on modifying exosomal secretion or exosome
mediated drug delivery [44]. In this review, we would like to discuss
about the biological role of exosomes and how they are utilized to
improve the drug delivery and diagnosis. Further, the ability of ultra-
sound in tweaking the cellular characteristics will be explored in detail
and provide evidence and perspectives in support of how ultrasound will
improve the theranostic property of exosomes.



Table 1
Biochemical profile of exosomes.

Type of
biomolecule

Name of the biomolecule Host cell function Exosomal function Reference

Protein Tetraspanins (CD81, CD82, CD37, CD63) Organization of the membrane and
intracellular protein in to microdomain of
intercellular adhesion, signaling and adaptor
and

Trafficking of other proteins (MHC class
II, ICAM-1, SDC1-4, Ig family) through
exosomes
Inclusion of integrins by tetraspanins,
play important role in precancerous
lesion development

[47,48]

Viral membrane proteins (Envelop proteins) Viral replication in the infected host cells Virus utilizes exosome biogenesis for
viral assembly and transmission
Influence exosomal function in
immunosuppression

[49,50]

Immunosuppressive proteins (PD-L1 & CD 100) Immunosuppression by interacting with
immune cells

Reprogramming the immune system far
from tumor site

[51,52]

Integral membrane signaling proteins/growth
factor receptors (EGFR, SDFR, VEGFR, Cytokine
receptors, T cell receptors, GCPR, Notch receptors)

Phosphorylation of tyrosine residues from
various intracellular signaling molecules

Surface signaling in the recipient cells
and delivery of functional receptors to
cells where the specific proteins were
downregulated

[53,54]

Lipid-anchored proteins (GPI-anchored proteins,
ectonucleotidases, complement inhibiting proteins,
cellular prion proteins, glypican-1, prenylated,
myristoylated, palmitoylated proteins)

Adhesion, hydrolysis, complement
regulation, embryogenesis, apoptosis,
neurotransmission, cellular growth and
differentiation

Key roles in cancer progression [55–58]

Enzymes (CD39, CD73, phosphatases,
pyrophosphatases, annexins, phosphate
transporters, RNA editing enzymes)

Catalysis of physiologically important
reaction at intracellular and systemic level

Energy metabolism

Peripheral Surface Proteins (Wnt proteins, bone
morphogenic proetiens, TGF-β, TNF-α. FAS ligand,
TRAIL, extracellular matrix proteins-Fibronectin,
tenascin C, etc.)

Cell growth and development, apoptosis,
Bone formation, morphogenic signals,
immunomodulation, extracellular matrix
formation and cell integrity

Surface signaling and delivery to the
recipient cells

Lipids and
derivatives

Phospholipids Intracellular signaling, cellular integrity and
protection

Exosomal membrane structure [59–62]

Ceramides Induction of apoptosis, skin hydrophobicity
and protection, hormonal function in insulin
related pathway

Glycosphingolipids/gangliosides Neurological function and cell membrane of
the CNS

Cholesterol Membrane structure, intracellular signaling,
precursors for steroid hormones

Carbohydrates
and derivatives

Sialic acids Intercellular interactions, carbohydrate-
protein interaction, tumor metastasis,
bacterial/viral inhibition

Tumor progression [63]

Hyaluron sulphate Wound healing, carbohydrate-protein
interaction, tumor progression

[64,65]

Heparan sulphate Wound healing, host defense, energy
metabolism, morphogenesis

[66]

Nucleic acids RNA (Oct-4 mRNA, ncRNA, snRNA, tRNA, miRNA) Regulation gene expression for cellular
signaling

RNA quality control, Cellular signaling in
progression of glioblastoma cells and
mast cells

[67–69]

DNA (dsDNA, ssDNA, mitochondrial DNA) Gene expression DNA quality control, chemoresistance of
cancer cells, viral infection

[70,71]
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2. Biochemistry of exosomes

Exosomes consists of a collection of molecular mediators that acts as a
medium of communication between several cell types in the biological
systems (Table 1). They require certain biomolecules for their structural
integrity and to carry out their biological function. Since, they are
released apart from the cells, they possess molecules that are byproducts
of the metabolism or signaling pathways including the metabolites that
are involved in them [21]. According to ExoCarta (http://www.exo
carta.org), a database of exosomal biochemical profile, there are
around 10,000 proteins, 1100 lipids and more than 6000 RNA de-
rivatives were identified among which 3400 mRNAs and 2800 miRNAs
[5,45,46].

The biochemical content of exosomes significantly affects the phys-
ical properties like shape, size, and density of exosomes [37]. Density of
an exosome is greatly affected by the protein to lipid ratio and increased
expression of a single cargo protein in exosome greatly increases the
density of the exosomes. This in turn greatly influences the size and shape
of the exosomes and can provide valid evidence for exosomes occurring
in varied sizes even from the same cell [72,73]. Each cell type in a
3

biological system release exosomes with different size and shapes, which
is a result of the biochemical content expressed in the exosomes. Though
certain biomolecules expressed in the exosomes are commonly identi-
fied, some of them are highly conserved for each cell type. This has paved
way for clinicians to focus on the biochemistry of exosomes for identi-
fying biomarkers for specific diseases. Several specific biomarkers were
identified from exosomes of varied cell type that helps greatly in diag-
nosis of respective diseases. Similarly, the size and shape influenced by
the biochemical content also play a vital role in theranostic properties of
exosomes. The physico-chemical property of exosomes was also managed
by the surface molecules like the lipid bilayer, proteins, and sugar resi-
dues of the glycoproteins. However, considering the therapeutic poten-
tial of exosomes, the drawbacks like heterogenicity in size and poor
systemic stability are countered by engineering the surface of the exo-
somes with several molecules which might help in elevating the thera-
nostic potential of exosomes [74–76]. In the following section, the
efficacy of exosomes with its inherent/acquired ability, to render its
theranostic property and how the challenges faced by current theranostic
agents were addressed through exosomes.

http://www.exocarta.org
http://www.exocarta.org
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3. Theranostic applications of exosomes

Exosomes being responsible for intracellular communication and bio-
molecular cargo system, are believed to add significant value to the
diagnostic and therapeutic applications by increasing the specificity and
efficacy [23]. Exosomes are known to be utilized as such in identification
and prognosis of certain complex metabolic diseases like cancer, neuro-
degeneration, fibrosis etc., that are originated from different organ or cells
[64]. Generally, the exosomes from liquid biopsies are more helpful in
diagnostic applications as the sampling techniques are relatively easier
and minimally invasive. This helps experts to rely on exosomes-based
diagnosis for a longer duration and produce a complete prognostic
report of patients [65]. On the other hand, therapeutic property of exo-
somes can be achieved either by intact exosomes or exosomes loaded with
certain desired molecules (macro/micro molecules) to exert therapeutic
action on desired target cells [66,67]. There are certain reports that sup-
ports the use of exosomes as theranostic agent which will be discussed in
this section [37]. Significant exploration has gone into exploiting the
target cell specificity of exosomes for efficient drug delivery and increasing
Table 2
Clinical and pharmaceutical applications of exosomes.

Type of
application

Specific biomolecules involved

Diagnosis CD81
CD63/LAMP-3
EGFR
Glypican-1, miR-375 miRNA-200c-3p, 21–5p and Let-7a-5p

Retinoic acid induced protein/Resistin
miRNA-21
mi-RNA-139–5p, 378a, 379 and 200–5p
miRNA-574–3p and 141–5p
piR-4987
piR-932 and PIWIL2
piR-32052, 39,894 and 43,607
Aβ-peptide and phosphorylated τ-protein
cathepsin-D and α-synuclein

Therapy KrasG12D-specific siRNA
Mesenchymal stem cells derived exosomes
Umbilical cord-mesenchymal stem cells derived exosomes
Exosomes from T-regulatory cells
Neurological cell derived exosomes
Viral infected cells derived exosomes

Site targeted
therapy

Viral infected cells derived exosomes loaded with target protein throug
Env protein, Nedd4
Transferrin & lactoferrin
Ubiquitination
Myristoylation and palmitoylation
L7Ae and C/D box
Connexin 43
miR-193a bound to Major vault protein, myoferlin, AGO2 and GW182
miR-126
anti-miR-214 gene

HGF-siRNA
Drug delivery Mesenchymal cells derived miR-124

Prostate cancer cells derived miR-141–3p
Integrin αVβ5
Integrin α6β1
Lactadherin C1C2 domain and Lamp2b
Immature dendritic cell derived exosomes with iRDG and Lamp2b
rabies virus glycoprotein (RGV) and related peptides; c(RGDyK)
Morphine receptor silencing siRNA bound to RGV
Klotho gene and adenosine kinase siRNA
Glycosylphosphatidyl inositol (GPI)
A33 antibodies with iron oxide nanoparticles
Aminoethyl-anisamide-polyethylene glycol paclitaxel

Antibodies-like RNA

Small molecule inhibitors or siRNA with antibodies-like RNA
Glycoprotein based adhesion molecules
PEG with phospholipid derivative
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the kinetics of certain active pharmaceutical ingredients [68].
Research and development in understanding the biochemistry of

exosome (biogenesis, release and signaling pathways influenced in the
recipient cells) either in naïve form or engineered form, has provided
opportunities for a wide range of applications that includes image-guided
site targeting and enhanced drug delivery [36,69]. Better understanding
of biophysical and biochemical characteristics has helped exosomes to
venture into theranostic platforms. Exosomes are known for presence of
important biomarkers, that can provide information about the stage and
severity of the disease. Similarly, using specific engineered exosomes as
contrast agents, where damaged/disease prone cells/tissues can be
selectively observed and targeted among the healthy tissues. Funda-
mental requirement for approaching exosomes as a theranostic agent is to
achieve loading the therapeutic/diagnostic agent in the core or surface of
the exosomes and to avoid systemic distribution of the disease-causing
exosomes [23,66]. The following section provided information about
the above-mentioned applications of exosomes in detail with reported
studies and their prospective applicability. Diverse application of exo-
somes in biology and medicine was summarized in Table 2.
Specific disease condition Reference

Hepatitis mediated liver fibrosis [77]
Melanoma, lung and ovarian cancer [78,79]
Glioblastoma [57,80,81,82,83,84,

85]Pancreatic cancer
Pancreatic cancer severity scoring
Bladder cancer
Esophageal lesions
Lung cancer
Prostate cancer
Lymph node metastasis [86–88]
Breast cancer metastasis
Renal carcinoma
Alzheimer's disease [89,90]
Parkinson's disease [90,91]
Lung carcinoma [92]
Host Vs Graft rejection [93]
Immunomodulation for treatment of diabetes [94]

[95]
Brain ischemia, Parkinson's disease [96,97]
SARS-CoV-2 [98,99]

h HIV-Nef, HIV infection (AIDS) [100]

Pre-cancerous lesions [101]
Therapy based on target proteins [102–104]

[105,106]
[107]

Tumor suppression [108]
Myocardial ischemic injury [109]
Gastric tumor sensitization and inhibition of
metastasis

[110]

Tumor metastasis
Glioblastoma [111]
Bone metastasis [112]
Liver lesions [113]
Lung cancer
Tumor inhibition [114]
Breast cancer inhibition [115]
Brain lesions [116]
Morphine addiction [117]
Endothelial dysfunction [118]
Immunomodulation [119]
Inhibition of tumor growth [120]
Cancer cell accumulation and inhibition of
tumor growth

[121]

Prostate cancer, breast cancer or colorectal
cancer cells

[122]

Cancer inhibition
Wound repair [123]
Targeting epidermal growth factor receptors [124]
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3.1. Biomarkers identified from exosomes

Cells involved in pathogenesis secrete exosomes and exosomal bio-
molecules are thus utilized as diagnostic and prognostic markers. Simi-
larly, exosomes from normal cells also provide their health status [70,
71]. Exosomes were released during several pathogenic process such as
inflammation, immune response, cancer progression, cell damage and
death [125]. The released exosomes from the cells are either obtained by
culturing ex vivo or it can be isolated from the body fluids like blood,
urine, saliva, sweat etc. The possible biomolecules identified in exosomes
like transmembrane/intracellular proteins and nucleic acids are consid-
ered as biomarkers that can provide useful information for diagnosis,
staging of the disease and prognostic process before/after therapy [23,
126]. Despite tremendous success in exosomal biomarker-based diag-
nosis of different diseases, notable drawback is also identified such as loss
of molecular integrity in the exosomes due to improper storage condi-
tions. Storing the exosome containing samples below �70 �C was
considered optimum and storage conditions for exosomes are still being
optimized. The basic biochemistry and specific biomarkers for disease
diagnosis and staging is still being explored and hence, a single
biomarker for appropriate disease staging is still unidentified [127].

Tetraspanins are the well-established biomarkers detected in exo-
somes from variety of cell types or body fluids. Increased CD81 was
correlated with viral hepatitis induced fibrosis in liver [128]. Cancer
diagnosis is one of the best examples for exosomes as a diagnostic
marker, as several proteins were identified and established for their
occurrence in exosomes [33]. These identified proteins are well-known
for its cellular signaling such as cell adhesion, migration, and traf-
ficking [129]. Another significant information obtained from various
studies are that during cancer progression, the number of exosomes
produced by the cancerous cells is more than the normal cells [130].
Tumor growth influenced by certain important pathogenic steps like
angiogenesis, and metastasis, are reported to be triggered by tumor
derived exosomes. CD63 also known as lysosomal associated membrane
protein 3 (LAMP-3) was reported to be upregulated during melanoma,
lung, and ovarian cancer conditions [131,132]. Similarly, elevated exo-
somal occurrence of epidermal growth factor receptor (EGFR) during
glioblastoma, glypican-1 at an early stage of pancreatic cancer and reti-
noic acid-induced protein 3, resistin etc., during bladder cancer are some
of the best examples of exosome derived markers for the specific type of
cancers [49,133,134]. Similar to exosome-derived proteins, nucleic acids
in exosomes, especially micro-RNA (miRNA), small interfering RNA
(siRNA), p-element-induced wimpy testis (PIWI)-interacting RNA
(piRNA), contribute to the diagnosis of cancer. Analysis of circulating
miRNA during cancer diagnosis apart from tissue biopsy, is considered
very effective in detection of type and stage of cancer [77,78,135,136].
Some of the reported mi-RNAs include miRNA-21 for esophageal lesions,
miRNA-139–5p, 378a, 379 and 200–5p for lung cancer, miRNA-574–3p
and 141–5p for prostate cancer [79,80]. It is not just mere diagnosis that
mi-RNA aid in cancer management, but they were very effective in
differentiating the lesions and identify the specific type of cancer [81,
137,138]. miRNA-375 isolated and analyzed from plasma derived exo-
somes were able to differentiate pancreatic cancer from benign hyper-
plasia. It was also reported to help in identifying the progression of
inflammation to oral carcinoma and can be a potential early-stage
biomarker. miRNA-200c-3p and 21–5p were analyzed to differentiate
the stage of pancreatic cancer and provide severity score, along with the
help of Let-7a-5p miRNA [139,140]. Apart from this, exosomes obtained
from human amniotic fluid, saliva and urine consists of several miRNA
molecules and they provide information about chance of prenatal renal
failure and pancreatic cancer [82,83]. Identification of bare mRNA in
urinary exosomes with upregulated glycoprotein enzymes, a prostate
specific antigen provided diagnosis of prostate cancer and reported to
reduce the biopsy sampling of almost 25% of the patients [141]. piRNA
derived from exosomes is another efficient tool for diagnosis of various
disease which has pathogenic process at the genetic level as piRNA plays
5

crucial role in gene silencing, germ stem cell maintenance and they are
oncogenic. Somatic cells secrete exosomes with less piRNA concentration
and when these cells undergo cancerous modifications, it influences the
level of piRNA in the exosomes secreted by them and they aid in different
stages of cancer progression from proliferation, inhibition of apoptosis to
metastasis, and invasion [84,142,143]. piRNA-4987 provides diagnosis
of lymph node metastasis, while piRNA-932 and PIWIL2 indicate breast
cancer metastasis. During renal cell carcinoma increased levels of
piRNA-32052, 39,894 and 43,607 in exosomes were observed and these
molecules provide information about the clinical stage of the cancer
progression and survival rate of the patients [85,144,145]. Apart from
cancer, certain neurodegenerative diseases were also diagnosed using the
exosomal markers such as increase Aβ-peptide and phosphorylated
τ-protein in neural cell derived exosomes indicate the Alzheimer's disease
[146,147]. Similarly, increased cathepsin-D and α-synuclein levels are
proposed to indicate the early stage of Parkinson's disease progression
[147,148]. Research studies are being conducted to upgrade and develop
the exosome-based diagnosis for cancer and other complex diseases with
respect to specificity. Deeper exploration to understand the intracellular
sorting of exosomal molecules, extracellular release and internalization
in the donor cells can provide valid insights about the pertaining disease
conditions and can make exosomes potential to analyze the early onset
and staging of the diseases [7,149,86].

3.2. Engineered and naive exosomes for therapeutic applications

Predominant applications of exosomes were reported to be in the
diagnostic platform until many of those reports were translated to clinical
set up. Despite being potential to influence the physiological and mo-
lecular signaling exosomes, there are noticeable number of research re-
ported on their therapeutic applications, which are still at preclinical
stage and only very few of the studies are being tried in clinical trials.
However, several interesting studies were reported in the past decade
with respect to therapeutic potential of exosomes either in naïve or
engineered form for treatment of certain disease conditions like cancer,
immune related disorders, neurological disorders, and infection [67].

Exosomes from tumor cells in their naïve form are loaded with certain
influencing biomolecules and are used in cancer therapy. Exosomes from
patient's own tumor cells in naïve form were used to enhance the innate
immunity and avoid immune evasion by cancer cells [23]. It was pre-
sumed that insulin like growth factor receptor when loaded on to glioma
cells obtained from same patient, it might inhibit tumor progression by
interacting with tyrosine kinase receptors. This study was a clinical trial
and the results were not disclosed [87]. Similarly, several trials involving
exosomes from mesenchymal stem cells were utilized to treat pancreatic
cancer by loading it with KrasG12D-specific siRNA, which targets KRAS
oncogene [88]. Tumor antigen loaded dendritic cell exosomes were test
clinically against lung cell carcinoma. Some of the studies did not show
very effective response with respect to tumor inhibition [23,89,90].
Exosomes showed their potential in immunomodulation and
anti-inflammation, which are key signaling pathways in many disease
conditions influenced by immune cells [91]. MSC derived exosomes were
effective against graft Vs Host disease through inhibition of proin-
flammatory reactions and cytokine responses [150]. Clinical trials for
diabetes and macular degenerations have adopted this hypothesis.
Similarly, umbilical cord MSCs were isolated to obtain their exosomes for
treatment of diabetes through immunomodulation in β-cells [151].
T-regulatory (T-reg) cells has the ability to restore the T-helper cells
based immune balance and this phenomenon was used to treat diabetes
type-1 by modulation of T-reg cells activity effected by cord-blood stem
cells derived exosomes [152]. In case of neurological disorders, exosomes
possess a significant advantage of the ability to cross blood-brain barrier.
Neurodegenerative conditions like ischemic stroke and Parkinson's dis-
eases were effectively treated with exosomes, specifically with the ones
that has ability to modulate inflammatory process [92,153,154]. Several
deadly infections including current pandemic caused by SARS-CoV-2
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were also reduced by exosomes and exosomes-based vaccines [155].
Exosomes isolated from infected cells were used to deliver
disease-associated antigens. This approach was adopted to study
SARS-CoV-2 inhibition in vitro and clinical trials were initiated against
pulmonary injuries caused by COVID-19 infections [93,94]. Dendritic
cell-exosomes were loaded with Toxoplasma gondii antigen to tweak the
immune response and effectively treat pertaining infections [95].

The inconsistent results obtained with the naïve exosomes showed
that, major modification in the exosomes by loading with protein, nucleic
acids, and small molecules, can impact some important intracellular
events involved in disease progression at molecular level [96]. Proteins
were incorporated on to the exosomes by inducing the over expression of
specific protein in donor cells for inclusion in exosomes, or including the
target proteins along with the biomolecular milieu of exosomes, modi-
fying the target protein and external force assisted protein inclusion [97,
156,157]. Target proteins are over expressed by including the specific
gene producing target protein was transfected into the donor cells and
isolated in the secreted exosomes. Though this strategy is straight for-
ward and the engineering process is carried out naturally, there are
several issues that are to be addressed like cytotoxicity due to abnormal
target protein concentration, low specificity, and chance of inappreciable
biological response [157]. In order to overcome these limitations con-
stant explorations are ongoing to incorporate the target protein specif-
ically for over expression and recipient cell uptake. One of the strategies
to specifically incorporate the target protein is by fusion along with
protein milieu in the exosomes. Fusion of mutated target protein with
HIV-1 Nef protein helped in assembly of the target protein in the exo-
somes [98]. There are certain studies which involved in aiding the target
protein by the exosome sorting machinery (ESCRT). Nedd4
family-interacting protein 1 and cytosolic domain of Env protein are
some of the protein subunits well recognized for exosomal packaging and
makes it suitable target for fusion of target proteins [99]. Transferrin and
lactoferrin uptake by precancerous tissues was successfully delivered by
fusing with GAPDH and inclusion in the exosomes [158]. Currently
several researchers focus on successfully fusing the target protein with
the exosomal proteins, without altering the biological function of the
target protein. Mostly fusion of target proteins with peptides, rather than
complete proteins were considered for exosomal packing. Apart from
fusion of target proteins, modification in the expressed target proteins
was also another successful therapeutic strategy [159]. Ubiquitination of
the target protein has shown significant increase in the exosomal target
protein concentration. Mono-ubiquitinated syntaxin 3, sorting of MHC
class II β chain are examples of ubiquitin mediated exosomal sorting of
target proteins. Myristoylation and palmitoylation were also found to
enable the packaging of target protein in to exosomes, similar to ubiq-
uitination [160–162]. Certain externally applied mechanical force also
aided in inclusion of target proteins in to exosomes, where the me-
chanical force includes repeated freeze thaw cycles, sonication, saponin
based permeabilization and mechanical extrusion which were successful
in loading catalase in to exosomes for Parkinson's disease management
[100]. The protease degradation of the target proteins was achieved by
sonication, mechanical extrusion and permeabilization more efficiently
with increased protein loading and sustained release from exosomes.
Major concerns with this method of protein loading are the difficulty in
exosome purification after engineering and maintenance of exosomal
integrity [157,163].

Nucleic acids that can affect the disease progression at the molecular
level, was also explored for its inclusion in to the exosomes. Exogenous
siRNA inclusion with exosomes was tried in vitro with HeLa cells and
showed a good loading efficiency. This method includes direct incuba-
tion of exosomes with the commercially procured siRNA molecules and
found to be fairly straight forward [101]. However, several RNA mole-
cules which pose challenge during the loading process were achieved by
electroporation, molecular guidance through protein and peptides that
has ability to bind to specific RNA sequences and can be achieved by
certain helper molecules for cytosolic delivery that are conserved for
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exosomal packaging [157]. L7Ae, an archaeal ribosomal protein was
bound to CD63 at the C-terminal region and adding C/D box into the
gene of interest at 30-UTR in the RNA structure. The gene of interest was
internalized in the exosomes through the L7Ae and C/D box [164,102].
Similarly, Connexin 43 (Cx43) was packaged in to the exosomes and
mutation of S368A of the protein sequence greatly help in delivery of
Cx43 in to the target cells. This mutated Cx43 can be exploited for
cytosolic translocation of desired protein through exosomes. C/D box and
related gene manipulation are together called RNA packaging device and
with the help of cytoplasmic transfer agents, genes were transfected to
the donor cells to produce the engineered exosomes loaded with desired
proteins [103]. Exosomal-RNA analyses revealed that three motifs are
considered as signature sequences that are conserved for most of the
exosomes. These sequences were targeted to generate candidate RNA to
get internalized into exosomes [104]. Tumor derived exosomes were
detected with high levels of tumor suppressive miRNA (miRNA-193a)
and they were noted to interact with a protein called major vault protein
(MVP) without which the desired miRNA involved in inhibition of cancer
progression, was found to be accumulated in the intracellular compart-
ment [165]. Myoferlin, AGO2 and GW182 are some of the proteins
identified with similar property like MVP and they are continuously
explored in vitro and in silico for nucleic acid packaging into the exosomes
[166]. Other approaches include transfection of desired miRNA or siRNA
into the cells and natural accumulation in exosomes. Therapeutic role of
miRNA-126 against ischemic injury in myocardium, miRNA-214 inhibi-
tion carried out by exosomal anti-214 leading to gastric tumor sensiti-
zation for chemotherapy and inhibition of tumor metastasis by exosomal
delivery of HGF siRNA are some of the best examples of transfection of
desired nucleic acids into the donor cells through exosomes [167,105].
Loading large sequence of RNA into the exosomes is quite difficult and
hence, relying on the gene editing system (CRISPR/Cas9) in the recipient
cells is not a feasible approach. However, preparation of hybrid con-
taining liposome encapsulated exosomes are developed which showed
great promise in enhanced large RNA/DNA accumulation and delivery
into the recipient cells [106].

There are certain drug molecules loaded directly in to the exosomes
using methodologies like mixing and incubation, ultrasonic treatments
and etc., [107]. Some of them includes, curcumin incubation with the
exosomes, loading chemotherapeutic drugs like paclitaxel into exosomes
using electroporation, ultrasonic waves and through direct mixing [168].
Stability of the drug, its site-specific release and efficacy were tested with
these three exosome engineering methodologies, where ultrasonic
treatment showed the best results [157,108]. Direct incubation of
paclitaxel with the donor cells was performed and it resulted in secretion
of exosomes accumulated with this drug [169]. Freeze-thaw cycles,
membrane permeabilization using saponins were also effective in inter-
nalization of drug molecules into the exosomes for Parkinson's disease
treatment [100]. Major disadvantage of this strategy of exosome engi-
neering is difficulty in isolation, concerns with stability of drug inside the
exosomes and bioactivity of the drug. However, continuous upgradation
and optimization are carried out to arrive at a suitable methodology and
conditions for drug loading process, as exosomes mediated treatment can
be much easier, cost effective and provide good efficacy against the
disease condition due to high drug loading concentrations [157,107].

