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SUMMARY

Ultrasound imaging is a cornerstone of medical diagnostics, offering high-resolution, real-
time visualization of anatomical structures. However, its application to molecular and
cellular imaging has been limited by the lack of nanoscale contrast agents. Gas vesicles
(GVs), air-filled protein nanostructures evolved for buoyancy in microorganisms, offer
transformative potential in this domain. This thesis explores the engineering and ap-
plication of GVs as biomolecular ultrasound contrast agents, emphasizing their use as
biosensors for molecular imaging. It builds on their unique genetic encodability, tunable
acoustic properties, and nanoscale dimensions to address key limitations in ultrasound
imaging.

In chapter 1 and chapter 2 we introduce the potential of GVs as genetically encoded
ultrasound contrast agents, highlighting their advantages over traditional agents like mi-
crobubbles. These chapters provide an overview of ultrasound imaging’s evolution, fo-
cusing on the emerging field of biomolecular ultrasound imaging, which leverages GVs
to bridge the gap between molecular processes and ultrasound modalities. Applications
such as neuroscience imaging and functional imaging of dynamic biological processes
are discussed, emphasizing GVs’ nanoscale properties and unique acoustic behavior.

The contents of chapter 3 focus on the cryo-electron microscopy (cryo-EM) structural
analysis of GVs. This study provides an atomic-level model of the GV shell, particularly in
the absence of the reinforcement protein GvpC. By combining structural insights with a
sequence analysis of GvpC, the chapter proposes a hypothetical binding mechanism that
informs mutagenesis experiments in later work. This structural foundation is critical for
the subsequent engineering of GVs for biosensor applications.

In chapter 4 we present the development and validation of pHonon, the first GV-based
pH biosensor. By engineering pH-sensitive histidine residues into GvpC, the biosensor’s
acoustic properties were tuned to detect pH variations. Validation experiments, con-
ducted both in vitro and in vivo, demonstrated pHonon’s efficacy for real-time, non-invasive
pH imaging. This work highlights the versatility of GVs as platforms for biosensor engi-
neering and their potential for applications in both basic research and clinical diagnos-
tics.

Then, chapter 5 explores alternative approaches to enhancing GV functionality through
aggregation. By inducing GV clustering via methods like biotin-streptavidin interactions
and depletion interactions, significant improvements in ultrasound contrast were achieved.
This chapter shows that aggregation enhances both linear and non-linear acoustic re-
sponses, providing a complementary strategy to genetic engineering for optimizing GV
performance. These findings open new avenues for improving the signal strength and
utility of GVs in various imaging applications.

The thesis concludes by summarizing the key findings and their implications for the
field of biomolecular ultrasound imaging. It emphasizes the breakthroughs achieved,
such as the high-resolution GV structural model, the development of pHonon, and the ex-
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viii SUMMARY

ploration of aggregation-based contrast enhancement. These contributions advance the
field significantly, offering innovative solutions to challenges in molecular imaging. This
thesis lays the basis for future research on broadening the array of biomarkers identifi-
able by GVs, improving genetic engineering methods, and investigating additional imag-
ing techniques to enhance the effectiveness of biomolecular ultrasound imaging.



SAMENVATTING

Echografie is een hoeksteen van de medische diagnostiek, met hoge resolutie, realtime
visualisatie van anatomische structuren. De toepassing ervan op moleculaire en cellu-
laire beeldvorming is echter beperkt door het gebrek aan contrastmiddelen op de nano-
schaal. Gasvesikels (GVs), met lucht gevulde eiwit-nanostructuren die geévolueerd zijn
voor drijfvermogen in micro-organismen, bieden transformatief potentieel in dit domein.
Dit proefschrift onderzoekt de ontwikkeling en toepassing van GVs als biomoleculaire
contrastmiddelen voor echografie, met een nadruk op hun gebruik als biosensoren voor
moleculaire beeldvorming. Het bouwt voort op hun unieke genetische encodeerbaar-
heid, afstembare akoestische eigenschappen en nanoschaaldimensies om belangrijke be-
perkingen in echografie aan te pakken.

In hoofdstuk 1 en hoofdstuk 2 introduceren we de mogelijkheden van GVs als gene-
tisch gecodeerde contrastmiddelen voor echografie, waarbij hun voordelen ten opzichte
van traditionele middelen zoals microbubbles worden benadrukt. Deze hoofdstukken
geven een overzicht van de evolutie van echografie, met de nadruk op het opkomende
veld van biomoleculaire ultrageluidbeeldvorming. Dit veld benut GVs om de kloof te
overbruggen tussen moleculaire processen en echografiemodaliteiten. Toepassingen zo-
als hersenactiviteitsbeeldvoorming en functionele beeldvorming van dynamische biolo-
gische processen worden besproken, waarbij de nanoschaaleigenschappen en het unieke
akoestische gedrag van GVs worden benadrukt.

De inhoud van hoofdstuk 3 richt zich op de structurele analyse van GVs met cryo-
elektronenmicroscopie (cryo-EM). Deze studie biedt een atoomniveau-model van de GV-
wand, met name in afwezigheid van het versterkingseiwit GvpC. Door structurele inzich-
ten te combineren met een eiwitsequentieanalyse van GvpC, stelt dit hoofdstuk een hy-
pothetisch bindingsmechanisme voor dat mutagenese-experimenten in later werk infor-
meert. Deze structurele basis is cruciaal voor de daaropvolgende ontwikkeling van GVs
voor biosensor-toepassingen.

In hoofdstuk 4 presenteren we de ontwikkeling en validatie van pHonon, de eerste
GV pH-biosensor. Door pH-gevoelige histidineresiduen in GvpC te integreren, werden de
akoestische eigenschappen van de biosensor beinvloed om pH-variaties te detecteren.
Validatie-experimenten, uitgevoerd zowel in vitro als in vivo, toonden de effectiviteit van
pHonon aan voor realtime, niet-invasieve pH-meting. Dit werk benadrukt de veelzijdig-
heid van GVs als basis voor biosensorontwikkeling en hun potentieel voor toepassingen
in zowel fundamenteel onderzoek als klinische diagnostiek.

Vervolgens verkent hoofdstuk 5 alternatieve benaderingen om de functionaliteit van
GVs te verbeteren via aggregatie. Door GV-clustering te induceren via methoden zoals
biotine-streptavidine-interacties en depletie-interacties, werden significante verbeterin-
gen in ultrageluidcontrast bereikt. Dit hoofdstuk laat zien dat aggregatie zowel lineaire
als niet-lineaire akoestische responsen versterkt en een complementaire strategie biedt
naast genetische engineering om de prestaties van GVs te optimaliseren. Deze bevindin-
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gen openen nieuwe wegen om de signaalsterkte en bruikbaarheid van GVs in verschil-
lende beeldvormingstoepassingen te verbeteren.

Het proefschrift sluit af met een samenvatting van de belangrijkste bevindingen en
hun implicaties voor het veld van biomoleculaire ultrageluidbeeldvorming. Het bena-
drukt de behaalde doorbraken, zoals het hoge resolutie GV-structuurmodel, de ontwik-
keling van pHonon, en de verkenning van op aggregatie gebaseerde contrastverbetering.
Deze bijdragen betekenen een aanzienlijke vooruitgang voor het veld en bieden innova-
tieve oplossingen voor langdurige uitdagingen in moleculaire beeldvorming. Toekom-
stige richtingen omvatten het uitbreiden van het scala aan biomarkers dat door GVs kan
worden gedetecteerd, het verfijnen van genetische engineeringstrategieén, en het onder-
zoeken van complementaire beeldvormingstechnieken om de mogelijkheden van biomo-
leculaire ultrageluidbeeldvorming verder uit te breiden.



INTRODUCTION

In concentrating on the study of a small corner of biology, there is always the hope that one
may uncover information that can be applied more widely in the subject.

Anthony E. Walsby

These were the words of Anthony Walsby in his highly cited review paper where he discusses
the properties of gas vesicles (GVs) that, 20 years later, would start off a revolution in an
entirely unexpected field: ultrasound imaging. Gas vesicles, genetically encoded gas-filled
protein nanostructures, are uniquely suited as ultrasound contrast agents due to their air-
filled interiors. Their genetic encodability for the first time allowed ultrasound imaging
to assess molecular processes inside opaque organisms. Additionally, their tiny size al-
lows them access to smaller vasculature making them uniquely suited for functional ul-
trasound imaging. Finally, GVs are exceptionally suited to be engineered into biosensors.
In this thesis, we will explore GV biosensors in more detail, starting with a more accurate
cryo-EM based atomic model of GVs, and building on this to show the first GV-based ultra-
sound biosensor for pH. Finally, we open the door for a novel approach to engineering of
GV biosensors: aggregation of GVs.
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PROJECT INTRODUCTION

Ultrasound imaging is one of the most widely used medical imaging modalities in the
world. Since its introduction into clinical practice in the late 18th century, ultrasound has
become a go-to technology in medical clinics, valued for its ability to provide real-time
imaging at the organ scale. Its unique combination of high spatial and temporal resolu-
tion, capability to penetrate deep into opaque tissues, and accessibility of the equipment
makes it particularly well-suited for imaging anatomical features of the human body. To-
day, ultrasound imaging is an indispensable tool in nearly every field of medicine, em-
ployed for diagnosing a wide array of pathologies. From obstetrics and cardiology to on-
cology and musculoskeletal imaging, its versatility ensures its continued prominence in
clinical practice.

Beyond its use in diagnostic medicine, ultrasound imaging has also emerged as a pow-
erful tool in scientific research. Historically, ultrasound research was largely restricted to
large animal models such as pigs, sheep, and non-human primates due to the limita-
tions of imaging technology. However, the rapid advancements in microelectronics and
computational power since the early 1990s have revolutionized the field, enabling high-
resolution imaging of smaller animals, such as mice and rats. These technological ad-
vancements have not only made small-animal imaging feasible but have also significantly
expanded the range and depth of information obtainable from ultrasound images.

For example, Doppler imaging has enabled researchers to visualize blood flow veloc-
ity, a capability that paved the way for functional ultrasound imaging, which can be used
to observe dynamic processes like brain activity [1]. Similarly, the advent of contrast-
enhanced ultrasound imaging has introduced highly specific and targeted imaging tech-
niques, including methods for visualizing particular cell types and tissues, achieving super-
resolution imaging [2], and even delivering targeted therapeutics [3]. These advance-
ments underscore the growing utility of ultrasound as a research tool, particularly in the
life sciences.

