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Abstract 

The use of ultrasound in the clinic has been long established for cancer detection and image-guided tissue biopsies. 
In addition, ultrasound-based methods have been widely explored to develop more effective cancer therapies such 
as localized drug delivery, sonodynamic therapy, and focused ultrasound surgery. Stabilized fluorocarbon microbub-
bles have been in use as contrast agents for ultrasound imaging in the clinic for several decades. It is also known that 
microbubble cavitation could generate thermal, mechanical, and chemical effects in the tissue to improve ultra-
sound-based therapies. However, the large size, poor stability, and short-term cavitation activity of microbubbles limit 
their applications in cancer imaging and therapy. This review will focus on an alternative type of ultrasound respon-
sive material; gas-stabilizing nanoparticles, which can address the limitations of microbubbles with their nanoscale 
size, robustness, and high cavitation activity. This review will be of interest to researchers who wish to explore new 
agents to develop improved methods for molecular ultrasound imaging and therapy of cancer.
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1  Introduction
Ultrasound imaging has been used in the clinic for sev-
eral decades for cancer detection and diagnosis and 
image guidance during tissue biopsies  [1–3]. It poses 
several advantages such as low-cost, real-time imaging 
capability, non-ionizing nature, and deep tissue penetra-
tion over other common medical imaging modalities. 
Ultrasound based methods have also been developed 
for cancer therapy. For example, high intensity focused 
ultrasound (HIFU) can be used to ablate solid tumors by 
generating a rapid temperature increase in the treated 
tissue [4, 5]. This emerging technology has been recently 
approved by The United States Food and Drug Admin-
istration (FDA) for the treatment of uterine fibroids and 
prostate tissue [6, 7]. In addition, several ongoing clinical 
trials worldwide are testing this method in the ablation of 
other solid tumors, including breast, pancreas, and brain 

cancers. Other ultrasound applications in cancer therapy 
include sonodynamic therapy, localized drug delivery, 
and blood–brain-barrier opening [2, 8–13].

Ultrasound contrast agents were first developed more 
than 50 years ago for contrast enhanced ultrasound imag-
ing using stabilized air ‘microbubbles’  [14–16]. Today, 
microbubbles (~ 1–10  µm) are typically produced by 
coating perfluorocarbon bubbles with a stabilizing shell 
such as phospholipid, polymer, or protein layers [17]. 
Several clinically approved microbubble compositions 
are commercially available worldwide for mainly cardiac 
applications [15, 18]. Microbubbles can improve the con-
trast of ultrasound images by effectively backscattering 
ultrasound pulses and generating harmonic frequencies 
resulting from stable bubble cavitation (i.e., periodic con-
traction and expansion of a bubble in response to ultra-
sound waves with positive and negative pressures)  [14]. 
When ultrasound pulses at higher acoustic intensities 
are applied, bubble oscillation becomes unstable, yield-
ing bubble collapse (i.e., inertial cavitation). As a result, 
mechanical effects such as shock waves, water jets, and 
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shear forces are produced, which can improve the out-
comes of ultrasound therapies by ablating cells, porating 
cell membranes, and inducing cell apoptosis or necro-
sis  [13, 19]. In addition, microbubble surfaces can be 
modified with targeting molecules to develop molecular 
imaging agents or targeted therapies. However, the large 
size of microbubbles limits their applications to the vas-
cular space as they cannot extravasate from blood ves-
sels  [20]. In addition, microbubbles demonstrate poor 
stability in circulation, with half-lives on the order of 
minutes. Finally, microbubbles can quickly be destroyed 
by high-intensity ultrasound pulses typically utilized in 
ultrasound therapies; thus, they cannot provide durable 
inertial cavitation activity for long periods of time  [20, 
21].

In the light of these limitations of microbubbles, there 
is ongoing research to develop smaller ultrasound con-
trast agents, preferably < 200 nm, and with better stability 
in circulation. Such nanoscale and robust contrast agents 
may accumulate in solid tumors through enhanced per-
meability and retention (EPR) effect and transcytosis 
(i.e., nanoparticle transport into tumors by endothelial 
cells)  [22, 23]. It should be noted that the nanoparticle 
uptake may vastly vary between tumor types and the 
exact mechanism of tumor accumulation is still under 
investigation. Nevertheless, a large body of research 
evidence suggests that nanoparticles with suitable phys-
ical and chemical properties (e.g., surface charge, parti-
cle size, and shape) can effectively accumulate in solid 
tumors [24–26].

The initial result of the search for nanoscale contrast 
agents was the development of phase change fluorocar-
bon droplets with submicrometer sizes [27]. When irra-
diated using high intensity ultrasound pulses, the volatile 
cores of nanodroplets can vaporize to form micron-sized 
bubbles (i.e., acoustic droplet vaporization). Later, other 
sub-micrometer ultrasound contrast agents based on flu-
orocarbon gas-filled polymer or inorganic shells or using 
gas-generating nanoparticles  [28–31]. However, most of 
these agents were still larger than 200  nm and/or dem-
onstrated poor in vivo stability due to their fluorocarbon 
components. More information on such nanoscale ultra-
sound contrast agents could be found in previous com-
prehensive reviews [13, 20, 32, 33].

In this review, we will describe a distinct class of ultra-
sound responsive materials; gas stabilizing nanoparticles 
(GSNs) [34–38]. These solid nanoparticles are engineered 
to stabilize gas-pockets on their surfaces or inside their 
hydrophobic cavities, which can act as heterogene-
ous nucleation sites to produce micron-sized cavitating 
bubbles under ultrasound insonation  [13, 38]. Recent 
studies showed that nanoscale GSNs with sizes down 
to 50 nm could be easily prepared as they do not have a 

fluorocarbon component  [39]. Their fluorocarbon-free 
nature also provides them with exceptional signal sta-
bility during ambient storage for months and in vivo for 
several days after intravenous injection [34, 39, 40]. In 
addition, GSNs have been found to generate a stronger 
and more durable cavitation activity than nanodroplets 
or microbubbles, making them highly attractive for can-
cer theranostics applications  [37, 41–43]. Below we will 
first discuss the design principles of GSNs. Then, we will 
detail the applications of GSNs in ultrasound imaging, 
tumor ablation, drug delivery, and sonodynamic therapy. 
Finally, we will conclude by discussing the current status 
and future potential of GSNs in cancer theranostics.

