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A B S T R A C T   

Recent advances in ultrasound (US) have shown its great potential in biomedical applications as diagnostic and 
therapeutic tools. The coupling of US-assisted drug delivery systems with nanobiomaterials possessing tailor- 
made functions has been shown to remove the limitations of conventional drug delivery systems. The low-fre
quency US has significantly enhanced the targeted drug delivery effect and efficacy, reducing limitations posed 
by conventional treatments such as a limited therapeutic window. The acoustic cavitation effect induced by the 
US-mediated microbubbles (MBs) has been reported to replace drugs in certain acute diseases such as ischemic 
stroke. This review briefly discusses the US principles, with particular attention to the recent advancements in 
drug delivery applications. Furthermore, US-assisted drug delivery coupled with nanobiomaterials to treat 
different diseases (cancer, neurodegenerative disease, diabetes, thrombosis, and COVID-19) are discussed in 
detail. Finally, this review covers the future perspectives and challenges on the applications of US-mediated 
nanobiomaterials.   

1. Introduction 

Human health is one of the major focus of attention in this century. 
Despite the continuous progression and scientific advancements in 
modern medicine, disease detection and therapeutics are still in need of 
further improvement. In the current situation, drug delivery possesses 
the issue of not reaching the targeted cells, resulting in poor perfor
mance and possibly leading to undesirable adverse effects for the 

neighbouring healthy cells [1]. Additionally, conventional diagnostic 
methods are invasive and time-consuming, which could also lead to low 
accuracy. The term “ultrasound” (US) demonstrates acoustic longitudi
nal waves with a frequency above the threshold of human hearing (20 
kHz). The US techniques are cost-effective, simple, non-invasive, en
ergy-saving and is emerging tremendously. Conventionally, US devices 
are used in object detection and distance measurement and are typically 
employed for imaging and diagnostic purposes. US can be applied to 
various fields by tuning the frequency to achieve different functions [2- 
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6]. 
In addition to the diagnostic imaging modality, the energy carried by 

US waves could be utilized to influence cell function and drug delivery. 
The ability to tune US energy at prefixed intensity has unlocked its po
tential in therapeutic applications. ultrasonic-assisted drug delivery has 
developed progressively and has become popular lately. For drug 

delivery purposes, US is relatively non-invasive by controlling the drug 
release at a desirable location, such as cancer tumours [7-9]. 

Drug delivery system using US coupled with nanoparticles (NPs) has 
resolved the major constraints of conventional drug delivery systems, 
such as unsatisfactory NPs uptake and accumulation in cells, uncon
trolled amount of drug released by NPs and non-targeted delivery of 

Nomenclature 

β-CD β-cyclodextrin 
Aβ beta-amyloid 
ABCVA 4,4’-azobis(4-cyanovaleric acid) 
aFGF Acidic fibroblast growth factor 
Ag Silver 
ARB Amphiphilic rose bengal 
ARDS Acute respiratory distress syndrome 
Au Gold 
Ag-AuNR Ag-coated Au nanorod 
AD Alzheimer’s disease 
BACE1 β-site amyloid precursor protein cleaving enzyme 1 
BBB Blood-brain barrier 
BDNF Brain-derived NF 
BiOCl Bismuth oxychloride 
BOH Boronic acid 
CD31 Platelet-endothelial cell adhesion molecule 
CDT Chemodynamic therapy 
Ce6 Chlorin e6 
CNS Central nervous system 
COVID-19 Coronavirus disease 
CT Computed tomography 
C-TiO2 Carbon-doped TiO2 
DESN Double-effect silica NP 
DLMB DVDMS liposome-MB complexes 
Dox Doxorubicin 
DVDMS Sinopporphyrin sodium 
ELIP Echogenic liposomes 
eLipoDox PFC5 nanoemulsion and Dox loaded liposome 
FA-CS-GO Folic acid/chitosan-coated graphene oxide 
FDA Food and Drug Administration 
FeN MOF-based nanozyme 
FUS Focused US 
fUS Functional US 
GDNF Glia cell-derived NF 
GO Graphene oxide 
GOx Glucose oxidase 
GSH Glutathione 
GSK3β Glycogen synthase kinase-3 beta 
GV Gas vesicles 
HA Hyaluronic acid 
HCy Hemocyanin 
HEMA 2-Hydroxyethyl methacrylate monomer 
HOS Human osteosarcoma 
HPLC High-performance liquid chromatography 
HPS Hepatopulmonary syndrome 
IONP Iron oxide NP 
IS Intact skull 
LpDNA Gene-containing liposome 
LUS Lung US 
MBs Microbubbles 
MCA Middle cerebral artery 
MDA Malondialdehyde 
MI Mechanical index 
MOF Metal organic framework 

MPT Mitochondrial permeability transition 
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
MSC Mesenchymal stem cell 
MSC-EXO MSC-derived exosomes 
MSN Mesoporous silica NP 
NF Neurotrophic factor 
NP Nanoparticle 
OMCN Mesoporous carbon nanosphere 
OP PEG-coated OMCN 
PA Photoacoustic 
PD Parkinson’s disease 
PDT Photodynamic therapy 
PEDGMA Poly (ethylene glycol) dimethacrylate 
PEG Polyethylene glycol 
PEG-40S Polyoxyethylene (40) stearate 
PET Positron emission tomography 
PFC Perfluorocarbon 
PFC5 Perfluoropentane 
pHEMA Poly(2-hydroxyethyl methacrylate) 
PH-GV PEGylated HA-coated GV 
PION PEGylated IONP 
PION@Ce6 Ce6-coated PION 
PLGA Poly(lactic-co-glycolic-acid) 
PTX Paclitaxel 
PX Protoporphyrin IX 
Qc Quercetin 
RB-MB ARB MB containing fluorinated gas 
RGD Arg-Gly-Asp 
RGDS Arg-Gly-Asp-Ser 
RES Reticuloendothelial system 
RNS Reactive nitrogen species 
ROS Reactive oxygen species 
RONS ROS and RNS sensor 
RT-PCR Reverse-transcription polymerase chain reaction 
RVG Rabies virus glycoprotein 
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 
SDT Sonodynamic therapy 
SNP Sulphur NP 
SOD Superoxide dismutase 
STZ Streptozotocin 
TCD Transcranial Doppler 
TEM Tunnelling electron microscopy 
TF Tissue factor 
TiO2 Titanium dioxide 
tPA Tissue plasminogen activator 
TPP Triphenylphosphine 
TSW Thinned-skull window 
UK Urokinase 
US Ultrasound 
UTMD US-targeted MB destruction 
UV Ultraviolet 
VEGF Vascular endothelial growth factor 
V-TiO2 Vanadium-coated TiO2 
vWF von Willebrand factor 
WHO World Health Organisation 
WT Wild type  
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drugs [10]. To date, US has been employed to counter cancer, neuro
degenerative disease, diabetes, thrombosis, etc. [11-16]. The combina
tion of NPs and US has aided in resolving blood clot issues (thrombosis), 
which is life-threatening if a high dosage of untargeted drugs is 
employed [17]. The current COVID-19 pandemic is affecting human life 
globally, with a particular effect on the lung. The non-invasive detection 
nature of lung US (LUS) is useful for imaging lung conditions. Recent 
studies are also focusing on investigating the potential of applying US- 
assisted drug delivery for COVID-19 therapy. 

US in biomedical applications is widely studied, from NPs synthesis 
to drug delivery. This review presents the recent advancements in US- 
assisted drug delivery for various diseases. The fundamentals of US and 
their principles related to biomedical applications, and the efficacy of 
US-assisted drug delivery for different diseases are critically examined. 
Furthermore, the applications of nanobiomaterial-enhanced US thera
pies for different diseases have also been discussed. This review also 
covers US development and possible applications to address the latest 
pandemic virus strain COVID-19. In addition, this review suggests the 
future challenges of US applications on humans from the engineering 
perspective and recommends incorporating appropriate functions on 
nanobiomaterials for enhanced drug delivery efficiency. 

2. Mechanism of Ultrasound in Drug Delivery Applications 

US technology is largely used in sonography (diagnostic imaging) to 
produce visual images of organs and tissues with high-frequency sound 
waves for diagnostic purposes. For example, to identify the cause of 
infection in internal organs and examine the baby in pregnant women. 
Unlike other imaging modalities (X-ray, computed tomography (CT) and 
positron emission tomography (PET) scan), US does not release ionizing 
radiation. Hence, it is classified as a non-invasive procedure/treatment 
and is safely used for pregnant women or infants. The amount of re
flected wave is determined by the difference in acoustic impedance 
between adjacent structures: air, bone, and soft tissue. Strong reflectors 
such as bones and air appear as a hyperechoic image. In contrast, fluid or 
soft tissue will appear as an anechoic or hypoechoic image due to the 
weak electric current (Figure 1) [18]. Scattering occurs when the US 
waves are redirected at small and rough structures, especially when the 
acoustic impedance is small. Scattering is responsible for the image 
texture of the internal organs as it increases at high frequency to provide 
better resolution (the penetration depth compromises this). Although 

artefacts generated by refracted US beam that hits a structure at an 
oblique angle are generally undesirable as they do not present actual 
anatomic features [19], however, cases such as lung sonography may 
provide useful information about the tissue if understood and inter
preted correctly by the sonographer [20]. The transducer probe used in 
sonography have been utilised by researchers to induce US wave to the 
specific area, triggering US-assisted material for drug release, while 
being able to observe the treated part for follow-up treatment at the 
same time. 

Besides diagnostic imaging, the advantages of US have been 
extended to therapeutic biomedical applications, enhancing the stimuli- 
responsive drug delivery (US-mediated drug delivery). Although re
searchers continuously investigate the exact mechanism, US-induced 
acoustic cavitation has been greatly appreciated in enhancing the 
therapeutic effect, especially when coupling with micro/nanobubbles. 
Acoustic cavitation is the formation, growth and collapse/implosion of 
microbubbles (MBs) induced by US waves. When US passes through a 
liquid medium, the dissolved gas nuclei normally contained in the liquid 
medium start to grow and collapse due to mechanical vibration [22]. 
The oscillation and implosion of these cavitation bubbles introduce 
several physical effects such as the sudden rise of temperature, shock 
waves, shear force, mechanical stress and free radical production. This 
phenomenon is the main mechanism in enhancing targeted drug de
livery by US. 

The effect of acoustic cavitation induced by US wave can be greatly 
enhanced by the addition of MBs such as perfluorocarbon (PFC) gas and 
echogenic liposomes (ELIP) [23]; the cavitation activity of these MBs 
depends on their size, shell, and resonance frequency. The combined 
usage of low-frequency US wave with MBs to trigger cavitation is known 
as US-targeted MB destruction (UTMD) and have been utilised by re
searchers in therapeutic application [24]. UTMD induced cavitation can 
enhance the permeability of natural barriers such as skin and cell 
membranes, thus increasing the uptake of drugs. In addition, the US 
wave applied can trigger the release the encapsulated drugs for localised 
treatment. The mechanism of US-mediated drug delivery mainly relies 
on acoustic cavitation and has been used to treat various diseases via 
different routes such as sonoporation, sonodynamic therapy (SDT), 
sonophoresis, and sonothrombolysis. 

Sonoporation refers to the formation of pores in the cell membrane 
upon exposure to US waves, enhancing the membrane permeability for 
intracellular transfer [25]. Studies have shown that sonoporation 
mechanisms were mainly due to transient cavitation caused by high- 
intensity US (>1 MPa, 1 MHz), leading to micro-streaming and shear 
stresses related to stable oscillations [26,27]. The asymmetric implosion 
of MBs increases the permeability of the surrounding vessel walls and 
cell membranes, facilitating gene and drug delivery. In vitro experiments 
have shown that the dissolved gas in the culture medium is sufficient to 
generate cavitation bubbles; however, in vivo application required the 
addition of micro and nanobubbles to induce sonoporation as human 
lungs are efficient in clearing small bubbles from the circulatory system 
[28]. In vitro and in vivo oncological research has shown increased up
take of anti-cancer drugs such as bleomycin, adriamycin, and cisplatin 
through sonoporation [21,29,30]. Also, low-frequency US has been re
ported to temporarily disrupt the blood-brain barrier (BBB) and enhance 
drug diffusion through MBs. The targeted BBB disruption supports the 
delivery of chemotherapeutic agents to brain tumours that usually 
cannot penetrate through. Focused US (FUS) ranging from 0.5 to 4 MHz 
have shown efficient gene transfer with one or two orders magnitude 
higher than using plasmid DNA alone [31,32]. 