Despite these innovations, the use of ultrasound for molecular and cellular imaging
has historically been limited. This field has been predominated by optical imaging meth-
ods, which offer higher resolution and an array of well-established nano-scale contrast
agents. The relatively lower resolution of ultrasound compared to optical modalities,
combined with the lack of cell-specific, nano-scale contrast agents, restricted its appli-
cation to molecular-scale imaging. However, recent breakthroughs have started to bridge
this gap.

The discovery of GVs—air-filled protein nanostructures—has opened up new possi-
bilities for molecular and cellular ultrasound imaging [4]. GVs provide a novel means of
imaging dynamic biological processes such as gene expression [5], cell surface modifi-
cations [6, 7], and tumor development [3, 9]. One of the most compelling properties of
GVs as ultrasound contrast agents is their genetic and structural tunability [10], allowing
researchers to tailor their acoustic properties for specific applications. Of particular im-
portance is their ability to act as biosensing molecular reporters [11]. By modifying the
structural protein GvpC, which reinforces the GV shell, it is possible to alter the stiffness
of the vesicles. This stiffness directly influences the non-linear response of GVs to ultra-
sound waves, thereby enabling their use as biosensors. Non-linear ultrasound signals,
which are affected by changes in GVs’ mechanical properties, provide a measurable and



specific readout that can be harnessed for detecting molecular-scale events.
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Figure 1.1: a, Cryo-EM micrographs of Bacillus Megaterium GVs in Eschericia coli, and in isolation
[12]. b, Comparisons of the penetration depth, spatial resolution, and image speed among various
techniques for neuroimaging, including magnetic resonance imaging (MRI), computed tomogra-
phy (CT), positron emission tomography (PET), ultrasound imaging (US), optical coherence to-
mography (OCT), photoacoustic imaging (PAI), fluorescence microscopy (FM), near-infrared spec-
tral imaging (NIRS), and laser speckle imaging (LSI), reprinted with caption from [13]

MOLECULAR ULTRASOUND IMAGING

Molecular imaging is the visualization of molecular and cellular processes within live, in-
tact organisms. A variety of imaging modalities exist, each with unique advantages and
limitations, including MRI, CT, SPECT, PET, optical imaging, photoacoustics, and ultra-
sound (Figure 1.1). Among these, ultrasound imaging offers high spatial and temporal
resolution, as well as significant penetration depth, making it an attractive option for
many applications. However, its broader applicability has historically been constrained
by the lack of specific contrast agents, a limitation explored in more detail in chapter 2.
Contrast-enhanced ultrasound imaging has long relied on a main type of contrast agent:
microbubbles. These phospholipid-shelled bubbles range in size from 1 to 15 um and
have gas-filled interiors, which provide a substantial acoustic impedance mismatch com-
pared to tissue or blood [14]. This property makes them highly effective as contrast agents.
Microbubbles enabled some of the earliest molecular imaging experiments by target-
ing surface-displayed molecules using ligands conjugated to their surfaces [15]. Despite
this success, microbubbles have significant limitations. Their large size restricts their
ability to penetrate into deep tissues, limiting their utility in systemic imaging. Further-
more, microbubbles cannot probe intracellular targets, reducing their specificity to sur-
face molecules. Finally, their lack of a genotype-phenotype link prevents them from de-
tecting molecular or genomic variations that are not externally displayed.

GAS VESICLES AS ULTRASOUND CONTRAST AGENTS

The discovery of gas vesicles (GVs) as a nanoscale alternative to microbubbles [4] ad-
dresses many of these challenges. GVs are protein-based structures naturally used by
cyanobacteria and other microorganisms as buoyancy devices to regulate their position in
water columns [16]. They are found in over 150 prokaryotic species spanning five bacterial
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and two archaeal phyla. Despite variations in size, their morphology is highly conserved,
consisting of a cylindrical body closed at each end with conical caps. These structures
are enclosed by a 2 nm-thick protein wall, whose hydrophobic interior excludes water
molecules, creating a gas-filled space. This gas can diffuse across the wall via small pores.
The genes encoding GV formation are typically organized in large clusters of around 10
genes. Among these, GvpA and GvpC are the most well-characterized. GvpA is the pri-
mary structural protein of the GV wall, while GvpC binds to GvpA on the cytosolic side,
reinforcing the structure. Although the functions of other genes in the cluster remain in-
completely understood, GV synthesis is thought to proceed in four to five stages: seeding,
bicone formation, chaperoning, elongation, and spatial organization [17] (Figure 1.2).

The repurposing of GVs as ultrasound contrast agents by Shapiro et al. in 2014 [4]
marked a pivotal moment for molecular ultrasound imaging. GVs overcome many of
the limitations of microbubbles. Their nanoscale size allows for deeper tissue penetra-
tion [18], and their genetic encodability enables precise and versatile applications. GVs
are structurally stable and can be used for harmonic (nonlinear) imaging. In addition to
demonstrating proof of concept for GVs as contrast agents, this work revealed that clus-
tering GVs enhances their echogenicity. In 2016, Lakshmanan et al. [19] advanced the
field by demonstrating that the removal or mutation of GvpC significantly influences the
nonlinear acoustic properties of Anabaena GVs. Removing GvpC reduces the stiffness of
the GVs, enhancing their deformation during insonification. This increased deformation
generates nonlinearities in the backscattered ultrasound signal, forming the foundation
for this thesis: that GvpC engineering can be used to tailor GV acoustic properties for
specific imaging applications. Research into GVs as ultrasound contrast agents has since
branched into three main areas: the development of imaging technologies specific to GVs,
the engineering of GVs as ultrasound reporter genes, and their use as injectable contrast
agents.
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Figure 1.3: nonlinear contrast agent imaging principles. a, Three pulses, two with amplitude A
and one with amplitude 2*A are fired. Shown in the top row is a cross-propagating plane-wave
implementation. The xAM residual represents the non-linearity of the backscattered echo. b, Gas
vesicles are susceptible to buckling and deformation through sufficient acoustic pressure. (a and b
adapted from Maresca et al. [20], under license CC BY 4.0). c, scattering intensity of GVs versus the
acoustic pressure. The buckling behaviour at higher acoustic pressures introduces non-linearity in
the backscatter intensity and leads to increase contrast in nonlinear imaging modes. (adapted from
Rabut et al. [21] under license CC BY 4.0).

GV IMAGING TECHNOLOGIES

From the outset, GVs were shown to be well-suited for harmonic imaging methods [4, 20,
22], similar to microbubbles. When exposed to high ultrasound pressures, GVs buckle
and deform, altering the frequency content of the backscattered echoes [23, 24] (Fig-
ure 1.3). This creates a signal with increased energy in the higher harmonics. Isolating
these higher harmonics enables GV-specific imaging modes. Beyond harmonic imaging,
GVs also exhibit non-linear behavior in the fundamental frequency. Parabolic amplitude
modulation (pAM) was developed to isolate this nonlinear signal [25]. In pAM, three ultra-
sound transmissions with different amplitudes are used, and their signals are combined
mathematically to extract the nonlinear response (Figure 1.3c). However, this method
introduces nonlinear propagation artifacts below the scatterers, caused by cumulative
nonlinear wave interactions. To address this, X-wave amplitude modulation (xAM) was
introduced [20], using angled plane waves to minimize artifacts (Figure 1.3a,b). Building
on these methods, ultrafast AM (uAM) [21] combines coherent plane wave compound-
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ing with plane wave AM principles to achieve higher frame rates and greater imaging
depth. While this approach sacrifices contrast and lateral resolution in comparison to
pAM and xAM methods, it represents a significant advancement in imaging performance.
For three-dimensional imaging, nonlinear soundsheet microscopy (NSSM) applies xAM
principles to row-column addressed probes [9], creating a cross-sectional "soundsheet"
for acoustic sectioning of living biological tissues labelled with GVs or microbubbles. De-
spite these advancements, nonlinear imaging methods are limited by low signal strength,
which can hinder their application in scenarios where GV concentrations are low. This
limitation is particularly pronounced in mammalian cells, which often produce only a
few GVs per cell. To overcome this, Sawyer et al. [26] developed BURST imaging, which
exploits the sharp signal increase caused by GV collapse under high ultrasound pressures.
By isolating this dynamic signal, BURST imaging achieves a 1000-fold increase in sensi-
tivity, enabling near-single-cell detection.

GVs AS ULTRASOUND REPORTER GENES

The genetic encodability of GVs sets them apart from conventional contrast agents. Sim-
ilar to GFP in optical imaging, GVs can be used as acoustic reporter genes [5, 8, 10]. The
first acoustic reporter gene (ARG1) was a chimeric cluster that combined GvpA and GvpC
from D. flos-aquae with additional genes from B. megaterium [10]. Subsequent work
identified additional clusters, such as bARGser, which produce GVs with significantly im-
proved nonlinear contrast [8]. Through directed evolution, Nystrom et al. [27] engineered
bARG710, encoding the most echogenic GVs to date. These reporter genes have been ex-
pressed in various organisms, including E. coli, gut bacteria [3, 28], mammalian tumor
cells (HEK) [10], and T-cells [29] enabling applications ranging from tumor imaging to
monitoring inflammation in vivo.

GVS AS INJECTABLE CONTRAST AGENTS AND BIOSENSORS

In addition to genetic applications, GVs can be used directly as injectable contrast agents.
They can be purified from native hosts such as B. megaterium, Halobacterium sp., and
Serratia sp.. In contrast to the use of ARGs, no genomically modified organisms are used
in the production of the GVs, increasing the their suitability for translation to clinical di-
agnostics. Recent studies have shown that even non-elongated GV bicones can be im-
aged effectively [18]. The tiny size of these bicones allows them to effectively perfuse can-
cerous tissue through characteristic leaky vasculature, enabling specific tumor imaging
without any type of targeted ligand. A particularly promising area of research involves
engineering GvpC to create biosensors that respond to specific biomarkers. For example,
a protease-sensitive GvpC variant was designed to cleave upon exposure to the corre-
sponding protease, significantly increasing nonlinear contrast [11]. Similarly, a calcium-
sensitive biosensor was developed by introducing a calmodulin recognition domain into
GvpC [30]. Binding of calmodulin caused a subtle structural change, detaching GvpC
from the GV shell and altering its acoustic properties.