2 � Gas stabilizing nanoparticles (GSNs) 
as exogenous nuclei for acoustic cavitation

In recent years several different types of GSNs have 
been designed and developed for theranostic ultrasound 
applications. These studies found that in the presence 
of GSNs, acoustic cavitation in water could be initiated 
using low-intensity ultrasound pulses, which generally do 
not cause cavitation in water, indicating that GSNs can 
act as exogenous nuclei for acoustic cavitation. During 
the acoustic cavitation process, micron-sized short-lived 
bubbles are generated. The growth and collapse of these 
bubbles under ultrasound insonation have been imaged 
using high-speed cameras (Fig.  1)  [40, 44, 45]. These 
studies showed that bubble growth and collapse happen 
in the order of tens of microseconds. Depending on the 
acoustic parameters, these bubbles can reach sizes up to 
100 µm before they collapse. For example, Jin et al.  [44] 
found that the average bubble size was increased about 
40% when the peak negative pressure (PNP) of HIFU 
pulses (2 MHz) was increased to 6 from 4 MPa. On the 
other hand, Kwan et  al.  [45] investigated the effect of 
ultrasound frequency on bubble size. They observed that 
the bubble diameter could exceed 100  µm at 0.5  MHz; 
however, it was only ~ 20  µm at 3.3  MHz. While these 
studies provide valuable insight into the effect of ultra-
sound parameters on cavitation bubble formation, it 
should be kept in mind that in biological environments, 
the bubble formation dynamics can be expected to be 
very different from these studies where cavitation was 
studied in homogenous solvents with no boundaries.

The micron-sized bubbles generated by GSNs can 
backscatter the ultrasound waves and improve the con-
trast of ultrasound images  [34, 35, 39]. In addition, the 
violent collapse of these bubbles can induce mechani-
cal effects (e.g., shock waves and water jets) in the tis-
sue, which are useful for improving the outcomes of 
ultrasound-based therapies such as tumor ablation or 
localized drug delivery  [37, 40, 46, 47]. Finally, the high 
temperatures and pressures reached inside the cavitation 



Page 3 of 19Sabuncu and Yildirim ﻿Nano Convergence            (2021) 8:39 	

bubbles during collapse can result in reactive oxygen spe-
cies (ROS) generation and, thus, enhanced sonodynamic 
effect  [48, 49]. As a result of these features, GSNs have 
started to attract the attention of researchers for several 
applications in ultrasound imaging and therapy of cancer. 
Before moving to their specific applications in ultrasound 
theranostics, we will briefly review the potential mecha-
nisms proposed for cavitation inception by GSNs and 
their most common types.

2.1 � Cavitation inception by solid nanoparticles
The earliest studies on cavitation of water date back to the 
eighteenth century [50, 51]. One of the critical findings 
of these studies was that cavitation inception always hap-
pens at a lower pressure than the theoretically calculated 
cavitation pressure of homogenous water and is highly 
dependent on the purity of the water used in the study 
[52–55]. These observations indicated the almost inevi-
table presence of heterogeneous nuclei in water, such as 
bubbles, surfactants, dirt particles, or clusters of organic 
molecules, which can lower the cavitation threshold [51, 
53, 55].

One widely accepted theory to explain the hetero-
geneous nucleation of bubbles is the crevice model, 

where gas pockets stabilized inside the ‘crevices’ on dirt 
particles or container surfaces can act as heterogene-
ous nuclei for water cavitation [56, 57]. Likewise, solid 
particles with suitable surface properties and morphol-
ogies can potentially stabilize gas-pockets on their sur-
faces or cavities. In fact, several studies found that the 
presence of solid particles could reduce the cavitation 
threshold of water  [58–61]. Most studies in this field 
hypothesized that gas-pockets (i.e., nanobubbles) stabi-
lized on particle surfaces or their pores/cavities act as 
heterogeneous nuclei for acoustic cavitation. However, 
the question of how solid particles incept cavitation has 
not been fully answered yet.

Free-standing nanobubbles are unstable in water 
due to the extremely high interfacial pressures at the 
water–gas interface, and thus, they quickly dissolve 
in less than a second  [62]. Nanobubbles attached to a 
surface, on the other hand, were found to be stable for 
several weeks at ambient conditions  [63, 64] and were 
imaged using different microscopy techniques such as 
atomic force microscopy (AFM) or total internal reflec-
tion fluorescence (TIRF) microscopy (Fig.  2a) [65, 
66]. In addition, cavitation inception by surface stabi-
lized nanobubbles has been demonstrated experimen-
tally  [67–69]. Thus, these observations with surface 

Fig. 1  High speed camera observations of microbubbles generated by polymer nanocups with different sizes and under ultrasound insonation 
with a frequency of 0.5, 1.6, or 3.3 MHz. Adapted from reference [45], Copyright 2016, American Physical Society
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nanobubbles suggest that nanoparticles with suitable 
surface properties could stabilize nanobubbles with 
cavitation inception ability.

Another possible mechanism for acoustic cavitation 
initiation by nanoparticles is the formation of gas-rich 
layers around nanoparticles as a result of gas enrich-
ment on the hydrophobic interface  [70]. Similar to the 
nanobubble hypothesis, this theory is also based on the 
former studies performed on surfaces, where the for-
mation of gas-rich layers, also called nano/micro pan-
cakes, was imaged on hydrophobic surfaces. As the name 
implies, gas-rich layers have higher aspect ratios than 
nanobubbles with typically larger diameters and smaller 
heights  [71, 72]. Yeh and coworkers  [70] proposed that 
gas-rich layers may be present on nanoparticle surfaces. 
As stated by the authors, it is also possible that gas-rich 
layers can coexist with nanobubbles on the nanoparticle 
surface, both of which can reduce the acoustic pressures 
required for bubble nucleation and growth.

