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ABSTRACT 

Visualizing biomolecular and cellular processes in real time within deep tissues is 
fundamental to our understanding of the normal and pathological activity underlying health 
and disease.  Ultrasound provides the ability to non-invasively image deep inside biological 
tissues with high spatial and temporal resolution. However, this technology has limited 
capacity to monitor molecular and cellular processes, due to the lack of appropriate intra-
cellular and endogenously producible nanoscale contrast agents, which can directly couple 
sound waves to the activity or concentration of physiologically relevant molecules. This 
problem could in principle be solved by developing genetically encodable ultrasound sensors 
– biomolecules that can get illuminated in ultrasound imaging in response to specific cellular 
or molecular activity. This thesis describes the engineering and characterization of acoustic 
protein nanostructures called 'gas vesicles’, or ‘GVs', to accomplish this task. 

GVs are protein-shelled gas-filled nanostructures produced by buoyant microbes, and were 
recently shown to be capable of scattering sound waves to produce ultrasound contrast. 
Owing to this property, they were initially conceptualized as a new class of ultrasound 
contrast agents. However, little was known about their tunability to enable molecular 
ultrasound imaging for a wide range of applications. In this thesis, we leveraged the genetic 
encodability of GVs to modify them at the level of their DNA sequence and constituent 
proteins, and thereby tune their mechanical, acoustic, surface and targeting properties. We 
accomplished this by establishing a facile and modular molecular engineering platform, to 
produce GVs that provide enhanced nonlinear signals for sensitive and specific detection in 
deep tissues, target specific cell types such as cancer and immune cells, and also provide 
distinct acoustic collapse spectra for multiplexed imaging.  We then extended this platform 
to build GV-based biosensors that modulate their nonlinear ultrasound signals in response to 
changes in the activity or concentration of specific molecules in their environment.  
Specifically, we engineered acoustic sensors for three different types of enzymes and for 
calcium – whose activity or flux underlie a wide range of important cellular processes. 
Furthermore, we succeeded in transferring the genetic code of gas vesicles from their species 
of origin into a variety of other microbes that do not naturally produce them, in order to 
unlock their potential as ultrasound reporter genes. Our results establish GVs as reliable 
acoustic biomolecules, and thereby extend the capabilities of ultrasound for molecular and 
cellular imaging in a manner analogous to green fluorescent protein (GFP) and its derivatives 
in optical microscopy. When combined with the advantages of ultrasound for non-invasive 
imaging, this work facilitates novel technology to significantly enhance our understanding 
of molecular and cellular processes in basic biology, as well as enable improved diagnosis, 
monitoring and treatment of diseases.  
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C h a p t e r  1  

BACKGROUND AND MOTIVATION 

Sections of this chapter have been adapted from:  

D. Maresca*, A. Lakshmanan*, M. Abedi, A. Bar-Zion, A. Farhadi, G.J. Lu, J.O. 

Szablowski, D. Wu, S. Yoo and  M.G. Shapiro (2018). Biomolecular ultrasound and 

sonogenetics. Annual Reviews in Chemical and Biomolecular Engineering, 9, 229-252. 

*Equal contribution. doi: 10.1146/annurev-chembioeng-060817-084034 

1.1 Molecular Imaging: current modalities and their performance 

Studying biological function within the context of living systems and the development of 

biomolecular and cellular therapy requires methods to image the function of specific 

molecules and cells deep inside intact organisms. This challenge has led to the emergence 

and rapid growth of the interdisciplinary field of molecular imaging over the last two 

decades. Molecular imaging aims to combine in vivo imaging techniques with molecular 

biology tools to visualize, characterize and measure physiological processes occurring at the 

molecular and cellular scale (1-12). Currently, optical imaging (fluorescence or 

bioluminescence), positron emission tomography (PET), single-photon emission computed 

tomography (SPECT), magnetic resonance imaging (MRI), and ultrasound (US) constitute 

the most commonly adopted techniques for molecular imaging (1, 6-8, 12). However, each 

of these modalities comes with inherent strengths and limitations, such as trade-offs in spatial 

resolution, penetration depth and sensitivity, and thus complicate the possibility of 

continuous, precise and reliable monitoring at a disease site or tissue of interest in vivo. These 

trade-offs are further detailed below. 

Optical imaging uses visible light excitation, has high spatiotemporal resolution, and enables 

excellent molecular precision and sensitivity (13). The development of a large range of 

synthetic fluorescent and bioluminescent probes, combined with the discovery and 
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engineering of the green fluorescent protein (GFP) and its analogs into genetically encoded 

fluorescent reporters have enabled optical imaging of diverse cellular and molecular 

processes (9-11, 14-19). Some examples include monitoring of gene expression, RNA 

localization, protein-protein interactions, signal transduction, calcium flux exchange, as well 

as changes in intracellular pH, transmembrane voltage and enzymatic activity (9, 11, 14, 16, 

17, 20-24). However, optical imaging has limited utility for real-time in vivo monitoring 

owing to the strong scattering and absorption of photons in biological tissue, that necessitates 

surgeries or invasive procedures for optical access to deeper organs.  

Imaging technologies such as PET and SPECT have whole organism access and high 

sensitivity, and are routinely used along with radioactive tracers in clinical molecular 

imaging settings to track changes and levels of cellular-scale targets, such as metabolites, 

within a living subject. Numerous applications have been demonstrated in the fields of 

oncology, neurology and cardiology (7, 25-29). For example, one of the most commonly 

used PET tracers is [18F]-2-fluoro-2-deoxy-glucose ([18F]-FDG). It is used to detect and 

monitor tumors by imaging areas of increased metabolic activity based on glucose uptake (5, 

30). However, these modalities have long acquisition times, are relatively expensive, subject 

the patient to irradiation exposure, are prone to motion artifacts and have low spatial 

resolution (~ 0.3 - 1mm for SPECT, < 1 mm for PET), and are thereby limited to clinical 

imaging applications where organ-scale resolution will suffice (7).  

Magnetic resonance imaging (MRI) is another modality that provides virtually unlimited 

depth penetration into biological tissue at relatively high spatial and temporal resolution (~ 

100 µm and ~1s respectively), with excellent soft-tissue contrast and no ionizing radiation 

(6, 31). Recent advances in engineering genetically encoded biomolecular reporters for MRI 

have improved its ability to visualize processes such as gene expression, neurotransmission 

and cell migration. However, MRI still remains an expensive technique with long acquisition 

times (mins-hours) and is susceptible to motion artifacts, requiring the subject to remain fixed 

to one position for an extended period of time (7) .  
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Ultrasound imaging (US) is a non-invasive imaging modality with exceptionally high 

temporal resolution (< 1 ms), soft tissue contrast, and scalable, frequency-dependent spatial 

resolution and penetration depth (~10-100 µm and 2-20 mm respectively for a 15-150 MHz 

range). The safety, portability, high sensitivity, ease-of-use, low cost and short acquisition 

times (in mins) for ultrasound have made it one of the world's leading modalities for medical 

imaging of anatomy, physiology, and noninvasive therapy (1, 32).  In addition, it offers a 

relatively wide variety of physical interactions for potential biomolecular coupling. Many of 

these unique advantages stem from fortuitous physical parameters. The density and 

compressibility of tissue leads to ultrasound wavelengths in the mid-micrometer range, while 

the relative homogeneity of tissue on this size scale leads to low scattering, enabling sound 

waves to penetrate deeply and be treated as spatiotemporally coherent on their way in an out 

of the body. These characteristics also make it intrinsically straightforward to image 

biological targets with ultrasound that may be harder with other modalities, such as pulse and 

wave-front shaping and super-resolved signal reconstruction. In addition, the ability of 

ultrasound to deposit focused momentum and energy in media allows it to interact with 

appropriate molecules, cells and tissues through thermal and mechanical mechanisms. 

Ultrasound has no ionizing radiation and can be used easily on moving subjects, allowing for 

real-time imaging of physiological processes in a natural setting. These attributes highlight 

the vast potential of ultrasound for non-invasive molecular imaging in deep tissue. However, 

molecular imaging using ultrasound requires not just the imaging technology, but also 

contrast agents that can effectively couple sound waves to specific processes such as gene 

expression and cellular signaling. The next sections include a brief primer on biomedical 

ultrasound technology as it stands today, before moving on to synthetic contrast agents used 

for functional and molecular ultrasound imaging, and their limitations. A strategy to address 

these limitations is subsequently presented, based on hollow-protein nanostructures called 

gas vesicles (GVs) that have emerged as a new class of genetically encodable acoustic 

contrast agents.  The opportunities and challenges to engineer these GVs as a next-generation 

biomolecular toolkit for ultrasound are then discussed, in order to define the scientific 

motivation and framework for my thesis. The organization of the thesis is covered in the 

concluding section of this chapter. 



 

 

4 
1.2 Biomedical ultrasound: a brief overview 

1.2a Ultrasound- wave behavior and tissue interactions 

Ultrasound is defined by sound wave frequencies above those audible to humans (> 20,000 

Hz). Ultrasound waves are generated by transducers coupled to a transmission medium 

such as biological tissue. They travel through the medium and interact with its components 

or provide momentum and energy for perturbation. Compression waves are dominant in 

biological tissue and liquids, and are used for most modes of imaging and control. In tissue, 

sound waves travel at ~ 1540 m/s, are reflected and scattered wherever they experience a 

change in acoustic impedance – a physical parameter that varies with local density and 

compressibility (33) (Fig. 1-1a). The relative homogeneity of the speed of sound in soft 

tissues results in sound waves remaining coherent as they traverse the tissue, and thus 

enable simple image reconstruction without major aberrations (34). By comparison, visible 

light is strongly scattered in tissues, which makes it challenging to retain a ballistic path at 

depths greater than a few hundred microns (Fig. 1-1b).  

Ultrasound reflection at tissue interfaces is highly directional and reveals anatomical 

contours. Soft tissues have similar acoustic impedance values, resulting in relatively low 

contrast between them; air and bones have much lower and higher acoustic impedances, 

respectively, resulting in strong reflections (34). When the ultrasound wave encounters a 

target smaller than approximately 1/10th the wavelength, it is scattered omnidirectionally 

(35). Biological tissues include a variety of such diffracting entities or ‘scatterers’, such as 

fibers, cells and organelles. The echo from a single scatterer is usually very weak. When a 

large number of very close scatterers are imaged, the result is a dominant spatially coherent 

interference pattern called speckle (34). The amplitude of the ultrasound wave decreases 

exponentially as a function of depth. Part of the energy of the ultrasonic wave is absorbed 

in the tissue and dissipated as heat. Attenuation refers to both absorption and any reduction 

in wave amplitude due to reflection or scattering. Each tissue is characterized by a different 

attenuation coefficient value, which increases nonlinearly with frequency (34). As they 

pass through a medium, ultrasound waves also deposit momentum into that medium, 
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resulting in mechanical forces known as acoustic radiation forces (ARF). Appreciable at 

higher ultrasound intensities and pulse durations, these forces, as well as localized heating, 

can be used to perturb and manipulate tissues and other materials. 

1.2b Ultrasound imaging modes 

Ultrasound imaging is the most commonly prescribed diagnostic modality in clinical 

practice (36). Typical equipment involves an ultrasound scanner and an ultrasound probe 

made of a linear array of transducer elements (i.e. 128 to 256 ultrasound 

transmitting/receiving elements) (37). Numerous ultrasound imaging modes have been 

translated to clinical practice; several of these modes are relevant to biomolecular 

ultrasound. 

B-mode imaging: Ultrasound scanners are primarily used to produce real-time 2-

dimensional images of underlying tissue (Fig. 1-1d) These grayscale images are referred 

to as B-mode images (where B stands for brightness), and are acquired through 

transmission into a tissue of short ultrasound pulses and recording of backscattered echoes. 

The location of a scattering or reflecting source is reconstructed from the arrival time of its 

signal at each array element in a process known as beamforming. The position of a point 

in the reconstructed B-mode image depends on the time of flight of the echo and the 

position of the transmitting probe element. The axial resolution of B-mode images depends 

on the wavelength (λ=ctissue/fUS) and the number of cycles of vibration of the transmitted 

pulse. The axial resolution typically ranges from 500 µm (medical imaging) down to 50 

µm (ultrasound biomicroscopy) (38). Since both attenuation and resolution increase with 

frequency, there is an inherent tradeoff between resolution and imaging depth (Fig. 1-1c). 

The lateral resolution of B-mode images depends on the transmitted ultrasound beam width 

and is typically a few hundred microns. The transverse resolution or image thickness is 

usually on the order of a millimeter. B-mode imaging is used to image every organ of the 

body with the exception of bones or air-filled organs as the lungs.  
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Figure 1-1: Properties and applications of ultrasound waves. (a) Physical properties of 
ultrasound waves in biological tissues. (b) Physical properties of light travelling in 
biological tissue. (c) Fundamental tradeoff between ultrasound resolution and penetration 
depth as a function of frequency in brain tissue (penetration depth was assessed based on a 
60-decibel round-trip attenuation). At an ultrasound frequency of 15 MHz, one can expect 
to image the brain 2 cm deep at a 100 µm resolution. (d) Illustration of ultrasound imaging 
capabilities; conventional B-mode image of an infant brain with a submillimeter resolution 
of cerebral structures; 15 MHz super-resolution ultrasound image of the rat brain 
vasculature with an 8-µm resolution, breaking the classical tradeoff exposed in (c), adapted 
with permission from Errico et al. (39). Figure reprinted with permission from (32). 

Doppler imaging: Ultrasound Doppler imaging consists in detecting the motion of red 

blood cells (RBCs) and, therefore, blood flow (40). RBCs scatter weak ultrasound echoes, 

which can be captured with modern ultrasound probes. At a given depth in tissue, the 

temporal shifts observed in consecutive RBC echoes allow detection of the displacement 

of RBCs and derivation of a Doppler signal proportional to RBC velocity. One can either 

generate vascular images displaying the velocity (color Doppler) or the energy of RBC 

echoes (Power Doppler) (41). 

Ultrafast imaging: Conventional B-mode imaging utilizes a series of focused transmissions 

along an ultrasound array to form an image, such that the acquisition of a 10 cm-deep image 

with a 128-element probe takes at least 128 * 10 cm * 2 / 1540 m/s ~ 17 ms, resulting in a 
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framerate of 59 Hz. A major recent advance, known as ultrafast ultrasound, uses single 

plane wave transmissions, rather than focused line transmissions, to form images, resulting 

in a two-orders-of-magnitude acceleration in framerate (42). The equivalent temporal 

resolution for a 10 cm image is 10 cm * 2 / 1540 m/s ~ 130 µs, or 7,700 frames per second. 

This advance was made possible by improvements in computer hardware allowing flexible 

software beamforming. This technology was initially developed for shear wave 

elastography and later applied to Doppler imaging. 

Functional ultrasound imaging: Ultrafast Doppler imaging has raised the sensitivity of 

conventional Doppler imaging by a factor 30, leading to high-resolution, high signal-to-

noise ratio (SNR) maps of the brain vasculature in rodents (43). The sequential acquisition 

of vascular maps of the brain with ultrafast Doppler has enabled the detection of neural 

activity through neurovascular coupling (44). Research efforts are ongoing to turn 

functional ultrasound imaging of the brain into a full-fledged neuroscience modality which 

complements fMRI, but additionally offers improved spatiotemporal resolution, 

portability, and cost. 

Ultrasound localization microscopy: Super-resolution ultrasound imaging, also based on 

ultrafast ultrasound, was recently introduced using microbubbles as blinking sources. It 

was used to generate sub-10 µm resolution images of the brain or tumors at the organ scale 

(Fig. 1-1d) (39, 45). To obtain 3D information, linear array transducers are typically 

translated in the transverse direction, acquiring multiple 2D planes. In the future, all the 

imaging modes described above could be translated into 3D with the use of dedicated 

ultrasound probes made of 2D arrays of transducers. 

Contrast imaging: Contrast-enhanced ultrasound relies on the administration of contrast 

agents to label specific aspects of anatomy or physiology. The conventional contrast agents 

used for this purpose are microbubbles (detailed in the next section) (46-49). When injected 

into the blood stream, microbubbles produce strong scattering as they resonate at 

ultrasound imaging frequencies (1 - 20 MHz), producing harmonic signals. Dedicated 

ultrasound contrast modes have been developed to benefit from that resonant behavior, 
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such as amplitude modulation (50) or phase inversion (51), allowing the detection of 

microbubbles in vivo with higher specificity. Microbubbles can also be used to enhance 

Doppler imaging. Synthetic contrast agents used for ultrasound imaging and their 

limitations are detailed in the next section. 

1.3 Synthetic ultrasound contrast agents and their limitations 

Small gas bubbles to enhance ultrasound contrast were first reported by Gramiak and Shah 

in 1969 (52). Air bubbles without a stabilizing shell had a very short in vivo half-life, 

prompting development of methods to stabilize their gas-liquid interface. Over the last few 

decades, synthetic micron-sized bubbles or microbubbles have become the gold standard 

for contrast agents used in clinical ultrasound imaging (47, 48, 53-57). Microbubbles 

consist of a gas core typically composed of air, nitrogen or perfluorocarbons, surrounded 

by a shell made of lipids, proteins, polymers or surfactants (58). Low diffusivity gases have 

been used to increase microbubble circulation time and the shell composition and 

properties have been extensively optimized to improve the stability and functionality of 

these contrast agents. Microbubbles enhance ultrasound contrast by strongly scattering 

sound waves owing to the acoustic impedance mismatch between the gas core and the 

surrounding liquid medium. A key feature of microbubble behavior is that at certain 

ultrasound frequencies used in clinical imaging, they oscillate nonlinearly, causing the 

backscattered signal to contain a range of nonlinear or harmonic frequencies in addition to 

the transmitted frequency. The transmitted frequency is called the resonant frequency, and 

is inversely proportional to the size of the microbubble. Technological improvements have 

enabled the creation of small microbubbles that are more uniform in size (59). In addition, 

numerous ultrasound imaging and signal processing techniques have been implemented to 

harness this resonant behavior of microbubbles and separate harmonic signals generated 

by them from the signals originating from the tissue or noise background, enabling highly 

selective and sensitive imaging of these imaging agents in vivo (60). Microbubbles have 

also been functionalized to recognize and bind to specific targets in the bloodstream (60-

64). These advancements have enabled many functional ultrasound imaging applications 
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using microbubbles, including perfusion imaging of internal organs such as the heart and 

liver, super-resolution imaging of blood vessels, quantitative velocimetric imaging of 

blood flow in microvasculature and diagnostic imaging of tumors and their metastases (39, 

61, 65-70). More recently, several groups have tried developing synthetic perfluorocarbon 

nanodroplets and nanovesicles to reduce the limitations that come with the large size of 

microbubbles (71-78). 

Despite all these developments, bubbles have certain inherent limitations for in vivo 

molecular imaging. Firstly, the pressure drop across a bubble interface (DP ) is given by 

the Laplace equation: ∆𝑃 = $%
&

, where s is the surface tension and r is the radius of the 

bubble (46). Hence, smaller bubbles will experience a higher pressure gradient across their 

interface, which would increase their likelihood of collapse, thereby rendering them 

physically unstable in vivo. Ultrasound insonated bubbles undergo rapid and extreme 

oscillations, causing leaking of gas from their interior during expansion and detachment of 

synthetic shell components during compression that compromises their stability (46). They 

also experience a large shear force and turbulence as they circulate in the vasculature (79, 

80). Furthermore, the larger bubbles are also unable to escape the vasculature and 

extravasate to reach specific cells or tissues of interest, thereby limiting most of their 

applications to vascular imaging.  

1.4 Gas vesicles as acoustic biomolecules 

Due to the limitations of synthetic ultrasound contrast agents, it is imperative to develop 

ultrasound reporters that are nanoscale as well as genetically encodable, so that they can 

be synthesized by and within cells in response to intracellular processes that drive 

physiological function. In 2014, a unique class of gas-filled proteins called gas vesicles 

(GVs) were introduced as the first biomolecular contrast agents for ultrasound, paving the 

way for a more direct visualization of cellular and molecular function using sound waves 

(81). GVs were initially identified in 1965 as components of gas vacuoles found in 

cyanobacteria (82), themselves first observed in 1895 as intracellular bodies whose native 
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function is to regulate cellular buoyancy for optimal access to light and nutrients (83). GVs 

of different shapes and sizes have been identified in a variety of bacteria and archaea, and 

studied by pioneering biology groups to determine their basic genetic, structural, physical 

and biochemical properties (84, 85). GVs have been characterized as cylindrical or spindle-

shaped protein nanostructures, with lengths ranging from 100 nm to 2 µm, and widths of 

45 - 200 nm (Fig. 1-2, a-b). GVs comprise a 2 nm thick amphiphilic shell that allows gas 

from the surrounding media to freely permeate in and out of their hollow interior, while 

excluding the aqueous phase. This amphiphilicity is accomplished by the primary structural 

constituent of GVs, a ~7.5 kDa protein called GvpA, which is predicted to fold into a beta 

sheet structure with hydrophobic and hydrophilic faces (86) (Fig. 1-2c). In addition to 

GvpA, a cluster of 7-13 other genes is needed to enable GV production (Fig. 1-2d), 

encoding minor structural proteins and assembly factors such as chaperones and nucleators 

(84, 85). 

 

Figure 1-2: Gas vesicles as acoustic biomolecules. (a) Transmission electron micrograph 
of individual gas vesicle (GV) from Anabaena flos-aquae. (b) Illustration of GV structure. 
(c) Protein folding model for A. flos aquae gas vesicle protein A (GvpA), colored to 
indicate hydrophobilicy (red). Structure from Ezzeldin et al. (86), rendered in PyMOL. (d) 
Gene cluster encoding A. flos aquae GVs (top), illustration of GvpA and GvpC spatial 
arrangement (middle), and repeat structure of GvpC protein (bottom). (e) Ultrasound image 
of GVs at various optical densities and after hydrostatic collapse in vitro. Image of mouse 
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during and after GV administration in vivo, showing contrast in the liver owing to GV 
accumulation. Figure reprinted with permission from (32). 

GVs are a remarkable product of evolution. First, whereas nanoscale bubbles are highly 

unstable due to their high Laplace pressure, GVs are fundamentally physically stable in 

equilibrium with their surroundings; gas dissolved in surrounding media equilibrates with 

the contents of GVs on a microsecond timescale (87). Second, despite having a ratio of 

~75:1 between their diameter and shell thickness, GVs are able to withstand pressures of 

up to 1.3 MPa before collapsing (84). Third, the entire GV structure, with a molecular 

weight in the range of ~ 50-350 MDa, is self-assembled mostly from a single 7 kDa protein 

repeated in its shell in a highly-ordered arrangement (84, 85, 88).  

The first demonstration of GVs as acoustic biomolecules, published in 2014, showed that 

GVs from Anabaena flos-aquae (Ana) and Halobacterium salinarum NRC-1 (Halo) could 

produce ultrasound contrast in their purified form, inside cells and after injection in vivo 

(Fig. 1-2e), opening the door to their development as biomolecular reporters for ultrasound 

and as targeted nanoscale agents for molecular imaging (81). The GVs were detectable at 

concentrations below 12 pM (corresponding to ~ 3.5 µg/ml or 0.005 % volume fraction) 

(81). The next section discusses opportunities and challenges for engineering GVs as the 

next-generation of molecular imaging agents for ultrasound.  

1.5 Opportunities and challenges for engineering GVs as next-generation                                                          

molecular imaging agents for ultrasound 

From a biomolecular engineering perspective, the genetic encodability of GVs raises a 

plethora of possibilities to fine-tune the properties of these acoustic contrast agents at the 

level of their DNA sequence and constituent proteins. Using established genetic and protein 

engineering methods such as recombinant protein expression, directed evolution and 

rational mutagenesis, specific GV genes or proteins could be modified to evaluate their 

effect on the mechanical, surface and acoustic properties of these nanostructures. Initial 

molecular engineering efforts could focus on substituting individual protein components 

of self-assembled GV nanostructures purified from native hosts, with modified versions. 
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These purified native or engineered GVs could then be intravenously or locally 

administered and evaluated in vivo. Chemical or genetic functionalization of the GV 

surface along with their nanoscale dimensions would enable these acoustic nanostructures 

to be targeted to specific cells and tissues of interest outside the vasculature. In addition, 

the ability to erase acoustic contrast from GVs by collapsing them is another property that 

could be utilized to specifically and sensitively detect them from tissue background in vivo. 

Alternatively, GVs could be engineered entirely at the level of their DNA sequence and 

expressed in native or heterologous hosts. Natural GVs come in a variety of shapes, sizes 

and collapse pressures depending on their microbial origin (84, 85). A rational genetic 

engineering approach combining elements from different native GV gene clusters, or 

making functionally conservative mutations in GV genes could be used to engineer hybrid 

or mutant GVs that display unique mechanical and acoustic phenotypes. Such mutations 

have been shown in basic studies to produce a variety of GV shape phenotypes (89-91).  

The ability of GVs to be endogenously synthesized by cells provides immense opportunity 

for developing them as biomolecular reporters for ultrasound imaging in vivo. Firstly, 

unlike synthetic contrast agents, genes encoding GVs can be delivered to target cells and 

tissues by leveraging recent advances in gene delivery (92, 93). Secondly, functional 

expression of naturally-occurring or modified GV gene clusters in new microbial and 

mammalian hosts would enable their development as acoustic reporter genes. Thirdly, 

directly coupling GV expression and acoustic behavior to molecular and cellular events 

would enable them to serve as genetically encodable acoustic biosensors for non-invasively 

tracking the activity and concentration of physiologically relevant ions and molecules.  

While the discovery that gas vesicles produce acoustic contrast raises exciting avenues for 

their engineering and development, several challenges exist along the way to realizing their 

full potential as next-generation molecular imaging agents for ultrasound. First, there is no 

precedent for modifying GVs to tune their acoustic properties, requiring the establishment 

of engineering strategies and standardized experimental workflows for this purpose. 

Second, unlike the genetic engineering of well-characterized optical reporters such as GFP, 
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gas vesicles are encoded by a cluster of 8-14 genes, with the precise function of some genes 

in the cluster not fully characterized or understood (84, 85, 89, 91, 94). This makes it less 

straightforward to engineer and express them in non-native hosts. Furthermore, the 

metabolic burden of expressing large GV gene clusters and assembling these protein 

nanostructures in non-native hosts is unknown. Other technical challenges include the lack 

of standardized workflows to scale up the production and purification of GVs from their 

native microbes in sufficiently large quantities for molecular engineering and 

characterization, and also to modify and test different variants in reasonably high-

throughput. Finally, this new class of imaging agents would benefit from the concordant 

development of ultrasound imaging techniques and approaches that help decipher and 

characterize the physical basis of their acoustic properties in greater detail, as well as 

provide the ability to harness these unique properties for more specific and sensitive 

acoustic imaging in vivo. 

1.6 Thesis organization  

This thesis is presented as six chapters, beginning with this introductory chapter. Chapter 

2 – titled as ‘Production and characterization of gas vesicles for ultrasound imaging’– 

details the theoretical considerations and experimental methodology that we developed and 

optimized to prepare these protein nanostructures for acoustic imaging. Chapter 3 on 

‘Molecular engineering of acoustic protein nanostructures’ elaborates our efforts in 

establishing a facile and modular engineering platform for tuning the mechanical, acoustic, 

surface and targeting properties of gas vesicles. Chapter 4 introduces the first ‘Acoustic 

reporter genes for noninvasive imaging of microbes in mammalian hosts’ by successful 

heterologous expression of engineered GV gene clusters in non-native microbial hosts. 

Chapter 5 describes how we extend the GV engineering platform introduced in Chapter 3 

to build ‘Acoustic biosensors for ultrasonic imaging of enzymatic activity’ and expand the 

biomolecular toolkit for functional ultrasound imaging. Chapter 6 is the final chapter of the 

thesis, which demonstrates the feasibility of ‘Engineering acoustic biosensors with 

reversible dynamics for molecular ultrasound imaging of calcium.’  
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C h a p t e r  2  

PRODUCTION AND CHARACTERIZATION OF GAS VESICLES FOR 

ULTRASOUND IMAGING 

This chapter is adapted from:  

A. Lakshmanan*, G. J. Lu*, A. Farhadi*, S. P. Nety*, M. Kunth, A. L-Gosselin, D. 

Maresca, R.W. Bourdeau, M. Yin, J. Yan, C. Witte, D. Malounda, F.S. Foster, L. Schröder 

and M.G. Shapiro (2017). Preparation of biogenic gas vesicle nanostructures for use as 

contrast agents for ultrasound and MRI. Nature Protocols, 12, 2050-2080.                          

*Equal contribution. doi: 10.1038/nprot.2017.081 

2.1 Introduction 

Gas vesicles (GVs) – genetically encoded gas-filled protein nanostructures from buoyant 

photosynthetic microorganisms recently introduced a new class of molecular imaging 

agents for ultrasound (81). In order to engineer GVs and use them for acoustic imaging 

applications, we had to first produce and isolate them in sufficient yields from their 

microbial hosts, as well as establish standardized methods to quantify and characterize 

them. This chapter briefly outlines the theoretical and experimental considerations for the 

production, purification, characterization and utilization of gas vesicles from native GV 

gene clusters for ultrasound imaging. Detailed step-by-step protocols are provided in 

Appendix A.  

2.2 Theoretical and experimental considerations 

2.2a Production and purification of gas vesicles (GVs) 

For GV production, an important initial consideration is the choice of GV-producing 

species. GVs differ in their size, shape, mechanical and acoustic properties depending on 

their genetic origins, with particular types of GVs being most suited for a given imaging 
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application. GVs can be produced and isolated from microbes such as Anabaena flos-aquae 

(Ana), Halobacterium salinarum (Halo) or heterologously-expressing E. coli (84, 85, 95). 

Ana is a green, filamentous cyanobacterium that naturally inhabits fresh water lakes (84). 

Halo is a pink halophilic and thermophilic archaea that grows in salt-water ponds (85). Ana 

is cultured in low-salinity medium, supplemented with trace metals and buffering agents, 

while Halo is cultured in high salinity medium for GV production. The characteristics of 

different types of GVs are summarized in Table 2-T1.  

Parameters Ana GV Halo GV Mega GV 
Host/origin Anabaena 

flos-aquae 
Halobacteria 
salinarum 

Heterologous expression of a 
gene cluster from Bacillus 
megaterium in E. coli 

Shape Cylindrical Spindle Cylindrical 
Resistance to pressure-
induced collapse 

Medium                   
(can be tuned) 

Low High 

Ultrasound contrast High 
Linear in their 
native form 

High 
Nonlinear 

Low 

Stability in phantoms High Low High 
Ease of genetic 
modification 

High Low Not established 

 

Table 2-T1: Characteristics of different types of GVs. 

Unmodified Halo GVs can be used directly after purification, in ultrasound imaging, to 

obtain non-linear signals (81, 96). Ana GVs are the system of choice, if one wishes to 

genetically tune the properties of GVs for multiplexing, multimodal imaging and targeting 

applications (described in Chapter 3). Mega GVs produce lower echogenicity under 

ultrasound compared to Ana and Halo GVs (Fig. 2-S1, a-d), but have a higher critical 

collapse pressure that may make them useful for multiplexing. Halo GVs produce non-

linear ultrasound contrast immediately after purification (81), while Ana GVs require 

genetic engineering or chemical treatment (Chapter 3).   

Ana and Halo cultures natively produce ample GVs after a few weeks of growth (81, 97, 98). 

Ana cultures additionally require a controlled gaseous environment and illumination for 
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optimal growth (Fig. 2-1, a-b).  A freshly inoculated culture of Ana or Halo cells may require 

several rounds (typically 2-3) of subculturing to become strongly proliferative (Fig. 2-1, c-

d). Healthy, viable Ana and Halo cultures look dark green (Fig. 2-1c) and light pink (Fig. 2-

1d) respectively, upon reaching confluency. The confluent culture of microbes is then 

transferred to a separatory funnel that is left undisturbed for up to a week, to allow the 

buoyant cells producing GVs, to float to the top and separate from spent media (Fig. 2-1, e-

f). Buoyant cells are then lysed using hyper-osmotic shock for Ana and hypo-osmotic shock 

for Halo. Subsequently, centrifugally assisted floatation is used to isolate GVs from the cell 

lysate to yield a concentrated, milky-white solution of GVs in the buffer of choice (Fig. 2-1, 

g-j). Heterologous production of Mega GVs in E. coli is accomplished by expression from a 

plasmid, encoding a Mega GV gene, followed by detergent-mediated lysis (95, 99). The 

typical yield is ~ 3 mL of a GV suspension, with a pressure-sensitive optical density 

(OD500,ps) of 10 for Ana and Halo per flask of culture, and approximately 1.5 mg/L cells per 

unit of OD600 for Mega GVs . 

The procedures leading from inoculation of GV-producing microbes to harvesting and 

purification are summarized in Table 2-T2, along with important parameters that affect 

processing time, yield and quality.  

