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REVIEW

Advances in the application of gas vesicles 
in medical imaging and disease treatment
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Abstract 

The gas vesicle (GV) is like a hollow nanoparticle consisting of an internal gas and a protein shell, which mainly con-
sists of hydrophobic gas vesicle protein A (GvpA) and GvpC attached to the surface. GVs, first discovered in cyanobac-
teria, are mainly produced by photosynthetic bacteria (PSB) and halophilic archaea. After being modified and engi-
neered, GVs can be utilized as contrast agents, delivery carriers, and immunological boosters for disease prevention, 
diagnosis, and treatment with good results due to their tiny size, strong stability and non-toxicity advantages. Many 
diagnostic and therapeutic approaches based on GV are currently under development. In this review, we discuss 
the source, function, physical and chemical properties of GV, focus on the current application progress of GV, and put 
forward the possible application prospect and development direction of GV in the future.
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Introduction
Gas vesicles (GVs) are a type of gene-encoded, inert, 
hollow, gas-filled protein nanoparticles discovered by 
German microbiologists in cyanobacteria that formed 
blooms over a century ago [1–3]. Mature GVs are spin-
dle or cylinder organelles that are 0.045–0.2 μm wide 
and 0.1–2 μm long [4]. GVs are commonly produced by 
bacteria and archaea, particularly photosynthetic bacte-
ria (PSB) and halophilic archaea. Notably, the GV shell 

differs from the organelles of other microorganisms in 
that it is permeable to gases but not to liquid water. It 
consists only of proteins and does not contain lipids or 
carbohydrates. The GV shell is only 2 nm thick and con-
sists of a layer of gas vesicle protein A (GvpA), a protein 
with a molecular weight of 7–8 kDa. This protein forms 
a 4.6 nm helical stripe perpendicular to the long axis of 
the vesicle [5]. The physical properties of GV produced 
by microorganisms similar to PSB and halophilic archaea 
can provide buoyancy for them to move up and down the 
water to obtain nutrients [6].

GV, with its distinctive structure similar to the air 
chamber of a submarine and as a protein assembly, has 
the potential to be used in a variety of medicinal appli-
cations [5]. Currently, GV has been used in the develop-
ment of vaccines [7], magnetic resonance imaging (MRI) 
[8], ultrasound imaging [9], disease treatment [10], etc. 
(Fig. 1) For example, recent studies have used the stabil-
ity and nanoscale characteristics of GV to deliver drugs 
[11, 12]. Whereas, some properties and structures of GV 
and the function of the protein encoded by the Gvp gene 
clusters have not been fully investigated. Due to the lack 
of information about the GVs, their utilization should 
need more study or research.
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With the in-depth study of GV, an increasing number 
of individuals are focusing on the application of this tech-
nology. In this review, we highlight the recent advances in 
GV application, provide a brief overview of GV composi-
tion, physical and chemical properties, primary sources 
and regulatory proteins, and list the potential and obsta-
cles of GV application.

The source of GV
GVs were first discovered in cyanobacteria, thought to 
be “bubbles”, and have since been found in many other 
microorganisms. (Table  1) In 1965, Bowen and Jensen 
found that the “bubbles” in cyanobacteria were aggre-
gated by cylindrical vesicles. These vesicles present a 
closed environment and have only a single wall 2 nm 
thick. After further study, Bowen and Jensen named this 
form of “fish bladder” vesicles GV [3].

PSB were the first microbes discovered to produce 
GV. They are the general name for bacteria that per-
form non-oxygen photosynthesis under anaerobic con-
ditions. In addition to PSB, the other subset of bacteria 
can also produce GV. Heterotrophic bacteria are one 
of these. The majority of GVs produced by these bac-
teria are largely cylindrical, although even within the 
same bacterium, some GVs vary in size and shape [22]. 

Bacteria that produce GVs in heterotrophic bacteria 
were first discovered in extremely cold environments, 
such as the sulfate-reducing bacteria Desulforhopalus 
vacolatus, the psychrophilic bacteria Psychromonas 
ingrahamii and Rhodoferax antarcticus [23–26]. In 
addition, researchers have also found the presence of 
GV in Serratia sp. ATCC 39006 and Polaromonas vacu-
olata KCTC 22033T [20, 21].

Fig. 1  The application of GV in biomedicine

Table 1  The different sources of GV

Microorganism Reference

Archaea Halobacterium salinarum
PHH1

[13]

Halobacterium salinarum
PHH4

[14]

Halobacterium salinarum
NRC-1

[15]

Haloferax mediterranei [16]

Haloquadratum walsbyi [17]

Bacteria Anabaena flos-aquae [18]

Microcystis aeruginosa [19]

Planktothrix rubescens [8]

Serratia sp. ATCC 39006 [20]

Polaromonas vacuolata KCTC 22033T [21]
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Another typical microorganism that produces GVs is 
halophilic archaea that live in a high-salt environment. 
Later research found that halophilic archaea such as 
Halobacterium salinarum, Haloferax mediterranei, Het-
erocypris salina, and Haloquadratum walsbyi contain 
up to 70 spindle-shaped or cylindrical GVs in their bod-
ies [27]. Over the next few years, with the efforts of other 
researchers, the major characteristics and functions of 
GV were gradually discovered [6].

The function of GV
Aharon Oren showed that the GVs produced by differ-
ent microorganisms have different functions [6]. The 
GVs produced by PSB give them the buoyancy to move 
upward so that they can get enough light for photosyn-
thesis to produce nutrients [5, 28]. After photosynthesis, 
the carbohydrate produced is much greater than the den-
sity of water, which can cause it to sink vertically. Thus, 
the mutual regulation of the buoyancy of GV with the 
density of carbohydrates allows microorganisms to float 
or sink to maintain nutrient balance depending on the 
environment [29]. GVs produced by halophilic archaea 
have a similar effect. Because the solubility of oxygen in 
saturated salt solutions is very low and halophilic archaea 
grow in high-salt environments, they are susceptible to 
oxygen starvation. GVs can lift these halophilic archaea 
from the bottom of low-oxygen waters to an appropriate 
oxygen concentration level by increasing upward buoy-
ancy [30]. In addition, there are several unique halophilic 
archaea, for example, Haloquadratum walsbyi, which is 
so thin that GV divides them into two cytoplasms [17, 31, 
32]. Some special bacteria, for example, Orenia sivashen-
sis, whose GV is located between the inner membrane of 
the exospore and the spore layer, may be related to spore 
movement [33].