Finally, a recent study by Liu and coworkers proposed 
that nanoparticles can adsorb to the surface of bub-
bles present in water and stabilize them by reducing the 
interfacial energy  [73]. Different from the above, in this 
case, multiple nanoparticles stabilize one larger bubble. 
The authors imaged submicrometer bubbles stabilized 
by hydrophobically modified mesoporous silica nano-
particles (MSNs) using cryogenic electron microscopy 
(Cryo-EM) (Fig. 2b). To further prove the presence of sta-
bilized bubbles in nanoparticle colloids, they performed 
nanoparticle tracking analysis (NTA) studies, where they 
added a small amount of ethanol to destabilize the bub-
bles. They observed that after ethanol addition, average 

particle size was reduced as a result of bubble dissolution. 
Overall, further studies are needed to better understand 
which one(s) of these proposed mechanisms contrib-
ute to the acoustic cavitation inception by engineered 
nanoparticles.

2.2 � Design of GSNs for ultrasound theranostics
In a series of studies from 2001 to 2005, Esenaliev and 
coworkers demonstrated improved drug delivery to solid 
tumors in the presence of polystyrene particles (100–
300 nm) and ultrasound insonation with a frequency of 
20 kHz [74–76]. However, in these studies, commercially 
available polystyrene spheres have been directly used 
without any specific modification. To our knowledge, 
the first report on rationally designing a particle to sta-
bilize nanobubbles for improved cavitation activity is the 
study by Coussios and coworkers [77]. In this study, the 
authors decorated polystyrene microparticles (300 or 
600 nm) with silica nanoparticles (20 nm) to generate a 
rough surface, making the nanobubble stabilization on 
the surface more favorable. The authors reported a cavi-
tation threshold of 5  MPa (PNP) for water under HIFU 
insonation at a frequency of 1.1 MHz. In the presence of 
smooth or rough surface 600  nm polystyrene particles, 
the cavitation threshold reduced to 2.5 MPa or 0.5 MPa, 
respectively, suggesting that roughness can improve the 
cavitation activity of solid particles.

Following these pioneering studies, several GSNs 
have been developed using different materials, includ-
ing mesoporous silica, porous silicon, gold, and poly-
mers (Fig. 3) [34–36, 39–41, 44, 46–49, 70, 73, 78–87]. 
While, as discussed in the previous section, the exact 

Fig. 2  a AFM images of nanobubbles formed on an octadecyltrichlorosilane modified silicon substrate. Adapted from reference [65], Copyright 
2006, American Chemical Society, b Cryo-EM image of a bubble stabilized by hydrophobic MSNs. Adapted from reference [73], Copyright 2021, 
John Wiley and Sons
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mechanism of cavitation inception by GSNs is yet to 
be understood, these studies found that a hydrophobic 
surface or cavity is required to prepare GSNs with high 
acoustic activity (i.e., cavitation inception at low acous-
tic intensities). MSNs are the most commonly used 
type of particles to prepare GSNs. For gas stabiliza-
tion, MSNs have been hydrophobically modified using 
alkyl- or fluoroalkyl silanes such as triethoxy silanes 
with octyl, dodecyl side chains, or silazanes such as 
hexamethyldisilazane (HMDS)  [34, 36, 39, 78, 80]. In 
some studies, the hydrophobically modified MSNs were 
directly used [36, 44, 78], whereas others used amphi-
philic molecules such as lipids, block copolymers, or 
β-cyclodextrin (β-CD) to disperse them in aqueous 
solutions  [34, 39–41, 46]. Stabilizing the hydropho-
bic nanoparticles with an amphiphilic molecule can 
prevent their aggregation in biological solutions. In 
addition, the amphiphilic layer can be modified with 
functional molecules for specific applications such as 
targeted tumor ablation or molecular ultrasound imag-
ing  [80]. Recently, our group demonstrated that using 
an optimal amount of an amphiphilic polymer (Plu-
ronic F127) and HMDS modified MSNs, GSNs with 
high acoustic activity could be prepared (Fig. 4a)  [39]. 
We found that high F127 concentrations could cause 
the loss of acoustic activity, most likely due to the com-
plete coverage of the nanoparticle surface with F127 
molecules. Whereas at low F127 concentrations, par-
ticles showed high acoustic activity but did not form 
stable colloids in buffer solutions due to the low F127 
surface coverage. This study speculated that at an opti-
mal F127 concentration range, the nanoparticle sur-
face was partially coated with F127 molecules where 

uncoated hydrophobic portions of the surface (i.e., 
defects) enable acoustic activity and polymer-coated 
portions provide stability in buffer solutions.

The previous observations by Blum et  al.  [79] also 
support the defect hypothesis (Fig.  4b). They stabilized 
hydrophobic MSNs using phospholipids with different 
lipid tail lengths. The authors found that the phase status 
of the lipid layer around the nanoparticle was crucial to 
prepare GSNs with high acoustic activity. The nanopar-
ticles could initiate cavitation when the lipids were kept 
below their melting temperature in the gel phase. How-
ever, they lost their acoustic activity if the temperature 
was above the melting point of the stabilizing lipid layer. 
To explain these observations, the authors proposed that 
nanobubbles could be stabilized in the defects present on 
the gel-phase lipid layers.

Coating the hydrophobic nanoparticles with amphi-
philic molecules can also improve the stability of their 
ultrasound responsiveness in biological solutions such 
as serum or whole blood. Adsorption of proteins and 
other biological molecules to the hydrophobic nanopar-
ticle surfaces in biological fluids can reduce their acoustic 
activity. In fact, several studies reported a decrease in the 
acoustic activity of hydrophobic MSNs in the presence 
of albumin  [36, 44, 78]. In comparison, better stability 
in biological solutions has been reported in the studies 
where nanoparticles were coated with an amphiphilic 
layer [34, 39].