Procedure Design Parameters 
Inoculation of starter 
culture 

Type of culture (suspension vs. solid), amount of inoculum, total 
volume of culture 

Growth of starter culture Temperature, rotation speed, duration, illumination 

Sub-culturing Number of flasks, volume of culture and media 

Harvesting of GVs Composition of lysis buffer and duration of lysis, concentration of cells 
Purification Selection of centrifugation speed, type of rotor, tube and syringe 

needle 
Storage Storage temperature, buffer and type of vial/tube 

 

Table 2-T2: Experimental parameters for GV production, purification and storage. 
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Figure 2-1: Equipment setup and expected results for native production and 
purification of GVs. (a, b) Shaker-incubators adapted for the growth of cyanobacteria 
Anabaena flos-aquae providing controlled illumination, temperature, aeration and CO2. (c, 
d) Confluent green and pink cultures of Anabaena flos-aquae and Halobacteria salinarum 
respectively, just before harvesting. (e, f) Effective separation of buoyant cells from spent 
media in separatory funnel for isolation and harvesting of Ana and Halo cells producing 
GVs. Purified Ana (g) Halo (h) and Mega (i) GVs as a dense milky-white layer post 
centrifugally assisted floatation. (j) Resuspended milky-white solutions of purified Ana 
(left), Halo (middle) and Mega (right) GVs in PBS at OD500,ps ~6 prior to use in ultrasound 
imaging experiments. 
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Growth conditions are chosen to facilitate optimal proliferation of each host strain and GV 

expression. One unusual variable to keep track of is pressure, since GVs collapse irreversibly 

at hydrostatic pressures of 50 to 800 kPa, depending on species (84). For example, the 

cultures should be grown under mild agitation, as excessive shaking may lead to GV collapse. 

During centrifugation, it is necessary to calculate the hydrostatic pressure generated for a 

particular g-force on the liquid column of GVs and ensure that it is well below the GV critical 

collapse pressure. Long-term storage of purified GV stocks should preferably be done in 

screw-top vials, as micro-centrifuge tubes with snap-lock caps may cause GV collapse due 

to pressurization of the sample while opening or closing the tube. 

2.2b Quantification and characterization of GVs  

Purified GVs resuspended in the buffer of choice (e.g. phosphate buffered saline or Tris) can 

be quantified by measuring the optical density at 500 nm, or OD500, since GVs scatter visible 

light. Collapsed GVs (in the same buffer), which do not scatter light, are typically used as 

the blank control for measurements, yielding a pressure-sensitive OD reading (OD500, ps). It 

is important to note that clustering of GVs, whether by design or due to functionalization 

with aggregation-prone moieties can confound OD500 measurements and contribute to errors 

in calculating concentration from OD500. Pressurized absorbance spectroscopy assays GV 

mechanical strength by measuring change in OD500nm of GV samples under increasing 

hydrostatic pressure using the device described in Fig. 2-2. The mean collapse pressures are 

59 kPa (Halo), 587 kPa (Ana GvpCWT) and 750 kPa (Mega). 

Dynamic light scattering (DLS) is used to estimate the hydrodynamic size of GVs for routine 

non-destructive characterization and quality control. DLS can be used to assess GV 

clustering. Care should be taken in the interpretation of DLS readings of GVs due to the 

spherical assumption of the Einstein–Smoluchowski relation and the non-spherical shape of 

GVs. DLS values for hydrodynamic diameters exhibit variability due to the biogenic nature 

of GVs. Hydrodynamic diameters of Halo GVs range from 260 nm – 320 nm (polydispersity 

0.15 – 0.21), Ana GVs range from 240 nm – 340 nm (polydispersity 0.17 – 0.26) and Mega 

GVs from 200-380 nm (polydispersity 0.23 – 0.34). 
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Figure 2-2: Collapsometry setup. Illustration of the collapsometry setup used for 
determining the critical collapse pressure of GVs.  
 
Negative contrast TEM is used for imaging GV size, shape, texture and integrity following 

production and physical or biochemical treatments. Negative staining with uranyl acetate is 

used to produce contrast, and use of a buffer such as HEPES is preferred over phosphate 

buffers that may precipitate with the uranyl acetate. The concentration of the GV solution 

spotted on the grid directly correlates with the density of GV particles on the grid. While 

Halo GVs appear spindle-shaped, Ana and Mega GVs are more cylindrical with conical tips 

in the longitudinal dimension. Although the size and shape of GVs are determined primarily 

by the genotype, each type possesses a certain degree of heterogeneity. For example, Ana 

GVs have length distribution with a standard deviation of 35% of the mean (84). It is also 

important to note that not all Halo GVs have a spindle morphology, and a small 

subpopulation may appear more cylindrical with biconical ends (100). Ana GVs that are 

produced in their native host are usually longer and wider than heterologously-expressed 

Mega GVs. The high resolution provided by TEM allows the visualization of ribs on the 

surface of the gas vesicles at higher magnifications. GV collapse causes complete rupture 

and opening of the protein shell, leading to a flattened pancake-like structure (81). Typical 

GV dimensions obtained from TEM images are summarized in Table 2-T3. 
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Spatial Dimension Ana GV Halo GV Mega GV 
Length (nm) 519 ± 160 400 ± 113 249 ± 99 
Width (nm) 136.3 ± 21.0 250.8 ± 51.4 72.5 ± 13.6 

 

Table 2-T3: GV Dimensions. N=107, 125 and 61 for Ana, Halo and Mega respectively, 

errors indicate standard deviation. 

We have also established the protein concentrations to OD relationships for the three types 

of GVs mentioned in this chapter, and the results are as shown in Table 2-T4 below (N = 4, 

5, 3 for Mega, Ana and Halo GVs respectively and the errors are in SEM). The molecular 

weight is derived from the TEM data summarized in Table 2-T3, assuming a spindle shape 

for Halo GVs, a cylindrical shape for Mega and Ana GVs, a wall thickness of 18 Å and a 

protein density of 1.4 g/mL. 

GV quantification parameters Ana Halo Mega 
Protein concentration to OD500 ratio  

([μg/mL] / OD) 

36.6 ± 2.6 13.4 ± 2.2 145.5 ± 6.4 

Estimated molecular weight (MDa) 320 282 71.7 

Estimated molar protein concentration to 

OD500 ratio (pM / OD) 

114 47.3 2,030 

Estimated gas fraction to OD500 ratio (v/v/OD) 0.000417 0.000178 0.000794 

 

Table 2-T4: Quantification and calculation of GV molecular weight and                            

molar concentration. 

2.2c Chemical functionalization of GVs  

Chemical conjugation to GVs makes use of lysine residues on their protein shells and amine-

reactive crosslinkers such as sulfo-N-hydroxysuccinimide esters (Sulfo-NHS). Chemical 

moieties including polymers (e.g. polyethylene glycol), fluorophores and small molecules 

(e.g. biotin) can be conjugated using this method. Biotinylated GVs can subsequently react 
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with streptavidin or avidinated antibodies (81). The Sulfo-NHS coupling reaction can be 

conducted in PBS (pH 7.4) as a one-pot reaction. Depending on the application, the desired 

extent of labeling can be tuned by varying the molar ratio of Sulfo-NHS to GVs and by 

changing the incubation time. Either dialysis or buoyancy purification can be used to separate 

the labeled GVs from excess reactants.  

2.2d Ultrasound imaging of GVs 

For in vitro imaging, GVs can be embedded and imaged in multi-well agarose phantoms 

(Fig. 2-3a). A typical experimental setup for in vitro and in vivo ultrasound imaging is 

shown in Figure 2-3, a-d. Experimental design parameters include phantom composition, 

(i.e. percentage of agarose, buffer, background scattering particles), concentration and 

amount of GV sample loaded. Phantom molds can be made using 3-D printing to obtain 

defined well size, shape and spacing. Imaging parameters include plane of imaging 

(longitudinal versus transverse cross-section of the phantom wells), mode of ultrasound 

imaging (conventional or nonlinear imaging), transducer frequency range, transmit 

waveform characteristics such as pulse envelope shape, number of cycles, amplitude and 

frequency. Importantly, the amplitude used for imaging must be below the GVs’ acoustic 

critical collapse pressure. PBS is typically used as a negative control for ultrasound contrast 

and 5 µm polystyrene beads that scatter linearly at medical ultrasound frequencies, are used 

as a reference sample. All GV samples and controls are mixed with melted agarose solution 

prior to loading. Solidification of the agarose after loading into the phantom wells, ensures 

that samples are uniformly distributed throughout the well and that GVs remain suspended 

in the agarose matrix without floating during imaging. Typically, a final OD500 of 2.25 for 

Ana GVs and 0.4% (wt/vol) for polystyrene beads is used to match echogenicity. For Halo 

GVs, a final OD of 0.5 gives good signal without attenuation, with 0.83% (wt/vol) 

polystyrene beads to match echogenicity. In-situ collapse of GVs using pulses with 

amplitudes above the GVs’ acoustic critical collapse pressures cause GV ultrasound signals 

to disappear, allowing confirmation of GV-based signals and background subtraction. The 

acoustic behavior of Halo GVs at ultrasound frequencies of 12.5-27.5 MHz has also been 
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investigated through modeling and experiments, suggesting acoustic buckling as the 

mechanism underlying generation of non-linear signals (96). In parallel, custom amplitude 

modulation schemes have been developed to take advantage of the nonlinear pressure 

dependence of backscattered signals in engineered Ana GVs, allowing selective imaging 

of these nanostructures (98, 101). Quantification of signals in ultrasound images is 

typically performed using MATLAB or ImageJ software. 

The in vivo ultrasound imaging procedures can be used to look at GV passage through the 

inferior vena cava (IVC) and subsequent induced contrast enhancement in the liver after 

intravenous injection (81) or adapted to visualize GVs in other organs and tissues. Depending 

on the tissue region of interest, some ultrasound imaging parameters, such as image gain and 

field of view may need to be adjusted accordingly. As in in vitro imaging, it is critical that 

the transmit power is kept at a value that provides sufficient signal without collapsing the 

GVs. Further adjustments can be made to GV solution concentration and volume, according 

to experimental needs. Functionalized GVs can also be imaged using this protocol, as long 

as appropriate controls are used. When planning an imaging experiment using functionalized 

GVs, we suggest using native GVs from the same batch as a control. It is possible to 

administer multiple injections of GVs in the same mouse, as long as the total injection 

volume does not exceed the limit stated in institutional guidelines. If required, GV solutions 

can be tested for bacterial endotoxins, using quantitative, chromogenic endpoint LAL assays, 

such as the QCL-1000TM Assay (Lonza). Endotoxins can potentially be removed using 

commercially available affinity resins such as the ToxinEraserTM Endotoxin Removal Resin 

(GenScript). Once injected, ensure GVs have cleared completely and tissue contrast signal 

is back to baseline before a second bolus injection. 
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Figure 2-3: Ultrasound setup for in vitro and in vivo imaging. (a) Setup of the in vitro 
imaging system with the Verasonics L11-4v transducer mounted on a 3-D translatable 
clamp (computer-controlled) and a fixed imaging phantom holder. Inset shows an agarose 
phantom loaded with GV and polystyrene samples prior to imaging. (b) In vivo imaging 
setup with the Verasonics L22-14v transducer, mounted on a 3-D positioning system 
(manual), an animal mounting platform with a heating pad and a syringe pump for 
controlled sample injections.  (c) Setup of a second in vivo imaging station that includes 
the ultrasound probe clamp attached to the 3D stepper, the mouse handling table and the 
physiological monitoring unit. All components except the physiological monitoring unit 
are attached to the bench-top rail system. (d) Animal positioning with the mouse being laid 
down in a supine position with the nose and mouth in the nose cone and each paw extending 
outwards onto the electrodes and secured with surgical tape.  A rectal probe is used to 
monitor the core temperature of the animal.  All procedures involving animal use must be 
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performed in accordance to institutional guidelines and regulations and approved by 
relevant Animal Care and Use Committees.  
 
2.3 Supplementary figures 

 

Figure 2-S1: Ultrasound imaging of Mega GVs. B-mode ultrasound images of purified, 
wild-type Ana GVs (OD500,ps  2.2) versus a purified and unclustered batch of Mega GVs at 
(a) equal molarity, (b) equal protein concentration and (c) equal gas fraction. Scale bars 
are 1 mm. Images were acquired using the Verasonics L22-14v transducer and the ray-
lines script with the following parameters: transmit frequency: 18MHz, number of cycles 
of the transmitted pulse: 6, F number: 2, imaging voltage: 3V, with the transducer focus (8 
mm depth) aligned close to the center of the sample well. Images were processed and 
analyzed using MATLAB. Images are shown before (top panel) and after collapse (bottom 
panel) using a highpower burst from the transducer at 25V for 10 s. (d) Quantification of 
ultrasound signal was performed by selecting a region of interest (ROI) of defined size 
within the sample well and calculating the mean intensity per pixel for the selected ROI, 
after post-collapse background subtraction (n=12 for Ana GVs, n=4 for Mega GVs at each 
condition shown in (a), (b) and (c); error bars are SEM). 
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C h a p t e r  3  

MOLECULAR ENGINEERING OF ACOUSTIC PROTEIN 

NANOSTRUCTURES 

A. Lakshmanan, A. Farhadi, S. P. Nety, A. Lee-Gosselin, R. W. Bourdeau, D. Maresca 

and M. G. Shapiro (2016). Molecular engineering of acoustic protein nanostructures. ACS 

Nano, 10[8], 7314-7322. doi: 10.1021/acsnano.6b03364 

3.1 Introduction 

Ultrasound is among the most widely used biomedical imaging modalities due to its 

superior spatiotemporal resolution, safety, cost and ease of use compared to other 

techniques such as magnetic resonance and nuclear imaging. In addition to visualizing 

anatomy and physiology, ultrasound can take advantage of contrast agents to more 

specifically image blood flow, discern the location of certain molecular targets, and resolve 

structures beyond its normal wavelength limit via super-localization (39, 53). However, 

existing “microbubble” contrast agents - micron-sized bubbles of gas stabilized by a 

biocompatible shell - face limitations as molecular reporters, due to their size and inherent 

physical instability, restricting their use to primarily within the vasculature (46, 62). 

Recently, we introduced gas vesicles (GVs) as a new class of nanoscale imaging agents for 

ultrasound (81). GVs are gas-filled protein-shelled nanostructures (Fig. 3-1a) expressed 

intracellularly in certain bacteria and archaea as a mechanism to regulate cellular buoyancy 

in aqueous environments (84, 85). GVs have widths of 45 - 250 nm and lengths of 100 - 

800 nm depending on their genetic origins (84, 85). Unlike microbubbles, which trap pre-

loaded gas in an unstable configuration, GVs’ 2-nm-thick protein shells exclude water but 

permit gas to freely diffuse in and out from the surrounding media (84) (Fig. 3-1b), making 

them physically stable despite their nanometer size. GVs produce robust ultrasound 

contrast across a range of frequencies at picomolar concentrations, exhibit harmonic 

scattering to enable enhanced detection versus background in vivo, and have species-
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dependent thresholds for pressure-induced collapse to enable multiplexed imaging (81). 

Furthermore, the genetic encodability of GVs raises the possibility of engineering the 

properties of these nanoscale imaging agents at the level of their protein composition and 

DNA sequence. Here, we establish this capability by biochemically and genetically 

engineering the mechanical, acoustic, surface and targeting properties of GVs from the 

cyanobacterium Anabaena flos-aquae (Ana GVs). 

Ana GVs are cone-tipped cylindrical structures with a diameter of approximately 140 nm 

and length of 200-800 nm (Fig. 3-1, a-b). These structures are encoded by a cluster of 9 

different genes, including the two primary structural proteins, GvpA and GvpC, and several 

putative minor components and chaperones (85, 102, 103) (Fig. 3-1, b-c). GvpA is a 7.4 

kDa amphiphilic protein that assembles into the main structural backbone of the GV shell 

by forming 4.6-nm-wide ribs that run perpendicular to the long axis of the nanostructure 

(63, 88) (Fig. 3-1c). GvpC is the second most abundant protein, and strengthens the GV 

shell by binding to its exterior surface (63, 87). This protein comprises five highly- 

conserved 33-amino acid repeats with predicted alpha-helical structure, and is believed to 

bind across GvpA ribs to provide structural reinforcement (63) (Fig. 3-1c). In biochemical 

studies, removal of GvpC and truncations to its sequence were shown to result in a reduced 

threshold for Ana GV collapse under hydrostatic pressure (87, 104). In addition, previous 

studies using other species have demonstrated that GvpC can tolerate fusions of bacterial 

and viral polypeptides (105, 106). Given these properties, we hypothesized that GvpC 

could serve as a versatile platform for molecular engineering of GV-based ultrasound 

contrast agents. Specifically, we predicted that changes in GV mechanical properties 

resulting from the removal, addition or modification of GvpC would alter the acoustic 

properties of Ana GVs, thereby allowing us to tune their ultrasound response and enable 

harmonic and multiplexed imaging (Fig. 3-1 d, e). Furthermore, we hypothesized that 

GvpC could serve as a modular genetic hook enabling the tuning of GV surface properties 

such as zeta potential, the display of ligands for reduced or enhanced cellular targeting and 

uptake, and the attachment of fluorescent proteins to enable multimodal imaging (Fig. 3-

1e).  
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Figure 3-1: Molecular engineering platform for acoustic protein nanostructures. (a) 
Transmission Electron Microscopy (TEM) image of a single Ana GV. (b) Schematic 
illustration of Ana GV, and the gene cluster encoding GvpA, GvpC and several other 
essential proteins. (c) GvpA and GvpC are the two major structural constituents of GVs, 
with GvpA ribs (gray) forming the primary GV shell and the outer scaffold protein GvpC 
(blue) conferring structural integrity. Each GvpC molecule has five 33-amino acid repeats 
flanked by N- and C- terminal regions (d) Paradigm for modular genetic engineering of 
Ana GVs. Native gas vesicles are treated with 6M urea to produce stripped Ana GVs 
without native GvpC (blue). Genetically engineered GvpC is recombinantly expressed in 
Escherichia coli (orange) and added to the stripped Ana GVs during dialysis to create 
engineered GVs with a modified GvpC layer. (e) GvpC engineering can be used to 
modulate the properties of acoustic GV nanostructures including their harmonic response, 
collapse pressure, surface charge, targeting specificity and fluorescence.  
 

 

 

 

 



 

 

28 
3.2 Results and Discussion 

3.2a Modular genetic engineering platform for acoustic protein nanostructures 

To enable modular molecular engineering of Ana GVs, we established a platform in which 

genetically engineered GvpC variants are recombinantly expressed in Escherichia coli and 

subsequently added to Ana GVs that have been purified from Anabaena flos-aquae and 

stripped of their native GvpC proteins (Fig. 3-1d). The GVs were isolated by hypertonic 

and detergent-mediated lysis, followed by purification with centrifugally assisted 

floatation. Native GvpC was removed by treating the GVs with 6M urea, which leaves the 

GvpA-based shell intact (87, 104). We produced genetically engineered variants of Ana 

GvpC containing N- or C-terminal hexahistidine sequences in Escherichia coli and purified 

the resulting inclusion bodies by nickel chromatography in 6M urea. Dialysis of 

recombinant GvpC in the presence of stripped Ana GVs into physiological buffer resulted 

in Ana GVs with a new, engineered GvpC layer (Fig. 3-1d). SDS-PAGE analysis 

confirmed the complete removal of GvpC from native Ana GVs and the re-addition of 

engineered proteins (Fig. 3-S1).  

3.2b Genetic engineering enables tuning of collapse pressure for acoustic multiplexing 

The gaseous interior of GVs can be collapsed with hydrostatic and acoustic pressure, 

erasing their ultrasound scattering signal and enabling multiplexed imaging of GVs with 

distinct collapse pressure thresholds (81). To determine whether genetic tuning could 

enable enhanced multiplexing, we engineered three Ana GV variants with distinct 

mechanical properties. ΔGvpC comprises GVs completely lacking the outer GvpC layer; 

ΔN&C contains a truncated form of GvpC without its N- and C- terminal regions; GvpCWT 

has an engineered GvpC protein that closely resembles the wild-type sequence (Fig. 3-2a, 

Fig. 3-S5). We assessed the hydrostatic collapse behavior of these nanostructures using 

pressurized absorbance spectroscopy, in which the optical density of GVs (which scatter 

500 nm light when intact) is measured under increasing hydrostatic pressure. This provides 

a rapid assessment of GV mechanics and allows comparisons to literature (84). 
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Our three variants spanned a dynamic range of 380 kPa (Fig. 3-2b, Supplementary table 

3-T1). ΔGvpC had the lowest collapse pressure midpoint at 195.3 ± 0.3 kPa, the ΔN&C 

variant showed an intermediate value of 374.3 ± 1 kPa and GvpCWT had the highest value 

of 569.9 ± 4 kPa (Supplementary table 3-T1, N=7, ± SEM). To ensure that the decrease 

in collapse pressure for the ΔN&C variant was not due to unsaturated binding caused by 

reduced affinity of this GvpC variant for GvpA, we measured collapse midpoints as a 

function of re-added GvpC concentration and confirmed that binding was near saturation 

(Fig. 3-S2, 3-S3).  

Next, we evaluated collapse profiles under ultrasound. GVs were imaged in multi-well 

agarose phantoms at 6.25 MHz while being subjected to ultrasound pulses with increasing 

peak positive pressure amplitudes ranging from 290 kPa to 1.23 MPa. Similar to trends 

observed for hydrostatic collapse, the ΔGvpC variant collapses under the lowest acoustic 

pressure, followed by ΔN&C and GvpCWT (Fig. 3-2c, Supplementary table 3-T2). 

Notably, the collapse midpoints in the acoustic regime were substantially higher than in 

the hydrostatic regime. This is explained by GVs having a gas efflux time of approximately 

1.5 µs (107), which is too slow for gas molecules contained in the GV to exit the 

nanostructure during the 80 ns positive half-cycle of 6.25 MHz ultrasound, allowing the 

gas to compressively reinforce the GV shell. On the other hand, under hydrostatic 

conditions, pressure changes occur on the time scale of seconds, allowing gas molecules to 

exit the GV during pressurization and resulting in the shell carrying the full compressive 

load by itself (96). We also note that the acoustic collapse curves appear somewhat more 

closely spaced than hydrostatic collapse curves, which can be explained by the applied 

acoustic pressure field having a non-uniform profile over the imaged GV sample. Fitting a 

Boltzmann sigmoidal function to these collapse curves reveals a unique acoustic collapse 

spectrum for each engineered GV (Fig. 3-2d).  
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Figure 3-2: GvpC engineering enables tuning of GV collapse pressure for acoustic 
multiplexing. (a) Schematic illustration of the three engineered GV variants used for 
acoustic multiplexing. ΔGvpC, ΔN&C and GvpCWT variants are represented by green, 
orange and purple colors respectively. Accompanying TEM images show the conservation 
of GV shape among the three variants (scale bars are 200 nm).  (b) Optical density 
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measurements of engineered Ana GVs as a function of hydrostatic pressure (N=7 
independent preparations, error bars are SEM). The data was fitted with a Boltzmann 
sigmoid function. Fit parameters and R2 values are provided in Supplementary table 3-T1. 
(c) Acoustic collapse curves for the GV variants showing normalized ultrasound signal 
intensity as a function of increasing peak positive pressure from 290 kPa to 1.23 MPa (N= 
3 independent trials, error bars are SEM). The data was fitted with a Boltzmann sigmoid 
function (parameters provided in Supplementary table 3-T2), the derivatives of which with 
respect to pressure are plotted in (d). (e) Schematic illustration of acoustic spectral 
unmixing, showing serial collapse of the GV variants based on their critical collapse 
pressure and indicating the pressures used in panels (f) and (g). (f) Ultrasound images of 
an agarose phantom containing wells with ΔGvpC, ΔN&C, GvpCWT and a mixture of the 
three variants (all GVs at final OD 1.0 in PBS), acquired at 6.25 MHz. I0; before collapse 
I1: after collapse at 630 kPa I2: after collapse at 790 kPa I3: after collapse at 1230 kPa. (g) 
Spectrally unmixed images processed from the raw ultrasound data in (f). The bottom panel 
shows an overlay of the three unmixed channels C1, C2, and C3.  

To take advantage of the distinct acoustic collapse spectra of GV variants for multiplexed 

imaging, we developed a pressure spectral unmixing paradigm. This paradigm posits that 

the total signal for a mixed population of GVs in any given pixel is the sum of signals 

contributed by each sub-population present in that pixel. Images acquired after sequentially 

applying collapse pulses of increasing pressure (Pi) reveal changes in pixel-wise signal 

intensity (I) that provide information about the abundance of each GV type in the pixel 

(Fig. 3-2e). This information is extracted by multiplying the measured differential signals  

Δi = I(Pi-1) - I(Pi) 

by the inverse of a matrix containing the collapse spectrum of each type of GV, denoted 

by α i,j. The contribution of each GV type to the observed signal represented as Cj is given 

by the matrix operation: 

C = α-1 Δ. 
 

We used pressure spectral unmixing to obtain multiplexed images of our three GV variants. 

Figure 3-2f shows ultrasound images taken at a non-destructive baseline pressure before 

and after exposing the GV samples to three sequentially increasing collapse pulses. The 

spectrally unmixed images (Fig. 3-2g) uniquely identify acoustic signals from each GV 

variant. Figure 3-S4 shows the matrix of coefficients used to generate these images. We 
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anticipate that this combination of engineered GVs and pressure spectral unmixing will be 

useful in many scenarios requiring ultrasound imaging of multiple molecular targets in the 

same sample. 

3.2c Molecular engineering enables modulation of harmonic ultrasound signals 

Nonlinear signals from ultrasound contrast agents can dramatically enhance their ability to 

be distinguished from background tissues, which mainly scatter linearly (108, 109). In our 

initial description of gas vesicles as ultrasound reporters, we found that GVs from 

Halobacterium salinarum (Halo GVs) produce strong nonlinear signals in the form of 

harmonics of the insonation frequency, while Ana GVs show no harmonic response (81). 

Since Halo GVs also have a significantly lower critical collapse pressure than Ana GVs 

(84), we hypothesized that altering Ana GV shell mechanics by engineering GvpC could 

yield Ana GVs that produce harmonic signals. Accordingly, we characterized the 

frequency response of engineered Ana GVs to 4.46 MHz pulses over a receive bandwidth 

of 2-10 MHz. Consistent with our hypothesis, ΔGvpC showed a sharp peak at the second 

harmonic frequency of 8.9 MHz in addition to the fundamental peak at the transmitted 

frequency, while GvpCWT showed only a linear signal (Fig. 3-3a). Ultrasound images 

formed by bandpass filtering around the fundamental and second harmonic frequencies 

showed a substantial difference in the harmonic acoustic response of GV variants (p<0.01, 

N = 7, paired t-test), for the same level of fundamental signal (Fig. 3-3, b-e). The harmonic 

signals from ΔGvpC were 3.71fold higher than GvpCWT (Fig. 3-3e). These results 

demonstrate that protein engineering can be used to modulate the acoustic properties of a 

nanostructure.  



 

 

33 

 

Figure 3-3: GV engineering enables modulation of harmonic signals in vitro. (a) Power 
spectrum of signal backscattered from ΔGvpC (green) and GvpCWT (purple) variants in an 
agarose phantom in response to 4.46 MHz pulses. (b) Fundamental and (c) second 
harmonic ultrasound images of ΔGvpC and GvpCWT GVs acquired with 4.46 MHz 
transmission and band-pass filtered around 4.46 and 8.92 MHz respectively. Images are 
shown before and after collapse using a high-power burst from the transducer to collapse 
the GVs. Scale bars are 1 mm. (d) Mean fundamental and (e) harmonic signals from 
ΔGvpC and GvpCWT variants after filtering at the indicated frequencies (N = 7 independent 
measurements, error bars are SEM). Data in all panels comes from GVs prepared at OD 
2.5 in PBS and loaded into 1% agarose phantoms. 

To show that engineered Ana GV variants are capable of producing harmonic signals in 

vivo, we performed intravenous injections of the ΔGvpC and GvpCWT variants into live, 

anaesthetized mice. Ultrasound imaging of the inferior vena cava (IVC) was performed in 

fundamental and second-harmonic modes (transmission at 4.46 MHz and reception filtered 

around 4.46 MHz and 8.9 MHz center frequencies, respectively). Figure 3-4a provides a 

schematic illustration of the in vivo experiment. Five seconds after the start of the injection, 
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enhanced nonlinear signals were observed for the ΔGvpC variant compared to GvpCWT, 

while their fundamental signals were comparable (Fig. 3-4, b-d). Repeated trials showed a 

statistically significant difference (p<0.01, N = 6, paired t-test) in the harmonic response 

of the two variants for the same level of fundamental signal (Fig. 3-4e), consistent with in 

vitro results. The ability to genetically tune the harmonic properties of GV contrast agents 

will enhance their utility for in vitro and in vivo imaging. 

 

Figure 3-4: GV engineering enables modulation of harmonic signals in vivo. (a) 
Schematic depiction of intravenous GV injection and in vivo ultrasound imaging during 
passage through the inferior vena cava (IVC). (b) Fundamental and second harmonic 
ultrasound images taken at 4.46 MHz transmission frequency and band-pass filtered 
receive around 4.46 and 8.92 MHz respectively. Engineered Ana GVs at OD 23.5 in PBS 
were used for injections. The IVC ROI used for subsequent analysis is circled in green. 
The white arrow points to the increased harmonic signal observed in the IVC for the 
ΔGvpC variant. Time course of the mean (c) fundamental and (d) harmonic acoustic signal 
in the IVC before, during and after steady infusion, with shaded regions representing SEM 
(N = 6 mice). (e) Histogram showing the area under the curve (AUC) of average 
fundamental and harmonic contrast in the IVC after ΔGvpC and GvpCWT GV injections 
(N=6, error bars are SEM). 
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3.2d Genetic engineering enables tuning of surface charge, targeting specificity and 

multimodal imaging 

After demonstrating the ability of GvpC to serve as a genetic platform for tuning the 

mechanical and acoustic properties of GVs, we examined its capacity to enable the 

engineering of GV surface and targeting properties. To do so, we used the C-terminus of 

GvpC as a modular site for protein fusion (Fig. 3-5a, Fig. 3-S5). As a first proof of concept, 

we tested the ability of GvpC fusions to modulate GV surface charge, an important property 

that influences the behavior of nanostructures in solution and in vivo (110). We fused GvpC 

with the lysine rich protein (LRP), which contains 100 positive charges at physiological 

pH. Re-addition of this protein to GVs resulted in nanostructures with 28 ± 4 mV higher 

zeta potential compared to GvpCWT (Fig. 3-5b).  

Next, we tested the ability of GvpC fusions to endow GVs with functionality for specific 

cellular targeting. A well-studied receptor-targeting peptide is RGD, which binds 

effectively to a wide range of integrins (111). GVs engineered to express GvpCRGD on their 

surface were compared with wild-type GvpC and scrambled GvpCRDG controls in terms of 

their ability to target the integrin-overexpressing U87 glioblastoma cell line in vitro. The 

GVs were chemically conjugated with the Alexa Fluor-488 fluorophore for visualization 

using confocal microscopy. GVs functionalized with RGD exhibited a marked increase in 

cell binding, compared to controls (Fig. 3-5, c-d). This technique presents a generalizable 

approach for future studies targeting GVs to molecular markers in vivo. 

Using a similar engineering strategy, we created GvpC fusions to modulate the interaction 

of GVs with macrophages, which are both imaging targets and important actors in 

nanoparticle clearance from circulation. CD47, present on endogenous cell membranes in 

humans, mice, and other mammals, is a well-studied putative marker of self. Discher and 

colleagues recently described a minimized peptide from the human CD47 protein, dubbed 

the ‘self’ peptide, which led to reduced uptake of cells and nanoparticles by the 

mononuclear phagocytic system (112). On the other hand, polycationic peptides such as 

polyarginine (R8) promote particle uptake by phagocytic cells (113). By fusing each of 
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these molecules to GvpC, we tested whether genetic engineering could modulate GV 

uptake in RAW 264.7 murine macrophages. As visualized by confocal microscopy, GVs 

genetically functionalized with GvpCmCD47 showed reduced macrophage uptake compared 

to GVs with GvpCWT. On the other hand, GVs functionalized with GvpCR8 were taken up 

much more efficiently (Fig. 3-5 e, f). These molecular strategies can be used in future 

studies to enable cellular labeling for in vivo tracking applications or to enhance the 

circulation lifetime of targeted GVs. 

Finally, to further simplify GV functionalization, we developed a highly modular approach 

through which the GV surface can be covalently conjugated to other recombinant proteins 

through a facile process that does not involve urea treatment and dialysis. To achieve this 

goal, we fused GvpC with SpyTag (ST), a 13-residue peptide that forms a covalent amide 

bond with a partner SpyCatcher protein under physiological conditions (114). This system 

allows SpyTagged GVs to be functionalized with SpyCatcher fusions in a rapid, 

biocompatible reaction. We found that GvpCST binds to GVs with similar stoichiometry to 

GvpCWT and provides reinforcement against pressure-induced collapse (Fig. 3-S6). Each 

modified GV had an average of 1,000 SpyTag functionalities (Fig. 3-S7). To demonstrate 

the utility of this modular functionalization approach, we reacted these GVs with the 

recombinantly expressed fluorescent protein SpyCatcher-mNeonGreen (SC-mNG) to 

enable multimodal acoustic and fluorescent imaging. The resulting fluorescent GVs were 

purified by buoyancy enrichment. SDS-PAGE analysis confirmed SpyTag-SpyCatcher 

covalent bond formation (Fig. 3-S8), and Figure 3-5g shows multimodal imaging of mNG-

labeled GVs with ultrasound and fluorescence. The ultrasound images show similar 

echogenicity between fluorescently-labeled GVs, wild-type and unreacted controls. 

GvpCWT Ana GVs do not show any fluorescence after reaction with SC-mNG (Fig. 3-5g), 

highlighting the specificity of the SpyTag-SpyCatcher reaction and confirming that 

buoyancy enrichment eliminates unreacted fluorescent proteins (Fig. 3-S8). Notably, 

labeled ST-GVs remain fluorescent after acoustic pressure-induced collapse, which may 

be useful for follow-up histological examinations after ultrasound imaging. These results 
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establish the GvpCST-SpyCatcher system as a highly modular and convenient approach to 

generate functionalized GVs, thereby enabling dual-mode imaging of these nanostructures. 