3.3. Drug delivery applications

Site targeting is one of the important steps in exosome mediated
therapy after successful loading of the therapeutic components. Primary
sites of accumulation of exosomes are reported to be liver, kidney, and
spleen. However, researchers are modifying the core and surface of
exosomes for increased accumulation at the specific site of target [112].
Lipid and proteins molecules on the surface are the primary point of
contact between the exosomes and donor/recipient cells. Surface mole-
cules interact with receptors in the target cells through natural in-
teractions [97]. Delivery of mesenchymal cells derived miRNA-124 to
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glioblastoma cells, MDA-PCa2b (prostate cancer cells) derived
miRNA-141–3p to osteoblasts were successfully achieved through
exosome-dependent pathway [109,110]. Exosomes from
tumor-associated fibroblasts possess several integrins in their surface
such as integrin αVβ5 target liver cells while integrin α6β1 target lung
cells [170]. This provides excellent opportunities to exosomes mediated
cancer therapy as exosomes from single type of cells has ability to interact
with different cell types. Though drug molecules can be distributed to
different part of the system through exosomes, it is undeniable that they
are also a potential source of molecules that aids in metastasis. Hence,
strategies to avoid these pro-cancerous molecules from the exosomal core
or surface is an important point to be addressed [33,157,118].

Surface functionalization of exosomes with target ligand molecules
that can potentially interact with recipient cell surface receptors is
another valid strategy for a successful exosome mediated drug delivery.
Lactadherin C1C2 domain and Lamp2b with synthetic tags are some of
the commonly studied targeting proteins in the exosomal surface [171].
αV integrins are one of the conserved membrane proteins expressed in
most of the tumor cells [119]. Cyclic peptide, iRGD in malignant tumor
has high affinity to the surface integrins of malignant tumors and a study
involving the over expression of iRDG and Lamp2b on the surface of the
immature dendritic cell (imDC) derived exosomes showed significant
targeting to the breast cancer cells [172]. Doxorubicin loading into the
imDC derived exosomal core has shown significant efficacy against breast
cancer cells [120]. Similarly, brain targeting was successful with exo-
somes containing rabies virus glycoprotein (RGV) and related peptides;
c(RGDyK). Delivery of miRNA-124 was successfully carried out for brain
infarction treatments when exosome surface was modified by RGV fusion
with Lamp2b protein [173]. Treatment for morphine addiction was
carried out by delivering morphine receptor silencing siRNA to the
Neuro2A cells or mouse brain through exosomes containing RGV pro-
teins on the surface [174]. Binding ability of Klotho protein to the surface
of endothelial progenitor cells have provided new path for exosomal
mediated delivery for certain endothelial therapeutics. Transfection of
Klotho gene into the mesenchymal cells and obtaining exosomes loaded
with adenosine kinase siRNA by electroporation showed significant de-
livery of the drug components to the endothelial cells [111]. Another
strategy of specific targeting ability of exosomes was developed with
nanoparticle-exosome combination by membrane modification in the
donor cells or exosomes. Nanoparticles that stabilize the glyco-
sylphosphatidyl inositol (GPI) on the exosomal surface showed very good
presentation of reporter proteins, signaling molecules or immunomodu-
lating antibodies [112].

Surface coating of exosomes with antibodies were developed for
many cancers therapeutic applications. A33 positive exosomes were
isolated from LIM1215 cells and doxorubicin was included in the exo-
somal core. Further, surface coating of A33 antibodies with iron oxide
nanoparticles showed significant inhibition of cancer growth [113].
Infrared mediated nanoparticles like gold nanorods, when coated on to
the surface of exosomes and irradiated with light, increase in tempera-
ture with increased permeability of exosomes was observed aiding in
release of drug molecules into the site of interest [121].
Aminoethyl-anisamide-polyethylene glycol ably targets the lung cancer
cells and is used to coat the exosomal surface that was added with
paclitaxel showed high drug loading capacity and accumulation in the
cancer cells [114]. Antibodies-like RNA was reported to possess high
affinity towards surface markers of prostate cancer, breast cancer or
colorectal cancer cells. Hence, loading small molecule inhibitors or
siRNA to exosomes with antibodies-like RNA showed significant cancer
inhibition without observable toxicity [115]. Glycoprotein based adhe-
sion molecules on platelet surface helped in targeting and retention of
drug in the damaged tissues. Platelet nanoparticles was successful in
guiding several stem cells and pertaining exosomes to mediate cardiac
tissue repair [116]. Apart from triggering the expression of desired
molecules and natural mechanism of exosome sorting, recently the
functionalization of exosomes after isolation has gained significant
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interest like conjugation of PEG with phospholipid derivative to target
the epidermal growth factor receptors. This nano conjugation of phos-
pholipid has significantly improved the systemic circulation of the
engineered exosomes and specifically targeted the tissues of interest
[117].

The theranostic applications of exosomes discussed above, helped in
management of several diseases uniquely. However, their clinical trans-
lation still in its early stages, because of the issues pertaining to quality
and quantity of the isolated exosomes. There are a lot of unexplored
territory in biological process of exosome generation, which is a huge
road block for the clinical translation. Complete understanding of the
biology of exosome at the cellular level may throw light on the molecular
and biochemical profile and will help in manipulating the exosome
generation pathways, engineering exosomes and exosomal targeting
strategies, according to the requirements. The pharmacological stability
is another important aspect to be considered for the development of
exosomes-based therapeutics. Quality of purified exosomes are greatly
affected by other EV components that significantly affects the physico-
chemcial properties of exosomes and in turn the efficacy of the applica-
tion. Significant research and development on optimizing the isolation
processes are being conducted to fill the gaps in theranostic applications
of exosomes due to quality and quantity of exosomes. The isolation
methodologies and challenges faced during each methodology were
discussed in the following section, which clearly states that continuous
exploration is absolutely required for optimizing the exosome isolation
protocols.

4. Isolation methodologies and challenges

The first and crucial step during any of the above-mentioned appli-
cations is isolation of exosomes from the donor cells. Important aspects
which should be considered during development of an isolation protocol
are finding the methodology with optimal conditions that does not affect
the overall biological functions of the exosomes, biochemical profile of
the exosomes, structural integrity of the exosomes and finally aid in
increased yield of exosomes with less impurities [122]. The exosomes are
to be separated out from varied size of particles in the form of virus,
bacteria, intracellular organelles, and other extracellular vesicles that
includes microvesicles and apoptotic bodies [126]. Many methods are
employed for successful isolation of exosomes but most of them are
broadly grouped into 6 major categories based on their working principle
(Fig. 2). Isolation of exosomes were achieved by ultracentrifugation
based on the size and density, whereas ultrafiltration and chromatog-
raphy (especially gel-filtration chromatography) exploited the size of the
sample based on which exosomes were purified from the other cellular
components. Immune-affinity based isolation methods involves the
specificity of surface proteins, polymer precipitation involving the dif-
ference in solubility and microfluidics-based isolation technologies.

Isolation methodologies have shown significant success and aided in
exosome-based therapeutics. Though several commercial kits were
developed based on the separationmethodologies, the drawbacks in each
method are still highlighted and current research studies were focused
primarily on filling the gaps in separation methods [123]. One of the
major disadvantages in all the methodologies, is the purity of the resul-
tant exosome fraction. Hence, combining the separation methods to
obtain a hybridmethodology helps in enhancing the purity of the isolated
exosomes [124]. Ultracentrifugation is relatively easy method to perform
and despite several advantages, the vesicles of varied sizes ranging from
50 to 1000 nm were observed. This heterogeneity in size leads to over-
lapping of the vesicles and contamination is a common issue [123,175].
Density gradient ultracentrifugation has concerns with exosomes of low
density floating at the top layer, which require another round of centri-
fugation [176]. In case of ultrafiltration, stationary phase obstruction by
microvesicles make the exosomes to be trapped in between. This reduces
the efficiency of the membrane or stationary phase with number of
separation procedure [177,178]. The instrumentation used for size



Fig. 2. Various isolation methodologies of exosomes [134].
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exclusion procedure is little complex compared to other methodology
and its run time is also very long. In case of immunoaffinity capture
methodology, low yield, and chance of false negative outcome due to
heterogeneity in tumor antigen are some of the disadvantages [179]. The
exosome precipitation method has a problem with isolation of specific
exosomes and low purity. Several other aggregates like protein, micro
vesicles and etc., from body fluids interfere with the purity of isolated
exosomes. Further, the complex biomolecular profile of the body fluids
leads to difference in viscosity and the sample contents other than bio-
molecules makes the optimization of the precipitation methodology
meticulous [124]. Microfluidic approach is still had not succeeded in
clinical translation mainly due to scaling up for the large sample numbers
apart from absence of pre-clinical validation and standardization [180].
The sample treatment before application into the device was more
laborious and exosomal loss during the pretreatment protocol leads to
low quantity of recovery. This has significant effect on the downstream
isolation and analysis of the biomolecules which are reported to be very
poor [126,178]. Fusion of two different methods improved the purity and
quantity of isolated exosomes. However, the cost included in the devel-
opment process is very high and strenuous training is required for un-
derstanding the working knowledge of the instrumentation. Increased
sample preparation and isolation steps are generally prone to instru-
mental and human errors [175,181,182]. To overcome these drawbacks
and other practical issues, continuous research and development is
required. One of the widely accepted hypotheses is the influence of
external energy in improvement of isolation efficiency and quality of the
isolated exosomes [183,184]. Ultrasound assisted exosome isolation is
particularly advantageous over other protocols and advancement in ul-
trasound technology has opened several gates in exosome research.
Acoustic waves have been mainly incorporated with microfluidics de-
vices and aid in isolation step, while it was also helpful in increased
exosomal release from the cells [184,185].

5. Research and development in ultrasound-based applications
in biology medicine

Clinical imaging is one of the successful tools in diagnosis and prog-
nosis of various complex diseases. Image based diagnosis was an integral
part of management of cancer, neurodegenerative diseases and even
provide valuable information regarding the progression of certain psy-
chological disorders [186,187]. Among the imaging modalities Magnetic
8

resonance imaging (MRI), Computed tomography (CT) and Ultrasound
provide significant insights on the disease status with minimal inva-
siveness [188]. Conclusive evidences were provided by these imaging
methods without any contrast enhancing agents, hence clinical diagnosis
and decisions regarding therapeutic management are successful most of
the times [189]. However, there are some exceptions, where contrast
agents are needed to differentiate overlapping symptoms of different
pathological conditions in the same organ or to define the disease stages
[190,191]. Ultrasound is one of the widely used clinical imaging tech-
niques which work under echo imaging principle [192]. The instru-
mentation consists of a transducer that generate acoustic waves, the echo
receiver, beam former, digital converter that converts the signals to data
(ADC) and finally computer-based data and image processing system
[193]. The transducers are made of piezoelectric material that generate
ultrasound waves in 1–15 MHz range, which propagate through tissues
and echo signals after the tissue interference were received. Change in
acoustic impedance in the echo signals were received back to the trans-
ducer which were processed by ADC. The converted signals were focused
by the beam former for a better image quality. The images were acquired
in B-mode (Brightness), M-mode (Motion) and Doppler mode (Blood flow
characteristics) [194].

Ultrasound based imaging method was considered for both diagnosis
and guided therapy which was successful against many diseases which
are summarized in Table 3. It is commonly preferred over other imaging
methods because it is inexpensive and easily portable. The instrumen-
tation is suitable for easy handling, and it is non-invasive. Poor pene-
tration into air filled tissues or bone makes it not suitable for imaging
lungs, brain, and abdomen. Though there are some significant drawbacks
reported against ultrasound, the preference over other methods was
given by clinicians because of it safe and cost-effective methodology
[195]. Ultrasound has been playing key roles in several research field
other thanmedicine. They are used in decontaminating the food products
from pesticides such as chlorpyrifos, methamidophos, τ-fluvalinate,
malathion etc. Milk products were processed through ultrasound meth-
odology to remove food allergens like lactoglobulins, tropomyosin,
casein etc., [196]. Cui and Zhu have organized several reports into a
review where they have included several possible polysaccharides,
whose efficacy has improved significantly by ultrasound irradiation with
major changes in their physico-chemical properties [197]. Apart from
this, ultrasound has become an integral part of food processing operation
and medicinal plants extraction methodologies to obtain bioactive



Table 3
Theranostic applications of ultrasound in clinics and nanomedicine.

Type of application Methodology utilized Disease condition/process influenced Reference

Neurological
applications

Thermal ablation with high intensity ultrasound (1–3 MHz); Mechanical
effect with medium intensity (>100 kHz); non-thermal effect (<100
kHz). Brain ablation with focused ultrasound

Parkinson's, essential tremors, pain, neuropsychiatric conditions [205]

MR guided focused ultrasound Essential tremors [206,207]
MR-guided pallidotomy with FUS Parkinson's disease [208]
Focused ultrasound Crossing blood brain barrier [209]
Focused ultrasound Neurovascular conditions [210]
MR guided focused ultrasound Angiogenesis during cerebral hemorrhagic stroke

Cardiovasular
applications

Ultrasound in B-mode Characterization vascular muscle walls [211]
Ultrasound in M-mode Blood vessel movements [212]
Doppler mode Blood flow characteristics [213]
Phospholipid-based microbubbles enhanced ultrasound Endocardial imaging [214]
ICAM-1 mediated targeting of endothelial cells Ischemia [215]
P-selectin Cardiac imaging [216]
Microbubble loaded VCAM-1, ICAM-1 and P-selectin Atherosclerosis [217]
Fibrin targeted microbubble Thromboembolism and acute coronary syndrome [218]
αIIbβ3 complex co-loaded with urokinase Delivery to site of thrombus [219]
Microbubble loaded with oxygen dependent prolyl hydroxylase (PHD2)
and matrix metalloproteinases 2 (MMP2)

Improvement in myocardial function and decrease in infarct [220]

Hepatic
complications

Conventional US Parenchymal morphological analysis, possible fibrosis, cirrhosis or
hepatocellular carcinoma and portal hypertension

[221]

Conventional US and sonographic hepatorenal index Steatosis [222]
Acoustic structure quantification (ASQ) Differentiation of fibrosis and steatosis [223]

Renal complications Conventional US Chronic kidney disease diagnosis [224]
Conventional US Renal lithiasis [225]
Color Doppler analyses Blood flow characteristics and renal parenchymal perfusion [226]
Doppler studies Blood velocity and alterations in renal vasculature, Resistive index [227]
Resistive index analysis Renal vasculitis, Glomerulo/Lupus nephritis, diabetic neprhopathy [228]
Contrast enhanced ultrasound Tubulointerstitial injury [229]

Cancer Conventional US (intraoperative imaging) Neurosurgery, Brain tumor resection surgery and management [230]
Conventional US Differentiation of malignant from normal/benign tissue [231]
Conventional US Management of thyroid cancer, ovarian cancer (Differentiation of

cystic composition and cancerous lesions in ovary),
[232–234]

Conventional US Prostate cancer diagnosis [235]
High intensity FUS Treatment of urethral strictures or epididymitis during prostate

cancer
[236]

High intensity FUS and MRI guided HIFU Tumor ablation [237–239]
HIFU Liver tumor removal [240]
MR guided US Bone metastases [241]

Nanoformulation Microbubble and ultrasound (Interior gas phase mediated and exterior
liquid phase mediated)

Nanoparticle synthesis [242]

Ultrasound irradiation, cavitation of microbubbles Nanoemulsification, exfoliation of multilayered particles [243]
Ultrasound treatment Herceptin loaded graphene [244]
Ultrasound guided chemical co-precipitation Hydroxyapatite/TiO2 nanocomposites [245]
Laser pyrolysis combined with ultrasonic nebulizer Zinc containing nanoparticles or nanocomposites (ZnS, ZnF or

ZnO)
[246]

Ultrasound induced oxygen radical generation Bovine serum albumin crosslinked microspheres [247]
Chemical effects of ultrasound Plant-based oil and wheat germ agglutinin, starch-based

nanoparticles
[248]

ultrasonication Superparamagnetic iron oxide nanoparticles containing
nanocomposites composed of polymeric methyl methacrylate

[249]

Therapy Sonosensitization Chemotherapeutic drugs and non-steroids anti-inflammatory
drugs, porphyrins compounds, pyrrole derivatives, 5-aminolevu-
linic acid, cholrin E6, methylene blue

[250]

Ultrasonication BBB permeability [251]
Ultrasonication mediated ROS generation Glioma treatment
Sonodynamic therapy combined with immune and hormonal therapy Breast cancer treatment [252]
Sonodynamic therapy Liquid tumors [253]
Sonodynamic therapy mediated delivery of cyclosporin B Actin inhibition and reduction of tumor growth
Sonodynamic therapy Anti-microbial therapy and periodontitis [254]
Sonodynamic therapy Treatment of atherosclerotic plaque [255]

Drug delivery Pluronic P123/F127 loaded with curcumin 4T1 breast cancer cell delivery and inhibition [256]
DOX loaded PLA microbubbles; surface coated with TRAIL MDA-MB-231 & MCF-7 cells-based tumor growth by site targeted

delivery
[257]

Gemcitabine encapsulated PLA bubble Pancreatic cancer delivery [258]
Mesoporous silica nanoparticles loaded with plasmid DNA encapsulated
in polymeric shell

Ovarian cancer delivery [259]

Loading O2 loaded microbubble coated with Span 60 and vitamin E Oxygenation of breast cancer and making it radiosensitive [260]
Lipid-based microbubbles coated with chemotherapeutic drug
encapsulated with perfluorobutane

Drug release and inhibition of tumor growth [261]

DOX-loaded liposomes coated with magnetic iron oxide nanoparticles
were encapsulated with perfluorooctane

Drug release and inhibition of tumor growth [262]

Sonoporation with Optison, Definity, Lumason/SonoVue and Sonazoid Deeper penetration of drugs [263]
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compounds [198]. Ultrasound assisted enhanced germination of cereals
were comprehensively discussed by Wang et al., 2019, where the
ultrasound-based techniques not only helped in germination process but
also influenced the crop resistance against several environmental
stresses, at molecular level [199]. Further several studies have discussed
on the ability of ultrasound in preparation of more safe and efficient
fertilizers that aid is germination and growth of different crops and on the
other hand ultrasound-based methods have been successful in water
treatment to remove organic and inorganic contaminants [200,201]. It is
not just the diagnostic property of the ultrasound that is utilized in the
clinical sector, but the acoustic property is being utilized and has suc-
ceeded in preparation of the active pharmaceutical ingredients as stable
nano/micro formulation [202], targeted delivery of the drugs [193],
improvement of the pharmacokinetic property and reducing the toxic
property of drugs [203]. However, the therapeutic application of ultra-
sound was achieved with significant changes in the experimental pa-
rameters. During diagnostic imaging ultrasound intensities were
maintain at a range of 0.05–0.5 W/cm2. Therapeutic ultrasound appli-
cations work mainly with the thermal and mechanical effects of acoustic
waves and hence, high intensities from 0.2 W/cm2 and up to 10,000
W/cm2 was used. Major difference between the imaging and therapy
based on ultrasound is that, imaging method captures the acoustic signals
from the tissues as echo and theory behind therapeutic ultrasound is the
biophysical effects of ultrasound like thermal and mechanical effects
[204].

5.1. Ultrasound & clinics

The applicability of ultrasound was recognized and brought into light
in 1950s and this started with John William Strutt (Lord Rayleigh), who
clearly described the theory of ultrasound and its applicability in various
field [264–266]. Diagnosis of mitral stenosis by echocardiogram and
abdominal imaging with pulsed ultrasound has revolutionized the med-
ical imaging [9]. Despite the initial breakthroughs, issues like heavy
instrumentation, failure to provide appreciable image quality, etc., were
reported and this led to significant research focus on developing a better
performing, portable instrumentation with advanced algorithms to ac-
quire images with high quality [267–269]. Ultrasound has become a
routine imaging method in clinics and has proved to be effective in many
pathological conditions like fibrosis [270], abnormalities in abdominal
organs [271], obstetrics [272], etc. However, sometimes clinicians rely
on ultrasound to obtain conclusive evidence along with other imaging
modalities due to complexity of the pathological condition or severity of
the disease stage [273].

5.1.1. Neurological applications
Neurological applications of ultrasound have gained significant

improvement recently after its ability to aid in neurosurgical procedures
for essential tremors, Parkinson's disease, neuropathic pain and certain
neuropsychiatric conditions like depression, anxiety and obsessive-
compulsive disorder [274]. These are certain thermal ablation-based
applications where higher intensity of ultrasound (>100 kHz; 1–3
mHz) were used, while medium (>100 kHz) or low (<100 kHz) intensity
ultrasound can induce mechanical and non-thermal effects in the tissues,
respectively [275]. Although poor penetration through the skull for
neuroimaging has limited the use of acoustic-based therapies, while
recent developments showed real-time monitoring of ablation was
possible through Magnetic Resonance (MR) guided focused ultrasound.
This is a non-invasive procedure that avoids surgical procedures like
incision or electrode penetration and is also approved in many countries
[276]. Apart from this, MR guided FUS thalamotomy is frequently
advised by experts for essential tremors when the patients did not
respond to medications. Studies showed significant recovery in the pa-
tients with reduction in tremors and improved motor ability. However,
the long-term adverse effect was observed in about 1/3rd of the patients
[277,278]. Ability of ultrasound-based therapy to treat essential tremors
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has led the researcher to conduct MR-guided pallidotomy with FUS,
which was a new advancement in this field, where the FUS is focused
mainly targeted at the excitatory nerve fibers at pallidum connecting to
the thalamus (Pallidothalamic tract) [279]. This could lead way to a
better treatment strategy to Parkinson's disease patients who are medi-
cally refractive [205]. However, the best target location in the brain for
treatment of Parkinson's disease is not identified yet and researchers are
focusing on this regard to narrow down to a common target area or
consider this as patient dependent [280].

Ultrasound has also shown potential in improving the pharmaceutical
properties of therapeutic drugs through efficient drug delivery across the
blood brain barrier (BBB), also in drug sensitization using low-intensity
acoustic waves at the target site and further help in drug internaliza-
tion by sonoporation process [206]. Facilitating a drug to cross the BBB is
one of the unsolved struggles in pharmacokinetic research and FUS has
shown significant promise in this regard with transient opening of BBB
through cavitation and microbubble injection [207,281]. Recently,
treatments involving sonoporation for drug internalization and sono-
sensitization for activation of drugs were performed together and it is
termed as sonodynamic therapy [208]. This could be achieved with
low-intensity ultrasound that produce non-thermal and mechanical ef-
fects on the tissues [282]. Similarly, ultrasound has shown its potential in
influencing certain intracellular processes for modulating neural activity,
inhibiting inflammatory signaling, angiogenesis and tissue regeneration.
Neuromodulation can also be achieved by applying low-intensity pulsed
US and this can directly influence the neural activity, or a drug molecule
can also be facilitated through the BBB by applying FUS. These US-based
methods provide reversible/irreversible neuromodulation without any
thermal ablation [283,284]. Neurovascular applications of US have been
well established and several clinical trials were performed to test the
effectiveness of US in thrombolysis, recanalization, functional improve-
ment of the vessels [285]. [286]. However, the application of US alone
did not provide expected outcome and hence, it is utilized as an adjunct
to tissue plasminogen activator (tPA) based therapy [287,209]. Angio-
genesis during cerebral hemorrhagic stroke, was reported to be suc-
cessful with MR guided FUS and though sonothrombolysis along with
angiogenesis was also effective and showed great promise, further ex-
plorations are required to reduce the side effects [288,210].

5.1.2. Cardiovascular applications
Ultrasound is one of the frequently preferred diagnostic techniques

for cardiovascular conditions as it does not cause any discomfort to the
patient and has no risk of radiation and so, it can help in a monitoring the
progress of the disease condition and provide a comprehensive obser-
vation about a patient that can help in identifying suitable treatment
method [289]. Vascular muscle walls were characterized in B-mode
[290], while pulse wave and Doppler mode were used to study the blood
flow characteristics [291,292]. Myocardial motions and blood vessel
movements were recorded in M-mode [293]. Apart from this several
other methods like strain imaging, contrast echocardiography, point of
care ultrasound (POCUS), 3D echocardiography, 3D volume flow mea-
surement and elastography were also used for imaging cardiovascular
system for various vascular complications. MRI and CT coupled angiog-
raphy are the imaging modalities still ahead of US imaging without
contrast enhancement, which fails 10–15% of the times due to poor
delineation of endocardial border [294]. This may be because of several
drawbacks in the ultrasound-based imaging methods. Doppler imaging
has several disadvantages like longer acquisition period, complicated
post processing of images and relatively low reproducibility. The strain
imaging based on doppler effect highly depends on the angle of image
acquisition to obtain high frame rates, while 3D echocardiography suffers
from low spatio-temporal resolution. POCUS is not a comprehensive
imaging technique and cannot provide complete pathological informa-
tion but is effective in providing rapid clinical care [211]. All the
ultrasound-based methodologies suffer from shortcomings and re-
searchers are constantly working towards addressing these issues or
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improving the instrumentation for getting images with better quality.
One of the important findings for enhancing the quality of ultrasound
images, is the discovery of contrast agents like phospholipid-based
microbubbles filled with gases like octafluoropropane, perfluoro pro-
pane etc. [289]. There is a marked difference in the acoustic impedance
between the gas encapsulated microbubble and the nearby tissues, which
leads to significant increase in the backscattering US signals [212].

Tissue perfusion imaging and endocardial border delineation are the
major imaging methods being practiced in the clinics and these are
highly recommended methods which helps in occlusive and pre-
occlusive stenosis, blood flow characteristics of the repaired vessels
and physical characteristics of the plaques [213,295]. Chance of false
diagnosis due to overlapping symptoms has directed the researchers and
clinicians to rely on molecular contrast agent guided US. It is very suc-
cessful in precise diagnosis for myocardial infarction where the micro-
bubbles are targeted towards leucocytes through complement system or
leucocyte specific ligands coated on the surface of the microbubbles
[214,296,297]. Detection of ischemia through intercellular adhesion
molecule-1 (ICAM-1) mediated targeting of endothelial cells, P-selectin
targeted detection are some of the advancements in the field of cardiac
ultrasound technology over the conventional reperfusion-based methods
[298,299].