The structure and physical properties of GV
GVs are the largest protein-based assemblies ever 
reported, and their structures and properties are com-
plex [34–37]. The study found that Anabaena flos-aquae, 
Calothrix sp. PCC 7601 and Microcystis sp. BC 84/1 
could use the buoyancy generated by the GVs in their 
bodies and the density of the organic matter produced 
by their photosynthesis (the density of the organic mat-
ter is greater than that of water) to regulate their vertical 
movement [38, 39]. As mentioned above, the GV shape is 
very similar to the fish bladder, which can also be called 
spindle-shaped. Gas can freely penetrate the GV shell 
so that the gas inside and outside the vesicle can reach 
a balanced state [40]. The structure of GV produced by 
microorganisms is very stable due to their own needs for 
the environment. However, when GVs are under pres-
sure, there is a critical point at which the GV irreversibly 

collapses [39]. The critical collapse pressure of GV in dif-
ferent microorganisms ranges from 0.09 MPa to 1 MPa. 
In deeper waters, microorganisms tend to form narrower 
GVs due to the regulation of the Gvp gene [41–43]. These 
GVs have a shell that allows the gas to pass freely through 
the surrounding environment, achieving both internal 
and external balance. For the currently studied GV struc-
ture, it is generally believed that it is mainly composed of 
GvpA to form a transverse “rib”-shaped shell, and then 
the outer surface is reinforced by GvpC [37, 44].

Recently, Huber et al. described the molecular structure 
of GV in atomic detail in their report [45]. They collected 
and purified the GV produced by engineered E. coli and 
observed its structures by cryo-electron microscopy. The 
results showed that the shell of the GV was only one or 
two peptide layers thick. Further analysis of the compo-
sition of the GV shell showed that it was reinforced by 
hydrogen bonds and salt bridges [45]. At the same time, 
the inner shell of the GV is hydrophobic, and when the 
gas passes through the channel in the GV shell, it is found 
that the pores in the GV shell are large, and these pores 
are caused by α1 helix of the GvpA, which can allow the 
external gas to diffuse freely into the vesicle. Their study 
also found that GvpA can self-assemble into two helical 
half-shells and close at the cone apex, after which the two 
half-shells are joined by the characteristic arrangement of 
GvpA monomers to form the GV structure of a hollow 
helical cylinder. In a previous study, Dutka et  al. using 
cryo-electron tomography also found that the GV shell is 
formed by helical filaments of the highly conserved GvpA 
subunit and that GvpC is attached around the GvpA shell 
to form a helical cage that reinforces the overall structure 
[46]. Huber’s experiments showed the GvpC in GVs can 
tightly bind to the α2 spiral in the GV, which also con-
firmed that GvpC is a protein that can strengthen the 
outer structure of GVs [45]. In addition to studying the 
structure of GV, researchers also explored the molecular 
mechanism of GV production.

Associated proteins of GV
The reason why these microorganisms can produce GVs 
is their ability to express specific GV proteins (Table 2). 
The most important of these is the structural protein 
GvpA, which is a small hydrophobic protein that forms 
the hollow protein structure of GV [50]. GvpA consti-
tutes GV in various bacteria and archaea, such as Haloar-
chaea sp. [30], Mediterranean sp. [51], Anabaena sp. [52], 
and others. GvpC is another coat protein. It is the second 
structural protein involved in the formation of GV. GvpC 
is a different peptide from GvpA, which has good hydro-
philicity. After the study, it was found that GvpC has the 
function of strengthening the GV shell [5].
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In addition to GvpA and GvpC, many other GV pro-
teins have been found to be involved in GV synthe-
sis, either regulating the expression of core proteins or 
assisting in GV shell synthesis [53]. Several GV proteins 
are involved in the process of GV synthesis: GvpE is 
responsible for activating transcription, and GvpD has 
an inhibitory effect on GV formation. GvpE can acti-
vate transcription and thus promote the expression of 
core proteins, whereas GvpD deficiency promotes GvpE 
cleavage and thus inhibits GV synthesis [16, 39]. In addi-
tion, some important accessory GV proteins are closely 
related to GV synthesis. For example, GvpJ and GvpM 
are essential hydrophobic accessory GV proteins with 
sequences and functions similar to GvpA [54]. GvpF is an 
important accessory protein because it is the only protein 
that binds to GvpA. GvpL is homologous to GvpF but has 
the opposite function, binding to all GV proteins except 
GvpA [55, 56]. In addition, there is another energy-pro-
viding GV protein, GvpN, which can hydrolyze adenosine 
triphosphate (ATP) to release energy due to its nucleo-
side triphosphate (NTP) binding/AAA+ domain [20]. 
GvpV, W, X, Y, and Z are specific types of proteins, such 
as GvpV, which is related to the growth and maturation 
of functional GVs; GvpW, which is a putative homolog of 

GvpL; and GvpX, which is somewhat similar to GvpJ [20, 
47, 53]. In short, there are many proteins related to GV 
synthesis, and the mechanism of influence of some GV 
proteins is not been fully understood, which needs to be 
further studied and applied.

Application progress of GV
The appearance of GVs has aroused great interest in the 
fields of biomaterials and biomedicine and has become 
one of the current research hotspots. Based on their 
physical and structural properties, they are used as sta-
ble contrast agents, reporter genes, or biosensors for a 
variety of imaging modalities such as ultrasound [9], MRI 
[57], optical imaging [58], etc. Based on their biochemical 
properties, they are being developed for use in research 
delivery vectors, novel specific vaccines and disease treat-
ment. (Table 3) GV is being used in all directions; recent 
studies have integrated gene fragments producing GV 
into mammalian cells for expression, achieving effective 
gene and cell therapy tracking in  vivo [9]. At the same 
time, GV can also be genetically and chemically modi-
fied, and based on this, many derived biomedical mate-
rials have been developed for the prevention, diagnosis, 
and treatment of diseases [60, 61].

Table 2  Proteins associated with the formation of GV from different sources

Species Associated proteins Reference

Halobacterium salinarum PHH1 GvpA, GvpC, GvpN, GvpD, GvpE, GvpF, GvpG, GvpH, GvpI, GvpJ, GvpK, GvpL, GvpM [13]

Microcystis aeruginosa PCC7806 GvpA1, GvpC, GvpF, GvpG, GvpJ, GvpK, GvpN, GvpV, GvpW, GvpX [47]

Polaromonas vacuolata KCTC 22033T GvpA1, GvpA2, GvpA3, GvpC, GvpF1, GvpF2, GvpF3, GvpG, GvpH, GvpN, GvpV, GvpW, GvpX, GvpZ [21]

Bacillus megaterium VT1660 GvpA, GvpB, GvpF, GvpG, GvpJ, GvpK, GvpL, GvpN, GvpP, GvpQ, GvpR, GvpS, GvpT, GvpU [48]

Streptomyces sp. CB03234-S GvpA, GvpF, GvpG, GvpJ, GvpK, GvpL, GvpO, GvpS [49]

Table 3  Different application strategies and related mechanisms of GV

Abbreviations Abbreviations

Ultrasound imaging Contrast agent Gas vesicles filled with gas can enhance the contrast of ultrasound 
signals between tissues

