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Abstract: Microbubbles have been the earliest and most
widely used ultrasound contrast agents by virtue of their
unique features: such as non-toxicity, intravenous inject-
ability, ability to cross the pulmonary capillary bed, and
significant enhancement of echo signals for the duration
of the examination, resulting in essential preclinical and
clinical applications. The use of microbubbles functional-
ized with targeting ligands to bind to specific targets in the
bloodstream has further enabled ultrasound molecular
imaging. Nevertheless, it is very challenging to utilize
targeted microbubbles for molecular imaging of extra-
vascular targets due to their size. A series of acoustic
nanomaterials have been developed for breaking free
from this constraint. Especially, biogenic gas vesicles,
gas-filled protein nanostructures from microorganisms,
were engineered as the first biomolecular ultrasound
contrast agents, opening the door for more direct visual-
ization of cellular and molecular function by ultrasound
imaging. The ordered protein shell structure and unique
gas filling mechanism of biogenic gas vesicles endow them
with excellent stability and attractive acoustic responses.
What’s more, their genetic encodability enables them to
act as acoustic reporter genes. This article reviews the
upgrading progresses of ultrasound contrast agents from
microbubbles to biogenic gas vesicles, and the opportu-
nities and challenges for the commercial and clinical
translation of the nascent field of biomolecular ultrasound.

Keywords: acoustic nanomaterials; acoustic reporter genes;
biogenic gas vesicles; microbubbles; ultrasound contrast
agents; ultrasound molecular imaging.

Introduction

Medical ultrasound imaging whose basic principle is
receiving echo signals from tissue interfaces to form
images has become one of the most popular diagnostic
tools for clinical usage including obstetrics, cardiology,
and radiology, due to advantages such as good safety,
real time, low cost and high portability [1–5]. Neverthe-
less, tissue motion artifacts and weak echo signals from
blood make ultrasound difficult to image microvascula-
ture [6]. Therefore, ultrasound contrast agents (UCAs) are
developed to improve the quality of ultrasound images.
Once added to blood, UCAs with obviously different
acoustic impedances from blood will strongly scatter
the detection ultrasound to increase local echo signals
and improve the sharpness and contrast of ultrasound
images [7, 8].

In the 1960s, Gramiak et al. accidentally observed that
weeny bubbles generated during rapid saline injections
enhanced delineation of aortic blood flow [9]. Based
on this phenomenon, early microbubbles (MBs) such
as Levovist and Albunex were designed as small molec-
ular gas bubbles stabilized by shells to obtain certain
enhancement effects, but their poor stability and short
circulation time limited their applications [10, 11]. After
improvement via gas cores with high molecular weight
and low solubility to enhance lifetime, the second-generation
MBs with diameter distribution from 1 to 10 μm became
main commercial UCAs widely used in clinical ultrasound
contrast of tissues including the heart and liver [12, 13].
Moreover, MBs modified with specific ligands that aim
at targets in the bloodstream extend their applications to
ultrasound molecular imaging [14, 15].

Despite splendid performance in clinical practice,
micron dimensions set up a barrier for MBs to applica-
tions in extravascular imaging [16, 17]. To break this
limitation, organic acoustic nanomaterials with similar
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components and properties to MBs have been exploited
as nanoscale UCAs [18, 19], but their acoustic perfor-
mances were still insufficient for clinical diagnosis. At
the same time, researchers found that certain inorganic
nanomaterials exhibited amusing echogenic properties
as well [20, 21]. Although stable structures and easily
modified surfaces promise inorganic nanomaterials a
fascinating prospect for ultrasound imaging, biocompati-
bility and biosafety restrict their clinical translation [22, 23].

The visualization of molecular and cellular processes
happening in organisms has momentous implications
for the diagnosis and treatment of numerous diseases [24].
Fluorescent proteins are the most common and advanced
means of realizing this purpose [25]. However, imaging
deep tissues in large animals and even humans is a
challenge for fluorescent proteins due to limited penetra-
bility of visible light [26]. Conversely, ultrasound imaging
that combines strong penetration with excellent spatial
and temporal resolution suffers from lacking biomolecular
reporters. It remained difficult to solve this issue until
wonderful use of biogenic gas vesicles (BGVs) in ultrasound
imagingwasdiscovered recently.BGVsare gas-filledprotein
nanostructures expressed for adjusting buoyancy in some
photosynthetic microbes [27]. Their first attempt as UCAs
in 2014 inaugurated a new pathway for biomolecular
ultrasound [28]. After altering shell proteins, engineered
BGVs enabledmultimodal ultrasound imaging and targeted
contrast, establishing a universal biomolecular platform for
diversified acoustic nanomaterials [29]. In addition, the
creation of acoustic reporter genes (ARGs) suitable for
microbes [30] and mammalian cells [31] made it possible
for BGVs to replace fluorescent proteins. We aim to reveal
infusive opportunities and challenges for the clinical
translation of the biomolecular ultrasound via the evolution
of UCAs from MBs to BGVs.

MBs used for efficient intravascular
contrast

Compositions and evolution of MBs

MBs generally consist of an encapsulating shell and an
inner gas core, both of which have significant impacts
on the stability and acoustic performance [32, 33]. The
shell can reduce release rate of gas cores to lengthen
circulation time. Elastic shells enable MBs to resist higher

levels of acoustic energy before rupture. The gas core
is conducive to the overall stability and echogenicity
through gas diffusion time reliant on molecular weight
and solubility [34]. Furthermore, another notable param-
eter of MBs is their particle size that plays an important
role in penetration, stability and echogenicity [35].

Proteins are the earliest andmost biocompatible shell
materials. Their clinical product (Optison) is approved
for cardiac indications including left ventricular opacifi-
cation and endocardial border definition [5]. However,
poor stability together with immunogenicity confine
applications and functionalization of MBs with protein
shells [36, 37]. Inspired from biomembranes, phospho-
lipids with good biocompatibility are designed as shells
of MBs [38–40]. When there is an air-water interface,
phospholipids will spontaneously assemble into a highly
organized monolayer owing to the hydrophobic effect.
Compared to protein shells, MBs with lipid shells exhibit
preferable echogenicity and potential for molecular
imaging because they are more pliable and easily modi-
fiable [41]. Therefore, the other three MBs still in clinical
use are all phospholipid shells, and their indications
are extended to liver, breast and bladder lesions [5].
As another alternative shell material, polymers excel
in hardness, compression resistance and stability. From
the perspective of biosafety, MBs composed of biode-
gradable polymers such as poly (lactic-co-glycolic acid)
(PLGA) and polyethylene glycol (PEG) are more clinically
feasible [42, 43].