3.3 Conclusion  

In summary, our results demonstrate the genetic engineering of a biologically-derived 

acoustic nanomaterial, which we use as an imaging agent for ultrasound. Remarkably, a 

single constituent protein on the surface of GVs can serve as a genetic platform to modulate 

the mechanical, acoustic, surface and targeting properties of these nanostructures. This 

molecular engineering capability will enable the design of GV-based contrast agents with 

enhanced harmonic responses, biodistribution, multiplexing, multimodal detection and 

molecular targeting to help ultrasound fulfill its potential as a high-performance modality 

for molecular imaging. In addition, as a nanomaterial with genetically tunable mechanical 

properties, GVs may create opportunities for applications outside biology and medicine. 
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Figure 3-5: Genetic engineering of GV surface properties, cellular targeting and 
multimodal imaging. (a) Diagram of GvpC genetic fusions used to engineer novel GV 
properties and functions. (b) Zeta potential measurements of engineered GVs having GvpC 
fused to LRP and wild-type GvpC (N = 4, error bars are SEM) (c) Confocal fluorescence 
images showing RGD-functionalized, RDG-functionalized and wild-type Alexa Fluor-488 
fluorescently labeled (green) GVs after 24 hr incubation with U87 glioblastoma cells 
(DAPI-stained nuclei, blue). Scale bars are 50 µm (d) Mean GV fluorescence measured for 
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each condition in (c) (N = 3, error bars are SEM). (e) Confocal fluorescence images of 
RAW 264.7 macrophages (DAPI-stained nuclei, blue) incubated for 30 min with 
fluorescently labeled GVs (green) displaying GvpC fused to mCD47, R8 or wild-type 
GvpC. Scale bars are 50 µm. (f) Mean GV fluorescence measured for each condition in (e) 
(N = 3, error bars are SEM). (g) Top panel: Ultrasound images of engineered and 
SpyCatcher-mNeonGreen (SC-mNG) reacted GVs at OD 2.5 in PBS, acquired using a 19 
MHz transmission pulse in fundamental mode. Scale bars are 1 mm. Bottom panel: 
Fluorescence images of the agarose phantoms before and after acoustic collapse. (h) Mean 
ultrasound and fluorescence signals from the GV samples tested in (g). (N ≥ 4, error bars 
are SEM). 

 
3.4 Methods 

Gas Vesicle Preparation 

Anabaena flos-aquae (Ana) was cultured in Gorham’s media supplemented with BG-11 

solution (Sigma, St. Louis, MO) and 10 mM NaHCO3 at 25°C, 100 rpm shaking and 1% 

CO2 under a 14h light cycle and 10h dark cycle. Once confluency was reached, the cultures 

were transferred to sterile separating funnels and the buoyant cells were allowed to float to 

the top and separate from the spent media over a 48h period. Ana GVs were harvested by 

hypertonic lysis of the buoyant cells with 500 mM sorbitol and 10% Solulyse (Genlantis, 

San Diego, CA). Purification was done by repeated centrifugally assisted floatation 

followed by resuspension in 1x PBS (Corning, Union City, CA). GV concentration was 

determined by pressure-sensitive OD measurements at 500 nm (ODPS,500). Pre-collapsed 

GVs prepared by application of hydrostatic pressure in a capped syringe were used as the 

blank.  

 

Expression and Purification of Ana GvpC variants 

The Ana GvpC gene sequence codon-optimized for Escherichia coli expression was 

synthesized by Life Technologies, Santa Clara, CA. Ana GvpC was cloned into a 

pET28a(+) plasmid (Novagen, Temecula, CA) downstream of a T7 promoter with an N or 

C-terminal His-tag. All constructs were made via restriction cloning, KLD mutagenesis, or 

Gibson assembly using enzymes from New England Biolabs, Ipswich, Massachusetts. 

Purified plasmids with the genetically engineered GvpC constructs were transformed into 
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BL21(DE3) cells (Invitrogen, Carlsbad, CA). Starter cultures were diluted 1:250 in Terrific 

Broth (Sigma, St. Louis, MO) and allowed to reach OD600~ 0.4 - 0.7. Protein expression 

was induced by addition of IPTG (to a final concentration of 1mM), and cells were 

harvested by centrifugation after overnight expression at 30 ºC. 

 

GvpC in the form of inclusion bodies were purified by lysing the cells using Solulyse 

supplemented with DNAseI (10 µg/mL) and lysozyme (400 µg/mL) at room temperature. 

Inclusion bodies were recovered by centrifugation at 27,000g for 15 min in an 

ultracentrifuge. The inclusion body pellets were resuspended in 20 mM Tris-HCl buffer 

with 500 mM NaCl and 6 M urea (pH: 8.0) and incubated with Ni-NTA resin (Qiagen, 

Valencia, CA) for 2 h at 4°C. After washing, proteins were eluted using 250 mM imidazole. 

Bradford assay was used to measure the concentration of the purified protein. Recombinant 

GvpC variants were verified to be >95% pure by SDS-PAGE analysis. 

 

Ana GV stripping and re-addition of engineered GvpC variants  

Native Ana GVs were stripped of their outer GvpC layer by treatment with 6 M urea 

solution buffered with 100 mM Tris-HCl (pH 8.5). Two rounds of centrifugally assisted 

floatation followed by removal of the subnatant layer were done to ensure complete 

removal of native GvpC, as confirmed by SDS-PAGE. Stripped Ana GVs were then 

combined with 2x molar excess of the engineered GvpC variant in 6M urea buffer after 

accounting for a 1:25 binding ratio of GvpC : GvpA. Estimating 12,768 GvpA molecules 

per Ana GV and 564.2 pM of GVs per O.DPS,500 (1 cm pathlength), the molar concentration 

of GvpA per O.DPS,500  of Ana GVs was determined to be 7.2 µM and used for calculating 

the amount of engineered GvpC to be added. The engineered GvpC was then allowed to 

slowly refold onto the surface of the stripped Ana GVs by dialysis against 1x PBS for >12 

h at 4°C using a regenerated cellulose membrane with a 6-8 kDa M.W. cutoff (Spectrum 

Labs, Rancho Dominguez, CA). Dialyzed samples were subjected to at least 2 rounds of 

centrifugally assisted floatation to remove any excess unbound GvpC. 
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Transmission electron microscopy 

GV samples were diluted to O.DPS,500 ~ 0.2 in 10 mM HEPES buffer containing 150 mM 

NaCl (pH 8) and spotted on Formvar/Carbon 200 mesh grids (Ted Pella, Redding, CA) that 

were rendered hydrophilic by glow discharging (Emitek K100X). GV samples were 

negatively stained using 2% Uranyl Acetate. Images were acquired using the Tecnai T12 

LaB6 120kV TEM equipped with a Gatan Ultrascan 2k X 2k CCD and ‘Leginon’ 

automated data collection software suite. 

 

Pressurized absorbance spectroscopy 

GV samples were diluted to O.D PS,500 ~ 0.2 and loaded onto a flow-through, 1 cm path-

length quartz cuvette (Hellma Analytics, Plainview, NY) that was connected to a N2 

cylinder through a pressure controller (Alicat Scientific, Tucson, AZ). The pressure was 

increased stepwise in 20 kPa increments up to 1 MPa and the O.DPS,500 at each step was 

measured using a spectrophotometer (EcoVis, OceanOptics, Winter Park, FL). Fully 

collapsed GV sample was used as the blank.  

 

In vitro ultrasound imaging 

Imaging phantoms were prepared from 1% agarose in PBS. Two times concentrated GV 

samples were mixed 1:1 with melted 1% agarose at 50°C, and 100 µL of the mixture was 

quickly loaded into the phantom wells. Imaging was performed using a Verasonics Vantage 

programmable ultrasound scanning system. The L11-4v or L22-14v 128-element linear 

array transducers (Verasonics, Kirkland, WA) were used for image acquisition, with a pitch 

of 0.3 mm or 0.1 mm and elevation focus of 15-20 mm or 6 mm respectively. The phantom 

was placed on a custom 3-D printed holder and the transducer was mounted on a computer-

controlled 3-dimensional translating stage (Velmex, Inc., Bloomfield, NY). During 

imaging, the transducer was immersed in PBS at an elevation that positioned the focal zone 

of the ultrasound beam at the center of the sample well. All images were acquired using a 

conventional B-mode sequence with 128 ray lines.  
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The acoustic multiplexing and collapse spectrum measurements were obtained by using 

GV samples at a final OD of 1 and a transmit frequency of 6.25 MHz on the L11-4v, with 

a 4-cycle pulse and transmit focus of 20 mm, F-number 2 and persistence 90. The images 

were acquired at a transmit voltage of 1.6 V. To collapse GVs, acoustic pressure was 

delivered to the specimen by lowering the F-number to 0.1 and ramping up the voltage 

gradually. At each collapse step, the transducer was translated in the y and z planes to 

ensure homogenous GV collapse over the entire well.  

Nonlinear imaging experiments were performed using the L11-4v transducer with a 

transmit frequency of 4.46 MHz and receive filtering using a 2 MHz band pass around 4.46 

MHz and 8.92 MHz for the fundamental and second harmonic signals, respectively. GV 

samples at OD 2.5 were imaged at 2.5 V and F-number 3 using a 3-cycle pulse and a 

persistence of 90.  

 

In vivo ultrasound imaging 

Intravenously injected gas vesicles were imaged in 5-7 weeks old female SCID mice using 

the L11-4v transducer. To be consistent with in vitro experiments, a transmit frequency of 

4.46 MHz and reception frequencies of 4.46 MHz and 8.92 MHz were used for the 

fundamental and nonlinear imaging respectively. Imaging was done at 2.5 V using a 3-

cycle pulse at an F-number 3 and persistence of 20. The mice were maintained under 

isofluorane anesthesia on a heated imaging platform. Images were acquired at a rate of 16 

frames/sec for ~ 50 s. A 50 µL volume of gas vesicles at OD 23.5 in PBS was infused ~ 5 

s after the start of the experiment at a flow rate of 0.3 ml min-1. Between sample injections, 

a 10s high-power burst from the transducer was used to completely collapse any residual 

GVs in circulation.  

 

Image analysis 

MATLAB and ImageJ (NIH, Bethesda, MD) were used to process in vitro and in vivo 

ultrasound data. Regions of interest (ROIs) were manually defined so as to capture signals 

from the entire sample well or the IVC. ROI dimensions were preserved between different 

GV samples and the mean intensity per pixel calculated using all pixels within the ROI. 
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Quantification of in vitro harmonic and fundamental GV signals was performed by 

subtraction of the post-collapse images from the pre-collapse images. In vivo IVC signals 

were analyzed for all acquired frames over the 50 s imaging window and smoothed infusion 

time-course curves were generated using locally weighted scatterplot smoothing. Area 

under the curve (AUC) values were obtained from the raw data normalized to the pre-

infusion baseline. Acoustic spectral unmixing was performed using MATLAB after 

applying a spectral averaging filter with a kernel size of [20 20] pixels to reduce out-of-

well noise. Pseudocolor assignments and merging of spectrally unmixed images were 

performed using ImageJ (color maps are shown next to the images in Figure 2g). 

 

Zeta potential measurements 

Zeta potential of GVs with GvpC-WT and GvpC-LRP were measured using Brookhaven 

Instruments Corporation Zeta-PALS instrument (Hotsville, NY). 40 µL of GVs (in PBS) 

were added to 1.5 mL of double distilled water at a final concentration of 35 pM and 

conductance of 1 mS. Electrodes were placed in the cuvette with the samples and average 

zeta potential for each run was determined from 10 measurements. 

 

In vitro characterization of functionalized GVs 

Alexa-488 succinimidyl ester fluorescent dye (Invitrogen, Carlsbad, CA) was reacted with 

GVs in PBS for 2 hours at 10,000:1 molar excess of dye to GVs. Excess succimidyl ester 

was quenched with 10 mM Tris. Fluorescently-labeled GVs were purified using dialysis 

against PBS. Cells were seeded on 22x22 mm coverglass and cultured for 24 hours prior 

to the start of the experiments. Due to the buoyant nature of GVs, in vitro characterization 

was carried out using modified 6-well plates that contain 3 pegs to enable inverted cell 

growth (facing down). For receptor (αvβ3) targeting experiments, 16 µL of fluorescently-

labeled GVs (GvpCWT, GvpCWT-RGD, and GvpCWT-RDG) at 1.2 nM were added to U87 

cells (ATCC, Manassas, VA) and incubated for 24 hrs. To test phagocytic uptake using 

GvpCWT, GvpCWT-mCD47, and GvpCWT-R8, 8 µL of fluorescently labeled GVs at 1.2 nM 

were added to RAW 264.7 cells (ATCC). After the allotted GV incubation, cells were 

washed 3x with PBS, fixed with 4% paraformaldehyde, and mounted with DAPI-
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containing mounting media. Confocal fluorescence images were acquired using inverted 

Zeiss LSM 710 NLO (Thornwood, NY) using a 20x objective. 

 

SpyTag – SpyCatcher functionalization of Ana GVs 

SpyTag-Ana GVs were prepared using the re-addition protocol described above. 

SpyCatcher-mNeonGreen (SC-mNG) was expressed and purified from BL21 E. coli using 

non-denaturing Ni-NTA purification. ST-GVs (OD 5-10) were incubated with SC-mNG at 

a 2x molar excess of SpyCatcher:SpyTag in PBS for 1 hr at room temperature. GVs were 

spun at 300g for 4 hrs twice in order to remove excess unbound protein; the supernatant 

containing GVs was resuspended in fresh PBS. 

ST-GV (± SC-mNG) and WT-GV (+ SC-mNG) samples were prepared in a 1% agarose 

phantom at a final OD of 2.5 and imaged with the Verasonics L22-14V transducer at 19 

MHz, 5.0V and F-Number 3 with a persistence of 90. The agarose phantom was also 

imaged through the green channel of a BioRad Chemidoc MP system (Hercules, CA). The 

fluorescence intensity of the ST-GV (± SC-mNG) and WT-GV (+ SC-mNG) samples was 

determined by first collapsing the samples and then measuring fluorescence intensity (ex 

506nm, em 550nm) in a Molecular Devices SpectraMax M5 plate reader (Sunnyvale, CA). 

 
3.5 Supplementary figures and tables 

  
 
Supplementary table 3-T1: Hydrostatic midpoint of collapse for engineered Ana GVs 
used in acoustic multiplexing experiments (shown in Figure 3-2b). The data was fitted 
with a Boltzmann sigmoid function of the form with pc representing 
the average midpoint of collapse. Fit parameters and R2 values for each of the GV variants 
are provided in the table. 
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Supplementary table 3-T2: Acoustic midpoint of collapse for engineered Ana GVs 
used in multiplexing experiments (shown in Figure 3-2c). The data was fitted with a 
Boltzmann sigmoid function of the form with pc representing the 
average midpoint of collapse. Fit parameters and R2 values for each of the GV variants are 
provided in the table. 
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Figure 3-S1:  SDS-PAGE analysis of GvpC re-addition. Gel confirming the complete 
removal of GvpC from native Ana GVs (lane 13) and the re-addition of engineered proteins 
(lane 14-15). Quantification of re-added GvpC on urea-stripped Ana GVs was done by 
comparison against a standard curve (200 – 1000 ng) of the pure proteins (lanes 2-6 for 
WT-GvpC and lanes 7-11 for ΔN&C-GvpC). The number of re-added GvpC molecules 
was determined to be ~ 1980 per GV for GvpCWT and ~ 877 per GV for ΔN&C 
respectively. 
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Figure 3-S2: Effect of re-added ΔN&C GvpC concentration on hydrostatic collapse 
of engineered GVs. Midpoint of collapse (hydrostatic) plotted as a function of re-added 
GvpC concentration for the ΔN&C variant. The midpoint of collapse was determined by 
fitting the raw data with a Boltzmann sigmoid function of the form 
with pc representing the average midpoint of collapse. Fit parameters and R2 values for 
each of the GV variants are provided. The saturation curve was plotted by fitting the data 
to a bimolecular binding function of the form f(x) = C1 * x / (Kd + x) + C2. 
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Figure 3-S3: Effect of re-added GvpCWT concentration on hydrostatic collapse of 
engineered GVs. Midpoint of collapse (hydrostatic) plotted as a function of re-added 
GvpC concentration for the GvpCWT variant. The midpoint of collapse was determined by 
fitting the raw data with a Boltzmann sigmoid function of the form 
with pc representing the average midpoint of collapse. Fit parameters and R2 values for 
each of the GV variants are provided. The saturation curve was plotted by fitting the data 
to a bimolecular binding function of the form f(x) = C1 * x / (Kd + x) + C2. 

( ) ( )( ) 11
-D-+= ppp cepf



 

 

49 

 
 

Figure 3-S4: Matrix of coefficients used for spectral unmixing. The matrix of 
coefficients used for generating spectrally unmixed images shown in Figure 2g from the 
pixel-wise ultrasound signal intensities in Figure 3-2f (I), before and after exposing the GV 
samples to three sequentially increasing acoustic pressures (Pi).  Δ represents the measured 
differential signals with Δi = I(Pi-1) - I(Pi), while α is the matrix containing the acoustic 
collapse spectrum for each GV variant (α i,j). C represents the contribution of each GV 
variant to the observed signal, with Cj calculated by the matrix operation: C = α-1 Δ. 
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Figure 3-S5: Sequence information for GvpC variants. Clustal Omega sequence 
alignment of all the genetically engineered GvpC proteins used in our study. Colors 
highlight important features and are set to match the schematic illustration in Figure 3-5a. 
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Figure 3-S6: Hydrostatic collapse profiles of Spytag-SpyCatcher functionalized GV 
variants. Optical density measurements of engineered Ana GVs as a function of 
hydrostatic pressure. The data was fitted with the Boltzmann sigmoid function  

 and the table provides the midpoint of collapse as well as other fit 
parameters and R2 values. The data show that the collapse profile is unaltered even after 
reacting the ST-GVs with SC-mNG fluorescent protein. 
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Figure 3-S7: SDS-PAGE quantification of SpyTag functionalities on the surface of 
engineered Ana GVs. Comparison of ST-Ana GVs (lane 10) against a standard curve 
comprising GvpC-ST concentrations ranging from 100-1000 ng (lanes 2-8) shows that each 
modified GV has ~ 1000 SpyTag functionalities. Stripped Ana GVs used for GvpC-ST re-
addition (lane 9) have negligible amount of native GvpC. 
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Figure 3-S8: SDS-PAGE analysis of SpyTag-SpyCatcher reaction. Gel confirming 
SpyTag-SpyCatcher bond formation (yellow) upon a one-hour incubation of ST-GVs having 
an outer layer of GvpC-SpyTag (red) with SpyCatcher-mNeonGreen (green). Incubation of 
Ana GVs containing an outer layer of WT-GvpC (purple) with SC-mNG, followed by 
buoyancy purification to remove unreacted fluorescent molecules results in GVs that are not 
fluorescent as shown in Figure 3-5g (left bottom panel). This also highlights the specificity 
of the SpyTag-SpyCatcher reaction and confirms that all the unreacted fluorescent molecules 
are completely removed during buoyancy purification. 
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C h a p t e r  4  

DEVELOPMENT OF ACOUSTIC REPORTER GENES                      

FOR NON-INVASIVE IMAGING OF                                             

MICROBES IN MAMMALIAN HOSTS 

R. W. Bourdeau, A. L-Gosselin, A. Lakshmanan, A. Farhadi, S.R. Kumar, S. P. Nety and 

M.G. Shapiro (2018). Acoustic reporter genes for non-invasive imaging of microbes in 

mammalian hosts. Nature, 553, 86-90. doi: 10.1038/nature25021 

4.1 Foreword 

The research work detailed in this chapter started around the same time as my efforts on 

molecular engineering of GVs to tune their properties, covered in Chapter 3. These projects 

represented complementary approaches towards addressing the same overarching goal – to 

create a biomolecular toolkit that would provide ultrasound with new capabilities for 

cellular and molecular imaging. The development of acoustic reporter genes required 

extensive tinkering and characterization of native and engineered GV gene clusters for 

heterologous expression in microbial hosts. Meanwhile, the molecular engineering 

platform based on protein-level modifications to Anabaena flos-aquae GVs was already 

providing us important information about how the outer GV shell protein ‘GvpC’ 

influenced the mechanical and acoustic properties of these protein nanostructures. As I 

gathered data about different GvpC variants and their influence on GV acoustic 

phenotypes, Ray Bourdeau – a postdoctoral fellow in my lab – incorporated the more 

interesting variants in his engineered GV gene clusters for specific purposes, such as 

acoustic multiplexing. Very soon, there was a lot of cross-talk between the two projects, 

with both of us learning from one another in terms of optimal ways to purify, characterize 

and image GVs. I also contributed to testing and characterizing initial ARG constructs by 

evaluating the effect of different plasmid architectures, E.Coli strains, expression times and 

temperatures on the size, shape, yield and properties of the resultant GVs by transmission 

electron microscopy (TEM) and pressurized absorbance spectroscopy. In the later stages 
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of the project, I conducted experiments to characterize the metabolic burden of ARG 

expression in E. Coli Nissle by quantifying growth and viability of host cells after GV 

production, as well as the ability of individual bacteria to retain and express ARG 

constructs through multiple rounds of cell division by plating them on solid induction 

media after overnight induction in liquid cultures.  

4.2 Introduction 

Studies of the mammalian microbiome are uncovering an increasing number of critical 

roles for bacteria in health and disease, ranging from infection and immunity to nervous 

system function (115-119). Additionally, advances in synthetic biology and genome 

engineering are enabling the development of microbial therapeutics and diagnostics for 

diseases such as gastrointestinal inflammation and cancer (120-129). The function of both 

natural and engineered microbes depends strongly on their anatomical location within the 

host organism, making it important to monitor their spatial distribution, viability, 

proliferation and function inside the body (130-132). Such monitoring requires reporter 

genes that can be produced by proliferating cells and connected to specific genetic circuits. 

However, conventional reporters based on fluorescent and luminescent proteins or 

radionuclide capture suffer from the poor penetration of light into tissue or the need to 

administer radioactive tracers (133-135). In contrast to these techniques, ultrasound is a 

widely available, inexpensive, radiation-free technology capable of noninvasively imaging 

deep tissues (136). Its spatial resolution is routinely on the order of 100 µm (38, 137) and 

can approach the single-micron level with recently developed super-resolution techniques 

(39). With these performance characteristics and the ability to place signals within an 

anatomical context, ultrasound is an ideal technique for imaging genetically labeled 

microbes in vivo. However, no reporter genes for ultrasound are currently available. 

Here, we introduce the first acoustic reporter genes (ARGs) to enable ultrasound imaging 

of microbes inside mammalian hosts. These reporter genes are based on gas vesicles, a 

unique class of gas-filled protein nanostructures expressed primarily in water-dwelling 

photosynthetic organisms as a means to regulate buoyancy (84, 85). Gas vesicles comprise 
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all-protein shells with sizes on the order of 200 nm that enclose hollow interiors, allowing 

dissolved gases to freely permeate in and out while excluding water (84). We recently 

discovered the ability of these proteins to scatter sound waves and thereby produce 

ultrasound contrast (81). However, the ability of the multi-gene clusters encoding gas 

vesicles to serve as reporter genes in heterologous species has not been demonstrated, and 

is expected to be challenging due to their polycistronic composition. Here, we set out to 

address this challenge by engineering gas vesicle operons for efficient expression in 

Escherichia coli and Salmonella typhimurium – two important commensal and pathogenic 

species that are also chasses for the development of microbial therapeutics – and showing 

that ARG-expressing cells can be visualized in vivo in settings relevant to gastrointestinal 

(GI) colonization and antitumor therapy. We demonstrate that the expression of engineered 

ARGs makes cells visible to ultrasound at volumetric concentrations below 0.01%, enables 

dynamic imaging of gene expression, and allows the visualization of bacteria injected into 

mouse colons and tumor xenografts. In addition, we establish the potential of ARGs for 

further genetic engineering by rationally designing variants with distinct acoustic 

properties for multiplexed imaging and demonstrating the compatibility of these genetic 

constructs with high-throughput screening for directed evolution. 

4.3 Results 

4.3a Genetic engineering of acoustic reporter genes 

Gas vesicles are encoded in their native bacterial or archaeal hosts by operons of 8-14 

genes, which include the primary structural protein GvpA, the optional external scaffolding 

protein GvpC, and several secondary proteins that function as essential minor constituents 

or chaperones (85). As a starting point for developing ARGs, we chose a compact E. coli-

compatible gas vesicle gene cluster from Bacillus megaterium (138) (Fig. 4-1a, top, left). 

While cells containing this construct were able to produce small, bicone-shaped gas 

vesicles (Fig. 4-1, b-c, left), its expression did not result in bacteria detectable by 

ultrasound (Fig. 4-1d, left), most likely because the small gas vesicles produced from this 

construct have weak acoustic scattering. At the same time, transforming E. coli with a gas 
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vesicle gene cluster derived from the cyanobacterium Anabaena flos-aquae, whose gas 

vesicles are highly echogenic (81, 97), did not result in gas vesicle expression. Given the 

high sequence homology of GvpA between organisms (Fig. 4-S1), we hypothesized that a 

combination of the structural GvpA genes from A. flos-aquae with the accessory genes 

GvpR-U from B. megaterium (Fig. 4-1a, middle) would result in the formation of gas 

vesicles with characteristics favorable for ultrasound imaging. Indeed, expression of this 

engineered gene cluster resulted in E. coli containing gas vesicles with significantly larger 

dimensions compared to the B. megaterium operon, and these nanostructures appeared to 

occupy a greater fraction of intracellular volume (Fig. 4-1, b-c, middle). Strikingly, these 

cells produced robust ultrasound contrast compared to green fluorescent protein (GFP) 

controls (Fig. 4-1d, middle). Additional engineering comprising the addition of a gene 

encoding the A. flos-aquae scaffolding protein GvpC (Fig. 4-1a, right) resulted in wider 

and more elongated gas vesicles more closely resembling those native to A. flos-aquae (81) 

(Fig. 4-1, b-c, right), and generated stronger ultrasound contrast (Fig. 4-1d, right). We 

refer to this optimized genetically engineered construct as ARG1 or acoustic reporter gene 

1. 

To confirm that the ultrasound signal from ARG1-expressing cells is due to the presence 

of gas vesicles, we applied acoustic pulses with amplitudes above the gas vesicles’ critical 

collapse pressure. In purified form, this results in the immediate collapse of these protein 

nanostructures and dissolution of their gas contents, eliminating ultrasound contrast (81, 

97). As expected, the application of high-pressure pulses made cells expressing ARG1 

invisible to ultrasound (Fig. 4-1d).  The ability of ARG-based contrast to be erased in situ 

is used throughout this study to confirm the source of acoustic signals and subtract 

background.  

ARG1 expression resulted in average gas vesicle contents of 9.4 ± 0.4 mg/g E. coli (N=3, 

±SEM), corresponding to approximately 100 gas vesicles per cell. These nanostructures 

occupy roughly 10 percent of the intracellular space. Acoustically silent cells expressing 

the B. megaterium gene cluster produced a similar quantity of gas vesicle proteins (9.7 ± 

1.5 mg/g, N=3, ±SEM), underlining the importance of genetic engineering in producing 

intracellular nanostructures with the appropriate size and shape to be detected with 
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ultrasound. A fraction of ARG1-expressing cells was buoyant in aqueous media (Fig. 4-

S2, a-b), suggesting that gas vesicles occupy more than 10% of their volume. However, 

the expected buoyant force on these cells, even at much higher expression levels, is weak 

compared to other forces such as flagellar thrust (Supplementary table 4-T1). 

 

 

 
Figure 4-1: Genetic engineering of acoustic reporter genes. (a) Architecture of acoustic 
reporter gene clusters. Panels (b)–(f) are organized in columns corresponding to each of 
these constructs. (b) TEM images of representative E. coli cells expressing each construct. 
(c) TEM images of gas vesicles isolated from E. coli expressing each construct. (d) 
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Ultrasound images of agarose phantoms containing E. coli expressing each construct or 
GFP. The cell concentration is 109 cells/ml. Images in bottom panels were acquired after 
acoustic collapse. Blue outlines indicate the location of each specimen. Color bar 
represents linear signal intensity. Scale bars represent 500 nm in (b), 250 nm in (c) and 2 
mm in (d). All imaging experiments were repeated 3 times with similar results. 

4.3b ARGs enable the imaging of dilute cell populations and conditional gene expression 

To enable a broad range of in vivo applications, noninvasive imaging must be able to detect 

relatively dilute cellular populations. For example, the large intestine, a key target of 

microbiome research and engineered microbial therapeutics (123, 124, 126, 139, 140), 

hosts a bacterial population of approximately 1010 cells/ml (141), representing a volume 

fraction of about 1%. To determine the detection limit of ARG-expressing cells, we imaged 

a concentration series of E. coli transformed with ARG1 (Fig. 4-2a). Cells at 

concentrations as low as 5 x 107 cells/ml produced detectable signal (Fig. 4-2, a-b). This 

equates to a roughly 0.005% volume fraction, or approximately 100 cells per voxel based 

on cubic voxel dimensions of 100 µm. This sensitivity should be sufficient for many in 

vivo scenarios. Furthermore, bacteria enriched for buoyancy prior to imaging provide 2.4-

fold higher signal (Fig. 4-S2), suggesting that sensitivity could be improved further by 

optimizing ARG expression. 

In addition to observing the spatial distribution of cells, it is desirable to monitor dynamic 

cellular signals. Many biological states, signaling pathways and environmental stimuli can 

be connected to gene expression, as often done with gene circuits wired to fluorescent 

indicators (142). To test whether ARGs could provide a similar readout of state-dependent 

genetic pathways, we placed ARGs under the control of a promoter regulated by the 

chemical inducer isopropyl β-D-1-thiogalactopyranoside (IPTG). Ultrasound signals from 

E. coli expressing ARG1 in this configuration followed the expected dose-response curve 

of IPTG-controlled expression (Fig. 4-2, c-d), confirming their ability to serve as the output 

signal for engineered genetic circuits. Significant ultrasound contrast could be observed 4 

hours after IPTG induction (p-value = 0.01, N=4), and continued to increase during the 22-

hour culturing period (Fig. 4-S3). 
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Figure 4-2: Imaging dilute bacterial populations and dynamically regulated gene 
expression. (a) Ultrasound images of ARG1-expressing E. coli at various cellular 
concentrations, before and after acoustic collapse. (b) Mean ultrasound contrast from E. 
coli expressing ARG1 and GFP at various cell densities. N=3 biological replicates per 
sample; lines show the mean. (c) Ultrasound images of E. coli expressing ARG1 after 
induction with various IPTG concentrations. Cell concentration was 5 x 108 cells/ml. (d) 
Normalized ultrasound contrast as a function of IPTG concentration. N=3 biological 
replicates per sample. Line shows a fit of the data with the Hill equation to facilitate 
visualization. Scale bars represent 2 mm. Each imaging experiment was repeated 3 times 
with similar results. 

4.3c ARG expression and ultrasound imaging do not affect cell viability 

To determine whether the expression of ARGs has any deleterious effect on host cells, we 

measured the growth curves of E. coli expressing ARG1 or GFP. After induction, cells 

expressing both constructs continued to divide and reached similar saturation densities 

(Fig. 4-3a). For both ARG1 and GFP the final density was somewhat lower than in 

uninduced controls, as expected from the metabolic demand of protein expression (143). 

This has not been a major limitation for the use of GFP-based reporters.  

Next, we assessed the viability of ARG-expressing cells after ultrasound imaging and 

acoustic collapse. TEM images of cells acquired before and after exposure to collapsing 

acoustic pulses show that gas vesicles can be eliminated without obvious cellular damage 
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(Fig. 4-3b). To examine the impact of ultrasound exposure on cell growth, we cultured E. 

coli expressing ARG1 as colonies on solid media and applied acoustic collapse pulses to 

half the plate. Gas vesicle collapse in insonated cells was confirmed by a decrease in optical 

scattering, as seen on dark-field images of the plates (Fig. 4-3, c-d). After incubation for 

an additional 20 h, no significant difference was observed in the diameter of the insonated 

colonies compared to un-insonated controls, indicating that ultrasound exposure does not 

affect cell viability (Fig. 4-3e). Strikingly, insonated colonies re-expressed gas vesicles 

during this period, as indicated by the restoration of pressure-sensitive light scattering (Fig. 

4-3, e-f). This result suggests that ultrasound could be used for pulse-chase studies 

analogous to fluorescence photobleaching recovery assays (144). 

 

Figure 4-3: Acoustic reporter gene expression and ultrasound imaging does not affect 
cell viability. (a) Growth curves of E. coli containing the ARG1 or GFP expression 
plasmid, with or without induction using 0.4 mM IPTG (N=3 per sample). (b) 
Representative TEM images of whole E. coli cells expressing ARG1 with and without 
exposure to acoustic collapse pulses, and E. coli cells expressing GFP. (c) Dark field optical 
image of agar plate containing colonies of E. coli expressing ARG1 14 hours after seeding. 
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(d) Image of the same plate after the right half of the plate was insonated with high-pressure 
ultrasound. (e) Image of the same plate 20 h after insonation. (f) Image after the right half 
of the plate in (e) was insonated with high-pressure ultrasound. Zoomed in images of 
representative colonies shown below each plate image. Scale bars represent 500 nm. Error 
bars represent ± S.E.M; where not seen, they are smaller than the symbols. 