THESIS OUTLINE
This thesis focuses on the development and demonstration of a novel gas vesicle (GV)-
based biosensor for pH, an essential physiological parameter. The regulation of pH plays



a fundamental role in maintaining the homeostasis of both intra- and extracellular en-
vironments in healthy organisms. Disruptions in pH balance are associated with a wide
range of pathological conditions, including cancer, cardiovascular diseases, cerebrovas-
cular damage, and ischemia-reperfusion injury [31-34]. These connections underscore
the critical importance of understanding pH dynamics in both normal and diseased states.
To address the need for accurate pH measurement, significant efforts have been devoted
to developing imaging techniques capable of monitoring pH levels in living tissues. These
efforts aim to measure pH within both intracellular and extracellular compartments with
high spatial and temporal resolution. Optical imaging approaches have shown consid-
erable promise for visualizing pH changes at the cellular level, leveraging fluorescence-
based sensors and pH-sensitive dyes [35, 36]. However, optical methods are typically re-
stricted to thin specimens due to their limited tissue penetration and are less effective for
studying pH variations across larger cell populations or within entire organs. In contrast,
MRI-based pH imaging offers a broader spatial range and excels at measuring extracellu-
lar pH changes. Despite this, MRI methods are inherently less effective for detecting in-
tracellular pH variations due to their relatively low sensitivity and resolution [37-39]. Ul-
trasound imaging, augmented by the use of GVs as contrast agents, provides a novel and
promising alternative for pH measurement. The nanoscale size and genetic encodabil-
ity of GVs, combined with their ability to produce nonlinear ultrasound contrast, create a
platform well-suited to address many of the limitations of existing imaging techniques.

In chapter 3, we present a high-resolution structural model of GVs derived from cryo-
electron microscopy (cryo-EM). This model focuses on GVs without the reinforcement
protein GvpC attached. By integrating the structural model with a conservancy screening
of GvpC sequences, we propose a hypothetical folding and binding mechanism for GvpC.
This work provides critical insights into the molecular architecture of GVs and forms the
foundation for our engineering efforts to develop a pH-sensitive GV biosensor. The pro-
posed GvpC binding model guides our mutagenesis experiments and biosensor design
strategies.

In chapter 4, we detail the design, characterization, and validation of pHonon, the first
GV-based pH sensor for ultrasound imaging. The design process leverages the atomic
model of GVs developed in chapter 3 to identify potential mutation sites in GvpC. Muta-
tions were selected based on their potential to confer pH sensitivity while preserving the
essential structural features of GvpC. Specifically, we screened a subset of mutants con-
taining histidine substitutions, chosen for their pH-dependent ionization properties. The
results revealed surprising characteristics in pHonon’s behavior, necessitating further in-
vestigation into the molecular mechanisms underlying its pH sensitivity. This chapter
also presents the validation of pHonon as a functional ultrasound biosensor, with ex-
periments conducted both in vitro and in vivo. These results demonstrate the utility of
pHonon for non-invasive pH imaging and highlight its potential for applications in both
basic research and clinical diagnostics.

In chapter 5, we explore an alternative approach to enhancing GV biosensor func-
tionality, focusing on methods to aggregate GVs for improved ultrasound contrast. This
strategy bypasses the need for extensive protein engineering by manipulating the physical
arrangement of GVs. Aggregation is achieved through covalent binding, such as biotin-
streptavidin interactions, or via depletion interactions that induce GV clustering. No-
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tably, depletion interactions produce aggregates that are predominantly aligned length-
wise, significantly boosting nonlinear ultrasound contrast. We demonstrate that this ap-
proach can enhance both linear and nonlinear ultrasound signals in vitro. Additionally,
we show that aggregation can enable nonlinear scattering from wildtype GVs, which are
typically too stiff to undergo buckling under insonification. These findings suggest that
aggregation-based methods may complement biosensor engineering efforts, offering a
versatile tool for optimizing GV performance.

Finally, in chapter 6, we summarize the key findings of this work and discuss their im-
plications for the broader field of biomolecular ultrasound imaging. This chapter reflects
on the development and validation of pHonon, evaluating its potential applications and
limitations. We also provide recommendations for future research directions, both spe-
cific to GV-based pH sensing and extending to other biosensor designs. These include the
exploration of additional biomarkers, refinement of GV engineering strategies, and the
development of complementary imaging techniques to further expand the capabilities of
biomolecular ultrasound imaging.



THE ADVENT OF BIOMOLECULAR
ULTRASOUND IMAGING

Ultrasound imaging is one of the most widely used modalities in clinical practice, revealing
not only human prenatal development but also arterial function in the adult brain. Ultra-
sound waves travel deep within soft biological tissues and provide information about the
motion and mechanical properties of internal organs. A drawback of ultrasound imaging
is its limited ability to detect molecular targets due to a lack of cell-type specific acoustic
contrast. To date, this limitation has been addressed by targeting synthetic ultrasound con-
trast agents to molecular targets. This ultrasound molecular imaging approach has proved
to be successful but is restricted to the vascular space. Here, we introduce the nascent field
of biomolecular ultrasound imaging, a molecular imaging approach that relies on geneti-
cally encoded acoustic biomolecules to interface ultrasound waves with cellular processes.
We review ultrasound imaging applications bridging wave physics and chemical engineer-
ing with potential for deep brain imaging.

Heiles, B., Terwiel, D., & Maresca, D. (2021). The advent of biomolecular ultrasound imaging. Neuroscience 474,
122-133.
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INTRODUCTION

Ultrasound imaging is used daily in clinical practice to assess the anatomical and physio-
logical features of organs. Next to diagnostic applications in obstetrics and cardiology, we
are witnessing a growing interest for ultrasound imaging in the field of neuroscience [40].
Transcranial ultrasound Doppler has been used for decades to assess the cerebrovascular
function of major arteries of the brain [41]. In 2011, functional ultrasound neuroimaging
(fUs) [1, 42] has been introduced as a breakthrough modality that relies on neurovascular
coupling to map neuronal activity with a higher spatiotemporal resolution and portabil-
ity than fMRI [43]. fUS has been used to track epilepsy crises in human neonates [44] or
to delineate tumor-brain interfaces in neuro-oncology patients [45, 46]. More recently,
a technique inspired by optical super-resolution named 3D ultrasound localization mi-
croscopy (ULM) has generated vascular maps of the living brain with a 30 microns resolu-
tion [47]. Unfortunately, these ultrasound imaging methods are not inherently sensitive
to cellular and molecular processes.

To observe biological processes at the cellular scale, ultrasound engineers can now
rely on endogenous, synthetic or biomolecular contrast agents (Figure 2.1) as vascular
or intracellular reporters [40]. Red blood cells (RBCs) are a unique cell type that can be
detected with high specificity thanks to their motion. RBC motion differs significantly
from collective tissue motion and induces a phase shift in ultrasound signals [48] that can
be captured to map blood vessels [49] (Figure 2.1A). Lipid-shelled microbubbles (MBs)
are the main class of synthetic ultrasound contrast agents (Figure 2.1B). MBs scatter ul-
trasound more efficiently than RBCs thanks to their highly compressible gas core, and
are administered intravenously to image blood perfusion [50]. MBs have also been en-
gineered to target specific endothelial biomarkers [51]. The combination of ultrasound
imaging with targeted MBs is the most established molecular ultrasound imaging strat-
egy so far. In 2014, genetically encoded acoustic biomolecules called gas vesicles (GVs)
have been introduced as ultrasound analogs to the green fluorescent protein [4, 52] (Fig-
ure 2.1C). GVs enable acoustic labeling of cells which opens the possibility of tracking
cellular processes with ultrasound [53].

Endogenous, synthetic, and biomolecular ultrasound contrast agents enabled various
molecular imaging applications such as ultrasound imaging of erythrocyte aggregation
[54], ultrasound imaging of vascular endothelial growth factor (VEGF) [15], or ultrasound
imaging of gene expression [10, 55]. GV engineering has also led to the development of
acoustic biosensors that could be used across a wide spectrum of applications [11, 19].
This review article presents an overview of recent ultrasound technologies for deep imag-
ing of the living brain. We cover recent ultrasound neuroimaging methods, ultrasound
contrast agents used to interface with the brain, molecular imaging applications in the
vascular space, and extravascular biomolecular imaging applications. Our focus is on
methods to interface a penetrant form of energy — ultrasound waves — with cellular pro-
cesses occurring in the brain. Light transmission based methods such as photoacoustics
[56] are not discussed here.
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Figure 2.1: Contrast agents used in ultrasound neuroimaging. (A) Scattering of an ultrasound
imaging pulse by red blood cells in motion. (B) Scale comparison of endogenous, synthetic and
biomolecular ultrasound contrast agents. (C) Transmission electron microscopy image of a single
gas vesicle.

RECENT ADVANCES IN ULTRASOUND NEUROIMAGING

Recent ultrasound neuroimaging methods rely exclusively on intravascular acoustic con-
trast (Figure 2.2). Neurovascular signals are separated from the gobal brain ultrasound
backscatter thanks to their motion or their specific frequency content. In the mammalian
brain, blood flow velocities range from several centimeters per second in major arteries
[57] down to less than 1 mm/s in capillaries supplying neurons with oxygen [57]. At 15
MHz - a frequency often used for preclinical ultrasound imaging - the ultrasound voxel
size is typically 108 um3, which contains about 100 cortical neurons [58] or 10°> RBCs in
mice [59]. Ultrasound neuroimaging is therefore mapping the dynamics of cell popula-
tions rather than individual cells.

MAPPING CEREBROVASCULAR FUNCTION WITH ULTRAFAST ULTRASOUND DOPPLER
IMAGING

With the introduction of high framerate plane wave ultrasound imaging, referred to as ul-
trafast ultrasound [66], ultrasound imaging can now capture thousands of images per sec-
ond. This ultrasound imaging approach was originally proposed by Bruneel et al. [67] but
only recently made possible thanks to modern multi-core computing architectures [66].
Instead of forming ultrasound images line by line, ultrafast ultrasound imaging relies on
tilted plane wave transmissions to insonify brain tissues at kilohertz framerates [68]. Ul-
trafast ultrasound Doppler imaging (UDI) exploits these high framerates to achieve dense
spatiotemporal sampling of RBC motion in tissue regions of interest. The UDI signal is a
combination of blood scattering, tissue scattering, and noise. A critical problem in UDI
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Figure 2.2: Emerging ultrasound neuroimaging methods. (A) 4D fUS imaging of the rat brain,
adapted with permission from [42]. (B) ULM resolution compared to that of a post-mortem tissue
clearing method (iDISCO+). Adapted with permission from [60]. (C) Temporal variations of cere-
bral hemodynamics measured by a nonlinear ultrasound imaging pulse sequence. Adapted with
permission from [61]

is therefore to distinguish signal contributions arising from blood from signal contribu-
tions arising from other tissue types and noise. State of the art filtering approaches rely
on spatiotemporal filtering of ultrafast ultrasound datasets [69].