Gas cores of MBs have evolved from small molecular
gases to bioinert gases with high molecular weight and
low solubility, accompanied by enhanced stability of
MBs because the latter require more time to escape from
shells. Fluorinated gases including sulfur hexafluoride
and perfluorocarbon (PFC) are main forces of clinical MBs
at present [44].

Acoustics characteristics of MBs including the scat-
tering cross section and resonant frequency are highly
dependent on their particle sizes [45]. To balance echo-
genicity and penetration, MBs sizes are controlled in
1–10 μm where MBs can resonate with the ultrasound
frequency range used in clinical diagnosis [46]. Never-
theless, dispersity mismatch between size distributions
of commercial MBs and frequency bandwidths of clinical
ultrasound scanners leads to incomplete excitation of
MBs near resonant frequency [47]. Monodisperse MBs
with uniform diameters are prepared via acoustic sorting
and microfluidic production to solve this problem.
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Imaging techniques based on acoustic
responses of MBs

MBs mainly response to ultrasound in two forms. On
the one hand, MBs strongly scatter incoming acoustic
waves to generate bright spots on ultrasound images,
due to their distinct acoustic impedance from surrounding
fluids or tissues [48]. On the other hand, the high compress-
ibility of gas cores and elasticity of shells allow MBs to
oscillate nonlinearly in response to rapid variations of
acoustic pressure, thereby producing harmonic signals
different from the fundamental frequency [49].

Taking unique acoustic responses of MBs into
consideration, two specific contrast modes have been
developed to improve the signal-to-noise ratio and
sensitivity of ultrasound imaging. The first technique
separates mixed signals of MBs and tissues through high-
pass or low-pass filtering to obtains a clear ultrasound
image, on the basic of diverse scattering frequency
ranges between MBs and tissues after transmission with
a single ultrasound pulse [50]. The low susceptibility
to tissue motion artifacts and permission to operate at
high frame rates are main merits of this technique. The
other technique utilizes nonlinear responses of MBs
to continuous acoustic pulses with different character-
istics, in contrast to linear responses from tissues [51].
Pulse inversion (PI) and amplitude modulation (AM) are
themost commonly used schemes. PI consecutively emits
two pulse sequences with the same frequency and
amplitude but 180° phase reversal to increase MBs signals
as well as counteract tissue signals by coherent summa-
tion [52]. AM realizes the same purpose using a series
of pulses with different amplitudes [53]. What’s more,
contrast pulse sequence combining features of PI and AM
has been reported as well [54]. The advent of these specific
techniques further facilitates the prosperity of contrast-
enhanced ultrasound.

Targeted MBs used for ultrasound molecular
imaging

Molecular imaging able to monitor biological processes in
vivo at the cell and molecular level is of great significance
for early diagnosis and pathological analysis of diseases,
but may be challengeable for ultrasound due to lack
of suitable molecular probes. Not until targeted MBs
appeared did this situation improve. Given that MBs are
confinedwithin vessels, targetedMBs consist of traditional
MBs and ligands that direct at vascular endothelial

markers [55, 56]. They have been widely used for imaging
diseases such as tumor, inflammation together with
thrombosis, and relevant clinical trials are ongoing [15].

Optimization of targeting biomechanics of MBs

In order to enable MBs to image target sites with initiative,
celerity, high efficiency and stabilization, the choice of
ligands is a crucial part. Above all, the basic condition
of ligands is the ability to target vascular endothelial
receptors including vascular endothelial growth factor
receptor (VEGFR) and integrin αvβ3 [57]. Secondly, consid-
ering the demand of overcoming shear forces ascribed
to blood flow, ligands with strong affinity are preferred
so that MBs stay adherent. Another method to enhance
adhesion efficiency is increasing the ligand density on
MBs surfaces [37]. Finally, affected by the flow velocity
of blood, the interaction between ligands and receptors
must be a fast process, so small molecule ligands may be a
superior choice [58].

Some studies indicated that modifying MBs with
hydrophilic polymers such as PEG was favorable for their
production and stability [59]. In addition, PEGylation
can minimize nonspecific adhesions of MBs and uptake
by reticuloendothelial system (RES) to decrease back-
ground signals and enhance targeting efficiency [60]. To
prevent PEG chains from covering ligands, long PEG
chains are usually used to connect ligands with MBs
and provide adaptive space for the interaction between
ligands and receptors, together with short and high-
density PEG chains for stabilizing MBs [61].

Detection and signal enhancement of specifically
adherent MBs

Echo signals from targeted MBs with specific adhesions
are what we care for in ultrasound molecular imaging,
and they need to be separate from other interference
signals through some imaging strategies. Firstly, strate-
gies based on nonlinear responses have been mentioned
above for signal separation of MBs and background
tissues. Then, the easiest way to differentiate signals of
adherent and freely circulating MBs is leaving a sufficient
waiting period after injection for clearing the latter, but
it takes a long time and places high demands on the
stability of MBs [37, 62]. A more common method utilizes
high-intensity pulses to break all MBs in the region of
interest (ROI) so that signals of adherent MBs are gained
by deducting the post-rupture intensity from the pre-
rupture intensity. Lack of real-time capability and potential
biological effects are main defects of this method. An
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alternative approach segregates signals of adherent MBs
based on interframe characteristics ofMBs including ‘dwell
time’ threshold [37]. Lastly, false positives caused by
nonspecific adhesions are ruled out via subtracting control
signals of pure MBs without any ornament.