[59]

Reporter gene expression product The ARG was transferred into the cells to generate gas vesicles 
in the cells, which enabled cell visualization

[9]

Ultrasonic biosensor Engineering GvpC to detect enzyme activity [60]

Hyperpolarized xenon MRI Contrast agent Hyperpolarized 129Xe can exchange with the interior of the GV [61]

Optical coherence tomography (OCT) Contrast agent The air in the GV results in a strong scattering of incident light, 
improving the contrast of OCT signals

[58]

Material delivery Delivery vehicles Modify GvpA or GvpC to bind target proteins or genes [62]

Vaccine Antigen presentation Engineering modification GV presenting antigens to stimulate 
an immune response

[63]

Others Coagulant GV collapse destroys cells and leads to the accumulation of proteins 
in extracellular organisms that promote clotting

[19]

Open the vascular barrier Ultrasound mediates GV to produce a cavitation effect to open blood 
vessels

[64]
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Ultrasound imaging
Microbubbles are the most common ultrasound contrast 
agent. In clinical diagnostics, microbubble-assisted ultra-
sound imaging is mainly used in the vascular system. In 
addition, a large number of preclinical studies have shown 
that microbubbles functionalized with specific ligands 
could enable molecular imaging of tissues and organs 
such as tumors or blood vessels by binding to molecu-
lar targets [65]. However, the size of the microbubbles 
limits their extravasation in the vascular lumen, and 
the short circulation time in the vasculature limits their 
application in imaging [66]. The study by Lakshmanan 
et  al. showed that GVs produced by cyanobacteria and 
halophilic archaea could scatter sound waves and pro-
duce significant ultrasound contrast at sub-nanomolar 
concentrations [61]. In addition, these microbial-derived 
GVs, due to their smaller size and better stability, can be 
used as new ultrasound contrast agents to overcome the 
shortcomings of existing ultrasound contrast agents and 
realize ultrasound imaging at the biomolecular or cellu-
lar level. (Fig. 2) Ling et al. injected GVs into blood ves-
sels to evaluate the imaging effects of GVs in ultrasound 
angiography [59]. Further studies have shown that GVs 
injected into the body could attach to the surface of red 
blood cells and lead to hemodynamic enhancement, thus 
enabling effective ultrasound functional imaging. How-
ever, due to the surface properties of GV, it can adsorb 
apolipoproteins and immunoglobulins to form a “protein 
corona”, which shortens the cycle time in the body and 

affects the imaging results [59]. Subsequently, methoxy-
polyethylene glycols (mPEGs) were used to passivate the 
surface of the GV, which could reduce protein adsorp-
tion. Furthermore, by passivating the surface of the GV, 
its time in circulation is prolonged, allowing long-term 
ultrasound imaging observations [67]. In addition to 
ultrasound imaging of the vasculature, the team used it 
for ultrasound molecular imaging at the cellular level.

A reporter gene is a gene whose expression products 
can be detected. At present, a variety of reporter genes 
have been developed. For example, optical reporter 
genes can achieve optical imaging of tissues by express-
ing substances with bioluminescence or fluorescence 
ability [68]. Based on the ultrasound imaging character-
istics of GV, the gene producing GV has been applied to 
the research and development of the acoustic reporter 
gene (ARG) to achieve fine ultrasound imaging of deep 
tissues. Lakshmanan et al. introduced 2 GV-producing 
gene clusters as acoustic reporter genes into bacteria 
and mammalian cells, respectively. The authors found 
that the above two gene clusters could be expressed in 
bacteria and mammalian cells to produce GVs, which 
significantly improved the acoustic contrast. Expres-
sion of ARG in bacteria enabled non-invasive ultra-
sound imaging of bacteria embedded in tumors, while 
expression of ARG in mammalian cells enabled long-
term monitoring of cancer cells [9]. The development of 
this strategy will be conducive to the wide application 
of GV.

Fig. 2  GV is used for ultrasound imaging. GVs can be injected into blood vessels as contrast agents to achieve ultrasound angiography. The genes 
expressing GV in bacteria can be delivered to tumor cells and then achieve ultrasound visualization of tumor cells
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Another application of GV is as an ultrasonic biosen-
sor for the detection of cell enzyme activity. Lakshmanan 
et al. have shown that the variant of GvpC can be engi-
neered to generate protease-activated GV, in which the 
variant of GvpC was incorporated into an amino acid 
sequence that could be recognized and acted upon by a 
specific protease [60]. Constitutively, active tobacco etch 
virus (TEV) endopeptidase, calcium-dependent mam-
malian protease calpain, and persistent bacterial protease 
ClpXP-responsive GV have been developed to reveal the 
activity of proteases under ultrasound radiation and to 
demonstrate the ability of biosensors to image in  vitro, 
live bacteria and in vivo. In summary, GV is being used as 
an ultrasound contrast agent and acoustic biosensor due 
to its ability to be modified by surface GvpC modification 
and chemical functionalization. With further research, 
Shapiro et al. proved that GV produced by different spe-
cies responds to different sound pressures [69]. This 
property can be exploited to realize ultrasound multiple 
imaging based on different types of GVs. Some similar 
experiments have shown that engineered GVs respond 
to sound pressure by nonlinear mechanical deforma-
tion, which allows them to be selectively imaged by tai-
lored amplitude modulation strategies [70]. In addition, 
Yang’s study also showed that as the concentration of GV 
increases, the ultrasound signal generated by it was also 
gradually enhanced [71], and with the further develop-
ment of the biomedical field, GV will expand into more 
application scenarios.

MRI
In addition to its use as an ultrasound contrast agent, GV 
can also be used as a contrast agent for MRI. Chemical 
exchange saturated transfer (CEST) MRI is an emerging 
in  vivo molecular imaging technique based on proton 
exchange between saturated protons and the surround-
ing medium with high sensitivity [72]. In a subsequent 
study, Lakshmanan et  al. discovered that the atoms of 
the hyperpolarized 129Xe dissolved in the water medium 
could exchange with the interior of the GV through a 
special chemical shift, enabling the contrast of the MRI 
signal to be amplified using CEST pulse sequences and 
obtaining high-quality MRI images [61]. The results 
showed that GV could improve the image contrast of 
hyperpolarized xenon MRI and increase the molecular 
sensitivity by 105 times through non-equilibrium spin 
polarization. Using the HyperCEST technique, MRI can 
detect GVs at a picomolar concentration. It has promoted 
the development of hyperpolarized gas MRI technology.