Experimental comparisons have shown that UDI is 30 to 50 times more sensitive than
conventional Doppler imaging [1]. This increase in sensitivity is key to capture blood flow
variations in smaller vessels. UDI was successfully applied in a range of medical disci-
plines such as rheumatology [70], cardiology [71, 72], stroke imaging [73], or intensive
care [72]. The capacity of UDI to map flow variations in small brain vessels led to the
fus imaging breakthrough. fUS relies on neurovascular coupling that serves as an indi-
rect readout of neural activity (like in fMRI) [1]. Since 2011, fUS imaging (Figure 2.2A)
was reported in many animal models [40, 42], using experimental paradigms to study
brain-wide circuits during sleep, active behavior, motor planning or recently optogenetic
stimulation [74]. In a clinical setting, f{US imaging has been used to monitor neonates [75]
and during tumor resection surgery [45, 46].
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Contrast-free methods Linear Nonlinear
contrast-enhanced contrast-enhanced
methods methods
fUS imaging MB-enhanced fUS AM and PI imaging of MBs
imaging and NBs
[42] (62] (63]
GV-enhanced fUS imaging AM and PI nonlinear
Doppler imaging
[64] [65]
x-AM imaging of GV
[20]

Table 2.1: Overview of non-contrast and contrast-enhanced ultrasound neuroimaging methods.
PI = pulse inversion, AM = amplitude modulation, x-AM = cross amplitude modulation.

MAPPING CEREBROVASCULAR ANATOMY WITH ULTRASOUND LOCALIZATION
MICROSCOPY

Replacing fluorophores with MB contrast agents, and relying on the imaging speed of
ultrafast ultrasound, Errico et al. [76] super-resolved the rat brain vasculature with a 10
pm precision (1y7s/10). This technique, referred to as ultrasound localization microscopy
(ULM) [77] (Figure 2.2B), has also been used to visualize tumors [78], kidneys [79, 80],
diabetes [81] and embryos [82]. 3D ULM was recently demonstrated in vitro [47] and
in vivo in the rat brain [83]. A critical parameter in ULM is the ability to detect individual
MBs. Initially, a frame to frame subtraction or a rolling background technique was used to
subtract static echoes [84, 85]. This technique is hardly applicable in vivo because tissue
motion can be important and out-of-plane, leading to inaccurate MB localization [47].
Spatiotemporal filters have been successfully used in this context as well to separated MB
signals from tissue clutter [86]. Pixel oriented filtering methods such as the non-local
means technique are also providing good results [82] (Song P, et al., 2018). Current ULM
methods rely on MB motion. If MBs are targeted to endothelial biomarkers or stopped
by a vascular occlusion, their ULM detection is no longer possible. This problem can be
solved by relying on the unique nonlinear frequency content of MB echoes rather than
on MB motion. Nonlinear ultrafast ultrasound imaging of MBs has been demonstrated
[65, 87, 88] and lends itself well to ULM processing [89]. In this context, special attention
must be given to MB destruction, especially when mapping targeted MBs for molecular
imaging applications.

MAPPING BLOOD PERFUSION WITH NONLINEAR ULTRASOUND PULSE SEQUENCES

Several ultrasound pulse sequences dedicated to MB detection have been reported over
the years. In neuroscience, van Raaij et al. [61, 90] showed that high-frequency nonlinear
ultrasound imaging of MBs could capture rat brain activity evoked by forepaw stimula-
tion (Figure 2.2C). A first class of pulse sequences relies on amplitude modulation (AM) of
ultrasound pulses transmitted in tissues. Low amplitude ultrasound pulses elicit a linear
response from MB and tissues, whereas high amplitude ultrasound pulses elicit a non-
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linear response from MBs but not from tissues. The AM response of MBs is unique and
differes from that of tissue. Ultrafast AM imaging has been used characterization of kid-
ney and tumor perfusion [65]. A second class of ultrasound pulse sequences relies on the
pulse inversion (PI) of ultrasound imaging pulses. In PI imaging, pairs of phase inverted
pulses are transmitted into tissues and the echoes recorded are subsequently summed.
This process retains nonlinear signatures that are unique to MBs circulating in tissues.
Ultrafast PI imaging has been used to study blood perfusion [91]. A drawback of nonlin-
ear ultrasound pulse sequences is their susceptibility to nonlinear propagation artifacts
that misclassify tissues as contrast agents [92, 93]. This occurs when ultrasound waves
travel through large inclusions of nonlinear contrast agents. Imaging methods based on
cross-propagating plane waves are currently investigated and have shown to significantly
reduce nonlinear propagation artifacts [92].

ENDOGENOUS, SYNTHETIC AND BIOMOLECULAR ULTRASOUND

CONTRAST AGENTS

Ultrasound waves are backscattered by microscale structures such as cells or ultrasound
contrast agents. Individual particles with dimensions below a tenth of the wavelength
(Ays/10) are referred to as Rayleigh scatterers [94] and their reflective power is character-
ized by the scattering cross section o g,

o_Rsox Vi firs(Kps —%0)1%0)* + 3((0Rs — P0)/ (2P) ks + o)) 2.1)

with fys the ultrasound wave frequency, Vg, the volume of the Rayleigh scatterer, cg
the speed of sound, kg and x( the compressibility of the scatterer and of the surrounding
medium respectively, prs and po the mass density of the scatterer and of the surrounding
medium respectively. Equation 2.1 states that microscale particles exhibiting a density
and/or compressibility contrast with surrounding tissue scatter ultrasound waves (Fig-
ure 2.1A). In addition, o g scales with ultrasound frequency to the power 4. An example is
RBC contrast which is hardly visible at 1 MHz but easily detectable at 10 MHz and above
[95]. Last, it is worth noting that Rayleigh scattering can also arise from structural inho-
mogeneities within cells such as genetically encoded GVs [10, 55, 96].

RED BLOOD CELLS AS INDIRECT REPORTERS OF NEURONAL ACTIVITY

While the acoustic contrast arising from RBCs does not inform directly on cellular or
molecular events, it can measure functional hyperemia induced by neurovascular cou-
pling [97]. In a recent study, Aydin et al. [98] reported that functional hyperemia mea-
sured with fUS imaging [1] is a robust reporter of underlying neuronal calcic activity. The
hemodynamic response function (HRF) of the brain typically lags 2s behind the electric
response [99]. The fUS HRF has been modeled as a gamma-distribution function with no
post-stimulus undershoot [98]. It is therefore possible to exploit ultrasound backscatter-
ing induced by RBC motion to map neuronal activity with ultrasound.

SYNTHETIC MICROBUBBLES AND NANOBUBBLES
MBs are the first and most widespread ultrasound contrast agents. Early developments
aimed at controlling their scattering power as well as their stability [100]. Modern syn-
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thetic MBs are stable enough to pass through the heart and lungs, and their in vivo life-
time allows for multiple recirculations which lengthens the diagnostic window [101]. To
stabilize MBs, a majority of them are now coated with a phospholipid layer, and their gas
core is made of perfluorinated gases such as sulfur hexafluoride [102], perfluoropropane
[103], or perfluorobutane [104, 105]. More than a dozen agents have now been commer-
cialized with various technologies. Commercial MB diameters range from 0.5 to 10 Am
[101] which lets them circulate in most vessels after intravenous injection (Figure 2.1B).
The scattering power of MBs is directly linked to their size and ability to resonate at med-
ical ultrasound frequencies [94]. Recently, monodisperse MB size distributions have trig-
gered interest as these can boost MB echogenicity further [106]. MBs are too large to
extravasate [107, 108]. In healthy vasculature, particles above 7 nm cannot pass through
endothelial tight juctions [109]. In leaky cancer vasculature, particles as large as 380-780
nm were shown to extravasate [110]. This consideration triggered the development of
nanobubble (NB) ultrasound contrast agents for cancer imaging [111, 112] and drug de-
livery [63, 80, 113]. Synthetic MBs can also be engineered to adhere to vascular biomark-
ers, creating the possibility for molecular ultrasound imaging of endothelial function. By
adding targeting ligands to their shell, such as peptides, proteins, polymers, antibod-
ies or aptamers, targeted MBs capable of sensing inflammation (with ICAM-1, VCAM-1,
E-selectin, P-selectin) [114, 115], angiogenesis (with a,f3 integrin, VEGE VEGFR2, en-
doglin) [116-118] or thrombosis (cRGD) [119, 120] have been created. Increasing the sen-
sitivity of molecular ultrasound imaging with monodisperse MBs would be particularly
valuable as just a fraction of targeted MBs end up binding to endothelial markers [121-
123]. Finally, Nakatsuka et al. [124] demonstrated that it was possible to engineer MBs
that become reflective only when levels of thrombin are significant but remain dormant
in normal physiological conditions.

ACOUSTIC BIOMOLECULES

The adoption of molecular ultrasound imaging based on MBs remains limited because
of MB size, intravascular confinement, and in vivo half-life [15, 125]. Recently, GVs were
introduced as a new class of genetically encoded ultrasound contrast agents that have the
potential to become the “GFP for ultrasound” [40]. GVs are ancient hollow protein nanos-
tructures evolved as motility devices by aquatic microorganisms to regulate their buoy-
ancy (Figure 2.3A). In 2014, Shapiro et al. realized that the gas content of GVs would make
them bright in ultrasound images. The GV nanostructure consists of two proteins. GV
protein A (GvpA) forms the spindle-shaped backbone structure and GV protein C (GvpC)
binds externally to GvpA and stiffens the assembled GV [126].

Both linear and nonlinear ultrasound imaging of GVs has been reported in literature
[4, 23, 127]. Nonlinear GV scattering is thought to arise from large GV shell deformations
referred to as buckling [128]. At medical ultrasound frequencies, buckling behavior oc-
curs above an acoustic pressure of a few hundreds of kPa range and is particularly suited
to AM ultrasound [128]. Thanks to their biogenic origin, GVs lend themselves to molec-
ular and genetic engineering (Figure 2.3). The acoustic properties of GVs have been suc-
cessfully manipulated by altering GvpC binding to GvpA. Complete GvpC removal was
shown to weaken GVs and increase their nonlinear scattering [19, 128]. GvpC removal is
also lowering GV collapse pressure. This characteristic was leveraged to engineer acoustic
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Figure 2.3: Engineering of acoustic biomolecules. (A) GV hollow protein nanostructure, gene clus-
ter encoding GVs and surface arrangement of the GV shell proteins GvpA and GvpC. Adapted with
permission from [20]. (B) Heterologous expression of gas vesicles in E.coli. Adapted with permis-
sion from [10]. (C) GvpC bioengineering pipeline, adapted with permission from [20]. (D) Design
of an acoustic biosensor of Tobacco Etch Virus (TEV) protease activity. Adapted with permission
from [11]. (E) Nonlinear ultrasound imaging of acoustic biosensors of TEV activity. Scale bar, Imm.
Adapted with permission from [11].

reporters with distinct acoustic collapse pressures and used for multiplexed imaging [19].
Specific biomarkers can also be bound to to the outer wall of GVs, following the example
of targeted MBs. In summary, GvpC provides a convenient handle for GV shell function-
alization.