4.3d Engineered variants of ARGs enable multiplexed cellular imaging 

It is often informative to simultaneously image more than one population of cells, for 

example to monitor the dynamics of competing microbial species or the interaction of 

multiple therapeutic or diagnostic constructs. Optical multiplexing typically makes use of 

spectrally distinct fluorescent proteins, and analogous acoustic multiplexing can be 

performed using genetic variants of gas vesicles that collapse at different pressures (97). 

Such gas vesicles can be distinguished from each other by applying acoustic pulses of 

gradually increasing amplitude and monitoring the disappearance of backscattered signal: 

one subset of gas vesicles collapses first, followed by another, and so on. A signal 

processing paradigm similar to spectral unmixing then determines the contribution of each 

population to the total signal (97). We hypothesized that if ARGs could be engineered to 

produce intracellular gas vesicles collapsing at different pressures, this would enable 

multiplexed imaging of distinct cellular populations.  

To explore this possibility, we constructed a new version of the ARG gene cluster 

containing a modified version of A. flos-aquae GvpC. Deletion or truncation of this outer 

scaffolding protein results in gas vesicles with lower collapse pressures (87, 104), allowing 

the production of nanostructures distinguishable from each other under ultrasound (97). 

Following this approach, we modified our gene cluster by truncating GvpC to retain only 

one of its five repeating alpha-helical domains (Fig. 4-4a). E. coli expressing the resulting 

gene cluster, which we refer to as ARG2, showed robust gas vesicle production and 

ultrasound contrast, similar to ARG1 (Fig. 4-4, b-d, Fig. 4-S4). Consistent with our design, 

gas vesicles purified from ARG2-expressing E. coli had a lower critical hydrostatic 

collapse pressure than nanostructures formed by cells expressing ARG1 (Fig. 4-4e), and 

cellular ARG2 contrast was erasable at lower acoustic pressures (Fig. 4-4f). The two 
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variants’ distinct collapse spectra (Fig. 4-4g) allowed E. coli expressing ARG1 and ARG2 

to be imaged in multiplex using pressure spectrum unmixing (Fig. 4-4, h-j). 

 

Figure 4-4: Multiplexed imaging of genetically engineered reporter variants. (a) 
Diagram of the GvpA and GvpC sequences included in the ARG1 and ARG2 gene clusters. 
ARG2 was created by deleting 4 of the 5 repeat domains in wild-type GvpC. (b) Ultrasound 
images of a gel phantom containing E. coli expressing ARG2 or GFP (109 cells/ml). Blue 
outlines indicate the location of each specimen. (c) Transmission electron micrographs of 
isolated ARG2 gas vesicles. (d) Top: image of ARG2 E. coli culture 22 hours after 
induction showing the presence of buoyant cells. Bottom: mass fraction of gas vesicles 
produced 22 hours after induction. Line represents mean. (e) Normalized optical density 
(representing the intact fraction) of gas vesicles isolated from ARG1- or ARG2-expressing 
E. coli as a function of applied hydrostatic pressure (N=3 per sample). (f) Normalized 
ultrasound intensity as a function of peak positive pressure from 0.6 to 4.7 MPa for E. coli 
expressing ARG1 or ARG2 (N=3 per sample). (g) Acoustic collapse spectra derived by 
differentiating the data and curves in (F) with respect to applied pressure (N=3 per sample). 
(h) Ultrasound images of gel phantoms containing ARG1 or ARG2 before collapse, after 
collapse at 2.7 MPa and after collapse at 4.7 MPa (109 cells / mL). (i) Spectrally unmixed 
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maps of ARG2 and ARG1 obtained from the set of images in (h). (j) Overlay of the blue 
and orange-colored maps from (i). Scale bars represent 2 mm in (b) and (h-j) and 250 nm 
in (c). Error bars represent +/- S.E.M. 

4.3e In vivo gastrointestinal imaging of engineered microbes 

After establishing the core capabilities of ARGs in vitro, we set out to demonstrate their 

detectability in vivo by imaging ARG-expressing cells in biologically relevant anatomical 

contexts. One particularly important target for in vivo microbial imaging is the mammalian 

GI tract, given recent findings concerning the impact of the gut microbiome on human 

health (115, 130-132) and the development of GI-targeted microbial therapeutics (123, 

124, 126, 139, 140). Due to its location deep inside the body, the GI tract is difficult to 

image using optical techniques, and therefore represents a major opportunity for 

ultrasound. To establish a proof of concept for ultrasonic imaging of microbes in the GI 

tract, we expressed ARGs in a probiotic bacterial strain and assessed the ability of 

ultrasound to localize this bacterium inside the colon (Fig. 4-5a) in comparison with 

bioluminescent imaging. 

The E. coli strain Nissle 1917 (EcN) is a probiotic microbe capable of colonizing the 

mammalian GI tract (145). EcN has been used clinically in humans for 100 years to treat 

enteric infection and inflammatory bowel conditions (145), and is a common chassis for 

therapeutic synthetic biology (121, 125, 127, 146). EcN cells transformed with a plasmid 

expressing ARG1 produced abundant gas vesicles (Fig. 4-5b) and ultrasound contrast (Fig. 

4-5, c-d). Control EcN cells transformed with the luminescence operon LuxABCDE (LUX) 

produced no ultrasound contrast. For comparison, we transformed EcN cells with the 

luminescence operon LuxABCDE (LUX), which has previously been used to visualize 

gene expression in microbial populations in vivo using bioluminescent imaging (121, 127, 

147). LUX-expressing EcN cells produced no ultrasound contrast (Fig. 4-5, c-d).  

To establish a proof of concept for ultrasound imaging of ARG-expressing bacteria within 

the GI tract, and to compare the result to bioluminescent imaging, we introduced EcN cells 

expressing ARG1 or LUX into the colons of anesthetized mice. To assess the ability of 
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each modality to resolve the spatial distribution of bacteria within the colon, we injected 

the ARG1 and LUX cells in the center or periphery of the colonic lumen (Fig. 4-5, e-h). 

Ultrasound images clearly revealed the localization of ARG-expressing EcN cells in the 

appropriate region of the colon (Fig. 4-5, e and g) at concentrations of 109 cells/ml – within 

the range of certain commensal and therapeutic scenarios, and below the density reached 

by EcN in some gnotobiotic models(141, 145). In contrast, bioluminescent images showed 

only that the bacteria are present somewhere in the mouse abdomen (Fig. 4-5, f and h). To 

facilitate visualization of ARG-specific signals, our ultrasound image analysis used 

background subtraction following gas vesicle collapse, with the resulting contrast overlaid 

on grayscale anatomical images to show the location of the bacteria within the context of 

other internal organs. Alternatively, ARG-expressing cells can also be seen in the colon in 

raw ultrasound images (Fig. 4-S5). Contrast from colon-localized E. coli was consistent 

across mice (Fig. 4-5d, Fig. 4-S6).  These results establish the ability of ARGs to make 

genetically labeled microbes visible noninvasively in deep tissue, and demonstrate the 

advantage of ultrasound relative to optical imaging in terms of spatial localization within 

deep organs. 

Some degree of burden is expected to accompany heterologous protein expression(148, 

149). To assess the burden on EcN cells presented by ARG1, we characterized their growth, 

viability, reporter expression maintenance, and release of microcins. The growth of 

cultures expressing ARG1 and LUX followed a similar time course after IPTG induction 

(Fig. 4-S7a), reaching final OD600 values of 5.66 ± 0.76 and 8.16 ± 1.12, respectively – a 

trend toward somewhat higher density for LUX. The quantity of viable colony forming 

units per OD was also similar between these samples (Fig. 4-S7b). Most EcN cells 

transformed with the ARG1 plasmid retained their ability to express gas vesicles after 

overnight induction (Fig. 4-S7c); a fraction of the colonies was non-gas vesicle-producing, 

suggesting that some shutdown of transgene expression occurs in EcN cells during 

transformation, recovery or growth. EcN cultures expressing ARG1 and LUX both retained 

their ability to inhibit the growth of the microcin-sensitive bacterial strain E. coli K-12 

H5316(150) (Fig. 4-S7d). Overall, these results suggest that ARG1 expression at levels 
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that make EcN cells brightly visible to ultrasound is reasonably well tolerated, with scope 

for further optimization to reduce burden and ensure reporter gene retention. 

 

Figure 4-5: Ultrasound imaging of bacteria in the gastrointestinal tract. (a) Diagram 
of GI imaging experiment. EcN cells expressing ARG1 or the LUX operon were introduced 
into the colon of mice and imaged with ultrasound or luminescence imaging. (b) 
Representative TEM images of whole EcN cells expressing ARG1 or the LUX operon. (c) 
Ultrasound images of a gel phantom containing EcN expressing ARG1 or the LUX operon. 
(d) Mean collapse-sensitive ultrasound signal in phantoms containing EcN cells expressing 
ARG1 or LUX. Line represents mean. (P-value = 0.0007, N=5). Cell concentration in (c-
d) was 109 cells/ml. (e) Transverse ultrasound image of a mouse whose colon contains EcN 
expressing ARG1 proximal to the colon wall, and EcN expressing LUX at the center of the 
lumen. (f) Luminescence image of mouse with the same arrangement of colonic bacteria. 
(g and h) Same as (e) and (f), but with EcN expressing ARG1 at the center of the lumen 
and EcN expressing LUX at the periphery. Cells are loaded at a final concentration of 109 
cells/ml. In (e) and (g), a difference heat map of ultrasound contrast within the colon ROI 
before and after acoustic collapse is overlaid on a grayscale anatomical image. In (f) and 
(h), a thresholded luminescence map is overlaid on a bright field image of the mouse. Scale 
bars represent 500 nm in (b), 2 mm in (c), and 2.5 mm in (e and g). 
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4.3f ARG expression in Salmonella typhimurium and imaging inside tumors 

Another emerging application of engineered microbes is as antitumor therapies and 

diagnostics (121, 127, 151). For example, Salmonella typhimurium has been engineered to 

colonize tumors after intratumoral or systemic injection and secrete proteins causing cancer 

cell lysis and immune system stimulation (127, 151). Being able to image such therapies 

in the body (Fig. 4-6a) could facilitate their development and clinical translation. To enable 

this possibility, we adapted the genetic construct encoding ARG1 for expression in 

attenuated S. typhimurium strain ELH1301, which has been used in tumor-homing studies 

(127, 151). Upon induction with N-(β-ketocaproyl)-L-homoserine lactone (AHL), ARG-

expressing S. typhimurium cells produced abundant intracellular gas vesicles and were 

readily observable using ultrasound compared to controls expressing the LUX operon (Fig. 

4-6, b-c). The level of ultrasound contrast was similar to ARG-expressing E. coli, with 

mean intensities per pixel of 9.5 ± 0.7 and 12.1 ± 2.1, respectively, at a density of 109 

cells/ml. Following pressure-induced collapse, these cells are indistinguishable from 

luciferase-expressing controls (Fig. 4-6b).  

As a proof of concept, we tested whether ARG-expressing S. typhimurium could be imaged 

in vivo in a murine tumor, where these bacteria can proliferate to densities of 1010 cells per 

gram tissue (151). Live ARG-expressing cells were injected into OVCAR8 ovarian 

adenocarcinoma xenografts in nude mice at one third of this concentration and imaged with 

ultrasound. Contrast was readily apparent in tumors containing the engineered S. 

typhimurium, and disappeared after acoustic collapse (Fig. 4-6, d-e). Cells expressing the 

luciferase operon had no discernable ultrasound contrast (Fig. 4-6e). These results 

demonstrate that ARGs can be employed in more than one bacterial species and that 

bacteria are detectable inside tumors at concentrations relevant to therapeutic and 

diagnostic applications.  
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Figure 4-6: Ultrasound imaging of S. typhimurium in tumor xenografts. (a) Diagram 
of tumor imaging experiment. S. typhimurium expressing ARG1 were introduced into the 
tumor of mice and imaged with ultrasound. (b) Ultrasound images of a gel phantom 
containing S. typhimurium expressing ARG1 or the LUX operon. Cell concentration is 109 
cells/ml. Experiment repeated 3 times with similar results. (c) TEM images of whole S. 
typhimurium cells expressing ARG1 with and without exposure to acoustic collapse pulses. 
At least 20 cellular images were acquired for each sample type (from one biological 
preparation each) with similar results. (d) Ultrasound images of mouse OVCAR8 tumors 
injected with 50 µL of 3.2 x 109 cells/ml ARG1-expressing S. typhimurium, before and 
after acoustic collapse. Experiment repeated 5 times with similar results. (e) Collapse-
sensitive ultrasound contrast in tumors injected with ARG1-expressing or LUX-expressing 
cells. N=5 animals. Line represens the mean. P-value = 0.002 using a two-sided 
heteroscedastic t-test. Scale bars 2 mm (b), 500 nm (c) and 2.5 mm (d).   
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4.3g High-throughput screening of acoustic reporter genes 

Finally, to enable future genetic engineering of ARGs, we assessed the amenability of these 

constructs to high throughput screening. In fluorescent protein engineering, directed 

evolution has served as an effective approach to identify variants with new spectral and 

biochemical properties (152-154). This approach typically requires a high-throughput 

screen, which is commonly implemented by plating a bacterial library of genetic variants 

on agar and imaging the resulting colonies to identify mutants with desired optical 

properties (153, 154). To determine whether a similar approach could be used with ARGs, 

we developed a method to scan bacterial colonies with ultrasound (Fig. 4-7, a-c). In this 

method, colonies are immobilized on agar plates with an over-layer of agarose, then 

scanned with an ultrasound transducer translated by a computer-controlled robot. This 

results in a series of transverse images that can be reconstructed to from an in-plane image 

of the plate. To assess the ability of this screening platform to discriminate acoustic 

phenotypes, we imaged a mixed plate of E. coli transformed with ARG1, ARG2 or GFP. 

Serial acoustic collapse imaging (Fig. 4-7b) revealed three distinct colony populations: one 

lacking ultrasound signal (Fig. 4-7d), one collapsing at a lower pressure, and one 

collapsing at a higher pressure (Fig. 4-7e). Based on these acoustic properties, the ARG1, 

ARG2 and GFP genotypes could be distinguished from each other with 100% accuracy, as 

determined by DNA sequencing (Fig. 4-7f). This result suggests that colony screening can 

discriminate acoustic phenotypes with sufficient accuracy to serve as a high-throughput 

assay for acoustic protein engineering. 
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Figure 4-7: High throughput screening of acoustic phenotypes. (a) Illustration of 
acoustic colony screening. Bacteria plated on agar are scanned with an ultrasound 
transducer that collects images and applies various peak pressures for acoustic collapse. 
An image of the 2D colony surface perpendicular to the transducer is computed from a 
series of contiguous images acquired in the transducer’s imaging plane. (b) Colony 
ultrasound images of a mixed population of ARG1, ARG2, and GFP expressing E. coli 
colonies. Images were acquired before collapse and after collapse at 4.0 and 6.0 MPa peak 
acoustic pressures. (c) Predicted genotypes of each colony based on the acoustic phenotype 
seen in the images in (b). (d) Ultrasound intensity histogram of 22 randomly picked 
colonies. Colonies with low contrast were predicted to be GFP and those with high contrast 
to be ARG1 or ARG2. (e) Normalized change in ultrasound intensity for each of the 
randomly picked colonies after insonation at increasing pressures. At 4 MPa, colonies with 
signal above the indicated threshold were predicted to be ARG1 and below to be ARG2. 
(f) Confirmation of predicted genotypes by sequencing. Scale bar in (c) represents 10 mm. 

4.4 Conclusion and Outlook 

Our study establishes engineered gas vesicle gene clusters as the first reporter genes for 

ultrasound, giving this widely used noninvasive imaging modality the ability to visualize 

genetically modified bacteria inside living animals with sub-100 µm resolution. ARGs 

allow cells to be detected at concentrations below 0.005% v/v or 100 cells per ultrasound 



 

 

71 
voxel, making this technology relevant to a broad range of studies involving commensal, 

disease-causing and engineered microbes. In addition to visualizing cellular location, 

ARGs allow ultrasound to follow regulated gene expression. With appropriate genetic 

engineering, this should make it possible to monitor the activity of various natural and 

engineered signaling circuits, for example the dynamic responses of cells to environmental 

metabolites or host pathology (121-123, 129). Furthermore, the ability to distinguish 

bacterial species through acoustic multiplexing of distinct ARGs may enable the study of 

more complex population dynamics or the monitoring of multiple engineered therapeutic 

or diagnostic agents. Importantly, ARG expression and imaging was not toxic to bacterial 

cells, and any changes in buoyancy resulting from a reduction in cellular density would 

generate forces in the fN range – orders of magnitude smaller than flagellar swimming or 

molecular attachment, thereby minimally perturbing cellular biodistribution. 

In this study, we imaged bacteria injected into the murine GI tract and tumor xenografts to 

demonstrate the ability of ARG-expressing cells to be detected within living animals at 

relevant concentrations. Future work must build on these proofs of concept to answer 

scientific and translational questions. This research will benefit from the development of 

ultrasound techniques to optimally detect ARG signals and distinguish them from 

background by leveraging the unique acoustic properties of gas vesicles, including their 

nonlinear responses to ultrasound (81, 96-98). Additional insights may arise from studying 

the frequency dependence of gas vesicle backscattering and collapse, especially at 

frequencies approaching their gas exchange rate of around 670 kHz (96, 107) – well below 

the 19 MHz and 6.25 MHz pulses used here. Simultaneous improvements in ultrasound 

technology, such as ultrafast contrast imaging (155, 156), may also improve detection 

sensitivity, and ARG-expressing cells moving through blood could potentially be localized 

with super-resolution techniques (39).   

In addition, although E. coli Nissle 1917 and S. typhimurium are both widely studied 

human-colonizing microbes and popular chasses for microbial engineering, it will be useful 

to adapt ARGs to a broader range of bacterial hosts such as the commensal genera 
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Bacteroides and Lactobaccili or the pathogens Clostridium and Pseudomonas, as well as 

recently developed strains of E. coli optimized for stable colonization of the gastrointestinal 

tract(122, 129). Since both of the cell types used in this study are Gram-negative, 

expressing ARGs in Gram-positive species may require modifying the ARG cassette; the 

feasibility of such expression is supported by the natural formation of gas vesicles in certain 

Gram-positive bacteria, such as Desulfotomaculum (84, 157).  

Furthermore, for studies involving in vivo colonization, it will be important to maintain 

ARG construct stability, and ensure that ARG expression does not disadvantage cells in 

their ability to grow and compete within their niche. Although ARG-expressing EcN cells 

were able to grow, remain viable and release microcins (Fig. 4-S7), trends in our 

experimental data suggest some degree of burden due to ARG expression, as expected in 

heterologous expression systems(148, 149). In future studies, this burden could be 

mitigated by regulating the overexpression of gas vesicles with negative feedback, 

triggering ARG expression transiently before imaging using two-step circuits (in which the 

ARG operon is controlled by a chemically inducible transcription factor whose own 

expression is connected to the circuit of interest), or stochastically expressing ARGs in a 

subset of the overall cell population to enable unburdened growth by the remaining cells. 

Additionally, to enhance the long-term stability of ARG constructs, it may be useful to 

incorporate them into the bacterial genome, or into plasmids containing engineered 

stability elements(158-161). Similar approaches were needed to stabilize the in vivo 

expression of LUX, whose burden resulted in the loss of the unstable plasmid shortly after 

in vivo administration (121, 151). The fact that gas vesicles are expressed naturally in a 

wide range of bacterial and archaeal species as part of their normal life cycle (84, 85) 

suggests that regulated expression of these proteins is compatible with healthy cellular 

function.  

To use ARGs in imaging a broader range of cell types, the sensitivity of ARG detection 

must be improved beyond the level demonstrated in this initial study, since many microbes 

of interest exist in tissues at densities below this level. Sensitivity improvements may be 
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obtained in future studies through rational engineering or directed evolution of gas vesicle 

gene clusters. The enhanced ultrasound contrast produced by buoyancy-enriched cells (Fig. 

4-S2) suggests that more efficient ARG expression could, on its own, more than double 

detection sensitivity. Combined with advanced nonlinear and ultrafast detection 

schemes(98, 155, 156), such improvements could also facilitate imaging in larger 

organisms. While optical techniques, such as fluorescent, luminescent and photoacoustic 

imaging, are also becoming more capable of visualizing cells in mice with improved 

resolution using advanced contrast agents (162-165), photon scattering and absorption 

make it challenging to scale them up to larger animals or patients. By contrast, ultrasound 

is intrinsically scalable to human subjects, making it possible to conceive of future clinical 

applications for ARGs. In addition, it is ultimately desirable to express ARGs in 

mammalian cells, which will require a significant dedicated effort. 

We anticipate that the ARGs presented in this work are only a starting point for future 

engineering of ultrasound reporter genes with new capabilities for noninvasive imaging 

and sensing. Since their initial discovery as optical reporters, fluorescent proteins have 

been engineered, evolved and used in thousands of unforeseen optical imaging 

applications. Our findings that genetic engineering can be used to generate ARGs with 

distinct acoustic properties and that ARGs are amenable to colony-based high-throughput 

screening suggest that a similar trajectory may be available for this new technology.  

4.5 Methods 

Molecular cloning 

To construct the plasmid for E. coli BL21(A1) expression of ARGs, the gene cluster 

encoding B. megaterium gas vesicle (GV) proteins BRNFGLSKJTU was amplified from 

pNL29 (138) (gift of Maura Cannon) and cloned into pET28a using Gibson assembly. The 

amplicon included an additional 46 bp upstream of the GvpB start codon and 180 bp 

downstream of the GvpU stop codon. To generate hybrid gene clusters, the genes encoding 

GvpA and GvpC were amplified from A.flos-aquae and cloned into pET28-RNFGLSKJTU 
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using Gibson assembly. A control gene encoding the green fluorescent protein (GFP) 

mNeonGreen (166) was similarly constructed in the pET28 vector. For expression of ARGs 

in E. coli Nissle 1917, the pET28 T7 promoter was replaced by the T5 promoter. For S. 

typhimurium expression, the ARG gene cluster was cloned into pTD103 (gift of Jeff 

Hasty). A plasmid encoding the luxCDABE gene cluster from Photorhabdus luminescens 

on the pTD103 backbone was also a gift of Jeff Hasty. 

Bacterial expression 

Plasmids expressing ARGs or GFP were transformed into chemically competent E. coli 

BL21(A1) cells (Thermo Fisher Scientific, Carlsbad, CA) and grown in 5 ml starter 

cultures in LB media with 50 µg/ml kanamycin, 1% glucose for 16 h at 37 ºC. Large-scale 

cultures in LB media containing 50 µg/ml kanamycin and 0.2% glucose were inoculated 

1:100 with the starter culture. Cells were grown at 37ºC to OD600 = 0.5, then induced with 

0.5% L-arabinose and 0.4 mM IPTG for 22h at 30 ºC. For E. coli Nissle 1917 (Ardeypharm 

GmbH, Herdecke, Germany) the same protocol was followed except constructs were 

electroporated into the cells and induction was performed at OD600 = 0.3 with 3 µM IPTG 

(ARG1) and 3 nM N-(β-ketocaproyl)-L-homoserine lactone (AHL) (LUX). Strain identity 

of  E. coli  Nissle 1917 cells was confirmed by PCR(167). For Salmonella typhimurium 

expression, the same protocol was followed except constructs were electroporated into S. 

typhimurium ELH1301 (gift of Jeff Hasty) and induction was with 3 nM AHL.  

Gas vesicle purification and quantification 

Harvested cells were centrifugated at 350 g in 50 ml conical tubes for 4 h with a liquid 

height < 10 cm to prevent collapse of GVs by hydrostatic pressure. For ARG variants that 

produce a buoyant band of cells, the midnatant was removed and discarded. For ARG 

variants that do not produce a buoyant band, the supernatant was discarded. The remaining 

cells were resuspended in 8 ml Solulyse-Tris #L200500 (Genlantis, San Diego, CA) per 

100 ml culture and 250 µl/ml lysozyme, and incubated for 1 h at 4 ºC with rotation. 

Subsequently, 10 µl/ml DNAseI was added to the lysate and incubated for 10 min at 25 ºC. 
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The lysate was transferred to 2 ml tubes and centrifugated for 2 h at 400 g at 8 ºC. The 

subnatant was removed with a 21.5 G needle, and the supernatant containing the GVs was 

transferred to a clean tube. PBS was added to the GVs in a 3-fold volume excess and 

centrifugation, removal of subnatant and PBS dilution was repeated 3 times. Purified GVs 

were quantified using the Micro BCA Protein Assay Kit (Thermo Fisher Scientific, 

Carlsbad, CA). GVs were collapsed with hydrostatic pressure prior to quantification. 

Bovine serum albumin was used to generate the standard curve. Absorbance measurements 

were taken on a Spectramax M5 spectrophotometer (Molecular Devices, Sunnyvale, CA). 

TEM sample preparation and imaging 

Cells expressing ARGs, or purified GVs, were exchanged into water or 10 mM HEPES 

pH8.0 with 150 mM NaCl, respectively, via 3 rounds of buoyancy purification and buffer 

exchange as described above. Samples were deposited on Formvar/carbon 200 mesh grids 

(Ted Pella) that were rendered hydrophilic by glow discharging (Emitek K100X). For 

purified GVs, 2% uranyl acetate was added for staining. The samples were then imaged on 

a FEI Tecnai T12 transmission electron microscope equipped with a Gatan Ultrascan CCD. 

Images were processed with FIJI (168). 

Hydrostatic collapse pressure measurements 

Cells expressing ARGs, or purified GVs, were diluted to OD600 = 1.0 in PBS and 0.4 ml 

was loaded into an absorption cell (176.700-QS, Hellma GmbH & Co. KG, Müllheim, 

Germany).  A single valve pressure controller (PC series, Alicat Scientific, Tuscon, AZ, 

USA) supplied by a 1.5 MPa nitrogen gas source applied hydrostatic pressure in the cell, 

while a microspectrometer (STS-VIS, Ocean Optics, Dunedin FL, USA) measured the 

optical density of the sample at 500 nm. OD500 was measured from 0 to 1.2 MPa gauge 

pressure with a 10 kPa step size and a 7-second equilibration period at each pressure. 
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In vitro ultrasound imaging 

Phantoms for imaging were prepared by melting 1% w/v agarose in PBS and casting wells 

using a custom 3D-printed template. Cells at 2X the final concentration were mixed 1:1 

with molten agarose (at 50 ºC) and immediately loaded into the phantom. The 

concentration of cells was determined prior to loading by measuring their OD600 after 

exposure to 1.2 MPa hydrostatic pressure to eliminate any contribution to light scattering 

from GVs. The optical density was then converted into cells/ml using the relationship 1 

OD=8x108cells/ml(http://www.genomics.agilent.com/biocalculators/calcODBacterial.jsp. 

Cell samples collected at early time points following induction, which had an OD 

insufficient for loading, were first concentrated using centrifugation at 350 g. Ultrasound 

imaging was performed using a Verasonics Vantage programmable ultrasound scanning 

system and L22-14v 128-element linear array transducer (Verasonics, Kirkland, WA). The 

transducer was mounted a computer-controlled 3D translatable stage (Velmex, Inc., 

Bloomfield, NY). Image acquisition was performed using conventional B-mode imaging 

using a 128 ray lines protocol with a synthetic aperture to form a focused excitation beam. 

The transmit waveform was set to a frequency of 19 MHz, 67% intra-pulse duty cycle, and 

a one cycle pulse. Samples were positioned 6 mm from the transducer face, which is the 

elevation focus of the L22-14v transducer, coupled through a layer of PBS. The transmit 

beam was also digitally focused at 6 mm. For imaging, the transmit voltage was 2 V and 

the f-number was 3, resulting in a peak positive pressure of 0.4 MPa. Backscattered 

ultrasound signals were filtered with a 7 MHz bandpass filter centered at 19 MHz. Signals 

backscattered from four transmit events were summed prior to image processing. Pixel gain 

was set to 3 and persistence to 90.  

For GV collapse using the L22-14 array, we set the f-number to 0.2 (thereby ensuring that 

all transducer elements were active) and scanned the transmit focus from 3 mm to 9 mm. 

During the 10-second collapse scan, single-cycle pulses were applied using a ray-lines 

protocol at 19 MHz with a frame rate of 12 frames per second. To measure GV collapse in 

ARG-expressing cells as a function of acoustic pressure, images were acquired as described 
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above at a peak positive pressure of 0.4 MPa after sequentially exposing the samples to 

collapse pulses of increasing amplitude, with pressures varied from 0.55 MPa to 4.7 MPa. 

To achieve complete collapse, we applied the maximal pressure of 4.7 MPa. Collapse data 

was fitted with a Boltzmann sigmoid function to facilitate visualization of collapse curves. 

This function of the form f(p) = (1 + e
./.0
1 )23 where p is the pressure, and pc and s are 

fitted parameters representing the collapse midpoint and slope, respectively. For spectral 

unmixing, the two collapse pressures applied were 2.7 MPa and 4.7 MPa. Transducer 

output pressures were measured in a degassed water tank using a fiber-optic hydrophone 

(Precision Acoustics, Dorset, UK). 

Plate-based induction and optical imaging 

ARG and GFP constructs were transformed as described above, and the transformation mix 

after recovery was plated on two-layer LB-Agar plates. The underlayer contained 50 µg/ml 

kanamycin, 1.0% L-arabinose, and 0.8 mM IPTG. The overlayer contained 50 µg/ml 

kanamycin and 0.4% glucose. The overlayer was poured 30 min prior to plating, and each 

layer was 4 mm thick. Plates with transformants were incubated at 30 ºC for 20 h and then 

imaged for white light scattering and green fluorescence using a Chemidoc MP instrument 

(Bio-Rad, Hercules, CA).  

Cell growth, viability and microcin production assays 

E. coli Nissle 1917 cells were transformed by electroporation with pET28 plasmids 

containing either the ARG1 or LUX gene cluster under the T5 promoter. Transformed cells 

were grown in 5 mL starter cultures in LB media containing 50 µg/ml kanamycin, 1% 

glucose for 16 h at 37 °C. The overnight cultures were diluted 1:100 in 50 mL of LB media 

containing 50 µg/ml kanamycin and 0.2% glucose. Cultures were grown at 30 °C to OD600 

~0.2–0.3 and induced with 3 µM IPTG (+IPTG), or left uninduced (-IPTG). Both induced 

and uninduced cultures were allowed to grow for 22 h at 30 °C. For time point OD 

measurements, 1 mL of the culture was taken out and measured. For plating after 22 h of 

growth, the cultures were diluted to a uniform OD600 of 0.2, before further serial dilution 
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by a factor of 2 x 104 in LB supplemented with 50 µg/ml kanamycin and 0.2% glucose. 

100 uL of the final dilutions were plated on two-layer LB-Agar plates using a cell spreader. 

The underlayer of the plates contained 50 µg/ml kanamycin and 9 µM IPTG. The overlayer 

contained 50 µg/ml kanamycin and 0.4% glucose. The overlayer was poured 30 min prior 

to plating, and each layer was 3 mm thick. Cells uniformly spread on the two-layer plates 

were allowed to grow at 30°C for 21 h. Colonies were then imaged for light scattering 

using the Chemidoc MP instrument under white light transillumination and 605 ± 50 nm 

receive filter, and both opaque (gas vesicle-producing) and clear colonies were counted to 

determine total cfu/mL and gas vesicle-expressing fraction. Plates had a minimum of 82 

and a maximum of 475 total colonies, enabling manual counting. 

To assay microcin production, E. coli Nissle 1917 cells containing ARG1 or LUX were 

cultured as described above and spotted on microcin assay plates containing E. coli K-12 

H5316 cells (gift from Klaus Hantke). Wild-type H5316 were grown in 5 mL LB media, 

and H5316 cells transformed with pET plasmid containing mWasabi and KanR under a T5 

promoter (H5316* cells) were grown in 5 mL LB media containing 50 µg/ml kanamycin 

and 1% glucose for 16 h at 37 °C. Two-layer LB plates were used to assay the growth 

inhibition of H5316 cells by microcin peptides produced by Nissle 1917 cells. Plates used 

to assay with wild-type H5316 cells contained 20 mL of 1% LB agar at the bottom, and the 

top layer contained 2 x 107 H5316 cells in 20 mL of 0.3% LB agar. Plates using H5316* 

cells contained 20 mL of 1% LB agar with 50 µg/ml kanamycin, 50 µM desferal, and 3 

µM IPTG, and the top layer contained 2x107 H5316* cells in 20 mL of 0.3% LB agar with 

50 µg/ml kanamycin, 50 µM desferal, and 3 µM IPTG. Nissle cells containing ARG1 or 

LUX genes were cultured at 30˚C for 22 h with or without 3 µM IPTG. Nissle cells with 

ARG1 were exposed to 1 MPa of hydrostatic pressure to facilitate the removal of 

kanamycin by centrifugation before spotting on H5316 plates. Nissle cells containing 

ARG1 and LUX induced and uninduced with IPTG, as well as H5316* cells, were washed 

3x in PBS by pelleting and adjusted to OD 1 in LB. All cells were spotted in 2 µL volume 

on 5 mm sterile filter paper (Bel-Art Products), placed on the microcin assay plates. 

Unsupplemented LB and 100 mg/mL ampicillin (2 µL each) were similarly spotted as 
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controls. After 17 h at 37 ºC, the plates were imaged with the Chemidoc MP instrument 

with blue transillumination, and unfiltered light was collected to form an image. Images 

shown are representative of four experiments each. 