Recently, based on previous studies, Ryota Mizushima 
et al. extracted GV-expressing gene clusters from Plank-
tothrix rubescens/agardhii and reprogrammed them into 
human breast cancer KRL-4 cells [8]. The results showed 

that GV-like particles (GVLPs) could be expressed in the 
engineered cells, and the MRI signal of hyperpolarized 
xenon was also detected by the device, indicating that it 
could be used as a HyperCEST MRI contrast agent. The 
study achieved the expression of GV in mammalian cells 
and proved that it has the same function as ordinary GV 
and could enhance the contrast of HyperCEST MRI, 
which provides a possibility for the application of GV in 
the human body.

Previous studies have found that in MRI, air can pro-
duce signals of different intensities compared with dia-
magnetic water, which can be observed in lung MRI 
images [73]. Lu et  al. deduced and confirmed that air-
filled GV also had this effect [57]. They found that a 
nanoscale magnetic field gradient was generated around a 
single GV in water, and this magnetic field could promote 
the T2/T2* relaxation of water molecules, resulting in a 
decrease in signal strength of the T2 and T2*-weighted 
images [74], producing a negative enhancement effect. 
Then, GVs were ruptured by ultrasound, MRI images 
were taken before and after the destruction of the GVs, 
and MRI signals of the GVs were obtained using the MRI 
subtraction technique. Finally, they performed MRI of 
the striatum of the mouse brain using GV. The results 
showed that GV combined with ultrasound could signifi-
cantly enhance the contrast of MRI.

Optical imaging
Early studies have found that microbubbles can be used 
as contrast agents to enhance OCT imaging [75]. GV 
has similar structural characteristics to microbubbles 
and has the potential to be used as a contrast agent for 
OCT imaging. Lu et  al. studied OCT images of hydro-
gels of three different GV types: Anabaena flosa-quae, 
Halobacterium NRC-1, and Bacillus megaterium. The 
authors found that the air content of GVs caused these 
nanostructures to strongly scatter incident light, making 
GV-based contrast agents or GVs-expressing cells visible 
on OCT images [58]. All three types of GVs had obvious 
OCT contrast images, among which the strongest scat-
tering intensity was the GV produced by Halobacteria 
NRC-1. Recently, Schrunk et  al. used the bioorthogonal 
label FlAsH to achieve detailed fluorescence visual detec-
tion of intracellular GV [76]. They used GvpA to carry the 
fluorescent label six-amino acid tetracysteine (TC) tag 
and then prepared GV. This study further demonstrated 
that GV could be successfully fluorescently visualized in 
HEK 293 T cells, which can be applied to study the size 
and distribution of GV in cells. Because the genes encod-
ing GVs could be integrated into specific microorganisms 
so that they could be expressed in the microorganisms, 
they have been widely used in recent years for studies of 
microscopic imaging and monitoring in organisms.
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Delivery vector
In addition to its imaging applications, GV is a highly effi-
cient carrier. (Fig. 3) Due to the high cost and insufficient 
oxygen affinity of the conventional oxygen carrier hemo-
globin, its widespread application is limited. Based on the 
physical and chemical properties of GV and its ability to 
exchange gases, Anand Sundararajan et  al. developed a 
strategy to use GV to deliver oxygen [18]. They prepared 
oxygen-carrying GV, and the results showed that the glu-
cose utilization rate (GUR) of the cells increased signifi-
cantly by 30% in the 1.8% oxygen-carrying GV medium, 
indicating that GV can be used as an oxygen carrier. With 
the in-depth study of GV, researchers found that GV sur-
face proteins can be modified to achieve the transport 
and delivery of proteins, nucleic acids, and other sub-
stances. To treat endotoxemia, Arjun Balakrishnan fused 
mouse bactericidal/permeability-increasing protein (BPI) 
with GvpC on the surface of GV nanoparticles (GVNPs, 
the GVs are produced by Halobacterium sp. NRC-1) to 
produce mBPIN-GVNPs with the effect of treating endo-
toxemia [77]. Through in  vivo transfer, mBPIN-GVNPs 
showed a significant protective effect, which not only 
prevented the occurrence of endotoxic shock in mice but 
also inhibited various inflammatory responses caused by 
lipopolysaccharide and significantly improved the sur-
vival rate of mice with endotoxemia. With the further 
study of GV and the development of genetic engineer-
ing technology, the application of GV as a carrier has 
made new progress. Ram Karan et  al. selectively modi-
fied the cysteine residues of the GvpA on the GV surface, 
then selectively labeled the GV-modified GvpA through 
a cysteine-maleimide-mediated reaction and coupled 
horseradish peroxidase (HRP) to the GV surface through 

the streptavidin-biotin effect. To further simplify the cou-
pling process, Ram Karan implemented protein coupling 
using the SpyTag003- SpyCatcher003 system [62].

With the development of biological technology, the 
application of GV has been further developed. Recently, 
Xie et  al. used GV as a cavitation nucleus to carry the 
E-cadherin nuclear gene [10]. After GV entered the cells, 
the ultrasound-induced gene-carrying GVs produced 
a cavitation effect in cells and then delivered plasmid 
DNA directly to the nucleus to realize gene transcription 
and expression, effectively improving the transfection 
efficiency of foreign genes. Due to the precise targeting 
characteristics of ultrasound and the good biocompat-
ibility and stability of GV, spatiotemporal-controlled gene 
delivery in the cell nucleus is possible.

Vaccine development
In addition to being a delivery vehicle, GVNPs can also 
be used to regulate the body’s immune response. Srema-
cet and Stuart integrated simian immunodeficiency 
virus (SIV)-related gene fragments (Tat, Rev., and Nef1) 
into GVNP surfaces to make specific vaccines [78]. The 
recombinant GV (r-GV) induced an immune response 
similar to the long-term immune response induced by 
viral protein and also increased the expression levels of 
IL10 and other factors in  vivo. Among them, the Tat-
GVNP vaccine induced the strongest immune response. 
In addition, another research team integrated SopB (a 
secreted inosine phosphate effector protein) fragments 
with GVNP to stimulate the body’s immunity against S. 
enterica serovar Typhimurium, and studies showed that 
SopB-GVNP provided the body with a stronger and more 
durable immune response while reducing bacterial load 

Fig. 3  GV is applied to delivery. GV delivers therapeutic factors and genes at the cellular level
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[79]. Studies such as the above have found that GVNPs 
have advantages over live attenuated vaccines and that 
bioengineered GVNPs can act as an adjuvant and deliv-
ery system to induce immune responses by presenting 
antigens to antigen-presenting cells (APCs) [7].

In addition, GV can also act as an immune enhancer to 
increase immunogenicity and avoid side effects. Childs 
et  al. engineered GV into r-GV and then integrated the 
gene fragment expressing the chlamydia antigen protein 
into r-GV [63]. It was found that the modified r-GV could 
successfully express the immunogenic chlamydia antigen 
recognized by animal and human serum while increas-
ing the level of inflammatory factors. Their study showed 
that r-GV has good stability in human and animal cell 
lines, and at the same time, it also has time-dependent 
self-degradation properties, allowing for slow, time-con-
trolled release of substances [63]. These results showed 
that GV could be engineered to express different patho-
gen peptides to stimulate immune responses and exhibit 
immune memory even in the absence of immune adju-
vants [80, 81], which could also enhance immunogenic-
ity without side effects [82], providing a new framework 
for vaccine development and aiding in the research and 
development of new therapeutic strategies.