Atherosclerosis was also showed to be effectively imaged using tar-
geted microbubble mediated ultrasound [300]. Recently Yan and
co-workers developed a microbubble targeting 3 markers (VCAM-1,
ICAM-1 and P-selectin) which are the key players in atherosclerosis has
given a new dimension to management of atherosclerosis [301].
Thromboembolism is a characteristic feature of acute coronary syndrome
and fibrin targeted microbubble helps in locating the thrombi at different
parts of the system. Further to avoid cross reactivity with fibrinogen,
researchers have targeted activated platelets using αIIbβ3 complex, while
urokinase co-loading has helped in targeted delivery to the site of
thrombus [215,216]. Current revascularization-based treatments for
stroke are performed with thrombolytic drugs where the dosage and
duration of treatment depends on location and size of occlusion.
Increased and prolonged dosage could lead to hemorrhage and other
pertaining adverse effects. Hence, US was utilized for thrombolysis by
microbubble based mechanical dissolution. Facilitating the thrombolytic
drugs deep into the thrombus has shown significant success in
pre-clinical and phase II clinical trials. The microbubble-based US
application has shown significant promise in controlled delivery of
various drug molecules [302,217]. Marked development in gene therapy
for cardiovascular complications was observed recently, despite its
pharmaceutical limitations. Microbubble loaded with oxygen dependent
prolyl hydroxylase (PHD2) and matrix metalloproteinases 2 (MMP2) has
shown to improve myocardial function and decreased the infarct [218,
219]. Continuous explorations are underway to address the limitations
like inflammatory reactions, hemolysis with in heart, microvascular
rupture and leakage [303].

5.1.3. Hepatic and renal conditions
Morphological level alteration in the kidney is well observed in B-

mode US imaging and color Doppler or contrast enhanced ultrasound
(CEUS) provide changes in the organ perfusion [304]. Conventional US
also helps to assess the liver parenchyma for any lesion that can lead to
possible fibrosis, cirrhosis or hepatocellular carcinoma and portal hy-
pertension. SD elastography have been successful in deciphering
different stages of liver fibrosis [220].

Reduction of longitudinal renal diameter is the hallmark of chronic
kidney diseases leading to significant reduction in the glomerular
filtration rate [305]. The parenchymal thickness is another important
feature to be noted during CKD diagnosis, which is the distance of
capsule and the base of the renal pyramids while performing the longi-
tudinal scanning of kidneys [306]. The color Doppler analyses provide
valuable information for other diagnostic techniques, while spectral
Doppler studies provide valuable information on blood velocity and the
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alterations in the renal vasculature [307]. A shift in Doppler frequencies
provide information about the blood flow characteristics and measures
the resistive index (RI). It is the sum of resistance forces that opposes the
arterial blood flow and gives an assessment about the microcirculation in
the renal system [221].

Most of the renal complications were diagnosed and the severity was
also given with RI value. Normal kidney has the RI of approximately 0.6,
0.7 is considered as the upper limit, above which the kidney can be
categorized as CKD [308]. Glomerulonephritis and tubulointerstitial
atropy are the common feature of almost all the renal pathological con-
ditions at the advanced stage of CKD and hence, RI was reported to reach
up to 0.7 and stage 5 CKD showed the RI value of 0.8 [224]. The change
in RI value and image-based evidences for the pathological changes in the
kidney provides precise and conclusive information about the disease
status which helps in deciding the optimal treatment strategy to the pa-
tients [226]. Certain conditions like secondary nephropathies accompa-
nied with glomerular damage, shows RI more than 0.75 to 0.8 because of
the co-existing microvascular impairment due to vasculitis, glomer-
ulo/lupus nephritis [307]. On the other hand, the diabetic nephropathy
(DN) with characterized microalbuminuria, hyperfiltration and uncon-
trolled glycosylated hemoglobin was detected with low RI (~0.5) and
high GFR [227]. But, in later stages of DN the RI significantly increases
due to microvascular injury and reduction in GFR [228]. Tubulointer-
stitial injuries are very difficult to diagnose using US due to its complexity
and combined observation from a second level imaging technique or
CEUS are required to derive the exact clinical conditions [229]. In case of
urinary calculi or any mode of urinary obstruction, US is the first imaging
technique employed for diagnosis and they are observed as hyperechoic
and forms an acoustic shadow [309]. US was reported to be 95% suc-
cessful with renal lithasis but only 35% accurate in case of ureteral
lithiasis. Secondary complexities due to urinary obstruction such as
hydronephrosis, ureteral dilation or bladder stasis are very well diag-
nosed using US with 100% sensitivity [310]. Though a skilled nephrol-
ogist can diagnose up to 70% of the CKD patients, at advance stages of
renal damage with reduced kidney size and unstructured morphology,
US based detection and accurate diagnosis with staging, of a particular
condition is very difficult [311].

Similarly, the change in morphology of the hepatic tissues and
convincing pathological observations were reported with US. Conven-
tional B-mode imaging proved a qualitative score of the liver paren-
chymal morphology, where diaphragm and hepatic blood vessels cannot
be seen distinctly in a fatty liver condition compared to normal liver
imaging [220,312]. Steatosis detection at early stages varies with
inter-person imaging and liver brightness holds the key to an effective
diagnosis. Hence, sonographic hepatorenal index was introduced, where
segment 6 of liver and upper pole of right kidney were visualized and the
brightness was measured in pixels at the region of interest. The SHRI
stands for the ratio of mean liver to renal cortex brightness [313,225].
The correlation between the histological findings and SHRI were re-
ported in several studies and its ability to diagnose mild steatosis shows
its success among the other grading methods. Despite the success of SHRI
grading system, optimization of the technique is still required to avoid
interobserver variation [314]. Another feature of ultrasound that helps in
differentiating the steatosis and fibrosis is speckle noise that occurs as
scatters due to interferences during imaging. Acoustic structure quanti-
fication (ASQ) is a type of scoring system used to differentiate fibrosis
and steatosis using the statistical deviation in the ultrasound signals
[315,222].

5.1.4. Cancer diagnosis and therapy
Outcome of constant exploration for cancer management strategies

led to development of several interdisciplinary approaches in every stage
from diagnosis, drug delivery, treatment, and long-term prognosis.
Cancer management has been approached through physical, chemical,
and biological methods. Recently after the success of material science
and nanotechnology applications in the medicine, clinicians started
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embracing the interdisciplinary approach [316]. Among the
well-established interdisciplinary strategies for diagnosis and treatment
of cancer, image guided methods and chemo-sensitization using the
biomedical instrumentations has shown tremendous success [317]. Ul-
trasound is part of the clinical imaging method with great success with
respect to cancer management over other successful major imaging
methodologies. This could be because of the absence of ionizing radia-
tion, easy portability, and real time visualization through the US-based
method [223]. Halliwell in 2010, has reported that among the diag-
nostic images generated, 20% of them are US-based images [318].

Ultrasound has been successful in brain tumor management, espe-
cially US has been an essential part of brain tumor resection surgery.
Intraoperative US imaging is very helpful for brain tumor surgery mainly
for localization of tumor and delineating the margins without affecting
the flow of the surgery [319]. Brain tumor treatment by trans-cranial MR
guided focused ultrasound was considered as a better option than other
successful treatment strategies. Neurosurgery for maintenance of brain
function was successful in many clinical studies with reduction in pain
[320,321]. Diagnosis of breast cancer has been successful with the help
of ultrasound, which provides better differentiation of malignant from
normal/benign tissue in comparison to commonly preferred
mammogram-based diagnosis [322,230]. For any disease condition, it is
necessary to diagnose the stage of the disease early and accurately for
providing a suitable and timely treatment. Ultrasound has significantly
aided the diagnostic imaging of cancer specifically, up to 17% increase in
clear and accurate diagnosis. This has led to almost 40% decrease in the
number of biopsy testing, for cancer diagnosis [323]. US has also shown
its success in accurate diagnosis and management of thyroid cancer. Fine
needle aspiration-based biopsy helps in diagnosis of thyroid cancer and
US has been instrumental in guiding the technicians to locate the region
of interest for fine needle aspiration (FNA) biopsy sampling [324].
Similarly, the US has been very effective in diagnosis of ovarian cancer
lesion and distinguished them clearly from normal or benign tumors
septum [231]. Morphological features such as cystic composition or solid
tumor lesion, of ovarian tissue and pertaining cancer lesions were
observed through US imaging with internal echoes occurring irregularly
and septum formation that are considered as the gold standard in ovarian
cancer diagnosis. As discussed previously, scoring system is an integral
part of US methodology in several diseases, especially the cancer diag-
nosis [325–327]. However, the limitations like unsuitable for clinical
practice without proper scoring system were constantly addressed [323].
Prostate cancer diagnosis was either performed digital rectal examina-
tion and further tissue biopsy was performed after a transrectal ultra-
sound imaging-based confirmation [328,232]. Some drawbacks like
limited availability of clinical protocols and difficulty in imaging during
edema conditions were reported. Inability to set a theoretical
baseline/cut-off value is another concern with US, despite having scoring
system as an integral part of diagnosis [233].

Therapeutic application of ultrasound and acoustic systems have been
well exploited for cancer management. The use of focused ultrasound
technique for experimental study and therapeutic trial was first held in
1942 and then it was well established in 1970. Tumor ablation was found
to be possible when focused ultrasound was applied at high intensity,
where in FUS at a higher frequency was applied to manipulate the me-
chanical effects such as cavitation, microstreaming etc., and thermal ef-
fect causing elevation in temperature up to 60 �C, for tumor removal
[233]. In case study of prostate cancer treatment with HIFU (Sonablate®
device), the overall survival rate of 918 patients in the study showed up
to 89.6% and about 97% of overall survival rate for a period of 10 years.
Though there were notable side effects due to HIFU treatment reported in
this study, such as, urinary inconsistency caused by urethral strictures or
epididymitis, it showed promising evidences as a better therapy for
prostate cancer [234]. Therapeutic management of breast cancer has
improved significantly over the years and currently breast conserving
therapy is adopted to avoid mastectomy. However, treatment for early
breast cancer, non-invasive ablation is considered as an alternative
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therapy [329,235]. Results from many clinical studies denoted that up to
71% of patient showed complete tumor ablation, while 59% necrosis was
observed with MRI guided HIFU and 96% with US guided HIFU therapy
[236,330,331]. Reduced side effects such as absence of scaring, radia-
tion, or bleeding apart from unchanged breast structure and function,
during HIFU therapy are the major advantages of this method. Some
drawbacks such as inability to identify if the ablation margin is free,
chance of recurrence and remains of necrosis after therapy, are still
needed to be addressed to make HIFU a common treatment method
employed in the clinics [233].

Management of liver tumor was always challenging due to complexity
in the etiopathogenesis, while ultrasound-based therapies were not
considered as potential treatment modality because at present surgical
removal of tumor or transplantation are considered as the best possible
strategy [332]. However, ultrasound guided transcatheter chemo-
embolization was successful since, up to 45% of the patients showed
complete ablation [237]. HIFU had major safety issues as it can lead to
several complications like skin burns, pain, local damages like blockage
of bile duct, rupture in diaphragm or damage to ribs, etc. Another
significantly important drawback of HIFU based liver cancer treatment is
chance for disruption of neighboring blood vessels [238]. Hence, in case
of hepatic cancer management, ultrasound has been limited to
intra-operative sessions to track the ablated zones, until optimal HIFU
conditions were determined and clinical studies were conducted for short
term and long-term treatments of advanced hepatocellular carcinoma
[239]. Recent study with 187 patients with unresectable tumor reported
that 90% of patients’ left lobe was cleared of the tumor, but only 64% of
patients showed right lobe ablation [333]. Similarly, removal of renal
cell carcinomawas performed using HIFU based ablation, cryoablation or
radiofrequency guided ablation, only if the patients are unfit for the
surgery [334]. Selective cases were also advised for extracorporeal or
laparoscopic HIFU treatment to obtain a homogeneous ablation [335].
Primary and palliative pancreatic tumors with solid masses were also
treated by HIFU based ablative procedure. After continuous research
studies and trials, HIFU was found to be feasible and safer for locally
advanced pancreatic cancer when performed in combination with
chemotherapy [240]. HIFU has also shown its potential in treatment of
bonemalignancies with a response of up to 85% and patients also showed
a reduction in pain with no device induced complications when the
treatment carried out with MR guided methodology [336]. Gianfelice
and co-workers showed MR guided US helped in significant removal of
bone metastases with reduced co-morbidity [337].

5.2. Ultrasound & nanotechnology

Constant development in the field of drug discovery has led to iden-
tification of biological responsive materials that has the property to
enhance the pharmaceutical stability and efficacy of the therapeutic
drugs [316]. Biomaterials in nano/micro size range were constantly
being explored for their biomedical applications as theranostic and drug
delivery agent [338]. These drug incorporated biomaterials have also
been sensitized and triggered by irradiating with external energy like
light and acoustic waves at different intensity and wavelength range.
Ultrasound and acoustic systems have shown its ability in sensitization of
the biomaterials to help in internalization of the drugs by tweaking the
cell dynamics and improving the pharmaceutical stability and efficacy of
drugs. US also aids in synthesis of nanosized materials and mostly in
combination with other methodologies to provide a material with better
physico-chemical properties [339].

5.2.1. Nano/microformulation processes
Ultrasound at high intensity were continuously being considered for

nanomaterial synthesis as US helps in homogenization and heating up the
precursors for production of small energy filled spots, which possess
ability to drive chemical reactions. This excited nanotechnologists to
develop US as an alternative for chemical based nano synthetic process,
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which require maintenance of optimal temperature and pressure for a
longer time until the reaction is complete. US based material synthesis
has gained significant interest and it possess diverse applicability [340,
241]. It has clearly demonstrated its advantage over other synthetic
methodologies especially in preparation of amorphous materials, meso-
porous materials, and nanocomposites in which deposition of nano-
particles on to the ceramic or polymeric surface [341]. US irradiation
first initiate cavitation that starts with accumulation of unwanted re-
actants and products into micron sized bubbles which finally collapse to
induce various physical and chemical effects that helps in nanosynthesis
process [342]. Nanomaterials composed of lipid derivatives and metal
ions especially superparamagnetic nanoparticles were successfully syn-
thesized using US based methodologies, where the chemical reaction for
nanosynthesis was either triggered by gas-phase inside the bubble that
collapses during US irradiation or in the liquid phase outside the
collapsing bubble [343]. On the other hand, multi-layered material un-
dergoing exfoliation, nano emulsification or nanoparticle surface modi-
fication are prepared by exploiting the physical effects of US [241].
Unstacking of multi-layered materials particularly graphene based
nanosheets, is carried out by cavitation of bubbles that undergo drastic
collapse generating shock waves with velocities around 4000 m/s [344].
Herceptin loaded graphene was reported to be stable and less toxic with
improved efficacy, where graphene was processed and characterized by
US treatment [345]. Generation of turbulence between two phases of
immiscible liquids leads to formation of a new phase with fine droplets
containing emulsion in sub-micron size. Major influencing factor in
emulsification process is the ratio of oil to surfactant and water apart
from the sonication time [242]. Several naturally occurring oil from
medicinal plants and spices were prepared with surfactants where ul-
trasound played prominent role. Nanoemulsion made of cumin oil was
prepared with Tween 80, dispersed using high intensity shock waves
leading to formation of nanoemulsion with droplet size less than 150 nm
[346]. Superparamagnetic iron oxide nanoparticles were prepared by
chemical co-precipitation and the nanocomposites obtained from these
particles were either prepared through mechanical stirring or ultrasonic
waves. However, ultrasonic shock waves were able to produce stable
nanocomposites compared to the mechanical stirring [243]. Synthesis of
hydroxyapatite/TiO2 nanocomposites by chemical co-precipitation
methods aided by US, resulted in nanosized (<20 nm) particles [244].
Nebulization by ultrasound produces droplets that moves with the sur-
face of the liquid leading to atomizing effect. Fate of the droplets un-
dergoing evaporation and drying leading to decomposition of reactants
to form fine powders. Theoretically it can be achieved either by droplet to
particle or gas to particle phenomenon [347,348]. Preparation of zinc
containing nanoparticles or nanocomposites such as ZnS, ZnF or ZnO
nanoparticles were prepared using laser pyrolysis combined with ultra-
sonic nebulizer [349]. Similarly, apatite particles were also prepared
using ultrasonic vibrator mediated spraying method. Boron containing
apatite particles were prepared using ultrasound mediated pyrolysis.
Similar to calcium phosphate microspheres preparation, boron-based
apatite nanoparticles were prepared but at a higher operating tempera-
ture (400–1000 �C) [245,350].

Apart from the nano synthesis methodologies exploiting the change in
physical characteristics of the reactants under the influence of ultra-
sound, chemical characteristics influenced by ultrasound also mediate
preparation of stable and effective nanoparticles [340]. Uni/multi
lamellar liposomes, polymeric microspheres were reported to be syn-
thesized either exclusively by sonochemical processes or in combination
with the influence of physical properties of ultrasound [351]. Bovine
serum albumin crosslinked microspheres induced by ultrasound induced
oxygen radical generation, human serum albumin encapsulated in
plant-based oil and wheat germ agglutinin, starch-based nanoparticles
are some of the best examples of liposomes and microspheres prepared
with the help of chemical effects of ultrasound [246,352]. Micro/-
nanogels sensitive to redox status and temperature was successfully
prepared by sonochemical methods. BSA stabilized drug encapsulated in
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n-lauryl L-alanine methyl ester has shown noticeable stability to the
formulation [353]. Similarly, preparation of Simvastatin encapsulated
microspheres by ionic gelation process was aided by ultrasound, with
optimal reactant concentrations and reaction parameters showed excel-
lent mucoadhesive property and enhanced efficacy of Simvastatin [354].
US has also been considered as an inherent step in biological synthesis of
metal-based nanoparticles such as silver, gold, zinc, etc. The studies re-
ported an excellent improvement in the bioactivities of the nanoparticles.
Nano-biocomposites composed of biologically important metal with
magnetic property and organic components which were successfully
prepared using ultrasonication process and is considered as an alterna-
tive method to thermal approach [340,241]. Similarly super-
paramagnetic iron oxide nanoparticles containing nanocomposites
composed of polymeric methyl methacrylate was co-precipitated using
Fe(II)/(III) with the help of ultrasonication [247]. Research works are
being constantly conducted to identify optimal parameters to scale up the
nanomaterial production process with the help of sonication.

5.2.2. Sonodynamic therapy: sonosensitization, sonoporation and
ultrasound assisted drug delivery

Sonodynamic therapy (SDT) has been a revolutionary development in
the field of nano-biomedicine, where the physical phenomenon of sound
was exploited to carry out chemical and biological processes. The concept
of photodynamic therapy has led to the identification and development
of sonodynamic therapy, where ability of sound to penetrate the tissues
was utilized. The sensitization of drug molecules by activation of drug,
providing accessibility to drug for cellular entry to facilitate certain
biological mechanisms and aid in drug efficacy [248,355]. There are
several mechanisms by which sonodynamic therapy was carried out.
Some of them includes the well-known cavitation effect, generation of
oxygen radicals, apoptotic pathway, immunomodulation against tumor.
On the other hand, sono-sensitization does require certain specific
compounds that can respond to acoustic waves and aid in potentiating
the drugs molecules [355,356]. Responsive drug molecules include the
chemotherapeutic drugs, non-steroids anti-inflammatory drugs, porphy-
rins group of compounds, pyrrole and derivatives, compounds like 5-ami-
nolevulinic acid, cholrin E6, methylene blue, etc [355]. In most of the
SDT, the frequency of acoustic waves ranges from 150 kHz–2 MHz and
the exposure period were limited from 60 s to 30 min which vary ac-
cording to the disease condition to be treated [356].

Significant research had gone into SDT for glioma and other neuro-
logical disorders, since one of the major challenges in neuropharma-
cology is facilitating drug molecules to cross the blood brain barrier
(BBB), which can be achieved by either identification and preparation of
molecules at optimal size that can cross BBB or utilizing some external
physical or chemical force to facilitate the entry of drug molecules [248].
SDT performs the latter where, ultrasonic waves intermittently open up
the BBB for drug molecules to enter the neuro system. SDT has reached
up to clinical trial stages with respect to treatment of glioma which could
be either direct effect of ultrasonic waves on tumor cells to undergo
mechanical stress or ROS generation leading to apoptosis of the tumor
cells [249]. Ultrasound based-breast cancer treatment was also well
established and it was discussed in detail in the previous section. How-
ever, significant amount of exploration was carried out on SDT for breast
cancer management and a study involved combination of sensitizer based
SDT, immunotherapy and hormonal therapy showed significant reduc-
tion of tumor mass supported by downregulation of tumor markers.
Though there were some manageable adverse effects observed due to
SDT, the tumor reduction rate and patient survival rate has increased
significantly [251]. Liquid tumors such as leukemia, lymphoma was
treated well by SDT, by selectively targeting the tumor cells and inhib-
iting the actin production specifically in the tumor cells by supplemen-
tation of cyclosporin B [250]. Treatment of periodontitis and
anti-microbial activity against pathogenic organisms to treat infectious
diseases through SDT were successful, but still in pre-clinical stage.
Further explorations may aid in identifying the optimal methodology for
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those conditions [357]. Additional management of atherosclerosis by
SDT was also under rigorous exploration and scientists provide evidences
for potential treatment of atherosclerotic plaques [358]. Certain draw-
backs in SDT are the limitation with sound waves which possess prop-
erties such as scattering and diffraction. Unlike light waves in PDT, it
remains difficult to restrict sound waves with in the region of interest.
Inability of SDT to influence lungs which is an air bearing organ and the
exposure time in SDT is usually longer, hence chance of adverse effects to
become severe is possible. However, SDT is appreciated for its
non-invasiveness and its selective targeting of cells compared to tradi-
tional treatments like chemotherapy or radiotherapy [356].

Site targeted drug delivery is one of the main challenges researchers
faced during drug formulation. Constant exploration in this regard has
led to several improvements in drug formulation with small drug delivery
systems. Despite tremendous development in the drug delivery systems-
based research, clinical safety was always a concern and hence drug
delivery aided by an external force was sorted to avoid administration of
any chemical-based drug delivery system. Use of ultrasound instrumen-
tation is one among the successful methodologies that has shown sig-
nificant success in site targeted delivery of therapeutic drugs developed
for cancer, neurodegenerative diseases, endocrine disorders, infectious
diseases etc [252,253].

Microbubble mediated drug delivery is one of the well-known and
widely established method, which is constantly under research to make
the therapeutic strategy better with further development to avoid the
short comings and meet the challenges faced during treatment of
different complex diseases [254]. Microbubbles can also be used as a
contrast agent to obtain better signals and quality images; however, the
nature of the bubbles was found to be suitable to load drug molecules
with it for the targeted delivery with the ultrasound guided process
[255]. MBs as contrast agents undergoes cavitation which results in size
expansion or contraction, and the extent of this physical change influence
the acoustic signals [359]. At low intensity, ultrasound cause vibration in
the bubbles leading to minor changes in the vascular tissues and a
permeability is created for the drug molecules to be delivered. The
permeability of the blood vessels increases with increase in the ultra-
sound frequency [360]. Microbubbles are generally composed of a shell
component covering a gas core. Some of the commonly used shell com-
ponents of microbubbles includes lipids and derivatives or natural/-
synthetic polymers, while several contrast agents (gases) were tried and
tested for encapsulation in the shell [361]. Use of microbubbles for drug
delivery has gained significant research focus in the recent past and
pre-clinical studies were conducted constantly in three different possible
ways such as, drug loaded in to the microbubbles, in situ bubble for-
mation from nanodrop as bottom-up approach and targeted micro-
bubbles with ligand attached to surface [362].

Treatment of breast cancer was very well studied with respect to
sonodynamic therapy. Some of them include, polymeric micelles made of
Pluronic P123/F127 and loaded with curcumin to treat 4T1 breast cancer
growth [363], DOX loaded PLAmicrobubbles, surface coated with TRAIL
(Tumor necrosis factor-related apoptosis inducing ligand) has shown to
inhibit the tumorigenic potential of MDA-MB-231 andMCF-7 cells [364].
Recently, gemcitabine encapsulated PLA bubble showed a potential
against pancreatic cancer at the in vitro level, but failed to get translated
in vivo and the researchers quoted that the concern was with drug loading
capacity [365]. Quantum dots, nanoparticles like magnetic iron oxide
and gold nanoparticles were also considered as a possible strategy for
imaging and therapeutic modalities in ultrasound-based technologies
[356,366]. Gene delivery through microbubble is one of the significant
achievements in the field of US guided drug delivery systems. Meso-
porous silica nanoparticles loaded with plasmid DNA encapsulated in a
heterogenic co-polymeric shell was used to treat ovarian cancer in
experimental mouse model, where the microbubble formulation not only
reduced cancer growth but avoided non-specific cell damage [256]. O2
loaded microbubble coated with Span 60 and vitamin E was successful
for oxygenation of breast cancer and making it radiosensitive for the
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radiation therapy [257].
Pancreatic ductal adenocarcinoma was successfully treated by sono-

sensitization and sonoporation mediated delivery of target drugs [282].
Logan et al. prepared lipid-based microbubbles coated with chemother-
apeutic drug (gemcitabine, paclitaxel) encapsulated with per-
fluorobutane, showed 40% reduction in the tumor growth [258].
Similarly, DOX-loaded liposomes coated with magnetic iron oxide
nanoparticles were encapsulated with perfluorooctane has resulted in
enhanced delivery of the loaded drugs into the tumor site and reduced
tumor growth up to 80% [367]. On the other hand, sonoporation was
clinically approved for specific microbubble formulations (Optison,
Definity, Lumason/SonoVue and Sonazoid) with optimal methodology
(2.0 MHz of 20 μs pulses for 10 min at both high and low intensities).
High power acoustic waves, weaken the endothelial junction and help in
deeper penetration of the drugs. The Phase I clinical trial, resulted in
tumor regression in 50% of the patients [259].