SDT has emerged as a novel approach for non-invasive targeted 
cancer treatment, involving the sensitization of target tissues with 
sonosensitizer. This non-toxic sensitizing chemical agent can be acti
vated upon exposure to low-intensity US [33]. Yumita and Umemura 
first reported hematoporphyrin, a well-known photosensitizer activated 
by US-induced cavitation to generate anti-tumour effects [34,35]. 
Sonosensitizer can be activated by low-intensity US to produce reactive 

Figure 1. US image of fetal extremities in the second trimester: the hyper
echoic femur (thigh’s bone), hypoechoic soft tissue and anechoic amniotic fluid. 
Reprinted from [21] with permission from the authors. 
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oxygen species (ROS) via three methods: (1) light through the sonolu
minescence process [36] (2) pyrolytic reactions (3) increase in the 
acoustic cavitation effects [37], presenting advantages such as higher 
tissue penetration depth over photodynamic therapy (PDT) [38]. The 
presence of MBs has also been reported to significantly enhance the 
thermal effects, perturbing the tumour vasculature, with the role as the 
carrier of molecules and as contrast agents for diagnostic imaging [39]. 
Though studies have demonstrated the therapeutic efficacy of SDT based 
on ROS generation and mechanical cytotoxic effects, the mechanism 
behind the cytotoxic effects is still lacking. Canavese et al. reviewed and 
discussed the possible processes governing the observed cytotoxic ef
fects [40]. Considering cavitation bubbles which act as nanometric 
sonochemical reactors during implosion (generating extreme high 
temperature and pressure), ROS was generated by direct pyrolysis or 
pyrolysis of water molecules where chemical reaction can occur inside 
or near the surrounding of the imploding bubbles [41]. The minimum 
US intensity required to generate transient cavitation, known as cavi
tation threshold, depends on the characteristics of the irradiated me
dium. The presence of NPs has been demonstrated to decrease the 
cavitation threshold and initiate inertial cavitation near the target cell to 
elicit cytotoxic effects at low intensity [42]. Transient cavitation has 
been concluded as the key mechanism behind the therapeutic effects of 
SDT [36]. 

Sonophoresis refers to US-mediated transdermal drug delivery. The 
US waves have greater penetration depth than iontophoresis, able to 
penetrate up to 4 to 6 cm into the tissues. Several mechanisms, including 
cavitation, thermal effects, induction of convective transport and me
chanical effects such as stress due to pressure variation, have been hy
pothesized. However, experimental findings showed that the cavitation 
effect is the dominant mechanism in enhancing drug delivery. The 
cavitation effect can occur inside and outside the skin; however, studies 
have reported that cavitation outside the skin has an insignificant effect 
on sonophoresis [43,44]. Cavitation can occur in various biological 
tissues due to the pre-existing gas nuclei trapped in the intracellular and 
intercellular structures, mostly present in the keratinocytes. The oscil
lation of cavitation bubbles near the keratinocyte-lipid bilayer interfaces 
and the shock waves from the collapse of cavitation bubbles leads to 
structural disordering, enhancing the permeation of drugs through the 
stratum corneum [45-47]. Studies have also reported on increasingly 
difficult to generate cavitation at high frequency due to the short 
duration of the oscillating acoustic pressures, diminishing diffusion into 
cavitation nuclei [48,49]. 

Sonothrombolysis has been found to enhance the lysis rate of the 
blood clots under low-frequency US. The cavitation effect temporarily 
loosens the fibrin clot and increases the diffusion of thrombolytic drugs 
into the blood clot. The thrombolytic treatment can be further improved 
by combining with the aid of thrombus targeted MBs which increases the 
surface area of the thrombus by the mechanical shear stress induced by 
the US. The role of acoustic streaming in encouraging diffusion, trans
porting thrombolytic agents, and mechanical perturbation have been 
proposed [50-54]. US irradiation also mediates fibrin disaggregation 
and induce biological effects such as limiting the enzyme activation and 
platelet activation [55-59]. Apart from the cavitation effect, most 
studies have reported an insignificant relationship between the thermal 
mechanisms and thrombolytic outcomes [60-62]. The experimental 
findings demonstrated an increase in the thrombolytic effect only with 
US and MBs without thrombolytic drugs, further concluding the 
importance of the UTMD cavitation effect [63,64]. 

3. Ultrasound-assisted delivery of nanobiomaterials for 
biomedical applications 

US is one of the externally applicable stimuli employed for a wide 
range of applications. It involves the continuous generation and violent 
implosion of cavitation bubbles to produce intense local pressure, 
heating and oxidative radicals, giving rise to thermal or mechanical 

stimulation of nanomaterials to aid their delivery efficacy to the 
diseased sites [65]. As a result, US could induce: (1) the instability of 
nanomaterials, (2) controlled drug release (3) enhancement of the 
permeability of nanomaterials across biological barriers. Besides, US 
could also be used under less violent mode where stable cavitation 
bubbles oscillate around an equilibrium size could be generated to avoid 
unwanted damage to the surrounding [66,67], allowing their employ
ment for medical diagnosis based on the difference in the absorbance of 
US by the tissues [66]. The following sections disclose US’s performance 
in mediating nanomaterials’ delivery for various biomedical applica
tions, including cancers, neurodegenerative diseases, diabetes, throm
bosis, and coronavirus disease 2019 (COVID-19) (Table 1). 

3.1. Cancers 

Cancer is a lethal disease that arises from abnormal genetic mutation 
or uncontrollable cell proliferation [112], which remains one of the 
major causes of mortality worldwide, with a continuous increase in new 
cases [113]. US has been an emerging tool for the diagnosis and treat
ment of cancers. It could be applied to control the release of drugs at the 
tumour site, thus preventing potential toxicity or irritation of healthy 
tissues, which are commonly observed in conventional chemothera
peutic and radiotherapeutic treatments of cancer. US-triggered tumour- 
specific drug release could be achieved by incorporating thermosensi
tive ligands into the nanomaterial [68,114]. Paris et al. prepared mes
oporous silica NPs (MSNs) decorated with polyethylene glycol (PEG) 
and thermal sensitive 4,4’-azobis(4-cyanovaleric acid) (ABCVA) [68]. 
Upon US-induced heating, the ABCVA linker was cleaved, resulting in 
the exposure of the positively charged MSN to enable effective cell 
internalization and tumour-targeted release of topotecan. The successful 
delivery of the anticancer drug topotecan has significantly reduced 
human osteosarcoma (HOS) cells’ viability compared to control sam
ples. However, in vivo animal study is necessary to verify the practicality 
of the as-prepared nanosystem further. It should also be noticed that the 
MSN indicated in the examples required a timely (>1 day) fabrication of 
core nanomaterials, followed by subsequent surface functionalization. 
Indeed, the sonochemical method has previously been reported to be 
feasible for the synthesis of similar quality MSN in few hours with 
controllable physicochemical properties under different ultrasonic 
conditions [115]. Hence, the employment of US would be useful for 
more efficient and time-saving fabrication of nanomaterials for 
biomedical applications. In another study, Song and colleagues ultra
sonically synthesized PFC nanoemulsions to perform US-triggered 
modulation of the hypoxic microenvironment around tumours [69], as 
inspired by the ability of PFC to release encapsulated oxygen upon 
photothermal stimulation [116]. The PFC nanoemulsions are first 
intravenously injected into 4T1 tumour-bearing mice and allowed to 
load oxygen through lung capillary based on their long blood circulation 
time and high oxygen solubility. Upon arrival at tumour sites, the 
application of US waves further triggers the burst release of oxygen from 
the nanoemulsions, contributing to the combating of hypoxia-related 
resistance in cancer therapy. Several reports also revealed the use of 
ultrasonic mechanical effects to achieve tumour-targeted nanomaterial 
deformation and drug release. As shown in Figure 2a, a double-effect 
silica NP, comprising hydrophobically modified MSN, folic acid- 
conjugated β-cyclodextrin (β-CD) and paclitaxel (PTX) has been con
structed and utilized for US-assisted drug delivery [70]. FA-β-CD func
tions not only for the targeting of folate receptor (rich on tumour 
surface) but also to block the pores of MSN to avoid the premature 
leakage of PTX. After the intracellular internalization of double-effect 
silica NPs (DESN) into tumour cells, US was used to degenerate FA- 
β-CD, releasing PTX for tumour chemotherapy. In addition, increasing 
the US intensity led to a higher release of PTX and toxicity to tumour 
cells (Figure 2b and c), suggesting the importance of US to manipulate 
the nanocarrier for enhanced tumour therapy. In vivo analysis with nude 
mice further revealed the excellent performance of the DESN for 
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Table 1 
Summary of nanomaterials associated with US-assisted delivery for various biomedical applications.  

Biomedical 
application 

Nanomaterial Functional component Function Tested model Remark Ref. 

Cancer Topotecan-loaded 
ABCVA-PEG-MSN 

ABVCA Thermosensitive drug 
release 

HOS cell US-heating triggered the 
release of topotecan for 
tumour elimination. 

[68]  

Albumin-stabilized 
PFC nanoemulsion 

PFC US-triggered oxygen 
release to combat 
hypoxia 

4T1 tumour-bearing mice US-triggered release of 
oxygen from PFC 
nanoemulsion to modulate 
hypoxic tumour 
environment for improving 
PDT. 

[69]  

DESN MSN Cavitation-induced 
drug release 

4T1 tumour-bearing mice Gas stored in the pores of 
MSN enhanced the 
cavitation effect to release 
the loaded PTX for tumour 
chemotherapy. 

[70]  

eLipoDox PFC5 nanoemulsion Cavitation-induced 
drug release 

HeLa cell line PFC5 nanoemulsion turns 
into gas bubbles and 
cavitates to release Dox from 
the liposome. 

[71]  

aFGF-NPs and cationic 
lipid MBs 

Cationic lipid MBs UTMD-assisted drug 
delivery 

Dox-injected heart failure 
mice 

The UTMD of MB resulted in 
the enhanced delivery of 
aFGF-NP to attenuate the 
Dox-induced heart failure 

[72]  

FeN@GOx@M and 
MBs 

MBs UTMD-assisted drug 
delivery 

A2780 tumour-bearing 
mice 

The UTMD of MB resulted in 
the enhanced penetration of 
FeN@GOx@M into tumour. 

[73]  

PION@Ce6 IONP, Ce6 SDT H22 hepatocellular 
carcinoma cell line 

IONP reduces the cavitation 
threshold to improve the 
sonosensitivity of Ce6. 

[74]  

TiO2 TiO2 SDT C32 melanoma-bearing 
mice 

TiO2 produces ROS for 
tumour SDT in the presence 
of US. 

[75]  

Au-TiO2-A-TPP TiO2 SDT MCF-7 tumour-bearing 
mice 

Au coating increased the 
ROS generation by TiO2. 

[76]  

C-TiO2 NPs TiO2 SDT 4T1 tumour-bearing mice Carbon doping increased the 
ROS generation by TiO2. 

[77]  

V-TiO2 nanospindle TiO2 CDT-SDT 4T1 tumour-bearing mice Vanadium doping not only 
increased ROS produced by 
TiO2 but also catalysed the 
degradation of H2O2 into 
ROS. 

[78]  

DLMB MB, DVDMS SDT 4T1 tumour-bearing mice MB undergo cavitation, 
leading to a higher release of 
DVDMS to produce more 
ROS. 

[79]  

RB-MB MBs US imaging-guided 
SDT 

HT-29 tumour-bearing 
mice 

MB prevented the premature 
release of ARB and increased 
its retention in tumours for 
enhanced SDT. 

[80]  

GV Anabaena flos-aquae 
derived GV 

US imaging SCC7 tumour-bearing mice PEG improved the colloidal 
stability of GV, while HA 
enhanced the accumulation 
of GV in the tumour. 

[81]  

MBiRGD/CCR2 MBs US imaging, gene 
delivery 

MCF-7 tumour-bearing 
mice 

Dual targeting ability 
improved the tumour 
specificity of MB for US 
imaging and gene delivery. 

[82]  

FA-CS-GO GO PA imaging MDA-MB-231 tumour- 
bearing mice 

FA assisted in tumour 
targeting for improved PA 
imaging and PTT of the 
tumour. 

[83]  

Porphyrin-based MB Porphyrin NPs s US and PA imaging KB xenograft-bearing mice US-implosion of MB into 
porphyrin NPs for US (using 
encapsulated gas bubble) 
and PA (using porphyrin) 
dual imaging. 

[84] 

Neurodegenerative 
disease 

Qc@SNPs-MB MBs FUS BBB opening AD mice Cavitation of MB increased 
permeability of Qc@SNP 
across BBB for quercetin 
delivery. 

[85]  

LpDNA-MB MBs FUS BBB opening MPTP-treated PD mice Cavitation of MB increased 
permeability of LpDNA 
across BBB for gene delivery. 

[86] 

(continued on next page) 
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Table 1 (continued ) 

Biomedical 
application 

Nanomaterial Functional component Function Tested model Remark Ref.  

Propofol-loaded 
micelle-stabilized 
PFC5 nanoemulsion 

PFC5 nanoemulsion US-triggered propofol 
release 

Pentylenetetrazol-treated 
mice 

US cavitation released the 
encapsulated propofol to 
silence epileptic seizures. 