Colony Ultrasound 

ARG and GFP constructs were transformed into BL21(A1) one-shot competent cells 

(Thermo Fisher Scientific, Carlsbad, CA) and plated onto LB-Agar two-layer inducer 

plates as described above. Plates were grown at 37 ºC for 14h. The colonies were 

immobilized by depositing a 4 mm layer of 0.5% Agarose-PBS gently onto the plate 

surface. Ultrasound imaging was performed using a L11-4v128-element linear array 

transducer (Verasonics, Kirkland, WA) to obtain a larger field of view. The transducer was 

mounted a computer-controlled 3D translatable stage (Velmex, Inc., Bloomfield, NY). 

Image acquisition was performed using conventional B-mode imaging using a 128 ray lines 

protocol with a synthetic aperture to form a focused excitation beam. The transmit 

waveform was set to a frequency of 6.25 MHz, 67% intra-pulse duty cycle, and a four-

cycle pulse. Colonies were positioned 20 mm from the transducer face, which is the 

elevation focus of the L11-4v transducer, coupled through a layer of PBS. The transmit 

beam was also digitally focused at 20 mm. For imaging, the transmit power was 2 V and 

the f-number was 3, resulting in a peak positive pressure of 0.61 MPa. To measure GV 

collapse in bacterial colonies as a function of acoustic pressure, images were acquired as 

described above at a peak positive pressure of 0.61 MPa after sequentially exposing the 

samples to collapse pulses at 6.25 MHz, with increasing amplitude from 0.61 MPa to 5.95 

MPa. Pixel gain in the images was set to 0.1 and persistence to 20. Cross-sectional images 

of the plate (perpendicular to the plate surface) were acquired at spatial intervals of 250 

µm using computer-controlled steps. The cross-sectional images were processed in 

MATLAB to form 2D images of the plate surface. First, the cross-sectional images were 

stacked to produce a 3D-volumetric reconstruction of the plate. We then summed the 

signals in a 2mm slice of the volume parallel to and centered on the bacterial growth surface 

after thresholding to eliminate background, forming a 2D projection image of the plate. 
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After ultrasound imaging, image processing, and acoustic phenotype prediction, the 

colonies were picked using 10 µl sterile pipet tips. Each colony was used to inoculate a 5 

ml LB + 50 µg/ml kanamycin culture. The cultures were mini-prepped and sequenced to 

determine whether the plasmid contained GFP, ARG1, or ARG2. 

In vivo ultrasound and bioluminescence imaging 

All in vivo experiments were performed on BALB/c or SCID nude female mice, aged 14-

15 weeks, under a protocol approved by the Institutional Animal Care and Use Committee 

of the California Institute of Technology. No randomization or blinding were necessary in 

this study. Ultrasound imaging was performed as follows. Mice were anesthetized with 1-

2% isoflurane, maintained at 37ºC on a heating pad, depilated over the imaged region, and 

imaged using an L22-14v transducer with the pulse sequence described above. For imaging 

of E. coli in the gastrointestinal tract (GI), BALB/c mice were placed in a supine position, 

with the ultrasound transducer positioned on the lower abdomen, transverse to the colon. 

Anatomical landmarks including the bladder were used to identify the colon’s position. 

Prior to imaging, buoyancy-enriched E. coli Nissle 1917 expressing ARG1 or LUX were 

mixed 1:1 with 42ºC 4% agarose-PBS for a final bacterial concentration of 109 cells/ml. 

An 8-gauge needle was filled with the mixture of agarose-bacteria expressing either ARG1 

or LUX. Before it solidified, a 14-gauge needle was placed inside the 8-gauge needle to 

form a hollow lumen within the gel. After the agarose-bacteria mixture solidified at room 

temperature for 10 min, the 14-gauge needle was removed. The hollow lumen was then 

filled with the agarose-bacteria mixture expressing the other imaging reporter (ARG1 or 

LUX). After it solidified, the complete cylindrical agarose gel was injected into the colon 

of the mouse with a PBS back-filled syringe. The same procedure was used with E. coli 

BL21 cells, except with the entire gel homogeneously composed of either ARG2- or GFP-

expressing cells. Introduction of gel into the colon is a common preparatory protocol for 

gastrointestinal ultrasound (169, 170).   

For imaging of S. typhimurium in tumors, we formed hindlimb ovarian tumor xenografts 

in SCID nude mice via subcutaneous injection of 5 x 107 OVCAR8 cells with matrigel. 
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After tumors grew to dimensions larger than approximately 6 mm (14 weeks), they were 

injected with ARG1-expressing S. typhimurium (50 µL, 3.2 x 109 cells/ml). The tumors 

were then imaged with ultrasound, with mice in a prone position with anesthesia, 

homeostasis and imaging parameters as described above. Our animal protocol specified 

that animals with total tumor volume exceeding 2 cm3, or showing signs of distress as 

assessed by the veterinary team, be euthanized. 

For luminescence imaging, mice were anaesthetized with 100 mg/kg ketamine and 10 

mg/kg xylazine and imaged using a Bio-Rad ChemiDoc MP imager without illumination, 

no emission filter, and an integration time of 5 min. The image was thresholded and 

rendered in ImageJ, and superimposed on a brightfield image of the mouse using GIMP. 

Image processing 

MATLAB was used to process ultrasound images. Regions-of-interest (ROIs) were 

defined to capture the ultrasound signal from the phantom well, colon, or tumor region. All 

in vitro phantom experiments had the same ROI dimensions. For in vivo experiments ROIs 

were selected consistently to exclude edge effects from the colon wall or skin. Mean pixel 

intensity was calculated from each ROI, and pressure-sensitive ultrasound intensity was 

calculated by subtracting the mean pixel intensity of the collapsed image from the mean 

pixel intensity of the intact image. Images were pseudo-colored, with maximum and 

minimum levels adjusted for maximal contrast as indicated in accompanying color bars. 

For the multiplexed imaging of ARG1 and ARG2, acoustic spectral unmixing was 

performed, using the methods described in (97). Briefly, a spatial averaging filter (kernel 

size 30 x 30 pixels or 750 x 750 µm) was applied to the three acquired images (before 

collapse, after collapse with 2.7 MPa and after collapse with 4.7 MPa) to reduce noise. 

Then, pixel-wise differences between the first and second image, and between the second 

and third image were calculated, and multiplied by the inverse of the collapse matrix, a, 

representing the expected fractional collapse of each ARG type at each pressure (a = 
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[0.7921, 0.5718; 0.2079, 0.4282]), to produce the unmixed pixel intensities corresponding 

to the contributions from ARG2 and ARG1.  

Statistical analysis 

For statistical significance testing, we used two-sided heteroscedastic t-tests with a 

significance level of type I error set at 0.05 for rejecting the null hypothesis. Sample sizes 

for all experiments, including animal experiments, were chosen on the basis of preliminary 

experiments to be adequate for statistical analysis. 

Data and code availability 

ARG1 and ARG2 plasmid sequences are included in Supplementary Information, and will 

be deposited to Addgene. All other materials and MATLAB code are available upon 

reasonable request. 

4.6 Supplementary figures and tables 

 

Figure 4-S1:  Sequence homology of GvpA/B. Amino acid sequence alignment of the 
primary gas vesicle structural protein, GvpB from B. megaterium (the GvpA analog in this 
species) and GvpA from A. flos-aquae. 
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Figure 4-S2: Ultrasound contrast from buoyancy-enriched cells. (a) Diagram of 
centrifugation-assisted enrichment of buoyant cells. (b) Image of ARG1 E. coli culture 22 
hours after induction and 4 hours of centrifugation at 350 g, showing the presence of 
buoyant cells. Arrow points to meniscus layer containing buoyant cells. Experiment 
repeated 3 times with similar results. (c) Ultrasound images of E. coli expressing ARG1 at 
various cellular concentrations, with and without buoyancy enrichment. Experiment was 
repeated 4 times with similar results. (d) Ultrasound contrast from E. coli expressing 
ARG1, with and without buoyant enrichment, and GFP at various cell densities. N=3 
biological replicates; lines represent the mean. 
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Figure 4-S3: Time course of acoustic reporter gene contrast after induction. (a) 
Ultrasound images of ARG1-expressing E. coli at various times after induction with IPTG. 
Experiment repeated 4 times with similar results. (b) Mean ultrasound contrast at each time 
point N=4 biological replicates; line represents the mean. Cell concentration was 5 x 108 
cells/ml. Scale bar represents 2 mm. 

 

 

Figure 4-S4: Ultrasound contrast from cells expressing ARG1 and ARG2. (a) Top: 
image of ARG2 E. coli culture 22 hours after induction showing the presence of buoyant 
cells. Experiment repeated 3 times with similar results. Bottom: mass fraction of gas 
vesicles produced 22 hours after induction. N=3 biological replicates; line represents the 
mean. (b) Ultrasound contrast from the whole population of cells expressing ARG1, ARG2 
or GFP. N=3 biological replicates; lines represent the mean. (c) Ultrasound contrast from 
the buoyancy-enriched population of cells expressing ARG1, ARG2 or GFP. N=3 
biological replicates; lines represent the mean. 
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Figure 4-S5: Anatomical ultrasound images of acoustic bacteria in the GI tract. Raw 
images underlying the difference maps shown in Figure 4-5, e and g. The cyan outline 
identifies the colon region of interest for difference processing. N = 3 independent trials. 
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Figure 4-S6: Ultrasound imaging of ARG-expressing cells in the mouse colon. (a) 
Transverse ultrasound images of mice whose colon contains BL21 E. coli expressing either 
ARG2 or GFP at a final concentration of 109 cells/ml. A difference heat map of ultrasound 
contrast within the colon ROI before and after acoustic collapse is overlaid on a grayscale 
anatomical image. (b) Signal intensity in mice with E. coli expressing either ARG2 or GFP. 
N=5 biological replicates per sample. P-value = 0.02 using two-sided heteroscedastic t-
test. Scale bar represents 2 mm. 

 

Figure 4-S7: Impact of ARG1 and LUX expression on E. coli Nissle 1917 (EcN) cell 
growth, viability and microcin release. (a) Optical density at 600 nm measured 0 to 22 
hours after induction with 3 µM IPTG, or without induction, in EcN cells transformed with 
ARG1 or LUX. N=4 biological replicates per time point. Lines represent the mean. The p-
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value comparing induced ARG1 and induced LUX values at 22 hours is 0.06. The p-value 
comparing uninduced ARG1 and induced LUX at 22 hours is 0.02. Comparisons at all 
other time points have p-values greater than 0.14. (b) Colony-forming units (cfu) per mL 
culture per OD600 after 22 hours of induction with 3 µM IPTG, or uninduced growth, of 
EcN cells transformed with ARG1 or LUX. All p-values greater than or equal to 0.22. N=7 
biological replicates for ARG1 samples and N=4 biological replicates for LUX samples. 
Lines represent the mean. (c) Fraction of opaque, GV-producing colonies produced by 
plating ARG1-transformed EcN cells 22 hours after induction with 3 µM IPTG, or 
uninduced growth. Cells are plated on dual-layer IPTG induction plates, allowed to grow 
overnight at 30ºC and imaged. p-value=0.12. N=7 biological replicates. Lines represent the 
mean. (d) Left image: microcin release assay using a uniform layer of the indicator strain 
E. coli K12 H5316 in soft agar, after 17-hour incubation with filters containing microcin 
sources and controls, as indicated. EcN cells transformed with ARG1 or LUX were induced 
for 22 hours with 3 µM IPTG, or grown without induction, before spotting. H5316* 
indicates H5316 cells transformed with mWasabi and cultured for 22 hours as with EcN 
cells. All cells were washed before spotting to remove antibiotic. LB is LB media. Amp is 
100 mg/ml ampicillin. Experiment was performed 4 times with similar results. (e) Results 
of the same experiment as in (d), but with the indicator strain comprising H5316* cells and 
the agar containing 50 µg/mL kanamycin, 3 µM IPTG and 50 µM desferal, to show that 
microcin release also occurs during transgene expression. Note that the H5316* spot 
appears bright because plate image is acquired with blue light transillumination, resulting 
in mWasabi fluorescence. Experiment was performed 4 times with similar results. All p-
values were calculated using a two-sided heteroscedastic t-test. 

 

 

 

Supplementary table 4-T1: Estimated buoyant force on ARG-expressing cells. This 
calculation assumes a wild-type E. coli cell density of 1.1 g/mL (171), a cellular volume, 
v, of 4.4 fL (172), and gravitational acceleration, g, of 9.8 m s-2. The density of an ARG-
expressing cell, rcell, is calculated as 1.1 g /mL * (1 – f), where f is the fraction of the volume 
occupied by the gas in gas vesicles. Buoyant force, F, is then calculated as  𝑭 =
	(𝝆𝒎𝒆𝒅𝒊𝒂 − 𝝆𝒄𝒆𝒍𝒍)𝒈𝒗, where rmedia is taken to be 1 g/mL. For comparison, the thrust force 
of E. coli flagellar propulsion is 570 fN (173). 

 

Fraction of Cell Occupied by Gas Buoyant Force (fN) 
0% -4.31 
10% 0.43 
20% 5.17 
50% 19.40 
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C h a p t e r  5  

ACOUSTIC BIOSENSORS FOR ULTRASONIC IMAGING OF 

ENZYME ACTIVITY 

A. Lakshmanan, Z. Jin, S. P. Nety, D. Sawyer, A. L-Gosselin, D. Malounda, D. Maresca 

and M.G. Shapiro (2019). Acoustic biosensors for ultrasonic imaging of enzyme activity. 

(manuscript in preparation). 

5.1 Introduction 

Virtually every fundamental biological process in living organisms involves dynamic 

changes in the concentration or activity of specific molecules. Visualizing these changes 

within the context of intact tissues and organisms is critical to expand our understanding 

of basic biology and disease (174). A large repertoire of genetically encoded biosensors 

based on fluorescent proteins has been engineered to visualize specific molecular and 

cellular events (9, 11, 14, 15, 18, 19, 23). However, using such biosensors to study 

signaling taking place inside intact, living organisms is challenging due to the limited 

penetration of light in biological tissue. In contrast, non-invasive biomedical imaging 

technologies such as ultrasound are capable of imaging at depth with high spatial and 

temporal resolution (below 100 µm and 1 ms, respectively), and work in species ranging 

from small model organisms to humans (1, 32). However, ultrasound currently lacks the 

ability to visualize specific biomolecular processes due to the lack of biosensors that can 

dynamically report the activity of physiologically relevant molecules such as enzymes.  

Here, we introduce biomolecular sensors for ultrasound based on gas vesicles (GVs), a 

unique class of air-filled protein nanostructures, which were recently established as 

nanoscale imaging agents and reporter genes for ultrasound (81, 175). GVs are expressed 

intracellularly in certain aquatic microbes as a means of regulating cellular buoyancy for 

optimal photosynthetic illumination (84). GVs comprise a 2 nm-thick protein shell 

enclosing an air compartment with a width of 45-250 nm and a length of several hundred 
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nm (84, 85). The low density and high compressibility of GVs’ air-filled core relative to 

surrounding aqueous media allows them to scatter sound waves and thereby produce 

ultrasound contrast (32). This capability has been demonstrated with GVs as purified 

injectable nanostructures and as acoustic reporter genes expressed heterologously in 

commensal bacteria (81, 97, 99, 175).  

GVs are attractive candidates for the development of dynamic biosensors for ultrasound 

due to our ability to engineer their acoustic properties at the level of their constituent 

proteins (97, 98). In particular, although the formation of GVs is encoded by clusters of 8-

14 genes, their protein shell is predominantly composed of the structural proteins GvpA 

and GvpC (85, 89-91, 102, 103)  (Fig. 5-1a). In GVs derived from Anabaena flos-aquae, 

GvpA is a 7.4 kDa amphiphilic protein that forms the main structural backbone of the GV 

shell, while GvpC sits on the external surface of the GV to provide structural reinforcement 

(87, 88, 104, 176). GvpC contains five highly-conserved alpha-helical repeats of 33 amino 

acids, each of which binds across five GvpA monomers (63). Earlier work demonstrated 

that the engineering of GvpC enables tuning of the mechanical properties of GVs, including 

their ability to produce nonlinear ultrasound contrast (97). This contrast is readily detected 

against tissue background using amplitude modulation ultrasound pulse sequences (98, 

101).  

In this study, we hypothesized that we could develop molecular biosensors for ultrasound 

in the form of GVs that dynamically change their nonlinear ultrasound contrast in response 

to the activity of specific biomolecules. In particular, we set out to engineer variants of 

GvpC incorporating amino acid sequences recognized by specific proteases – an important 

class of enzymes underlying cellular signaling, homeostasis, disease processes and 

therapeutic mechanisms (177-180). Using this strategy, we created GV-based biosensors 

to visualize the activity of the model constitutively active TEV endopeptidase, the calcium-

activated protease calpain, and the processive protease ClpXP. We tested the ability of 

acoustic biosensors to visualize enzymatic activity in vitro, in living engineered cells, and 

in vivo in the mouse gastrointestinal (GI) tract. The resulting technology establishes a 
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connection between the deeply penetrant imaging capabilities of ultrasound and the 

dynamic activity of enzymes, and provides a strategy for developing acoustic biosensors 

for a broad range of molecular and cellular signals. 

TEV endopeptidase was chosen for the first proof-of-concept experiment, as it is well-

characterized and highly sequence-specific, making it a staple enzyme in molecular 

biology applications (181-183). Calpain was chosen for its physiological relevance in 

controlling cellular fate and function by influencing diverse processes including cell 

motility and fusion, signal transduction, gene expression, cell cycle progression, apoptosis 

and necrosis (184, 185). Besides being a temporal integrator and indicator of calcium levels 

in the cell, excessive calpain activation is associated with cell death and must be tightly 

controlled due to irreversible cleavage of substrates by the activated protease (186). The 

biological functions of calpain and its association with intracellular calcium signaling are 

of significant biomedical interest as biomarkers and potential therapeutic targets in a 

growing number of diseases including cancer, Alzheimer’s Parkinson’s, type-2 diabetes, 

myocardial infarction, pulmonary fibrosis, traumatic spinal cord and brain injury (187). 

Therefore, developing an acoustic sensor to non-invasively visualize calpain activation 

would enable early diagnosis and in vivo deep-tissue monitoring of cell-fate and disease 

pathologies. Our third candidate was the processive proteolytic complex ClpXP, an 

important member of the family of ATPases Associated with diverse cellular Activities or 

AAA+ proteases, whose main function is to degrade proteins in bacteria and eukaryotic 

organelles (188, 189). Protein degradation by ClpXP is critical for modulating cellular 

responses to the environment and is implicated in biological functions ranging from protein 

quality control and unfolded protein response to regulation of the circadian clock and 

temporal control of cell division (188, 190-194). Mitochondrial ClpXP is being 

increasingly studied for its role in regulating energy metabolism in the context of 

neurodegenerative diseases, cancer and aging (192, 193).  

Although we had an established modular system for molecular engineering of Ana GVs 

based on addition of new, recombinantly-expressed GvpC variants to GVs stripped of their 
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native GvpC (DGvpC), extending this platform to engineer dynamic GV sensors was a 

whole new challenge. The first challenge was in the design and screening of protease-

sensitive GvpC variants. While NMR structural simulations have been used to predict the 

secondary structure of different GvpC regions, no high-resolution 3-D crystal structure or 

precise information about the higher-order organization of GvpC on the GV surface exists 

in the literature. This made it impossible to predict a priori the ideal location for inserting 

a protease recognition motif or tag, and its effect on the stability and functionality of the 

modified GvpC. Secondly, in order to build an effective GV sensor, the dynamic change 

in GV shell mechanics had to translate to an unambiguous difference in the acoustic 

response that could be clearly discerned during ultrasound imaging. Finally, we did not 

know if protease activity, especially in the case of the processive ClpXP complex, would 

entirely compromise the integrity of the shell structure leading to complete collapse of the 

GVs.  

In this study, we establish the first dynamic biomolecular sensors for ultrasound imaging 

of protease activity by engineering Ana GVs to conditionally change their nonlinear 

contrast in response to the activity of three different types of proteases – the TEV 

endopeptidase, the calcium-activated calpain protease and the processive bacterial ClpXP 

protease. Genetic modification of the outer shell protein, GvpC, by incorporation of a 

protease recognition motif or degradation tag, enables its subsequent cleavage or 

degradation by the active protease.  This dynamic weakening or removal of GvpC causes 

the GV shell to become less stiff, undergo nonlinear buckling in response to ultrasound, 

and produce enhanced signals under nonlinear ultrasound imaging using a custom cross-

amplitude modulation sequence. Furthermore, we demonstrate dynamic sensing of 

proteolytic activity in Escherichia coli Nissle 1917 by constructing intracellular acoustic 

sensor genes, and controllably tune down their nonlinear acoustic contrast in response to 

circuit-driven gene expression. E. coli Nissle (ECN) is a probiotic strain with the capacity 

to colonize the mammalian gastrointestinal tract and an increasingly used chassis in 

synthetic biology for the development of microbial therapeutics (121, 145, 167). Given this 

context, we demonstrate the potential of these dynamic biomolecular reporters for in vivo 
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ultrasound imaging applications by visualizing ECN cells expressing acoustic sensor genes 

inside the colon of live mice with high spatial resolution.  

5.2 Results 

5.2a Engineering an acoustic sensor of TEV endopeptidase activity 

To build an acoustic sensor for Tobacco Etch Virus (TEV) endopeptidase, we engineered 

a GvpC variant containing a protease recognition motif ENLYFQ’G that could specifically 

be recognized and cleaved by the endopeptidase (Fig. 5-1b). Our hypothesis was that 

dynamic cleavage and/or subsequent dissociation of protease-sensitive GvpC would cause 

the GV shell to become less stiff, allowing it to undergo nonlinear buckling in response to 

ultrasound. This buckling would then lead to production of enhanced nonlinear signals 

under ultrasound imaging (Fig. 5-1b). Based on a semi-rational design strategy, the TEV 

recognition sequence was inserted with and without flexible linkers of different lengths 

into the repeat regions of Ana GvpC in substitution of the original GvpC sequence. The 

TEV-sensitive GvpC variants were expressed and purified in E. coli and re-added on the 

surface of DGvpC Ana GVs to engineer potential GV sensor candidates that had a TEV 

cleavage site on their outer surface.  

Engineered GVs were incubated with active TEV protease and a heat-deactivated (dTEV) 

protease, and their hydrostatic collapse behavior was measured post incubation using 

pressurized absorbance spectroscopy. This technique measures the optical density of GVs 

(which scatter 500 nm light when intact) under increasing hydrostatic pressure and 

provides a quick assessment of GV shell mechanics: GVs that collapse at lower pressure 

also produce more nonlinear contrast. Using this approach, we identified an engineered 

GV variant that showed ~ 70 kPa reduction in the collapse pressure midpoint upon 

incubation with the active TEV protease (Fig. 5-1c). This GV variant (hereafter referred to 

as GV Sensor for TEV, or GVSTEV) has the TEV cleavage site on repeat 2 of Ana GvpC, 

flanked by flexible GSGSGSG linkers on both sides.  
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TEV cleavage of the engineered GvpC on GVSTEV is expected to produce N- and C-

terminal fragments with molecular weights of approximately 9 and 14 kDa, respectively. 

Indeed, gel electrophoresis of GVSTEV after exposure to active TEV resulted in a significant 

reduction in the intact GvpC band and the appearance of the two cleaved GvpC fragments 

(Fig. 5-1d). In addition, removal from solution of unbound fragments via buoyancy 

purification of the GVs resulted in a reduced band intensity for the N-terminal cleavage 

fragment, indicating its partial dissociation after cleavage (Fig. 5-1d). No changes in GvpC 

were observed after incubation with dTEV. Transmission electron microscopy (TEM) 

images showed intact GVs with similar appearance under both conditions, confirming that 

protease cleavage did not affect the structure of the core GvpA shell (Fig. 5-1e). Dynamic 

light scattering (DLS) measurements showed no significant difference in the hydrodynamic 

radius of the engineered GVs after incubation with dTEV and active TEV protease, 

confirming the retention of colloidal stability (Fig. 5-1f).  

After confirming the desired mechanical and biochemical properties of GVSTEV, we 

performed ultrasound imaging to visualize the effect of TEV protease on this biosensor’s 

acoustic response. Nonlinear imaging was performed using a recently developed cross-

amplitude modulation (x-AM) approach (101), while linear images were acquired using a 

conventional B-mode pulse sequence. As hypothesized, exposing the GVSTEV samples to 

TEV protease produced a strong nonlinear acoustic response (maximal nonlinear contrast-

to-noise ratio (CNR) enhancement of ~ 7 dB at 7.2V) (Fig. 5-1g). No similar nonlinear 

contrast was observed in controls exposed to dTEV, while as expected both samples 

produced similar linear scattering. Consistent with the pressure-dependent mechanics of 

the GV shell, the differential nonlinear acoustic response of GVSTEV became evident at 

pressures above 5V, and kept increasing until 9V, at which point the GVs begin to collapse 

(Fig. 5-1h). As an additional control, we found that GVs with the wild-type GvpC sequence 

(GVWT) showed no difference in their hydrostatic collapse pressure or enhancement of 

nonlinear acoustic signal in response to TEV protease (Fig. 5-1, i-k), and no GvpC 

cleavage was seen upon gel electrophoresis (Fig. 5-S1). These results establish GVSTEV as 

an acoustic biosensor of the TEV protease enzyme. 
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Figure 5-1: Engineering an acoustic sensor of TEV endopeptidase activity. (a) 
Schematic of a gas vesicle from Anabaena flos-aquae (Ana GV), with the structural 
backbone of its protein shell formed by GvpA ribs (gray) and the outer surface protein 
GvpC (blue) linking the GvpA ribs together to mechanically reinforce the structure. Each 
GvpC molecule is composed of five 33-amino acid repeats flanked by N-and C-terminal 
regions. (b) Schematic of a GV-based acoustic sensor of TEV endopeptidase activity. GVs 
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are engineered to have TEV-sensitive GvpC on the outer surface of their shell by 
incorporation of an enzyme recognition motif. Dynamic cleavage of the TEV-sensitive 
GvpC by the active endopeptidase causes weakening of the GV shell, leading to nonlinear 
buckling deformations and enhanced harmonic signals under ultrasound imaging (c) 
Normalized optical density (OD500nm) measurements of the GV sensor of TEV (GVSTEV) 
as a function of hydrostatic pressure after protease incubation. Heat-deactivated TEV 
(dTEV) is used as the negative control. Data points are fitted to a Boltzmann sigmoid 
function, and the legend shows the midpoint of hydrostatic collapse for each condition, 
along with the 95% confidence interval values (N³3 independent trials). (d) SDS-PAGE 
analysis of OD500nm-matched samples of GVTEV incubated with dTEV and active TEV 
protease, before and after 2 rounds of buoyancy purification (pre and post b.p. respectively) 
(e) Representative TEM images of GVSTEV after incubation with dTEV and active TEV 
protease. (f) DLS measurements of the average hydrodynamic radius of GVSTEV and GVWT 
samples after protease incubation (N³3 biological replicates, individual dots represent each 
N and thick horizontal line indicates the mean) (g) Representative ultrasound images of 
agarose phantoms containing GVSTEV incubated with TEV or dTEV protease at OD500nm 
2.2. The linear (B-mode) image was acquired at 1.6V and the nonlinear (x-AM) image 
showing the maximum difference in harmonic signal between the two samples was 
acquired at 7.2V. (h) Average ratio of x-AM to B-mode ultrasound signal as a function of 
transducer voltage for GVSTEV after incubation with TEV and dTEV protease (N=3 
independent biological replicates, with each N consisting of 2-3 technical replicates). (i) 
Hydrostatic collapse pressure measurements for engineered Ana GVs with WT-GvpC 
(GVWT) after protease incubation (N³3) (j) Representative ultrasound images of agarose 
phantoms containing GVWT incubated with TEV or dTEV protease at OD500nm 2.2. The B-
mode image was acquired at 1.6V and the x-AM image at 9.2V. (k) Average ratio of x-
AM to B-mode ultrasound signal as a function of transducer voltage for GVWT after 
incubation with TEV and dTEV protease (N=3). For ultrasound images in (g) and (j), CNR 
stands for contrast-to-noise-ratio and color bars represent ultrasound signal intensity in the 
dB scale. Error bars indicate SEM. Scale bars in (e) represent 100 nm. Scale bars in (g) and 
(j) represent 1mm.  

5.2b Engineering an acoustic sensor of calpain- a calcium activated protease 

After validating our first acoustic biosensor using the model TEV protease, we examined 

the generalizability of our sensor design by engineering a GV sensor for a second 

endopeptidase. As our second target, we chose the calcium-dependent cysteine protease 

calpain, an endogenous mammalian enzyme with critical roles in a wide range of cell types 

(184, 185, 187). In mammals, the two most abundant isoforms of calpain found in almost 

all tissue and cell types are heterodimeric calpain-1 and -2, also known as µ-calpain and 

m-calpain respectively due to the micromolar and millimolar levels of Ca2+ required for 
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their activation. We designed an acoustic sensor for µ-calpain by incorporating into GvpC 

an α-spectrin-derived sequence, QQEVYGMMPRD, that is cleaved by the active enzyme 

after the tyrosine residue (195). We hypothesized that cleavage of the engineered GvpC at 

this site would lead to weakening the GV shell and nonlinear ultrasound contrast (Fig. 5-

2a). After generating several variants of GvpC in which the cleavage sequence was 

introduced, flanked by GSG or GSGSG linkers, into different sites within the second 

helical repeat region, we screened GVs containing these variants using pressurized 

absorbance spectroscopy in buffers with and without calpain and Ca2+. This enabled us to 

identify a GV sensor for calpain (GVScalp) that showed ~50 kPa decrease in collapse 

pressure only when both calpain and Ca2+ were present (Fig. 5-2b). Electrophoretic 

analysis confirmed cleavage and partial dissociation of the cleaved fragments from the GV 

surface (Fig. 5-2c), and TEM analysis of GVScalp after incubation in buffer containing 

calpain and Ca2 confirmed the retained structural integrity of the GvpA shell (Fig. 5-2d).  

Ultrasound imaging of GVScalp revealed a robust nonlinear acoustic response from the 

GVScalp when both calpain and calcium were present (Fig. 5-2, e-g), and not from negative 

controls lacking either or both of these analytes. A slight clustering tendency of GVScalp 

nanostructures, which was attenuated by incubation with activated calpain (Fig. 5-S2), 

resulted in a slightly higher B-mode ultrasound signal for the negative controls. However, 

this did not significantly affect GVScalp’s 7 dB nonlinear sensor contrast (Fig. 5-2, e-g). 

The relative nonlinear contrast of GVScalp upon exposure to the active protease 

demonstrated a steep increase beyond 5.4V and leveled off at higher voltages due to GV 

collapse (Fig. 5-2, h-j). Additional control experiments performed on GVs with wild-type 

GvpC showed no proteolytic cleavage, change in GV collapse pressure or ultrasound 

response after incubation with calcium-activated calpain (Fig. 5-S3). These results show 

that acoustic biosensor designs can be generalized across multiple proteases, and can be 

used to sense the action of a conditionally active enzyme. 
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Figure 5-2: Engineering an acoustic sensor of calcium-activated calpain. (a) Schematic 
illustration of a GV sensor of calpain activity (GVScalp). Engineered GVs have modified 
GvpC on their surface, with a protease recognition motif that can be specifically recognized 
and cleaved by calcium-activated calpain protease. Dynamic cleavage followed by partial 
dissociation of the calpain-sensitive GvpC reduces the GV shell stiffness, causing 
increased non-linear buckling and harmonic signals in response to ultrasound. (b) 
Hydrostatic collapse curves of GVScalp after incubations in the presence (+) or absence (-) 
of calpain and/or calcium. Data points are fitted to a Boltzmann sigmoid function, and the 
legend shows the midpoint of hydrostatic collapse for each condition, along with the 95% 
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confidence interval values (N³5 independent trials). (c) SDS-PAGE analysis of OD500nm-
matched samples of GVScalp incubated in the presence (+) or absence (-) of calpain and/or 
calcium, before and after 2 rounds of buoyancy purification (pre and post b.p. respectively). 
(d) Representative TEM images of GVScalp after incubations in the presence or absence of 
calpain and/or calcium. Scale bars represent 100 nm. (e, f, g) Representative ultrasound 
images of agarose phantoms containing GVScalp incubated with and without calpain and/or 
calcium at OD500nm 2.2. The B-mode images were taken at 1.6V for (e), (f) and (g) and the 
x-AM images corresponding to the maximum difference in non-linear contrast between the 
+calpain/+ calcium sample and the negative controls were taken at 7.2V for (e), (f) and at 
7V for (g). CNR stands for contrast-to-noise-ratio and color bars represent ultrasound 
signal intensity in the dB scale. Scale bars represent 1 mm. (h, i, j) Average ratio of x-AM 
to B-mode ultrasound signal as a function of increasing transducer voltage for GVScalp after 
incubation in the presence or absence of calpain and/or calcium (N=3 independent 
biological replicates, with each N consisting of 2 technical replicates). Error bars indicate 
SEM.  

5.2c Building an acoustic sensor of processive proteolytic activity by ClpXP 

In addition to endopeptidases, another important class of enzymes involved in cellular 

protein signaling and homeostasis is processive proteases, which unfold and degrade entire 

proteins starting from their termini. As a test case to determine whether GV-based 

biosensors could be developed for this class of enzymes, we selected ClpXP, a processive 

proteolytic complex from Escherichia coli comprising the unfoldase ClpX and the 

peptidase ClpP (188). ClpX forms hexameric rings that recognize and unfold protein 

substrates with terminal peptide sequences called degrons. The unfolded proteins are then 

fed into ClpP, a 14-meric chamber in which the peptidase degrades the proteins into small 

peptide fragments. We hypothesized that the addition of a degron to the C-terminus of 

GvpC would enable ClpXP to bind and degrade this protein, while leaving the underlying 

GvpA shell intact, and that the degradation of GvpC would result in the production of 

nonlinear ultrasound contrast (Fig. 5-3a).  