Other applications
In addition to the above, GVs can be used in other sce-
narios. Li et al. applied high-frequency ultrasound to the 
GVs produced by Microcystis aeruginosa, resulting in the 
collapse of the GVs [19]. Cavitation of the GVs would 
produce mechanical and chemical effects, that further 
promote the release of cell contents and even lead to cell 
lysis [83]. Finally, it leaded to increased protein accumu-
lation in the extracellular organic matter. Previous studies 
have found that a small amount of proteins accumula-
tion could promote blood clotting, while a large amount 
of protein accumulation could improve blood clotting 
[84–86]. By adjusting the ultrasound parameters, it can 
be controlled whether to promote coagulation. Similarly, 
to address the low delivery rate and carrier safety issues 
faced by cardiac microRNA therapy, Wang et al. induced 
GV cavitation using low-intensity pulsed ultrasound to 
open the vascular barrier [87], and deliver antagomir-155 
to the allograft heart [64]. The small size of GVs allowed 
them to produce cavitation effects while minimizing 
potential damage. It provides an idea for the development 
of ultrasound cavitation-assisted, targeted, and powerful 
microRNA therapy strategies.

Discussion
Recent studies have proved that GV has the advantages 
of simple structure, small size, strong stability, and high 
biocompatibility, and it has been widely used in a variety 

of single-mode imaging, protein delivery, antigen presen-
tation, and other fields, providing a new way for disease 
prevention, diagnosis, and treatment. With further devel-
opment, the limitations of GV are gradually revealed. 
In terms of imaging, compared with traditional ultra-
sound contrast agent microbubbles, GV has a smaller 
volume and lower echo intensity. Gas vesicles are also 
extremely selective in their application as biosensors for 
specific assays such as enzyme activity. To avoid non-
specific clustering, different molecular designs of GV are 
required according to specific conditions, which limits 
the wide application of GV.

Studies have found that, compared with traditional 
subunit vaccines, GV can produce a stronger immune 
response while being more biocompatible. In recent 
years, a variety of new vaccines have been developed 
based on GV, such as the Salmonella enteric serotype 
typhimurium vaccine, the Chlamydia vaccine, etc. [63, 
82]. However, GV also has some limitations in the devel-
opment of new vaccines. Unlike other antigen-presenting 
systems, GV can only present antigens on the surface 
in terms of delivery strategy. At present, the surface of 
GV can only present antigen protein fragments, not 
related plasmid DNA or mRNA. In terms of antigen pro-
tein delivery, GV is suitable for the delivery of bacterial 
antigen proteins and some viral, eukaryotic, and cancer 
antigens. For most of the antigen proteins that require 
modification after expression translation, the GV delivery 
system makes it difficult to achieve ideal results.

In short, the application development of GV faces many 
challenges, but it still has great development potential. In 
imaging, novel universal contrast agents corresponding 
to different modalities can be developed by studying the 
vesicle shell structure or composition of different GVs. 
For vaccine development, a team of researchers recently 
achieved delivery of the E-cadherin nuclear gene into 
cells via GV [10], and then the system can be improved 
to achieve the delivery and expression of antigen-related 
gene fragments. In addition, the gene expressing GV 
has been expressed in E. coli [9], and in the future, the 
GV antigen-presenting system can be combined with 
probiotic-related biological technologies to develop new 
vaccines that can be taken orally. With the joint develop-
ment of multi-field technologies, the limitations of GV 
will be greatly reduced and applied to more scenarios.

Abbreviations
APCs	� Antigen-presenting cells
ARG​	� Acoustic reporter gene
ATP	� Adenosine triphosphate
BPI	� Bactericidal/permeability-increasing protein
CEST	� Chemical exchange saturated transfer
DNA	� Deoxyribonucleic acid
GUR​	� Glucose utilization rate
GV	� Gas vesicle
GVLPs	� GV-like particles



Page 9 of 11Feng et al. Journal of Biological Engineering           (2024) 18:41 	

GVNP	� Gas vesicle nanoparticles
GvpA	� Gas vesicle protein A
HRP	� Horseradish peroxidase
mPEGs	� Methoxypolyethylene glycols
MRI	� Magnetic resonance imaging
NTP	� Nucleoside triphosphate
OCT	� Optical coherence tomography
PSB	� Photosynthetic bacteria
r-GV	� Recombinant gas vesicle
SIV	� Simian immunodeficiency virus
TC	� Tetracysteine
TEV	� Tobacco etch virus

Acknowledgements
Not applicable.

Authors’ contributions
R.F and J.L conducted the research and wrote the original manuscript and 
revised it; Z.C put forward the direction and ideas, and revised the content of 
the manuscript; M.D. and M.G revised the content and syntax of the article.

Funding
This work was supported by the National Key R&D Program of China 
(2019YFE0110400), the National Natural Science Foundation of China 
(82272028, 81971621, 82102087), the Key R&D Program of Hunan Prov-
ince (2021SK2035), the Natural Science Foundation of Hunan Province 
(2022JJ30039, 2022JJ40392), the Natural Science Foundation of Guangdong 
Province (2021A1515011177).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
The manuscript is approved by all authors for publication.

Competing interests
The authors declare no competing interests.

Received: 25 January 2024   Accepted: 18 April 2024

References
	1.	 Huber ST, Jakobi AJ. Structural biology of microbial gas vesicles: 

historical milestones and current knowledge. Biochem Soc Trans. 
2024;52(1):205–15.

	2.	 Walsby AE, Buckland B. Isolation and purification of intact gas vesicles 
from a blue–green alga. Nature. 1969;224(5220):716–7.

	3.	 Bowen CC, Jensen TE. Blue-green algae: fine structure of the gas vacu-
oles. Science. 1965;147(3664):1460–2.

	4.	 Dutka P, Malounda D, Metskas LA, Chen S, Hurt RC, Lu GJ, et al. 
Measuring gas vesicle dimensions by electron microscopy. Protein Sci. 
2021;30(5):1081–6.

	5.	 Walsby AE. Gas vesicles. Microbiol Rev. 1994;58(1):94–144.
	6.	 Oren A. The function of gas vesicles in halophilic Archaea and Bacteria: 

theories and experimental evidence. Life. 2012;3(1):1–20.
	7.	 Adamiak N, Krawczyk KT, Locht C, Kowalewicz-Kulbat M. Archaeosomes 

and gas vesicles as tools for vaccine development. Front Immunol. 
2021;12:746235.