Sonoporation effect, leading to transient opening of BBB, plays a key
role in success of drug delivery systems for Alzheimer's and Parkinson's
diseases. Delivery of large molecules across BBB was for first demon-
strated by Raymond and co-workers [260,261]. Further studies on
sonoporation mediated BBB opening showed successful delivery of
BAM-10 antibodies and improvement in behavioral pattern of the ani-
mals following Alzheimer's pathogenesis [193]. Similar studies were also
reported on the successful delivery of RN2N tau specific antibodies
[262], Ig delivery for downregulation of TNF-α and also MB mediated
ultrasound affect the pathogenic processes like plaque reduction,
improvement in cognitive and memory behaviour, etc [263]. The process
of BBB transient opening was first patented by Lipsman et al. and Meng
et al. specifically for the management of Alzheimer's disease [368,369].
Research studies pertaining to Parkinson's disease and ultrasound
mediated sonoporation aided in successful gene therapy [193]. Viral
vector mediated RNAi delivery by BBB opening showed significant
improvement in the motor behaviour of the animals. Similarly, liposomal
formulation, lipid-based microbubbles for delivery of genes that upre-
gulate neurotrophic factors and showed potential treatment than
nonconventional microbubble-based delivery [370,371]. Similarly,
liposome mediated delivery of Nrf-2 showed significant neuroprotection
[372]. Gasca-Salas et al., carried out a clinical trial with 5 patients
administered with FDA approved microbubble formulation and MR
guided FUS system [373]. Marked improvement in the cognitive function
in the patients was observed without any adverse effects on the neuro-
function due to BBB opening. Apart from the BBB opening, activation of
astrocytes and microglia was also reported along with enhanced neuro-
transmitter delivery leading to neuromodulation. These changes also
affect the homeostasis and helps in pro-inflammatory signals that could
possibly help in β-amyloid clearance during Alzheimer's pathogenesis
[193]. The neuro-suppressive activity of MB mediated ultrasound was
reported due to increase delivery of GABA [374]. But, Cui et al. reported
neurostimulation due to upregulated c-fos expression [375]. Clincal trial
with MR guided FUS showed alterations in the neural circuits and neu-
romodulation [376]. Gene delivery-based increase in expression of
Prestin has helped in better reception of ultrasound waves and
improvement in neural activity [377]. Higher dose of MB and extended
exposure to the ultrasonic waves has shown to upregulate the Nf-κB
pathway, while 24 h post irradiation showed the expression of Nf-κB
pathway related genes has returned to baseline [378,379]. Activation of
innate immune cells like microglia and astrocytes in the neural system
has also had an impact during ultrasound mediated BBB opening. This
could pave way for exploring the possibility of immunomodulatory ef-
fects of US for treatment of cancer and other immune disorders that has
influence on the nervous system [380]. Enhanced delivery of gentamicin
was observed in vitro into bladder organoids after ultrasound irradiation
and was effective against uropathogens, while better drug permeability
into the intracellular compartment was observed when liposomes were
directly sonicated than microbubble incorporation [381]. Cardiac graft
rejection was reduced significantly when the anti-rejection drug was
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encapsulated into the liposome-based microbubble [382]. Ultrasound
mediated microbubble disruption led to cavitation and increased sus-
ceptibility of urinary biofilm and catheter-associated biofilm to vanco-
mycin [383]. Joint infection is one of the common challenges faced by
the clinicians and pose a severe burden to the hospital community with
yearly diagnosis of around 20,000 cases [384]. Researcher have found
that, amikacin administration followed by ultrasound irradiation to burst
microbubbles for enhanced delivery, has reduced the joint infections
significantly and this was considered as a potential alternative for the
septic arthritis treatment [385].

Identification of sonosensitizer property of certain compounds and
their application potential in the SDT is a significant leap of success in the
field disease management. However, they suffer with many limitations
which includes poor pharmacokinetics, undesirable reaction in the skin
and toxicity at high doses. Most of the sonosensitizers are hydrophobic in
nature and they tend to get cleared of the system after its rapid aggre-
gation in the physiological milieu. They are generally cleared by the
immune system and a very meager number of drugs reach the desired
target tissues. Due to inconsistent half-life of these molecules, it is diffi-
cult to ascertain the time of US application. Though the advancements in
nanotechnology have helped these sensitizer compounds to overcoming
these disadvantages, direct application of synthetic nanoparticles based
sonosensitizers is not advisable and they should be chemically altered to
suit the physiological environment without causing adverse reactions
[386]. This is where the sensitizer molecules from biological origin are of
great support and several indigenous molecules or formulations are
explored in this regard. The most promising biomaterial identified were
the exosomes, that mimic the nanoparticles with its physico-chemical
characteristic and are primarily made of biomolecules.

5.2.3. Ultrasound based theranostic applications
Ultrasound has become a very important technology that aids in

diagnosis and therapy of many diseases that has complex intracellular
pathways leading to pathogenesis. Treatment modalities that influence
these pathways at the intracellular level can be very effective [387]. The
research studies mentioned above showed that ultrasound can provide
permeability to the drugmolecules, apart from its excellent application in
diagnosis. There are many such reports that provides evidence for this
phenomenon and this makes ultrasound based theranostics one of the
highly sorted technologies for treatment of complex diseases [388].
Microbubble with gas core influenced by acoustic waves plays the key
role to render the diagnostic application and microbubble in this meth-
odology is termed as ultrasound contrast agent [389]. Ultrasound
responsive microbubbles decorated or encapsulated with variety of
therapeutic formulations were developed and administered, so that ul-
trasonic waves when applied can help in enhanced release and entry of
drug in to the region of interest, which was localized with the help of
ultrasound imaging enhanced by the microbubbles filled with gases
[203].

Molecular imaging with the ultrasound irradiation is of many types
like Phase changeable imaging, photoacoustic imaging, and multimodal
imaging, while recently tumor responsive imaging was discovered where
gas production in response to ROS [390] and pH alteration at the target
tumor site aiding in enhanced imaging [391]. Similarly, gas filled protein
nanostructure with genetic information has the ability to enhance the
quality of ultrasound images [343]. Phase changeable imaging works
under the effect of cyclic acoustic waves application that changes the
liquid phase of the contrast agents (perfluorocarbons) in to vapour phase
and the process is termed as acoustic droplet vaporization. ADV has
higher penetrating potential than optical droplet vaporization or NIR
droplet vaporization [392]. Photoacoustic imaging involves the principle
of thermal effect produced by photothermal transducing agent, which
captures the light energy and converts it to thermal energy, which not
only induced cancer cell death, but helps in accumulating and processing
the data sets to obtain clinical information in the form of ultrasound
images [393]. In case of multimodal imaging, silica nanoparticles with
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structural characteristics of microbubbles, is exploited as it possesses
echogenicity and can also entrap the liquid or gas-based contrast agents
that can further enhance the ultrasound signals. PFH based ultrasound
contrast agents and magnetic nanoparticles with MR contrast properties
can be encapsulated together in a mesoporous silica nanospheres which
can be utilized for parallel MR, NIR and ultrasound imaging. Similar
researches were conducted with variety of contrast agents for different
imaging modalities to achieve multimodal imaging [394].

As we discussed earlier about several number of evidences for
ultrasound-based therapy, and development in technologies for
enhancing the ultrasound images using contrast agent, the focus on
several theranostic applications of ultrasound is inevitable. Nanotech-
nology has greatly contributed to development of such theranotic plat-
form [395]. Combination of mechanical and thermal effects were
considered as the key component for enhancing the drug delivery and
drug sensitization [396]. Mechanical effects exerted by ultrasound in-
cludes cavitation, acoustic radiation force and acoustic streaming [397].
The radiation force generated by ultrasound was called Bjerknes force
which has the ability to reduce the speed of the flowing contrast agent, by
moving the microbubbles that are generated by the acoustic radiation
force, to the wall of the blood vessels [398,399]. The intravascular
transducer was used to displace the microbubble to the vessel wall and
aggregate to help in drug delivery along with obtaining enhanced ul-
trasound imaging [400]. There are number of reflecting and scattering
materials/objects, occur in the field of ultrasound and bulk streaming is a
phenomenon of aligning those objects in the direction of the propagating
ultrasonic radiation forces. While circulating movement of the fluid
around the cavitating particles are called microstreaming effect. These
mechanical streaming effect leads to altered velocity of blood flow and
movement of particles in the blood flow, which will greatly help in
enhancing the acoustic signal and delivery of drug to the target site
[396]. On the other hand, generation of thermal energy is also a conse-
quence of ultrasound irradiation which pass through tissue and generate
friction [207]. Hyperthermia has been effective in ablation of tumor mass
and certainly increased the therapeutic efficacy of the chemo drugs.
Appreciable amount of hyperthermia generated by acoustic waves is
considered useful for drug cargo to the target site and sensitization to
improve efficacy [396,401].

Biological and nanomedicine-based application of ultrasound has
been established several decades before and is under constant scrutiny to
avoid the challenges and improve the output of imaging. Common
challenges like poor tissue penetration, interference from neighboring
tissues during ultrasound received back at the transducers. Several
complexities in diagnostic process after imaging was also constantly
addressed and resulted in many combinatorial imaging strategies. On the
other hand, notable number of studies were reported on the therapeutic
potential of ultrasound and acoustic systems. Similar to imaging
methods, therapeutic methods were also approached critically to reduce
the side effects like nonspecific cellular damage. Hence, US based im-
aging and guided therapy has become one of the routinely sorted
theranostic strategies. Development of suitable ultrasound contrast
agents is being constantly explored and on the other hand, potentiating
the exosomal theranostic property has become absolutely needed as the
challenges faced during the in vivo applications, weigh down the excel-
lent biological property of exosomes.

6. Ultrasound enhances the theranostic property of exosomes

Application of exosomes in diagnosis, drug delivery and enhanced
therapeutic efficacy has shown a lot of advantages over synthetic for-
mulations like liposomal and other nanocarriers. Exosomes consists of
naturally occurring micro/macromolecules that can be exploited as
natural contrast agent or drug delivery vehicles [122]. Biochemical
profile of exosome has the ability to influence major physiological events
during disease progression hence, this gives an inherent ability to the
exosomes as a drug delivery system [402], while biochemical and



Fig. 3. Illustrations on the effect of acoustic waves is separation of exosomes from other blood components. (A) Separation of synthetic microparticles and
submicrometer particles using the acoustofluidic cell-removal module. Polystyrene particles with diameters of 5.84 μm (not labeled) and 970 nm (labeled with Dragon
Green fluorescent dye) were processed through the acoustic field. The taSSAW field deflected microparticles to the waste outlets. The acoustic radiation force was not
sufficiently large to move the submicrometer particles, which were therefore separated from microparticles at the outlet. White stripe in the two left panels indicates
the centerline location of the CCD (charge-coupled device) image sensor. (Scale bar: 500 μm). (B) Isolation of exosomes from whole blood using the integrated device
using acoustofluidics. In the experiments, inlet A is for whole blood; inlets B, C, and E are for sheath flows. Outlet D is cell waste. Outlets F and G are for isolated
exosomes and vesicle waste, respectively. Images were taken under the microscope at the corresponding areas of the device. Blood components were directed to each
corresponding outlet when the acoustic wave was on. White stripe in the four grayscale panels indicates the centerline location of the CCD image sensor. (Scale bar:
500 μm). (C)TEM images of isolated exosomes. The exosomes (red arrows) have a characteristic round shape and a cup-like structure. The image was reproduced from
the article published in The Proceedings of the National Academy of Sciences (PNAS) by Mengxi Wu, Tony J Huang and Co-workers in the year 2017 [412]. Permission
was obtained from the publisher. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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physicochemical characteristics of exosomal surface aid in tracking them
during systemic circulation and tissue localization [176]. Utilization of
exosomes as theranostic agent has gained interest recently, as it can aid in
personalized and clinically optimal medication for complex diseases like
cancer, neurodegenerative diseases, and endocrine disorders [403].
Exosomes with its excellent properties can also help in guided therapy
and further their submicron size makes it much more relevant and
feasible for enhanced drug delivery to the targeted site [404]. On the
other hand, it is a fact that any externally applied physical or chemical
force can potentiate the efficacy of the drug formulation. Hence, several
therapeutic strategies were influenced by certain physical energy like
light, sound, or heat. In this regard exosomes can also be chemically
influenced by engineering their core and surface in order to facilitate
targeting and delivery [405]. Among the well-established and much
accepted external influencing force, ultrasound has shown significant
success and the pertaining methodologies were constantly developed and
updated for improving the therapeutic potential [126]. In this section we
16
would like to discuss how ultrasound influences exosomal physical and
chemical properties so that its theranostic potential has been improved
much better than without the acoustic stimulus.
6.1. Isolation of exosomes

Microfluidics based exosome isolation is one of the advanced tech-
niques which is certainly successful. There has been constant upgrada-
tion in the methodology and combining certain external force to
microfluidics has improved the efficiency and yield of the exosomes to
many folds. Incorporation of ultrasound instrumentation, with piezo-
acutators has become one of the successfully developed methods
recently [185]. Acoustic waves employed in isolation of exosomes were
of two types: bulk acoustic waves that generates mechanical vibrations
and has ability to travel only between the transducer and the reflecting
surface. However, the surface acoustic waves were produced by inter-
digital transducer and is more advantageous during addition with



Fig. 4. UTMD promotes the uptake of injected
exosomes in the targeted tissues. (A) Schematic
representation of the experimental procedure. Labeled
exosomes, together with the SonoVueTM micro-
bubbles were injected via tail vein. Distribution of the
labeled exosomes was tracked by fluorescence imag-
ing. (B) Fluorescence signal intensity in the tissues (in
heart, adipose tissue and liver) with or without
UTMD. (C) Quantification of Fluorescent signal. (D)
CSML image revealing the increased uptake of DiI-
labeled exosomes in indicated tissues by UTMD.
Nuclei were counterstained with Hoechst and scale
bar ¼ 50 μm. The image was reproduced from the
article published in Drug Delivery Journal by Sun, Li,
Yuan and Co-workers in the year 2019 [425].
Permission was obtained from the publisher for using
the illustration.
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microfluidic technology [406,407]. Continuous acoustic streaming or
trapping the exosomes using acoutic waves have been the currently
identified and found to be successful during isolation of exosomes [408].
During the acoustic trapping process, stationary ultrasound irradiation
creating the acoustic potential at a single point in the fluidic stream
causes consecutive trapping of the exosomes and other components from
the seed particles [409]. Theory behind the isolation process is that,
particles bigger than the cutoff size that acoustic signals can trap will be
retained and smaller particles will be gathered in the outlet. Several
advantages were reported with respect to acoustic trapping like reduced
time period and more importantly the biophysical and biochemical
characteristics of the exosomes were preserved, which can aid in the
diagnostic biomarker applications of exosomes [185,410]. Acousto-
fluidics was applied in conjunction with the stream of the fluidic channel
that separates particles with different physical properties with the help of
varied pressure fields. Hence, based on the physical characteristics like
size, density, etc., the exosomes were separated from the other particles
[408]. Recently the combination of piezoelectric effect and thermal ef-
fects was applied to isolate the exosomes with thermo-acoustophoresis
approach [411]. Further Wu et al. has developed a fluidic technology
where two sequential unit of ultrasonic transducers were constructed to
first remove the cellular components followed by separation of exosomes
in the second compartment and the crucial advantage of this process is
the liberty to use undiluted human blood [412] (Fig. 3).
6.2. Exosomes for contrast enhanced ultrasound imaging

Responsiveness of exosomes to acoustic signals has created the in-
terest in several researchers and led to series of development in ultra-
sound image enhancing contrast agent in the past few decades [413].
Exosomes were believed to fill the gaps between the disease progression
17
and early& specific diagnosis [403]. Similar to drug delivery approaches,
the exosomal loading of contrast agents or labelling dye to obtain
improved and targeted imaging. Osborn and co-workers have developed
exosomes to responsed to ultrasonic signals. They measured the linear
and non-linear scatter of the response signals obtained from echogenic
exosomes and applied to image them in an in vivo setup. The results
showed significant increase in brightness with echogenic exosomes
while, the preparation method of the echogenic exosomes, involved se-
ries of freeze-thawing and freeze drying cycle in the presence of mannitol
[414]. Unlike, the echogenic liposomes encapsulated with bigger sized
microbubbles, the echogenic exosomes were preformed vesicles, and are
in submicron size [415]. The small nanocups resembling exosomes, upon
acoustic excitation, changes its surface characteristics and undergo size
growth with surface trapped bubble. The key step in generation and
application of echogenic exosomes, is freeze drying with mannitol and
reconstituting them in a suitable media as it influences the echogenic
behaviour [416].
6.3. Bioengineering of exosomes

Biological origin of exosomes makes it more stable in the dynamic in
vivo system and feasible to evade the toxic response provided by the
incorporated drugs. The diagnostic, targeted delivery and therapeutic
potential of exosomes was mostly exploited in the theranostic platform
exclusively or after engineering with desired drug molecules [157,417].
The engineering of exosomes can be performed by many methods like,
passive loading, modification with certain physical methods, internali-
zation of certain nucleic acids by chemical modification, surface labelling
with target molecules and photoassisted loading [96,418,419]. Among
the physical methods explored, sonciation was a much anticipated and
successful strategy, but is still underexplored with respect to
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Fig. 5. In vivo enhanced therapeutic effect and lung metastasis suppression of EXO-DVDMS-SDT in 4T1-xenograft mice. (A) Tumor growth curves of different
groups of 4T1 tumor-bearing mice (n ¼ 6). **p < 0.01 versus control, ##p < 0.01 versus Free-DVDMS þ US1þUS2, && p < 0.01 versus EXO-DVDMS þ US2. (B)
Tumor weight inhibition ratio at the 12th day of different treatment groups. **p < 0.01 between different groups. (C) H&E stained images of tumor sections collected
from different treated groups of mice. Bar ¼ 50 μm. (D) Immunohistochemistry detection for PCNA after different treatments. Bar ¼ 50 μm. (E) In situ apoptosis by
TUNEL assay. Bar ¼ 50 μm. (F) Photos of lungs after soaking in Bouin's solution showing spontaneous pulmonary breast cancer metastases (red arrows). The mouse
lungs were taken at the 12th post different treatments and the gross appearance of pulmonary nodules was photographed. (G) The pulmonary nodules were manually
counted and the average numbers were calculated in different groups. **p < 0.01 versus control, && p < 0.01 EXO-DVDMS versus Free-DVDMS. Data shown are mean
� S.D. of five batches. (H) H&E stained images of lung sections collected from different treated groups of mice. Bar ¼ 50 μm. (I) Immunohistochemistry detection for
MMP-9 level of 4T1 tumors after different treatments. (a) Control, (b) US1 (2 W, 3 min)þUS2 (3 W, 3 min), (c) Free-DVDMS (2 mg/kg), (d) EXO-DVDMS (2 mg/kg),
(e) Free-DVDMS þ US1, (f) EXO-DVDMS þ US1, (g) Free-DVDMS þ US2, (h) EXO-DVDMS þ US2, (i) Free-DVDMS þ US1þUS2, (j) EXO-DVDMS þ US1þUS2. The
image was reproduced from the article published in Theranostics Journal by Liu, Bai, Wang and Co-workers in the year 2019 [426]. Permission was obtained from the
publisher for using the illustration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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development of an optimized protocol to obtain structurally unaltered
exosomes. With enormous amount of reports referring to success of
exosomes in cancer therapeutics, most of the sonication-assisted bioen-
gineering of exosomes were performed with chemotherapeutic drugs
[418,420].

Doxorubicin and paclitaxel were successfully loaded drugs in the
exosomes, where the sonication period followed by an hour of incubation
helped in restructuring of the exosomal membrane. This study showed
ultrasound assisted drug loading was more effective than the other
methods like electroporation and passive loading [114,421,422]. Simi-
larly, treatment of pancreatic cancer with exosomes loaded with gemci-
tabine was successful and much better compared to passive loading,
when the sonication was incorporated. However, the method was not
highly sorted because, the physical damage caused to the exosomal
membrane was more compared to other methods and it concerns the
researchers to develop a optimal protocol to avoid damage to the
Fig. 6. Characterization and quantification of astrocyte-derived exosomes. (A) N
derived exosomes showing the number and size distribution and (B) Total concentrat
Western blotting (E) and densitometric quantification (F) of biomarker proteins of e
treatment. (G) Representative TEM of exosomes. Scale bars: 100 nm * denotes signifi
3). *P < 0.05; **P < 0.01. The image was reproduced from the article published in T
[428]. Permission was obtained from the publisher for using the illustration.
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membrane [418,423,424]. Acoustic waves were also used for the
exosomes-based drug delivery modalities which involves gaseous
microbubble, that was either structurally manipulated with low pressure
ultrasound (stable cavitation) or it was burst and collapsed with high
pressure ultrasound (inertial cavitation). Fluorescent dye (DiR/Dil)
labeled exosomes, when injected into mice with and without the com-
bination of microbubble revealed that, ultrasound targeted destruction of
microbubble (UTMD) at the desired region aided in internalization of the
exosomes by endocytosis (Fig. 4) and this was feasible only for an optimal
time duration of ultrasound irradiation [425]. Exosomes engineered with
sonosensitizer (sinoporphyrin sodium) was successful in targetted de-
livery of exosomes and further deep tissue penetration and sustained
release was also achieved by focussed ultrasound (Fig. 5) [426].
anoparticle tracking analysis of ultrasound-stimulated astrocytes and astrocyte-
ions. Total protein level of exosomes determined by SDS-PAGE (C) and BCA (D).
xosomes from both ultrasound-stimulated astrocytes and astrocytes without any
cant difference compared with controls. Data are presented as means � SD (n ¼
heranostics Journal by Deng, Wang and Meng and Co-workers in the year 2021



Fig. 7. Brain-targeted delivery of US-HA-Exo combined with FUS-mediated BBB opening. (A, B) Schematic of FUS-BBB opening-assisted delivery of exosomes.
(C) Brain sections obtained from 10-month-old APP/PS1 mice were immuno-stained for Aβ, scale bar: 100 μm. (D) The percentage area of positive amyloid-β staining
was quantified. (E, F) Aβ plaques in the brain were detected by thioflavin-S staining (E; scale bar: 100 μm), and quantified (F). (G) H&E staining of major organs of
mice, scale bar: 100 μm. The image was reproduced from the article published in Theranostics Journal by Deng, Wang and Meng and Co-workers in the year 2021
[428]. Permission was obtained from the publisher for using the illustration.
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6.4. Exosomes mediated drug delivery

Exosomal drug delivery as discussed earlier has showed significant
potential and success recently, but hasn't reached clinical translation
stage due to several disadvantages [23]. Some of major concerns raised
by experts are the efficiency of targeting and release of drug components
[427]. Researchers has facilitated the exosomal drug sensitization by
application of external energy like light, heat and sound. Though, each
methodology involving external force has their own share of advantages
and disadvantages, the ability of drug targeting and release was signifi-
cantly higher [419].

Ultrasound mediated exosomal diagnosis/therapy has aided in
treatment methods for several diseases [405]. Ultrasoundmediated brain
delivery of exosomes is well established as the acoustic waves aids in
transient opening of BBB. Deng et al. in the year 2021 has delivered the
exosomes from astrocytes and administered in mice for improvement of
Aβ induced neuro toxicity. This study gives a valid support in favour of
ultrasound and its help in isolation of exosomes from astrocytes (Fig. 6)
and further it discusses about the ability of ultrasound in exosomal de-
livery across the BBB (Fig. 7) [428].

Fluorescent dye and doxorubicin incorporated exosomes and their
penetration across the blood brain barrier was facilitated by focussed
20
ultrasound (FUS) application for treatment of orthotopic glioma in mice
[429]. Low intensity pulsed ultrasound (LIPUS) methodology was
applied on bone marrow derived dendritic cells and the exosomes iso-
lated from LIPUS treated and untreated cells. The isolated dendritic cells’
exosomes were labeled with human umbilical vein endothelial cells
(HUVECs). Upon addition of TNF-α, the reduced expression of intercel-
lular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecules-1 (VCAM-1) was observed in the LIPUS treated dendritic cell
exosomes compared to untreated samples where it was significantly
upregulated. On the other hand, increased expression of miRNA-16 and
21 in exosomes obtained from ultrasound treated dendritic cells, resulted
in significant reduction in NF-κB signaling pathway and downregulation
of TNF-αmediated endothelial inflammation [405,430]. Apart from this,
release of exosomes was also aided by low intensity ultrasound in ovarian
cancer cells (Fig. 8), where 60 min exposure of acoustic waves led to
increased exosome release without any change in structural, molecular
and biological properties [431]. Lung cancer was also successfully
treated by exosome targetted to specific tissue with the help of ultra-
sound irradiation. Apart from this ability of BMSC derived exosomes to
alleviate the osteoarthritis and bone regeneration was further potenti-
ated by low intensity US (Fig. 9) [432]. Scientists believed that mecha-
nism of ultrasound triggered exosomes release by cells could be through



Fig. 8. Effect of ultrasound on distribution/accu-
mulation of exosomes labeled with DiR. LIUS
induced exosomes have similar in vivo distribution
profile. (A) Schematic diagram of the experimental
procedure. (B) Exosomes from cells treated with or
without LIUS were labeled with DiR. About 100 μg (at
protein level) of exosomes in 100 μL were injected to
C57BL/6J mice via the tail vein. Ex vivo imaging was
analyzed by IVIS and data were representative images
of the data from three mice. (C) Statistical analysis of
fluorescence intensity in whole mice, liver, spleen and
lung. n ¼ 3. No significant differences were found.
The image was reproduced from the article published
in Journal of Drug Delivery Science and Technology
by Zhao, Chen, Hao and Co-workers in the year 2020
[431]. Permission was obtained from the publisher for
using the illustration.
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influencing the molecular machinery (ESCRT complex, Rab GTPases and
TSAP genes) involved in exosomes biogenesis pathway. The strategy of
ultrasound assisted exosome release can be successfully applied in a
bioreactor for large scale production of exosomes [433].