To test this hypothesis, we appended the ssrA degradation tag, AANDENYALAA, via a 

short SG linker sequence, to the C-terminus of GvpC, resulting in a GV sensor of ClpXP, 

or GVSClpXP (Fig. 5-3a). To test the performance of this biosensor in vitro, we used a 

reconstituted cell-free transcription-translation system containing the purified ClpX protein 

and a ClpP plasmid in addition to any endogenous ClpXP present in the E. coli-derived 
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extract. Gel electrophoresis performed after incubating GVSClpXP with this ClpXP system 

showed significant degradation of the engineered GvpC, compared to a negative control 

condition in which the extract was treated with a protease inhibitor (Fig. 5-3b). TEM 

images showed intact GVs under both conditions, confirming that GvpC degradation left 

the rest of the GV shell unaffected (Fig. 5-3c). Pressurized absorbance spectroscopy 

indicated a substantial weakening of the GV shell upon ClpX exposure, with the collapse 

pressure midpoint shifting by nearly 250 kPa (Fig. 5-3d). Ultrasound imaging experiments 

revealed a large, 17 dB enhancement in the nonlinear contrast produced by GVSClpXP at 

7.8V in response to ClpXP activity (Fig. 5-3, e-f). Control GVs containing wild type GvpC 

showed no sensitivity to ClpXP activity (Fig. 5-3, g-i, Fig. 5-S4). These results established 

the ability of GV-based acoustic biosensors to visualize the activity of processive proteases, 

and show that GVSClpXP acts as a turn-on sensor of proteolysis, providing considerable 

advantages over turn-off sensors, whose loss of signal can be caused by poor expression or 

delivery in addition to the activity of their target enzyme. 

5.2d Constructing intracellular acoustic sensor genes for dynamic monitoring of 

protease activity and circuit-driven gene expression 

After demonstrating the performance of acoustic biosensors in vitro, we endeavored to 

show that they could also respond to enzymatic activity happening inside living cells. A 

hybrid cluster of genes incorporating GV genes from A. flos-aquae and another species 

was recently expressed in probiotic E.Coli Nissle 1917 cells as acoustic reporter genes 

(ARGs), allowing gene expression in these cells to be imaged with linear B-mode 

ultrasound (175). To test whether this original ARG construct (ARGWT) could be converted 

into a fully genetically encoded acoustic sensor of ClpXP (ASGClpXP), we swapped the wild 

type GvpC in the ARG gene cluster with the modified GvpC of GVSClpXP (Fig. 5-4a), and 

transformed it into Nissle cells, which natively express ClpXP. As hypothesized, 

pressurized absorbance spectroscopy on cells expressing ASGClpXP revealed a reduction in 

the hydrostatic collapse pressure midpoint of ~ 160 kPa relative to cells expressing ARGWT 

(Fig. 5-4b). In ultrasound imaging, cells expressing ASGClpXP showed an enhancement in 
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nonlinear contrast of approximately 13 dB (Fig. 5-4c) compared to ARG controls, with the 

linear B-mode signal being similar.  The nonlinear response of ASGClpXP expressing cells 

was strongest beyond 12.5V (Fig. 5-4d, Fig. 5-S5).  

 

Figure 5-3: Engineering an acoustic sensor of processive proteolysis by ClpXP. (a) 
Schematic of a GV sensor of ClpXP activity (GVSClpXP). Ana GVs are engineered to have 
a degradable version of GvpC (dGVpC), by appending a ssrA tag to its C-terminus. This 
enables dGvpC recognition and degradation by the ClpXP proteolytic complex, weakening 
the GV shell and leading to an enhanced non-linear acoustic response. (b) SDS-PAGE 
analysis of OD500nm-matched GVSClpXP samples incubated in a reconstituted cell-free 
transcription-translation (TX-TL) system, containing a protease inhibitor cocktail or 
ClpXP. (c) Representative TEM images of GVSClpXP after incubations in the presence of a 
protease inhibitor or ClpXP. (d) Normalized optical density (OD500nm) measurements of 
GVSClpXP as a function of hydrostatic pressure after protease incubation. Data points are 
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fitted to a Boltzmann sigmoid function, and the legend shows the midpoint of hydrostatic 
collapse for each condition, along with the 95% confidence interval values (N=5). (e) 
Representative ultrasound images of agarose phantoms containing GVSClpXP incubated 
with the inhibitor cocktail or active ClpXP at OD500nm 2.2. (f) Average x-AM/B-mode ratio 
as a function of ultrasound transducer voltage for GVSClpXP after incubation with the 
protease inhibitor or active ClpXP. (g) Hydrostatic collapse pressure measurements for 
engineered Ana GVs with WT-GvpC (GVWT) after protease incubation (N=3) (h) 
Representative ultrasound images of agarose phantoms containing GVWT incubated with 
the inhibitor cocktail or active ClpXP at OD500nm 2.2. (i) Average ratio of x-AM to B-mode 
acoustic signal as a function of transducer voltage for GVWT after incubation with the 
inhibitor cocktail or ClpXP protease. For ultrasound images in (e) and (h), CNR stands for 
contrast-to-noise-ratio and color bars represent ultrasound signal intensity in the dB scale. 
The B-mode images were acquired at 1.6V and the x-AM images showing maximal 
difference in the non-linear CNR between the GV samples with inhibitor and ClpXP were 
acquired at 7.8V. For (f) and (i), N=3 independent biological replicates, with each N having 
3 technical replicates. Error bars indicate SEM. Scale bars in (c) represent 100 nm. Scale 
bars in (e) and (h) represent 1mm. 

One of the main applications of reporter genes in cells is to monitor the dynamic activity 

of natural or synthetic gene circuits (196-199). To test whether our acoustic sensors could 

be used to track the output of a synthetic gene circuit, we co-transformed Nissle cells with 

ASGClpXP under the transcriptional control of a T5 promoter and a Lac operator, and a 

separate wild-type GvpC gene controlled by the an anhydrotetracycline (aTc)-dependent 

promoter (Fig. 5-4e). We hypothesized that induction of the gene circuit with aTc would 

result in the production of non-degradable wild-type GvpC, which would take the place of 

any degraded engineered GvpC on ASGClpXP GVs, stiffen the GV shell and reduce the 

nonlinear scattering of the acoustic sensor (Fig. 5-4e). Indeed, when we induced the cells 

with just IPTG to form ASGClpXP, we observed strong nonlinear contrast. However, when 

aTc was added to the cultures after IPTG induction, nonlinear acoustic contrast was 

reduced by ~ 10 dB (Fig. 5-4, f-g, Fig. 5-S5). These results demonstrate that our developed 

biosensors can be utilized as acoustic sensor genes inside living cells, and operate within 

the context of engineered genetic circuits. 
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Figure 5-4: Constructing intracellular acoustic sensor genes for dynamic monitoring 
of protease activity and circuit-driven gene expression. (a) Schematic of E. Coli Nissle 
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cells expressing the original acoustic reporter gene construct (ARGWT) containing WT 
GvpC or the acoustic sensor gene construct for ClpXP (ASGClpXP) containing a degradable 
version of GvpC (dGvpC), which can be processed by the proteolytic activity of 
intracellular ClpXP. Proteolytic activity causes a decrease in the shell stiffness of GVs 
expressed by ASGClpXP, enhancing their non-linear acoustic response and leading to 
increased harmonic signals from Nissle cells under ultrasound imaging. (b) Normalized 
optical density of cells expressing either ARGWT or ASGClpXP at 600 nm, as a function of 
applied hydrostatic pressure. Data points are fitted to a Boltzmann sigmoid function, and 
the legend shows the midpoint of hydrostatic collapse for each cell type, along with the 
95% confidence interval values (N³3). (c) Representative ultrasound images of Nissle cells 
expressing either ARGWT or ASGClpXP at OD600nm 1.5 (N=3 independent biological 
replicates, with each N having 3 technical replicates). (d) Average x-AM/B-mode ratio as 
a function of ultrasound transducer voltage for Nissle cells expressing either ARGWT or 
ASGClpXP. (e) Schematic of pT5-LacO driven ASGClpXP and pTet-TetO driven WT GvpC 
gene circuits, co-transformed into Nissle cells, for dynamic tuning of non-linear acoustic 
signals from the intracellular GV sensors in response to circuit-driven gene expression. (f) 
Representative ultrasound images of Nissle cells (OD600nm 1) expressing ASGClpXP, with or 
without aTc induction. (g) Average x-AM/B-mode ratio as a function of ultrasound 
transducer voltage for Nissle cells expressing ASGClpXP, with and without aTc induction 
(N=5). For ultrasound images in (c) and (f), CNR stands for contrast-to-noise-ratio and 
color bars represent ultrasound signal intensity in the dB scale. The B-mode images were 
acquired at 1.6V and the x-AM images showing maximal difference in the non-linear CNR 
were acquired at 17.5V for (c) and at 21V for (f). Error bars indicate SEM. Scale bars in 
(c) and (f) represent 1 mm. 

5.2e Ultrasound imaging of bacteria expressing acoustic sensor genes in vivo 

Finally, after establishing the basic principles of acoustic biosensor engineering in vitro 

and demonstrating their performance in cellulo, we assessed the ability of our sensor 

constructs to produce ultrasound contrast detectable within a biologically relevant 

anatomic location in vivo. In particular, increasing appreciation of the role played by the 

mammalian microbiome in health and disease, and the development of engineered 

probiotic microbes targeting the GI system, have made microbial imaging in the 

mammalian GI tract a topic of paramount importance (115-129). This anatomical site is an 

excellent target for ultrasound imaging due to its location deep inside the animal. However, 

detecting engineered bacteria using conventional linear B-mode imaging of the colon is 

challenging due to high background signal from endogenous linear scatterers in the tissue. 

We hypothesized that we could address this challenge by taking advantage of the strong 
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nonlinear response of acoustic biosensors in response to cleavage of their GvpC by ClpXP, 

and that we could distinguish cells engineered to express ASGClpXP from background tissue 

and from cells expressing wild-type linear ARGs in vivo.  

To test this hypothesis, we co-injected Nissle cells expressing ASGClpXP into the mouse 

colon, distributing them along the lumen wall, together with cells expressing ARGWT, 

distributed in the lumen center (Fig. 5-5a). Using nonlinear x-AM imaging, we could 

clearly visualize the unique in vivo contrast generated by ASG-expressing cells, telling 

them apart with high spatial accuracy as a bright ring of contrast lining the colon periphery 

(Fig. 5-5b, Fig. 5-S6). Nonlinear scattering from the background tissue and ARGWT cells 

in the center of the lumen was substantially weaker. A comparison of ultrasound images 

acquired before and after acoustic collapse of the GVs using a high-pressure pulse from 

the transducer, confirmed that the bright ring of nonlinear signal was emanating from GV-

containing cells (Fig. 5-5b). Independent experiments using fresh cell preparations across 

different mice showed a consistent difference in the nonlinear contrast between the inner 

and outer ring (Fig. 5-5c, Fig. 5-S6). These results demonstrate the ability of acoustic 

biosensors to be visualized with high spatial resolution inside living cells in deep tissue. 
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Figure 5-5: Ultrasound imaging of bacteria expressing acoustic sensor genes in the 
gastrointestinal tract of mice. (a) Schematic illustrating the in vivo ultrasound imaging 
experiment, after co-injection of probiotic E. coli Nissle (ECN) expressing the wild-type 
acoustic reporter genes (ARGWT) or the acoustic sensor gene construct for ClpXP 
(ASGClpXP) into the GI tract of mice. (b) Transverse ultrasound image of a mouse, whose 
colon contains ECN expressing ARGWT at the center of the lumen and ECN expressing 
ASGClpXP at the periphery of the lumen. Cells were injected at a final concentration of 1.5 
* 109 cells/mL. Linear (B-mode) anatomical images were acquired at 7.4V and nonlinear 
(x-AM) images of the colon were acquired at 20V by an ultrasound transducer before and 
after acoustic collapse, and superimposed on each other to form the composite image 
displayed in the figure. B-mode signal is displayed using the bone colormap and x-AM 
signal is shown using the hot colormap. Color bars represent B-mode and x-AM ultrasound 
signal intensity in the dB scale. Horizontal and vertical scale bars represent 2 mm. (c) B-
mode and x-AM contrast-to-noise ratio (CNR) in vivo, for ECN expressing ARGWT or 
ASGClpXP. N = 5 independent replicates, individual dots represent each N and the thick 
horizontal line indicates the mean. P = 0.0003 for the x-AM signal from ECN expressing 
ASGClpXP versus the ARGWT control. Error bars indicate SEM. 
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5.3 Conclusion and Outlook 

Our results establish a paradigm for visualizing molecular and cellular activity non-

invasively using acoustic biosensors. Just as early fluorescent biosensors connected 

molecular recognition motifs to the nanoscale arrangement and resonant energy transfer 

between fluorophores, our paradigm connects recognition sequences to the nanoscale 

mechanics and nonlinear acoustic scattering of GVs. This connection is enabled by the 

dependence of the buckling mechanics of GVs on the reinforcing protein GvpC, and the 

ability to incorporate internal and terminal peptide sequences that allow this protein to 

interact with other biomolecules. Following in the footsteps of early work on fluorescent 

biosensors (200, 201), we focused our initial sensor development on proteases due to their 

relatively compact recognition motifs, the large impact on protein structure expected from 

cleavage, and the importance of this class of enzymes in biology. Our ability to build GV-

based biosensors for three different proteases demonstrates the modularity of this 

paradigm. In future studies, the design strategy presented here could be extended to 

building acoustic sensors for other physiologically relevant enzymes, ions or other 

molecules that interact with specific recognition motifs. 

Significant scope exists for further optimizing the design of acoustic biosensors and their 

imaging with ultrasound. While all three of our protease sensors produced detectable 

nonlinear contrast, the change exhibited by GVSClpXP was significantly larger than for the 

other two constructs. This difference is consistent with GVSClpXP’s larger shift in 

hydrostatic collapse pressure upon exposure to its target enzyme, indicating a bigger 

change in the GV shell stiffness. This is not surprising for an enzyme that processively 

degrades GvpC, and whose recognition motif can be incorporated outside the main GV-

binding region of GvpC. Endopeptidase sensors could be optimized to reach similar 

performance by incorporating more than one cleavage site within the GvpC sequence and 

tuning the linkers connecting these sites to the rest of GvpC, to enable stronger binding and 

stiffening in their uncleaved configuration. However, even in their current form our 

biosensors were easily detectable at GV concentrations of 250 pM, or GvpC concentrations 
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of approximately 450 nM. Another limitation, shared with most other protease biosensors, 

is that proteolysis is irreversible, such that each sensor molecule visualizes activity only 

once. This limitation is alleviated in genetically encoded biosensors because cells can make 

more of the intact sensor. For GV-based sensors, this could be achieved by re-expressing 

only the engineered GvpC, thus reducing the metabolic burden of GV formation. 

In this study, we detected the activation of our biosensors using nonlinear x-AM 

ultrasound, taking the ratio of contrast in this mode to linear B-mode scattering as a metric 

of sensor response. This serves as a ratiometric signal, advantageous for quantification in 

scenarios where the sensor concentration may vary. In addition, each sensor had a 

characteristic response profile under varying acoustic pressure, reflecting its unique 

mechanical properties. While the optimum detection pressure was different for each sensor, 

they could all operate over a range of several hundred kPa, reducing the need for precise 

calibration of the pressure reached at every point in a tissue.  

In addition to characterizing the performance of acoustic biosensors in reconstituted in 

vitro systems, we demonstrated the transferability of this basic technology in cellulo by 

constructing a fully genetically encoded version of GVSClpXP and connecting it to a 

synthetic gene circuit, and in vivo by demonstrating the ability to image intracellular signals 

from engineered probiotic bacteria located in the mouse GI tract. Future work is needed to 

extend the use of acoustic biosensors beyond these proofs-of-concept into specific 

biological applications. With further engineering and expression in a wider range of cell 

types, acoustic biosensors promise to take dynamic imaging of molecular and cellular 

function to new depths.  
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5.4 Methods 

Design and cloning of genetic constructs 

All gene sequences codon optimized for E.Coli expression were inserted into their plasmid 

backbones via Gibson Assembly or KLD Mutagenesis using enzymes from New England 

Biolabs and custom primers from Integrated DNA Technologies. The protease recognition 

sequences for Tobacco Etch Virus (TEV) protease and µ-Calpain, flanked by flexible 

linkers, were introduced by substitution-insertion into the second repeat of the wild-type 

Anabaena flos-aquae (Ana) GvpC sequence in a pET28a expression vector (Novagen) 

driven by a T7 promoter and lac operator. The ssrA degradation tag for the ClpXP bacterial 

proteasome was appended to the C-terminus of Ana GvpC using a short flexible linker. 

The acoustic sensor gene for intracellular protease sensing of ClpXP was constructed by 

modification of the acoustic reporter gene cluster ARG1 (175) by insertion of the ssrA 

degradation tag to the C-terminal end of GvpC using a linker sequence. For expression in 

E.coli Nissle, the pET28a T7 promoter was replaced by the T5 promotor. For dynamic 

regulation of intracellular sensing, the wild-type GvpC sequence was cloned into a 

modified pTARA backbone under a pTEt promoter and tet operator. The complete list and 

features of plasmids used in this study are given in Supplementary table 5-T1. Plasmid 

constructs were cloned into NEB Turbo E. Coli (New England Biolabs) and sequence-

validated. 

Gas Vesicle expression, purification and quantification 

Gas vesicles (GVs) for in vitro biochemical assays with proteases were harvested and 

purified from confluent Ana cultures using protocols described in Chapter 2 and Appendix 

A. Briefly, Ana cells were grown in Gorham’s media supplemented with BG-11 solution 

(Sigma) and 10 mM sodium bicarbonate at 25°C, 1% CO2 and 100 rpm shaking, under a 

14h light cycle and 10h dark cycle. Confluent cultures were transferred to sterile separating 

funnels and left undisturbed for 2-3 days to allow buoyant Ana cells expressing GVs to 

float to the top. Hypertonic lysis with 10% Solulyse (Genlantis) and 500 mM sorbitol was 
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used to harvest the Ana GVs. Purified GVs were obtained through 3-4 rounds of 

centrifugally assisted floatation, with removal of the subnatant and resuspension in 1x 

Phosphate Buffered Saline (PBS, Corning) after each round.  

For expression of acoustic reporter/sensor genes (AR/SGs) in bacteria, E. Coli Nissle 1917 

cells (Ardeypharm GmbH) were made electrocompetent and transformed with the genetic 

constructs. After electroporation, cells were rescued in SOC media supplemented with 2% 

glucose for 1h at 37°C. Transformed cells were grown for 12-16 hours in 5 mL of LB 

medium supplemented with 50 µg/mL kanamycin and 2% glucose. Large-scale cultures 

for expression were prepared by a 1:100 dilution of the starter culture in LB medium 

containing 50 µg/mL kanamycin and 0.2% glucose. Cells were grown at 37°C to an 

OD600nm of 0.2-0.3, then induced with 3µM Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

and allowed to grow for 22 hrs at 30°C.  Buoyant E.Coli Nissle cells expressing GVs were 

isolated from the rest of the culture by centrifugally assisted floatation in 50 mL conical 

tubes at 300g for 3-4 hrs, with a liquid column height less than 10 cm to prevent GV 

collapse by hydrostatic pressure.  

Ana GV concentration was determined OD measurements at 500 nm using a Nanodrop 

(Thermo Fisher Scientific), using the resuspension buffer or pre-collapsed GVs as the 

blank. Buoyant cells expressing GVs were quantified using a pressure-sensitive OD 

measurement at 600 nm using the Nanodrop. 

Bacterial expression and purification of GvpC variants 

For expression of Ana GvpC variants, plasmids were transformed into chemically 

competent BL21(DE3) cells (Invitrogen) and grown overnight for 14-16 h at 37°C in 5 mL 

starter cultures in LB medium with 50 µg/mL kanamycin. Starter cultures were diluted 

1:250 in Terrific Broth (Sigma) and allowed to grow at 37°C (250 rpm shaking) to reach 

an OD600nm of 0.4-0.7. Protein expression was induced by addition of 1 mM IPTG and the 

cultures were transferred to 30°C. Cells were harvested by centrifugation at 5500g after 6-
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8 hours. For the GvpC-ssrA variant, expression was carried out at 25°C for 8 hours to 

reduce the effect of protease degradation and obtain sufficient protein yield. 

GvpC expressed as inclusion bodies in E. coli, was purified by lysing the cells at room 

temperature using Solulyse (Genlantis), supplemented with lysozyme (400 µg/mL) and 

DNAseI (10 µg/mL). Inclusion body pellets were isolated by centrifugation at 27,000g for 

15 mins and then resuspended in a solubilization buffer comprising 20 mM Tris-HCl buffer 

with 500 mM NaCl and 6 M urea (pH: 8.0), before incubation with Ni-NTA resin (Qiagen) 

for 2 h at 4°C. The wash and elution buffers were of the same composition as the 

solubilization buffer, but with 20mM and 250 mM imidazole respectively. The 

concentration of the purified protein was assayed using Bradford Reagent (Sigma). Purified 

GvpC variants were verified to be >95% pure by SDS-PAGE analysis. 

Preparation of gas vesicles for in vitro protease assays 

Engineered GVs having protease-sensitive or wild-type GvpC was prepared using the urea 

stripping and GvpC re-addition protocols detailed in Appendix A. Briefly, Ana GVs were 

stripped of their native outer layer of GvpC by treatment with 6M urea solution buffered 

with 100 mM Tris- HCl (pH:8-8.5). Two rounds of centrifugally assisted floatation with 

removal of the subnatant liquid after each round were performed to ensure complete 

removal of native GvpC. Recombinant Ana GvpC variants purified from inclusion bodies 

were then added to the stripped Ana GVs in 6M urea a 2-3x molar excess concentration 

determined after accounting for 1:25 binding ratio of GvpC: GvpA. For a twofold 

stoichiometric excess of GvpC relative to binding sites on an average Ana GV, the nmol 

of recombinant GvpC to be added to stripped GVs was calculated according to the formula:  

2* OD * 198 nM * volume of GVs (in liters). The exact volume of recombinant GvpC to 

be added was then determined by considering its molar mass and concentration. The 

mixture of stripped GVs (OD500nm = 1.5-2) and recombinant GvpC in 6 M urea buffer was 

loaded into dialysis pouches made of regenerated cellulose membrane with a 6-8 kDa M.W. 

cutoff (Spectrum Labs). The GvpC was allowed to slowly refold onto the surface of the 

stripped GVs by dialysis in large buckets containing 4L of PBS for > 12h at 4°C. Dialyzed 
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GV samples were subjected to two or more rounds of centrifugally assisted floatation at 

300g for 3-4h to remove any excess unbound GvpC. Engineered GVs were resuspended in 

PBS after subnatant removal and quantified using pressure-sensitive OD measurements at 

500 nm using a Nanodrop. 

Pressurized Absorbance Spectroscopy 

Purified, engineered Ana GVs were diluted in PBS to an OD500nm ~ 0.2-0.4 and 400 µL of 

the diluted sample was loaded into a flow-through quartz cuvette with a pathlength of 1 cm 

(Hellma Analytics). Buoyant Nissle cells expressing GVs were diluted to an OD600nm of ~ 

1 in PBS for measurements.  A 1.5-MPa nitrogen gas source was used to apply hydrostatic 

pressure in the cuvette through a single valve pressure controller (PC series, Alicat 

Scientific), while a microspectrometer (STS-VIS, Ocean Optics) measured the optical 

density of the sample at 500 nm (for Ana GVs) or 600nm (for Nissle cells). The hydrostatic 

pressure was increased from 0 to 1 MPa in 20kPa increments with a 7-s equilibration period 

at each pressure before measurement of the optical density. Each set of optical density 

measurements was normalized by scaling to the Min-Max measurement value, and the data 

was fitted using the Boltzmann sigmoid function f(p) = A1 + e(B2B0)/DBE
23

, with the 

midpoint of normalized optical density change PG as well as the 95% confidence intervals 

(rounded to the nearest integer) reported in the figures.  

TEM sample preparation and imaging 

Freshly diluted samples of engineered Ana GVs (OD500nm ~ 0.3) in 10 mM HEPES buffer 

containing 150 mM NaCl (pH 8), or buoyant Nissle cells diluted to OD600nm ~ 1 in water 

was used for TEM measurements. 2 µL of the diluted sample was added to Formvar/carbon 

200 mesh grids (Ted Pella) that were rendered hydrophilic by glow discharging (Emitek 

K100X). For engineered Ana GVs, 2% uranyl acetate was added for negative staining. 

Images were acquired using the FEI Tecnai T12 LaB6 120kV TEM equipped with a Gatan 

Ultrascan 2k X 2k CCD and ‘Leginon’ automated data collection software suite. 
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Dynamic Light Scattering (DLS) measurements 

Engineered Ana GVs were diluted to an OD500nm ~ 0.2 in PBS or 10 mM HEPES buffer 

with 150 mM NaCl (pH 8).  150-200 µL of the sample was loaded into a disposable cuvette 

(Eppendorf UVette®) and the particle size was measured using the ZetaPALS particle 

sizing software (Brookhaven instruments) with an angle of 90 ° and refractive index of 

1.33. 

In vitro protease assays 

For in vitro endpoint biochemical assays with the Tobacco Etch Virus (TEV) 

endopeptidase, recombinant TEV protease (R&D Systems) was incubated (25% v/v 

fraction) with engineered Ana GVs resuspended in PBS (final OD500nm in reaction mixture 

= 5-6) at 30°C for 14-16h. Engineered GVs with WT GvpC and TEV protease heat-

inactivated at 80°C for 20-30 mins were used as the controls. 

For in vitro endpoint biochemical assays with the calcium-activated protease Calpain, 

recombinant µ-calpain (Millipore Sigma) was incubated in a 10% v/v fraction with 

engineered Ana GVs (resuspended in PBS), in a reaction mixture containing 50 mM Tris-

HCl, 50 mM NaCl, 5 mM 2-mercaptoethanol, 1 mM EDTA and 1 mM EGTA and 5 mM 

Ca2+ (pH: 7.5). The final concentration of engineered GVs in the reaction mixture was 

OD500nm ~ 6 and the protease assay was carried out at 25°C for 14-16h.  Negative controls 

included the same reaction mixture without calpain, without calcium and without calpain 

and calcium. Engineered GVs with WT-GvpC were used as additional negative controls 

for comparison. 

For in vitro biochemical assays with the ClpXP bacterial proteasome, a reconstituted cell-

free transcription-translation (TX-TL) system adapted for ClpXP degradation assays (gift 

from Dr. Zachary Sun in Prof. Richard Murray’s lab at Caltech) was used. Briefly, cell-

free extract was prepared by lysis of ExpressIQ E.coli cells (New England Biolabs), and 

mixed in a 44% v/v ratio with an energy source buffer, resulting in a master mix of extract 
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and buffer comprising: 9.9 mg/mL protein, 1.5 mM each amino acid except leucine, 1.25 

mM leucine, 9.5 mM Mg-glutamate, 95 mM K-glutamate, 0.33 mM DTT, 50 mM HEPES, 

1.5 mM ATP and GTP, 0.9 mM CTP and UTP, 0.2 mg/mL tRNA, 0.26 mM CoA, 0.33 

mM NAD, 0.75 mM cAMP, 0.068 mM folinic acid, 1 mM spermidine, 30 mM 3-PGA and 

2% PEG-8000. For purified ClpX protein, a monomeric N-terminal deletion variant Flag-

ClpXdeltaNLinkedHexamer-His6 (Addgene ID: 22143) was used. Post Ni-NTA 

purification, active fractions of ClpX hexamers with sizes above 250 kDa were isolated 

using a Supradex 2010/300 column, flash frozen at a concentration of 1.95 µM and stored 

at -80°C in a storage buffer consisting of: 50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 1mM 

DTT, 1 mM EDTA and 2% DMSO.  The final reaction mixture was prepared as follows: 

75% v/v fraction of the master mix, 10% v/v of purified ClpX, 1nm of the purified pBEST-

ClpP plasmid and engineered Ana GVs (concentration of OD500nm = 2.5-2.7 in the reaction 

mixture). The mixture was made up to the final volume using ultrapure H2O. The reaction 

was allowed to proceed at 30°C for 14-16 h. As a negative control, a protease inhibitor 

cocktail mixture (SIGMAFASTTM, Millipore Sigma) was added at 1.65x concentration. For 

this, a 10x solution of the inhibitor was prepared fresh before each incubation by dissolving 

the cocktail tablets in PBS and premixed with the cell-free extract at room temperature for 

30 mins before addition to the reaction mixture.  

Dynamic sensing of circuit-driven gene expression in E. Coli Nissle  

Electrocompetent E. coli Nissle cells were co-transformed with the pET expression 

plasmid (Lac-driven) containing the acoustic sensor gene cluster for ClpXP and a modified 

pTARA plasmid (Tet-driven) containing the WT Ana GvpC gene. Electroporated cells 

were rescued in SOC media supplemented with 2% glucose for 2h at 37°C. Transformed 

cells were grown overnight in 5 mL LB medium supplemented with 50 µg/mL kanamycin, 

50 µg/mL chloramphenicol and 2% glucose. Starter cultures were diluted 1:100 in LB 

medium with 50 µg/mL kanamycin, 50 µg/mL chloramphenicol and 0.2% glucose and 

allowed to grow at 37°C to reach an OD600nm of 0.2-0.3. Acoustic sensor gene expression 

was induced with 3µM IPTG and the bacterial culture was transferred to 30°C incubator 
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with 250 rpm shaking for 1.5-2h. The culture was then split into two halves of equal 

volume, and one half was induced with 50 ng/mL aTc for expression of WT GvpC. 

Cultures with and without aTc induction were allowed to grow for an additional 20 h at 

30°C. Cultures were then spun down at 300g in a refrigerated centrifuge at 4°C for 3-4 hrs 

in 50 mL conical tubes to isolate buoyant cells expressing GVs from the rest of the culture. 

The liquid column height was maintained at less than 10 cm while spinning, to prevent GV 

collapse by hydrostatic pressure.   

In vitro ultrasound imaging 

Imaging phantoms were prepared by melting 1% agarose (w/v) in PBS and casting wells 

using a custom 3-D printed template mold (containing a 2-by-2 grid of cylindrical wells 

with 2 mm diameter and 1mm spacing between the outer radii in the bulk material). Ana 

GV samples from in vitro assays or buoyant Nissle cells expressing GVs were mixed 1:1 

with 1% molten agarose solution at 42°C and quickly loaded before solidification into the 

phantom wells. All samples and their controls were OD matched using the Nanodrop prior 

to phantom loading, with the final concentration being OD500nm = 2.2 for Ana GVs and 

OD600nm= 1.0-1.5 for buoyant Nissle cells. Wells not containing sample were filled with 

plain 1% agarose. Hydrostatic collapse at 1.4 MPa was used to determine that the 

contribution to light scattering from GVs inside the cells was similar for those expressing 

the acoustic sensor gene and its wild-type counterpart. The phantom was placed in a custom 

holder on top of an acoustic absorber material and immersed in PBS to acoustically couple 

the phantom to the ultrasound imaging transducer.  

Imaging was performed using a Verasonics Vantage programmable ultrasound scanning 

system and a L22-14v 128-element linear array Verasonics transducer, with a specified 

pitch of 0.1 mm, an elevation focus of 8 mm, an elevation aperture of 1.5mm and a center 

frequency of 18.5 MHz with 67% -6 dB bandwidth. Linear imaging was performed using 

a conventional B-mode sequence with a 128-ray-lines protocol. For each acquisition, a 

single pulse was transmitted with an aperture of 40 elements. For nonlinear image 

acquisition, a custom cross-amplitude modulation (x-AM) sequence detailed in (101) with 
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an x-AM angle (q) of 19.5° and an aperture of 65 elements were used. Both B-mode and 

x-AM sequences were programmed to operate close to the center frequency of the 

transducer (15.625 MHz) and the center of the sample wells were aligned to the set transmit 

focus of 5 mm. Each image was an average of 50 accumulations. B-mode images were 

acquired at a transmit voltage of 1.6V and a custom, automated voltage ramp imaging script 

(programmed in MATLAB) was used to sequentially toggle between B-mode and x-AM 

acquisitions. The script acquired x-AM signals at each specified voltage step immediately 

followed by a B-mode acquisition at 1.6V, before another x-AM acquisition at the next 

voltage step. For engineered Ana GVs subjected to in vitro protease assays, an x-AM 

voltage ramp sequence from 4V to 10V in 0.2V increments was used. For Nissle cells 

expressing GVs, an x-AM voltage ramp sequence from 7.5 to 25V in 0.5V increments was 

used. Samples were subjected to complete collapse at 25V with the B-mode sequence for 

10 seconds, and the subsequent B-mode image acquired at 1.6V and x-AM image acquired 

at the highest voltage of the voltage ramp sequence was used as the blank for data 

processing. Each image was an average of 50 accumulations. 

In vivo ultrasound imaging  

All in vivo experiments were performed on C57BL/6J male mice, aged 14–27 weeks, under 

a protocol approved by the Institutional Animal Care and Use Committee of the California 

Institute of Technology. No randomization or blinding were necessary in this study. 