MOLECULAR ULTRASOUND IMAGING USING VASCULAR AGENTS

TARGETED MBS AS ACOUSTIC REPORTERS OF ENDOTHELIAL FUNCTION

Many vascular inflammation diseases and types of cancer are characterized by differen-
tial expression of endothelial biomolecules. Targeted MBs have been successfully used to
bind to multiple membrane proteins such as P- and E-selectin, VCAM-1 and ICAM-1, lo-
cally enhancing imaging contrast in diseased areas [125, 129, 130]. In practice, ultrasound
imaging with targeted MBs requires a significant difference in concentration between
bound and unbound MBs. A 5-10 minutes window after intravenous injection is enough
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for the reticuloendothelial system to clear non-functionalized MBs from the bloodstream.
MB clearance is also in part due to acoustic collapse or gas diffusion through the MB
phospholipid shell [131]. A vast majority of methods for discerning bound and freely
circulating microbubbles rely on destruction-replenishment strategies. In destruction-
replenishment methods, MBs are first destroyed using a high-intensity ultrasound pulse.
The subsequent signal is assumed to be arising from freely-circulating MBs and can be
subtracted from the initial signal that accounts for both bound and unbound MBs [132].
Molecular ultrasound imaging using targeted microbubbles has been recently combined
with ULM to co-localize vascular anatomy and vascular markers of angiogenesis [89] (Fig-
ure 2.4A). This promising multimodal approach could be used to study longitudinal can-
cer development and vascular remodeling in living organisms.
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Figure 2.4: Biomolecular ultrasound imaging in mouse models. (A) Molecular ultrasound imag-
ing of Vascular Endothelial Growth Factor (VEGF) expression using targeted microbubbles (MBs),
and co-registered with ULM imaging of vascular anatomy in a mouse tumor model. Scale bar, Imm.
Adapted with permission from [89]. (B) Transcranial GV-enhanced fUS imaging of the mouse brain.
Scale bar, Imm. Adapted with permission from [64]. (C) Ultrasound imaging of gene expression in
a mouse tumor model using a GV-collapse based approach. Image width 9 mm. Adapted with per-
mission from [55]. (D) Nonlinear cross-amplitude modulated (x-AM) imaging revealing the pres-
ence of GVs in the gastrointestinal tract of a mouse. Adapted with permission from [20].

GV-ENHANCED HEMODYNAMIC FUS IMAGING

GVs were recently investigated as hemodynamic enhancers for sensitive transcranial fUS
imaging in mice [64] (Figure 2.4B). This study constitutes a first step towards biomolecular
fUS imaging of neural activity. Purified GVs were used as linearly scattering nanoparticles
circulating alongside RBCs, increasing the overall blood backscatter and raising the sen-
sitivity of Doppler methods. A first finding was that thanks to their nanoscale, inherent
stability, and large numbers in circulation, GVs-enhanced UDI could measure slow flow
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velocities more accurately than conventional UDI and MB-enhanced UDI [64]. One pos-
sible explanation is that unlike MBs, GVs are dominated by Stokes drag over other forces
such as buoyancy. The capacity of GVs to enhance Doppler signals down to 50 um/s flow
velocities is critical to map the neurovascular coupling in the smallest vascular compart-
ments [97]. A second finding was that intravenous bolus injection of GVs did enhance
ultrafast Doppler signals in the mouse brain. While the peak enhancement provided by
GVs was inferior to that of MBs (+34% compared to baseline level for GVs and +149% for
MBs), GVs yielded a significantly smoother Doppler signal enhancement (the mean vari-
ance of the fast time fluctuation of the GV-enhanced Doppler signal was 0.8% compared
to 4.5% for the MB-enhanced Doppler signal). A third finding was that bolus injections of
GVs provided a pseudo-steady transcranial enhancement of fUS signals over the course of
4 minutes in mice, whereas bolus injections of MBs deteriorated the quality of brain activ-
ity maps. In the future, a comparison of different modes of administration (bolus versus
infusion) and a broader range of doses would help optimize this imaging approach. It is
worth noting that in contrast-free fUS imaging, the percent change in fUS signals at 15
MHz is lower in mice (5%) [74] than in rats ( 15%) [42] for a given brain stimulation proto-
col (e.g. whisker stimulation). This might be due to differences in RBC volume - 45.5 um®
in laboratory mice [133] versus 60.7 um?® in laboratory rats [134]. This justifies the need
for method capable of enhancing fUS sensitivity in mice. The benefit of GVs at lower ul-
trasound frequencies and in larger brains remains to be demonstrated. In any case, efforts
to engineer brighter GVs will be beneficial across medical ultrasound frequencies [135].
Together these results demonstrated that GVs could become a preferred contrast agent for
fUS imaging thanks to their noise-free enhancement of fUS signals across a wide range of
cerebral blood flow velocities.

IMAGING WITH ENGINEERED RED BLOOD CELL CONTRAST

An interesting strategy to couple molecular events to hemodynamic fUS imaging could
be to artificially trigger vasodilatory responses in the brain using vasodilating peptides
[136, 137]. Using fMRI, Desai et al. [136] showed that nanomolar concentrations of the
cgrp peptide induced larger cerebral flood flow variations than neurovascular coupling.
Since fUS imaging measures local blood flow variations in the brain, molecular ultra-
sound imaging combining fUS and vasoactive peptides could be envisioned. Another
interesting chemical engineering approach consists in using RBC membranes to “hide”
ultrasound contrast agents from the immune system [138] and increase the contrast agent
circulation time [139]. RBCs can circulate in the bloodstream for several months whereas
the lifetime of MB circulation is of the order of 10 minutes and prevents longitudinal ex-
periments. Contrast-enhanced transcranial fUS imaging methods would greatly benefit
from long circulating contrast agents [62, 64].

BIOMOLECULAR ULTRASOUND IMAGING APPLICATIONS

ULTRASOUND IMAGING OF GENE EXPRESSION

GVs are the first genetically encoded acoustic biomolecules and could become the “GFP
for Ultrasound” [40]. GVs are encoded by highly conserved genetic clusters of 8 to 12
genes in microorganisms such as Anabaena flos-aquae [92]. Two of these genes encode
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for the structural proteins GvpA and GvpC that are the main constituents of GV nanos-
tructures. Fully assembled GVs present a 2 nm-thick shell made of periodic repeats of the
single protein GvpA which is further reinforced with the external scaffold protein GvpC.
In 2018, Bourdeau et al. [10] demonstrated heterologous expression of GVs in Escherichia
coli (E. Coli) (Figure 2.3B) and Salmonella typhimurium, making these engineered cells
visible with ultrasound imaging. In addition, Bourdeau et al. [10] reported ultrasound
imaging of bacteria in the gastrointestinal (GI) tract of mice, a first demonstration of cell
tracking with ultrasound. Interestingly, GV-expression in E. Coli is also creating the pos-
sibility for high-throughput screening of engineered echogenic bacterial phenotypes [10,
135]. In 2019, Farhadi et al. reported genetic expression of GVs in mammalian cells. Their
study showed that acoustic contrast arising from GVs and occupying less than 0.1% of
the cytoplasm could be detected using a destructive template-based ultrasound imaging
sequence named BURST. Using this approach, they reported depth-resolved ultrasound
imaging of GV expression in a subcutaneous tumor model (Figure 2.4C). In the future,
ultrasound imaging of mammalian acoustic reporter genes (mARGs) using nondestruc-
tive methods such as cross amplitude modulation [20] should emerge (Figure 2.4D). The
development of mARGs is still in its infancy and research efforts are needed to facilitate
targeted GV expression in various cell-types using viral vectors. In neuroscience, a po-
tential application could be to drive GV-expression with neural activity-dependent pro-
moters such as Arc, fos or E-SARE [140] to observe time integrated neural responses in
the brain. A second exciting route is to engineer GVs into acoustic intracellular sensors to
study dynamic cellular processes deep into brain tissues.

ACOUSTIC BIOSENSORS FOR DEEP MOLECULAR ULTRASOUND IMAGING

Following the discovery of GFP, fluorescent proteins were further engineered into genetically-
encoded indicators to investigate biological processes at the cellular scale. In neuro-
science, genetically encoded calcium and voltage indicators are now established tools to
study cognition in animal models. Lakshmanan et al. [19] showed that the acoustic re-
sponse of GVs could be shifted from linear to nonlinear by removing GvpC (Figure 2.3C),
a first critical step towards the development of an acoustic biosensor. In 2020, they re-
ported the first genetically encoded acoustic biosensor with tunable nonlinear constrast
in response to protease activity (Figure 2.3D). To do so, they inserted a short recognition
sequence for the model Tobacco Etch Virus (TEV) endopeptidase into one of the GvpC
repeats. They observed that GVs covered with TEV-sensitive GvpC were weakened in the
presence of TEV, which led to increased nonlinear ultrasound scattering (Figure 2.3E).
Similar results were obtained for two other acoustic biosensor designs, one based on the
calcium-activated calpain protease, and the other on a degradation tag appended to the
C-terminus of GvpC (model proteosome ClpXp). These acoustic biosensors were suc-
cessfully expressed in probiotic bacteria and imaged in the mouse GI tract. In neuro-
science, proteases are involved in various aspects of neuropathophysiology. For example,
intracellular proteases such as calpain and caspases get involved in neuronal dysfunction
in Alzheimer’s disease. A current limitation is that acoustic biosensors based on GvpC
degradation are not reversible and cannot report on dynamic intracellular processes. The
feasibility of fast and reversible acoustic biosensors conceptually similar to GCamP [141]
remains an open research question.
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ULTRASOUND IMAGING OF PHAGOLYSOSOMAL FUNCTION

Next to genetic expression of mARGs, purified GVs can be used as injectable to report
on cellular activity. In a proof-of-concept study, Ling et al. [142] used GVs to image liver
macrophage phagolysosomal function with ultrasound. After intravenous injection, pu-
rified GVs get cleared from the bloodstream by liver macrophages that recognize them
as foreign particles. Next, phagocytosed GVs undergo lysosomal degradation. This pro-
cess was monitored byLing et al. using two different ultrasound imaging modes. UDI was
used to track GV circulation in brain vessels over time. A sharp increase in UDI inten-
sity was observed 100 s after injection before decreasing over time due to GV retention
in the liver. The GV circulation half-life was equal to 230 s. In parallel to UDI, the accu-
mulation of GVs in liver macrophages was monitored using AM ultrasound imaging. AM
signals peaked 10 minutes after injection, before to decrease decrease due to lysosomal
degradation of GVs. Together, these results showed that ultrasound imaging of phagocy-
tosis and lysosomal degradation rates could be used to diagnose healthy versus diseased
liver states in humans. In neuroscience, purified GVs could be used as injectable to report
on cerebrovascular afflictions such as ischemia-reperfusion injuries, atherosclerosis, or
brain tumors.