7. Conclusion and future perspectives

Exosomes are excellent biological entity that has the ability to influ-
ence vital biological processes which can alter the physiological and
pathological processes in the human systems. Scientists have utilized the
functions of exosomes for various biological and clinical applications like
diagnosis and therapy of complex diseases. However, efficiency of the
applications is not up to the mark as expected because of the poor
specificity of the naïve exosomes and loss of the biological property
during the engineering of exosomes. Hence, it is essential to improve the
efficacy of both naïve and engineered exosomes and this can be achieved
by application of certain external energy that can improve biological
stability and property. Ultrasound is one of the well-established imaging
modalities and its principle was not only used for image-based diagnosis
but was also utilized to improve therapeutic processes. The therapeutic
applications involving ultrasound are collectively called as sonodynamic
therapy and it includes targeted drug delivery, drug sensitization, release
and internalization that are successfully improved by ultrasound waves.
Important therapeutic methods includes nanoparticle-based drug
formulation, some of which are in clinical trial phase and excellent
responsiveness of the nanoformulation to acoustic waves was docu-
mented in those studies. This prompted experts to apply ultrasound-
based strategy for improvement of exosome-based therapy. Exosome
production and targeted delivery of the therapeutic exosomes were
assisted by the ultrasound had a significant effect against Aβ toxicity and
Alzheimer's progression, while cancer management, bone tissue
21
regeneration and etc were improved by therapeutic exosomes. Further,
exosomes encapsulated in microbubbles were used for contrast enhanced
in vivo tracking of exosomes and aid in targetted therapy [425,426,428,
432].

Though the hypothesis has been tested with exosomes from several
cell types and for various disease management, the ultrasound assisted
exosomal therapy has not been translated yet to the clinical set up. This
may be due to several reasons such as the poor scalability of the exosome
isolation for clinical studies, inability to retain the structural and mo-
lecular integrity of exosomes under ultrasound irradiation, issues with
target specificity, inability of sonosensitization protocols for deep tissues
due to limited penetration of the ultrasound and systemic stability of
exosomes after administration. Hence, continuous research explorations
are carried out to address the issues as the in vitro and in vivo reports are in
favour the methodology. Currently explorations are conducted to fill the
gaps like optimizing the route of administration, preparation of formu-
lation with excellent in vivo stability, improving the target specificity,
engineering the exosomes with out altering its natural biophysical and
biochemical characteristics and etc. Crossing the immune check points is
one of the important stage of any drug formulation and experts are
focusing in this area for improving the stability of exosomes to evade the
immune response mediated destruction of exosomal therapeutics.
Bioengineering of exosomes is one of the much discussed aspects of their
therapeutic applications and very less has been discussed about the
surface modification and internalization of exosomes with effector mol-
ecules to enable the diagnostic imaging such as CT, MRI apart from US.
Great interest has been developed regarding diagnostic applications of
engineered exosomes with imaging contrast agents. At the same time the
protocols of the imaging modality including US should be adjusted in
such a way that it doesn't affect the properties of the exosomes and also
the acoustic waves mediated cell damage can also be avoided. Future



Fig. 9. LIPUS strengthens the promotion of BMSC-derived exosomes on osteoarthritic cartilage regeneration. (A) Safranin O/Fast Green, Toluidine Blue and
H&E-stained sections of knee joints. Scale bar: 200 μm (40 � ), 50 μm (200 � ). (B) Cartilage degeneration evaluated with the OARSI scoring system. (n ¼ 6, 6, 7, 7, 8
respectively for control, OA, OA þ Exos, OA þ LIPUS, OA þ Exos þ LIPUS group). ns P > 0.05, ****P < 0.0001. (C) Chondrogenesis-related protein level were detected
by western blot. Protein (D and E) and mRNA (F and G) expression of Sox9 and Col2 were measured by western blot and qPCR, and the results of statistical analysis of
three independent experiments are revealed. ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. The image was reproduced from the article published
in International Immunopharmacology Journal by Liao, Li, Yuan and Co-workers in the year 2021 [433]. Permission was obtained from the publisher for using the
illustration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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research should be focussed towards establishing ultrasound assisted
exosomes as the most common theranostic platform which is safer and
effective in disease managements.
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A.P.N. Barrere, D.O. Toledo, Current technologies in body composition
assessment: advantages and disadvantages, Nutrition 62 (2019) 25–31, https://
doi.org/10.1016/j.nut.2018.11.028.

[196] S. Yuan, C. Li, Y. Zhang, H. Yu, Y. Xie, Y. Guo, W. Yao, Ultrasound as an emerging
technology for the elimination of chemical contaminants in food: a review, Trends

https://doi.org/10.1016/j.ejmech.2021.113320
https://doi.org/10.1016/j.ejmech.2021.113320
https://doi.org/10.1016/j.clinthera.2014.05.005
https://doi.org/10.1016/j.clinthera.2014.05.005
https://doi.org/10.1007/s12264-016-0092-z
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1038/leu.2014.41
https://doi.org/10.1186/s40824-016-0068-0
https://doi.org/10.1186/s40824-016-0068-0
https://doi.org/10.1186/1741-7015-10-3
https://doi.org/10.1021/acsnano.8b00477
https://doi.org/10.1021/acsnano.8b00477
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.1016/j.biomaterials.2017.10.012
https://doi.org/10.21037/atm.2016.12.75
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.7150/thno.30853
https://doi.org/10.1166/jbn.2016.2229
https://doi.org/10.1166/jbn.2016.2229
https://doi.org/10.1016/j.ymthe.2017.03.030
https://doi.org/10.1111/j.1600-0854.2009.00948.x
https://doi.org/10.1091/mbc.e17-07-0461
https://doi.org/10.1002/bit.25884
https://doi.org/10.1002/bit.25884
https://doi.org/10.1016/j.jconrel.2020.10.020
https://doi.org/10.1038/s41467-018-03733-8
https://doi.org/10.1038/ncomms14448
https://doi.org/10.3390/ijms22010014
https://doi.org/10.1111/cas.13488
https://doi.org/10.1016/j.ymeth.2015.05.028
https://doi.org/10.1016/j.nano.2015.10.012
https://doi.org/10.1016/j.nano.2015.10.012
https://doi.org/10.1038/nature15756
https://doi.org/10.1038/nature15756
https://doi.org/10.1111/imr.13107
https://doi.org/10.1155/2022/3356467
https://doi.org/10.1155/2022/3356467
https://doi.org/10.1016/j.omtn.2017.04.010
https://doi.org/10.1038/srep17543
https://doi.org/10.1002/smtd.201800021
https://doi.org/10.7150/thno.18133
https://doi.org/10.1039/C5LC00240K
https://doi.org/10.1039/C5LC00240K
https://doi.org/10.1016/j.nantod.2020.101066
https://doi.org/10.1101/pdb.top074476
https://doi.org/10.1101/pdb.top074476
https://doi.org/10.1088/1748-605X/abde70
https://doi.org/10.1088/1748-605X/abde70
https://doi.org/10.3390/ijms21186466
https://doi.org/10.1016/B978-0-12-816053-4.00002-X
https://doi.org/10.1016/B978-0-12-816053-4.00002-X
https://doi.org/10.1177/247263031984687
https://doi.org/10.1177/247263031984687
https://doi.org/10.1016/j.ccr.2020.213506
https://doi.org/10.1016/j.trac.2019.06.037
https://doi.org/10.1016/j.trac.2019.06.037
https://doi.org/10.2967/jnumed.120.254532
https://doi.org/10.2967/jnumed.120.254532
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref195
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref195
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref195
https://doi.org/10.1007/978-981-16-5003-1_1
https://doi.org/10.1046/j.1365-2796.2000.00684.x
https://doi.org/10.1016/S1470-2045(20)30751-8
https://doi.org/10.1016/j.phrs.2016.04.023
https://doi.org/10.1016/j.cbpa.2018.03.017
https://doi.org/10.1007/s00018-021-03904-9
https://doi.org/10.1007/s00018-021-03904-9
https://doi.org/10.4324/9780203734797
https://doi.org/10.1016/j.nut.2018.11.028
https://doi.org/10.1016/j.nut.2018.11.028


B. Sridharan, H.G. Lim Materials Today Bio 19 (2023) 100556
Food Sci. Technol. 109 (2021) 374–385, https://doi.org/10.1016/
j.tifs.2021.01.048.

[197] R. Cui, F. Zhu, Ultrasound modified polysaccharides: a review of structure,
physicochemical properties, biological activities and food applications, Trends
Food Sci. Technol. 107 (2021) 491–508, https://doi.org/10.1016/
j.tifs.2020.11.018.

[198] M. Singla, N. Sit, Application of ultrasound in combination with other
technologies in food processing: a review, Ultrason. Sonochem. 73 (2021),
105506, https://doi.org/10.1016/j.ultsonch.2021.105506.

[199] J. Wang, H. Ma, S. Wang, Application of ultrasound, microwaves, and magnetic
fields techniques in the germination of cereals, Food Sci. Technol. Res. 25 (2019)
489–497, https://doi.org/10.3136/fstr.25.489.

[200] H. Liu, Z. Li, X. Zhang, Y. Liu, J. Hu, C. Yang, X.Y. Zhao, The effects of ultrasound
on the growth, nutritional quality and microbiological quality of sprouts, Trends
Food Sci. Technol. 111 (2021) 292–300, https://doi.org/10.1016/
j.tifs.2021.02.065.

[201] V.S. Hakke, S. Ghodke, S. Teja, P. Dilipkumar, S.H. Sonawane, R. Gaikwad,
S.S. Sonawane, Ultrasonication Based Wastewater Treatment, Novel Approaches
towards Wastewater Treatment and Resource Recovery Technologies, Elsevier,
2022, p. 221, https://doi.org/10.1016/B978-0-323-90627-2.00017-4.

[202] Z. Li, J. Dong, H. Zhang, Y. Zhang, H. Wang, X. Cui, Z. Wang, Sonochemical
catalysis as a unique strategy for the fabrication of nano-/micro-structured
inorganics, Nanoscale Adv. 3 (2021) 41–72, https://doi.org/10.1039/
D0NA00753F.

[203] K. Entzian, A. Aigner, Drug delivery by ultrasound-responsive nanocarriers for
cancer treatment, Pharmaceutics 13 (2021) 1135, https://doi.org/10.3390/
pharmaceutics13081135.

[204] X. Jiang, O. Savchenko, Y. Li, S. Qi, T. Yang, W. Zhang, J. Chen, A review of low-
intensity pulsed ultrasound for therapeutic applications, IEEE Trans. Biomed. Eng.
66 (2018) 2704–2718, https://doi.org/10.1109/TBME.2018.2889669.

[205] D. Jeanmonod, B. Werner, A. Morel, L. Michels, E. Zadicario, G. Schiff, E. Martin,
Transcranial magnetic resonance imaging–guided focused ultrasound: noninvasive
central lateral thalamotomy for chronic neuropathic pain, Neurosurg. Focus 32
(2012) E1, https://doi.org/10.3171/2011.10.FOCUS11248.

[206] J. Wang, Z. Li, M. Pan, M. Fiaz, Y. Hao, Y. Yan, L. Sun, F. Yan, Ultrasound-
mediated blood–brain barrier opening: an effective drug delivery system for
theranostics of brain diseases, Adv. Drug Deliv. Rev. 190 (2022), 114539, https://
doi.org/10.1016/j.addr.2022.114539.

[207] S.R. Sirsi, M.A. Borden, Microbubble compositions, properties and biomedical
applications, Bubble Sci. Eng. Technol. 1 (2009) 3–17, https://doi.org/10.1179/
175889709X446507.

[208] I. Rosenthal, J.Z. Sostaric, P. Riesz, Sonodynamic therapy – a review of the
synergistic effects of drugs and ultrasound, Ultrason. Sonochem. 11 (2004)
349–363, https://doi.org/10.1016/j.ultsonch.2004.03.004.

[209] M. Saqqur, G. Tsivgoulis, F. Nicoli, D. Skoloudik, V.K. Sharma, V. Larrue, J. Eggers,
F. Perren, P. Charalampidis, D. Storie, A. Shuaib, A.V. Alexandrov, The role of
sonolysis and sonothrombolysis in acute ischemic stroke: a systematic review and
meta-analysis of randomized controlled trials and case-control studies,
J. Neuroimaging 24 (2014) 209–220, https://doi.org/10.1111/jon.12026.

[210] Z.Y. Lu, R.L. Li, H.S. Zhou, J.J. Huang, J. Qi, Z.X. Su, L. Zhang, Y. Li, Y.Q. Shi,
C.N. Hao, J.L. Duan, Rescue of hypertension-related impairment of angiogenesis
by therapeutic ultrasound, Am. J. Transl. Res. 8 (2016) 3087–3096.

[211] J.K. Dave, M.E. Mc Donald, P. Mehrotra, A.R. Kohut, J.R. Eisenbrey, F. Forsberg,
Recent technological advancements in cardiac ultrasound imaging, Ultrasonics 84
(2018) 329–340, https://doi.org/10.1016/j.ultras.2017.11.013.

[212] A. Sridharan, J.R. Eisenbrey, F. Forsberg, N. Lorenz, L. Steffgen, A. Ntoulia,
Ultrasound contrast agents: microbubbles made simple for the pediatric
radiologist, Pediatr. Radiol. 51 (2021) 2117–2127, https://doi.org/10.1007/
s00247-021-05080-1.

[213] P.S. Sidhu, V. Cantisani, C.F. Dietrich, O.H. Gilja, A. Saftoiu, E. Bartels,
M. Bertolotto, F. Calliada, D.A. Clevert, D. Cosgrove, The EFSUMB guidelines and
recommendations for the clinical practice of contrast-enhanced ultrasound (CEUS)
in non-hepatic applications: update 2017 (long version), Ultraschall der Med. 39
(2018) e2–e44, https://doi.org/10.1055/a-0586-1107.

[214] Y. Wang, H. Cong, S. Wang, B. Yu, Y. Shen, Development and application of
ultrasound contrast agents in biomedicine, J. Mater. Chem. B. 9 (2021)
7633–7661, https://doi.org/10.1039/D1TB00850A.

[215] X. Wang, Y. Gkanatsas, J. Palasubramaniam, J.D. Hohmann, Y.C. Chen, B. Lim,
C.E. Hagemeyer, K. Peter, Thrombus-targeted theranostic microbubbles: a new
technology towards concurrent rapid ultrasound diagnosis and bleeding-free
fibrinolytic treatment of thrombosis, Theranostics 6 (2016) 726, https://doi.org/
10.7150/thno.14514.

[216] G.M. Lanza, K.D. Wallace, M.J. Scott, W.P. Cacheris, D.R. Abendschein,
D.H. Christy, A.M. Sharkey, J.G. Miller, P.J. Gaffney, S.A. Wickline, A novel site-
targeted ultrasonic contrast agent with broad biomedical application, Circulation
94 (1996) 3334–3340, https://doi.org/10.1161/01.CIR.94.12.3334.

[217] J.H. Nederhoed, H.P. Ebben, J. Slikkerveer, A.W. Hoksbergen, O. Kamp, G.-
J. Tangelder, W. Wisselink, R.J. Musters, K.K. Yeung, Intravenous targeted
microbubbles carrying urokinase versus urokinase alone in acute peripheral
arterial thrombosis in a porcine model, Ann. Vasc. Surg. 44 (2017) 400–407,
https://doi.org/10.1016/j.avsg.2017.05.011.

[218] L. Zhang, Z. Sun, P. Ren, M. You, J. Zhang, L. Fang, J. Wang, Y. Chen, F. Yan,
H. Zheng, M. Xie, Localized delivery of shRNA against PHD2 protects the heart
from acute myocardial infarction through ultrasound-targeted cationic
microbubble destruction, Theranostics 7 (2017) 51–66, https://doi.org/10.7150/
thno.16074.
27
[219] P. Yan, K.J. Chen, J. Wu, L. Sun, H.-W. Sung, R.D. Weisel, J. Xie, R.K. Li, The use of
MMP2 antibody-conjugated cationic microbubble to target the ischemic
myocardium, enhance Timp3 gene transfection and improve cardiac function,
Biomaterials 35 (2014) 1063–1073, https://doi.org/10.1016/
j.biomaterials.2013.10.043.

[220] J. Gerstenmaier, R.J. Gibson, Ultrasound in chronic liver disease, Insights Imag. 5
(2014) 441–455, https://doi.org/10.1007/s13244-014-0336-2.

[221] R.O. Bude, J.M. Rubin, Relationship between the resistive index and vascular
compliance and resistance, Radiology 211 (1999) 411–417, https://doi.org/
10.1148/radiology.211.2.r99ma48411.

[222] H. Kuroda, K. Kakisaka, N. Kamiyama, T. Oikawa, M. Onodera, K. Sawara,
K. Oikawa, R. Endo, Y. Takikawa, K. Suzuki, Non-invasive determination of
hepatic steatosis by acoustic structure quantification from ultrasound echo
amplitude, World J. Gastroenterol. 18 (2012) 3889–3895, https://doi.org/
10.3748/wjg.v18.i29.3889.

[223] F. Yan, Z. Song, M. Du, A.L. Klibanov, Ultrasound molecular imaging for
differentiation of benign and malignant tumors in patients, Quant. Imag. Med.
Surg. 8 (2018) 1078–1083, https://doi.org/10.21037/qims.2018.12.08.

[224] J. Radermacher, M. Mengel, S. Ellis, S. Stuht, M. Hiss, A. Schwarz, U. Eisenberger,
M. Burg, F.C. Luft, W. Gwinner, H. Haller, The renal arterial resistance index and
renal allograft, Survival 349 (2003) 115–124, https://doi.org/10.1056/
NEJMoa022602.

[225] S. Strauss, E. Gavish, P. Gottlieb, L. Katsnelson, Interobserver and intraobserver
variability in the sonographic assessment of fatty liver, Am. J. Roentgenol. 189
(2007) W320–W323, https://doi.org/10.2214/AJR.07.2123.

[226] I. Bellos, D.N. Perrea, K. Kontzoglou, Renal resistive index as a predictive factor of
delayed graft function: a meta-analysis, Transplant. Rev. 33 (2019) 145–153,
https://doi.org/10.1016/j.trre.2019.03.003.

[227] S.S. Sistani, A. Alidadi, A.A. Moghadam, F. Mohamadnezhad, B.H. Ghahderijani,
Comparison of renal arterial resistive index in type 2 diabetic nephropathy stage 0-
4, Eur. J. Transl. Myol. 29 (2019) 8364, https://doi.org/10.4081/or.2019.8364.

[228] Y. Ohta, K. Fujii, H. Arima, K. Matsumura, T. Tsuchihashi, M. Tokumoto,
K. Tsuruya, H. Kanai, M. Iwase, H. Hirakata, M. Iida, Increased renal resistive
index in atherosclerosis and diabetic nephropathy assessed by Doppler
sonography, J. Hypertens. 23 (2005) 1905–1911, https://doi.org/10.1097/
01.hjh.0000181323.44162.01.

[229] M. Meola, S. Samoni, I. Petrucci, C.K. Disease, Clinical scenarios in chronic kidney
disease: chronic Tubulointerstitial diseases, Contrib. Nephrol. 188 (2016)
108–119, https://doi.org/10.1159/000445473.

[230] K.J.W. Taylor, C. Merritt, C. Piccoli, R. Schmidt, G. Rouse, B. Fornage, E. Rubin,
D. Georgian-Smith, F. Winsberg, B. Goldberg, E. Mendelson, Ultrasound as a
complement to mammography and breast examination to characterize breast
masses, Ultrasound Med. Biol. 28 (2002) 19–26, https://doi.org/10.1016/S0301-
5629(01)00491-4.

[231] W. Froyman, D. Timmerman, Methods of assessing ovarian masses: international
ovarian tumor analysis approach, Obstet. Gynecol. Clin. N. Am. 46 (2019)
625–641, https://doi.org/10.1016/j.ogc.2019.07.003.

[232] S. Maggio, A. Palladini, L.D. Marchi, M. Alessandrini, N. Speciale, G. Masetti,
Predictive deconvolution and hybrid feature selection for computer-aided
detection of prostate cancer, IEEE Trans. Med. Imag. 29 (2010) 455–464, https://
doi.org/10.1109/TMI.2009.2034517.

[233] Y.H. Hsiao, S.J. Kuo, H.D. Tsai, M.C. Chou, G.P. Yeh, Clinical application of high-
intensity focused ultrasound in cancer therapy, J. Cancer 7 (2016) 225–231,
https://doi.org/10.7150/jca.13906.

[234] T. Uchida, T. Tomonaga, H. Kim, M. Nakano, S. Shoji, Y. Nagata, T. Terachi,
Improved outcomes with advancements in high intensity focused ultrasound
devices for the treatment of localized prostate cancer, J. Urol. 193 (2015) 103,
https://doi.org/10.1016/j.juro.2014.07.096.

[235] B.D. Fornage, R.F. Hwang, Current status of imaging-guided percutaneous ablation
of breast cancer, Am. J. Roentgenol. 203 (2014) 442–448, https://doi.org/
10.2214/AJR.13.11600.

[236] F. Wu, G. ter Haar, W.R. Chen, High-intensity focused ultrasound ablation of
breast cancer, Expert Rev. Anticancer Ther. 7 (2007) 823–831, https://doi.org/
10.1586/14737140.7.6.823.

[237] F. Wu, Z.B. Wang, W.Z. Chen, J.Z. Zou, J. Bai, H. Zhu, K.Q. Li, C.B. Jin, F.L. Xie,
H.B. Su, Advanced hepatocellular carcinoma: treatment with high-intensity
focused ultrasound ablation combined with transcatheter arterial embolization,
Radiology 235 (2005) 659–667, https://doi.org/10.1148/radiol.2352030916.

[238] S.E. Jung, S.H. Cho, J.H. Jang, J.Y. Han, High-intensity focused ultrasound
ablation in hepatic and pancreatic cancer: complications, Abdom. Imag. 36 (2011)
185–195, https://doi.org/10.1007/s00261-010-9628-2.

[239] T. Leslie, R. Ritchie, R. Illing, G. Ter Haar, R. Phillips, M. Middleton, B. Bch, F. Wu,
D. Cranston, High-intensity focused ultrasound treatment of liver tumours: post-
treatment MRI correlates well with intra-operative estimates of treatment volume,
Br. J. Radiol. 85 (2012) 1363–1370, https://doi.org/10.1259/bjr/56737365.

[240] F. Wu, High intensity focused ultrasound: a noninvasive therapy for locally
advanced pancreatic cancer, World J. Gastroenterol. 20 (2014) 16480–16488,
https://doi.org/10.3748/wjg.v20.i44.16480.

[241] H. Xu, B.W. Zeiger, K.S. Suslick, Sonochemical synthesis of nanomaterials, Chem.
Soc. Rev. 42 (2013) 2555–2567, https://doi.org/10.1039/C2CS35282F.

[242] S.G. Gaikwad, A.B. Pandit, Ultrasound emulsification: effect of ultrasonic and
physicochemical properties on dispersed phase volume and droplet size, Ultrason.
Sonochem. 15 (2008) 554–563, https://doi.org/10.1016/j.ultsonch.2007.06.011.

[243] B.K. Sodipo, A.A. Aziz, One minute synthesis of amino-silane functionalized
superparamagnetic iron oxide nanoparticles by sonochemical method, Ultrason.
Sonochem. 40 (2018) 837–840, https://doi.org/10.1016/j.ultsonch.2017.08.040.

https://doi.org/10.1016/j.tifs.2021.01.048
https://doi.org/10.1016/j.tifs.2021.01.048
https://doi.org/10.1016/j.tifs.2020.11.018
https://doi.org/10.1016/j.tifs.2020.11.018
https://doi.org/10.1016/j.ultsonch.2021.105506
https://doi.org/10.3136/fstr.25.489
https://doi.org/10.1016/j.tifs.2021.02.065
https://doi.org/10.1016/j.tifs.2021.02.065
https://doi.org/10.1016/B978-0-323-90627-2.00017-4
https://doi.org/10.1039/D0NA00753F
https://doi.org/10.1039/D0NA00753F
https://doi.org/10.3390/pharmaceutics13081135
https://doi.org/10.3390/pharmaceutics13081135
https://doi.org/10.1109/TBME.2018.2889669
https://doi.org/10.3171/2011.10.FOCUS11248
https://doi.org/10.1016/j.addr.2022.114539
https://doi.org/10.1016/j.addr.2022.114539
https://doi.org/10.1179/175889709X446507
https://doi.org/10.1179/175889709X446507
https://doi.org/10.1016/j.ultsonch.2004.03.004
https://doi.org/10.1111/jon.12026
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref243
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref243
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref243
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref243
https://doi.org/10.1016/j.ultras.2017.11.013
https://doi.org/10.1007/s00247-021-05080-1
https://doi.org/10.1007/s00247-021-05080-1
https://doi.org/10.1055/a-0586-1107
https://doi.org/10.1039/D1TB00850A
https://doi.org/10.7150/thno.14514
https://doi.org/10.7150/thno.14514
https://doi.org/10.1161/01.CIR.94.12.3334
https://doi.org/10.1016/j.avsg.2017.05.011
https://doi.org/10.7150/thno.16074
https://doi.org/10.7150/thno.16074
https://doi.org/10.1016/j.biomaterials.2013.10.043
https://doi.org/10.1016/j.biomaterials.2013.10.043
https://doi.org/10.1007/s13244-014-0336-2
https://doi.org/10.1148/radiology.211.2.r99ma48411
https://doi.org/10.1148/radiology.211.2.r99ma48411
https://doi.org/10.3748/wjg.v18.i29.3889
https://doi.org/10.3748/wjg.v18.i29.3889
https://doi.org/10.21037/qims.2018.12.08
https://doi.org/10.1056/NEJMoa022602
https://doi.org/10.1056/NEJMoa022602
https://doi.org/10.2214/AJR.07.2123
https://doi.org/10.1016/j.trre.2019.03.003
https://doi.org/10.4081/or.2019.8364
https://doi.org/10.1097/01.hjh.0000181323.44162.01
https://doi.org/10.1097/01.hjh.0000181323.44162.01
https://doi.org/10.1159/000445473
https://doi.org/10.1016/S0301-5629(01)00491-4
https://doi.org/10.1016/S0301-5629(01)00491-4
https://doi.org/10.1016/j.ogc.2019.07.003
https://doi.org/10.1109/TMI.2009.2034517
https://doi.org/10.1109/TMI.2009.2034517
https://doi.org/10.7150/jca.13906
https://doi.org/10.1016/j.juro.2014.07.096
https://doi.org/10.2214/AJR.13.11600
https://doi.org/10.2214/AJR.13.11600
https://doi.org/10.1586/14737140.7.6.823
https://doi.org/10.1586/14737140.7.6.823
https://doi.org/10.1148/radiol.2352030916
https://doi.org/10.1007/s00261-010-9628-2
https://doi.org/10.1259/bjr/56737365
https://doi.org/10.3748/wjg.v20.i44.16480
https://doi.org/10.1039/C2CS35282F
https://doi.org/10.1016/j.ultsonch.2007.06.011
https://doi.org/10.1016/j.ultsonch.2017.08.040


B. Sridharan, H.G. Lim Materials Today Bio 19 (2023) 100556
[244] A. S�anchez-Hern�andez, J. Martínez-Ju�arez, J. Gervacio-Arciniega, R. Silva-
Gonz�alez, M.J. Robles-�Aguila, Effect of ultrasound irradiation on the synthesis of
hydroxyapatite/titanium oxide nanocomposites, Crystals 10 (2020) 959, https://
doi.org/10.3390/cryst10110959.