Targeted MBs for preclinical ultrasound molecular
imaging

Targeted MBs can be applied in ultrasound molecular
imaging of multiple diseases with the help of overexpressed
vascular endothelial receptors. During angiogenesis that
plays a vital role in tumor growthandmetastasis, expressions
of VEGFR, αvβ3 and endoglin are markedly upregulated.
Therefore, targeted MBs aiming at these receptors or their
combinations have been used to image cancer models
including breast and pancreas in mice and rats [63–65].
These research results suggested that targeted MBs could
accumulate at tumor sites and effectively enhance ultra-
sound signals of tumor angiogenesis. Thromboembolism
possibly induced by high expressions of platelet glyco-
protein IIb-IIIa is a primary cause why many cardiovas-
cular diseases outbreak. Based on this receptor, targeted
MBs were developed to improve the detection rate of
thrombosis in rat and mouse models [66–68]. Farther
studies using other receptors such as fibrin and tissue
factor were reported as well [69]. Inflammation is a
widespread process in injured or infected organisms,
accompanied by specifically expressedmarkers including
intercellular adhesion molecule-I, vascular endothelial
cell adhesionmolecule-I and E-/P-selectin. Thesemarkers
and their combinations enabled targeted MBs to diagnose
inflammation-related diseases such as atherosclerosis,
myocardial ischemia, enteritis and immune rejection in
many animal models [70–72].

Targeted MBs in clinical trials

BR55 comprised of a phospholipid shell encapsulating
a mixed gas core of perfluorobutane and nitrogen is the
first targeted MB in clinical trials. Modification with
heterodimeric peptides that direct at VEGFR2 endows
BR55 with unique potential in cancer diagnosis and
therapy. After abundant preclinical assessments involving
effectiveness and safety in various animal models, BR55
was approved for clinical research in human cancers.
Smeenge et al. explored the feasibility and safety of BR55
for imaging human prostate tumor for the first time [14].
Their results indicated BR55 enhanced ultrasound contrast
in 30 min without significant side effects and that the

detection rate of malignant lesions reached 68%. Similar
and even superior data were observed in clinical trials
of breast and ovarian cancers [15]. These clinical results
all declare that BR55 promises to be an important tool
for noninvasive cancer screening.

Acoustic nanomaterials extend
ultrasound to extravascular targets

Although targeted MBs have entered clinical trials, the
size of MBs hinders their molecular imaging of extravas-
cular targets. Therefore, acoustic nanomaterials with
sufficient vascular penetration and easy modification
were designed to improve the potential of ultrasound
molecular imaging.

Nanobubbles

Nanobubbles (NBs) with nanometer diameters can be
regarded as miniature versions of MBs, and their shells
along with gas cores are homologous [73]. After adding
appropriate surfactants during the preparation process to
improve echogenicity and stability, NBs are able to achieve
effective ultrasound contrast [74]. Wu et al. demonstrated
that NBs synthesized with a pluronic surfactant possessed
not only echo performance comparable to or better than
Definity, but also better stability and longer circulation
time [75]. Aggregation in tumor tissues due to the enhanced
permeability and retention (EPR) effect endows NBs with a
natural advantage in cancer diagnosis. Imaging results in
tumor-bearing mouse models suggested that NBs visibly
enhanced ultrasound contrast and lasted longer than MBs
at tumor sites, corresponding to a larger accumulation of
NBs observed in tumor cell spaces by fluorescent labeling
and frozen slices [76]. Modification with ligands that target
tumor markers can further increase the targeting efficiency
of NBs to tumors. It was reported that ligand-modified NBs
universally displayed a better contrast-enhanced effect or
longer imaging time than unmodified MBs in multiple tu-
mor models [77–80].

Phase-change nanodroplets

Phase-change nanodroplets (PCNDs) refer to nanodroplets
(NDs) that can undergo phase transition upon exposure to
energy radiations. They are composed of PFC droplets
encapsulated with protein, lipid or polymer shells, and
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are superheated at physiological temperatures to stay
metastable [81]. PCNDs can maintain their initial shapes
and diameters for several hours after injection in the
blood, which promises them enough time to penetrate
and gather at the ROI [82, 83]. Once activated by en-
ergies, PCNDs will experience a transition from droplets
to MBs where their acoustic impedances change mark-
edly to effectively enhance echo signals. This ingenious
“small to big” strategy is necessary for ultrasound im-
aging of PCNDs and endows them with potential in
multiple targeting. At first, nanoscale sizes prior to
activation enable PCNDs to aim at tumor sites through
the EPR effect. Next, ligand modifications are able to
further increase the targeting ability of PCNDs. In the
end, energy activation in the ROI is also a type of spatial
targeting, accompanied by reduced background signals.
These advantages make PCNDs competitive in ultra-
sound molecular imaging.

Acoustic droplet vaporization

As the name implies, acoustic droplet vaporization (ADV)
is a phenomenon that NDs are converted into MBs by
thermal effects attributed to ultrasound, and it’s the most
convenient and common activation method of PCNDs. Li
et al. encapsulated perfluorooctyl bromide NDs via a shell

coupling folic acid and PEG to avoid clearance by RES and
facilitate their targeting to tumors that overexpress folate
receptors [84]. After activation by ultrasound in vivo,
these targeted NDs showed a higher echo enhancement
and longer contrast time at tumors with upregulated
expression of folate receptor, in contrast to non-
expressing tumors or non-targeted NDs. Similar results
were reported by Liu and his co-workers, suggesting the
possibility that targeted NDs displace targeted MBs as
molecular UCAs [85]. However, comparison of imaging
capabilities between targeted NDs and targeted MBs
indicated that MBs provided better contrast than NDs
despite quicker clearance from circulation [86]. This
result means that targeted NDs may replace targeted MBs
in extravascular rather than intravascular molecular
imaging. To improve safety and acoustic sensitivity, NDs
with low-boiling point PFCs were designed, and they
could transform from liquid to gas via clinical ultrasound
systems with better stability and less evaporation ahead
of schedule (Figure 1A) [87].