OUTLOOK AND OPPORTUNITIES IN NEUROSCIENCE

The field of biomolecular ultrasound imaging was born in 2014 with the introduction
of GVs as genetically encoded ultrasound contrast agents. GVs have now been used as
acoustic reporters genes in bacteria and mammalian cells, engineered into acoustic biosen-
sors of protease activity, and vascular reporters for transcranial functional ultrasound
neuroimaging or imaging of macrophage phagolysosomal function. Next to the intro-
duction of GVs, the field of ultrasound neuroimaging has witnessed major developments.
In 2011, functional ultrasound neuroimaging was established as a breakthrough modality
that can map brain activity where fMRI fails: in freely moving animals, human neonates,
and during intraoperative brain surgery. In 2015, ultrasound localization microscopy was
reported as a super-resolution method capable of mapping the whole brain-wide vas-
culature of living mammals with a 10 ym resolution. In 2018, a new nonlinear ultra-
sound pulse sequence enabled depth-resolved, nondestructive tracking of GVs in the GI
tract (Figure 2.4D). The combination of these methods with endongenous, synthetic and
biomolecular ultrasound contrast agents will create new opportunities for deep molec-
ular imaging of the brain at work. Clinical use of biomolecular ultrasound technologies
is far ahead, but two translational paths can be envisioned. The first is cell-based. Ge-
netically modified cell agents such as CAR T cells are already sent in the human body to
fight cancer [143]. These cells could augmented with the capacity to produce their own
acoustic contrast and enable ultrasound monitoring of immune cell therapy. From a regu-
latory point of view, potential immune responses to GVs - bacteria-derived proteins — will
need to be investigated. The second path consists in using GVs as purified nanoparticles
administered intravenously. A potential application could be to sense cancer microen-
vironments with acoustic biosensors. Here again, future studies must be conducted to
investigate potential immune reactions. Bridging the fields of chemical engineering and
acoustics, biomolecular ultrasound imaging will certainly lead to a wave of discoveries in
neuroscience.



CRYO-EM STRUCTURE OF GAS
VESICLES FOR
BUOYANCY-CONTROLLED MOTILITY

Gas vesicles are gas-filled nanocompartments that allow a diverse group of bacteria and
archaea to control their buoyancy. The molecular basis of their unique properties and as-
sembly remains unclear. Here, we report the 3.2 A cryo-EM structure of the gas vesicle shell
made from the structural protein GupA that self-assembles into hollow helical cylinders
closed off by cone-shaped tips. Two helical half-shells connect through a characteristic ar-
rangement of GupA monomers, suggesting a mechanism of gas vesicle biogenesis. The fold
of GupA features a corrugated wall structure typical for force-bearing thin-walled cylin-
ders. Small pores enable gas molecules to diffuse across the shell, while the exceptionally
hydrophobic interior surface effectively repels water. Comparative structural analysis con-
firms the evolutionary conservation of gas vesicle assemblies and reveals molecular details
of shell reinforcement by GvpC. Our findings will further research into gas vesicle biology,
and facilitate molecular engineering of GVs for ultrasound imaging.

Huber, S. T., Terwiel, D., Evers, W. H., Maresca, D., & Jakobi, A. J. (2023). Cryo-EM structure of gas vesicles for
buoyancy-controlled motility. Cell, 186(5), 975-986.
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3.1. INTRODUCTION

Microorganisms utilize active motility systems to move towards or away from a variety
of environmental stimuli such as chemicals and light [144]. These include swimming by
rotation of rigid flagella; and movement over solid surfaces with filamentous appendages
[145]. Other forms of motility do not rely on active propulsion. Aquatic bacteria and
archaea have evolved mechanisms to regulate buoyancy and can - similar to ballast tanks
in submarines — create and eliminate gas-filled compartments to allow vertical migration
in the water column. The cellular compartments providing positive buoyancy are formed
by gas-filled protein shells called gas vesicles (GVs) [126].

There are very specific requirements for such structures: to achieve net buoyancy, GVs
must occupy a substantial proportion of the cell, which involves forming compartments
that extend over hundreds of nanometers in size. To maximize buoyancy the shell must
be constructed from minimal material. At the same time, the shell needs to provide resis-
tance to hydrostatic pressure to maintain buoyancy with changes in water depth [146].

GVs have therefore evolved as rigid, thin-walled structures composed of a single pro-
tein unit that typically polymerizes into large cylindrical shells closed off by conical tips
[147, 148]. The shell allows gas to diffuse passively between the GV lumen and the sur-
rounding liquid, while effectively repelling water [149]. All GVs identified to date appear
to be constructed from the same components [150]. The 7 kDa primary gas vesicle pro-
tein GvpA forms the core of the GV shell and the cone-shaped tips. A second protein,
GvpC, binds the exterior of the gas vesicle and provides additional structural reinforce-
ment [16, 151].

With molar masses exceeding hundreds of MDa, GVs range among the largest protein-
based macromolecular assemblies reported to date. Despite intensive efforts [147, 152—
158], the molecular structure of GVs and therefore a molecular-level understanding of
their distinctive properties have remained elusive. Here, we present the cryo-EM struc-
ture of the canonical gas vesicle shell, providing detailed insight into the biogenesis of
GVs and the unique evolutionary adaptions that enable buoyancy-controlled motility.

3.2. RESULTS

CRYO-EM STRUCTURE OF THE GAS VESICLE WALL
We expressed and purified B. megaterium GVs that form narrow tubes most suitable for
cryo-EM analysis (Figure 3.1). The small diameter enables preparation of samples with
thin ice to maximize contrast and reduces the propensity of GVs to deform from ideal
cylindrical shape. The native B. megaterium GV gene cluster contains two almost iden-
tical GvpA homologs, named GvpA and GvpB; for consistency in naming convention, we
will refer to them as GvpAl and GvpA2. A minimal gene cluster including GvpA2 but lack-
ing GvpAl is sufficient for GV assembly in E.coli [159, 160] (Figure 3.1A). Cryo-EM images
showed GVs forming 0.1-1 ym long cylinders with varying diameters (55+7 nm), consis-
tent with previous data [161]. A subset of images ( 16%) contained GVs with diameters as
small as 34-42 nm (Figure 3.1B) which had their cylinder shape best preserved in the thin
liquid film of cryo-EM samples (Figure 3.1B-F).

We used a combination of 2D and 3D classification techniques to select 4% of the
small GV subset corresponding to 35.6 nm diameter (Figure A1) and used helical recon-
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Figure 3.1: Gas vesicles. (A) Cryo-EM micrograph of an E. coli cell heterologously producing B.
megaterium gas vesicles (GVs). Mature GVs and small bicone (BC) nuclei are visible inside bacteria
and in the surrounding medium. (B) Cryo-EM micrograph of purified B. megaterium GVs. GVs
appear brighter than the surrounding solvent due to the lower density of the GV-contained gas.
Dashed lines on a subset of GVs represent midpoints of the helical GV segment; arrows indicate the
location of the seam. The inset shows close-up examples of average-sized GVs (blue) and a small
diameter GV (light-blue) used for structure determination. The 48.8 A helical pitch, the 2 nm thick
wall and the 25° cone angle are annotated. See also Figure A4.
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struction to obtain a cryo-EM density of 3.2 A resolution (Figure 3.2). The final reconstruc-
tion yielded a cylindrical GV shell assembly with 93 GvpA2 monomers per helical turn,
which represents one member of a range of helical polymorphs with diameters ranging
from 34 to 70 nm and with 90 to 183 monomers per helical turn.

The reconstructed density allowed de novo atomic model building of GvpA2 in the
structural context of its native assembly (Figure 3.2, Table Al). The cylindrical shell is
constructed from thousands of GvpA2 monomers polymerized side-by-side into ribs spi-
raling into a left-handed helix with a helical pitch of 48.8 A and -3.87° helical twist, re-
sulting in 92.93 GvpA2 units per helical turn (Figure 3.2A-B). Contrary to postulated mod-
els[155, 157], GvpA monomers and not antiparallel dimers form the repeating units of
the helical assembly. GvpA2 adopts a coil-o-3-B-a-coil fold (Figure 3.2A-B). The carboxyl-
terminal residues Asp67-11e88 are flexible and not resolved in our structure. The helical
lattice forms an array of ribs consisting of densely packed GvpA2 subunits with a lateral
center-to-center distance of 12 A. The central 3-hairpin, tilted at -36° relative to the long
axis of the cylinder, forms the core of the GV ribs. Helix o2 folds back onto the hairpin,
and helix o1 forms a bridge across the 16 A gap separating adjacent ribs. The GV wall
is therefore only one or two peptide layers thick (Figure 3.2B). The inner wall of the GV
shell forms a continuous hydrophobic surface consisting of a dense pattern of hydropho-
bic residues located on the luminal side of the 3-hairpin and helix ol (Figure 3.2C-D).
Connections between the ribs of the GV shell are formed by the predominantly polar N-
terminus, which extends perpendicular to helix ol and folds across the B-hairpin of the
adjacent rib, stabilized by interactions with several residues in the 3-hairpin and helix o2
(Figure 3.2E).

The extreme hydrophobicity of the luminal GV surface constitutes an energetic bar-
rier for diffusion of liquid water or condensation of gaseous H,O. Consistently, GVs have
been shown to be impermeable to water but to be highly permeable to gas molecules
[149]. How gas molecules passage through the GV wall has so far been unknown. We lo-
cated pores in the GV shell formed by slit-like openings between ol-helices of adjacent
GpvA2 monomers (Figure 3.2F). We quantified the resulting pore size in the GV assembly
computationally using Voronoi diagrams [162] and retrieved three different access routes
with minimal constrictions ranging from 2.4 - 3.8 A, compatible with the collisional cross-
sections of gases dissolved in the cytosol (Figure 3.2F) [163].