[87]  

PX@OP@RVG PX SDT and 
chemotherapy 

APP/PS1 transgenic mice Successful delivery of PX for 
SDT and chemotherapy of 
AD. 

[88]  

BiOCl nanosheet BiOCl SDT 5xFAD mice US-triggered piezoelectric 
polarization to produce ROS. 

[89]  

Iodide-doped Ag-AuNR Ag PA imaging Zymosan-treated murine 
model 

Ag oxidized by RONS, 
leading to the reactivation of 
the PA signal of Au. 

[90]  

TPP-HCy-BOH HCy PA imaging Lipopolysaccharide-treated 
mice 

H2O2-induced reactivation 
of PA signal of HCy. 

[91]  

MBs MBs fUS imaging  MB compensate the US 
signal attenuated by the 
skull to improve the 
mapping of brain 
vasculature. 

[92]  

GV Anabaena flos-aquae 
derived GV 

fUS imaging C57BL/6J Amplified US signal with 
reduced signal fluctuation 
than MB contrast agent. 

[93]  

MBs MBs fUS imaging Human trial Deep vasculature imaging to 
characterize blood-flow 
dynamics with resolution up 
to 25 µm. 

[94] 

Thrombosis PEG-gelatin loaded 
with tPA 

PEG-gelatin US triggered drug 
release; cavitation 
induced thrombolytic 
effect 

Rabbit thrombosis model- 
right femoral artery 

Thrombolytic drug activity 
is initially suppressed by 
PEG-gelatine and released 
upon exposure to US. 

[95]  

tPA-gelatin and zinc 
ions complex NPs 

Basic gelatin and zinc 
structure 

US triggered drug 
release; cavitation 
induced thrombolytic 
effect 

Swine acute myocardial 
infarction model 

Thrombolytic drug activity 
is initially suppressed by 
gelatine NPs and released 
upon exposure to US. 

[96]  

tPA-loaded ELIP ELIP US triggered drug 
release 

Rabbit acute aorta clot 
model 

US enhances drug release to 
increase the thrombolytic 
effect. 

[97]  

PFC gas containing 
ELIP coated with RGD 
peptides (tPA) 

ELIP US triggered drug 
release; cavitation 
induced thrombolytic 
effect 

Iliofemoral arteries 
thrombosis rabbit 

US cavitation enhances the 
thrombolytic effect, and 
thrombus targeted RGD 
peptides increase the drug 
release effect. 

[98]  

Magnetically targeted 
MBs (tPA) 

Magnetic MBs US induced 
thrombolytic effect 
enhanced by the 
magnetic MBs 

In vitro porcine blood clots 
in partially occluded 
middle cerebral artery 

US induced thrombolytic 
effect; magnetic MBs 
attached to the surface of 
thrombus to enhance the 
thrombolytic action. 

[99]  

Sulfur hexafluoride 
MBs (tPA) 

MBs US enhanced 
cavitation effect 

Rabbit model of middle 
cerebral artery occlusion 

US cavitation on the MBs 
accelerated the thrombolysis 
effect. 

[100]  

Galactose MBs (tPA) MBs US enhanced 
cavitation effect 

Patients with acute stroke 
attributable to MCA 
occlusion 

US cavitation on the MBs 
accelerated the thrombolysis 
effect. 

[101]  

Perflutren-lipid 
microspheres (UK) 

MBs US enhanced 
cavitation effect 

Stroke subjects treated 
within 3 h had abnormal 
thrombolysis in brain 
ischemia 

US cavitation on the MBs 
accelerated the thrombolysis 
effect. 

[102]  

RGDS coated MBs, 
SonoVue(UK) 

MBs US enhanced 
cavitation effect 

Rabbit with femoral 
arterial thrombosis 

US cavitation on the MBs 
accelerated the thrombolysis 
effect. 

[103,104] 

Diabetes Drug loaded 
polyanhydrides, 
polyglycolides, and 
polylactides 

Biodegradable polymer 
matrices and 
nonerodable ethylene/ 
vinyl acetate 
copolymer 

Cavitation-induced 
drug release 

Rats US enhanced polymer 
degradation to release the 
incorporated drugs. 

[105]  

Insulin-loaded 
pHEMA/PEGDMA 0.4 
K copolymer 

C12 methylene chains Cavitation-induced 
insulin release 

In vitro 3T3-L1 adipocyte 
cells 

US irradiation distorts the 
C12 chain to release insulin. 

[106]  

Nano-network with 
alginate coated PLGA 
and chitosan-coated 
PLGA 

Particle-particle 
interaction 

Cavitation-induced 
insulin release 

STZ-induced type 1 mice Shock waves from inertial 
cavitation facilitate rupture 
of polymer chains in PLGA, 
releasing insulin upon US 
exposure. 

[107]  

Insulin-loaded PLGA 
coated by chitosan 
microgel 

Chitosan microgel Cavitation-induced 
insulin release 

STZ-induced type 1 mice Improved performance on 
pulsatile release profile due 
to “recharge” capability of 
chitosan microgel. 

[108] 

(continued on next page) 
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inhibiting tumour growth. Besides, US-controllable liposomes have also 
been developed to deliver chemotherapeutic drugs such as doxorubicin 
(Dox) [71]. The US- assisted liposome contained a perfluoropentane 
(PFC5) nanoemulsion and Dox (eLipoDox). The PFC5 nanoemulsion was 
observed to turn into gas bubbles and cavitate upon US irradiation, 
inducing Dox release from the liposome. 

The use of Dox have been reported to promote side effects such as 
platelet aggregation and adhesion to endothelial cells [117], oxidative 
stress, cardiomyocyte apoptosis, mitochondrial dysfunction which 
eventually led to thrombosis disease and heart failure [72]. In a typical 
assay, oxidative stress contributes to the formation of excess free radi
cals, and hence the lipid oxidation that can be evaluated by measuring 
the level of superoxide dismutase (SOD, an antioxidant enzyme that 
decrease with oxidative stress) and malondialdehyde (MDA, a marker of 
lipid peroxidation) [72]. Besides, overwhelmed ROS also open the 
mitochondrial permeability transition (MPT) pore, which initiated the 
release of apoptosis factors and eventually, mitochondrial dysfunction 
and apoptosis [118]. Recently, Zhou et al. proposed the combinational 
use of UTMD and acidic fibroblast growth factor (aFGF) to attenuate the 
heart failure caused by Dox (a drug for tumour chemotherapy) [72]. The 

authors first prepared the aFGF-NPs and cationic lipid MBs, and further 
employed them for UTMD-mediated anti-heart failure cardioprotection. 
The aFGF is known to facilitate angiogenesis, attenuate myocardial 
ischemia and improve cardiac function due to its ability to proliferate 
vascular endothelial cells and smooth muscle cells [119]. With the aid of 
UTMD, the combinational delivery of aFGF-NPs and carionic lipid MBs 
endowed the reduced lipid peroxidation (amplified SOD and lowered 
MDA) in myocardial tissue, and the elevated Bcl-2 protein level (a 
known apoptosis regulator where its increment could inhibit apoptosis). 
On the other hand, the myocardium of Dox-induced heart failure is 
accompanied with a low capillary density, and it could be recognized 
through the decrease in platelet-endothelial cell adhesion molecule 
(CD31) expression. The UTMD-assisted delivery of aFGF- NPs in Zhou’s 
work successfully increased the CD31 expression and the blood vessel 
density in ischemic myocardium, suggesting the as-developed formula
tions (aFGF-NPs + cationic lipid MBs + UTMD) to be promising for the 
treatment of Dox-facilitated heart failure [72]. 

The UTMD-enhanced delivery is believed to be owing to the 
destruction of MB, which enhances the permeability of nanomaterials 
across tumour vessel walls and cell membranes. Recently, Xiang et al. 

Table 1 (continued ) 

Biomedical 
application 

Nanomaterial Functional component Function Tested model Remark Ref.  

VEGF gene containing 
lipid-stabilised MBs 

MBs UTMD-assisted gene 
delivery 

STZ-induced type 1 mice Improve efficacy of islet 
transplantation to restore 
the function of pancreatic 
beta cell in releasing insulin. 

[109] 

COVID-19 MBs from agitated 
saline 

MBs US imaging to detect 
intracardiac/ 
intrapulmonary 
shunting 

Covid-19 patients TCD was used to detect and 
quantify MBs appearing in 
the cerebral circulation to 
define the disease severity. 

[110]  

MSC-EXO loaded 
polymer-based 
encapsulated MBs 

Polymeric matrices US-triggered drug 
release from polymeric 
vesicles 

Simulation on human lung 
model 

Polymeric MBs rupture upon 
US exposure to release the 
MSC-EXO for lung damage 
treatment. 

[111]  

Figure 2. (a) Schematic representation of the tumour-targeting process of DESN for subsequent US-triggered release of PTX for chemo-SDT of tumours (b) The 
release profile of PTX from DESN under US sonication at different intensities (c) Cell viability of 4T1 cells upon incubation with different concentrations of DESN 
without/with US irradiation at different power (d) Schematic diagram of the synthesis and CT imaging-guided SDT of Au-TiO2-A-TPP (e) CT images of mice before 
and after the intravenous injection of Au-TiO2-A-TPP (f) Changes in tumour volume of the MCF-7 tumour-bearing mice subjected to different treatment groups. 
Reprinted from [70,76] with permission from the authors (CC BY license) and the American Chemical Society. 
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demonstrated the enhanced delivery of Fe-metal organic framework 
(MOF)-based nanozyme (FeN) to tumour sites with the help of UTMD 
[73]. The FeN is first coated with glucose oxidase (GOx) and tumour cell 
membrane to yield a tumour-targeting nanozyme (termed FeN@
GOx@M). Here, the GOx is expected to catalyze the conversion of 
glucose to gluconic acid and H2O2, which supplemented the nanozyme- 
induced fenton-like reactions to produce ROS for tumour elimination. To 
improve the penetration of the nanozyme into tumour, MBs have been 
co-injected along with the FeN@GOx@Ms intratumourally into A2780 
tumour-bearing nude mice to induce UTMD, where the latter enhanced 
the penetration of the FeN@GOx@M into tumour, thus improved the 
inhibition of tumour growth as compared to the control. 

SDT is another known technique involving the combined usage of 
low-intensity US and sonosensitizers to generate ROS for tumour elim
ination [40,120]. SDT utilizes the advantage of US waves that exhibit 
high specificity and deep tumour penetrability to activate the sono
sensitizers after their accumulation in the tumour, realizing tumour- 
specific elimination with minimal influences to healthy tissues 
[40,120]. Despite their potential for tumour treatment, conventional 
sonosensitizers suffer from several limitations. For instance, they 
indiscriminately attack the tissues regardless of the malignancy status 
since they are mostly derived from photosensitizers (Chlorin e6 (Ce6), 
photofrin, etc. [121]), or chemotherapeutic drugs (Dox, levofloxacin, 
etc. [122,123]), which could impart severe irritation or toxicity to 
healthy tissues [124]. On the other hand, conventional sonosensitizers 
are inherently hydrophobic and could aggregate easily based on a hy
drophobic interaction, leading to poor aqueous solubility and decreased 
ROS productivity [124]. Fortunately, such obstacles could be addressed 
by integrating NPs as a carrier to deliver the sonosensitizers. As evi
denced in the study of Zhang et al., PEGylated iron oxide NP (IONP) has 
been used to chemically bond Ce6 (yielding PION@Ce6) to improve its 
sonosensitivity [74]. The presence of PEG improved aqueous solubility 
and colloidal stability. Meanwhile, IONP reduced the cavitation 
threshold for enhanced ROS production as it provides a nucleation site 
for cavitation [125]. As a result, in the presence of US, PION@Ce6 
showed supreme reduction in cell viability of H22 hepatocellular car
cinoma cell lines as compared to free Ce6, reflecting an improved 
sonosensitivity. 