While initial studies with MSNs accepted that gas 
stabilized inside the pores of the particles are forming 
micron-sized bubbles under reduced acoustic pressures, 
later studies showed that this is not necessarily the case. 
On this subject, Goodwin and coworkers [78] prepared a 

Fig. 3  TEM images of different GSNs. Pluronic F127 polymer coated hydrophobic MSNs (left), polymer nanocups (middle, scale bar is 100 nm), and 
peptide hydrogel coated gold nanorods (right). Adapted from references [37, 39, 84]. https://​pubs.​acs.​org/​doi/​10.​1021/​acsom​ega.​0c033​77, 2020, 
further permissions related to the material excerpted should be directed to the American Chemical Society. Copyright 2015, John Wiley and Sons, 
Copyright 2019, American Chemical Society, respectively

https://pubs.acs.org/doi/10.1021/acsomega.0c03377
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series of MSNs with different pore structures and surface 
morphologies. They investigated the acoustic activity of 
nanoparticles in the presence and absence of ethanol or 
albumin (Fig. 5). While ethanol can dissolve both the gas 
pockets stabilized inside the pores and surface of nano-
particles, albumin can only destabilize the ones at the 
particle surface as it cannot penetrate into the pores of 
MSNs due to its larger size (~ 5 nm) than the pore open-
ings (2–3 nm). They found that incubating the particles 
with either ethanol or albumin could reduce the acous-
tic activity of nanoparticles. Thus, the authors concluded 
that acoustic cavitation was initiated by mostly surface 
gas pockets, and gas stabilized inside the pores has little 
or no contribution. A later study by Yeh and coworkers 
also reported similar observations with hydrophobically 
modified MSNs and solid silica nanoparticles [44]. Nev-
ertheless, porosity appeared to be important to prepare 
MSNs with good acoustic activity  [34, 44]. A previous 

study found that porous silica particles showed a much 
higher acoustic activity than solid silica nanoparticles 
with the same size and surface modification  [34]. Thus, 
the authors speculated that nanoparticle porosity could 
improve the acoustic activity of nanoparticles by increas-
ing the hydrophobicity of the nanoparticles and intro-
ducing ‘defects’ to the surface, both of which can help to 
improve the gas pocket adsorption and stabilization on 
the surface.

Beyond MSNs, several other nanoparticles with different 
morphologies have been used to prepare GSNs. Another 
common way in the literature is to use particles with large 
cavities, such as cup-shaped polymer or inorganic parti-
cles. Kwan et  al., developed GSNs using divinylbenzene 
crosslinked poly(methyl methacrylate) (PMM) coated poly-
styrene (PS) nanocups  [37]. Later similar GSNs have also 
been developed using different nanoparticles; gold nano-
cones, titanium dioxide nanocups, and multi-cavity poly 

Fig. 4  a Schematic of the proposed mechanism for GSNs with high acoustic activity and good dispersibility in buffer solutions. Adapted from 
reference [39], https://​pubs.​acs.​org/​doi/​10.​1021/​acsom​ega.​0c033​77, 2020, further permissions related to the material excerpted should be directed 
to the American Chemical Society. b Schematic showing the defect hypothesis for phospholipid coated hydrophobic MSNs (left). Cavitation onset 
peak negative pressures for hydrophobic MSNs coated with different lipids with different tail lengths (right). Adapted from reference [79], Copyright 
2019, American Chemical Society

https://pubs.acs.org/doi/10.1021/acsomega.0c03377
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lactic-co-glycolic acid (PLGA) particles [47, 81, 88]. These 
cup-shaped particles are believed to entrap gas pockets 
in their cavities, which in turn can generate micron-sized 
bubbles under ultrasound irradiation. Nevertheless, gas 
pocket stabilization on their hydrophobic outer surfaces is 
also possible.

Another interesting GSN example has been developed by 
Letho and coworkers using Janus porous silicon nanopar-
ticles [35]. This study modified particle surfaces with poly-
ethylene glycol (PEG) to provide dispersibility in aqueous 
solutions, and the pore walls were hydrophobically modi-
fied for gas stabilization. Similar to cup-shaped particles, 
gas stabilization in their large pores (> 10  nm) is possible 
for these nanoparticles. Other examples of GSNs include 
gold nanorods coated with hydrophobic peptides, zinc 
oxide nanoparticles, and Polytetrafluoroethylene (PTFE) 
nanoparticles [70, 83, 84].

3 � Applications of GSNs in ultrasound theranostics 
of cancer

3.1 � Ultrasound imaging
Micron-sized bubbles generated by GSNs can be detected 
as bright spots in ultrasonograms using a conventional 
ultrasound imaging system as they strongly scatter ultra-
sound pulses. Thus, they can be applied for molecu-
lar ultrasound imaging of cancer. Unlike conventional 
ultrasound contrast agents such as microbubbles and 
sub-micron droplets, GSNs with small sizes (< 200  nm) 
can penetrate into the tumor tissue enabling imaging of 
molecular targets expressed there  [89, 90]. To develop 
an ultrasound contrast agent based on GSNs, Goodwin 
and coworkers hydrophobically modified the surfaces of 
MSNs with octadecyl groups and stabilized the particles 

Fig. 5  a Representative images showing the cavitation events as bright spots generated by MSN based GSNs under HIFU insonation of 
nanoparticles with or without BSA coating in ethanol (90%) or water (top). Calculated relative intensities from the acquired movies of nanoparticles 
during HIFU insonation (bottom). b Nanoparticle tracking analysis of the nanoparticles in water. Insets show the TEM images. Scale bars are 50 nm. 
Nanoparticles; MCM-48MD: hydrophobically modified MSNs using methyltrimethoxysilane, MCM-48R: MSNs with rough nanoparticle surfaces. 
Adapted from reference [78], Copyright 2016, American Chemical Society
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in aqueous media using an amphiphilic copolymer, Plu-
ronic F127 (P-hMSN)  [34]. F127 molecules can rapidly 
assemble on the surface of octadecyl modified MSNs 
through the hydrophobic interactions, and their hydro-
philic (PEG) moieties provide dispersibility and colloidal 
stability in buffer solutions. The P-hMSNs could generate 
acoustic cavitation events in biological solutions, includ-
ing serum and whole blood under HIFU insonation at 
a frequency of 1.1  MHz and a PNP of 9.87  MPa. Their 
results showed that the acoustic cavitation events gener-
ated by P-hMSNs could be imaged using harmonic ultra-
sound imaging (Fig.  6a). Importantly, under continuous 
HIFU insonation, ultrasound contrast generation could 
be achieved for at least 20 min. They also demonstrated 

that P-hMSN could be stored in PBS for at least 4 months 
or as lyophilized powders without any loss in their ultra-
sound responsiveness. Later the same authors prepared 
similar GSNs using PEGylated phospholipid monolayer 
stabilized dodecyl modified MSNs (PL-dMSN) [80]. They 
also modified the particles with folic acid (FA-PL-dMSN) 
to target them to cancer cells. Remarkably, they showed 
that the nanoparticles could remain acoustically active 
even after internalization into cancer cells and produce 
ultrasound contrast under 1.1 MHz HIFU insonation at 
a PNP of 10.6 MPa. With their small size and exceptional 
stability, such GSNs are very promising for molecular 
ultrasound imaging. However, a critical limitation of 
these GSNs is the requirement of HIFU activation pulses, 