Ultrasound imaging was performed as follows. Mice were anesthetized with 1–2% 

isoflurane, maintained at 37 °C on a heating pad, depilated over the imaged region, and 

imaged using an L22-14v transducer. For imaging of E. coli in the gastrointestinal tract, 

mice were placed in a supine position, with the ultrasound transducer positioned on the 

lower abdomen, transverse to the colon such that the transmit focus of 5 mm was close to 

the center of the colon lumen. Prior to imaging, buoyancy-enriched E. coli Nissle 1917 

expressing ARGWT or ASGClpXP were mixed in a 1:1 ratio with 4% agarose in PBS at 42 °C, 

for a final bacterial concentration of 1.5*109 cells ml−1. An 8-gauge needle was filled with 

the mixture of agarose and bacteria. Before it solidified, a 14-gauge needle was placed 
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inside the 8-gauge needle to form a hollow lumen within the gel. After the agarose–bacteria 

mixture solidified at room temperature for 10 min, the 14-gauge needle was removed. The 

hollow lumen was then filled with the agarose–bacteria mixture expressing the other 

imaging reporter. After it solidified, the complete cylindrical agarose gel was injected into 

the colon of the mouse with a PBS back-filled syringe. For the colon imaging, B-mode 

images were acquired at 1.9V and x-AM images were acquired at 20V, with other 

parameters being the same as those used for in vitro imaging. B-mode anatomical imaging 

was performed at 7.4V using the ‘L22-14v WideBeamSC’ script provided by Verasonics.  

Image processing and data analysis  

All in vitro and in vivo ultrasound images were processed using MATLAB. Regions of 

interest (ROIs) were manually defined so as to adequately capture the signals from each 

sample well or region of the colon. The sample ROI dimensions (1.2 mm X 1.2 mm square) 

were the same for all in vitro phantom experiments. The noise ROI was manually selected 

from the background for each pair of sample wells. For the in vivo experiments, circular 

ROIs were manually defined to avoid edge effects from the skin or colon wall. For each 

ROI, the mean pixel intensity was calculated, and the pressure-sensitive ultrasound 

intensity (Δ𝐼 = 𝐼JKLMGL − 𝐼GNOOMPQRS)  was calculated by subtracting the mean pixel intensity 

of the collapsed image from the mean pixel intensity of the intact image. The Contrast-to-

Noise Ratio (CNR) was calculated for each sample well by taking the mean intensity of 

the sample ROI over the mean intensity of the noise ROI. The x-AM by B-mode ratio at a 

specific voltage was calculated with the following formula:  

ΔIUVW(V)
ΔIY2ZNSR(V)

 

where ΔIUVW(V) is the pressure-sensitive nonlinear ultrasound intensity acquired by the          

x-AM sequence at a certain voltage V, and ΔIY2ZNSR(V)	is the pressure-sensitive linear 

ultrasound intensity of the B-mode acquisitions at 1.6 V following the x-AM acquisitions 

at the voltage V. All images were pseudo-colored (bone colormap for B-mode images, hot 
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colormap for x-AM images), with the maximum and minimum levels adjusted for maximal 

contrast, as indicated in the accompanying color bars. 

Statistical analysis and replicates 

Data is plotted as the mean ± standard error of mean (SEM). Sample size is N =3 biological 

replicates in all in vitro experiments unless otherwise stated. For each biological replicate, 

there were technical replicates to accommodate for technical variabilities e.g. sample 

loading and pipetting. SEM was calculated by taking the values for the biological 

replicates, which are the mean values of their technical replicates respectively. The 

numbers of biological replicates and technical replicates were chosen based on preliminary 

experiments, such that they would be sufficient to report significant differences in mean 

values. Individual data for each replicate is given in Supplementary Figs. X in the form of 

scatter plots. P values, for determining the statistical significance for the in vivo data, were 

calculated using a two-tailed unpaired Welch's t-test. 

5.5 Supplementary figures and tables 

 

Figure 5-S1: Engineering an acoustic sensor of TEV endopeptidase activity. (a) SDS-
PAGE analysis of OD500nm-matched samples of GVWT incubated with dTEV and TEV 
protease, before and after two rounds of buoyancy purification (pre and post b.p. 
respectively). (b, c) Scatter plots showing the ratio of nonlinear (x-AM) to linear (B-mode) 
ultrasound signal as a function of transducer voltage for all the replicate samples used in 
the x-AM voltage ramp imaging experiments for GVSTEV (b) and GVWT (c). Total number 
of replicates is 8 for GVTEV and 9 for GVWT. Solid line represents the mean of all the 
replicates. 
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Figure 5-S2: Engineering an acoustic sensor of calpain activity. (a, b, c) Scatter plots 
showing the ratio of x-AM to B-mode ultrasound signal as a function of increasing 
transducer voltage for all the GVScalp replicate samples after incubation in the presence or 
absence of calpain and/or calcium. Total number of replicates is 6 for GVScalp. (d) DLS 
measurements showing the average hydrodynamic radius of GVScalp and GVWT samples 
after calpain/calcium incubations (N ³ 2 biological replicates, individual dots represent 
each N and horizontal line indicates the mean, error bars indicate SEM). 
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Figure 5-S3: Characterization of GVWT sample with calpain protease. (a, b, c) 
Representative ultrasound images of agarose phantoms containing GVWT incubated with 
and without calpain and/or calcium at OD500nm 2.2. The B-mode images were taken at 1.6V 
for a, b and c and the x-AM images corresponding to the maximum difference in non-
linear contrast between the +calpain/+ calcium sample and the negative controls were taken 
at 7.2V for (a) and (b) and at 7V for (c). CNR stands for contrast-to-noise-ratio and color 
bars represent ultrasound signal intensity in the dB scale. Scale bars represent 1 mm. (d, e, 
f) Scatter plots showing the ratio of x-AM to B-mode ultrasound signal as a function of 
increasing transducer voltage for GVWT after incubation in the presence or absence of 
calpain and/or calcium (N=2). (g) Hydrostatic collapse curves of GVWT after incubations 
in the presence (+) or absence (-) of calpain and/or calcium. Data points are fitted to a 
Boltzmann sigmoid function, and the legend shows the midpoint of hydrostatic collapse 
for each condition, along with the 95% confidence interval values (N³5) (h) SDS-PAGE 
analysis of OD500nm-matched samples of GVWT incubated in the presence (+) or               
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absence (-) of calpain/calcium, before and after 2 rounds of buoyancy purification (pre and 
post b.p. respectively). 

 

 

Figure 5-S4: Engineering an acoustic sensor of ClpXP proteolytic activity. (a) SDS-
PAGE analysis of OD500nm-matched GVWT samples incubated in a reconstituted cell-free 
transcription-translation (TX-TL) system containing a protease inhibitor cocktail or 
ClpXP. (b, c) Scatter plots showing the ratio of x-AM to B-mode acoustic signal as a 
function of transducer voltage for all the replicate samples used in the x-AM voltage ramp 
experiments for GVSClpXP (b) and GVWT (c). Total number of replicates is 9 for GVSClpXP 
GVWT. (d) DLS measurements showing the average hydrodynamic radius of GVSClpXP and 
GVWT samples after incubations with protease inhibitor or ClpXP (N = 2 biological 
replicates, individual dots represent each N and horizontal line indicates the mean, error 
bars indicate SEM) 
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Figure 5-S5: Constructing intracellular ASGs for dynamic monitoring of protease 
activity and circuit-driven gene expression. (a, b) Scatter plots showing the ratio of x-
AM to B-mode acoustic signal as a function of transducer voltage for all the replicate 
samples used in the x-AM voltage ramp experiments for Nissle cells expressing either 
ARGWT or ASGClpXP (a) and Nissle cells expressing ASGClpXP, with or without aTc 
induction (b). Total number of replicates is 9 for (a) and 5 for (b).  
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Figure 5-S6: Ultrasound imaging of ASGs in the GI tract of mice. Transverse 
ultrasound images of the colon for all mice used in the in vivo imaging experiments. E.Coli 
Nissle (ECN) cells expressing ARGWT were at the center of the lumen and ECN expressing 
ASGClpXP were at the periphery of the lumen. Cells were injected at a final concentration 
of 1.5 * 109 cells/mL. Linear (B-mode) images were acquired at 1.9V and nonlinear (x-
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AM) images of the colon were acquired at 20V. B-mode signal is displayed using the bone 
colormap and x-AM signal is shown using the hot colormap. Color bars represent B-mode 
and x-AM ultrasound signal intensity in the dB scale. Scale bars represent 1 mm. 

 

 

Supplementary table 5-T1: List and features of genetic constructs. 

Description/purpose of 
genetic construct 

Plasmid        
Backbone

Transcriptional 
regulators

Output gene 
product(s) 

Insertions/Tags             
(including linkers) Resistance

WT Ana GvpC used as control 
for TEV/calpain sensor pET28a pT7, LacO WT C-His Ana GvpC SLE-His6 at C-terminus Kanamycin

WT Ana GvpC used as control 
for ClpXP sensor pET28a pT7, LacO WT N-His-Ana-GvpC G-His6-SG at N-terminus Kanamycin

Ana GvpC with TEV cleavage 
site pET26b pT7, LacO

C-His Ana GvpC with 
TEV cleavage site

 SLE-His6 at C-terminus,                                    
GSGSGSG-ENLYFQG-SGSGSG 

in GvpC repeat 2 Kanamycin

Ana GvpC with calpain 
cleavage site pET28a pT7, LacO

C-His Ana GvpC with 
calpain cleavage site

 SLE-His6 at C-terminus,                                    
GSGSG-QQEVYGMMPRD-
GSGSG in GvpC repeat 2 Kanamycin

Ana GvpC with ssrA 
degradation tag pET28a pT7, LacO

N-His Ana GvpC with 
ssrA degradation tag

G-His6-SG at N-terminus,                                            
SG-AANDENYALAA at C-terminus Kanamycin

ClpP plasmid for use in cell-
free TX-TL system pBEST OR2-OR1-Pr ClpP Ampicillin

Original acoustic reporter 
gene construct (ARGWT) pET28a pT5, LacO

Ana GvpA, WT Ana 
GvpC, Mega GvpR-U Kanamycin

Acoustic sensor gene for 
ClpXP (ASGClpXP) pET28a pT5, LacO

Ana GvpA, dGvpC, 
Mega GvpR-U SG-AANDENYALAA at C-terminus Kanamycin

WT Ana GvpC under Tet 
promoter pTARA pTet,TetO WT Ana GvpC Chloramphenicol
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APPENDIX A                                                                      

DETAILED EXPERIMENTAL PROTOCOLS 

REAGENT SETUP 

G625 growth medium for Anabaena flos-aquae (Ana) (4 L): 5.84 mM NaNO3, 224 µM 

KH2PO4, 304 µM MgSO4.7H2O, 208 µM Na2SiO3.9H2O, 189 µM Na2CO3, 10 mM 

NaHCO3, 245 µM CaCl2, 31 µM citric acid and 3 µM EDTA. Separately, add 24 mg of 

ferric ammonium citrate to 1 mL of ultrapure water (in a 1.5 mL micro-centrifuge tube). 

Heat in a 42°C water-bath for 10-15 min to dissolve before adding to the media in the 

Nalgene 4L beaker. Adjust to pH 8.0 with HCl. Filter sterilize using a 0.22 µm bottle-top 

filter. G625 growth media prepared using this method is stable for at least 6 months if 

stored in a cool, dry place at room temperature under sterile conditions. Since the iron 

sediments, make sure that the bottle is swirled each time before use.  

Carolina growth medium for Halobacteria salinarum-NRC1 (Halo) (1 L): 4.278 M 

NaCl, 81 mM MgSO4.7H2O, 10 mM Trisodium citrate dihydrate, 27 mM KCl, 5g/L casein 

hydrolysate and 3g/L yeast extract. Adjust pH to 7.2 with NaOH and autoclave at 121˚C 

and 18 psi for 30 minutes. Autoclaved media can be stored for at least 6 months under 

sterile conditions at room temperature. 

TMC lysis buffer for Halo GVs: 10 mM Tris-HCl, 2.5 mM MgCl2 and 2mM CaCl2, pH 

7.5. Store indefinitely. 

Sorbitol lysis buffer for Ana GVs: 1M D-Sorbitol in distilled water. Store indefinitely. 

Terrific Broth (TB):  Add 47.6 g of TB powder and 8 mL glycerol to 1L of distilled water. 

Autoclave at 121°C for 15 m. Autoclaved media can be stored for at least 6 months under 

sterile conditions at room temperature. 
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Luria-Bertani (LB) Broth: Add 25 g of LB powder to 1 L of distilled water. Autoclave 

at 121°C for 15 m. Autoclaved media can be stored for at least 6 months under sterile 

conditions at room temperature. 

Kanamycin stock solution: 50 mg/mL in distilled water. 

Ampicillin stock solution: 100 mg/mL in distilled water. 

Chloramphenicol stock solution: 25 mg/mL in ethanol. 

IPTG inducer stock solution: 1M IPTG in distilled water. 

GV stripping buffer (Round 1): 10M urea, 100mM Tris-HCl, pH 8.0-8.5. 

GV stripping buffer (Round 2): 6M urea, 60mM Tris-HCl, pH 8.0-8.5. 

TGS buffer: 1:9 (v/v) dilution of 10X TGS stock in DI H2O. 

Inclusion body solubilization buffer: 6M urea, 20mM Tris-HCl, 500mM NaCl, pH 8.0. 

Inclusion body wash buffer: 6M urea, 20mM Tris-HCl, 500mM NaCl, 20mM imidazole, 

pH 8.0. 

Inclusion body elution buffer: 6M urea, 20mM Tris-HCl, 500mM NaCl, 250mM 

imidazole, pH 8.0. 

Soluble protein wash buffer: 50mM NaH2PO4, 300mM NaCl, 20mM imidazole, 1mM 2-

mercaptoethanol, pH 8.0. 

Soluble protein elution buffer: 50mM NaH2PO4, 300mM NaCl, 250mM imidazole, pH 

8.0. 

Antibiotic stocks and IPTG solution are at 1000x concentration and should be filter-

sterilized after preparation and stored at -20°C. IPTG is light-sensitive and should be stored 
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in the dark at -20°C. Lysis buffers and stock solutions for media preparation should be 

filtered (0.22 µm filter) and stored at room temperature. All protein purification buffers 

(wash and elution buffers) should be filter-sterilized and stored at 4°C.It is not advisable 

to use urea buffers more than a week old for protein purification. GV stripping buffers 

should be freshly prepared before each use. 

Ultrasound gel preparation for imaging experiments: Take a 30 mL luer-lok syringe, 

remove the piston and place the syringe with the tip facing down in a 50 mL falcon tube. 

Fill the syringe with ultrasound gel before loading the falcon tube into a table top 

centrifuge. Spin at 2500g for 30 minutes to ensure that there are no air bubbles in the gel 

and keep at room temperature. It is advisable to prepare the gel on the same day of the 

experiment, as longer storage may lead to drying if the syringe is not sealed tightly. 

EQUIPMENT SETUP 

Cleaning and sterilization of glassware: Clean and sterilize all glassware by autoclaving 

and fully dry them before use. 

Setting up the apparatus for pressurized absorbance spectroscopy: The setup used to 

conduct pressurized absorbance spectroscopy is illustrated in Fig. 2-2 and includes the 

following components: (i) computer equipped with MATLAB to run the collapse pressure 

scripts, (ii) compressed N2 tank with control valves and a regulator, (iii) pressure controller, 

(iv) flow-through quartz cuvette, (v) UV-Vis spectrometer equipped with a light source 

and cuvette holder. 

Couple the pressure controller to the gas tank via a stainless-steel gas connector, to the 

computer via a USB port, and to the flow-through cuvette via plastic cannulae. Connect 

the Ecovis Krypton light source of the UV-Vis spectrometer to a power supply, allowing 

light to pass through the sample in the quartz cuvette. The transmitted light then passes 

through an optical fiber connector into the OceanOptics STS microspectrometer. The 

spectrometer is connected to the computer and controlled by a MATLAB script, which also 
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interfaces with the pressure controller. An equilibration time of 7 seconds at each pressure 

step and a final collapse pressure of 1400 kPa (for blanking) is hard-coded into the script 

and kept constant for all measurements. Before acquiring sample measurements, the system 

is calibrated by recording the spectra for full transmission (using the cuvette loaded with 

PBS or buffer of choice) and zero transmission (by turning the cuvette 90° so that no light 

passes through).  

CAUTION Ensure that the compressed nitrogen tank is transported and stored safely. 

Cylinders should be secured and stored upright in a cool dry area protected from 

combustible materials. The gas valve seal must always be in place. When not in use, keep 

all the cylinder and regulator valves shut and the pressure controller and spectrometer 

powered off. 

Setting up the Verasonics imaging station and imaging parameters: The Verasonics 

imaging system and setup for in vitro and in vivo experiments is shown in Fig. 2-3, a-b and 

comprises the following components: (i) computer, (ii) ultrasound probe, (iii) translatable 

probe clamp equipped with three independent motors that move in the x, y and z directions 

with µm-level precision (iv) fixed phantom holder and (v) Verasonics scripts running on 

MATLAB software. Adapt the setup for in vivo imaging by replacing the phantom holder 

with a mouse mounting platform equipped with a heating pad, anesthesia equipment and 

nose-cone for the animal and a manually translatable probe clamp. 

CRITICAL Make sure that the probe is well coupled to the sample and that the transducer 

array of the probe is immersed in liquid or covered with ultrasound gel before transmitting 

ultrasound. 

Setting up the syringe pump:  Gas vesicle injections are administered as a bolus using a 

syringe pump (shown in Fig. 2-3b). The following settings are used for each injection: (i) 

syringe diameter - 3.55 mm (inner diameter of a BD 1/2cc Tuberculin Syringe); (ii) 

injection rate - 300 µL/min to 500 µL/min; and (iii) injection volume – 50 µL. 
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PROCEDURE: 

Production and purification of gas vesicles (GVs): 

1| Gas vesicles can be produced natively in cyanobacterial (Ana GVs) or haloarchaeal 

(Halo GVs) hosts. In addition, they can be heterologously expressed in E. coli (Mega GVs). 

To produce and purify Ana, Halo or Mega GVs, follow steps in Option A, B, or C 

respectively. 

(A) Producing and purifying Ana GVs ● TIMING 4.5 weeks  

(i) Making Ana starter cultures (Steps i-iv: ● TIMING 2 wks) Open the seal of the 

primary culture tube of Anabaena flos-aquae (as received from CCAP, UK), and 

loosen the screw cap to allow aeration of the culture. Let the tube stand upright and 

undisturbed for 2 days in a cool (room temperature i.e. (18-25 °C)), dry place with 

access to ambient light. Viable Ana cells producing GVs will float to the top of the 

tube, forming a dark green layer. 

(ii) Take a pre-sterilized Pyrex glass culture tube.  Aliquot 9 mL of G625 growth media 

into the tube in the presence of a flame to ensure sterility. Add 0.2 mL of 50x BG-11 

cyanobacteria freshwater solution. Swirl a few times to ensure complete mixing. 

(iii) Gently transfer 0.8 mL of the floating green cells from the primary culture to the G625 

media in the culture tube to make a total volume of 10 mL. Swirl gently to disperse 

the cells. The culture should have just a hint of green at this stage. 

(iv) Transfer the starter culture to the shaker incubator (shown in Fig. 2-1, b) and allow it 

to grow at 25°C, 100 rpm and 1% CO2 with cycles of 14 hours of light illumination 

and 10 hours in the dark until the cells form a dense, floating green layer that is clearly 

visible at the top of the liquid phase. This growth typically takes around 1-2 weeks. 

Note that the doubling time of Anabaena flos-aquae during exponential phase is ~ 

56.5 hours(238), so depending on the number of viable cells in the starter culture, it 
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will take 1-2 weeks to produce enough floating green cells that have the ability to 

produce GVs. Viable cells typically form the dense layer at the top and dead cells sink 

to the bottom of the tube.  

(v) Sub-culturing Ana for GV production (Steps v-vi: ● TIMING 2 wk) Aliquot 200-

250 mL of G625 media into an autoclaved 1L Erlenmeyer flask (use a bunsen burner 

flame or a laminar hood to provide a sterile environment to avoid contamination). Add 

1x final concentration of BG-11 freshwater solution (4-5 mL of the 50x stock) just 

before inoculation with Ana starter culture. Swirl to mix components. 

(vi) Inoculate 2 mL of the green, floating layer of the starter culture per flask and grow 

cells in the incubator at 25°C, 100 rpm, 1% CO2, 14 h light and 10 h dark cycle until 

they become confluent (as shown in Fig. 2-1, b-c). This should take ~ 2 weeks, with 

the exact time depending on the number of viable cells inoculated.  

(vii) Harvesting Ana GVs (Steps vii-xi: ● TIMING 1 d) Pour the confluent culture from 

the flask into a separatory funnel (pre-sterilized with stopcork in place), allowing it to 

stand undisturbed on a metal ring stand for 12-16 hours until the GV-producing Ana 

cells separate from the spent media to form a compact green layer at the top (Fig. 2-

1e). 

(viii) Carefully remove most of the spent media by opening the stopcork at the bottom of 

the funnel and retain only the green fraction at the top along with ~30 ml of media. 

(ix) Using a 25 mL serological pipet, gently resuspend the cells and transfer to a 50 mL 

tube. 

(x) Use 10 mL of fresh G625 growth media to collect cells sticking to the walls of the 

funnel. Each flask should be reconstituted to ~ 50 mL of concentrated cell suspension.  

(xi) Split the suspension into two falcon tubes and add equal volume of 1M sorbitol (final 

concentration is 500 mM) and 10% (vol/vol) of Solulyse (i.e. 5.5 mL in 55 mL) to 
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achieve hypertonic lysis. Place the tubes in a rotatory shaker at 4°C for 6-8 hours. 

Green lysates will have a milky tinge post-lysis due to the presence of GVs. 

CRITICAL STEP We have observed that GVs become structurally compromised by certain 

detergents and surfactants used routinely for cell lysis such as BugBuster (EMD 

Millipore), Triton-X and sodium dodecyl sulfate. It is therefore advisable to 

thoroughly characterize the effect of any new detergent on GV structure and integrity 

using techniques such as TEM and pressure absorbance spectroscopy before using 

them for ultrasound and MRI. 

(xii) Isolation and purification of Ana GVs from lysate (Steps xii-xvii: ● TIMING 2-3 

d) Transfer 35 mL of cell lysate to a 50 mL tube and centrifuge at 350g, 8°C for ~24 

hours in a table-top centrifuge, preferably equipped with a swinging bucket rotor. 

(xiii) Slowly remove as much as possible of the green subnatant liquid and cell pellet using 

a 25 mL serological pipet, without disturbing the white GV layer on top. 

(xiv) For the second and third round of centrifugation (350g, 8°C), resuspend the white 

supernatant layer containing GVs in 25 mL of sterile 1x PBS (Corning). During each 

resuspension step, gently wash the inner walls of the falcon tube with fresh PBS to 

recover GVs sticking to the sides. The green subnatant should progressively become 

clearer with each spin. The second and third rounds of centrifugation are shorter than 

the first, with the endpoint being when all the GVs rise to the top of the tube.  

(xv) For the final spin, resuspend GVs in 10-12 mL of PBS (total volume can be varied 

depending on GV yield) and aliquot them into 2 mL tubes. Spin in a microcentrifuge 

at 350g for 4 hrs at 4-8°C. 

CRITICAL STEP Do not fill the tube to the brim, as GVs will get stuck to the lid of the 

tube when they float to the top during centrifugation. 
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(xvi) Using a 21.5 G flat needle attached to a 3 mL syringe, maintain the angle of the 

microcentrifuge tube and slowly insert the needle through the GV film to the bottom. 

Collect most of the subnatant, and slowly take out the needle. Some GV loss will occur 

at this step. This is OK as long as most of the GVs do not get sucked up into the 

syringe. 

(xvii) Resuspend the purified GVs in ~ 6-8 mL of PBS (exact volume of added PBS can be 

varied and is determined by how concentrated the GV solution needs to be for the end 

application) and aliquot the milky white GV solution (Fig. 2-1j) into screw-top vials 

or microcentrifuge tubes. 

▪ PAUSE POINT The Ana GVs aliquoted into tubes can be stored for up to a year at 4°C. 

CRITICAL STEP Avoid freezing and subjecting the tube to shocks, such as dropping to 

the ground or snapping the cap, as this may collapse the GVs. 

(B) Producing and purifying Halo GVs ● TIMING 3.5 weeks  

(i) Growing Halo cultures for GV production (Steps i-iii: ● TIMING 2 wks) Aliquot 

250 mL of Carolina growth medium in to an autoclaved 1L Erlenmeyer flask under 

sterile conditions. 

(ii) Inoculate Halo cultures using one of the following methods. (1) Using a sterile pipette 

tip or toothpick, scrape a small amount of pink culture from the agar plate to add to 

the flask as inoculum. (2) Use one to two brine crystals containing Halo for 

inoculation. (3) Inoculate 2.5 mL from a healthy pink liquid starter culture into 250 

mL of fresh growth medium (1:100). 

(iii) Grow the culture in an incubator at 42˚C with 100 rpm shaking. Depending on the 

health of the parent culture, it may take ~ 2 weeks for the inoculated culture to become 

confluent. Confluency is determined by the color and turbidity of cultures as shown 

in Fig. 2-1d. 
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(iv) Harvesting Halo GVs (Steps iv-vi: ● TIMING 1 wk) Gently pour the culture from 

the flask into a separatory funnel (pre-sterilized with stopcork in place). Allow the 

culture to remain undisturbed until a visible ring is formed at the top (Fig. 2-1f). This 

typically takes 4-6 days.  

(v) Remove as much of the spent media as possible by opening the stopcork, retaining 

only the buoyant layer of milky-pink cells for lysis. The retained volume is~10-20 mL 

and a lot of cells stick to the sides of the funnel. 

(vi) Using equal volume (10-20 mL) of TMC lysis buffer (pH 7.5), gently wash the cells 

stuck on the sides of the funnel and retrieve as many cells as possible. The volume of 

TMC buffer used might be varied depending on the cell density to achieve efficient 

hypo-osmotic lysis. However, note that if too much buffer is used in this step, the 

number of 2 mL aliquots will proportionately increase for the next step, thus 

increasing sample processing time. 

(vii) Isolation and purification of Halo GVs from lysate (Steps vii-xi: ● TIMING 2 d) 

Aliquot ~1.6 mL of cells in 2 mL tubes and spin in a microcentrifuge at 300g for 4 

hours at 8˚C.  

CRITICAL STEP Close the tubes gently; the pressure wave caused from snapping the lid 

will collapse a large number of Halo GVs. 

(viii) At the top of the tube, a mixed layer of Halo GVs (white) and unlysed Halo cells 

(milky-pink) will be visible. Using a blunt end 18.5 or 21.5G needle, aspirate the pellet 

at the bottom of the tubes as well as the pink cell lysate.  

CRITICAL STEP Take care to limit the amount of floating Halo cells and Halo GVs 

(white) that are aspirated in to the syringe.  

(ix) Transfer the GVs and unlysed Halo cells to fresh tubes and bring to 1.6 mL with 1x 

PBS. Centrifuge tubes at 300 g for 4 hours at 8˚C.  
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(x) Repeat steps viii and ix. After each step, the amount of milky-pink buoyant cells will 

reduce and white Halo GVs will increase. Continue with centrifugally-assisted 

floatation until all the cells have lysed and there is no evidence of pink cell lysate in 

the subnatant.   

(xi) Resuspend the purified GVs in PBS and aliquot the milky white GV solution (Figure 

2j) into screw top vials or microcentrifuge tubes. 

▪ PAUSE POINT The aliquoted Halo GVs can be stored for up to one year at 4°C. 

CRITICAL STEP Avoid freezing and subjecting the tube to mechanical shocks, such as 

dropping to the ground or snapping the cap, as this may collapse the GVs. 

(C) Producing and purifying Mega GVs ● TIMING 4 d  

(i) Heterologous expression of Mega GVs in E. coli (Steps i-iv: ● TIMING 2 d) 

Transform 50 µL chemically competent RosettaTM 2(DE3) pLysS cells using > 1 ng 

of pST39 plasmid containing the pNL29 Mega GV gene cluster11 by mixing the two 

components in a 1.5 mL tube and incubating on ice for 30 minutes. Heat shock the 

tube in a 42 °C water bath for 45 seconds, and put the tube back on ice for a minute. 

Add 500µL of SOC outgrowth medium and incubate in a shaker at 37°C and 250 

rpm for 1 hour.  

(ii) Prepare 3 mL of LB broth containing 1x Ampicillin (100 µg/mL), 1x 

Chloramphenicol (25 µg/mL) and 1% (wt/vol) glucose in a glass culture tube. 

Resuspend 300 µL of the transformed E. coli in the broth. Grow the culture in a 

shaker-incubator at 37°C and 250 rpm until OD600 reaches 0.4 – 0.6. Make 100 µL 

aliquots of the culture in sterile tubes, and mix with 100 µL of 50% sterile glycerol. 

Freeze the tubes at -80°C as E. coli glycerol stocks.  

▪ PAUSE POINT The glycerol stocks can be stored at –80°C and used for up to 3 months. 

Note that while using glycerol stocks is convenient, the GV yield is reduced when 
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using frozen stocks, so we recommend fresh overnight transformations for best 

results. 

(iii) Resuspend a tube of the aliquoted glycerol stock in 3 mL LB broth containing 1x 

Ampicillin, 1x Chloramphenicol and 1% (wt/vol) glucose. Grow the E. coli culture 

to saturation (OD600 > 4). For fresh transformations, aliquot 500 uL of the 

transformed E. Coli from Step (i) into 5 mL of LB broth containing 1x Ampicillin, 

1x Chloramphenicol and 1% (wt/vol) glucose. Allow it to grow overnight until the 

culture reaches saturation (~ 16 hours). 

(iv) Prepare 100 mL LB broth containing 1x Ampicillin, 1x Chloramphenicol and 0.2% 

(wt/vol) glucose, and inoculate 1 mL of the saturated E. coli culture into the broth. 

Grow at 37°C for ~ 2 hours until OD600 reaches 0.4 to 0.6. Induce the culture by adding 

20 µM IPTG (final concentration), and grow at 30°C for an additional 16-24 hours. 

(v) Harvesting and purifying Mega GVs from E. coli cultures (Steps v-x: ● TIMING 

2 d) Split the culture equally into three 50 ml Falcon tubes and spin for 1 hour at 500g 

and 25°C.  

CRITICAL STEP Avoid higher speeds because they may cause collapse of GVs.  

(vi) Insert a 10mL syringe with needle to > 1 cm below the surface of the solution and 

withdraw the clear liquid component of the solution.  Withdraw the liquid slowly to 

preserve the thin layer of cells floating at the top of the solution, as well as the pellet 

at the bottom, both of which contain Mega GVs. 

(vii) To lyse the cells, add 4 ml SoluLyse-Tris reagent per 50 ml of E. coli culture, 250 

µg/ml lysozyme and 10 µg/ml DNAseI. Rotate the tubes for 10 minutes at room 

temperature and then aliquot 1.5 mL of the solution to 2 mL tubes. Spin samples for 

4 hours at 800 g and 8°C. Mix the floating GV layer gently with supernatant and 

transfer to a clean tube. 
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(viii) Spin the samples for 4 h at 800g. Use a 3 mL syringe to remove the bottom fraction, 

which sometimes includes a small pellet. Gently resuspend GVs in 1 mL of PBS. 

Repeat the spin and wash steps 3 times.  

CRITICAL STEP Be aware that GVs are susceptible to desiccation and resuspend GVs 

immediately after withdrawing the liquid.  

(ix) Mega GVs are natively clustered. To uncluster them, GV-containing solution is mixed 

with 10 M urea in a 2:3 ratio to achieve 6 M final urea concentration, and the resulting 

solution is gently rotated for 30 min.  

(x) Dialyze GVs overnight in 6-8 kDa MWCO tubing against 4L of PBS. This step can 

be omitted for experiments with no stringent requirements for buffer conditions. The 

white layer of unclustered GVs at the top of the liquid phase after buoyancy 

purification, as well as the re-suspended milky-white solution of Mega GVs in PBS is 

shown in Fig. 2-1, i-j. 

▪ PAUSE POINT Mega GVs can be stored for up to one year at 4°C .  

CRITICAL STEP Avoid freezing and subjecting the tube to mechanical shocks, such as 

dropping to the ground or snapping the cap, as this may collapse the GVs. 

Quantification of GVs by measuring pressure-sensitive optical density                                      

● TIMING 15 m 

2| Determine the concentration of a solution of gas vesicles by measuring its pressure-

sensitive optical density at 500 nm (OD500,ps)  using a NanoDrop 2000 Spectrophotometer. 

Load 2 µL of sample on the pedestal for each measurement. Collapsed gas vesicles in the 

same buffer are used as a blank for measurements. Prepare collapsed GVs by sonication in 

a water bath until the solution turns completely clear or by manual collapse in a capped 

syringe. For manual collapse, remove the plunger from a 12 mL Luer-Lock syringe closed 

with a tip cap and place 5-10 µL of gas vesicle solution at the bottom of the syringe.  
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Making sure that the tip cap is screwed on tight, replace the plunger and push down until 

there is significant resistance. The increase in pressure will collapse the gas vesicles, 

turning the milky white solution clear. A shortcut for quick measurements of GV 

concentration is to blank with the GV resuspension buffer. For most samples, this will give 

an OD reading that is very close to that measured when using collapsed GVs as a blank. 