[245] M. Aizawa, M. Honda, M. Emoto, Synthesis of calcium phosphate microspheres
using an ultrasonic spray–pyrolysis technique and their application as novel anti-
angiogenic chemoembolization agents for cancer treatment, in: Advances in
Bioinspired and Biomedical Materials, vol. 2, ACS Publications, 2017, p. 107,
https://doi.org/10.1021/bk-2017-1253.ch006.

[246] X. Ma, A. Bussonniere, Q. Liu, A facile sonochemical synthesis of shell-stabilized
reactive microbubbles using surface-thiolated bovine serum albumin with the
Traut's reagent, Ultrason. Sonochem. 36 (2017) 454–465, https://doi.org/
10.1016/j.ultsonch.2016.12.033.

[247] M.K. Poddar, M. Arjmand, U. Sundararaj, V.S. Moholkar, Ultrasound-assisted
synthesis and characterization of magnetite nanoparticles and poly (methyl
methacrylate)/magnetite nanocomposites, Ultrason. Sonochem. 43 (2018) 38–51,
https://doi.org/10.1016/j.ultsonch.2017.12.035.

[248] L. Rengeng, Z. Qianyu, L. Yuehong, P. Zhongzhong, L. Libo, Sonodynamic therapy,
a treatment developing from photodynamic therapy, Photodiagnosis Photodyn.
Ther. 19 (2017) 159–166, https://doi.org/10.1016/j.pdpdt.2017.06.003.

[249] A.P. McHale, J.F. Callan, N. Nomikou, C. Fowley, B. Callan, Sonodynamic therapy:
concept, mechanism and application to cancer treatment, Adv. Exp. Med. Biol.
(2016) 429–450, https://doi.org/10.1007/978-3-319-22536-4_22.

[250] M. Trendowski, G. Yu, V. Wong, C. Acquafondata, T. Christen, T.P. Fondy, The real
deal: using cytochalasin B in sonodynamic therapy to preferentially damage
leukemia cells, Anticancer Res. 34 (2014) 2195–2202.

[251] T. Inui, K. Makita, H. Miura, A. Matsuda, D. Kuchiike, K. Kubo, M. Mette, Y. Uto,
T. Nishikata, H. Hori, N. Sakamoto, Case report: a breast cancer patient treated
with GcMAF, sonodynamic therapy and hormone therapy, Anticancer Res. 34
(2014) 4589–4593.

[252] X. Lin, J. Wu, Y. Liu, N. Lin, J. Hu, B. Zhang, Stimuli-responsive drug delivery
systems for the diagnosis and therapy of lung cancer, Molecules 27 (2022) 948,
https://doi.org/10.3390/molecules27030948.

[253] P. Vinchhi, S.U. Rawal, M.M. Patel, External Stimuli-Responsive Drug Delivery
Systems, Drug Delivery Devices and Therapeutic Systems, Elsevier, 2021, p. 267,
https://doi.org/10.1016/B978-0-12-819838-4.00023-7.

[254] S.M. Chowdhury, L. Abou-Elkacem, T. Lee, J. Dahl, A.M. Lutz, Ultrasound and
microbubble mediated therapeutic delivery: underlying mechanisms and future
outlook, J. Contr. Release 326 (2020) 75–90, https://doi.org/10.1016/
j.jconrel.2020.06.008.

[255] H. Lee, H. Kim, H. Han, M. Lee, S. Lee, H. Yoo, J.H. Chang, H. Kim, Microbubbles
used for contrast enhanced ultrasound and theragnosis: a review of principles to
applications, Biomed. Eng. Lett. 7 (2017) 59–69, https://doi.org/10.1007/
s13534-017-0016-5.

[256] M. Du, Y. Chen, J. Tu, C. Liufu, J. Yu, Z. Yuan, X. Gong, Z. Chen, Ultrasound
responsive magnetic mesoporous silica nanoparticle-loaded microbubbles for
efficient gene delivery, ACS Biomater. Sci. Eng. 6 (2020) 2904–2912, https://
doi.org/10.1021/acsbiomaterials.0c00014.

[257] J.R. Eisenbrey, R. Shraim, J.-B. Liu, J. Li, M. Stanczak, B. Oeffinger, D.B. Leeper,
S.W. Keith, L.J. Jablonowski, F. Forsberg, P. O'Kane, M.A. Wheatley, Sensitization
of hypoxic tumors to radiation therapy using ultrasound-sensitive oxygen
microbubbles, Int. J. Radiat. Oncol. Biol. Phys. 101 (2018) 88–96, https://doi.org/
10.1016/j.ijrobp.2018.01.042.

[258] K.A. Logan, H. Nesbitt, B. Callan, J. Gao, T. McKaig, M. Taylor, M. Love,
A.P. McHale, J.F. Callan, Biopharmaceutics, Synthesis of a gemcitabine-modified
phospholipid and its subsequent incorporation into a single microbubble
formulation loaded with paclitaxel for the treatment of pancreatic cancer using
ultrasound-targeted microbubble destruction, Eur. J. Pharm. Biopharm. 165
(2021) 374–382, https://doi.org/10.1016/j.ejpb.2021.05.018.

[259] C.W. Schultz, G. Ruiz de Garibay, A. Langer, J.-B. Liu, T. Dhir, C. Leitch,
C.E. Wessner, M. Mayoral, B. Zhang, M. Popa, et al., Selecting the optimal
parameters for sonoporation of pancreatic cancer in a pre-clinical model, Cancer
Biol. Ther. 22 (2021) 204–215, https://doi.org/10.1080/
15384047.2021.1881026.

[260] S.B. Raymond, L.H. Treat, J.D. Dewey, N.J. McDannold, K. Hynynen, B.J. Bacskai,
Ultrasound enhanced delivery of molecular imaging and therapeutic agents in
Alzheimer's disease mouse models, PLoS One 3 (2008) e2175, https://doi.org/
10.1371/journal.pone.0002175.

[261] D. McMahon, M.A. O'Reilly, K. Hynynen, Therapeutic agent delivery across the
blood–brain barrier using focused ultrasound, Annu. Rev. Biomed. Eng. 23 (2021)
89–113, https://doi.org/10.1146/annurev-bioeng-062117-121238.

[262] R.M. Nisbet, A. Van der Jeugd, G. Leinenga, H.T. Evans, P.W. Janowicz, J. G€otz,
Combined effects of scanning ultrasound and a tau-specific single chain antibody
in a tau transgenic mouse model, Brain 140 (2017) 1220–1230, https://doi.org/
10.1093/brain/awx052.

[263] S. Dubey, S. Heinen, S. Krantic, J. McLaurin, D.R. Branch, K. Hynynen, I. Aubert,
Clinically approved IVIg delivered to the hippocampus with focused ultrasound
promotes neurogenesis in a model of Alzheimer's disease, Proc. Natl. Acad. Sci.
USA 117 (2020) 32691–32700, https://doi.org/10.1073/pnas.1908658117.

[264] P.G. Newman, G.S. Rozycki, The history of ultrasound, Surg. Clin. 78 (1998)
179–195, https://doi.org/10.1016/S0039-6109(05)70308-X.

[265] G. Wade, Human uses of ultrasound: ancient and modern, Ultrasonics 38 (2000)
1–5, https://doi.org/10.1016/S0041-624X(99)00063-3.

[266] Y. Zhang, A. Demosthenous, Integrated circuits for medical ultrasound
applications: imaging and beyond, IEEE Trans. Biomed. Circ. Syst. 15 (2021)
838–858, https://doi.org/10.1109/TBCAS.2021.3120886.
28
[267] S. Gummadi, J. Eisenbrey, J. Li, Z. Li, F. Forsberg, A. Lyshchik, J.B. Liu, Advances
in modern clinical ultrasound, Adv. Ultrasound Diagn. Ther. 2 (2018) 51–63,
https://doi.org/10.37015/AUDT.2018.180801.

[268] G. Paltauf, R. Nuster, M. Frenz, Progress in biomedical photoacoustic imaging
instrumentation toward clinical application, J. Appl. Phys. 128 (2020), 180907,
https://doi.org/10.1063/5.0028190.

[269] K.K. Shung, Diagnostic ultrasound: past, present, and future, J. Med. Biol. Eng. 31
(2011) 371–374, https://doi.org/10.5405/jmbe.871.

[270] W.K. Jeong, H.K. Lim, H.-K. Lee, J.M. Jo, Y. Kim, Principles and clinical
application of ultrasound elastography for diffuse liver disease, Ultrasonography
33 (2014) 149–160, https://doi.org/10.14366/usg.14003.

[271] J.A. Smith, Abdominal Ultrasound: How, Why and when, Elsevier Health Sciences,
2010.

[272] T. Yang, Y. Tang, M. He, H. Xu, Y. Tian, , Application of Diagnostic Ultrasound in
Gynecology, T. Yang, H. Luo, Practical Ultrasonography in Obstetrics and
Gynecology, Springer, 2022, p. 225, https://doi.org/10.1007/978-981-16-4477-1.

[273] A.K. Gupta, A. Garg, M.S. Sandhu, Diagnostic Radiology: Advances in Imaging
Technology, Jaypee Brothers Medical Publishers Pvt. Limited, 2019.

[274] K.H. Choi, J.H. Kim, Therapeutic applications of ultrasound in neurological
diseases, J. Neurosonol. Neuroimag. 11 (2019) 62–72, https://doi.org/10.31728/
jnn.2019.00046.

[275] P.S. Fishman, V. Frenkel, Focused ultrasound: an emerging therapeutic modality
for neurologic disease, Neurotherapeutics 14 (2017) 393–404, https://doi.org/
10.1007/s13311-017-0515-1.

[276] R. Medel, S.J. Monteith, W.J. Elias, M. Eames, J. Snell, J.P. Sheehan,
M. Wintermark, F.A. Jolesz, N.F. Kassell, Magnetic resonance-guided focused
ultrasound surgery: Part 2: a review of current and future applications,
Neurosurgery 71 (2012) 755–763, https://doi.org/10.1227/
NEU.0b013e3182672ac9.

[277] W.J. Elias, D. Huss, T. Voss, J. Loomba, M. Khaled, E. Zadicario, R.C. Frysinger,
S.A. Sperling, S. Wylie, S.J. Monteith, J. Druzgal, B.B. Shah, M. Harrison,
M. Wintermark, A pilot study of focused ultrasound thalamotomy for essential
tremor, N. Engl. J. Med. 369 (2013) 640–648, https://doi.org/10.1056/
NEJMoa1300962.

[278] W.J. Elias, N. Lipsman, W.G. Ondo, P. Ghanouni, Y.G. Kim, W. Lee, M. Schwartz,
K. Hynynen, A.M. Lozano, B.B. Shah, D. Huss, R.F. Dallapiazza, R. Gwinn, J. Witt,
S. Ro, H.M. Eisenberg, P.S. Fishman, D. Gandhi, C.H. Halpern, R. Chuang, K. Butts
Pauly, T.S. Tierney, M.T. Hayes, G.R. Cosgrove, T. Yamaguchi, K. Abe, T. Taira,
J.W. Chang, A randomized trial of focused ultrasound thalamotomy for essential
tremor, N. Engl. J. Med. 375 (2016) 730–739, https://doi.org/10.1056/
NEJMoa1600159.

[279] Y.C. Na, W.S. Chang, H.H. Jung, E.J. Kweon, J.W. Chang, Unilateral magnetic
resonance–guided focused ultrasound pallidotomy for Parkinson disease,
Neurology 85 (2015) 549–551, https://doi.org/10.1212/
WNL.0000000000001826.

[280] A. Magara, R. Bühler, D. Moser, M. Kowalski, P. Pourtehrani, D. Jeanmonod, First
experience with MR-guided focused ultrasound in the treatment of Parkinson's
disease, J. Ther. Ultrasound. 2 (2014) 11, https://doi.org/10.1186/2050-5736-2-
11.

[281] A. Upadhyay, S.V. Dalvi, Microbubble formulations: synthesis, stability, modeling
and biomedical applications, Ultrasound Med. Biol. 45 (2019) 301–343, https://
doi.org/10.1016/j.ultrasmedbio.2018.09.022.

[282] T. Yamaguchi, S. Kitahara, K. Kusuda, J. Okamoto, Y. Horise, K. Masamune,
Y. Muragaki, Current landscape of sonodynamic therapy for treating cancer,
Cancers 13 (2021) 6184, https://doi.org/10.3390/cancers13246184.

[283] A. Fomenko, C. Neudorfer, R.F. Dallapiazza, S.K. Kalia, A.M. Lozano, Low-intensity
ultrasound neuromodulation: an overview of mechanisms and emerging human
applications, Brain Stimul. 11 (2018) 1209–1217, https://doi.org/10.1016/
j.brs.2018.08.013.

[284] W.J. Tyler, Noninvasive neuromodulation with ultrasound? A continuum
mechanics hypothesis, Neuroscientist 17 (2011) 25–36, https://doi.org/10.1177/
1073858409348066.

[285] A.V. Alexandrov, C.A. Molina, J.C. Grotta, Z. Garami, S.R. Ford, J. Alvarez-Sabin,
J. Montaner, M. Saqqur, A.M. Demchuk, L.A. Moy�e, M.D. Hill, A.W. Wojner,
CLOTBUST Investigators, Ultrasound-enhanced systemic thrombolysis for acute
ischemic stroke, N. Engl. J. Med. 351 (2004) 2170–2178, https://doi.org/
10.1056/NEJMoa041175.

[286] M. Daffertshofer, M. Fatar, Therapeutic ultrasound in ischemic stroke treatment:
experimental evidence, Eur. J. Ultrasound 16 (2002) 121–130, https://doi.org/
10.1016/S0929-8266(02)00049-6.

[287] G. Tsivgoulis, J. Eggers, M. Ribo, F. Perren, M. Saqqur, M. Rubiera,
T.N. Sergentanis, K. Vadikolias, V. Larrue, C.A. Molina, Safety and efficacy of
ultrasound-enhanced thrombolysis: a comprehensive review and meta-analysis of
randomized and nonrandomized studies, Stroke 41 (2010) 280–287, https://
doi.org/10.1161/STROKEAHA.109.563304.

[288] H.M. Mu, L.Y. Wang, Effect of therapeutic ultrasound on brain angiogenesis
following intracerebral hemorrhage in rats, Microvasc. Res. 102 (2015) 11–18,
https://doi.org/10.1016/j.mvr.2015.08.001.

[289] A. Rix, A. Curaj, E. Liehn, F. Kiessling, Ultrasound microbubbles for diagnosis and
treatment of cardiovascular diseases, Semin. Thromb. Hemost. 46 (2020)
545–552, https://doi.org/10.1055/s-0039-1688492.

[290] K.M. Meiburger, U.R. Acharya, F. Molinari, medicine, Automated localization and
segmentation techniques for B-mode ultrasound images: a review, Comput. Biol.
Med. 92 (2018) 210–235, https://doi.org/10.1016/j.compbiomed.2017.11.018.

[291] A.G. Fraser, M.J. Monaghan, A.F. van der Steen, G.R. Sutherland, A concise history
of echocardiography: timeline, pioneers, and landmark publications, Eur. Heart J.

https://doi.org/10.3390/cryst10110959
https://doi.org/10.3390/cryst10110959
https://doi.org/10.1021/bk-2017-1253.ch006
https://doi.org/10.1016/j.ultsonch.2016.12.033
https://doi.org/10.1016/j.ultsonch.2016.12.033
https://doi.org/10.1016/j.ultsonch.2017.12.035
https://doi.org/10.1016/j.pdpdt.2017.06.003
https://doi.org/10.1007/978-3-319-22536-4_22
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref352
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref352
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref352
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref352
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref351
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref351
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref351
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref351
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref351
https://doi.org/10.3390/molecules27030948
https://doi.org/10.1016/B978-0-12-819838-4.00023-7
https://doi.org/10.1016/j.jconrel.2020.06.008
https://doi.org/10.1016/j.jconrel.2020.06.008
https://doi.org/10.1007/s13534-017-0016-5
https://doi.org/10.1007/s13534-017-0016-5
https://doi.org/10.1021/acsbiomaterials.0c00014
https://doi.org/10.1021/acsbiomaterials.0c00014
https://doi.org/10.1016/j.ijrobp.2018.01.042
https://doi.org/10.1016/j.ijrobp.2018.01.042
https://doi.org/10.1016/j.ejpb.2021.05.018
https://doi.org/10.1080/15384047.2021.1881026
https://doi.org/10.1080/15384047.2021.1881026
https://doi.org/10.1371/journal.pone.0002175
https://doi.org/10.1371/journal.pone.0002175
https://doi.org/10.1146/annurev-bioeng-062117-121238
https://doi.org/10.1093/brain/awx052
https://doi.org/10.1093/brain/awx052
https://doi.org/10.1073/pnas.1908658117
https://doi.org/10.1016/S0039-6109(05)70308-X
https://doi.org/10.1016/S0041-624X(99)00063-3
https://doi.org/10.1109/TBCAS.2021.3120886
https://doi.org/10.37015/AUDT.2018.180801
https://doi.org/10.1063/5.0028190
https://doi.org/10.5405/jmbe.871
https://doi.org/10.14366/usg.14003
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref220
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref220
https://doi.org/10.1007/978-981-16-4477-1
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref222
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref222
https://doi.org/10.31728/jnn.2019.00046
https://doi.org/10.31728/jnn.2019.00046
https://doi.org/10.1007/s13311-017-0515-1
https://doi.org/10.1007/s13311-017-0515-1
https://doi.org/10.1227/NEU.0b013e3182672ac9
https://doi.org/10.1227/NEU.0b013e3182672ac9
https://doi.org/10.1056/NEJMoa1300962
https://doi.org/10.1056/NEJMoa1300962
https://doi.org/10.1056/NEJMoa1600159
https://doi.org/10.1056/NEJMoa1600159
https://doi.org/10.1212/WNL.0000000000001826
https://doi.org/10.1212/WNL.0000000000001826
https://doi.org/10.1186/2050-5736-2-11
https://doi.org/10.1186/2050-5736-2-11
https://doi.org/10.1016/j.ultrasmedbio.2018.09.022
https://doi.org/10.1016/j.ultrasmedbio.2018.09.022
https://doi.org/10.3390/cancers13246184
https://doi.org/10.1016/j.brs.2018.08.013
https://doi.org/10.1016/j.brs.2018.08.013
https://doi.org/10.1177/1073858409348066
https://doi.org/10.1177/1073858409348066
https://doi.org/10.1056/NEJMoa041175
https://doi.org/10.1056/NEJMoa041175
https://doi.org/10.1016/S0929-8266(02)00049-6
https://doi.org/10.1016/S0929-8266(02)00049-6
https://doi.org/10.1161/STROKEAHA.109.563304
https://doi.org/10.1161/STROKEAHA.109.563304
https://doi.org/10.1016/j.mvr.2015.08.001
https://doi.org/10.1055/s-0039-1688492
https://doi.org/10.1016/j.compbiomed.2017.11.018


B. Sridharan, H.G. Lim Materials Today Bio 19 (2023) 100556
Cardiovasc. Imaging. 23 (2022) 1130–1143, https://doi.org/10.1093/ehjci/
jeac111.

[292] M. Meola, J. Ibeas, G. Lasalle, I. Petrucci, Basics for performing a high-quality
color Doppler sonography of the vascular access, J. Vasc. Access 22 (2021) 18,
https://doi.org/10.1177/11297298211018060.

[293] G. Prada, A. Vieillard-Baron, A.K. Martin, A. Hernandez, F. Mookadam,
H. Ramakrishna, J.L. Diaz-Gomez, Echocardiographic applications of M-mode
ultrasonography in anesthesiology and critical care, J. Cardiothorac. Vasc. Anesth.
33 (2019) 1559–1583, https://doi.org/10.1053/j.jvca.2018.06.019.

[294] Y. Yong, D. Wu, V. Fernandes, H.A. Kopelen, S. Shimoni, S.F. Nagueh,
J.D. Callahan, D.E. Bruns, L.J. Shaw, M.A. Quinones, W.A. Zoghbi, Diagnostic
accuracy and cost-effectiveness of contrast echocardiography on evaluation of
cardiac function in technically very difficult patients in the intensive care unit,
Am. J. Cardiol. 89 (2002) 711–718, https://doi.org/10.1016/S0002-9149(01)
02344-X.

[295] P. Frinking, T. Segers, Y. Luan, F. Tranquart, Three decades of ultrasound contrast
agents: a review of the past, present and future improvements, Ultrasound Med.
Biol. 46 (2020) 892–908, https://doi.org/10.1016/j.ultrasmedbio.2019.12.008.

[296] J.R. Lindner, Molecular imaging of cardiovascular disease with contrast-enhanced
ultrasonography, Nat. Rev. Cardiol. 6 (2009) 475–481, https://doi.org/10.1038/
nrcardio.2009.77.

[297] J.H. Pope, T.P. Aufderheide, R. Ruthazer, R.H. Woolard, J.A. Feldman,
J.R. Beshansky, J.L. Griffith, H.P. Selker, Missed diagnoses of acute cardiac
ischemia in the emergency department, N. Engl. J. Med. 342 (2000) 1163–1170,
https://doi.org/10.1056/NEJM200004203421603.

[298] Y. Yan, Y. Liao, L. Yang, J. Wu, J. Du, W. Xuan, L. Ji, Q. Huang, Y. Liu, J. Bin, Late-
phase detection of recent myocardial ischaemia using ultrasound molecular
imaging targeted to intercellular adhesion molecule-1, Cardiovasc. Res. 89 (2011)
175–183, https://doi.org/10.1093/cvr/cvq269.

[299] L.A. Perkins, C.J. Anderson, E.M. Novelli, Targeting P-selectin adhesion molecule
in molecular imaging: P-selectin expression as a valuable imaging biomarker of
inflammation in cardiovascular disease, J. Nucl. Med. 60 (2019) 1691–1697,
https://doi.org/10.2967/jnumed.118.225169.

[300] B.A. Kaufmann, Ultrasound molecular imaging of atherosclerosis, Cardiovasc. Res.
83 (2009) 617, https://doi.org/10.1093/cvr/cvp179.

[301] F. Yan, Y. Sun, Y. Mao, M. Wu, Z. Deng, S. Li, X. Liu, L. Xue, H. Zheng, Ultrasound
molecular imaging of atherosclerosis for early diagnosis and therapeutic
evaluation through leucocyte-like multiple targeted microbubbles, Theranostics 8
(2018) 1879–1891, https://doi.org/10.7150/thno.22070.

[302] H.P. Ebben, J.H. Nederhoed, R.J. Lely, W. Wisselink, K. Yeung, MUST
collaborators, Microbubbles and UltraSound-accelerated Thrombolysis (MUST) for
peripheral arterial occlusions: protocol for a phase II single-arm trial, BMJ Open 7
(2017), e014365, https://doi.org/10.1136/bmjopen-2016-014365.

[303] L. Qian, B. Thapa, J. Hong, Y. Zhang, M. Zhu, M. Chu, J. Yao, D. Xu, The present
and future role of ultrasound targeted microbubble destruction in preclinical
studies of cardiac gene therapy, J. Thorac. Dis. 10 (2018) 1099–1111, https://
doi.org/10.21037/jtd.2018.01.101.

[304] A. Granata, I. Campo, P. Lentini, F. Pesce, L. Gesualdo, A. Basile, V. Cantisani,
M. Zeiler, M. Bertolotto, Role of contrast-enhanced ultrasound (CEUS) in native
kidney pathology: limits and fields of action, Diagnostics 11 (2021) 1058, https://
doi.org/10.3390/diagnostics11061058.

[305] F.M. Drudi, V. Cantisani, A. Granata, F. Angelini, D. Messineo, C. De Felice,
E. Ettorre, Multiparametric ultrasound in the evaluation of kidney disease in
elderly, J. Ultrasound. 23 (2020) 115–126, https://doi.org/10.1007/s40477-019-
00390-5.

[306] S. Moghazi, E. Jones, J. Schroepple, K. Arya, W. Mcclellan, R.A. Hennigar,
W.C. O'Neill, Correlation of renal histopathology with sonographic findings,
Kidney Int. 67 (2005) 1515–1520, https://doi.org/10.1111/j.1523-
1755.2005.00230.x.

[307] M. Meola, S. Samoni, I. Petrucci, Imaging in chronic kidney disease, Contrib.
Nephrol. 188 (2016) 69–80, https://doi.org/10.1159/000445469.

[308] R. Ikee, S. Kobayashi, N. Hemmi, T. Imakiire, Y. Kikuchi, H. Moriya, S. Suzuki,
S. Miura, Correlation between the resistive index by Doppler ultrasound and
kidney function and histology, Am. J. Kidney Dis. 46 (2005) 603–609, https://
doi.org/10.1053/j.ajkd.2005.06.006.

[309] G. Varma, N. Nair, A. Salim, Y.M. Fazil Marickar, Investigations for recognizing
urinary stone, Urol. Res. 37 (2009) 349–353, https://doi.org/10.1007/s00240-
009-0219-z.