	8.	 Mizushima R, Inoue K, Fujiwara H, Iwane AH, Watanabe TM, Kimura 
A. Multiplexed (129) Xe HyperCEST MRI detection of genetically 

reconstituted bacterial protein nanoparticles in human Cancer cells. 
Contrast Media Mol Imaging. 2020;2020:5425934.

	9.	 Hurt RC, Buss MT, Duan M, Wong K, You MY, Sawyer DP, et al. Genomically 
mined acoustic reporter genes for real-time in vivo monitoring of tumors 
and tumor-homing bacteria. Nat Biotechnol. 2023;41(7):919–31.

	10.	 Xie L, Wang J, Song L, Jiang T, Yan F. Cell-cycle dependent nuclear gene 
delivery enhances the effects of E-cadherin against tumor invasion and 
metastasis. Signal Transduct Target Ther. 2023;8(1):182.

	11.	 Gong Z, He Y, Zhou M, Xin H, Pan M, Fiaz M, et al. Ultrasound imaging 
tracking of mesenchymal stem cells intracellularly labeled with biosyn-
thetic gas vesicles for treatment of rheumatoid arthritis. Theranostics. 
2022;12(5):2370–82.

	12.	 Fernando A, Gariepy J. Coupling Chlorin e6 to the surface of nanoscale 
gas vesicles strongly enhance their intracellular delivery and photody-
namic killing of cancer cells. Sci Rep. 2020;10(1):2802.

	13.	 Hechler T, Pfeifer F. Anaerobiosis inhibits gas vesicle formation in halo-
philic Archaea. Mol Microbiol. 2009;71(1):132–45.

	14.	 Plosser P, Pfeifer F. A bZIP protein from halophilic archaea: structural 
features and dimer formation of cGvpE from Halobacterium salinarum. 
Mol Microbiol. 2002;45(2):511–20.

	15.	 Dassarma S, Kennedy SP, Berquist B, Victor Ng W, Baliga NS, Spudich JL, 
et al. Genomic perspective on the photobiology of Halobacterium spe-
cies NRC-1, a phototrophic, phototactic, and UV-tolerant haloarchaeon. 
Photosynth Res. 2001;70(1):3–17.

	16.	 Zimmermann P, Pfeifer F. Regulation of the expression of gas vesicle 
genes in Haloferax mediterranei: interaction of the two regulatory pro-
teins GvpD and GvpE. Mol Microbiol. 2003;49(3):783–94.

	17.	 Bolhuis H, Poele EM, Rodriguez-Valera F. Isolation and cultivation of 
Walsby’s square archaeon. Environ Microbiol. 2004;6(12):1287–91.

	18.	 Sundararajan A, Ju LK. Use of cyanobacterial gas vesicles as oxygen carri-
ers in cell culture. Cytotechnology. 2006;52(2):139–49.

	19.	 Li Y, Shi X, Zhang Z, Peng Y. Enhanced coagulation by high-frequency 
ultrasound in Microcystis aeruginosa-laden water: strategies and mecha-
nisms. Ultrason Sonochem. 2019;55:232–42.

	20.	 Tashiro Y, Monson RE, Ramsay JP, Salmond GP. Molecular genetic and 
physical analysis of gas vesicles in buoyant enterobacteria. Environ Micro-
biol. 2016;18(4):1264–76.

	21.	 Hwang K, Choe H, Nasir A, Kim KM. Complete genome of Polaromonas 
vacuolata KCTC 22033(T) isolated from beneath Antarctic Sea ice. Mar 
Genomics. 2021;55:100790.

	22.	 Ramsay JP, Williamson NR, Spring DR, Salmond GPC. A quorum-sensing 
molecule acts as a morphogen controlling gas vesicle organelle biogen-
esis and adaptive flotation in an enterobacterium. Proc Natl Acad Sci. 
2011;108(36):14932–7.

	23.	 Isaksen MF, Teske A. Desulforhopalus vacuolatus gen. Nov., sp. nov., a new 
moderately psychrophilic sulfate-reducing bacterium with gas vacuoles 
isolated from a temperate estuary. Arch Microbiol. 1996;166(3):160–8.

	24.	 Jung DO, Achenbach LA, Karr EA, Takaichi S, Madigan MT. A gas vesiculate 
planktonic strain of the purple non-sulfur bacterium Rhodoferax ant-
arcticus isolated from Lake Fryxell, dry valleys, Antarctica. Arch Microbiol. 
2004;182(2):236–43.

	25.	 Auman AJ, Breezee JL, Gosink JJ, Kampfer P, Staley JT. Psychromonas 
ingrahamii sp. nov., a novel gas vacuolate, psychrophilic bacterium 
isolated from Arctic polar sea ice. Int J Syst Evol Microbiol. 2006;56(Pt 
5):1001–7.

	26.	 Baker JM, Riester CJ, Skinner BM, Newell AW, Swingley WD, Madigan MT, 
et al. Genome sequence of Rhodoferax antarcticus ANT.BR(T); a psy-
chrophilic purple nonsulfur bacterium from an Antarctic microbial mat. 
Microorganisms. 2017;5(1).

	27.	 Englert C, Krüger K, Offner S, Pfeifer F. Three different but related 
gene clusters encoding gas vesicles in halophilic archaea. J Mol Biol. 
1992;227(2):586–92.

	28.	 Harke MJ, Jankowiak JG, Morrell BK, Gobler CJ. Transcriptomic responses 
in the bloom-forming cyanobacterium Microcystis induced during expo-
sure to zooplankton. Appl Environ Microbiol. 2017;83(5).

	29.	 Huang Y, Liu S, Shen Y, Hong J, Peng L, Li L, et al. Nitrogen availability 
affects the dynamics of Microcystis blooms by regulating the downward 
transport of biomass. Harmful Algae. 2020;93.

	30.	 Pfeifer F. Haloarchaea and the formation of gas vesicles. Life (Basel). 
2015;5(1):385–402.



Page 10 of 11Feng et al. Journal of Biological Engineering           (2024) 18:41 

	31.	 Burns DG, Camakaris HM, Janssen PH, Dyall-Smith ML. Cultivation of 
Walsby’s square haloarchaeon. FEMS Microbiol Lett. 2004;238(2):469–73.

	32.	 Burns DG, Janssen PH, Itoh T, Kamekura M, Li Z, Jensen G, et al. Haloquad-
ratum walsbyi gen. Nov., sp. nov., the square haloarchaeon of Walsby, 
isolated from saltern crystallizers in Australia and Spain. Int J Syst Evol 
Microbiol. 2007;57(Pt 2):387–92.

	33.	 Widdel F, Pfennig N. Sporulation and further nutritional characteristics of 
Desulfotomaculum acetoxidans. Arch Microbiol. 1981;129(5):401–2.