However, for some samples containing GVs that are fluorescent, it is necessary to use the 

collapsed GVs as the blank. 

! CAUTION Before doing manual collapse, ensure that the tip-cap on the syringe is facing 

away from you and securely fastened, as pressurization of the syringe may cause ejection 

of the cap, resulting in potential injury to the user. Wear protective eyewear and clothing. 

CRITICAL STEP It is important to ensure that the GVs are homogenously re-suspended 

in solution just before measurements. For each sample, take the average OD500,ps value after 

multiple measurements (n>=3) to ensure precision and accuracy.  

Quantification of GV protein concentration ● TIMING 15 m 

3| Measure the protein concentrations using the Pierce 660nm protein assay to obtain 

relationships between optical density and protein content for the GV solutions. The protein 

concentrations to OD relationships that we have determined for Ana, Halo and Mega GVs 

are given in Table 2-T4. 

Chemical functionalization of GVs ● TIMING 2 d 

CRITICAL Purified Ana, Halo and Mega GVs contain lysine residues on the surface that 

can be used to chemically conjugate a variety of moieties such as polyethylene glycol, 

fluorophores and biotin using an amine-reactive coupling group such as N-

hydroxysuccinimide ester.  

4| Measure the concentration of purified GVs using the OD relationships in Table 2. 
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5| Aliquot the NHS-moiety in anhydrous DMSO at 100x of the required molar 

concentration for the amine-NHS reaction. For Alexa-488-NHS conjugation to Ana GVs, 

aliquot 5 µl of the 10 mM stock solution of the dye pre-prepared in anhydrous-DMSO.  

CRITICAL STEP Ensure that the NHS-moiety solution does not contain detergents or 

surfactants that might affect the integrity and properties of GVs.  

6| Adjust the concentration and volume of GVs to the desired amount and ensure that the 

buffer is free of amines (avoid Tris buffer). For Alexa-488-NHS conjugation to Ana GVs, 

bring Ana GVs to OD1 in 1 mL of PBS at pH 7.4. 

CRITICAL STEP If GVs were previously in a buffer containing free amines or PBS with 

pH less than 7, ensure complete buffer exchange with PBS at pH 7 – 9 before proceeding 

with the amine-NHS reaction.  

7|Add 105 molar excess of the NHS-moiety to GVs, keeping the DMSO concentration at 

0.5% or less of the total reaction volume. For Alexa-488-NHS conjugation to Ana GVs, 

add 5 µl of the 10 mM Alexa-488-NHS in DMSO to 1 mL of Ana GV solution. Based on 

the average number of gvpA and gvpC protein monomers that make up Ana GVs, 

approximately 50,000 lysine residues are present for every Ana GV. One can tune the 

molar ratio of the two reactants (NHS-moiety : GV) to achieve the desired reaction 

efficiency. 

8| Allow the reaction to proceed for 4 hours at room temperature under gentle rotation.  

9| Quench the unreacted NHS-moieties using Tris-HCl buffer at pH 8 to a final 

concentration of 10 mM for 20 minutes at room temperature under gentle rotation 

10| Add the whole reaction to dialysis tubes (6-8 kDa cutoff) and dialyze against a 4000x 

volume excess of PBS at 4˚C for 8 hours. Replace the buffer and allow dialysis to continue 

for an additional 8 hours. 
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CRITICAL STEP If NHS-moiety is not amenable to dialysis, repeated rounds of 

centrifugally-assisted purification is an alternative method to remove excess reactants 

and/or for buffer exchange. 

▪ PAUSE POINT Chemically functionalized GVs can be stored in PBS buffer for up to 

one year at 4˚C -. 

Genetic modification and functionalization of Ana GVs ● TIMING 3 days 

The outer scaffold protein of Ana GVs, gas vesicle protein C (GvpC), can be removed and 

replaced with genetically modified recombinant versions as a molecular handle for GV 

mechanical modification and functionalization. This procedure comprises stripping native 

GvpC off Ana GVs (Steps 11-19), preparing recombinant GvpC (Steps 20-38) and re-

adding this GvpC onto ∆GvpC Ana GVs via dialysis (Steps 39-41). In addition, GVs 

functionalized with GvpC fused to the SpyTag peptide enable convenient downstream 

covalent functionalization with proteins fused to the SpyCatcher moiety (Steps 42-45). 

11| Preparation of ∆GvpC GVs (Steps 11-19: ● TIMING 12 h) Dilute purified Ana GVs 

in PBS such that OD500,ps <10. 

12| Prepare 3:2 (vol/vol) mix of GV stripping buffer (10M urea in 100mM Tris buffer) and 

GV solution in PBS. Pipet 1.7 mL into 2 mL microcentrifuge tubes. 

13| Centrifuge at 300g for 4 hours, or until the subnatant is completely clear. Remove the 

clear subnatant with a syringe using a 21G flat needle. Retain the milky white supernatant 

in the tube. Resuspend the GV-containing supernatant in GV stripping Buffer (Round 2 i.e. 

6M urea, 60mM Tris-HCl). Repeat this step 1 time. 

14| Confirm GvpC removal by performing SDS-PAGE. Incubate a 1:1 (vol/vol) mix of 

GVs in 2x Laemmli buffer (containing 5% (vol/vol) 2-mercaptoethanol) at 95°C for 5 m. 

Centrifuge briefly to collect condensate. 
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15| Assemble the electrophoresis cell with the comb and tape removed from the 

polyacrylamide gels. Fill the inner chamber completely with 200 mL 1x TGS buffer. 

Ensure that the cell is not leaking fluid. Fill the outer chamber up to mark with 600 mL 1x 

TGS buffer. 

16| Load the protein ladder and samples in the gel using gel-loading tips. GVs should be at 

OD500 > 3 prior to the 1:1 dilution. If purified proteins are being run on the same gel for 

comparison, load > 100 ng.  

CRITICAL STEP In order to prevent contamination between wells, do not exceed the 

maximum recommended volume per well.  

17| Connect electrophoresis cell to power supply and run the gel for 55 m at 120V. 

18| Recover the gel by disassembling the electrophoresis cell and the gel cassette. Incubate 

the gel in a holder with DI H2O for 10 m, then stain for 1 h with 10 mL SimplyBlueTM 

SafeStain. De-stain the gel for at least 1 h with 10 mL DI H2O. 

19| Image the gel using a Coomassie imaging protocol using the gel imaging system to 

visualize protein bands. The GvpC band at approximately 25 kDa should be missing. 

▪ PAUSE POINT Store the ΔGvpC GVs in urea buffer at 4°C for no more than 1 week. 

When preparing ΔGvpC GVs for long term storage without any further genetic 

functionalization or recombinant GvpC addition (steps 39-45), we recommend dialyzing 

the GV solution against PBS in order to completely remove the urea. 

20| Preparation of recombinant GvpC (Steps 20-38): ● TIMING 1 d) Transform > 1 ng 

pure plasmid encoding recombinant GvpC with a C-terminal hexahistidine tag into BL21 

(DE3) competent cells and grow culture in terrific broth with 50 µg/ml kanamycin 

overnight.  
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21| Dilute 500 µL of the starter culture 1:1 with 50% glycerol in water and store at -80°C 

(for upto one year for best results). Future starter cultures can be grown from aliquots of 

this glycerol stock instead of fresh transformations. 

22| Dilute starter culture 1:250 in terrific broth with 50 µg/ml kanamycin and grow to 

OD600~0.4-0.7 with shaking (250 rpm) at 37ºC. Induce at a final concentration of 1mM 

IPTG. Grow culture for 6-12 h at 30ºC with shaking.  

CRITICAL STEP Frozen IPTG stocks should be thawed fully and vortexed to mix 

contents before use. 

23| Pellet the cells in ultracentrifuge tubes at 5,500g for 15 min at 4°C and discard the 

supernatant. 

▪ PAUSE POINT Cell pellets can be stored at -20°C for up to one year. Protein extraction 

is typically more effective with frozen cells. 

24| Resuspend the pellets in 10 mL Solulyse with 10 µg/mL DNAse. Rotate at room 

temperature for 10 min. 

25| Centrifuge at 20,000g for 15 m at 4°C to clear the lysate and discard the supernatant. 

26| Resuspend the pellet in 10mL Solulyse and lysozyme (0.25 mg/mL). Rotate at room 

temperature for 10 m. 

27| Add 5mL Solulyse and vortex. Centrifuge at 20,000g for 20 m at 4°C and discard the 

supernatant. 

28| Thoroughly resuspend the pellet in 5 mL of inclusion body solubilization buffer. 

29| Centrifuge at 20,000g for 20 m at 4°C. 
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30| Add 1.5mL Ni-NTA slurry to the supernatant, incubate at 4°C with shaking (60 rpm) 

for 2 h or more. 

31| Pour into a polyprep column and collect all the flow-through, wash and elutions in the 

next steps. Collecting all fractions is good practice for troubleshooting and analyzing 

purification steps using SDS-PAGE.  

32| Wash with 10 column volumes of inclusion body wash buffer.  

33| Elute with 2 column volumes of inclusion body elution buffer.  

34| To quantify the eluted protein using the Bradford assay, prepare a standard curve of 

bovine serum albumin (BSA) at a final concentrations of 100, 250, 500, 750, 1000 and 

1500 µg/mL in 60 µL of 3x diluted inclusion body elution buffer in PBS. Prepare dilutions 

of eluted protein 1:2 in PBS with a final volume 60 µL. Prepare a negative control of 3x 

diluted inclusion body elution buffer in PBS. 

35| To 25 µL of the sample and BSA standards, add 1 mL of Bradford reagent, vortex and 

incubate at room temperature for 5-10 m. Prepare all samples in duplicate. 

36| Blank the spectrophotometer with a negative control sample and measure the OD595. 

37| Measure the OD595 of the standard curve samples. Plot the OD595 versus the 

concentration, and compute linear regression fit. 

38| Measure the OD595 of the eluted protein samples. Use the linear fit from Step 37 to 

compute the unknown concentrations, and multiply by 3 (dilution factor) to obtain 

concentration of stock elution solution. 

▪ PAUSE POINT Store the elutions separately at 4°C for up to 3 months. Elution 1 has > 

80% of collected pure protein and is used for the subsequent experiments. Elution 2 is more 

dilute and is typically stored as backup or for running protein controls for SDS-PAGE. 
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39| Preparation of GVs with recombinant GvpC (Steps 39-41: ● TIMING 1 d) Add 

recombinant GvpC to ∆GvpC GVs according to the formulation: 2 * OD * 198 nM * 

volume (in L) of GVs = nmol recombinant GvpC. This provides a 2-fold stoichiometric 

excess of GvpC relative to binding sites on an average Ana GV, assuming a 1:25 molar 

ratio of GvpC : GvpA binding based on previous work (63). The exact volume of 

recombinant GvpC to be added is calculated based on the molar mass of the particular 

variant and the concentration of eluted GvpC (measured by Bradford according to steps 

34-38). For truncated GvpC variants with a lower GV binding affinity, a higher 

stoichiometric excess may be added to promote attachment of GvpC to the GV surface. 

However, note that adding too much excess of GvpC might lead to protein aggregation 

during dialysis. 

40| Soak the dialysis tubing in PBS for 5 minutes. Add samples (GVs + recombinant GvpC) 

into dialysis tubing and clip both sides. Dialyze in 4L PBS with stirring on low speed for 

at least 12 h.  

CRITICAL STEP The length of dialysis tubing used for each sample depends on the total 

volume of the dialysate, which is determined by the amount of engineered GVs required 

for the end application. The type of dialysis tubing used (molecular weight cutoff) can 

change depending on the GvpC variant, as truncated variants may have a much lower 

molecular weight.  

41| Transfer the dialysate into 2-mL centrifuge tubes and spin at 300g for 3 hours, or until 

subnatant is clear. Remove subnatant with syringe with a 21.5G flat needle. Retain the 

milky white supernatant in the tube. Resuspend GVs in PBS. Repeat this centrifugation 

step one time. 

▪ PAUSE POINT Store at 4°C for up to 3 months. NOTE: Since different GvpC variants 

have different binding affinities to the GvpA shell, it is advisable to check the hydrostatic 

collapse profile of the stored GV variant before use in imaging experiments, to ensure that 

there is no dissociation of recombinant GvpC from the GV surface during storage 
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42| Preparation of SpyCatcher-functionalized GVs (Steps 42-45: ● TIMING 5 h) 

Prepare Ana GVs with GvpC fused to SpyTag peptide using Steps 39-41. 

43| Mix SpyTag-functionalized GVs with SpyCatcher-fused proteins according to the 

formulation: 2 * OD * 395 nM * volume (in L) of SpyTag GVs= nmol SpyCatcher-fused 

protein. This results in a 2-fold excess of SpyCatcher to SpyTag in the reaction, based on 

the stoichiometry described in Step 39. Note that the SpyCatcher-mNeonGreen (SC-mNG) 

fusion protein used in our published work (97) is expressed separately in E.Coli following 

procedures in Steps 20-23 and using the plasmid containing SC-mNG (details in the 

reagents section).  SC-mNG is expressed as a soluble protein and hexahistidine-tagged, 

enabling purification using the same Ni-NTA slurry used for recombinant GvpC 

purification. Unlike GvpC inclusion bodies, soluble proteins are in the supernatant after 

cell lysis with Solulyse/DNAse (Step 24), allowing direct incubation of the supernatant 

with the slurry (Step 30). Wash and elution (Steps 31-33) are performed with soluble 

protein wash buffer and soluble protein elution buffer respectively, and the protein is 

desalted into PBS using PD10 desalting columns. Protein quantification is done using the 

Pierce or Bradford assay before use. 

44| Incubate 1 hour or more at room temperature. 

45| Centrifuge at 300 g for 3 hours or until subnatant is clear. Remove clear subnatant with 

syringe with 21.5G needle. Retain milky white supernatant in the tube. Resuspend 

supernatant in PBS. Repeat this centrifugation step one time. 

▪ PAUSE POINT Store at 4°C for up to 3 months. 

GV Characterization  

46| To characterize the purified GVs, follow the procedure in A to determine the critical 

collapse pressure of GVs using pressurized absorbance spectroscopy. Follow option B for 

DLS measurements and option C for preparing the GV specimens for TEM. 
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(A) Determining critical collapse of GVs with pressurized absorbance spectroscopy   

● TIMING 40m 

(i) Before acquiring measurements, connect the spectrophotometer to a power supply for 30 

m to allow it to warm up. 

(ii) Run the Alicat_startup script to initialize the pressure controller. 

(iii) Blank the spectrophotometer with a cuvette filled with PBS or GV resuspension buffer 

and run OceanOptics_startup_FullTrans to save the data. 

(iv) Establish a zero-transmission baseline with the opaque side of cuvette blocking the light 

path using the OceanOptics_startup_NoTrans script. 

(v) Fill cuvette with intact GV sample (OD500nm = 0.2 in PBS) and fasten the cannulae 

securely. To assist loading, use elongated gel-loading micropipette tips. 

(vi)  Open the N2 tank valve, pressure regulator, and pressure controller valve. 

(vii) Run the Collapse_script to measure the OD500,ps under increasing hydrostatic pressure 

(0 kPa – 1.4 MPa in 20-kPa increments).  

(viii)  Between these measurements, rinse the cuvette with DI H2O, 70% ethanol and acetone 

to ensure that cuvette is completely clean and dry before adding the next sample. 

(ix)  After measurements, close gas the valves and turn off the spectrophotometer. 

(B) Preparation of GV specimens for dynamic light scattering (DLS) ● TIMING 5 m 

(i) Dilute the GV samples to OD500,ps = 0.2 in PBS.  

(ii) Measure the particle size on ZetaPALS instrument with an angle of 90° and refractive 

index 1.33. 
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(C) Preparation of GV samples for transmission electron-microscopy (TEM)                        

● TIMING 30 m 

(i) Buffer-exchange the purified GVs in 10 mM HEPES buffer with 150 mM NaCl or an 

alternative non-phosphate containing buffer via centrifugally-assisted floatation (same 

procedure as used for GV isolation) at 8°C and 300g. Replace the subnatant with equal 

volume 10 mM HEPES buffer with 150 mM NaCl. Repeat 3 times. The aim of this step 

is to prevent phosphate in the PBS from causing unwanted precipitation of the uranyl 

acetate stain used downstream in step (vi). Therefore, if the GV solution is very 

concentrated, direct dilution of the GV sample into the above-mentioned HEPES buffer 

to a final OD of 0.2 would be a quicker alternative.    

(ii) Dilute the GVs to a final OD of 0.2. 

(iii)  Spin 2% Uranyl acetate solution in a benchtop centrifuge at 14,000xg for 5 minutes to 

pellet any precipitate. 

(iv)  Charge Formvar TEM grids using the glow discharge system with 15 mA current for 1 

minute. 

CRITICAL STEP Gently handle the TEM grids and avoid contact of the tweezer tip with 

the center of the grid to prevent bending and damage to the grids. 

(v) Place 2 µl of well-mixed GV solution on the charged Formvar TEM grids for 3 minutes. 

The sample should be placed on the carbon side of the grid; avoid placing sample on the 

copper side. For convenience, we use PELCO reverse, anti-capillary tweezers to hold the 

TEM grid while adding sample and negative stain.  

(vi)  Add 5 µl of 2% uranyl acetate to the GV solution on the TEM grid for 30 seconds. 

(vii) Using a Whatman filter paper, wick the solution by gently touching the edge of the grid.   

For consistent results, leave a thin film of sample on the grids and leave to air dry.  
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(viii)  Image the grids using TEM.  

Ultrasound imaging of GVs in vitro in agarose phantoms 

Steps 47-63 describe the application of GVs as contrast agents for ultrasound. 

47| Agarose phantom preparation and sample loading (Steps 47-55: ● TIMING 3 h) 

Make a 250 mL solution of 1% (wt/vol) agarose in PBS and microwave for 3 minutes to 

ensure dissolution. Ensure that the lid is loosely fastened and swirl the bottle at 1 min 

intervals to prevent the agarose from settling. 

 

48| Fasten the lid and put the bottle in a water bath at 50-55°C for at least 30-45 min to 

allow the solution to equilibrate to the bath temperature. 

 

49| Fill the Nalgene plastic holder (L 12.5 cm x W 8 cm, 300 mL) with 150 mL of molten 

1% agarose in PBS. Keep the remaining agarose solution in the water bath for sample 

loading. 

 

50| Immerse the multi-well phantom mold on top of the agarose solution.  

CRITICAL STEP Remove any small air bubbles with a syringe needle and lower the 

mold gently onto the surface of the agarose, maintaining a small angle to allow any air 

trapped on the interface between the agarose and mold to escape. 

 

51| Let the agarose phantom solidify at room temperature for 1 h. 

 

52| Carefully take out the multi-well phantom mold without disturbing the agarose beneath. 

 

53| Prepare the GV samples and controls at 2x of the final desired concentration.  

 

54| Prepare a 1:1 mixture of the 1% agarose in PBS with the GVs or polystyrene beads. 
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Make sure the 1% agarose in PBS is equilibrated to a temperature of 50-55°C before and 

during the mixing with GVs or polystyrene beads. Just prior to mixing with the agarose, 

place the GV or polystyrene sample for 10-15 seconds in a 50°C water bath to warm the 

sample. This allows proper mixing of agarose with the sample and provides enough time 

to load the sample into the well before the agarose solidifies.  

 

CRITICAL STEP Do not heat the GV samples to temperatures above 50°C. GV collapse 

has been observed even for a 10-20 sec incubation at 65°C or above. 

 

55| Pipette the mixture into the phantom well. The volume of mixture pipetted depends on 

the dimensions of the well, typically 50-100 µL. 

56| Phantom imaging (Steps 56-62: ●TIMING 1 h) Place the ultrasound acoustic 

absorber at the bottom of the phantom holder to prevent multiple ultrasound wave 

reflections during the measurement 

57| Immerse the phantom in water or 1X PBS. 

58| Perform ultrasound imaging on the Verasonics L11-4v or L22-14v ray-line example 

scripts using the following parameters: set the transmit frequency is to 4.5 MHz, set the 

number of cycles of the transmitted ultrasound pulse to 3, the F-number to 3, the voltage 

to 2.5 and the persistence to 90. These parameters can be adjusted by the user in the 

Verasonics MATLAB script defining the ultrasound pulse sequence, and operated via the 

VSX GUI. Perform the collapse using a high-power pulse at 25V. 

59| Perform ultrasound imaging at the fundamental frequency with the L22-14v: the 

transmit frequency is set to 11.5 MHz, the number of cycles of the transmitted ultrasound 

pulse is set to 6, the F-number to 2, and the voltage to 3V. Those parameters are adjusted 

in the script and operated via the VSX GUI. 
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60| Perform ultrasound imaging at the second harmonic frequency with the L11-4v 

transducer: echoes at the second harmonic frequency are displayed using a 2 MHz wide 

band pass filter centered around 9 MHz. Other parameters are identical to the fundamental 

imaging mode and adjusted in the script. Second harmonic imaging is operated as an option 

via the VSX GUI. Note that we have recently developed new amplitude modulation 

strategies that can also be used for highly selective non-linear imaging of native and 

engineered GVs (98, 101).  

61| Obtain acoustic multiplexing images by using GVs at OD 1 and a transmit frequency 

of 6.25 MHz and at 1.6V on the L11-4v, with a 4 cycle pulse, transmit focus of 20 mm, F-

number of 2 and persistence of 90. To collapse the GVs, increase the acoustic pressure by 

lowering the F-number to 0.1 and gradually ramping up the voltage. At each collapse step, 

the transducer is translated in the y and z planes using the Velmex motors to ensure 

homogenous collapse over the entire well and field of view. 

62| Save the ultrasound images for subsequent processing as .fig images (MATLAB 

format) directly from the MATLAB figure panel. 

Ultrasound imaging of GVs in vivo  

63| GVs can be used as contrast agents for in vivo ultrasound imaging. The section below 

describes the steps for imaging injected GVs in mice using the Verasonics system. Any 

experiments involving live mice must conform to relevant Institutional and National 

regulations. All animal experiments reported in this article received approval from the 

Institutional Animal Care and Use Committees of the California Institute of Technology or 

the Sunnybrook Research Institute. 

 GV imaging in vivo using the Verasonics ultrasound system lTIMING 45 m 

(i) Place the mouse in the induction chamber with isoflurane 3-4%, room air at 2 liters/min 

with the vacuum on for isoflurane removal. 
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(ii) When the animal is unresponsive to toe pinch, move the animal to the heat pad and 

nose cone for continued anesthesia and place it on the supine position. Reduce the 

isoflurane to 2% and apply eye lubricant to both eyes to avoid drying. Use NAIRTM 

and cotton swabs to depilate the abdominal area and wash thoroughly with saline to 

avoid any burns on the skin.  

(iii) Prepare the catheter using 10 cm of PE10 plastic tubing and a 30 G needle. With a razor 

blade, cut the plastic at the bottom of the needle to allow the blunt end to be free. Push 

this end into the PE10 plastic tubing.  

!CAUTION Follow safe practices and wear proper PPE while handling sharp needles. 

 

(iv) Fill the catheter with saline using a 30 G syringe. Confirm that there is no leaking from 

the catheter. Remove the saline-filled syringe before the next step. Failure to fill the 

tubing with liquid to remove the air from the catheter can lead to a gas embolism and 

death of the animal.   

 

(v) To insert the catheter into the tail-vein, place the mouse on its side for a better view of 

the lateral tail vein, clean the tail with an alcohol swab. Using the dominant hand to 

hold the catheter, use the other hand to hold the tail between your thumb and index 

finger. Insert the bevel needle through the skin and into the vein at a flat angle and 

advance it for several mm. If the needle is inserted correctly, blood should backflow 

through the catheter. 

 

(vi) Secure the position of the catheter in the tail vein with tissue adhesive glue and use the 

30G syringe filled with saline to flush the blood from the catheter. 

CRITICAL STEP The flow of saline should be smooth, confirming proper positioning of 

the needle tip in the tail vein. Excessive pressure to achieve flow may indicate improper 

positioning of catheter or clotting of blood. 
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(vii) To perform ultrasound imaging, slowly adjust the mouse to a supine position and apply 

ultrasound gel on the depilated area. Place the transducer on the gel. 

 CRITICAL STEP Make sure that there are no air gaps and that the gel is completely 

coupled to the transducer. 

 

(viii) Open the Verasonics L11-4v ray-line example script in MATLAB. The transmit 

frequency is set to 4.5 MHz with the L11-4v transducer. Position the transducer to see 

the Inferior vena cava (IVC) for vascular imaging. Keep the voltage at 2.5V, 3-cycle 

pulse, F-number 3 and persistence 20. Other imaging scripts can also be used here 

CRITCAL STEP Ensure that the region of interest in the mouse aligns with the focus of the 

transducer to acquire optimal images. 

(ix)     Remix the gas vesicles thoroughly by gently pipetting up and down, then aliquot 

100 µL of solution of OD500,ps  ~ 25 into a 1.5 mL micro-centrifuge tube.  

CRITCAL STEP Gas vesicles must be mixed thoroughly each time before an injection, 

they are buoyant and will float up to the top of the tube. Make sure to inject 

immediately after remixing. 

(x) Carefully load a 30 G tuberculin syringe with the GV solution, making sure there are 

no air bubbles. Do not tap as this may collapse the GVs. Replace the saline-filled 

syringe at the end of the catheter and secure it to the syringe pump. 

 

(xi) Fill the catheter line with GVs at a rate of 5 µL/s. 

 

(xii) Inject 50 µL of GVs into the tail vein at a rate of 5 µL/s and record the ultrasound signal 

appearing in the IVC and liver.  

CRITCAL STEP The total amount of injected saline and sample should be monitored and 

within the approved safety guidelines to prevent adverse effects on the animal caused 

by blood dilution. 
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(xiii) Perform imaging using B-mode or harmonic filtering as described in steps 58-60 for in 

vitro specimens. 

(xiv) At the end of the imaging session, turn off the isoflurane and remove the mouse from 

the nosecone. Wait for the animal to completely recover from the anesthesia before 

returning it back to the cage. 

TROUBLESHOOTING TABLE 

Step No. Problem Possible Reason Solution 
1A(iv), 
1A(vi) 
1B(iii) 

Cultures growing too 
slowly  

Not enough viable 
cells 

Increase the amount of starter 
inoculum. 

1A(iv), 
1A(vi) 
1B(iii) 

Cell death  Contamination 
 
 
 
Incubator 
conditions 
(aeration, pH, 
temperature and 
lighting) not 
optimal  

Start fresh from primary 
cultures and follow sterile 
procedures. 
 
Loosen the cap/foil to allow 
aeration, monitor CO2 levels. 
For Ana cultures, ensure 
temperature inside incubator 
does not increase during light 
cycle due to heat from the 
lamps and confirm proper 
exposure of the cultures to 
light. 

1A(vii)-
(xi), 
1B(iv)-
(vi) 
 
 
 
1A(xi), 
1B(vi) 
 
 
 
 

Poor GV yield Cultures not 
confluent 
 
 
 
 
 
Incomplete lysis 
 
 
 
 
 
 
 

Allow cultures to grow for a 
few more days. Confluency is 
determined by the color and 
turbidity of the cultures as 
described in the procedure and 
shown in Figure 2 
 
Dilute the concentrated cell 
suspension with lysis buffer 
and/or allow lysis to proceed 
longer. 
 
 
 



 

 

189 
1A(vii)-
(xi),1 
B(iv)-(vi) 
 
 
 
1A(x), 
1B(vi) 

Collapse of GVs 
 
 
 
 
 
Inefficient 
retrieval of 
buoyant cells 
from the 
separatory funnel 

Make sure the cultures are not 
subjected to agitation above 
100 rpm and handle flasks 
gently while transporting and 
placing on hard surfaces. 
 
Thoroughly wash the inner 
walls of the funnel with 
media/buffer to retrieve the 
buoyant cells sticking to the 
sides (especially for Halo). 

1A(xii) Incomplete separation 
of GVs from 
lysate/subnatant 

Lysate is too 
dense, requiring 
longer spins for 
GVs to float to the 
top 

Increase time of centrifugation 
and/or dilute lysate with PBS 
prior to spin 

1A(xii), 
1C(v) 
 
 
 
 
1A(xv), 
1B(vii) 

Collapse of GVs 
during spins 

Hydrostatic 
Pressure on GVs 
greater than 
critical collapse 
pressure 
 
Pressurization of 
tubes while 
opening and 
closing 

Aliquot suspensions into more 
tubes to reduce height of the 
column (volume in a single 
falcon tube should not exceed 
40 mL).  
 
Ensure microcentrifuge tubes 
are closed very gently. The 
caps of such tubes should not 
make a snap sound when 
closed. 

8 NHS-amine reaction 
did not work 

NHS will 
hydrolyze in the 
presence of 
water/moisture.  

Ensure DMSO used for storage 
is anhydrous.  
Limit exposure to ambient 
moisture. 
Store in a desiccated 
environment. 

4-10 GVs aggregate after 
reaction with NHS-
moiety 

Conjugation of 
moieties on the 
GVs destabilizes 
the protein.  
 
 
Presence of 
surfactants in the 
reactant sample. 

Conjugate fewer moieties on 
the GV surface by reducing the 
concentration of NHS-moiety 
and/or reaction time.  
 
 
Purify the NHS-moieties using 
chromatography or other 
methods.  
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9, 10 Subsequent reaction 

using NHS-moiety 
conjugated GVs does 
not work. 

Presence of 
excess NHS-
moieties in 
solution. 

Repeat dialysis until excess 
NHS-moieties are below level 
of detection. 

11-19 Incomplete GvpC 
stripping 

GV concentration 
is too high for 
efficient removal 
of GvpC 

Dilute native Ana GVs in PBS 
to an OD ~ 5 before adding 10 
M urea buffer. 

20-38 Low or no GvpC 
yield 

Low expression of 
GvpC variant 
 
 
 
 
Poor binding to 
the Ni column 
 
 
Inefficient 
retrieval of 
inclusion bodies 

Check plasmid for mutations, 
prepare fresh transformations 
and try reducing temperature 
and increasing duration of 
expression.  
 
Ensure column is charged and 
increase incubation time with 
resin or add more resin. 
 
Ensure that inclusion pellets 
are not lost during repeated 
rounds of centrifugation and 
resuspension 

39-41 Incomplete GvpC re-
addition 

GV concentration 
is too high for re-
addition reaction 
to go to 
completion 

 
GvpC 
concentration is 
too low 

Reduce GV OD500 during 
GvpC re-addition. Confirm re-
addition by SDS-PAGE and 
Coomassie staining. 
 
 
Inaccurate quantification of 
GvpC eluate. 

39-41 Protein precipitation 
is seen after re-
addition 

Excess unbound 
GvpC forms 
precipitates in 
PBS. 

Reduce stoichiometric excess 
factor of GvpC during re-
addition. 

42-45 No fluorescence from 
SpyCatcher-GFP-
labeled GVs 

Incomplete 
SpyTag 
functionalization 

 
Incomplete 
SpyTag-
SpyCatcher 
reaction 

Confirm GvpC-SpyTag re-
addition using SDS-PAGE. 

 
 
Increase excess factor of 
SpyCatcher during reaction 
and/or increase reaction time. 
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46A Collapse curves are 

inconsistent or noisy 
Incomplete 
collapse  
 
 
Presence of 
detergents and/or 
incomplete GvpC 
addition 

Make sure that there are no air 
leaks in the connectors or 
bubbles in the sample 
 
Always run control GV 
samples such as ΔGvpC and 
GvpCWT to ensure that the re-
addition was done under 
proper conditions and 
corroborate with SDS-PAGE 
results. 

46C Too much black 
background on TEM 
grid  

GV sample 
contains 
contaminants or 
phosphate-
containing 
molecules 
 
Uranyl acetate 
precipitate present 
in solution 

Using dialysis or centrifugally-
assisted purification to 
resuspend GVs in 10 mM 
HEPES with 150 mM NaCl 
buffer.  
 
 
Avoid extended exposure to 
ambient light. Uranyl acetate 
will precipitate when exposed 
to light and UV. 

46C Too many or too few 
GVs on the TEM grid 

Incorrect GV OD 
measurement 
 
 
GVs were not 
given adequate 
time to adhere on 
charged grids. 

Measure GV OD and double 
check the dilution calculation.  
 
 
Excessive wicking can cause 
too many GVs to come off 
grids. Reduce how much 
solution is being wicked off.  

47-62 Only the top of the 
GV sample for in 
vitro ultrasound 
phantoms shows 
contrast 

The concentration 
of GVs is too 
high. 

Lower the concentration of 
GVs. 

47-62 The signal from GVs 
and polystyrene 
beads is very 
different. 

The concentration 
of GVs or 
polystyrene beads 
is too high or too 
low. 

Matching of GVs’ 
concentration to concentration 
of beads. 
 

63 Weak or no signal 
after injection  
 
 

IVC not in the 
image 
 
 

Move the transducer to find the 
optimal location in the IVC 
and try to align the imaging 



 

 

192 
 
 
 
 
 
 
 

 
                                                                                              
 
GVs collapsed 
prior to or during 
injection 
 
 
 
 
 
 
 
 
Transmit power 
set too high 
 

target with the natural focus of 
the transducer 
 
Check that there is no pressure 
when injecting through the 
catheter by manually injecting 
a small volume of saline with a 
30G syringe. If you feel 
pressure, readjust the catheter 
into the tail vein and ensure 
that there are no blocks, 
allowing the saline to flow 
smoothly 
 
Ensure that transmit power 
does not generate an acoustic 
pressure on the GVs that 
exceeds the critical collapse 
pressure 

 

 

 