Droplet vaporization by other energy radiations

To avoid the interference of ultrasound activation pulses
on subsequent imaging pulses, other energy radiations
independent of the ultrasound imaging process were

Figure 1: Organic acoustic nanomaterials used for
ultrasound imaging. (A) PCNDs based on
acoustic droplet vaporization. (B) Light-
activated PCNDs. (C) Organic gas-generating
nanoparticles based on carbonate copolymer.
Reproduced with permission from [87, 89, 95],
respectively. ADV, acoustic droplet vaporization;
ICG, indocyanine green; OGGNPs, organic
gas-generating nanoparticles; PCNDs, phase-
change nanodroplets; PFC, perfluorocarbon;
PEG, polyethylene glycol.
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attempted. Numerous fluorescent dyes andphotosensitizers
make photoexcitation a good choice. Paproski et al. incor-
porated porphyrin into a lipid shell encapsulating liquid
PFC to construct PCNDs, and attested their conversion
into MBs induced by laser in vitro together with aggre-
gation in tumors of chicken embryo models [88]. Farther
in vivo ultrasound imaging of light-activated NDs was
realized through a lipid shell co-loaded with liquid
PFC and indocyanine green (ICG). Conjugation to folic
acid enabled these NDs to exhibit greater accumulation
and stronger ultrasound signals at tumor sites in mice
(Figure 1B) [89]. PCNDs integrated with other optical
absorbing materials and ligands were reported with
similar good results [90, 91].

In view of limited penetration of light, other means
were investigated to motivate PCNDs. Zhang et al. syn-
thesized radiofrequency (RF)-responsive nanoparticles
(NPs) with solidmenthol encapsulated by PLGA [92]. After
exposure to RF, menthol underwent continuous solid–
liquid–gas triphase transformation to enhance ultra-
sound signals markedly. NDs activated by microwave or
proton radiation were also reported for monitoring micro-
wave ablation in tumor-bearing mice or verifying proton
range during proton therapy, respectively [93, 94].

Organic gas-generating nanoparticles

Organic gas-generating nanoparticles (OGGNPs) are
organic NPs that contain reactive or catalytic moieties to
generate gases for ultrasound imagingwhen they reach the
ROI. Min et al. designed carbonate copolymer-based NPs
to release CO2 bubbles through in-situ hydrolysis
(Figure 1C) [95]. Their in vivo experiments displayed that
these NPs accumulated at tumor sites of mice and pro-
duced ultrasound contrast for several hours. Another CO2

generation mechanism based on chemical reaction with
H2O2 was utilized to construct OGGNPs as well. These
H2O2-responsiveNPswere able to imagemany inflammatory
diseases related to H2O2 overproduction such as hepatic
injury and cancer, with obvious and continuous ultrasound
signal enhancement [96–98]. Besides OGGNPs containing
reactive moieties, catalytic OGGNPs were developed as
well. Liu and his co-workers [99] immobilized catalase
with dendritic mesoporous organosilica NPs to synthesize
nanoreactors that exhibited catalytic activity for H2O2. After
aggregation in tumors via the EPR effect, these NPs allowed
ultrasound guidance for high intensity focused ultrasound
(HIFU) ablation.

Inorganic nanoparticles

Alike to organic acoustic nanomaterials, inorganic inorganic
nanoparticles (NPs) as UCAs can be roughly divided into
three categories including NPs with natural echogenic prop-
erties, with energy conversion capabilities for phase change,
and with reactive or catalytic moieties for gas generating. In
spite of extensive research, their clinical application is un-
promising due to poor biocompatibility and biosafety.

SilicaNPs and carbonnanotubesare common inorganic
materials with natural echogenic properties [100–102].
Casciaro et al. preliminarily studied acoustic behaviors of
silica NPs, and demonstrated their availability for contrast-
enhanced ultrasound at routine diagnostic frequencies [103].
After antibody modification to improve the targeting ability,
silica NPs showed greater aggregation and more evident ul-
trasound signals in the ROI [104, 105]. Encapsulating
PCFs or air in the hollow structure of silica NPs
was conducive to the further improvement of their ultra-
sound imaging performance [106, 107]. Functionalized
multi-walled carbon nanotubes were found to produce
ultrasound signals comparable to Sonovue in vitro and
possibly fit abdominal ultrasound [21]. They were devel-
oped as targeted UCAs for prostate cancer by conjugation
to aptamers, and exhibited excellent targeting ability along
with contrast effect both in vitro and in vivo ultrasound
imaging [108].

Based on good energy conversion performances, some
inorganic NPs including Au, iron oxide and Prussian
blue are used to motivate liquid PFCs for ultrasound
imaging. Li et al. prepared light-responsive nano UCAs
by encapsulating hollow gold nanospheres and PFCs
in liposomes [109]. Upon exposure to laser irradiation,
photothermal effect of Au triggered phase change of
PFCs to significantly enhance ultrasound signals of
tumors. Similar gold-based NPs replaced liquid PFCs
with solid menthol for extending imaging time to 30 min
much longer than SonoVue [110]. As another photo-
absorber, iron oxide was co-loaded with PFCs to design
phase-change NPs for contrast-enhanced ultrasound
of tumors in mice [111]. Nevertheless, magnetic energy
converter is amore commonusage of iron oxide.Magnetism-
induced UCAs were constructed by combining iron oxide
mesoporous NPs with PFCs, and dramatically increase
ultrasound signals of both B mode and harmonic mode
after magnetocaloric activation [112]. Other phase-change
ultrasound contrast agents (UCAs) based on Prussian blue
were proposed for ultrasound-guided tumor photothermal
or HIFU therapy as well [113, 114].
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MnO2, Prussian blue and CaCO3 are typical inorganic
gas-generating NPs. Gao et al. encapsulated MnO2 with
hyaluronic acid (HA) to develop tumor-targeted nano
UCAs that catalyzed excess H2O2 of tumor sites to
generate oxygen for ultrasound imaging and photody-
namic therapy [115]. Prussian blue NPs possessing alike
H2O2 catalytic activity were also reported to image
hepatic injury of murine models [116]. Compared with
the two less degradable materials above, CaCO3 NPs
with better biodegradability are favored (Figure 2).
Mesoporous CaCO3 NPs bedecked with HA could be
decomposed by the acidic microenvironment of tumors
and ultrasound to release CO2 for ultrasound diagnosis
of tumors [117]. Modification with hepatoma-targeting
pullulan helped CaCO3 NPs to produce sixfold signal
enhancement at tumor sites in mice [118]. Red blood
cell (RBC) membranes were attempted as biomimetic
coating of CaCO3 NPs to further improve biocompatibility
and restrain protein corona formation [119].

Biogenic gas vesicles applied as
acoustic reporter genes (ARGs)

Biogenic gas vesicles (BGVs) were found in some microbes
as buoyancy regulators to allow vertical movement in
water for optimally capturing light and nutrients [27].