	34.	 Bayro MJ, Daviso E, Belenky M, Griffin RG, Herzfeld J. An amyloid orga-
nelle, solid-state NMR evidence for cross-β assembly of gas vesicles*. J 
Biol Chem. 2012;287(5):3479–84.

	35.	 Sivertsen AC, Bayro MJ, Belenky M, Griffin RG, Herzfeld J. Solid-state 
NMR evidence for inequivalent GvpA subunits in gas vesicles. J Mol Biol. 
2009;387(4):1032–9.

	36.	 Sivertsen AC, Bayro MJ, Belenky M, Griffin RG, Herzfeld J. Solid-state NMR 
characterization of gas vesicle structure. Biophys J. 2010;99(6):1932–9.

	37.	 Strunk T, Hamacher K, Hoffgaard F, Engelhardt H, Zillig MD, Faist K, et al. 
Structural model of the gas vesicle protein GvpA and analysis of GvpA 
mutants in vivo. Mol Microbiol. 2011;81(1):56–68.

	38.	 Sundararajan A, Ju LK. Evaluation of oxygen permeability of gas 
vesicles from cyanobacterium Anabaena flos-aquae. J Biotechnol. 
2000;77(2–3):151–6.

	39.	 Pfeifer F. Distribution, formation and regulation of gas vesicles. Nat Rev 
Microbiol. 2012;10(10):705–15.

	40.	 Hayes PK, Walsby AE. The inverse correlation between width and strength 
of gas vesicles in cyanobacteria. Br Phycol J. 1986;21(2):191–7.

	41.	 Beard SJ, Davis PA, Iglesias-Rodrı Guez D, Skulberg OM, Walsby AE. Gas 
vesicle genes in Planktothrix spp. from Nordic lakes: strains with weak 
gas vesicles possess a longer variant of gvpC. Microbiology (Reading, 
England). 2000;146(Pt 8):2009–18.

	42.	 Beard SJ, Handley BA, Walsby AE. Spontaneous mutations in gas vesicle 
genes of Planktothrix spp. affect gas vesicle production and critical pres-
sure. FEMS Microbiol Lett. 2002;215(2):189–95.

	43.	 Bright DI, Walsby AE. The relationship between critical pressure and width 
of gas vesicles in isolates of Planktothrix rubescens from Lake Zürich. 
Microbiology (Reading, England). 1999;145(Pt 10):2769–75.

	44.	 Dunton PG, Mawby WJ, Shaw VA, Walsby AE. Analysis of tryptic digests 
indicates regions of GvpC that bind to gas vesicles of Anabaena flos-
aquae. Microbiology (Reading). 2006;152(Pt 6):1661–9.

	45.	 Huber ST, Terwiel D, Evers WH, Maresca D, Jakobi AJ. Cryo-EM structure 
of gas vesicles for buoyancy-controlled motility. Cell. 2023;186(5):975-86 
e13.

	46.	 Dutka P, Metskas LA, Hurt RC, Salahshoor H, Wang TY, Malounda D, et al. 
Structure of Anabaena flos-aquae gas vesicles revealed by cryo-ET. Struc-
ture. 2023;31(5):518-28 e6.

	47.	 Mlouka A, Comte K, Castets AM, Bouchier C, Tandeau de Marsac N. The 
gas vesicle gene cluster from Microcystis aeruginosa and DNA rearrange-
ments that lead to loss of cell buoyancy. J Bacteriol. 2004;186(8):2355–65.

	48.	 Li N, Cannon MC. Gas vesicle genes identified in bacillus megaterium and 
functional expression in Escherichia coli. J Bacteriol. 1998;180(9):2450–8.

	49.	 Huang R, Lin J, Gao D, Zhang F, Yi L, Huang Y, et al. Discovery of gas 
vesicles in Streptomyces sp. CB03234-S and potential effects of gas 
vesicle gene overexpression on morphological and metabolic changes in 
streptomycetes. Appl Microbiol Biotechnol. 2019;103(14):5751–61.

	50.	 Jost A, Pfeifer F. Interaction of the gas vesicle proteins GvpA, GvpC, GvpN, 
and GvpO of Halobacterium salinarum. Front Microbiol. 2022;13.

	51.	 Englert C, Pfeifer F. Analysis of gas vesicle gene expression in Haloferax 
mediterranei reveals that GvpA and GvpC are both gas vesicle structural 
proteins. J Biol Chem. 1993;268(13):9329–36.

	52.	 Ezzeldin HM, Klauda JB, Solares SD. Modeling of the major gas vesicle 
protein, GvpA: from protein sequence to vesicle wall structure. J Struct 
Biol. 2012;179(1):18–28.

	53.	 Pfeifer F. Recent advances in the study of gas vesicle proteins and appli-
cation of gas vesicles in biomedical research. Life (Basel). 2022;12(9).

	54.	 Jost A, Knitsch R, Volkner K, Pfeifer F. Effect of mutations in GvpJ and 
GvpM on gas vesicle formation of Halobacterium salinarum. Front Micro-
biol. 2021;12:794240.

	55.	 Xu BY, Dai YN, Zhou K, Liu YT, Sun Q, Ren YM, et al. Structure of the gas 
vesicle protein GvpF from the cyanobacterium Microcystis aeruginosa. 
Acta Crystallogr D Biol Crystallogr. 2014;70(Pt 11):3013–22.

	56.	 Winter K, Born J, Pfeifer F. Interaction of Haloarchaeal gas vesicle pro-
teins determined by Split-GFP. Front Microbiol. 2018;9:1897.

	57.	 Lu GJ, Farhadi A, Szablowski JO, Lee-Gosselin A, Barnes SR, Lakshmanan 
A, et al. Acoustically modulated magnetic resonance imaging of gas-
filled protein nanostructures. Nat Mater. 2018;17(5):456–63.

	58.	 Lu GJ, Chou LD, Malounda D, Patel AK, Welsbie DS, Chao DL, et al. 
Genetically Encodable contrast agents for optical coherence tomogra-
phy. ACS Nano. 2020;14(7):7823–31.

	59.	 Ling B, Ko JH, Stordy B, Zhang Y, Didden TF, Malounda D, et al. Gas 
vesicle-blood interactions enhance ultrasound imaging contrast. 
bioRxiv; 2023.

	60.	 Lakshmanan A, Jin Z, Nety SP, Sawyer DP, Lee-Gosselin A, Malounda D, 
et al. Acoustic biosensors for ultrasound imaging of enzyme activity. 
Nat Chem Biol. 2020;16(9):988–96.

	61.	 Lakshmanan A, Lu GJ, Farhadi A, Nety SP, Kunth M, Lee-Gosselin A, et al. 
Preparation of biogenic gas vesicle nanostructures for use as contrast 
agents for ultrasound and MRI. Nat Protoc. 2017;12(10):2050–80.