Apart from serving as a carrier, some NPs can work as the sensitizer 
itself with US assistance. Titanium dioxide (TiO2) NP is one of the 
foremost sonosensitizers for SDT due to its high biocompatibility, sta
bility and low toxicity. The first evidence concerning the performance of 
TiO2 against tumours was reported by Harada and colleagues [75]. In 
the performed study, no cell viability reduction has been observed upon 
subjecting the C32 tumour melanoma cells to incubation with TiO2 
without the presence of US. In contrast, the introduction of US triggers 
the TiO2 to produce ROS, in turn reducing the cell viability of C32 
tumour melanoma cells. Similar observations have been disclosed under 
the in vivo mice model test, with the tumour revealing an approximately 
2.5-fold smaller volume than that of the untreated mice, suggesting the 
effectivity of TiO2-mediated SDT for tumour elimination. Nevertheless, 
native TiO2 is associated with low ROS generation efficiency due to its 
wide bandgap and rapid recombination of electrons and holes in the 
band structure [126]. The latter has been addressed via the surface 
modification of TiO2 with noble metal to promote the transfer of an 
interfacial electron to prevent electron-hole recombination [76]. Cao 
et al. coated gold (Au) nanocrystal, PEG, triphenylphosphine (TPP) and 
AS1411 aptamer onto TiO2 nanosheets (Au-TiO2-A-TPP) for 
mitochondria-targeted SDT (Figure 2d) [76]. While the PEG layer in
creases the colloidal stability of the nanosheet, Au-TiO2-A-TPP first 
utilizes AS1411 aptamer to pass through the cancer cell membrane. TPP 
was then responsible for further internalization in mitochondria for 
subsequent US-induced ROS generation, causing cell apoptosis. Both in 
vitro and in vivo tests showed promising tumour suppressing outputs 
using the designed formulation (Figure 2e). Notably, the presence of Au 
also makes CT imaging possible (Figure 2f), suggesting the imaging- 

guided SDT using the as-developed Au-TiO2-A-TPP. Besides noble 
metal compounding, Yang et al. improved the SDT performance of TiO2 
NPs based on carbon doping, where the latter lowered the bandgap of 
TiO2 to ease the release of energy to generate ROS [77]. Intriguingly, the 
carbon-doped TiO2 (C-TiO2) NPs successfully inhibited the proliferation 
of 4T1 breast tumours in vivo, resulting in an approximately 3-fold 
reduction in tumour volume than control samples. Wang et al. re
ported the conjugation of TiO2 with vanadium to yield V-TiO2 nano
spindle for combined chemodynamic therapy (CDT)-SDT of tumours 
[78]. Besides SDT-mediated by TiO2, the nanostructured vanadium act 
as a nanozyme to catalyse the degradation of H2O2 into ROS. Vanadium 
doping also facilitates the narrowing of the bandgap of TiO2 to improve 
ROS production. The synergistic effects of the combined therapies fav
oured ROS overexpression, depleting the glutathione (GSH) content 
around the tumour and eventually inhibiting tumour growth in mice 
models. 

Noteworthily, recent studies have demonstrated that incorporating 
MBs alongside sonosensitizers could lead to higher ROS generation than 
the sonosensitizer alone as the MBs could provide nuclei for cavitation 
initiation, eventually leading to sonoluminescence emission that excites 
the nearby sonosensitizer [127]. Moreover, the high local temperature 
generated from cavitation also causes pyrolysis reactions, increasing 
ROS production [80]. Li et al. loaded sinopporphyrin sodium (DVDMS) 
into liposomes and further conjugated DVDMS liposomes with MBs 
through biotin-avidin linkage to yield DVDMS liposome-MB complexes 
(DLMBs) for enhanced SDT against breast cancer [79]. Under US 
exposure, cavitation of MB is observed, increasing the release of DVDMS 
to generate more ROS than the control groups (with mere DVDMS 
liposome), resulting in higher SDT performance under both cellular and 
animal studies. Nevertheless, the in vivo delivery of DLMB in the study 
depends solely on US-enhanced diffusion and enhanced permeation and 
retention. Since MB is often used as an echo-enhancer for US imaging, 
the inclusion of MB may also give rise to possible imaging of the SDT 
process. Hou et al. demonstrated US imaging-guided SDT for tumour 
treatment [80]. The authors conjugated rose bengal with dihexadecyl
amine via amine linkage to yield amphiphilic rose bengal (ARB). Then, 
ARB, together with sorbitan monostearate (Span-60) and polyoxy
ethylene (40) stearate (PEG-40S), were used to produce MBs containing 
fluorinated gas (RB-MBs). The size of the MBs could be reduced to the 
nanoscale with the assistance of US, facilitating their higher accumu
lation in tumour sites, attributed to both the reduced size and the 
sonoporation effect. The improved intracellular penetration thus 
allowed the successful in vivo US imaging using a 5 MHz clinical US 
scanner. As for therapy, a lower frequency US (1 MHz) was employed to 
ensure cavitation initiation. The in vivo application of RB-MBs in 
tumour-bearing mice showed maximum tumour growth inhibition up to 
76.5% compared to those treated with rose Bengal + US (49.2%). 
Overall, the in vivo outputs indicated the enhanced SDT effect against 
cancer due to the presence of MBs and disclosed the successful US 
imaging-guided SDT of tumour. It is suggested that the investigation to 
include tumour-targeting moieties in the formulation could be per
formed in the future to strengthen the practicality of MB systems for 
tumour therapy. 

Besides therapeutic approaches, US has also been utilized to imaging 
tumours based on the difference in the absorbance of US by soft tissue 
[66], where the differences could be enhanced using US contrast agents, 
such as micro/nano-bubble liquid emulsion and solid NPs. Wang and 
colleagues reported the use of nanobubbles for US imaging of tumours 
[81]. In the study, gas vesicle harvested from the cyanobacteria has been 
utilized as the core of the nanobubble. Nevertheless, native gas vesicles 
(GVs) are prone to rapid clearance (84 % cleared in 20 min) by the 
reticuloendothelial system (RES) that limited their potential for tumour 
imaging. To produce tumour-targetable nanobubbles with enhanced in 
vivo stability, the authors covalently conjugated hyaluronic acid (HA) 
and PEG onto the GVs to enable tumour CD44 receptor-targeting and 
improve colloidal stability, respectively (Figure 3a). The formulation 
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lengthened the retention time of the GVs to over 48 h. It revealed 
tumour-specific accumulation of the GVs in vivo, which realizes their 
potential for tumour-specific US imaging (Figure 3b). US imaging could 
also be used for imaging-guided tumour therapy due to its real-time 
imaging capabilities. Liu et al. demonstrated US-imaging guided 
tumour gene therapy using DNA-loaded MBs [82]. The MBs was inte
grated with PEI to gain cationic characteristics, allowing the loading of 
negatively charged pGPU6/GFP/shAKT2 plasmid DNA. 

Further, the tumour-targeting ability was granted via the biotin- 
avidin linkage-mediated immobilization of iRGD peptides (cyclo(Cys- 
Arg-Gly-Asp-Lys-Gly-Pro-Asp-Cys) and CCE2 (chemokine (C-C motif) 
receptor 2) antibodies. The embodiment of the two tumour-targeting 
ligands favoured the higher accumulation of the as-prepared MB 
(denoted MBiRGD/CCR2) around tumour sites, promoting US contrast 
signals in vivo. Notably, with the concurrent utilization of sonoporation, 
the encapsulated DNA has been successfully delivered and released in 
tumours to silent the AKT2 protein expression to inhibit tumour growth. 

Recently, a hybrid-imaging modality, photoacoustic (PA) imaging, 
detects the acoustic waves generated from the thermoelastic expansion 

and contraction of haemoglobin due to nanosecond pulsed light expo
sure for tumour imaging [128,129]. The combination of light and US 
imaging methods could overcome the limitation of optical imaging 
(shallow penetration depth) and US imaging (possible misdiagnosis 
from the presence of gas bubbles), making PA imaging an effective tool 
for the visualization of tumour vasculature, microstructure and various 
tumour therapeutic process [129-132]. Jun et al. incorporated folic acid- 
coated chitosan onto graphene oxide (GO) (yielding FA-CS-GO) through 
hydrogen bonding and electrostatic interaction and disclosed the ability 
of the nano assembly for the PA imaging of tumour photothermal 
therapy (PTT) (Figure 3c) [83]. The FA-CS-GO effectively accumulated 
around the tumour and revealed a significantly amplified PA signal 
expressing a clear outline of tumour microstructure in the tumour- 
bearing nude mice model (Figure 3d). In contrast, only the major 
blood vessels could be observed before the injection of FA-CS-GO 
(Figure 3e), indicating the performance of the as-developed nano
assemblies for enhanced PA imaging of tumours. Intriguingly, the 
intravenous injection of FA-CS-GO into tumour-bearing nude mice for 
PTT successfully eliminated the tumours, with no trace of recurrence 

Figure 3. (a) Schematic illustration of the preparation of PEGylated HA-GVs (PH-GVs). (b) US images of GVs, HA-GVs and PH-GVs in tumour sites upon intravenous 
injection with different formulations and (c) their respective quantitative intensity. (d) Schematic showing the preparation and PTT of FA-CS-GO. (e) In vivo PA 
images of tumour tissue before and after the introduction of FA-CS-GO under 532, 532-1000 and 625-1000 nm scanning. White dash lines indicating the tumour area. 
Scale bar = 2 mm. Reprinted from [81,83] with permission from Elsevier. 
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within 20 days. A nano system with US and PA dual-imaging modality 
was recently developed [84]. The as-prepared MB comprises a 
porphyrin-lipid-based shell around a PFC gas bubble. Upon US irradia
tion, MB imploded and formed porphyrin-based NPs, where the encap
sulated gas secured US imaging. At the same time, porphyrin gives rise 
to PA imaging. US-facilitated conversion of MB to NPs and the subse
quent accumulation of porphyrin NPs in tumours were testified via PA 
imaging of KB xenograft-bearing mice. 

3.2. Neurodegenerative diseases 

Neurodegenerative disease is one of the notorious diseases to aged 
individuals worldwide, obtruding heavy economic and emotional bur
dens to patients and their families. Neurodegeneration results from 
various complex reactions, such as amyloid protein aggregation, 
oxidative stress, metal ion dyshomeostasis, neurotransmitter malfunc
tion, membrane potential fluctuation, etc. [133]. Importantly, these 
dynamic pathophysiological features occur in the central nervous sys
tem (CNS), which is well barricaded by the BBB that denies the entrance 
of most drugs to the CNS. The use of FUS coupled with MBs for the 
transient opening of BBB appears to be an effective approach to increase 
the permeability of nanomaterials or drugs across BBB. The FUS-induced 
temporal BBB opening may be attributed to the vessel wall displacement 
resulting from the continuous compression and rarefaction of MBs 
[134]. To date, MB has been widely explored to be included in the 
nanomaterial formulations for BBB penetration. Liu et al. embedded 
quercetin-modified sulphur NPs (Qc@SNPs) on the shell of poly 
(α-cyanoacrylate n-butyl acrylate)-based MBs (denoted as Qc@SNPs- 
MB) for the treatment of Alzheimer’s disease (AD) [85]. The 
Qc@SNPs-MB was destroyed upon US irradiation, leading to the 

opening of BBB and the release of Qc@SNPs to enter the CNS (Figure 4a 
and b). 

The formulation enabled a 5-fold better crossing efficiency than the 
endocytosis method and reduced neuronal apoptosis, amyloid protein 
aggregation, neuroinflammation, oxidative stress, and calcium dysho
meostasis due to Qc@SNPs. Additionally, the Morris water maze test 
revealed an improved learning and memory behaviour of AD mice 
compared to that of wild type (WT) control mice, reflecting the effec
tiveness of FUS + Qc@SNPs-MB for brain-targeted drug delivery 
(Figure 4c). Lin et al. also utilized US-induced MB disruption to improve 
the delivery of neurotrophic factors (NFs) gene for Parkinson’s disease 
(PD) management [86]. The authors first loaded glia cell line-derived NF 
(GDNF) and brain-derived NF (BDNF) in liposomes, followed by further 
encapsulating the gene liposomes in MBs to develop a novel gene 
nanocarrier MB complex (LpDNA-MB). With the aid of FUS, LpDNA-MBs 
effectively penetrated BBB and delivered NFs to the brain, reducing the 
calcium expression, restoring normal dopamine secretion and rescuing 
the dopaminergic neuronal loss in 1-methyl-4-phenyl-1,2,3,6-tetrahy
dropyridine (MPTP)-treated PD mice models. The developed LpDNA- 
MBs in the preliminary study was, however, lacked the ability for spe
cific targeting of disordered neurons. Thus, the further integration of 
ligands targeting the pathological factors of neurodegeneration to the 
nanocarrier is believed to enhance its promises for neuroprotective 
therapy against neurodegenerative diseases. Epilepsy is a neurological 
disorder characterized by recurrent spontaneous seizures due to ab
normalities in neuronal membrane potential, reported affecting around 
1% of the human population worldwide [135]. Airan et al. achieved the 
successful modulation of epileptic condition in vivo based on FUS gated 
propofol release from nanoemulsions [87]. The nanoemulsion was 
formed using propofol-loaded polymeric micelles as the emulsifier to 

Figure 4. Schematic representation of the delivery and US-assisted implosion of Qc@SNPs-MB to open the BBB and increase the permeability of Qc@SNPs into CNS, 
where the QC@SNPs are then internalized into neurons to relieve oxidative stress, inflammation, Ca2+ dyshomeostasis and cell apoptosis. (b) In vivo fluorescence 
images of mice subjected to Qc@SNPs, Qc@SNPs-MB and Qc@SNPs + US. (c) Water maze test of WT and AD mice subjected to different formulations. (d) Schematic 
diagram of piezoelectric dissociation of Aβ aggregates on the surface of BiOCl nanosheets under US irradiation. (e) H2O2 production rate under different BiOCl 
concentrations and US powers. (f) Cell viability of N2a cells incubated with Aβ aggregates after subjecting to different treatment groups without/with BiOCl and US 
sonication. Reprinted from [85,89] with permission from the Royal Society of Chemistry and Elsevier. 
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stabilize PFC5. When the nanoemulsions were sonicated at high fre
quency (1 MHz), PFC5 with a low boiling point (28 oC) undergoes a 
phase transition, releasing the anaesthetic propofol to combat epileptic 
seizures. The introduction of the as-prepared nanoformulation to acute 
epileptic mice with US treatment yielded the silencing of seizure activity 
without causing a harmful effect to the brain, indicating the promising 
potential of the as-developed strategy for the treatment of epilepsy. 