Their formation involves a cluster of 8–14 genes that encode
one or two structural proteins as well as assembly factors
including chaperones and nucleators [120, 121]. The shape
and size of BGVs are highly reliant on their genetic species.
Generally, mature BGVs are spindle-shaped or cylindrical
proteinwith 100nm–2 μmin length and45–200nm inwidth
(Figure 3A, B) [27].

Different from common nanoscale bubbles, BGVs
display abnormal physical stability due to their composi-
tion and unique gas retention mechanism. BGVs mainly
include an internal gas compartment together with a 2-nm-
thick protein shell self-assembled from amphiphilic gas
vesicle protein A (GvpA) (Figure 3B) [27, 120]. GvpA with a
molecular weight of 7–8 kDa may fold into a β sheet
structure (Figure 3C), and form 4.6 nm-wide periodic ribs
vertical to the long axis of BGV shells [122]. Another
structural protein, gas vesicle protein C (GvpC), adheres
to outer surfaces of certain BGVs to enhance stability
(Figure 3D) [27]. Unlike gas pre-loaded in MBs with an un-
stable form, uniform pores on BGV shells permit free ex-
change between internal gases and gases in the ambient
medium to reach dynamic equilibrium and exclude the
water phase. As a result, the internal gas pressure of BGVs
will be maintained at atmospheric pressure same as the
outside, leading to particular stability of BGVs. However,
once applied pressures exceed an explicit threshold correl-
ative with genetics, BGVs will collapse and release
gas [123, 124].

Figure 2: CaCO3 inorganic nanoparticles
as ultrasound contrast agents. Reproduced
with permission from [117–119], respectively. HA,
hyaluronic acid; NPs, nanoparticles; RBC, red
blood cell; UCAs, ultrasound contrast agents.
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BGVs as a new type of biomolecular UCAs

Marked differences in acoustic impedance between
internal gas compartments of BGVs and surrounding
mediums enable BGVs to strongly scatter acoustic waves
for ultrasound imaging, which was first testified by
Shapiro et al. in 2014 [28]. They preliminary investigated
acoustic performances of BGVs from different genetic
species (Anabaena flos-aquae [Ana] and Halobacterium
NRC-1 [Halo]). Imaging results in phantoms exhibited
that the two BGVs both produced distinct ultrasound
signals lasting for 1 week at concentrations as low as pM.
Once gas compartments were destroyed by hydrostatic
pressure, BGVs no longer showed ultrasound contrast
(Figure 4A). To further improve contrast, harmonic
detections of BGVs were carried out. As shown in
Figure 4B, Halo BGVs generated plentiful harmonic
signals for 3–5 times contrast enhancement after filtering
while Ana BGVs did not. Imaging capabilities of intact
Ana cells and purified BGVs from the same number
of cells were compared as well. The 12-fold signal
enhancement in intact cells implied attractive potential
of BGVs as intracellular molecular probes and reporter
genes (Figure 4C). Considering different collapse thresholds
of each BGV, a successive collapse strategy by gradually
increasing pressure was put forward to differentiate two
BGVs in the same sample. Images of independent BGVwere
obtained from the layer-by-layer subtraction of composite
images (Figure 4D). Finally, Halo BGVs were observed to
enhance ultrasound signals in mice (Figure 4E), with great
safety and degradability. These results all attested the
feasibility of BGVs as new biomolecular UCAs.

Acoustic characteristics and imaging strategies of BGVs

It is necessary to explore acoustic characteristics of BGVs
in more detail prior to their widespread applications

in ultrasound imaging. Cherin et al. studied acoustic
collapse pressures and behaviors of Halo BGVs exposed to
ultrasound with center frequencies from 12.5 to
27.5 MHz [125]. Stress tests in phantoms displayed that
acoustic collapse pressures at all transmission fre-
quencies were nine times higher than the hydrostatic
collapse pressure. This conspicuous difference may be
ascribed to different pressurization rates. Hydrostatic
pressure provides an equilibrium period of 7 s for internal
gases of BGVs to flow out, thus reducing their pressure
resistance. While effects of acoustic pressure take place in
tens of ns that is shorter than gas exchange equilibrium
time of BGVs, so gases have no time to overflow and help
resist pressure. Under excitation with acoustic pressure
below the collapse threshold, BGVs produced numerous
harmonic signals marking their nonlinear oscillations. To
investigate their harmonic generation mechanism, a
simulationmodel that involves buckling and finite element
analysis were adopted. The good agreement between test
results and simulation data hinted that buckling was
possibly responsible for harmonic signals of BGVs. And
finite element analysis also certified that acoustic buckling
pressure was equivalent to the hydrostatic collapse
threshold, and supported the hypothesis that pressuriza-
tion rates affected collapse thresholds. Moreover, calcula-
tion results of above two simulations speculated that a
single BGV had a scattering cross section comparable to a
single RBC but much smaller than a single MB, so maybe
the generation of detectable ultrasound signals required a
synergy of multiple BGVs. These discoveries have impor-
tant implications for developing specific imaging strategies
of BGVs to optimize their contrast.

Based on a preliminary cognition about acoustic
characteristics of BGVs, specific imaging strategies were
developed to improve ultrasound contrast of BGVs. Multi-
pulse imaging methods of MBs were adopted for BGVs due
to their alike harmonic signals. Maresca et al. compared

Figure 3: The shape, size, and composition
of biogenic gas vesicles. (A) A TEM image of
single Ana BGV. (B) A illustration of BGVs
structure. (C) The beta folding of GvpA.
(D) Protein arrays on the shell of BGVs.
Reproduced with permission from [120].
BGVs, biogenic gas vesicles; GvpA, gas
vesicle protein A; GvpC, gas vesicle
protein C.

38 Zeng et al.: Contrast from microbubbles to biogenic gas vesicles



adaptabilities of AM and PI to BGVs via simulations and
phantoms [126]. Simulation calculation results revealed
that AM generated signals at both fundamental and har-
monic frequencieswhile PI only retainedharmonic signals.
During phantom tests, AM images showed almost exclu-
sive harmonic signals of BGVs while PI images contained
partial linear artifact. Hence, AM might be a more appro-
priatemethod for BGVs due to its higher harmonic contrast.
Compared to B mode, AM mode easily identified cells
containing BGVs and clearly imaged BGVs in mouse co-
lons. These results all proved that AM was an effective
strategy for BGVs-specific nonlinear imaging, contributing
to promote the progress of BGVs as UCAs.