	62.	 Karan R, Renn D, Nozue S, Zhao L, Habuchi S, Allers T, et al. Bioengi-
neering of air-filled protein nanoparticles by genetic and chemical 
functionalization. J Nanobiotechnology. 2023;21(1):108.

	63.	 Childs TS, Webley WC. In vitro assessment of halobacterial gas 
vesicles as a Chlamydia vaccine display and delivery system. Vaccine. 
2012;30(41):5942–8.

	64.	 Wang R, Yi L, Zhou W, Wang W, Wang L, Xu L, et al. Targeted microRNA 
delivery by lipid nanoparticles and gas vesicle-assisted ultrasound 
cavitation to treat heart transplant rejection. Biomater Sci. 2023;11.

	65.	 Langeveld SAG, Meijlink B, Kooiman K. Phospholipid-coated targeted 
microbubbles for ultrasound molecular imaging and therapy. Curr 
Opin Chem Biol. 2021;63:171–9.

	66.	 Fournier L, de La Taille T, Chauvierre C. Microbubbles for human diag-
nosis and therapy. Biomaterials. 2023;294:122025.

	67.	 Kontos S, Hubbell JA. Improving protein pharmacokinetics by engi-
neering erythrocyte affinity. Mol Pharm. 2010;7(6):2141–7.

	68.	 Gilad AA, Ziv K, McMahon MT, van Zijl PC, Neeman M, Bulte JW. MRI 
reporter genes. J Nucl Med. 2008;49(12):1905–8.

	69.	 Shapiro MG, Goodwill PW, Neogy A, Yin M, Foster FS, Schaffer DV, et al. 
Biogenic gas nanostructures as ultrasonic molecular reporters. Nat 
Nanotechnol. 2014;9(4):311–6.

	70.	 Lakshmanan A, Farhadi A, Nety SP, Lee-Gosselin A, Bourdeau RW, 
Maresca D, et al. Molecular engineering of acoustic protein nanostruc-
tures. ACS Nano. 2016;10(8):7314–22.

	71.	 Yang Y, Qiu Z, Hou X, Sun L. Ultrasonic characteristics and cel-
lular properties of Anabaena gas vesicles. Ultrasound Med Biol. 
2017;43(12):2862–70.

	72.	 Schroder L, Lowery TJ, Hilty C, Wemmer DE, Pines A. Molecular imaging 
using a targeted magnetic resonance hyperpolarized biosensor. Science. 
2006;314(5798):446–9.

	73.	 Molinari F, Madhuranthakam AJ, Lenkinski R, Bankier AA. Ultrashort echo 
time MRI of pulmonary water content: assessment in a sponge phantom 
at 1.5 and 3.0 tesla. Diagn Interv Radiol. 2014;20(1):34–41.

	74.	 Mills AF, Sakai O, Anderson SW, Jara H. Principles of quantitative MR 
imaging with illustrated review of applicable modular pulse diagrams. 
Radiographics. 2017;37(7):2083–105.

	75.	 Oka N, Kadohira T, Fujii K, Kitahara H, Fujimoto Y, Kobayashi Y. Micro-
bubble contrast enhancement of neointima after drug-eluting stent 
implantation: an optical coherence tomography study. Heart Vessel. 
2019;34(3):393–400.

	76.	 Schrunk E, Dutka P, Hurt RC, Wu D, Shapiro MG. Bioorthogonal labeling 
enables in situ fluorescence imaging of expressed gas vesicle nanostruc-
tures. Bioconjug Chem. 2024;35.

	77.	 Balakrishnan A, DasSarma P, Bhattacharjee O, Kim JM, DasSarma S, 
Chakravortty D. Halobacterial nano vesicles displaying murine bacteri-
cidal permeability-increasing protein rescue mice from lethal endotoxic 
shock. Sci Rep. 2016;6:33679.

	78.	 Sremac M, Stuart ES. SIVsm tat, rev, and Nef1: functional characteristics of 
r-GV internalization on isotypes, cytokines, and intracellular degradation. 
BMC Biotechnol. 2010;10:54.

	79.	 DasSarma P, Negi VD, Balakrishnan A, Karan R, Barnes S, Ekulona F, et al. 
Haloarchaeal gas vesicle nanoparticles displaying Salmonella SopB 
antigen reduce bacterial burden when administered with live attenuated 
bacteria. Vaccine. 2014;32(35):4543–9.



Page 11 of 11Feng et al. Journal of Biological Engineering           (2024) 18:41 	

	80.	 Stuart ES, Morshed F, Sremac M, DasSarma S. Antigen presentation 
using novel particulate organelles from halophilic archaea. J Biotechnol. 
2001;88(2):119–28.

	81.	 Stuart ES, Morshed F, Sremac M, DasSarma S. Cassette-based presentation 
of SIV epitopes with recombinant gas vesicles from halophilic archaea. J 
Biotechnol. 2004;114(3):225–37.

	82.	 DasSarma P, Negi VD, Balakrishnan A, Kim JM, Karan R, Chakravortty 
D, et al. Haloarchaeal gas vesicle nanoparticles displaying Salmonella 
antigens as a novel approach to vaccine development. Procedia Vaccinol. 
2015;9:16–23.

	83.	 Wu X, Joyce EM, Mason TJ. Evaluation of the mechanisms of the effect of 
ultrasound on Microcystis aeruginosa at different ultrasonic frequencies. 
Water Res. 2012;46(9):2851–8.

	84.	 Kang DC, Gao XQ, Ge QF, Zhou GH, Zhang WG. Effects of ultrasound on 
the beef structure and water distribution during curing through protein 
degradation and modification. Ultrason Sonochem. 2017;38:317–25.

	85.	 Pivokonsky M, Kloucek O, Pivokonska L. Evaluation of the production, 
composition and aluminum and iron complexation of algogenic organic 
matter. Water Res. 2006;40(16):3045–52.

	86.	 Tirado-Miranda M, Schmitt A, Callejas-Fernandez J, Fernandez-Barbero A. 
The aggregation behaviour of protein-coated particles: a light scattering 
study. Eur Biophys J. 2003;32(2):128–36.

	87.	 Chen Y, Li Y, Du M, Yu J, Gao F, Yuan Z, et al. Ultrasound Neuromodulation: 
integrating medicine and engineering for neurological disease treatment. 
BIO Integration. 2021;2:169–79.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Advances in the application of gas vesicles in medical imaging and disease treatment
	Abstract 
	Introduction
	The source of GV
	The function of GV
	The structure and physical properties of GV
	Associated proteins of GV
	Application progress of GV
	Ultrasound imaging
	MRI
	Optical imaging
	Delivery vector
	Vaccine development
	Other applications

	Discussion
	Acknowledgements
	References