SDT has also been attempted for the treatment of neurodegenerative 
disease. Specifically, Xu et al. designed a US-assisted multifunctional NP 
-containing protoporphyrin IX (PX) for the inhibition of tau phosphor
ylation and beta-amyloid (Aβ) protein aggregation [88]. The nano
material comprises PX-loaded oxidized mesoporous carbon nanosphere 
(OMCN) coated with PEG (for colloidal stability and functionalized with 
rabies virus glycoprotein (RVG) peptide (brain-targeting peptide)). With 
the assistance of the RVG peptide, the nanospheres (PX@OMCN@PEG 
(OP)@RVG) target n-acetylcholine receptors widely available on brain 
parenchyma cells and BBB to enable BBB penetration. After internalising 
PX@OP@RVGs in the brain, US was applied to initiate SDT, which re
duces amyloid aggregations and silences the glycogen synthase kinase-3 
beta (GSK3β)-mediated tau phosphorylation in AD mice models. Simi
larly, Jang et al. demonstrated piezoelectric materials for US-triggered 
dissociation of Aβ [89]. The bismuth oxychloride (BiOCl) nanosheet 
containing [Bi2O2]2+ and Cl- layered structure with <001> facet was 
used as the piezoelectric material, whereby the internal electric field 
along <001> was found to be responsible for the spatial separation 
transport of carriers in the nanosheet [136,137]. Upon US stimulation, 
BiOCl experienced a change in the local dipole moment, leading to 
piezoelectric polarization that generated an internal electric field to 
separate electron hole pairs of the BiOCl nanosheets to trigger the 
conversion of water molecules, O2 and H2O2 into ROS [138], thereby 
dissociating Aβ aggregates (Figure 4d-f). The ex vivo studies on AD mice 
models revealed the dramatically reduced Aβ plaques (by nearly 5-folds) 
after US treatment, suggesting the potential of the piezoelectric nano
materials for SDT-based AD management. Although the studies pre
sented above inhibited protein aggregations in AD mice using ROS, it 
should be advised that ROS is also the main cause of oxidative stress, and 
their excessive presence may stimulate the β-site amyloid precursor 
protein cleaving enzyme 1 (BACE1) expressions further to promote the 
aggregation of Aβ protein [139]. Therefore, ROS generation techniques 
should be carefully monitored when dealing with neurodegenerative 
diseases to avoid the undesired development and progression of 
neurodegenerative processes. 

Diagnosis and monitoring of neurodegenerative progression are 
important to help to determine the right treatment course for a patient. 
Lately, US and PA imaging revealed substantial promises to detect 
neurodegenerative symptoms [140]. The building of oxidative stress 
(RONS overproduction) is one of the typical features in neurodegener
ative diseases that are harmful to neurons, and nanomaterial delivery for 
oxidative stress alleviation has been a widely explored strategy to 
manage neurodegenerative disorder [133]. Mantri et al. demonstrated 
the use of iodide doped and silver (Ag)-coated Au nanorods as the ROS 
and reactive nitrogen species (RNS) sensor (RONS) [90]. Ag-coated Au 
nanorod (Ag-AuNR) functions through the oxidation of Ag ions by 
RONS, thereby reactivating the temporarily censored NIR resonance of 
Au (Figure 5a). The resultant PA signal indicates the amount of Ag+

released, which is directly proportional to the RONS content (Figure 5b 
and c). Iodide doping was introduced to reduce the standard reduction 
potential of Ag to match the oxidation potential of RONS. The iodide 
modification provided the Ag-AuNR system with a 45-fold faster Ag 
etching and the improved H2O2 (representing ROS) and ONOO- (rep
resenting RNS) sensitivity by 1000- and 100000-fold, respectively, as 
compared to non-iodide doped Ag-AuNR. Besides oxidative damage, 
disordered neurons are also associated with mitochondrial dysfunction 
and neuroinflammation, making them the hallmarks for detecting 
neurodegenerative disorders. Chen et al. investigated a mitochondria- 
targeted probe termed TPP-HCy-BOH for fluorescence/PA dual-modal 

detection of H2O2 [91]. The nanoprobe consists of TPP for mitochon
dria targeting, boronic acid (BOH) for H2O2 recognition and hemocya
nin (HCy) expressing fluorescence and PA signals under NIR exposure. 
The fluorescence and PA signals of TPP-HCy-BOH were at “offline” mode 
during the transportation as the optically tunable hydroxyl group of HCy 
was silenced by BOH. After TPP-mediated cellular internalization, the 
overexpressed H2O2 cleaves the BOH, thereby uncaging the hydroxyl 
group of HCy for intramolecular charge transfer responsible for 
switching on its fluorescence and PA signals. Using inflamed mice 
models, the TPP-HCy-BOH exhibited 2-fold higher H2O2 sensitivity and 
30 min longer retention time than the control sample without TPP, 
suggesting the potential of the formulation in diagnosing mitochondria 
oxidative stress. Despite the beneficial outputs from the studies 
mentioned above, the future investigation against neurodegeneration- 
associated animal models will be needed to verify the applicability of 
the as-synthesized TPP-HCy-BOH for diagnosing and treating CNS 
diseases. 

Assessment of cerebral vascular morphology is one of the key ap
proaches to disclosing CNS abnormalities [94]. Recently, a very high 
frame rate of US imaging has shown highly sensitive mapping of cerebral 
blood volume and brain elasticity in small animals [141,142]. Such 
imaging, typically known as functional US (fUS), is noticed to be feasible 
to differentiate slow-moving blood (down to 1 mm/s) from surrounding 
tissue, which enabled the detection of blood flow changes even if the 
spatial resolution is insufficient to map the vessel [92,142]. However, 
the application of US on the brain remains limited owing to the presence 
of the skull that attenuates US wave and disturbs its performance to 
distinguish small changes in blood flow [143]. The sensitivity of brain 
US imaging could be enhanced following the injection of MBs to combat 
the attenuation of US waves by the skull. One of the earliest works was 
done by Errico and colleagues [92]. As observed in Figure 5, the intact 
skull attenuated the US waves, almost completely hindering the map
ping of the rat brain’s blood vessels. 

In contrast, the inclusion of MBs significantly compensates the US 
signal, thus favoring the successful mapping of rat brain vasculature up 
to a depth of 12.5 mm. Strikingly, the presence of MBs also allowed the 
measurement of hemodynamic changes in the rat brain, with a 
comparatively higher resolution than the conventional method (skull 
thinning) to overcome the US wave attenuation (Figure 5d-i). More 
recently, Maresca et al. also introduced nanoscale GVs-derived from 
cyanobacteria to enhance the hemodynamic imaging by fUS in mice 
brains [93]. The use of GVs resulted in comparable amplification of the 
magnitude of the US signal while ensuring a substantially reduced signal 
fluctuation compared to MBs. Notwithstanding, the work is rather pre
liminary and did not evaluate the potential of GVs for neurodegenerative 
disease-targeted US imaging. Future research should focus on improving 
the specificity and circulation time of GV via surface modification. It 
should be mentioned that the employment of fUS imaging strategy with 
the presence of US contrast agents has also been extended to human 
trials [94,144]. However, only conventional unmodified contrast agents 
were utilized. This research gap should be addressed in the future by 
exploring engineered contrast agents to increase the specificity and 
spatiotemporal resolution of US imaging. 

3.3. Thrombosis 

Thrombosis is the formation of a thrombus (blood clot) at the blood 
vessels, i.e., veins or arteries, and reduces the blood flow in the circu
latory system. Thrombosis can be classified into two main types: (1) 
Arterial thrombosis, where a blood clot blocks an artery carrying blood 
from the heart to the rest of the body parts, often resulting in heart attack 
and ischemic stroke [145] (oxygen-rich blood does not supply to the 
brain). (2) Venous thrombosis, where a blood clot blocks a vein deliv
ering blood back to the heart from the rest of the body, resulting in deep 
vein thrombosis and pulmonary embolism. Deep vein thrombosis usu
ally develops in the legs when a blood clot in the major vein leads to pain 
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and swelling and can lead to pulmonary embolism when the loosened 
blood clots travel to the lung, decreasing the amount of oxygen in the 
blood affect breathing capability. Thrombotic diseases such as ischemic 
stroke and pulmonary embolism can be life-threatening and require 
immediate treatment. Current thrombolysis therapy mostly involves 
administering anticoagulants to block the formation of new clots. Acute 

thrombotic disease has a narrow therapeutic window; for example, 
intravenous treatment by tissue plasminogen activators is required 
within 3 h after onset leading to morbidity and modality. Medication 
such as heparin injection can be used for immediate action (within 
hours) for life-threatening clotting. Usage of high dosed untargeted 
thrombolytic drugs can cause bleeding in unwanted sites [146] and 

Figure 5. (a) Schematic diagram showing the synthesis and functionalities of iodide-doped Ag-AuNR for RONS detection. (b and c) PA images expressing the 
oxidative stress in murine models using Zymosan as the ROS generating agent. The PA signal is acquired at 680 nm at different time intervals. Schematic illustration 
of high-resolution ultrafast Doppler imaging of the brain vasculature of mice through (d) bilateral thinned-skull window (TSW), (e) intact skull (IS), and (f) unilateral 
thinned-skull window (with both TSW and IS). Mice brain vascular images under (g) bilateral TSW without MBs (h) IS without/with MBs and (i) unilateral TSW 
without/with MBs. Yellow boxes in g-h indicate the fUS signal in the choroid plexus of the lateral ventricle, allowing the correct setup of the US probe. All scale bar =
2 mm. Reprinted from [90,92] with permission from the Royal Society of Chemistry and Elsevier. 
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increase the risk of bleeding such as prolonged nosebleed, coughing and 
vomit with blood etc. In emergency cases, clots can be removed surgi
cally but increase recurrent risk. 

Being classified as a serine protease found in epithelial cells, tissue 
plasminogen activator (tPA) (also known as rt-PA or t-PA) is one of the 
essential components on the dissolution of blood clots, with the role in 
activating plasminogen to form plasmin (enzyme) required to degrade 
fibrin (insoluble protein) that contributes to blood clotting [147]. tPA 
such as Alteplase, Reteplase and Tenecteplase, has been approved by 
United States Food and Drug Administration (FDA) [148] as the stan
dard treatment for ischemic stroke. Due to the constraint in a limited 
therapeutic window, intensive studies have been carried out to prolong 
its half-life, enhance the targeted delivery via MBs or nanocarriers, and 
accelerate thrombolysis via mechanical aids such as US energy referred 
to as sonothrombolysis. 

Uesugi et al. designed a novel nano-sized delivery system that 
initially suppressed the thrombolytic activity of tPA (monteplase) until 
being exposed to US [95]. The tPA was loaded into cationised gelatin- 
coated with PEG chains and injected into rabbits with balloon injury 
of the right femoral artery. The tPA activity of these PEG-modified NPs 
was suppressed by 45%, with 100% recovery when exposed to US in 
vitro. It enhanced the half-life of tPA 3-times in the blood circulation due 
to gelatin complexation. Continuous US irradiation (1 MHz, 0.75 W/ 
cm2) was applied transcutaneously to the upper side of the thrombus for 
60 min until successful thrombolysis was obtained. A complete recan
alization has been reported with samples exposed to US. On the other 
hand, recanalization in half of the animal samples injected free t-PA 
administration was reported. This finding suggested gelatin complexa
tion could only suppress part of the tPA adverse effect, i.e., bleeding 
complication. Similar results were reported in a swine acute myocardial 
model [96]. The NPs comprised of tPA, basic gelatin and zinc ions 
suppressed tPA activity by 50% with full recovery by US in vitro. In vivo 
intravenous NPs injection shows approximately 25% of tPA activity and 

recovered completely under US application (1 MHz, 1 W/cm2). Using 
the same dose of tPA, treatment without US recanalized only 1 of 10 
swine while tPA-loaded NPs with US increase the recanalization rate to 9 
of 10 swine within 30 min. 