Although AM can effectively distinguish BGVs from
linear scatterers such as tissues, acoustic waves passing
through BGVs will also acquire nonlinearities, causing
strong image artifacts in downstream tissues of BGVs.
To address this issue, an imaging technique called cross-AM
(xAM) was introduced on the basic of a guess that nonlinear

interactions of counter-propagating acoustic waves were
ineffective in biological tissues [127]. xAM synchronously
transmitted two plane waves that propagate in an X-shape
to minimize cumulate nonlinear interactions resulted from
collinear wave diffusion. Simulation data analysis man-
ifested that the nonlinearity owing to wave propagation
was inversely related to cross angles of the two plane waves
in xAM, which was further confirmed in phantom tests. As
the cross angle gradually increased above 16.5°, image
artifacts at the far end of BGVs in phantoms gradually
decreased to a negligible level. Imaging in gastrointestinal
tracts of mice also verified the superior imaging perfor-
mance of xAM. The ring-shaped BGVs inclusion was almost
completely visible in the xAM image, with legible internal
and external outlines as well as few artifacts nearby, while
the AM image only exhibited partial inclusion accompanied
by obvious artifacts. Besides BGVs, xAM promises to be
applied in MBs to improve the accuracy of clinical ultra-
sound diagnosis.

Figure 4: Ultrasound imaging of biogenic gas vesicles in vitro and in vivo. (A) Ultrasound images of phantoms containing Ana BGVs (left) and
Halo BGVs (right) with different concentrations. (B) Harmonic images of Halo BGVs and polystyrenemicrospheres. (C) Ultrasound images (left)
of Ana cells andAnaBGVs, alongwith integrated signal intensity (right) of left. (D)Multiplexed imagingwith Halo andAnaBGVs. (E) Ultrasound
images of mouse lower abdomen injected with Halo BGVs. Top: overlay of harmonic images (green) on gray images; middle and bottom:
harmonic images before and after BGVs collapse. Reproduced with permission from [28]. BGVs, biogenic gas vesicles; PS, polystyrene.

Zeng et al.: Contrast from microbubbles to biogenic gas vesicles 39



Molecular and functional ultrasound imaging based on
BGVs

Despite targeting tumors via the EPR effect, ultrasound
contrast of BGVs at tumor sites are less-than-ideal on
account of their rapid uptake into RES. Some means of
circumventing RES engulfment were tried to improve
this situation [128]. Without any treatment of BGVs or
RES, ultrasound signals of BGVs only lasted for a short
time in tumors, and tumor reperfusion signals after
blasting in situ were not evident as well, implying quick
clearance of BGVs in the blood. If phagocytosis of RES
was saturated by an initial injection of BGVs, the following
second injection would prolong imaging time and enhance
signal intensity of reperfusion at tumor sites, but the high
dose of this method may cause excess cost and safety
problems. A similar approach blocking the phagocytic
activity of RES through reagents such as Intralipid and
GdCl3 achieved same effects, whereas it damaged normal
functions of organisms meanwhile. The safer and more
effective way was to shield BGVs by PEGylation. Four
PEG chains with different molecular weight were respec-
tively conjugated to BGVs for researching influences of
PEG chain length. As expected, PEG chains with molecular
weights of 2, 5, and 10 kDa successfully protected BGVs
and prolonged contrast time in tumors. Confusingly,
5 and 10 kDa PEG chains also enhanced reperfusion
signals of BGVs while 2 kDa PEG chain did not. BGVs
modified with 15 kDa PEG chain didn’t perform better
than natural BGVs without PEGylation, perhaps because
steric hindrance between macromolecular chains decreased
the amount of PEG attached to BGVs surfaces. Hence,
PEGylation with 5 and 10 kDa PEG chains is a feasible
method of transforming BGVs into molecular UCAs.

BGVs were designed as superior targeted UCAs
through PEGylation with 5 kDa PEG chains for prolonged
circulation time and embellishment with HA for actively
targeting tumors [129]. In vitro experiments demonstrated
that these modifications conduced to tumor targeting
and immune escape of BGVs, without injuring their
stability and acoustic responses. In vivo metabolisms
of these bi-modified BGVs (BMBGVs) and control groups
also supported this verdict. Real-time fluorescence imaging
showed that ICG-labeled BMBGVs mainly concentrated
at tumor sites 6 h after injection and maintained strong
fluorescent signals for more than 48 h while natural BGVs
or BGVs only modified with HA mostly located in RES
andwas quickly excreted in tumors. Subsequent ultrasound
imaging also showed infusive results: BMBGVs produced
much stronger and more lasting ultrasound signals than
natural BGVs and HA-modified BGVs at tumor sites. These

results jointly announces the birth of new nanoscale
molecular UCAs that are expected to replace targeted MBs
(BR55) in clinical trials.

BGVs can also be used for functional ultrasound (fUS),
an imaging method that reflects local changes of cerebral
blood volume owing to neural activity through ultrafast
frame rates [130]. FUS is widely applied in research of
basic neuroscience including imaging brain functions
with a resolution of 100 μm [131, 132]. However, the
acoustic attenuation and distortion resulted from skulls
ask for craniotomy imaging that destroys the noninvasive
nature of fUS. An alternative method for compensation
is injecting MBs into the blood, but it suffers from rapid
signal loss, high dose along with extra random fluctua-
tions [133]. BGVsmay be able to overcome these limitations
because of their physical stability, monodispersity and
nanoscale size. Maresca et al. compared effects of Ana
BGVs and commercial MBs on enhancing hemodynamic
fUS [134]. Phantom tests indicated that BGVs could with-
stand higher acoustic pressure and accurately report lower
flow rates as opposed to MBs, corresponding to higher
dynamic range and better resolution. In vivo evaluation
manifested that BGVs enhanced Doppler and fUS signals
with much less fluctuation than MBs, which enabled
BGVs to realize more effective signal amplification. After
modification to increase circulation time and contrast,
BGVs may become the first choice of fUS contrast agents.