Despite its limited thickness, the GV shell can resist several atmospheres of pressure
without collapse [146]. GvpA2 monomers are held together tightly by lateral connec-
tions along the GV ribs formed by an extensive hydrogen-bonding network between the
B-strand backbones (Figure 3.2G). The hydrogen bonds are oriented at an angle of 54° rel-
ative to the cylinder axis, which is close to the "magic angle" 54.7° at which transverse
and longitudinal stresses are equal in the wall of a cylinder [126, 164]. Additional rein-
forcements are made by a continuous network of salt bridges formed by Glu43-Arg31 be-
tween two monomers and Arg31-Glu38 within a monomer. The GvpA2 shell consists of
alternating line segments and triangular cross-sections providing force-bearing elements
(Figure 3.2E). The corrugations increase stiffness along the rib direction, while the linear
segments provide compliant hinge elements that increases elasticity of GVs, increasing
their capacity to accommodate deformations orthogonal to the rib without collapse [165].
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Figure 3.2: Cryo-EM structure of the gas vesicle wall. (A) Primary and secondary structure of B.
megaterium GvpA2. Residues in the primary structure are colored based on physicochemical prop-
erties. (B) GvpA2 monomers form thin-walled gas-filled protein shells assembled into a left-handed
helix. One individual rib formed by 93 monomers is highlighted in dark gray. The top part of the GV
is cut open to visualize the gas space. The 3.2 A resolution cryo-EM density is shown with a single
monomer colored according to sequence (N-terminus blue, C-terminus red) from a side-view (top
inset) and front-view (bottom inset). (C) Entire cryo-EM density of a monomer annotated with re-
spective amino acid one-letter codes and the atomic model. Aliphatic residues (Ala, Val, Leu, Ile)
line the gas-facing side of the GV wall. (D) Estimate of local resolution. (E) Cryo-EM density of
the GV wall with two ribs highlighted in orange and blue. Side-view illustrating corrugated zig-zag
structure and triangular cross-sections of the wall (yellow lines). Close-up of inter-rib interactions
mediated by the N-terminus (blue), which binds across the f-hairpin and the C-terminus (orange)
of adjacentribs, stabilized by hydrogen bonds from backbone and side chains (Ser6, Thr7, Ser9) and
hydrophobic contacts (Ile3). (F) A slit between a1 helices allows diffusion of gas through the wall.
Three computed tunnels approximate the slit and have bottleneck sizes ranging from 2.4 to 3.8 A.
The van-der-Waals surfaces of several gas molecules known to diffuse through the wall are shown
to scale, with perfluorocyclobutane being the largest with 6.3 A collision diameter. (G) Schematic of
the B-strand rib providing the majority of lateral connections for the assembly through backbone
hydrogen bonding (dotted lines) and electrostatic interactions (Glu43-Arg31-Glu38).
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GAS VESICLES CONSIST OF TWO HALF-SHELLS WITH INVERTED ORIENTATION
The thin film of the cryo-EM sample orients the large GVs into a sideways orientation,
providing a consistent viewing direction onto the GV edges in projection. Detailed in-
spection of gas vesicles edges revealed that GvpA2 monomers are always oriented with
their B-turns pointing towards the center of the GV cylinder (Figure 3.3A), which contains
a structural irregularity that has previously been referred to as a seam [153]. 2D class av-
erages of GV edges around this seam showed two oppositely oriented GvpA2 monomers
that make contact via their 3-turns (Figure 3.3A, Figure A2A) implying that this is the con-
tact site of two GV half-shells with inverted orientation.

While two contacting cylinders or cones have the same contact geometry along the en-
tire circumference, GVs are assembled from two contacting helices. Continuity of the he-
licity implies there must be a unique polarity reversal point (PRP) at a point along the cir-
cumference, where an upwards and a downwards-oriented GvpA2 monomer meet side-
by-side. Apart from classes showing contacting 3-turns, there is one less frequent set of
2D classes of the seam that displays two overlapping GvpA2 monomers in inverted orien-
tation (Figure 3.3A, Figure A2B). We posit that this 2D class is a projection view of the PRP
located at the GV edge. As GVs can freely rotate around the cylinder axis in the thin ice
layer, the PRP will be located exactly at the edge only at special rotation angles, explaining
why this class is observed less frequently. The mirror symmetry in the 2D class implies a
viewing direction perpendicular to a 180° (C2/D1) rotation axis (Figure A2C) that points
through the PRP.

Using restraints from our 3D reconstruction and 2D class averages, we constructed
a pseudo-atomic model of a GV half-shell. Starting at the PRP, we extended the model
from the D1 symmetry axis using the known helical symmetry for the cylindrical part of
the GV shell and allowed transitioning into the conical tips by linearly decreasing the ra-
dius set by the 25° semi-angle of the cone and while refining structural adaption of GvpA
monomers at defined hinge-points to match the experimental data (details in Methods
and Figure A3). We then duplicated the half-shell by rotating around the D1 axis, leading
to a complete GV model consisting of 1730 monomers and a total molecular mass of 12.2
MDa. Simulated density projections from this model closely match the experimental 2D
classes (Figure A2D-E).

MOLECULAR MECHANISM OF GAS VESICLE BIOGENESIS

Our pseudo-atomic model of the GV assembly shows that half-shells interact through
contacts at the GvpA [3-turns around the circumference of the seam, as well as at the
PRP where the GvpA2 rib reverses its polarity (Figure 3.3C). The pattern of side-by-side
contacts between [3-sheets of GvpA2 monomers (d=d=d=d) along a rib is identical every-
where except at the PRP, where 3-hairpins align inversely (d=d-p=p). The PRP is therefore
a unique point in the GV assembly that may be recognized by the molecular machin-
ery that facilitates GV growth, and is likely the point at which new GvpA molecules are
inserted during GV growth. Expansion of the GV assembly could occur either by insert-
ing two oppositely oriented monomers, leading to symmetric expansion of both GV half
shells; or by stochastic insertion of monomers into either half shell. If GV growth oc-
curs by insertion of dimers, the PRP should always be located exactly at the midpoint of
the cylindrical segment. Instead, we observe that the PRP can be located away from the
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Figure 3.3: Pseudo-atomic model of a gas vesicle with two half shells of inverted orientation. (A)
Raw cryo-EM image of a single GV (with inverted contrast). f-hairpins of GvpA2 (cartoon) always
point towards the seam at the center of the GV cylinder. Two different types of 2D class averages of
the seam (left and right) are observed. The mirror symmetry (mirror axis: m) suggests a 180° sym-
metry axis (D1) at the point where two inversely oriented GV half shells meet. (B) Pseudo-atomic
model of a GV constructed from two identical halves (gray, blue) with close-up side view of the po-
larity reversal point (PRP, red asterisk). (C) Close-up view onto the GvpA2 lattice around the PRP
(red asterisk). Red dots indicate molecular contacts along the GV circumference where f-turns
contact. The red line indicates contact between parts of hairpin strands 2 at the PRP. (D) Model of
monomer insertion at the PRP. The two GV halves rotate against each other, with the -hairpin con-
tacts sliding over each other (red arrow) in a ratcheting fashion to allow monomer insertion in the
resulting gap. Insertion of the monomer in the opposite orientation than depicted is geometrically
equivalent and would enlarge the other GV half. (E) View onto the seam between the two GV halves
with color scheme as in Figure 3.2B The seam is sealed by contacting f-turns and the hydropho-
bic side chains Val35 and Ile37 (exploded view in inset). The lateral orientation of the hairpins is
not uniquely determined by the data. An unresolved sterical clash between a2-helices from GvpA
monomers around to the PRP is marked by an arrow. (F) Side-view of the PRP with same color-
scheme. (G) View of the PRP from inside the gas vesicle. Oppositely oriented monomers next to
the PRP are connected by 6 hydrogen bonds formed between the backbones of the §2-strands, with
amino acid Val47 being located around the D1-symmetry axis (red asterisk). (H) Enlarged, side-
ways rotated and cut open GV model with PRP (asterisk) and seam (dot) annotated. The proposed
hinging motion of the N-terminus required for adaption to the cylinder-to-cone transition and the
reducing diameter of the tip is shown (blue arrows).
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midpoint of the helical GV segment (Figure 3.1B), consistent with previous observations
[166]. We therefore propose that insertion of new monomers on either side of the PRP
occurs stochastically through ratcheting of the two GV half-shells by rotation relative to
each other, generating a single monomer gap at the PRP (Figure 3.3D). This would involve
breaking the lateral hydrogen bonds between the two monomers around the PRP, along
with breaking and re-establishing hydrophobic contacts (Val35, Ile37) of the 3-turns at the
seam with no net loss in energy (Figure 3.3E). In our model, two factors suggest that the
PRP represents the weakest point in the assembly. First, the monomer orientation at the
PRP leads to steric hindrance by the o2 helices of the two symmetry-related monomers
(Figure 3.3E). Second, the two oppositely oriented monomers at the PRP are connected
by only 6 hydrogen bonds between segments of strand 32 around Val47 as compared to
11 hydrogen bonds formed between monomers along the rib (Figure 3.3G). We propose
that the energetic disadvantage of this conformation facilitates opening of the seam for
addition of new monomers during growth.

If the GV grows by adding monomers at the PRP, backward extrapolation starting from
a mature GV leads to a state at which the seam forms between two conical half-shells
(Figure 3.4A). This is the point where conical growth transitions into cylindrical growth.
This transition requires adaption of the relative orientation of adjacent ribs, which we
propose is mediated through a hinging motion of the N-terminus relative to helix a1 to
accommodate for the reduction in diameter at the transition point and along the cone
towards the tip (Figure 3.3H).

Continuing this extrapolation leads to a biconical nucleus which must initially form
to start GV biogenesis. According to our model, the original nucleus would remain at
the cone tips on both half-shells after maturation. The 2D classes and the fitted pseudo-
atomic model suggest that N-terminal residues of GvpA2 monomers crowd together at
the tip (Figure 3.4B-C). At diameters lower than 50 A, the 2D class averages of these cone
tips display weak density (Figure A2F) sealing off the opening. The fuzzy appearance of
the density at the tip is indicative of structural heterogeneity in the nucleating monomers.

CONSERVATION OF GV SHELL ARCHITECTURE

Sequence alignments between GvpAs of three evolutionary diverse bacterial and archaeal
species producing gas vesicles reveal a high degree of sequence conservation in the struc-
tural parts of GvpA, suggesting that the overall mode of GvpA shell assembly must be sim-
ilar. This is supported by computational predictions using AlphaFold2, revealing highly
similar assemblies (ribs) of GvpA oligomers for the evolutionarily distant GvpAs in firmi-
cutes (B. megateriumy), cyanobacteria (A. flos-aquae) and the archaeon H.salinarum, that
all resemble our experimental structure (Figure 3.5A-B).