Another strategy with sonothrombolysis was developed using echo
genic liposomes coupling with MBs. ELIP are small artificial spherical 
vesicles composed of a phospholipid bilayer capable of reflecting diag
nostic US waves [149]. Treatment with colour Doppler US has been 
reported to release a significant amount of tPA (p<0.01) from ELIP 
[150]. Moreover, ELIP is advantageous in sonothrombolysis due to its 
follow-up echography (US imaging display can be used for process 
monitoring) in the whole process of thrombus evolution. Laing et al. 
reported in vivo complete recanalization in the aorta of rabbit after 15 
min administration of tPA-loaded ELIP (alteplase) with exposure of 5.7 
MHz pulsed Doppler US, 0.4 mechanical index (MI)) [97]. They further 
compared the thrombolytic efficacy of tPA-loaded ELIP with different 
sonification protocols using the same rabbit model: free tPA alone [151] 
and free tPA co-administered with MBs [152-156] (DefinityR, an US 
contrast agent for cavity opacification). Among all US treatment groups, 
tPA-loaded ELIP were more efficacious than others, although statisti
cally insignificant differences. Total recanalization was observed in all 
treatment groups at least once but not in control animals (empty ELIP 
with US). The mean time for total recanalization for all sono
thrombolytic treatment groups was approximately 14 min (p>0.05). 
Following conclusions were reported: (1) encapsulated tPA has similar 
in vivo thrombolytic efficacy to free tPA (2) recanalization rates are 
inconsistent without US treatment, and cavitation effects at MI=0.4 
contributed better to thrombolysis than the acoustically driven diffusion 
provided at MI=0.2. They further suggested improved protocols to be 
investigated with repeat tPA-loaded ELIP dosage for higher reproduc
ibility in arterial recanalization. Similarly, Hagisawa et al. developed a 
PFC gas-containing ELIP, coated with thrombus targeting Arg-Gly-Asp 
(RGD) peptides, loaded with tPA (monteplase) [98]. Low frequency 

Figure 6. Rabbit femoral arteries stained by hematoxylin and eosin (x40). Histological examination showed the vessel was filled with thrombus and not completely 
dissolved for the group of US, UK, US+R, US+M, and US+M+UK; the platelets are granular and non-dense. The thrombi were partially dissolved in R+UK; no 
apparent boundaries and liquified platelets were observed. Complete recanalization was observed in the US+R+UK group, with no thrombi shown in the contra
lateral control arteries. The skeletal muscle staining (x400) show no micro thrombosis in the skeletal muscle for the US, UK, US+R, US+M, and R+UK groups. Micro 
thrombosis was present in the skeletal muscle microvessel for US+R+UK and US+M+UK groups. Reprinted from [104] with permission from Springer Nature. 
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US (27 kHz) with low intensity (1.4 W/cm2) and high intensity (4 W/ 
cm2) respectively, was applied in vivo to iliofemoral arteries thrombosis 
rabbit with higher recanalization rate (9 out of 10 rabbits) compared to 
animals with non-targeted liposomes (2 out of 10 rabbits) and sole tPA 
treatment (4 out of 10 rabbits). 

On the other hand, Victor et al. developed magnetically targeted MBs 
with sonothrombolysis treatment [99]. The porcine blood clots placed in 
a partially occluded middle cerebral artery was treated with tPA, mag
netic MBs and pulsatile US (500 kHz, 2% duty cycle). The magnetic 
targeting was achieved with a single permanent magnet placed 45◦

below the clot. A 3-fold increase in lysis rates was observed for the 
combination of US + tPA +MBs +magnet compared to US + tPA +MBs. 
A significant increase in acoustic emissions with US + tPA + MBs with 
magnet was reported over without a magnet, validating the hypothesis; 
magnetic targeting enhances cavitation energy by increasing the con
centration of cavitation nuclei. A positive correlation between acoustic 
emissions in the focal region and lysis rate in the range of 2-5 MHz has 
been reported. Clot debris produced by this method were all smaller 
than 10 µm (similar to the size of red blood cells), indicating a low risk 
for downstream embolism (blockage caused by a broken blood clot from 
another location). 

Another thrombolytic drug, urokinase (UK), is more cost-efficient 
and commonly used in China, although it is less specific with a rela
tively low success rate. Hence, Liu et al. studied the efficacy of trans
cranial Doppler (TCD) US-mediated UK thrombolysis, with the addition 
of sulphur hexafluoride MBs, in a rabbit model of middle cerebral artery 
occlusion [100]. Through diagnostic TCD monitoring, 2 MHz (output 
power <750 mW) US was continuously transmitted to the intracranial 
blood vessels, exposing the thrombus surface to residual blood. 
Thrombolysis rate was accelerated with a higher recanalization rate and 
smaller infarct size in the MBs plus UK group (56.3%) compared to the 
sole UK group (31.3%). The application of US to the brain can be 
controversial. The brain, especially the gray matter, is very sensitive to 
US and may show degenerative changes upon exposure [157]; more
over, few studies have reported US-assisted thrombolysis increase the 
possibility of intracranial haemorrhage [158]. However, others have 
reported skull penetration rate of TCD US energy is 10-30%. It usually 
focuses on the interface between the intracranial thrombus and its sur
rounding weak blood flow when the signal is low [159]. The low- 
intensity signal (2 MHz with output power <750 mW) used by Liu 
et al. is safe and did not injure the blood-brain barrier [160,161]. The 
UK-induced thrombolysis rate depends on the drug concentration and 
contact surface with the thrombus. The pulsatile energy from US causes 
fragmentation of the MBs, inducing strong shear stress and damage to 
the surface of the clot. These damaged surfaces develop tear-like 
changes, increasing contact area and enhanced the thrombolytic treat
ment. Shorter duration and lesser drug dosage are required for treatment 
assisted with US-activated MBs. Similar studies using the combination of 
TCD and MBs have been reported by other research groups using tPA as 
the delivered drug. Molina et al. evaluated 111 patients with acute 
stroke attributable to middle cerebral artery (MCA) occlusion treated 
with intravenous tPA and reported better recanalization in galactose 
MBs combined with TCD and tPA (54.5%) compared to TCD and tPA 
alone (40.8%) [101]. Alexandrov et al. combined perflutren-lipid mi
crospheres with TCD and tPA and reported a recanalization rate of 83%. 

Moreover, the perflutren-lipid microspheres permeated beyond 
intracranial occlusions caused no increase in symptomatic intracranial 
haemorrhage after systemic thrombolysis [102]. The Culp and Flores 
group reported good efficacy in reducing infarct volume in an acute 
ischemic stroke rabbit model using only perflutren-lipid microspheres/ 
MBs and TCD and concluded the effectiveness of US plus MB treatment is 
the same as using tPA alone in treating ischemic stroke [63,64]. This 
study was limited in the absence of correlation between microscopic 
bleeding in rabbits and symptomatic human bleeding beyond 24 h. The 
inability to separate effects of MBs in vivo was well presented during in 
vitro testing. They suggested conducting a study on a more severe stroke 

model and long-term survival studies for three days involving imaging 
strategies to assess better the evolution of brain injury and the pro
gression of intracranial haemorrhage. 

Mu et al. initially explored the feasibility of combining UK and Arg- 
Gly-Asp-Ser (RGDS) onto the surface of a MB-based US contrast agent, 
SonoVue, in 2009 [103]. They reported the highest binding rate at 1:1 of 
UK /RGDS, where the contrast agent aggregated on the surface of the 
femoral arterial thrombus emitting fluorescence from the labelled UK- 
RGDS. Mu et al. concluded the binding contrast agent with UK has in 
vitro thrombolysis ability and in vivo thrombo-targeting effect. The 
prepared RGDS-targeted MBs and diagnostic US were evaluated histo
logically in a rabbit model with platelet-rich thrombi in the femoral 
artery [104]. Six randomized groups were studied: US alone; UK alone; 
US plus non-targeted MBs (US+M); US plus RGDS targeted MBs (US+R); 
RGDS-targeted MBs plus UK (R+UK); US plus non-targeted MBs and UK 
(US+M+UK); and US plus RGDS-targeted MBs and UK (US+R+UK). The 
diagnostic US (3.5 MHz, 1.0 mechanical index) was applied trans
cutaneously over the thrombus for 30 min. The thrombolytic effect was 
evaluated based on the US thrombi detection, blood flow and histolog
ical observations. The experimental results showed recanalization only 
in groups with a combination of RGDS-targeted MB and UK (R+UK and 
US+R+UK) during 120 min after treatment (Figure 6). The large and 
high-amplitude wave was observed in the two groups, with higher and 
larger resonance waves after US flashing in the US+R+UK groups. 
Complete recanalization was achieved in the US+R+UK group with 
negative staining in tissue factor (TF) and von Willebrand factor (vWF), 
indicating no re-assembling platelets after treatment. 

In contrast, the R+UK group showed partial recanalization where the 
fibre proteins and platelets re-assembled after treatment resulting in re- 
occlusion (blood flow dropped significantly after peak value). TF and 
vWF stained negative in US+M+UK and US+R+UK groups, but positive 
in R+UK group suggested inhibition of expression by US. The studies 
demonstrated diagnostic US alone is capable of destroying the fibre 
network structure. Not to mention its capability when combining with 
targeted MBs and UK: to promote the release of targeted MBs; invade the 
thrombus through cavitation and resonance effects; enhance the de
livery of UK into the inner fibrin matrix; inhibit the expression of TF and 
vWF and reduce the chances of re-occlusion. 

Alternative to drug carrier and MBs, a relatively new therapy, US- 
assisted catheter-directed thrombolysis have been reported by Mohan 
et al. [162]. In their studies, commercially available EkoSonic Endo
vascular System US-assisted catheter device [163] was used to elute tPA 
(alteplase) to patients with acute pulmonary embolism. The deployment 
of device (bilateral or unilateral), dose of thrombolytic eluted and 
duration of thrombolysis were all recorded according to the patients’ 
conditions. The fibrinogen levels were recorded every 6 hours, and the 
administer of tPA was stopped once the fibrinogen is below 100 mg/dL. 
The treatment has reduced the right ventricle systolic pressure by a 
mean of 14.5 mm Hg and reduced Qanadli index (quantification of 
pulmonary vascular obstruction, weighting factor of 0, 1, or 2 for no 
thrombus, partial thrombus, or total occlusion respectively) by 15.4. 
None of the patients experienced major bleeding, moderate bleeding, or 
intracranial haemorrhage during the treatment. 

3.4. Diabetes 

Diabetes mellitus is a type of disorder commonly classify as type 1 
diabetes and type 2 diabetes, both resulting in high blood sugar 
(glucose) levels referred to as hyperglycemia. Diabetes complications 
include cardiovascular disease such as heart attack and cause severe 
damage to major organs such as nerve, kidney, brain and eyes. Treat
ment with insulin to lower the blood glucose back to normal level are 
often administered through subcutaneous injection. Patients often 
require three shots per day after meals or more according to their blood 
glucose levels. The subcutaneous injection can be inefficiently limited 
by the high molecular weight of insulin and the small amount of 
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injection. Multiple injections induce physical and mental pain and are 
often accompanied by the risk of infection, inflammation, and skin 
disorders such as lipoatrophy [164]. Transdermal drug delivery with US, 
known as sonophoresis, has been studied by researchers for non-invasive 
insulin treatment. 

Sonophoresis with commercially available hand-held US devices 
have been reported at low frequency (20-100 kHz), moderate energy (0- 
3 W/cm2), and short exposure time (5 min) [165]. Tachibana demon
strated insulin delivery to Alloxan-Diabetic rabbits via attached US on a 
concealed drug reservoir directly onto the skin [166]. The observed 
results demonstrate glucose level of the rabbits decreased to a minimum 
of 58.8 ±13.4% at 3.5 h with low frequency (105 kHz) of US exposure. 
Interestingly, blood glucose levels continued to decrease after US and 
insulin exposure were stopped and gradually return to the initial level at 
6.5 h. Similar results have been reported by other scientists [167], where 
they speculate the accumulation of insulin in the stratum corneum 
(outer layer of skin, epidermis) and slow washout at the dermo- 
epidermal junction resulting in the delay of a systemic reaction. 
Although Brucks et al. reported no lag time in the human epidermis 
during US exposure, the results were not always reproducible [168]. The 
discrepancy between the plasma insulin concentration and blood 
glucose level were concluded by the short biological half-life and 
interanimal variation of metabolic breakdown of insulin. The contact 
skins were examined histologically and exhibited no inflammation and 
tissue destruction upon US exposure, further validating sonophoresis as 
an efficient non-invasive treatment, especially at low frequency. 