[310] K.S. Ngoo, S. Sothilingam, Imaging for urinary calculi, in: A.C.F. Ng, M.Y.C. Wong,
S. Isotani (Eds.), Practical Management of Urinary Stone, Springer Singapore,
Singapore, 2021, p. 11.

[311] I. Petrucci, A. Clementi, C. Sessa, I. Torrisi, M. Meola, Ultrasound and color
Doppler applications in chronic kidney disease, J. Nephrol. 31 (2018) 863–879,
https://doi.org/10.1007/s40620-018-0531-1.

[312] C.C. Mottin, M. Moretto, A.V. Padoin, A.M. Swarowsky, M.G. Toneto, L. Glock,
G. Repetto, The role of ultrasound in the diagnosis of hepatic steatosis in morbidly
obese patients, Obes. Surg. 14 (2004) 635–637, https://doi.org/10.1381/
096089204323093408.

[313] A.E. Bohte, J.R. van Werven, S. Bipat, J. Stoker, The diagnostic accuracy of US, CT,
MRI and 1H-MRS for the evaluation of hepatic steatosis compared with liver
biopsy: a meta-analysis, Eur. Radiol. 21 (2011) 87–97, https://doi.org/10.1007/
s00330-010-1905-5.

[314] R.H. Marshall, M. Eissa, E.I. Bluth, P.M. Gulotta, N.K. Davis, Hepatorenal index as
an accurate, simple, and effective tool in screening for steatosis, Am. J.
Roentgenol. 199 (2012) 997–1002, https://doi.org/10.2214/AJR.11.6677.
29
[315] P. Ricci, C. Marigliano, V. Cantisani, A. Porfiri, A. Marcantonio, P. Lodise,
U. D'Ambrosio, G. Labbadia, E. Maggini, E. Mancuso, G. Panzironi, M. Di Segni,
C. Furlan, R. Masciangelo, G. Taliani, Ultrasound evaluation of liver fibrosis:
preliminary experience with acoustic structure quantification (ASQ) software,
Radiol. Med. 118 (2013) 995–1010, https://doi.org/10.1007/s11547-013-0940-
0.

[316] A.S. Thakor, S.S. Gambhir, Nanooncology: the future of cancer diagnosis and
therapy, CA Cancer J. Clin. 63 (2013) 395–418, https://doi.org/10.3322/
caac.21199.

[317] M. Afzal, Ameeduzzafar, K.S. Alharbi, N.K. Alruwaili, F.A. Al-Abassi, A.A.L. Al-
Malki, I. Kazmi, V. Kumar, M.A. Kamal, M.S. Nadeem, M. Aslam, F. Anwar,
Nanomedicine in treatment of breast cancer – a challenge to conventional therapy,
Semin. Cancer Biol. 69 (2021) 279–292, https://doi.org/10.1016/
j.semcancer.2019.12.016.

[318] M. Halliwell, A tutorial on ultrasonic physics and imaging techniques, Proc. Inst.
Mech. Eng. Part H: J. Eng. Med. 224 (2010) 127–142, https://doi.org/10.1243/
09544119JEIM656.

[319] M.A. Pino, A. Imperato, I. Musca, R. Maugeri, G.R. Giammalva, G. Costantino,
F. Graziano, F. Meli, N. Francaviglia, D.G. Iacopino, A. Villa, New hope in brain
glioma surgery: the role of intraoperative ultrasound. A review, Brain Sci. 8 (2018)
202, https://doi.org/10.3390/brainsci8110202.

[320] P. Ghanouni, K.B. Pauly, W.J. Elias, J. Henderson, J. Sheehan, S. Monteith,
M. Wintermark, Transcranial MRI-guided focused ultrasound: a review of the
technologic and neurologic applications, Am. J. Roentgenol. 205 (2015) 150–159,
https://doi.org/10.2214/AJR.14.13632.

[321] J.W. Jenne, Non-invasive transcranial brain ablation with high-intensity focused
ultrasound, Front. Neurol. Neurosci. 36 (2015) 94–105, https://doi.org/10.1159/
000366241.

[322] H. Zhi, B. Ou, B.M. Luo, X. Feng, Y.L. Wen, H.Y. Yang, Comparison of ultrasound
elastography, mammography, and sonography in the diagnosis of solid breast
lesions, J. Ultrasound Med. 26 (2007) 807–815, https://doi.org/10.7863/
jum.2007.26.6.807.

[323] V.K. Sudarshan, M.R.K. Mookiah, U.R. Acharya, V. Chandran, F. Molinari,
H. Fujita, K.H. Ng, Application of wavelet techniques for cancer diagnosis using
ultrasound images: a Review, Comput. Biol. Med. 69 (2016) 97–111, https://
doi.org/10.1016/j.compbiomed.2015.12.006.

[324] J.A. Sipos, Advances in ultrasound for the diagnosis and management of thyroid
cancer, Thyroid 19 (2009) 1363–1372, https://doi.org/10.1089/thy.2009.1608.

[325] D.M. Twickler, E. Moschos, Ultrasound and assessment of ovarian cancer risk, Am.
J. Roentgenol. 194 (2010) 322–329, https://doi.org/10.2214/AJR.09.3562.

[326] D. Gramellini, S. Fieni, L. Sanapo, G. Casilla, C. Verrotti, G.B. Nardelli, Diagnostic
accuracy of IOTA ultrasound morphology in the hands of less experienced
sonographers, Aust. N. Z. J. Obstet. Gynaecol. 48 (2008) 195–201, https://
doi.org/10.1111/j.1479-828X.2008.00829.x.

[327] D. Timmerman, A.C. Testa, T. Bourne, L. Ameye, D. Jurkovic, C. Van Holsbeke,
D. Paladini, B. Van Calster, I. Vergote, S. Van Huffel, L. Valentin, Simple
ultrasound-based rules for the diagnosis of ovarian cancer, Ultrasound Obstet.
Gynecol. 31 (2008) 681–690, https://doi.org/10.1002/uog.5365.

[328] Y. Zhu, S. Williams, R. Zwiggelaar, Computer technology in detection and staging
of prostate carcinoma: a review, Med. Image Anal. 10 (2006) 178–199, https://
doi.org/10.1016/j.media.2005.06.003.

[329] L.G. Merckel, L.W. Bartels, M.O. K€ohler, H.J.G.D. van den Bongard, R. Deckers,
W.P.T.M. Mali, C.A. Binkert, C.T. Moonen, K.G.A. Gilhuijs, M.A.A.J. van den
Bosch, MR-guided high-intensity focused ultrasound ablation of breast cancer with
a dedicated breast platform, Cardiovasc. Intervent. Radiol. 36 (2013) 292–301,
https://doi.org/10.1007/s00270-012-0526-6.

[330] K. Hynynen, O. Pomeroy, D.N. Smith, P.E. Huber, N.J. McDannold, J. Kettenbach,
J. Baum, S. Singer, F.A. Jolesz, MR imaging-guided focused ultrasound surgery of
fibroadenomas in the breast: a feasibility study, Radiology 219 (2001) 176–185,
https://doi.org/10.1148/radiology.219.1.r01ap02176.

[331] S. Li, P.H. Wu, Magnetic resonance image-guided versus ultrasound-guided high-
intensity focused ultrasound in the treatment of breast cancer, Chin. J. Cancer 32
(2013) 441–452, https://doi.org/10.5732/cjc.012.10104.

[332] S.T. Orcutt, D.A. Anaya, Liver resection and surgical strategies for management of
primary liver cancer, Cancer Control 25 (2018), 1073274817744621, https://
doi.org/10.1177/1073274817744621.

[333] L. Chen, K. Wang, Z. Chen, Z. Meng, H. Chen, H. Gao, P. Wang, H. Zhu, J. Lin,
L. Liu, High intensity focused ultrasound ablation for patients with inoperable
liver cancer, Hepato-Gastroenterology 62 (2015) 140–143.

[334] T. Klatte, N. Kroeger, U. Zimmermann, M. Burchardt, A.S. Belldegrun,
A.J. Pantuck, The contemporary role of ablative treatment approaches in the
management of renal cell carcinoma (RCC): focus on radiofrequency ablation
(RFA), high-intensity focused ultrasound (HIFU), and cryoablation, World J. Urol.
32 (2014) 597–605, https://doi.org/10.1007/s00345-014-1284-7.

[335] R.W. Ritchie, T. Leslie, R. Phillips, F. Wu, R. Illing, G. ter Haar, A. Protheroe,
D. Cranston, Extracorporeal high intensity focused ultrasound for renal tumours: a
3-year follow-up, BJU Int. 106 (2010) 1004–1009, https://doi.org/10.1111/
j.1464-410X.2010.09289.x.

[336] C. Li, W. Zhang, W. Fan, J. Huang, F. Zhang, P. Wu, Noninvasive treatment of
malignant bone tumors using high-intensity focused ultrasound, Cancer 116
(2010) 3934–3942, https://doi.org/10.1002/cncr.25192.

[337] D. Gianfelice, C. Gupta, W. Kucharczyk, P. Bret, D. Havill, M. Clemons, Palliative
treatment of painful bone metastases with MR imaging–guided focused
ultrasound, Radiology 249 (2008) 355–363, https://doi.org/10.1148/
radiol.2491071523.

https://doi.org/10.1093/ehjci/jeac111
https://doi.org/10.1093/ehjci/jeac111
https://doi.org/10.1177/11297298211018060
https://doi.org/10.1053/j.jvca.2018.06.019
https://doi.org/10.1016/S0002-9149(01)02344-X
https://doi.org/10.1016/S0002-9149(01)02344-X
https://doi.org/10.1016/j.ultrasmedbio.2019.12.008
https://doi.org/10.1038/nrcardio.2009.77
https://doi.org/10.1038/nrcardio.2009.77
https://doi.org/10.1056/NEJM200004203421603
https://doi.org/10.1093/cvr/cvq269
https://doi.org/10.2967/jnumed.118.225169
https://doi.org/10.1093/cvr/cvp179
https://doi.org/10.7150/thno.22070
https://doi.org/10.1136/bmjopen-2016-014365
https://doi.org/10.21037/jtd.2018.01.101
https://doi.org/10.21037/jtd.2018.01.101
https://doi.org/10.3390/diagnostics11061058
https://doi.org/10.3390/diagnostics11061058
https://doi.org/10.1007/s40477-019-00390-5
https://doi.org/10.1007/s40477-019-00390-5
https://doi.org/10.1111/j.1523-1755.2005.00230.x
https://doi.org/10.1111/j.1523-1755.2005.00230.x
https://doi.org/10.1159/000445469
https://doi.org/10.1053/j.ajkd.2005.06.006
https://doi.org/10.1053/j.ajkd.2005.06.006
https://doi.org/10.1007/s00240-009-0219-z
https://doi.org/10.1007/s00240-009-0219-z
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref281
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref281
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref281
https://doi.org/10.1007/s40620-018-0531-1
https://doi.org/10.1381/096089204323093408
https://doi.org/10.1381/096089204323093408
https://doi.org/10.1007/s00330-010-1905-5
https://doi.org/10.1007/s00330-010-1905-5
https://doi.org/10.2214/AJR.11.6677
https://doi.org/10.1007/s11547-013-0940-0
https://doi.org/10.1007/s11547-013-0940-0
https://doi.org/10.3322/caac.21199
https://doi.org/10.3322/caac.21199
https://doi.org/10.1016/j.semcancer.2019.12.016
https://doi.org/10.1016/j.semcancer.2019.12.016
https://doi.org/10.1243/09544119JEIM656
https://doi.org/10.1243/09544119JEIM656
https://doi.org/10.3390/brainsci8110202
https://doi.org/10.2214/AJR.14.13632
https://doi.org/10.1159/000366241
https://doi.org/10.1159/000366241
https://doi.org/10.7863/jum.2007.26.6.807
https://doi.org/10.7863/jum.2007.26.6.807
https://doi.org/10.1016/j.compbiomed.2015.12.006
https://doi.org/10.1016/j.compbiomed.2015.12.006
https://doi.org/10.1089/thy.2009.1608
https://doi.org/10.2214/AJR.09.3562
https://doi.org/10.1111/j.1479-828X.2008.00829.x
https://doi.org/10.1111/j.1479-828X.2008.00829.x
https://doi.org/10.1002/uog.5365
https://doi.org/10.1016/j.media.2005.06.003
https://doi.org/10.1016/j.media.2005.06.003
https://doi.org/10.1007/s00270-012-0526-6
https://doi.org/10.1148/radiology.219.1.r01ap02176
https://doi.org/10.5732/cjc.012.10104
https://doi.org/10.1177/1073274817744621
https://doi.org/10.1177/1073274817744621
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref317
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref317
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref317
http://refhub.elsevier.com/S2590-0064(23)00016-9/sref317
https://doi.org/10.1007/s00345-014-1284-7
https://doi.org/10.1111/j.1464-410X.2010.09289.x
https://doi.org/10.1111/j.1464-410X.2010.09289.x
https://doi.org/10.1002/cncr.25192
https://doi.org/10.1148/radiol.2491071523
https://doi.org/10.1148/radiol.2491071523


B. Sridharan, H.G. Lim Materials Today Bio 19 (2023) 100556
[338] F. Mokhtari, B. Azimi, M. Salehi, S. Hashemikia, S. Danti, Recent advances of
polymer-based piezoelectric composites for biomedical applications, J. Mech.
Behav. Biomed. Mater. 122 (2021), 104669, https://doi.org/10.1016/
j.jmbbm.2021.104669.

[339] C.M. Wells, M. Harris, L. Choi, V.P. Murali, F.D. Guerra, J.A. Jennings, Stimuli-
responsive drug release from smart polymers, J. Funct. Biomater. 10 (2019) 34,
https://doi.org/10.3390/jfb10030034.

[340] S.S. Low, M. Yew, C.N. Lim, W.S. Chai, L.E. Low, S. Manickam, B.T. Tey,
P.L. Show, Sonoproduction of nanobiomaterials–A critical review, Ultrason.
Sonochem. 82 (2022), 105887, https://doi.org/10.1016/j.ultsonch.2021.105887.

[341] A. Gedanken, Using sonochemistry for the fabrication of nanomaterials, Ultrason.
Sonochem. 11 (2004) 47–55, https://doi.org/10.1016/j.ultsonch.2004.01.037.

[342] J.H. Bang, K.S. Suslick, Applications of ultrasound to the synthesis of
nanostructured materials, Adv. Mater. 22 (2010) 1039–1059, https://doi.org/
10.1002/adma.200904093.

[343] J.J. Hinman, K.S.J.S. Suslick, Nanostructured Materials Synthesis Using
Ultrasound, vol. 375, 2017, p. 12, https://doi.org/10.1007/s41061-016-0100-9.

[344] P. Turner, M. Hodnett, R. Dorey, J.D. Carey, Controlled sonication as a route to in-
situ graphene flake size control, Sci. Rep. 9 (2019) 8710, https://doi.org/
10.1038/s41598-019-45059-5.

[345] E. Askari, S.M. Naghib, A. Seyfoori, A. Maleki, M. Rahmanian, Ultrasonic-assisted
synthesis and in vitro biological assessments of a novel herceptin-stabilized
graphene using three dimensional cell spheroid, Ultrason. Sonochem. 58 (2019),
104615, https://doi.org/10.1016/j.ultsonch.2019.104615.

[346] M.J. Nirmala, L. Durai, K.A. Rao, R. Nagarajan, Ultrasonic nanoemulsification of
Cuminum cyminum essential oil and its applications in medicine, Int. J. Nanomed.
15 (2020) 795–807, https://doi.org/10.2147/IJN.S230893.

[347] M. Flament, P. Leterme, A. Gayot, Study of the technological parameters of
ultrasonic nebulization, Drug Dev. Ind. Pharm. 27 (2001) 643–649, https://
doi.org/10.1081/DDC-100107320.

[348] P. Majeri�c, R. Rudolf, Advances in ultrasonic spray pyrolysis processing of noble
metal nanoparticles, Materials 13 (2020) 3485, https://doi.org/10.3390/
ma13163485.

[349] M. Malekzadeh, P. Rohani, Y. Liu, A. Raszewski, F. Ghanei, M.T. Swihart, Laser
pyrolysis synthesis of zinc-containing nanomaterials using low-cost ultrasonic
spray delivery of precursors, Powder Technol. 376 (2020) 104–112, https://
doi.org/10.1016/j.powtec.2020.08.011.

[350] D. Nakagawa, M. Nakamura, S. Nagai, M. Aizawa, Fabrications of boron-
containing apatite ceramics via ultrasonic spray-pyrolysis route and their
responses to immunocytes, J. Mater. Sci. Mater. Med. 31 (2020) 20, https://
doi.org/10.1007/s10856-020-6358-z.

[351] H. Khan, M. Sakharkar, A. Nayak, U. Kishore, A.J.N. Khan, Nanoparticles for
Biomedical Applications: an Overview, vol. 357, 2018, https://doi.org/10.1016/
B978-0-08-100716-7.00014-3.

[352] K. Skoll, M. Ritschka, S. Fuchs, M. Wirth, F. Gabor, Characterization of
sonochemically prepared human serum albumin nanocapsules using different
plant oils as core component for targeted drug delivery, Ultrason. Sonochem. 76
(2021), 105617, https://doi.org/10.1016/j.ultsonch.2021.105617.

[353] Y. Yin, B. Hu, X. Yuan, L. Cai, H. Gao, Q. Yang, Nanogel: a versatile nano-delivery
system for biomedical applications, Pharmaceutics 12 (2020) 290, https://
doi.org/10.3390/pharmaceutics12030290.

[354] H. Shekar, A. Rajamma, S.B. Sateesha, Ultrasound-induced microencapsulation of
simvastatin for gastro retention and controlled delivery, Indian J. Pharmaceut. Sci.
80 (2018) 647–656, https://doi.org/10.4172/pharmaceutical-sciences.1000404.

[355] D. Costley, C. Mc Ewan, C. Fowley, A.P. McHale, J. Atchison, N. Nomikou,
J.F. Callan, Treating cancer with sonodynamic therapy: a review, Int. J. Hyperther.
31 (2015) 107–117, https://doi.org/10.3109/02656736.2014.992484.

[356] X. Xing, S. Zhao, T. Xu, L. Huang, Y. Zhang, M. Lan, C. Lin, X. Zheng, P. Wang,
Advances and perspectives in organic sonosensitizers for sonodynamic therapy,
Coord. Chem. Rev. 445 (2021), 214087, https://doi.org/10.1016/
j.ccr.2021.214087.

[357] D. Zhuang, Z. Ji, L. Bi, X. Wang, Q. Zhou, W.J.B.R.I. Cao, Low-intensity ultrasound
combined with hematoporphyrin monomethyl ether in the treatment of
experimental periodontitis in rats, BioMed Res. Int. 2016 (2016), 7156716,
https://doi.org/10.1155/2016/7156716.

[358] A. Maruf, Y. Wang, T. Yin, J. Huang, N. Wang, C. Durkan, Y. Tan, W. Wu, G. Wang,
Atherosclerosis treatment with stimuli-responsive nanoagents: recent advances
and future perspectives, Adv. Healthc. Mater. 8 (2019), e1900036, https://
doi.org/10.1002/adhm.201900036.

[359] S. Wang, J.A. Hossack, A.L. Klibanov, Targeting of microbubbles: contrast agents
for ultrasound molecular imaging, J. Drug Target. 26 (2018) 420–434, https://
doi.org/10.1080/1061186X.2017.1419362.

[360] T. Yin, P. Wang, R. Zheng, B. Zheng, D. Cheng, X. Zhang, X. Shuai, Nanobubbles
for enhanced ultrasound imaging of tumors, Int. J. Nanomed. 7 (2012) 895–904,
https://doi.org/10.2147/IJN.S28830.

[361] A.L. Klibanov, Preparation of targeted microbubbles: ultrasound contrast agents
for molecular imaging, Med. Biol. Eng. Comput. 47 (2009) 875–882, https://
doi.org/10.1007/s11517-009-0498-0.

[362] S. Roovers, T. Segers, G. Lajoinie, J. Deprez, M. Versluis, S.C. De Smedt,
I. Lentacker, The role of ultrasound-driven microbubble dynamics in drug
delivery: from microbubble fundamentals to clinical translation, Langmuir 35
(2019) 10173–10191, https://doi.org/10.1021/acs.langmuir.8b03779.

[363] P. Wu, Y. Jia, F. Qu, Y. Sun, P. Wang, K. Zhang, C. Xu, Q. Liu, X. Wang, Ultrasound-
responsive polymeric micelles for sonoporation-assisted site-specific therapeutic
action, ACS Appl. Mater. Interfaces 9 (2017) 25706–25716, https://doi.org/
10.1021/acsami.7b05469.
30
[364] Y. Zhai, J. Su, W. Ran, P. Zhang, Q. Yin, Z. Zhang, H. Yu, Y. Li, Preparation and
application of cell membrane-camouflaged nanoparticles for cancer therapy,
Theranostics 7 (2017) 2575–2592, https://doi.org/10.7150/thno.20118.

[365] S. Kotopoulis, G. Dimcevski, O. Helge Gilja, D. Hoem, M. Postema, Treatment of
human pancreatic cancer using combined ultrasound, microbubbles, and
gemcitabine: a clinical case study, Med. Phys. 40 (2013), 072902, https://doi.org/
10.1118/1.4808149.

[366] N. Teraphongphom, P. Chhour, J.R. Eisenbrey, P.C. Naha, W.R. Witschey,
B. Opasanont, L. Jablonowski, D.P. Cormode, M.A. Wheatley, Nanoparticle loaded
polymeric microbubbles as contrast agents for multimodal imaging, Langmuir 31
(2015) 11858–11867, https://doi.org/10.1021/acs.langmuir.5b03473.

[367] P. Dwivedi, S. Kiran, S. Han, M. Dwivedi, R. Khatik, R. Fan, F.A. Mangrio, K. Du,
Z. Zhu, C. Yang, et al., Magnetic targeting and ultrasound activation of
liposome–microbubble conjugate for enhanced delivery of anticancer therapies,
ACS Appl. Mater. Interfaces 12 (2020) 23737–23751, https://doi.org/10.1021/
acsami.0c05308.

[368] N. Lipsman, Y. Meng, A.J. Bethune, Y. Huang, B. Lam, M. Masellis, N. Herrmann,
C. Heyn, I. Aubert, A. Boutet, et al., Blood–brain barrier opening in Alzheimer's
disease using MR-guided focused ultrasound, Nat. Commun. 9 (2018) 2336,
https://doi.org/10.1038/s41467-018-04529-6.

[369] Y. Meng, Z. Shirzadi, B. MacIntosh, C. Heyn, G.S. Smith, I. Aubert, C. Hamani,
S. Black, K. Hynynen, N. Lipsman, Blood-brain barrier opening in Alzheimer's
disease using MR-guided focused ultrasound, Neurosurgery 66 (2019), https://
doi.org/10.1093/neuros/nyz310_208, 310-208.

[370] P.H. Hsu, K.C. Wei, C.Y. Huang, C.J. Wen, T.C. Yen, C.L. Liu, Y.T. Lin, J.C. Chen,
C.R. Shen, H.L. Liu, Noninvasive and targeted gene delivery into the brain using
microbubble-facilitated focused ultrasound, PLoS One 8 (2013), e57682, https://
doi.org/10.1371/journal.pone.0057682.

[371] Z. Noroozian, K. Xhima, Y. Huang, B.K. Kaspar, S. Kügler, K. Hynynen, I. Aubert,
MRI-guided focused ultrasound for targeted delivery of rAAV to the brain, Adeno-
Associated Virus Vectors, Methods Mol. Biol. (2019) 177–197, https://doi.org/
10.1007/978-1-4939-9139-6_10.

[372] L. Long, X. Cai, R. Guo, P. Wang, L. Wu, T. Yin, S. Liao, Z. Lu, Treatment of
Parkinson's disease in rats by Nrf2 transfection using MRI-guided focused
ultrasound delivery of nanomicrobubbles, Biochem. Biophys. Res. Commun. 482
(2017) 75–80, https://doi.org/10.1016/j.bbrc.2016.10.141.

[373] C. Gasca-Salas, B. Fern�andez-Rodríguez, J.A. Pineda-Pardo, R. Rodríguez-Rojas,
I. Obeso, F. Hern�andez-Fern�andez, M. Del �Alamo, D. Mata, P. Guida, C. Ord�as-
Bandera, Blood-brain barrier opening with focused ultrasound in Parkinson's
disease dementia, Nat. Commun. 12 (2021) 779, https://doi.org/10.1038/
s41467-021-21022-9.

[374] N. McDannold, Y. Zhang, C. Power, C.D. Arvanitis, N. Vykhodtseva,
M. Livingstone, Targeted, noninvasive blockade of cortical neuronal activity, Sci.
Rep. 5 (2015), 16253, https://doi.org/10.1038/srep16253.

[375] Z. Cui, D. Li, Y. Feng, T. Xu, S. Wu, Y. Li, A. Bouakaz, M. Wan, S. Zhang, Enhanced
neuronal activity in mouse motor cortex with microbubbles' oscillations by
transcranial focused ultrasound stimulation, Ultrason. Sonochem. 59 (2019),
104745, https://doi.org/10.1016/j.ultsonch.2019.104745.

[376] N. Todd, Y. Zhang, C. Power, L. Becerra, D. Borsook, M. Livingstone,
N. McDannold, Modulation of brain function by targeted delivery of GABA
through the disrupted blood-brain barrier, Neuroimage 189 (2019) 267–275,
https://doi.org/10.1016/j.neuroimage.2019.01.037.

[377] Y.S. Huang, C.H. Fan, N. Hsu, N.H. Chiu, C.Y. Wu, C.Y. Chang, B.H. Wu, S.R. Hong,
Y.C. Chang, A.Y.T. Wu, Sonogenetic modulation of cellular activities using an
engineered auditory-sensing protein, Nano Lett. 20 (2019) 1089–1100, https://
doi.org/10.1021/acs.nanolett.9b04373.

[378] Z.I. Kovacs, S. Kim, N. Jikaria, F. Qureshi, B. Milo, B.K. Lewis, M. Bresler,
S.R. Burks, J.A. Frank, Disrupting the blood–brain barrier by focused ultrasound
induces sterile inflammation, Proc. Natl. Acad. Sci. USA 114 (2017) E75–E84,
https://doi.org/10.1073/pnas.1614777114.