Fig. 6  Ultrasound contrast generation by different MSN based GSNs. a Ultrasound contrast enhancement by F127 coated hydrophobic MSNs 
under HIIFU insonation in different media. Adapted from reference [34], Copyright 2016, John Wiley and Sons. b Average ultrasound intensity 
generated by F127 coated hydrophobic MSNs at different particle concentrations during ultrasound imaging at 2.5 MHz, and MI = 1.4. Adapted 
from reference [39], https://​pubs.​acs.​org/​doi/​10.​1021/​acsom​ega.​0c033​77, 2020, further permissions related to the material excerpted should be 
directed to the American Chemical Society. c Ultrasound images of differently modified MSNs or solid silica nanoparticles at different MI values 
under B-mode imaging. Adapted from reference [36], Copyright 2017, Elsevier

https://pubs.acs.org/doi/10.1021/acsomega.0c03377
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which complicates the ultrasound imaging system and 
brings safety issues. In addition, the use of HIFU limits 
imaging volume to the volume of its focal zone, which 
is usually a few cubic millimeters  [4]. Thus, to obtain 
images from larger volumes, the whole region of interest 
should be scanned with subsequent HIFU pulses, and the 
individual images should be compiled.

To address this limitation, our group has recently 
developed GSNs based on F127 stabilized HMDS modi-
fied MSNs (F127-hMSN) that can generate acoustic cavi-
tation at low acoustic intensities, which can be delivered 
by using a medical imaging transducer (Fig.  6b)  [39]. 
Thus, both activation of GSNs and imaging of the gen-
erated micron-sized bubbles can be performed using 
the same transducer. To improve the acoustic activity of 
particles, we carefully optimized the F127 coating step. 
Our studies showed that fine-tuning the F127 concentra-
tion was critical to obtain GSNs with good dispersibility 
in buffer solutions and high ultrasound responsiveness. 
Under optimized conditions, F127-hMSNs could gen-
erate ultrasound contrast at mechanical indices as low 
as 0.7, which is well below the FDA safety limit of 1.9. 
The cavitation events initiated by F127-hMSN could be 
continuously imaged for at least 20  min using B-mode 
ultrasound imaging (2.5  MHz plane wave pulses with 
PNPs of ~ 1–2.2  MPa) at particle concentrations as low 
as 2.5 µg/mL. To investigate if the cavitation events gen-
erated by F127-hMSNs could cause cellular damage, 
we used flow cytometry to detect dead or ablated cells. 
F127-hMSNs did not cause any detectable cell damage 
at imaging conditions indicating their potential safety 
for ultrasound imaging applications. In addition, it was 
found that F127-hMSN partially degraded in simulated 
body fluids at 37  °C. Interestingly, after 1 week of incu-
bation, only the inner parts of the particles were dis-
solved, and the outer surface remained intact even after 
4 weeks of incubation. While further studies are needed 
to understand the degradation behavior of F127-hMSNs 
better, these results suggested potential biodegradation 
in in vivo conditions.

Yeh and coworkers have also developed GSNs using 
hydrophobically modified MSNs [36]. The particles pro-
duced strong contrast enhancement during B-mode 
imaging using a transducer operating at 7.5  MHz at 
mechanical indices as low as 0.6 (Fig.  6c). As the parti-
cles developed in this study were directly used without 
amphiphilic stabilization, they demonstrated poor sta-
bility in 50% serum with more than a twofold reduction 
in the ultrasound contrast intensity. More recently, the 
same group has prepared β-CD stabilized hydropho-
bic MSNs  [40]. They demonstrated that intravenously 
injected particles could accumulate in the transgenic 
adenocarcinoma of the mouse prostate (TRAMP) tumor 

model and be imaged using an ultrasound imaging trans-
ducer with a frequency of 15 MHz. Importantly, intrave-
nously injected particles showed excellent in vivo signal 
stability and enabled ultrasound contrast enhancement 
even 15 days after particle injection (Fig. 7a).

Lehto and coworkers developed a distinct GSN using 
anisotropically modified porous silicon nanoparti-
cles (J-Psi)  [35]. These J-Psi NPs were prepared using a 
nanostoper technique that enables PEGylation of the 
external surface without modifying the hydrophobic pore 
walls. The hydrophobic pores of the particles enabled 
gas stabilization, and their PEGylated surfaces ensured 
stability in biological fluids. The theoretical calculations 
found that J-Psi could nucleate bubbles with sizes around 
1.1 µm. The authors showed that the micron-sized bub-
bles generated by J-Psi could be imaged in  vitro using 
B-mode ultrasound imaging at a mechanical index of 1.4. 
One limitation of this study is the challenge in the large-
scale production of porous silicon nanoparticles with 
uniform shapes and narrow size distribution. However, 
the site-specific surface modification method reported in 
this study could potentially be extended to prepare simi-
lar GSNs using different nanoparticles such as large pore 
MSNs or gold nanocages [91, 92].

Another type of GSN for ultrasound imaging has been 
developed by Wang and coworkers using a hydropho-
bic peptide (NapGDFDFDK) and gold nanorods (AuNRs-
Gel) (Fig.  7b)  [84]. The authors formed an amphiphilic 
hydrogel layer around the particles with a hydrophobic 
interface and a water-rich surface layer to realize gas sta-
bilization and dispersibility in aqueous solutions. Impor-
tantly, they demonstrated that the AuNRs-Gel could be 
used as contrast agents for in  vivo ultrasound imaging 
(Fig.  7c). They observed a 2–threefold enhancement in 
the tumor ultrasound contrast 30 min after intravenous 
injection of AuNRs-Gel in both B-mode and contrast-
enhanced ultrasound images obtained using an 18 MHz 
linear-array transducer. Later the authors extended this 
method to develop similar GSNs based on MSNs [85].