Different researchers have reported similar transdermal insulin 
studies on hairless rat and in vitro human skin [169], where possible 
mechanisms induced by US were concluded: cavitation bubbles causing 
structural disorder of the stratum corneum lipids enhancing the skin 
permeability, thermal effects on the skin due to the absorbance of US 
energy increasing the skin permeability coefficient, and convective 
transport through hair follicles and sweat duct [170]. Recent studies 
show that acoustic cavitation plays a more significant role in sonopho
resis than thermal effect and convective transport [44]. By combining 
US and NPs, Kost et al. implanted US-assisted polymeric materials 
incorporated with insulin into rats, which displayed convincing results 
of a 20-fold increased release rate in biodegradable polymer matrices 
such as polyanhydrides and 10-fold increased release rate in non- 
biodegradable ethylene/vinyl acetate copolymer. The release rate was 
proportional to US intensity, quantified by the exposure time. Their 
findings concluded cavitation effect plays a significant role in enhancing 
the polymer degradation while temperature and mixing remained 
relatively unimportant. The chemical integrity of the incorporated 
substances (20 mL solutions of p-Nitroaniline, insulin, bovine serum 
albumin, and p-amino hippuric acid) showed no differences upon US 
exposure, examined by high-performance liquid chromatography 
(HPLC) and ultraviolet (UV) spectroscopy [105]. 

The administration of US-assisted drug carriers still requires subcu
taneous injection. Fortunately, the polymer vesicles act as a protective 
layer to the drug and allow multiple releases from the same vesicle upon 
triggered with US to minimize the number of injections, as demonstrated 
by different researchers. Kwok et al. developed a self-assembled mo
lecular structure, C12 methylene chains coating on co-polymer vesicle, 
consisting of 2-Hydroxyethyl methacrylate monomer (HEMA) and poly 
(ethylene glycol) dimethacrylate (PEGDMA), to allow controlled release 
of insulin [106]. The US irradiation transiently disrupted the orderly 
coated methylene chains and reassembled back to the impermeable 
barrier upon cessation. The diffusion of insulin from polymer was often 
reported to be difficult due to its larger protein molecules. PEG has been 
a recommended pore-forming agent incorporating insulin. It can create 
void spaces for unimpeded protein diffusion and insulin preferably 
partitioned in the microdomains, thus increasing the maximum drug 
loading [171,172]. 

Moreover, PEG can act as a solubilizer and preservative to prevent 
aggregation and degradation of insulin [173]. The in vitro results show 

instant peak release at low frequency (43 kHz) within the therapeutic 
range (4 U/h to 15 U/h) for 4-5 days; a similar trend was observed at 1.1 
MHz. Interestingly, the trend shows a higher peak release on day 2. The 
hydrophobic coated film floated on the buffer during the first 24 h 
elution time, and water penetrates through and swells the core polymer, 
causing insulin oversaturation of the interface. Acoustic cavitation and 
streaming were hypothesized to be the mechanism behind the transient 
distortion of the methylene chain. The suitability of poly(2- 
hydroxyethyl methacrylate) (pHEMA)/PEGDMA 0.4 K copolymer as 
an effective and sensitive insulin carrier with only minutes of US 
exposure was noted. In contrast, other reported polymer matrices 
required 1-2 h of US pre-treatment [174]. 

Instead of using only poly(lactic-co-glycolic acid) (PLGA) vesicles, Di 
and co-workers formulated an injectable three-dimensional cohesive 
gel-like nano-network consisting of alginate-coated PLGA (negative 
charge) and chitosan-coated PLGA (positive charge) (Figure 7a) [107]. 
The NPs of opposite charges interact via electrostatic force to form a 
porous structure that enables drug release with near zero-order kinetics 
[175,176]. The nano-network had a shear-thinning effect when the FUS 
disrupted particle-particle interactions, promoting the release of insulin 
previously stored in the porous structure. The nano-network sensitively 
responded to 30-sec treatment, resulting in a 3.25-fold increase in the 
released insulin amount. The temperature change during the treatment 
shows insignificant rises (<2 ◦C) even at the most critical experimental 
condition: maximum treatment time (4 min), maximum input voltage 
(800 mVpp) and minimum pulse duration (20 sec), due to low acoustic 
absorption coefficient [177] of PBS solution. The significance of acoustic 
cavitation in enhancing release profiles was demonstrated when the 
released amount of insulin in the degassed buffer reduced up to 40% 
(without cavitation). It has been proposed that the enhancement of in
sulin release by cavitation can be related to the dissociation of nano- 
network due to the shock waves created by inertial cavitation and the 
rapid compression and expansion on the liquid, facilitating the rupture 
of polymer chains of PLGA, both triggering the release of insulin upon 
US exposure. Moreover, the collapse of cavitation bubbles creates per
turbations in the surrounding liquid of the nano-network, increasing 
water penetration into the polymeric matrix. The acoustic streaming 
effect creates a gentle stirring force, facilitating the transport of insulin 
from the core [61]. 

The in vivo release profile in the streptozotocin (STZ)-induced type 1 
mice was reported continuously up to day 10 (injection day is noted as 
day 0) with 30 sec of FUS treatment on days 2, 4, 7 and 10 (Figure 7b). 
The blood glucose level declined immediately upon exposure and 
gradually reached the normoglycemia range (<200 mg/dL) an hour 
after the exposure; correspondingly, the significant increase of human 
plasma insulin was detected 30 min after the FUS trigger. Similar re
ductions upon trigger were observed in the remaining days, indicating 
practicability of long-term administration. The maximum reduced blood 
glucose level progressively decreases due to the depletion of encapsu
lated insulin, which could be overcome by optimizing the administra
tion time, FUS power and pulse duration. 

Di et al. conducted another similar study with insulin-loaded PLGA 
nanocapsules encapsulated by chitosan microgels [108]. The pulsatile 
release profile improved significantly with the newly developed system. 
Even after the sixth FUS activation, the in vivo blood glucose level was 
reduced to near 200 mg/dL. In contrast, in the previous study with nano- 
network, the amount of insulin released was already near exhaustion at 
the third FUS activation. The authors explained the improved perfor
mance of microgels was due to the temporary storage of insulin in the 
microgel, thereby allowing the encapsulated insulin to diffuse passively 
in the nanocapsules and “recharge” the system before the next FUS 
treatment. The improved performance shows encouraging results to 
long-term sustained release with US therapeutics (Figure 7c and d). The 
histological examination of the FUS exposed skin revealed no difference 
after multiple cycles of treatment. However, the injection site’s position 
can be distinguished as a visible “bump”. In contrast to existing US- 
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mediated drug carriers [175,178-180], which have short half-lives 
(range from min to h), the two systems developed by Di et al. lasted 
for a week. The in-vivo studies showed that injected nano-network re
mains cohesive without significant viscosity changes after repeated FUS 
exposure. Besides, the injected nano-network and microgel did not show 
cell-based cytotoxicity and was reported to be degraded completely after 
one month. 

The function of destructed pancreatic beta cells (synthesize, store 
and release insulin) has been reported to be able to restore via islet 

transplantation and promoted by UTMD-assisted gene delivery [181]. 
Shimoda et al. reported promising results in promoting the efficacy of 
human islets transplantation into livers of diabetic mice models via 
UTMD-assisted gene transfer, non-viral human vascular endothelial 
growth factor (VEGF). At day 30, 73% of mice in the VEGF group shows 
normal glucose level, whereas transplantation without gene delivery 
(no-UTMD) only shows 13% restoration. On top of that, the VEGF group 
shows significantly higher amount of serum human insulin and C-pep
tide at day 32, indicating the improved efficacy [109]. Alternative from 

Figure 7. (a) Schematic diagram of the FUS system, FUS-mediated insulin delivery with nano-network formed by mixing oppositely charged NPs. The FUS triggers 
dissociation of nano-network to promote insulin release. (b) Subcutaneous injection of nano-network on day 0, FUS treatment was applied on day 2, day 4, day 7 and 
day 10 for 30 sec. The FUS treated mice and control group (without FUS) were recorded over time. (c) Three continuous FUS treatment cycles were applied on day 4 
after the subcutaneous injection of nano-network into STZ-induced C57B6 diabetic mice. The blood glucose levels were recorded over time with solid lines indicating 
the administration window (5 min anaesthesia and 30-sec FUS treatment). (d) A continuous cycle of FUS treatment was applied once per day for ten days after the 
subcutaneous injection of chitosan microgel integrated with insulin-loaded PLGA nanocapsules into STZ-induced diabetic mice: one dose of microgel with FUS 
treatment (red line) or one dose of microgel without FUS treatment (black line) or PBS solution with FUS treatment (green line). (d). Reprinted from [107,108] with 
permission from Springer Nature and Wiley. 
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US-mediated polymer vesicles, Castellanos et al., reported direct US 
stimulation of insulin release from the pancreatic beta cells tested in 
vitro. A significant increase in insulin release has been reported at 24 ng/ 
106 cells with 800 kHz US. The amount of insulin produced by US 
stimulation at this frequency is comparable to the response by natural 
secretagogue glucose under non-hyperglycemic conditions and main
taining the cell viability (from 97.8% to 95.8% cell viability, p >0.05). 
The mechanism of the enhanced insulin secretion remains unknown and 
is to be studied [182]. Singh et al. presented in the 177th Meeting of the 
Acoustical Society of America that measurable increases in mice’s tested 
blood insulin levels were observed after the pancreas was exposed to the 
ultrasonic pulse [183]. They hypothesized the stimulation of the insulin 
release was caused by the calcium influx induced by the therapeutic US, 
applicable in type 2 diabetes where beta cells are still present. The 
therapeutic US shows promising results in vitro and ex vivo; however, it 
still poses uncertainties as a rise in insulin without a corresponding drop 
in glucose level during in vivo testing with mice was observed. Future 
studies suggested by them include modelling the T12 region of humans to 
determine appropriate acoustic window, pancreatic islets and whole 
pancreas to investigate the effects of therapeutic US on the exocrine 
pancreas. They also proposed to expand the studies to larger animals for 
further understanding. 

3.5. Severe Acute Respiratory Syndrome Coronavirus 2 (COVID-19) 

Coronavirus disease (COVID-19) infected by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) has been defined as a pandemic 
by the World Health Organisation (WHO) due to its infectious outbreak 
globally. The sudden outbreak has infected over 206 million people 
globally, with 4.3 million deaths reported on 15th August 2021. 
Although the African Region reported a decrease in the case and death 
incidence, the data were incomplete and be overestimated. Moreover, 
the Western Pacific and the Eastern Mediterranean Regions have re
ported the highest proportionate increases in death incidence of 23% 
and 15% respectively over the past seven days, not to mention the new 
variants developed from the current SARS-CoV-2 strain, which possesses 
new threats to the community [184]. Although the majority infected 
were able to self-recover from the mild to moderate respiratory illness; 
however, older people and those with underlying chronic disease are 
very likely to develop a serious illness that may lead to fatality. Pneu
monia is one of the clinical manifestations of COVID-19, which occurs 
when the air sacs in one or both lungs are inflamed due to infections. The 
more severe case would lead to lasting damage in the lungs and other 
organs due to sepsis and acute respiratory distress syndrome (ARDS), a 
life-threatening lung injury [185,186]. 

Besides, patients infected were reported to have an increased risk of 
thromboembolic complications such as ischemic stroke [187,188]. The 
early infection stage of SARs-CoV-2 has been reported as the virus’s 
incubation period, where infection may be asymptomatic. Patients show 
mild symptoms during the second stage, such as fever, dry cough, and 
tiredness; they can be diagnosed through a reverse-transcription poly
merase chain reaction (RT-PCR) test through a nasopharyngeal swab in 
the pulmonary phase infection period [189]. At the third stage, patients 
exhibit severe symptoms leading to ARDS with a high viral load. The 
false-negative detection rate with RT-PCR has been reported to range 
from 5 to 40 % [190-192]. Hence chest CT scan [193-196] and LUS has 
been used to aid in diagnostic for asymptomatic patients (chest X-ray 
examination only reveal disease in the advanced stages). 