Molecular engineering of BGVs provides a
universal biomolecular platform

GvpC, a structural protein for enhancing stability, can be
replaced, modified or removed without destroying vesicle
structures of BGVs, which provides a natural molecular
platform for constructing BGVs with various properties.
Impacts of changing GvpC on Ana BGVs were explored by
Lakshmanan and his colleagues [29]. They first removed
natural GvpC on shells of Ana BGVs with urea to retain
complete GvpA skeletons. Ana BGVs with bereft GvpC
were then incubated with excess GvpC variants recombi-
nantly expressed in Escherichia coli to deposit a new GvpC
layer (Figure 5A). A series of homologous Ana BGVs with
different characters was prepared for follow-up research
by changing types of GvpC variants.

Distinct differences of acoustic collapse thresholds
between Ana BGVs with GvpC and Halo BGVs without
GvpC hinted that GvpCmight affectmechanical properties
of BGVs [28]. This hypothesis was further confirmed us-
ing homologous Ana BGVs to exclude the GvpA vari-
able [29]. Three types of engineered Ana BGVs without
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GvpC (ΔGvpC), with truncated GvpC (ΔN&C) and with
GvpC alike to wild type (GvpCWT) showed hydrostatic and
acoustic collapse pressures from low to high, respec-
tively. Therefore, theirmixture could performmultiplexed
imaging by gradually increasing intensities of acoustic
pulses. To analyze complex multiplexed images, a strat-
egy that extracted and calculated signal differences
between images under different pressures by matrix was
introduced for splitting pressure spectral and forming
unmixed images of each BGV (Figure 5B). This multi-
plexed imaging and its analytical strategy can easily
expand to combinations of more different BGVs, facili-
tating simultaneous ultrasound imaging of multiple
targets in a same sample.

Besides collapse thresholds, GvpC may impact har-
monic signals related to shell mechanics of Ana BGVs.
In vitro experiments showed that ΔGvpC produced a
harmonic signal peak while GvpCWT only responded
linearly, under a same transmission frequency. After
bandpass filtering, the corresponding harmonic signal
intensity of ΔGvpC was 3–4 times higher than GvpCWT

with comparable fundamental frequency signals. Similar
phenomena were observed in ultrasound imaging in vivo
(Figure 5C) [29]. These results manifest that regulating
GvpC can create BGVs with diversified harmonic responses
to meet different imaging needs.

Integrations of GvpC with other peptides help control
behaviors and distributions of BGVs in vivo. For instance,

Figure 5: Regulating acoustic responses and
targeting capabilities of biogenic gas
vesicles through engineered gas vesicle
protein C. (A) Paradigm for modular
engineering of Ana BGVs. (B) Multiplexed
imaging of Ana BGVs with different
engineered GvpC. Left: mixed images;
right: unmixed images processed from raw
data in left. (C) Harmonic imaging of ΔGvpC
and GvpCWT in vitro and in vivo. (D) Confocal
fluorescence images of GvpCWT (green)
modified with RDG and RGD after 24 h
incubation with U87 glioblastoma cells
(blue). Reproduced with permission from
[29]. BGVs, biogenic gas vesicles; GvpC, gas
vesicle protein C; GvpCWT, GvpC alike towild
type; ΔGvpC, Ana BGVs without GvpC.
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fusing GvpC with charged proteins altered surface charges
to affect aggregation and adsorption of BGVs in the blood.
Fusion of GvpC and specific ligands targeting tumors
promoted capture of BGVs by tumor cells (Figure 5D).
Fusing of GvpC with sequences recognized and acted
on by specific proteases achieve protease-responsive
nonlinear ultrasound contrast [135]. To simplify and
standardize the fusion process, GvpC was pre-fused with
SpyTag to quickly bond other proteins fused with Spy-
Catcher, increasing the efficiency of BGVs functionaliza-
tion markedly [29].

In a word, molecular engineering potentials closely
associated with GvpC enable BGVs to acquire greater
ultrasonic performances and a wider range of applications
through simple modification, which provides a universal
biomolecular platform for ultrasound molecular imaging.

BGVs applied as acoustic reporter genes

In view of poor penetration of optical reporter genes
(ORGs), acoustic reporter genes (ARGs) based on BGVs
are developed for imaging cells deep in organisms. Multi-
gene clusters encoding BGVs were first heterologously
expressed in certain bacteria owing to homologous he-
redity of prokaryotes. As reported by Farhadi and his co-
workers, the BGVs gene cluster from Bacillus megaterium
was transfected into E. coli and produced small Mega
BGVs whose weak echogenicity was insufficient for cells
to be detected by ultrasound [136]. Conversely, the gene
cluster encoding highly echogenic Ana BGVs couldn’t
be expressed in E. coli. To mediate this contradiction,
Bourdeau et al. integrated structural GvpA and GvpC
genes from Anabaena flos-aquae with accessory genes
from B. megaterium to construct a gene cluster expressing
highly echogenic BGVs in E. coli [30]. This engineered gene
cluster called ARG1 expressed large BGVs occupying about
10% of intracellular volume, to form E. coli detectable by
ultrasound at a low detection limit enough for general in
vivo imaging. Inspired by engineered GvpC at a protein
level, ARGs containing different GvpC genes allowed
multiplexed ultrasound imaging as well (Figure 6A),
similar to fluorescent proteins with different spectra. Based
on preliminary in vitro experiments, in vivo evaluations
were performed and showed that ARGs located E. coli
inmouse colonsmore accurately thanORGs (Figure 6B and
Figure 6C). Besides E. coli, ARGs could be generalized to
other strains for cell imaging in tumors together with high-
throughput screening of colony according to acoustic

phenotypes (Figure 6D). These results all demonstrate that
ARGs able to visualize microbes in organisms may play
an important role in exploringmicrobial processes relevant
to occurrence, development or treatment of diseases.