3.2 � Mechanical tumor ablation
HIFU has been applied to treat several different solid 
malignancies in recent years, including prostate, breast, 
brain, pancreas, and ovarian cancers  [4, 93–95]. Cur-
rently, some commercial HIFU devices are in use in 
several clinical trials worldwide. These devices typically 
apply millisecond long pulses with PNPs of ~ 1–5 MPa to 
generate a rapid temperature increase in the focal zone 
and induce coagulative necrosis to ‘thermally’ ablate the 
treated tissue. However, incomplete tumor ablation due 
to the heat sink effect of flowing blood or insufficient 
temperature increase in the peripheral areas often leads 
to tumor recurrence [96, 97]. Alternatively, microsecond 
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range pulses with higher PNP (typically > 20  MPa) 
could be used to generate a strong cavitation activ-
ity that results in the ‘mechanical’ disintegration of the 
treated tissue  [98]. Mechanical ablation, or histotripsy, 
can potentially provide a more complete tumor ablation 
than thermal HIFU treatment [99–101]. However, the 
high acoustic pressures required to generate a strong and 
durable cavitation activity make it challenging to safely 
utilize this method in the clinic [102].

GSNs can lower the cavitation threshold and enable 
high cavitation activity at safer pressure levels. For exam-
ple, Goodwin and coworkers have used phospholipid 
stabilized hydrophobic MSNs (P-hMSNs) to achieve 
mechanical cell ablation at low acoustic intensities. They 
demonstrated that in the presence of a low amount of 
P-hMSN (10–100  μg  mL−1), red blood cells and tumor 
spheroids encapsulated in tissue-mimicking agarose gels 
could be ablated using relatively low intensity focused 
ultrasound (1.1  MHz) treatment at a PNP of ~ 11  MPa 

and duty cycle of only ~ 0.01% (Fig.  8) [46]. They found 
that in the presence of P-hMSN, tumor spheroids could 
be almost completely disintegrated with a ~ 85% decrease 
in cellular viability. On the other hand, there was no 
detectable change in the cellular viability and spheroid 
morphology in the absence of P-hMSN. Also, they did not 
detect any temperature increase in the tissue-mimicking 
gels after ultrasound treatment indicating that cell abla-
tion was purely mechanical. Similarly, using F127-coated 
hydrophobic MSNs, our group showed that cancer cells 
could be effectively ablated at low acoustic intensi-
ties where a temperature increase of less than 1  °C was 
detected after ultrasound treatment  [39]. Goodwin and 
coworkers have also prepared targeted GSNs by modify-
ing the surfaces of PL-hMSN with folic acid  [80]. They 
demonstrated that the folic acid-modified GSNs could 
be uptaken by MDA-MB-231 breast cancer cells without 
showing any significant cytotoxicity at particle concen-
trations up to 200 µg/mL. They found that nanoparticles 

Fig. 7  Examples of GSNs used for in vivo ultrasound imaging. a Schematic showing drug loaded hydrophobic MSNs coated with β-CD (above) and 
in vivo ultrasound contrast enhancement as a result of cavitation generation by GSNs over 15 days. Adapted from reference [40], Copyright 2020, 
Elsevier. b Schematic showing the preparation of peptide hydrogel coated gold nanorods and nanobubble stabilization by them. c Ultrasound 
contrast enhancement by intravenously injected peptide hydrogel coated gold nanorods at different time points after nanoparticle injection and 
after HIFU treatment. Adapted from reference [84], Copyright 2019, American Chemical Society
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Fig. 8  Ablation of tumor spheroids using HIFU and GSNs. a Schematic of the experimental setup. b Bright field and fluorescence images of 
a Calcein AM stained spheroid before and after HIFU treatment. c Representative bright field and fluorescence images of Calcein AM stained 
spheroids at different conditions: an untreated, a heat treated (dead), a HIFU treated in the absence of GSNs, and HIFU treated in the presence of 
nonresponsive MSNs. d Mean fluorescence intensities for spheroids treated at different conditions. Adapted from reference [46], Copyright 2018, 
American Chemical Society

Fig. 9  In vivo tumor ablation using GSNs. a Ultrasound images showing tumor perfusion of intravenously injected microbubbles showing 
anti-vascular effect of HIFU treatment in the presence of GSNs. b Quantification of tumor perfusion in mice treated with different conditions. c 
Histological analysis of tumors untreated or treated using different conditions. H&E staining shows the necrosis induced by GSNs and ultrasound. 
CD31 staining was used to visualize tumor vasculature. Adapted from reference [40], Copyright 2020, Elsevier
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internalized into cancer cells could be used to ablate the 
cells when exposed to focused ultrasound (1.1  MHz) 
pulses with a PNP of ~ 11 MPa and a duty cycle of ~ 0.5%.

In vivo tumor ablation using GSNs has also been dem-
onstrated. Yeh and coworkers prepared β-CD coated 
hydrophobic MSNs and used them for tumor vascula-
ture disruption (Fig. 9) [40]. They observed anti-vascular 
effects in the presence of retro-orbitally injected nano-
particles and 2.5  ms long HIFU (2  MHz) pulses with a 
PNP of 5 MPa. Wang and coworkers used gold nanorods 
coated with supramolecular peptide hydrogels (AuNRs-
Gel) to ablate HeLa xenografts in mice  [84]. In addi-
tion, they utilized the ultrasound contrast generated by 
AuNRs-Gel for image guidance during HIFU treatment. 
They showed that upon intravenous injection of the 
GSNs, the average intensity of both B-mode and contrast 
mode images in the tumor region quickly increased in 
the first hour after injection. Terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) and hema-
toxylin and eosin (H&E) staining on the treated tumor 
slices showed significant cell destruction, liquefaction 
necrosis, and apoptosis. Later, the same authors also 
obtained similar results using supramolecular peptide 
hydrogel-coated MSNs [85].