The use of LUS has been established as a reliable diagnostic imaging 
tool to detect interstitial lung disease, subpleural consolidations, and 
ARDS from any etiologic cause, with high accuracy even in pregnancy 
[197-201] before the pandemic. Researchers have effectively reported 
the use of LUS [202-204] as the point of care diagnostic tool for early 
detection and monitoring COVID-19 patients with their advantages over 
chest radiograph and chest CT: (1) easily repeated at different time 
points without exposing patients to radiation; more sensitive than chest 

radiography in the diagnosis of the alveolar-interstitial syndrome; more 
likely to detect lung lesions earlier when the lesions are located adjacent 
to the pleura, and reduce the exposure to healthcare workers (Figure 8a- 
d) [205]. Aiming for a global unified approach and communication 
between researchers, Soldati et al. have developed a standardized 
approach on the equipment and acquisition protocol with proposed a 
severity scoring system [206], which researchers later referenced in 
their studies [207-209]. Reynolds and co-workers reported the use of 
contrast-enhanced TCD to detect and quantify the MBs through injection 
of agitated saline into a central or peripheral venous catheter that 
appear in the cerebral circulation as a method to define the prevalence 
of intracardiac or intrapulmonary shunting in patients with COVID-19 
[110]. The group reported 83% of COVID-19 patients had TCD-detect
able MB in the cerebral circulation, a higher prevalence than the ARDS 
patients (detected with contrast-enhanced transthoracic echocardiog
raphy). The number of MBs inversely correlated with oxygenation and 
lung compliance, suggesting it as a marker to define disease severity. 
The reported findings raised an important question: could intra
pulmonary vasodilatation play a therapeutic role in managing hypox
emia associated with COVID-19? Archer and colleagues hypothesized 
impaired hypoxic pulmonary vasoconstriction as the reason for hypox
emia in COVID-19; suggesting medication drugs such as almitrine and 
indomethacin or methylene blue; to promote hypoxic vasoconstriction 
and inhibit endogenous vasodilator pathways, respectively [210]. These 
medications, however, are yet to be studied in COVID-19 pneumonia. 

Therapeutic studies on hepatopulmonary syndrome (HPS), a pul
monary complication of liver disease characterized by intrapulmonary 
vasodilatation and impaired hypoxic pulmonary vasoconstriction 
resulting in hypoxemia, could provide useful insights: HPS response to 
100% inspired oxygen can sometimes result in remarkably high Pao2, 
reflecting the lack of associated alveolar damage seen in COVID-19 
pneumonia [211]. Studies reported medications such as almitrine 
shows no consistent benefit to HPS patients [212]. In contrast, therapies 
with inhaled pulmonary vasodilators such as inhaled nitric oxide 
improved oxygenation in HPS patients [213] and have been actively 
studied as a treatment for COVID-19. Although TCD was more sensitive 
than CT scan, it is less specific in distinguishing intracardiac from 
intrapulmonary shunting [214]. Hence, its advantage lies in the early 
diagnosis of COVID-19 patients to avoid overcrowded hospitals, espe
cially middle-income countries. 

Mesenchymal Stem Cells (MSCs) and MSC-Derived Exosomes (MSC- 
EXO) presents the same therapeutic benefits [215] and has been re
ported to be able to repair lung damages resulting from viral infection 
due to their immunomodulatory functions [216]. COVID-19 patients 
with moderate to severe treated with MSCs and MSC-EXO showed 
improved oxygenation, pulmonary function, higher levels of peripheral 
lymphocytes, and reduced cells that trigger cytokine storm [217]. Fon
seca and group [111] have simulated the efficacy of US signals required 
to penetrate through layers of tissues reaching the alveoli to trigger the 
polymer-based encapsulated MBs [218] with MSC-EXO loading. The 
MBs remain in a state of dormancy until exposure to US signals, trig
gering the release of MSC-EXO for immediate treatment for lung damage 
and recovered patients who suffer from viral relapse infection: most 
patients recovered from COVID-19 suffered from lasting lung damage 
and were at risk of the second infection. Their simulation considers the 
attenuation and reflection of US waves, including denser lung charac
teristics due to the inflammation and mucus produced compared to 
healthy lungs that vary according to the severity of the infection. Better 
results are present in low frequency, i.e., 0.1 MHz regardless of the US 
intensity (94 mW/cm2, 430 mW/cm2, 720 mW/cm2); four micro-bub
bles ruptured and one oscillated. In comparison, most MBs only oscillate 
or show no excitation for frequency ranging from 0.3 to 5 MHz [111]. 
The simulation results have further validated the efficiency of low-fre
quency US in oscillating and vibrating MBs for controlled drug release. 

Despite literature describing US and MBs for cargo delivery across 
the blood-brain barrier or enhancing drug delivery to targeted sites for 
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diseases treatment as reported in the previous subsection, very few re
ports are related to the lung [25]. The early use of US in the lung mainly 
focused on studying pleural disease rather than lung tissue due to the 
scattering soundwaves in the air-filled lung tissue. Studies suggested 
thoracic US coupling with MBs are the ideal treatment for lung injury or 
ARDS as US waves can selectively penetrate to the most injured lung 
regions as fluid leaks into the alveoli, causing air loss in the lung [219]. 
The amount of US penetration can be quantitatively estimated with an 
acoustic impedance of lung tissue, air and blood and used to differen
tiate the injured fluid-filled lung regions and normal air-filled lung re
gions [220]. US-controllable MBs mediated drug delivery can be 
potentially useful in treating COVID-19 patients, especially in targeting 
the injured pulmonary endothelium due to heterogeneity in lung dam
age that cannot be targeted by current treatments [25]. 

4. Conclusions and future perspectives 

From its early employment as imaging tools to the current service to 
provide on-demand nanomaterials for drug delivery, US is serving as an 
efficient external force offering new possibilities for various biomedical 
applications. The unique capabilities of US waves could give rise to 
physicochemical changes in a local environment, thus allowing 
controlled manipulation of US-assisted nanomedicines for site-specific 
disease diagnosis and therapy. To date, numerous US-mediated tech
niques for disease management, including drug delivery, SDT, mem
brane sonoporation, US imaging and PA imaging, have been developed. 
For instance, US cavitation could generate thermal and mechanical en
ergy to disarm a US-assisted nanocarrier to trigger the release of 
encapsulated drugs. Besides, sonoluminescence produced through US 
cavitation could excite the sonosensitizer to yield ROS for SDT. The 
incorporation of MBs was noticed to reduce the cavitation threshold and 
facilitate higher ROS generation. FUS also enables enhanced penetration 
of nanomaterials into disease or brain sites through sonoporation and 
BBB opening, respectively. Acoustic cavitation can temporarily improve 
the permeability of the stratum corneum and enhance the transdermal 
drug delivery such as insulin to treat diabetic patients. Low-frequency 

US does not cause damage to the skin and its incorporation with mul
tiple release drug delivery system can further reduce the physical 
suffering for such chronic disease. Moreover, the effect of US can trigger 
the release of thrombolytic drugs inhibited by nano-carriers and achieve 
targeted lysis to avoid haemorrhage in the unwanted sites. 

For US imaging, which differentiates disease and healthy tissues 
based on the differences in the absorbance of US waves by various tis
sues, US signals could be improved with the utilization of MB and 
contrast agents. Therefore, MBs should be carefully engineered to take 
on several functionalities to improve their ability to produce images 
with higher resolution. Similar to its therapeutic counterpart, MB can be 
surface functionalised to gain disease-targeting properties, thereby 
increasing their accumulation at the disease sites for enhanced US im
aging capabilities. Moreover, incorporating appropriate functions to the 
MB may also realize their application in US-imaging guided disease 
therapy, which would be promising since the US could induce non- 
invasive, cost-effective, portable and easy handling real-time imaging 
of disease lesions. Noteworthy, the (US and PA) dual imaging of disease 
microenvironment is also feasible [84], securing the possibility to obtain 
structural (based on US imaging), functional and molecular (based on 
PA imaging) information to produce better images to guide a drug de
livery process [from light to sound]. 

Although recent examples revealed encouraging results of US- 
assisted nanomaterials for managing various diseases, the current 
tested disease models (in vitro cell line and in vivo animal models) are 
mostly associated with homogenous cell populations cultured for a 
relatively short time. In contrast, some diseases, such as cancers and 
neurodegenerative diseases, could take a long period to develop and 
establish their heterogeneous pathological microenvironment [221- 
224]. Hence, the models used to testify the US-assisted nanomaterials 
should be upgraded to mimic the clinical trial conditions, evaluating the 
ability of US-assisted systems in a more mature disease microenviron
ment. On the other hand, the thickness of the skull of small animals, 
which differs significantly from that of humans, may be unsuitable for 
examining their ability to attenuate US waves [140,143]. In addition, 
although human brain exposure to low-frequency US waves has been 

Figure 8. Typical findings for patients with COVID-19 pneumonia. CT image of (a) peripheral ground glass lesion with consolidations and bronchiectasis and (b) 
consolidations and ground glass opacities associated with bronchiectasis and crazy paving pattern. LUS image of (c) subpleural consolidation and vertical artefact and 
(d) irregular pleural line with vertical artefacts. Reprinted from [205] with permission from the American Society of Tropical Medicine and Hygiene. 
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reported to be safe, the application is still controversial, especially on 
the sensitive grey matter, which may show degenerative changes [157]. 

Moreover, most experiments lack follow-up responsive studies as the 
animal models were euthanized for close examination of skin and ar
teries. These limitations could be overcome using either larger animal or 
artificial models. For example, some studies have simulated the efficacy 
of US penetration into the human body [225]; the findings can be 
incorporated with the organ-on-chip system to obtain more findings 
before stepping into a clinical trial. Upon the COVID-19 pandemic, re
searchers have developed an LUS protocol for more standard and ac
curate diagnostic. Studies have also shown the benefits of US in 
targeting the heterogeneity in lung damage [25], suggesting US coupling 
MBs as an ideal treatment for ARDS. Combining both diagnostic and 
therapeutic US would benefit future medical applications in monitoring 
the patients’ progress while triggering the release of drugs for treatment 
at the same time. Overall, we anticipate that implementing the methods 
mentioned above will increase the practicality of US-assisted nano
materials and pave the way for their further clinical translation in the 
future. 
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[141] E. Macé, G. Montaldo, I. Cohen, M. Baulac, M. Fink, M. Tanter, Functional 
ultrasound imaging of the brain, Nat. Methods 8 (2011) 662–664. 

[142] E. Mace, G. Montaldo, B. Osmanski, I. Cohen, M. Fink, M. Tanter, Functional 
ultrasound imaging of the brain: theory and basic principles, IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control 60 (2013) 492–506. 

[143] G. Pinton, J.-F. Aubry, E. Bossy, M. Muller, M. Pernot, M. Tanter, Attenuation, 
scattering, and absorption of ultrasound in the skull bone, Med. Phys. 39 (2012) 
299–307. 

[144] S. Soloukey, A.J.P.E. Vincent, D.D. Satoer, F. Mastik, M. Smits, C.M.F. Dirven, 
C. Strydis, J.G. Bosch, A.F.W. van der Steen, C.I. De Zeeuw, S.K.E. Koekkoek, 
P. Kruizinga, Functional Ultrasound (fUS) During Awake Brain Surgery: The 
Clinical Potential of Intra-Operative Functional and Vascular Brain Mapping, 
Front. Neurosci. 13 (2020) 1384. 

[145] D. Mozaffarian, E.J. Benjamin, A.S. Go, D.K. Arnett, M.J. Blaha, M. Cushman, S. 
R. Das, S.D. Ferranti, J.-P. Després, H.J. Fullerton, V.J. Howard, M.D. Huffman, C. 
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[170] E. Vranić, Sonophoresis-mechanisms and application, Bosn. J. Basic Med. Sci. 4 
(2008) 25–32. 

[171] K. Moriyama, N. Yui, Regulated insulin release from biodegradable dextran 
hydrogels containing poly(ethylene glycol), J. Control. Release 42 (1996) 
237–248. 

[172] S.H. Gehrke, L.H. Uhden, J.F. McBride, Enhanced loading and activity retention 
of bioactive proteins in hydrogel delivery systems, J. Control. Release 55 (1998) 
21–33. 

[173] F.P. Kennedy, Recent developments in insulin delivery techniques: Current status 
and future potential, Drugs 42 (1991) 213–227. 

[174] I. Lavon, J. Kost, Mass transport enhancement by ultrasound in non-degradable 
polymeric controlled release systems, J. Control. Release 54 (1998) 1–7. 

[175] Q. Wang, L. Wang, M.S. Detamore, C. Berkland, Biodegradable Colloidal Gels as 
Moldable Tissue Engineering Scaffolds, Adv. Mater. 20 (2008) 236–239. 

[176] S.L. Tao, T.A. Desai, Microfabricated drug delivery systems: from particles to 
pores, Adv. Drug Deliv. Rev. 55 (2003) 315–328. 

[177] R.M. Vlad, G.J. Czarnota, A. Giles, M.D. Sherar, J.W. Hunt, M.C. Kolios, High- 
frequency ultrasound for monitoring changes in liver tissue during preservation, 
Phys. Med. Biol. 50 (2005) 197–213. 

[178] M.N. Kumar, R.A. Muzzarelli, C. Muzzarelli, H. Sashiwa, A.J. Domb, Chitosan 
chemistry and pharmaceutical perspectives, Chem. Rev. 104 (2004) 6017–6084. 

[179] M.S. Shive, J.M. Anderson, Biodegradation and biocompatibility of PLA and PLGA 
microspheres, Adv. Drug Deliv. Rev. 28 (1997) 5–24. 

[180] F. Danhier, E. Ansorena, J.M. Silva, R. Coco, A. Le Breton, V. Préat, PLGA-based 
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