[379] D. McMahon, R. Bendayan, K. Hynynen, Acute effects of focused ultrasound-
induced increases in blood-brain barrier permeability on rat microvascular
transcriptome, Sci. Rep. 7 (2017), 45657, https://doi.org/10.1038/srep45657.

[380] H.L. Liu, H.Y. Hsieh, L.A. Lu, C.W. Kang, M.F. Wu, C.Y. Lin, Low-pressure pulsed
focused ultrasound with microbubbles promotes an anticancer immunological
response, J. Transl. Med. 10 (2012) 221, https://doi.org/10.1186/1479-5876-10-
221.

[381] H. Horsley, J. Owen, R. Browning, D. Carugo, J. Malone-Lee, E. Stride, J.L. Rohn,
Ultrasound-activated microbubbles as a novel intracellular drug delivery system
for urinary tract infection, J. Contr. Release 301 (2019) 166–175, https://doi.org/
10.1016/j.jconrel.2019.03.017.

[382] J. Liu, Y. Chen, G. Wang, Q. Jin, Z. Sun, Q. Lv, J. Wang, Y. Yang, L. Zhang, M. Xie,
Improving acute cardiac transplantation rejection therapy using ultrasound-
targeted FK506-loaded microbubbles in rats, Biomater. Sci. 7 (2019) 3729–3740,
https://doi.org/10.1039/C9BM00301K.

[383] Y. Dong, J. Li, P. Li, J. Yu, Ultrasound microbubbles enhance the activity of
vancomycin against Staphylococcus epidermidis biofilms in vivo, J. Ultrasound
Med. 37 (2018) 1379–1387, https://doi.org/10.1002/jum.14475.

[384] S. Dastgheyb, J. Parvizi, I.M. Shapiro, N.J. Hickok, M. Otto, Effect of biofilms on
recalcitrance of staphylococcal joint infection to antibiotic treatment, J. Infect.
Dis. 211 (2015) 641–650, https://doi.org/10.1093/infdis/jiu514.

[385] F. Forsberg, D. Curry, P. Machado, N. Zhao, M. Stanczak, J.R. Eisenbrey,
T.P. Schaer, N.J. Hickok, Ultrasound triggered microbubble destruction for
disrupting biofilms in synovial fluid, in: IEEE International Ultrasonics Symposium
(IUS), 2020, pp. 1–4, https://doi.org/10.1109/IUS46767.2020.9251545.

https://doi.org/10.1016/j.jmbbm.2021.104669
https://doi.org/10.1016/j.jmbbm.2021.104669
https://doi.org/10.3390/jfb10030034
https://doi.org/10.1016/j.ultsonch.2021.105887
https://doi.org/10.1016/j.ultsonch.2004.01.037
https://doi.org/10.1002/adma.200904093
https://doi.org/10.1002/adma.200904093
https://doi.org/10.1007/s41061-016-0100-9
https://doi.org/10.1038/s41598-019-45059-5
https://doi.org/10.1038/s41598-019-45059-5
https://doi.org/10.1016/j.ultsonch.2019.104615
https://doi.org/10.2147/IJN.S230893
https://doi.org/10.1081/DDC-100107320
https://doi.org/10.1081/DDC-100107320
https://doi.org/10.3390/ma13163485
https://doi.org/10.3390/ma13163485
https://doi.org/10.1016/j.powtec.2020.08.011
https://doi.org/10.1016/j.powtec.2020.08.011
https://doi.org/10.1007/s10856-020-6358-z
https://doi.org/10.1007/s10856-020-6358-z
https://doi.org/10.1016/B978-0-08-100716-7.00014-3
https://doi.org/10.1016/B978-0-08-100716-7.00014-3
https://doi.org/10.1016/j.ultsonch.2021.105617
https://doi.org/10.3390/pharmaceutics12030290
https://doi.org/10.3390/pharmaceutics12030290
https://doi.org/10.4172/pharmaceutical-sciences.1000404
https://doi.org/10.3109/02656736.2014.992484
https://doi.org/10.1016/j.ccr.2021.214087
https://doi.org/10.1016/j.ccr.2021.214087
https://doi.org/10.1155/2016/7156716
https://doi.org/10.1002/adhm.201900036
https://doi.org/10.1002/adhm.201900036
https://doi.org/10.1080/1061186X.2017.1419362
https://doi.org/10.1080/1061186X.2017.1419362
https://doi.org/10.2147/IJN.S28830
https://doi.org/10.1007/s11517-009-0498-0
https://doi.org/10.1007/s11517-009-0498-0
https://doi.org/10.1021/acs.langmuir.8b03779
https://doi.org/10.1021/acsami.7b05469
https://doi.org/10.1021/acsami.7b05469
https://doi.org/10.7150/thno.20118
https://doi.org/10.1118/1.4808149
https://doi.org/10.1118/1.4808149
https://doi.org/10.1021/acs.langmuir.5b03473
https://doi.org/10.1021/acsami.0c05308
https://doi.org/10.1021/acsami.0c05308
https://doi.org/10.1038/s41467-018-04529-6
https://doi.org/10.1093/neuros/nyz310_208
https://doi.org/10.1093/neuros/nyz310_208
https://doi.org/10.1371/journal.pone.0057682
https://doi.org/10.1371/journal.pone.0057682
https://doi.org/10.1007/978-1-4939-9139-6_10
https://doi.org/10.1007/978-1-4939-9139-6_10
https://doi.org/10.1016/j.bbrc.2016.10.141
https://doi.org/10.1038/s41467-021-21022-9
https://doi.org/10.1038/s41467-021-21022-9
https://doi.org/10.1038/srep16253
https://doi.org/10.1016/j.ultsonch.2019.104745
https://doi.org/10.1016/j.neuroimage.2019.01.037
https://doi.org/10.1021/acs.nanolett.9b04373
https://doi.org/10.1021/acs.nanolett.9b04373
https://doi.org/10.1073/pnas.1614777114
https://doi.org/10.1038/srep45657
https://doi.org/10.1186/1479-5876-10-221
https://doi.org/10.1186/1479-5876-10-221
https://doi.org/10.1016/j.jconrel.2019.03.017
https://doi.org/10.1016/j.jconrel.2019.03.017
https://doi.org/10.1039/C9BM00301K
https://doi.org/10.1002/jum.14475
https://doi.org/10.1093/infdis/jiu514
https://doi.org/10.1109/IUS46767.2020.9251545


B. Sridharan, H.G. Lim Materials Today Bio 19 (2023) 100556
[386] J. Ouyang, Z. Tang, N. Farokhzad, N. Kong, N.Y. Kim, C. Feng, S. Blake, Y. Xiao,
C. Liu, T. Xie, Ultrasound mediated therapy: recent progress and challenges in
nanoscience, Nano Today 35 (2020), 100949, https://doi.org/10.1016/
j.nantod.2020.100949.

[387] A.P. Sarvazyan, O.V. Rudenko, W.L. Nyborg, Biomedical applications of radiation
force of ultrasound: historical roots and physical basis, Ultrasound Med. Biol. 36
(2010) 1379–1394, https://doi.org/10.1016/j.ultrasmedbio.2010.05.015.

[388] H.L. Liu, C.H. Fan, C.Y. Ting, C.K. Yeh, Combining microbubbles and ultrasound
for drug delivery to brain tumors: current progress and overview, Theranostics 4
(2014) 432–444, https://doi.org/10.7150/thno.8074.

[389] S. Beckmann, J.H. Simanowski, Update in contrast-enhanced ultrasound, Vis. Med.
36 (2020) 476–486, https://doi.org/10.1159/000511352.

[390] W. Zhang, S. Hu, J.J. Yin, W. He, W. Lu, M. Ma, N. Gu, Y. Zhang, Prussian blue
nanoparticles as multienzyme mimetics and reactive oxygen species scavengers,
J. Am. Chem. Soc. 138 (2016) 5860–5865, https://doi.org/10.1021/
jacs.5b12070.

[391] K.H. Min, H.S. Min, H.J. Lee, D.J. Park, J.Y. Yhee, K. Kim, I.C. Kwon, S.Y. Jeong,
O.F. Silvestre, X. Chen, pH-controlled gas-generating mineralized nanoparticles: a
theranostic agent for ultrasound imaging and therapy of cancers, ACS Nano 9
(2015) 134–145, https://doi.org/10.1021/nn506210a.

[392] L.J. Delaney, S. Isguven, J.R. Eisenbrey, N.J. Hickok, F. Forsberg, Making waves:
how ultrasound-targeted drug delivery is changing pharmaceutical approaches,
Mater. Adv. 3 (2022) 3023–3040, https://doi.org/10.1039/d1ma01197a.

[393] Y. Liu, P. Bhattarai, Z. Dai, X. Chen, Photothermal therapy and photoacoustic
imaging via nanotheranostics in fighting cancer, Chem. Soc. Rev. 48 (2019)
2053–2108, https://doi.org/10.1039/C8CS00618K.

[394] Y.K. Huang, C.H. Su, J.J. Chen, C.T. Chang, Y.H. Tsai, S.F. Syu, T.T. Tseng,
C.S. Yeh, Interfaces, Fabrication of silica-coated hollow carbon nanospheres
encapsulating Fe3O4 cluster for magnetical and MR imaging guided NIR light
triggering hyperthermia and ultrasound imaging, ACS Appl. Mater. Interfaces 8
(2016) 14470–14480, https://doi.org/10.1021/acsami.6b04759.

[395] L.Q. Zhou, P. Li, X.W. Cui, C.F. Dietrich, Ultrasound nanotheranostics in fighting
cancer: advances and prospects, Cancer Lett. 470 (2020) 204–219, https://
doi.org/10.1016/j.canlet.2019.11.034.

[396] L. Duan, L. Yang, J. Jin, F. Yang, D. Liu, K. Hu, Q. Wang, Y. Yue, N. Gu, Micro/
nano-bubble-assisted ultrasound to enhance the EPR effect and potential
theranostic applications, Theranostics 10 (2020) 462–483, https://doi.org/
10.7150/thno.37593.

[397] Y. Li, C. Qiu, S. Xu, M. Ke, Z. Liu, Theoretical study of large-angle bending
transport of microparticles by 2D acoustic half-Bessel beams, Sci. Rep. 5 (2015),
13063, https://doi.org/10.1038/srep13063.

[398] R. Mettin, I. Akhatov, U. Parlitz, C. Ohl, W. Lauterborn, Bjerknes forces between
small cavitation bubbles in a strong acoustic field, Phys. Rev. E. 56 (1997) 2924,
https://doi.org/10.1103/PhysRevE.56.2924.

[399] S. Wang, C.Y. Wang, S. Unnikrishnan, A.L. Klibanov, J.A. Hossack,
F.W. Mauldin Jr., Optical verification of microbubble response to acoustic
radiation force in large vessels with in vivo results, Invest. Radiol. 50 (2015)
772–784, https://doi.org/10.1097/RLI.0000000000000185.

[400] J.P. Kilroy, A.L. Klibanov, B.R. Wamhoff, J.A. Hossack, Intravascular ultrasound
catheter to enhance microbubble-based drug delivery via acoustic radiation force,
IEEE Trans. Ultrason. Ferroelectrics Freq. Control 59 (2012) 2156–2166, https://
doi.org/10.1109/TUFFC.2012.2442.

[401] B.H. Lammertink, C. Bos, R. Deckers, G. Storm, C.T. Moonen, J.M. Escoffre,
Sonochemotherapy: from bench to bedside, Front. Pharmacol. 6 (2015) 138,
https://doi.org/10.3389/fphar.2015.00138.

[402] B. Yang, Y. Chen, J. Shi, Exosome biochemistry and advanced nanotechnology for
next-generation theranostic platforms, Adv. Mater. 31 (2019), 1802896, https://
doi.org/10.1002/adma.201802896.

[403] C. He, S. Zheng, Y. Luo, B. Wang, Exosome theranostics: biology and translational
medicine, Theranostics 8 (2018) 237–255, https://doi.org/10.7150/thno.21945.

[404] P.H. Tran, D. Xiang, T.T. Tran, W. Yin, Y. Zhang, L. Kong, K. Chen, M. Sun, Y. Li,
Y. Hou, et al., Exosomes and nanoengineering: a match made for precision
therapeutics, Adv. Mater. 32 (2020), 1904040, https://doi.org/10.1002/
adma.201904040.

[405] T. Lorenc, J. Chrzanowski, W. Olejarz, Current perspectives on clinical use of
exosomes as a personalized contrast media and theranostics, Cancer 12 (2020)
3386, https://doi.org/10.3390/cancers12113386.

[406] P. Hahn, I. Leibacher, T. Baasch, J. Dual, Numerical simulation of acoustofluidic
manipulation by radiation forces and acoustic streaming for complex particles, Lab
Chip 15 (2015) 4302–4313, https://doi.org/10.1039/C5LC00866B.

[407] G. Destgeer, H.J. Sung, Recent advances in microfluidic actuation and micro-
object manipulation via surface acoustic waves, Lab Chip 15 (2015) 2722–2738,
https://doi.org/10.1039/C5LC00265F.

[408] H. Bruus, Acoustofluidics 1: governing equations in microfluidics, Lab Chip 11
(2011) 3742–3751, https://doi.org/10.1039/C1LC20658C.

[409] A. Ku, H.C. Lim, M. Evander, H. Lilja, T. Laurell, S. Scheding, Y. Ceder, Acoustic
enrichment of extracellular vesicles from biological fluids, Anal. Chem. 90 (2018)
8011–8019, https://doi.org/10.1021/acs.analchem.8b00914.

[410] K. Lee, H. Shao, R. Weissleder, H. Lee, Acoustic purification of extracellular
microvesicles, ACS Nano 9 (2015) 2321–2327, https://doi.org/10.1021/
nn506538f.

[411] A. Dolatmoradi, E. Mirtaheri, B. El-Zahab, Thermo-acoustofluidic separation of
vesicles based on cholesterol content, Lab Chip 17 (2017) 1332–1339, https://
doi.org/10.1039/C7LC00161D.
31
[412] M. Wu, Y. Ouyang, Z. Wang, R. Zhang, P.-H. Huang, C. Chen, H. Li, P. Li, D. Quinn,
M. Dao, Isolation of exosomes from whole blood by integrating acoustics and
microfluidics, Proc. Natl. Acad. Sci. USA 114 (2017) 10584–10589, https://
doi.org/10.1073/pnas.1709210114.

[413] Y. Li, Y. Chen, M. Du, Z.Y. Chen, Engineering, Ultrasound technology for
molecular imaging: from contrast agents to multimodal imaging, ACS Biomater.
Sci. Eng. 4 (2018) 2716–2728, https://doi.org/10.1021/
acsbiomaterials.8b00421.

[414] J. Osborn, J.E. Pullan, J. Froberg, J. Shreffler, K.N. Gange, T. Molden, Y. Choi,
A. Brooks, S. Mallik, K. Sarkar, Echogenic exosomes as ultrasound contrast agents,
Nanoscale Adv. 2 (2020) 3411–3422, https://doi.org/10.1039/d0na00339e.

[415] H. Shekhar, R.T. Kleven, T. Peng, A. Palaniappan, K.B. Karani, S. Huang,
D.D. McPherson, C.K. Holland, In vitro characterization of sonothrombolysis and
echocontrast agents to treat ischemic stroke, Sci. Rep. 9 (2019) 9902, https://
doi.org/10.1038/s41598-019-46112-z.

[416] J.J. Kwan, R. Myers, C.M. Coviello, S.M. Graham, A.R. Shah, E. Stride,
R.C. Carlisle, C.C. Coussios, Ultrasound-propelled nanocups for drug delivery,
Small 11 (2015) 5305–5314, https://doi.org/10.1002/smll.201501322.

[417] A.Y. Sherif, G.I. Harisa, F.K. Alanazi, A.M.E. Youssof, Engineering of exosomes:
steps towards green production of drug delivery system, Curr. Drug Targets 20
(2019) 1537–1549, https://doi.org/10.2174/1389450120666190715104100.

[418] Z. Zhang, J.A. Dombroski, M.R. King, M. Bioengineering, Engineering of exosomes
to target cancer metastasis, Cell. Mol. Bioeng. 13 (2020) 1–16, https://doi.org/
10.1007/s12195-019-00607-x.

[419] X. Li, A.L. Corbett, E. Taatizadeh, N. Tasnim, J.P. Little, C. Garnis, M. Daugaard,
E. Guns, M. Hoorfar, I.T.S. Li, Challenges and opportunities in exosome
research—perspectives from biology, engineering, and cancer therapy, APL
Bioeng. 3 (2019), 011503, https://doi.org/10.1063/1.5087122.

[420] X. Luan, K. Sansanaphongpricha, I. Myers, H. Chen, H. Yuan, D. Sun, Engineering
exosomes as refined biological nanoplatforms for drug delivery, Acta Pharmacol.
Sin. 38 (2017) 754–763, https://doi.org/10.1038/aps.2017.12.

[421] S.C. Jang, O.Y. Kim, C.M. Yoon, D.-S. Choi, T.-Y. Roh, J. Park, J. Nilsson, J. Lotvall,
Y.-K. Kim, Y.S. Gho, Bioinspired exosome-mimetic nanovesicles for targeted
delivery of chemotherapeutics to malignant tumors, ACS Nano 7 (2013)
7698–7710, https://doi.org/10.1021/nn402232g.

[422] F. Mehryab, S. Rabbani, S. Shahhosseini, F. Shekari, Y. Fatahi, H. Baharvand,
A. Haeri, Exosomes as a next-generation drug delivery system: an update on drug
loading approaches, characterization, and clinical application challenges, Acta
Biomater. 113 (2020) 42–62, https://doi.org/10.1016/j.actbio.2020.06.036.

[423] Y.J. Li, J.Y. Wu, J.M. Wang, X.B. Hu, J.X. Cai, D.X. Xiang, Gemcitabine loaded
autologous exosomes for effective and safe chemotherapy of pancreatic cancer,
Acta Biomater. 101 (2020) 519–530, https://doi.org/10.1016/
j.actbio.2019.10.022.

[424] L. Xiao, U. Erb, K. Zhao, T. Hackert, M. Z€oller, Efficacy of vaccination with tumor-
exosome loaded dendritic cells combined with cytotoxic drug treatment in
pancreatic cancer, OncoImmunology 6 (2017), e1319044, https://doi.org/
10.1080/2162402X.2017.1319044.

[425] W. Sun, Z. Li, X. Zhou, G. Yang, L. Yuan, Efficient exosome delivery in refractory
tissues assisted by ultrasound-targeted microbubble destruction, Drug Deliv. 26
(2019) 45–50, https://doi.org/10.1080/10717544.2018.1534898.

[426] Y. Liu, L. Bai, K. Guo, Y. Jia, K. Zhang, Q. Liu, P. Wang, X. Wang, Focused
ultrasound-augmented targeting delivery of nanosonosensitizers from
homogenous exosomes for enhanced sonodynamic cancer therapy, Theranostics 9
(2019) 5261–5281, https://doi.org/10.7150/thno.33183.

[427] X. Zhao, D. Wu, X. Ma, J. Wang, W. Hou, W. Zhang, Exosomes as drug carriers for
cancer therapy and challenges regarding exosome uptake, Biomed. Pharmacother.
128 (2020), 110237, https://doi.org/10.1016/j.biopha.2020.110237.

[428] Z. Deng, J. Wang, Y. Xiao, F. Li, L. Niu, X. Liu, L. Meng, H. Zheng, Ultrasound-
mediated augmented exosome release from astrocytes alleviates amyloid-
β-induced neurotoxicity, Theranostics 11 (2021) 4351–4362, https://doi.org/
10.7150/thno.52436.

[429] L. Bai, Y. Liu, K. Guo, K. Zhang, Q. Liu, P. Wang, X. Wang, interfaces, Ultrasound
facilitates naturally equipped exosomes derived from macrophages and blood
serum for orthotopic glioma treatment, ACS Appl. Mater. Interfaces 11 (2019)
14576–14587, https://doi.org/10.1021/acsami.9b00893.

[430] X. Li, X. Li, J. Lin, X. Sun, Q. Ding, Exosomes derived from low-intensity pulsed
ultrasound-treated dendritic cells suppress tumor necrosis factor–induced
endothelial inflammation, J. Ultrasound Med. 38 (2019) 2081–2091, https://
doi.org/10.1002/jum.14898.

[431] Z. Zhao, L. Qu, T. Shuang, S. Wu, Y. Su, F. Lu, D. Wang, B. Chen, Q. Hao, Low-
intensity ultrasound radiation increases exosome yield for efficient drug delivery,
J. Drug Deliv. Sci. Technol. 57 (2020), 101713, https://doi.org/10.1016/
j.jddst.2020.101713.

[432] Q. Liao, B.J. Li, Y. Li, Y. Xiao, H. Zeng, J.M. Liu, L.X. Yuan, G. Liu, Low-intensity
pulsed ultrasound promotes osteoarthritic cartilage regeneration by BMSC-derived
exosomes via modulating the NF-κB signaling pathway, Int. Immunopharm. 97
(2021), 107824, https://doi.org/10.1016/j.intimp.2021.107824.

[433] S. Gurunathan, M.-H. Kang, M. Jeyaraj, M. Qasim, J.H. Kim, Review of the
isolation, characterization, biological function, and multifarious therapeutic
approaches of exosomes, Cells 8 (2019) 307, https://doi.org/10.3390/
cells8040307.

https://doi.org/10.1016/j.nantod.2020.100949
https://doi.org/10.1016/j.nantod.2020.100949
https://doi.org/10.1016/j.ultrasmedbio.2010.05.015
https://doi.org/10.7150/thno.8074
https://doi.org/10.1159/000511352
https://doi.org/10.1021/jacs.5b12070
https://doi.org/10.1021/jacs.5b12070
https://doi.org/10.1021/nn506210a
https://doi.org/10.1039/d1ma01197a
https://doi.org/10.1039/C8CS00618K
https://doi.org/10.1021/acsami.6b04759
https://doi.org/10.1016/j.canlet.2019.11.034
https://doi.org/10.1016/j.canlet.2019.11.034
https://doi.org/10.7150/thno.37593
https://doi.org/10.7150/thno.37593
https://doi.org/10.1038/srep13063
https://doi.org/10.1103/PhysRevE.56.2924
https://doi.org/10.1097/RLI.0000000000000185
https://doi.org/10.1109/TUFFC.2012.2442
https://doi.org/10.1109/TUFFC.2012.2442
https://doi.org/10.3389/fphar.2015.00138
https://doi.org/10.1002/adma.201802896
https://doi.org/10.1002/adma.201802896
https://doi.org/10.7150/thno.21945
https://doi.org/10.1002/adma.201904040
https://doi.org/10.1002/adma.201904040
https://doi.org/10.3390/cancers12113386
https://doi.org/10.1039/C5LC00866B
https://doi.org/10.1039/C5LC00265F
https://doi.org/10.1039/C1LC20658C
https://doi.org/10.1021/acs.analchem.8b00914
https://doi.org/10.1021/nn506538f
https://doi.org/10.1021/nn506538f
https://doi.org/10.1039/C7LC00161D
https://doi.org/10.1039/C7LC00161D
https://doi.org/10.1073/pnas.1709210114
https://doi.org/10.1073/pnas.1709210114
https://doi.org/10.1021/acsbiomaterials.8b00421
https://doi.org/10.1021/acsbiomaterials.8b00421
https://doi.org/10.1039/d0na00339e
https://doi.org/10.1038/s41598-019-46112-z
https://doi.org/10.1038/s41598-019-46112-z
https://doi.org/10.1002/smll.201501322
https://doi.org/10.2174/1389450120666190715104100
https://doi.org/10.1007/s12195-019-00607-x
https://doi.org/10.1007/s12195-019-00607-x
https://doi.org/10.1063/1.5087122
https://doi.org/10.1038/aps.2017.12
https://doi.org/10.1021/nn402232g
https://doi.org/10.1016/j.actbio.2020.06.036
https://doi.org/10.1016/j.actbio.2019.10.022
https://doi.org/10.1016/j.actbio.2019.10.022
https://doi.org/10.1080/2162402X.2017.1319044
https://doi.org/10.1080/2162402X.2017.1319044
https://doi.org/10.1080/10717544.2018.1534898
https://doi.org/10.7150/thno.33183
https://doi.org/10.1016/j.biopha.2020.110237
https://doi.org/10.7150/thno.52436
https://doi.org/10.7150/thno.52436
https://doi.org/10.1021/acsami.9b00893
https://doi.org/10.1002/jum.14898
https://doi.org/10.1002/jum.14898
https://doi.org/10.1016/j.jddst.2020.101713
https://doi.org/10.1016/j.jddst.2020.101713
https://doi.org/10.1016/j.intimp.2021.107824
https://doi.org/10.3390/cells8040307
https://doi.org/10.3390/cells8040307

	Exosomes and ultrasound: The future of theranostic applications
	1. Introduction
	2. Biochemistry of exosomes
	3. Theranostic applications of exosomes
	3.1. Biomarkers identified from exosomes
	3.2. Engineered and naive exosomes for therapeutic applications
	3.3. Drug delivery applications

	4. Isolation methodologies and challenges
	5. Research and development in ultrasound-based applications in biology medicine
	5.1. Ultrasound & clinics
	5.1.1. Neurological applications
	5.1.2. Cardiovascular applications
	5.1.3. Hepatic and renal conditions
	5.1.4. Cancer diagnosis and therapy

	5.2. Ultrasound & nanotechnology
	5.2.1. Nano/microformulation processes
	5.2.2. Sonodynamic therapy: sonosensitization, sonoporation and ultrasound assisted drug delivery
	5.2.3. Ultrasound based theranostic applications


	6. Ultrasound enhances the theranostic property of exosomes
	6.1. Isolation of exosomes
	6.2. Exosomes for contrast enhanced ultrasound imaging
	6.3. Bioengineering of exosomes
	6.4. Exosomes mediated drug delivery

	7. Conclusion and future perspectives
	Author contributions
	Funding information
	Declaration of competing interest
	Data availability
	Acknowledgement
	References