3.3 � Localized drug delivery
GSNs have also been used for localized drug delivery 
applications using external ultrasound pulses. For exam-
ple, Coussios and coworkers have developed GSNs based 
on divinylbenzene-crosslinked PMM coated PS nano-
cups and applied them to improve the tumor accumula-
tion of a model therapeutic (Immunoglobulin G; IgG, 

mouse antibody)  [37]. They demonstrated that cavita-
tion events generated by intravenously injected nanocups 
could provide deep tumor penetration of freely circulat-
ing IgG molecules in a CT-26 colon cancer mouse model 
under ultrasound insonation (2  MHz center frequency 
and at 4.5 MPa) (Fig. 10). Later, polymer nanocups have 
also been used to improve tissue penetration of a thera-
peutic antibody (Cetuximab), a model vaccine (ovalbu-
min) and an oncolytic virus  [43, 103, 104]. Remarkably, 
ex vivo studies with ovalbumin showed that in the pres-
ence of nanocups, ovalbumin could penetrate into por-
cine skin up to a distance of 500  µm when exposed to 
10  ms long focused ultrasound pulses at a frequency of 
256 kHz with PNPs < 1.5 MPa and 10% duty cycle [103]. 
Another significant result obtained in these studies was 
the demonstration of three to four-fold enhancement in 
the gene expression from vaccinia virus in the presence 
of nanocup induced cavitation  [104]. In addition, the 
authors also compared the cavitation activity of nano-
cups with a microbubble cavitation agent, SonoVue, and 
observed ~ 10 times higher gene expression with nano-
cups [42]. This novel type of GSNs has already been com-
mercialized by OxSonics Therapeutics with the brand 
name of SonoTran.

The cavitation events generated by GSNs could 
potentially diminish the efficacy of therapeutic mol-
ecules. For instance, mechanical effects induced during 
cavitation can denature or aggregate proteins or destroy 
viruses. Chemical cavitation effects such as ROS gen-
eration, on the other hand, could break chemical bonds 
or oxidize molecules. Thus, to understand if the cavi-
tation events generated by nanocups can decrease the 

Fig. 10  Representative fluorescence images showing antibody delivery into CT-26 tumors with polymer nanocups and ultrasound exposure. Scale 
bars are 1 mm in larger images and 0.1 mm in smaller images. Adapted from reference [37], Copyright 2015, John Wiley and Sons
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effectiveness of therapeutics, Myers et al. [105] treated 
a variety of small molecules, macromolecules, and 
viruses, including doxorubicin, cetuximab, adenovirus, 
and enveloped viral vectors with unfocused 0.5  MHz 
ultrasound pulses with PNP of 1.5 MPa in the presence 
of nanocups. Their results did not show any detectable 
decrease in the efficacy of any of the tested therapeu-
tics when exposed to cavitation. Nevertheless, further 
in vitro and in vivo studies are needed to fully evaluate 
the cavitation effect on therapeutic molecules.

GSNs have also been used to improve the penetra-
tion of nanoparticles into tissue-mimicking gels or 
solid tumors. Coussios and coworkers have found that 
nanocups themselves could penetrate deep into tis-
sue-mimicking hydrogels up to ~ 2  mm (Fig.  11a) or 
porcine skin up to ~ 700  µm under ultrasound insona-
tion [37, 103]. Goodwin and coworkers have also found 
that phospholipid stabilized hydrophobic MSNs could 
penetrate into tissue-mimicking hydrogels up to a 
distance of ~ 500  µm when exposed to focused ultra-
sound (1.1  MHz) pulses with a PNP of 16.4  MPa and 
duty cycle of 0.017% (Fig.  11b)  [46]. Nanocups have 
also been used to improve tissue penetration of other 
nanoparticles. Paris et  al.  [106] mixed nanocups with 
MSN suspensions and loaded them into a microchan-
nel made of agarose. Under focused ultrasound (0.5 or 
1.6  MHz with PNPs of 1–4  MPa) insonation (5% duty 
cycle), they observed that MSNs could be penetrated 
into agarose up to a distance of ~ 1  mm. Later, similar 

results were also obtained using gold nanocone-based 
GSNs [47].

Finally, Yeh and coworkers used doxorubicin-loaded 
MSN-based GSNs for enhanced drug delivery into 
TRAMP prostate tumors in mice [40]. They showed that 
cavitation generated by MSNs could disturb the tumor 
vasculature and improve the accumulation of doxoru-
bicin-loaded particles in the tumor tissue. This study is 
an excellent example of how GSNs could be used for mul-
timodal therapy of cancer. The cavitation events induced 
by GSNs could mechanically destroy the tumor tissue 
and improve the drug delivery at the same time.

3.4 � Sonodynamic therapy
Acoustic cavitation events generated by GSNs can 
produce ROS, and thus, can induce apoptotic cell 
death [107–109]. In addition, acoustic cavitation can acti-
vate sonosensitizers such as porphyrin dyes or titanium 
oxide nanoparticles. Therefore, GSNs can be adminis-
trated either solely or in combination with a sonosensi-
tizer to improve the outcomes of sonodynamic therapy.

Wang and coworkers prepared HMDS modified MSNs 
(HMSN) and capped them with β-CD [48]. They showed 
that these particles could generate ROS in buffer solu-
tions under low-intensity ultrasound irradiation (1 MHz) 
(Fig.  12a). They also showed that β-CD capped HMSN 
could effectively eliminate breast cancer ZR75-30 cells 
at low particle concentrations down to 5  µg/mL and at 
an acoustic intensity of 0.6  W/cm2. Finally, the authors 