Mammalian cells rather than microbes are preferred
expression media for ARGs because they can directly
reflect generation mechanism and development process
of diseases in human bodies. Nevertheless, genetic differ-
ences between eukaryotes and prokaryotes pose chal-
lenges to developing ARGs for mammalian cells [137, 138].
To solve this issue, three BGVs gene clusters from different
sources were transfected into human embryonic kidney
(HEK) 293 cells through optimized codons for human
expression, to screen effective genes for BGVs generation.
As a result, only nine BGVs genes from B. megaterium
produced BGVs in HEK293 cells. Then, three plasmids
containing different subsets of these nine genes were
constructed to achieve stable and consistent expression
of BGVs, and they were called mammalian ARGs (mARGs).
After transfecting mARG into HEK293 cells, the cell line
yielding the most BGVs was named mARG-HEK, and it
averagely produced 45 BGVs with mean widths of 64 nm
and mean lengths of 274 nm per cell. Ultrasound imaging
of mARG-HEK cells compared signal differences before
and after BGVs collapse caused by AM pulses to eliminate
background signals (Figure 6E). In vitro experiments
indicated that mARG-HEK cells were easily distinguished
from control cells even when the former only accounted
for a small proportion of the two cells mixture (Figure 6F).
Interestingly, this collapse-based imaging was reproduc-
ible due to re-expressions of BGVs. Similar phenomena
were observed in ultrasound imaging of mouse tumors.
The periphery of tumors inoculated with mARG-HEK
cells exhibited obvious ultrasound contrast (Figure 6G),
corresponding to BGVs expressions caused by tumor neo-
vascularization, which was more accurate than fluores-
cence imaging. Four days later, renascent ultrasound
signals at tumor sites testified re-expressions of BGVs [31].

Although ARGs capable of producing obvious and
renewable ultrasound contrast in mammalian cells have
beendeveloped, the sensitivity of visualizingARG-expressing
cells is still insufficient. Hence, an ultrasensitive ARG
imaging paradigm, burst ultrasound reconstructed with
signal templates (BURST) was proposed. BURST sepa-
rated the temporal dynamics of the strong, transient
signals produced during GV collapse from background
scattering. It increased cellular imaging sensitivity by
more than 1,000 times to achieve quantitative single-cell
imaging [139].

42 Zeng et al.: Contrast from microbubbles to biogenic gas vesicles



Conclusion and future challenges

Ultrasound imaging is one of the most popular imaging
modes in clinical diagnosis at present, which is insepa-
rable from splendid contrast effects of UCAs. As the earliest
UCA, MB is also the exclusive UCA approved by FDA for
clinical applications because of its excellent echogenicity,
good stability, nonlinear response distinct from human

tissues and recognized safety, making great contributions
to clinical promotion of ultrasound imaging. Particularly,
harmonic signals caused by MBs nonlinear oscillation
can significantly increase contrast specificity through
multipulse imaging strategies such as PI and AM. What’s
more, targeted MB (BR55) that aim at VEGFR2 is under-
going clinical trials and performs well in ultrasound
molecular imaging of human prostate, ovary and breast

Figure 6: Biogenic gas vesicles as acoustic
reporter genes in microbes (A–D) and
mammalian cells (E–G). (A) Multiplexed
imaging of bacteria containing ARGs with
different collapse thresholds (arg1 and
arg2) in phantoms. (B) and (C) Images of
ARG1 and a ORG (LUX) in gastrointestinal
tracts with different bacteria arrays. Left:
ultrasound images; right: fluorescence
images. (D) ARGs used for acoustic colony
screening. Reproduced with permission
from [30]. (E) Ultrasound images of
mARG-HEK cells and control cells (mCherry-
HEK) in vitro, before and after acoustic
collapse. (F) Ultrasound images of mixtures
with different mARG-HEK and mCherry-HEK
cell ratios. (G) Ultrasound images of
mARG-HEK and mCherry-HEK cells in
tumors. Reproduced with permission from
[31]. ARGs, acoustic reporter genes; BGVs,
biogenic gas vesicles; mARG-HEK,
mammalian ARG-human embryonic kidney;
mCherry-HEK, mCherry-human embryonic
kidney; ORG, optical reporter gene.
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cancers, under the premise of abundant preclinical
studies proving safety and effectiveness. It is believed that
BR55 and even other targeted MBs will be used for clinical
practice in the near future to expand the application
scope, specificity and accuracy of ultrasound imaging.

To extend ultrasound from intravascular imaging to
extravascular imaging, a series of organic and inorganic
acoustic nanomaterials that can pass through blood
vessel walls has been designed as substitutes of MBs.
Most of them create strong ultrasound contrasts by phase-
change or gas-generating strategies for MBs formation.
They are widely used for tumor imaging with the assist of
EPR effect-induced natural targeting, and present vast
potential in ultrasound molecular imaging due to their
convenient modification. Nevertheless, their biocompat-
ibility and safety need to be verified in detail, so their
clinical applications may still be far away.

As the first UCA derived from organisms, BGVs display
attractive prospects for clinical transformation. Firstly,
natural BGVs produce obvious ultrasound contrast at
concentrations as low as pM, and farther improvement
can be achieved by collapse-mediated signal differences
and harmonic detection. After PEGylation and embel-
lishment with specific ligands, BGVs are appropriate for
ultrasound molecular imaging. Then, encodability and
replaceability of GvpC provide a natural molecular plat-
form for BGVs to regulate their collapse thresholds, har-
monic signals, in vivo behaviors and distributions, so that
multiplexed imaging, harmonic imaging and molecular
imaging can come true. Lastly, as an alternative to ORGs,
ARGs encoding BGVs have been heterologously expressed
in microbes and mammalian cells, which is of significance
to visualizing pathogenesis, development process and
microbial effects of diseases deep in human bodies at the
cellular level. However, the composition of ARGs needs to
be simplified so that their expressions are more control-
lable and robust.

Looking back at the evolution fromMBs to BGVs, UCAs
tend to be miniaturized and biogenic, declaring the
research hotspot for future clinical UCAs. As the first
biomolecular UCAs in line with this evolutionary trend,
BGVs exhibit excellent capabilities of contrast-enhanced
ultrasound. However, the acoustic response mechanism
of BGVs needs to be deeply investigated, and molecular
engineering of BGVs as well as construction of ARGs
require further validation and simplification. In addition,
ensuing safety hazards and genetic differences between
different species also pose challenges to clinical trans-
formation of BGVs. Therefore, maybe nanoscale echo
scatterers in animals and even humans will be a better

choice, while it calls for a long process of exploration
and verification. Finally, the transfer and improvement
of clinical imaging methods from MBs to BGVs and the
development of corresponding clinical imaging instruments
are also major challenges.
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