Fig. 11  a Representative fluorescence images showing nanocup penetration to a tissue model hydrogel after ultrasound treatment. Adapted from 
reference [37], Copyright 2015, John Wiley and Sons. b Phospholipid stabilized hydrophobic MSN penetration to agarose gel due to the generated 
cavitation events. Nanoparticles were labeled with fluorescein for imaging. Adapted from reference [46], Copyright 2018, American Chemical 
Society
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Fig.12  a TEM images of MSNs (i), hydrophobically modified MSNs (ii), and β-CD stabilized hydrophobic MSNs (iii). Schematic showing the 
molecular structure of hydrophobically modified MSN pore walls and β-CD (iv). Fluorescence assay showing in vitro ROS generation by MSNs after 
ultrasound exposure (v). b In vivo sonodynamic therapy using β-CD stabilized hydrophobic MSNs in ZR75-30 tumor model in mice. Relative tumor 
volumes of mice untreated or treated with ultrasound in the presence of nanoparticles at different concentrations (i). Photographs (ii) and H&E 
staining (iii) of tumors at end of the experiment. Adapted from reference [48], Copyright 2014, John Wiley and Sons
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used β-CD capped HMSNs to slow down the growth 
of ZR75-30 xenografts in mice under ultrasound treat-
ment (0.8 W/cm2), which was applied every other day for 
2 weeks (Fig. 12b). While the β-CD capped HMSNs were 
directly injected into the tumor in this study, the amount 
of injected nanoparticles was remarkably low; 250–
500 ng, suggesting the high ultrasound responsiveness of 
β-CD capped HMSNs. Later the same authors also used 
hollow MSNs for sonodynamic therapy and validated 
them in in vitro experiments using ZR75-30 breast can-
cer cells [49]. Yeh and coworkers [40] also demonstrated 
ROS generation by intravenously injected β-CD capped 
hydrophobic MSNs under HIFU sonication in TRAMP 
prostate cancer model. They also combined sonodynamic 
therapy with chemotherapy and anti-vascular therapy to 
develop a more efficient multimodal therapy.

Kwan and coworkers [88] prepared GSNs based on tita-
nium dioxide nanocups as both a cavitation agent and a 
sonosensitizer. They found that cavitation events could 
significantly improve the ROS generation capability of 
titanium dioxide nanoparticles under ultrasound sonica-
tion (33% duty cycle) using a focused ultrasound trans-
ducer with a frequency of 0.5 or 1.1  MHz and PNPs of 
0.1–8 MPa. In in vitro studies, the authors demonstrated 
that in the presence of titanium dioxide-based GSNs, a 
methylene blue degradation of almost 3 orders of mag-
nitude faster than previously developed titanium dioxide 
nanoparticle-based methods could be achieved.

4 � Conclusions and future outlook
In summary, recently developed robust and small-sized 
GSNs have an excellent potential in cancer imaging and 
therapy. In the last decade, we have witnessed rapid 
growth in the field with the development of several dif-
ferent GSNs. These nanoparticles have already been 
utilized in different applications to detect and treat can-
cer  [40, 48, 80, 104] and others such as cardiovascular 
diseases [73, 79, 87]. These studies have also significantly 
increased our understanding of the cavitation incep-
tion by nanoparticles. Nevertheless, before their clinical 
transition, more studies should be performed to address 
some preclinical questions.

First of all, there is still very little known about their 
biocompatibility and biodegradability. The hydropho-
bic coatings of GSNs can potentially slow down or avoid 
their degradation by preventing water penetration into 
particle networks even if particles with known biodeg-
radability characteristics, such as MSNs or porous sili-
con nanoparticles, are used to prepare GSNs. In fact, 
our previous study showed that F127 stabilized hydro-
phobic MSNs only partially degraded in simulated 
body fluid after 4 weeks of incubation [39]. At the same 
experimental conditions, we found that MSNs without 

any hydrophobic modification wholly degraded in a 
few days (unpublished results). Yeh and coworkers also 
observed similar degradation kinetics for β-CD stabilized 
hydrophobic MSNs  [40]. Nevertheless, Kwan and cow-
orkers  [81] prepared degradable gas stabilizing micro-
particles using multi-cavity PLGA particles, suggesting 
that it may also be possible to prepare biodegradable 
GSNs with high ultrasound responsiveness by optimiz-
ing the GSN manufacturing steps. Also, detailed long-
term in vivo studies should be performed to evaluate the 
potential toxicity and immunogenicity of GSNs and their 
degradation products.

Regarding safety, another challenge in the field is to 
generate cavitation in the target tissue without damag-
ing the healthy tissue lying on the path of ultrasound 
pulses  [110]. This is especially important for ultrasound 
imaging applications where strict safety measures are 
taken for clinical translation  [111]. Some in  vitro stud-
ies found undetectable cell death by the cavitation events 
generated by GSNs under imaging conditions where low-
intensity ultrasound was used [34, 39]. While these stud-
ies suggest the potential safety of GSNs for ultrasound 
imaging, the conditions used in the in vitro cell environ-
ment are very different from the actual tissue microen-
vironment. Thus, in  vivo studies are needed to evaluate 
their safety in a more realistic model.

Our knowledge regarding the stability of ultrasound 
responsiveness of GSNs and their pharmacokinetics in 
in vivo conditions is also limited. There has not been any 
study yet that systemically examines these issues. How-
ever, the preliminary results obtained by Yeh and cow-
orkers [40] are promising, where the authors showed that 
intravenously injected GSNs could accumulate in tumors 
and remain acoustically active there for at least 15  days 
after injection. This result suggests that GSNs could be 
repeatedly used to generate cavitation events in the tis-
sue at different time points after a single dose injection. 
Thus, the GSN dose needed for a therapy or imaging 
application could be reduced, improving safety by reduc-
ing the potential side effects. Our group also found that 
PEGylated GSNs could be found in the circulation even 
2 days after intravenous injection, and they could effec-
tively accumulate in a syngenic mouse tumor model 
(unpublished results).

As discussed above, GSNs have been applied for dif-
ferent applications, including drug delivery, ultrasound 
imaging, tumor ablation, and sonodynamic therapy. 
However, there are many other potential applications 
yet to be explored. Their nanoscale size makes them 
suitable for molecular ultrasound imaging of biomark-
ers expressed in the tumor tissue, which are not acces-
sible to microbubbles. While one study validated GSNs 
for molecular ultrasound imaging in in  vitro  [80], this 
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has not been demonstrated in  vivo yet. Another poten-
tial application is in immunotherapy  [10]. It is well 
known that ablation of cancer cells by ultrasound can 
induce innate and adaptive immune responses as a result 
of released tumor antigens (TAs) and danger-associ-
ated molecular patterns (DAMPs)  [112]. GSNs could 
be applied to induce cavitation events in the tumors at 
lower acoustic intensities to more efficiently and safely 
release TAs and DAMPs and may generate a more robust 
immune response. We believe that these applications and 
many others of GSNs will be demonstrated in the near 
future.
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