To verify these predictions, we employed cryo-EM to image GVs of A. flos-aquae. Dif-
ferences in the GvpA sequences between A. flos-aquae and B. megaterium GvpA2 locate
mainly to the N-terminal and C-terminal regions of the folded core (Figure 3.5C). A. flos-
aquae GVs formed cone-ended cylinders with mean diameter of 87+7 nm, consistent with
previous observations [161]. Despite significant effort, 3D refinement using a similar he-
lical reconstruction strategy as for B. megaterium did not converge. Closer inspection of
full-length GVs revealed them to flatten in the thin ice of the cryo-EM sample, break-
ing symmetry assumptions of helical reconstruction. We therefore resorted to obtain
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Figure 3.4: Model of GV growth from initial nucleus. (A) GV growth from a hypothetical nucleus to
mature GVs. Transition from conical to cylindrical growth is annotated. A 2D class of GV tips with
proposed nucleus remnants is shown to scale. (B) Class average of the GV tip shows no molecular
order at diameters lower than 50 A towards the cone end. 2D projection of the pseudo-atomic model
is shown to scale. (C) 2D class overlaid with cut-through of the pseudo-atomic model, and 3D view
onto the tip. The simplified model of a helix with linearly decreasing radius breaks down at the
very tip, leading to clashes between the main chains. N-termini from GvpA monomers at the tip
come into proximity and might close off the gas space. (D) Cryo-EM micrograph with immature GV
bicones (arrows).
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Figure 3.5: Highly conserved GvpA from B. megaterium and A. flos-aquae adopt the same fold and
assembly. (A) Sequence alignment of B. megaterium (Mega) GvpAl (GvpA) and GvpA2 (GvpB), A.
flos-aquae (Ana) GvpA and H. salinarum (Halo) GvpAl and GvpA2 show high degree of conservation
despite forming gas vesicles of different diameters. (B) AF2 prediction of GvpA 5-mers for selected
genes compared to the cryo-EM structure. Only the middle monomer is shown in side-view. AF2
predicts the general arrangement of a GvpA rib and the angle between the $-hairpin and a-helix 1
accurately. The N-terminal coil appears different, and the distance between a-helix 1 (where gas
pores are located) is not accurately modeled by AF2. (C) Protein sequences of wall-forming protein
GvpA from both B. megaterium and A. flos-aquae are very similar. Black arrows show six property
changing mutations, gray arrows twelve property-conserving mutations in the ordered part of the
structure.

high-resolution structural information from 2D classification. Class averages of GV edges
showed a corrugated zig-zag pattern of the 2 nm thick wall formed by GvpA (Figure A4A).
Another set of 2D class averages, obtained from collapsed GVs also present in the data,
revealed the A. flos-aquae GV wall to consist of a periodic array of ribs consisting of dense
5.0 x 1.25 nm GvpA subunits tilted at -36° relative to the long axis of the cylinder (Fig-
ure A4B). The class averages with a resolution of better than 4.8 A allow discerning the
a-helical repeat of helix o1 bridging the gap of adjacent ribs, and the individual 3-strands
of the polymerizing (3-hairpin. A cumulative Fourier spectrum computed from in-plane
rotated GV segments showed a typical Fourier transform of a helix (Figure A4C), consis-
tent with our 3D reconstruction from B. megaterium GVs (Figure A4D). We compared the
A. flos-aquae 2D classes of GV wall side and top views with equivalent projections of the
B. megaterium GV structure. On the level of the main-chain fold, the two GV shell assem-
blies are indistinguishable, hence confirming the conserved architecture of GvpA assem-
bly of the GV shell (Figure 3.6). Our model of two contacting half-shells also applies to A.
flos-aquae GVs as we observe similar contacting 3-turns in 2D class averages of the seam
(Figure 3.6C,G). More generally, our results establish that 2D classification of GV edges in
cryo-EM data can give valuable structural insight into gas vesicle architecture for cases
when 3D reconstruction is out of reach. This is due to the small unit cell of the GV wall,
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Figure 3.6: (A) Representative cryo-EM micrograph of B. megaterium GVs. (B) 2D-projected side
view and top view of the 3.2 A cryo-EM density of B. megaterium GVs. (C) 2D class average of seam
between two GV half shells. (D) Atomic model of B. megaterium GV wall with different side chains
between both species displayed and property-changing mutations highlighted by one-letter-code.
Residues are colored according to side chain chemistry.(E,EG,H) Same data for A.flos-aquae GVs
shows the high degree of conservation of GvpA fold and assembly. The 2D views in (F) are computed
by 2D classification of GV edges and collapsed GVs and have a resolution better than 5.4 A or 4.8 A
as the o-helical pitch or the 3-strands are resolved. The homology model of the A.flos-aquae GV
wall was computed using SWISS-MODEL.

where not many structural features overlap in side views at the GV edges. 2D class aver-
ages can be computed to sufficient resolution to see secondary structure elements and
even large side chains. We suggest that this approach can be used for comparative studies
of GVs from different species with larger sequence divergence to reveal different assem-
bly modes, such as resulting from differences in binding modes of the evolutionarily less
conserved GvpA N-terminus (Figure A5A).

REINFORCEMENT OF THE GV SHELL BY GVPC

Many GV gene clusters contain a second structural gas vesicle protein GvpC, which is ab-
sent from our model GV from B. megaterium [167]. GvpC binds on the outside of GVs and
increases the critical collapse pressure of GVs [16, 168]. While the essential role of GvpC
has been firmly established, how it binds to and reinforces GVs has remained elusive. We
acquired cryo-EM datasets of A. flos-aquae GVs, and to investigate the structural role of
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Figure 3.7: The secondary wall protein GvpC binds along the GvpA ribs of A. flos-aquae GVs. (A)
Comparison of 2D class averages of GV edges with (left) and without GvpC (right) reveal an addi-
tional circular density. A cartoon model of GvpA helps locate the GvpC density to helix a2. (B)
Artist impression of GvpC molecules wrapping around GVs. (C) Predicted secondary structure and
33 amino acid repeats 1-5 of A. flos-aquae GvpC. (D) Consensus sequence of the GvpC repeats with
logo representation of evolutionary conservation reveals nine highly conserved residues. The height
of the characters depicts the degree of conservation (information content in bits). (E) Helical wheel
plot of highly conserved amino acids reveal that there is one highly conserved face of the a-helical
repeat. Experimentally tested GvpC mutants are indicated. (F) Critical collapse pressure measure-
ments of A. flos-aquae GVs supplemented with WT GvpC, GvpC mutants or stripped of GvpC.(G)
Comparison of 2D class average of GvpC-bound GVs and predicted binding mode between a GvpC
consensus repeat and seven A. flos-aquae GvpA monomers. (H) Rotated view of binding model with
predicted interactions of residues.

GvpC, we imaged the GVs in the presence and absence of GvpC and compared 2D class
averages of the GV edges (Figure 3.7A).

The class average containing GvpC shows an additional dot-like density (approx. 10 A
diameter) located in vicinity to helix o2 (Figure 3.7A). This feature and its dimensions are
consistent with the projection of an a-helix viewed along its helical axis. Indeed, GvpC is
predicted to be all o-helical [151] and consists of five 33 residue repeats (Figure 3.7B,C)
that are highly similar in sequence. The class averages suggest that GvpC binds along the
ribs of gas vesicles and contacts helix o2 of GvpA (Figure 3.7B), which is supported by a re-
cent molecular envelope of the A. flos-aquae GV wall determined by electron tomography
[169]. We analyzed the evolutionary conservation of the repeat sequence. In a set of 91
GvpC sequences (Figure A5B) from different organisms, we find nine residues to be con-
served in more than 90% of those sequences, including a strongly conserved set of leucine
(Leu4,12,30), phenylalanine (Phel1,33) and arginine (Argl9) residues (Figure 3.7D). A he-
lical wheel plot of the repeat shows that all conserved residues cluster on the same face
(Figure 3.7E) that likely forms the binding interface. We further confirmed the impor-
tance of these residues by designing alanine mutants for occurrences in all five repeats
(Figure A6A). All GvpC mutants abrogated stabilization of GVs (Figure 3.7F). Our 2D class
averages provide strong spatial restraints on the positioning of GvpC relative to the GvpA
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ribs, while the conservation pattern and mutants pinpoint residues essential for binding.
We used these data as restraints to predict a model for GvpC binding by computational
docking (Figure 3.7G, Figure AGE-H).

While our data does not allow us to decisively distinguish whether GvpC follows the
left-handed spiral of the rib upwards towards the tips, or downwards, we obtained the
highest scoring docking solution with the downward orientation (Figure 3.7H). A single
GvpCrepeat spans four monomers of GvpA. In this GvpA tetrad, glutamate residues Glu52
and Glu59 in GvpA monomers 1, 2, and 4 form hydrogen bonds with GvpC. In our model,
Glu52 in monomer 3 binds to the conserved Argl9 of GvpC, while Glu59 in monomer 4
binds to the conserved GIn26. The (Leu4, Leul2, Leu30) triplet inserts between the o2
helices of the GvpA tetrad, while Phel1 and Phe33 are sandwiched in-between o2 in GvpA
monomers 2 and 3 and face-on on helix o2 of monomer 4.

3.3. DISCUSSION

Gas vesicles represent a remarkable example of biomolecular self-assembly. Our results
provide a canonical structural framework for the unique molecular properties of gas vesi-
cles, including their selective permeability to gases [170], their mechanical stability [165]
and their distinctive ability to grow without compromising the integrity of its shell [126].
Our work establishes an atomic resolution model of the mature GV shell formed exclu-
sively by GvpA. A key question is how GvpA nucleates to form an elementary bicone from
which the shell extends during GV growth. Besides GvpA, many GV gene clusters contain
genes encoding the proteins GvpJ, GvpM or GvpS [167] that exhibit high sequence ho-
mology and predicted folds similar to that of GvpA. A dominant structural role of these
homologues in mature GVs is unlikely, as none of them were found in intact gas vesi-
cles [168], suggesting a putative role as nucleation factors. Additional support for this
role comes from the observation that in some species, Gvp] and GvpM are expressed as
part of a separate transcript exclusively during early exponential growth [150], whereas a
transcript of gvpACNO is expressed at later stages - possibly to enlarge the formed nuclei.
How the initial nucleus is structured and by which mechanism other Gvps assist in growth
remain open questions [171].

In most organisms, biconical GVs transition their growth mode when reaching a cer-
tain diameter and continue extending cylindrically. This transition occurs over a range
of diameters, different for each individual GV. We observed mature cylindrical B. mega-
terium GVs with a diameter of 55.5+7.3 nm corresponding to 145+19 monomers per he-
lical turn, and mature A. flos-aquae GVs with diameter of 87.1+6.9 nm corresponding to
227+18 monomers per helical turn. The mechanism for the bicone-to-cylinder transi-
tion is unknown. The GvpA ribs in the cones are highly curved and may be energetically
disfavoured. Insertion of new monomers in a bicone results in enlargement of the cone
and reduces rib curvature. However, the expanding cone does not provide defined inter-
actions between monomers of adjacent ribs. In contrast, cylindrical GV segments have
crystalline order where the N-terminus always has identical contacts to the adjacent rib.
The interplay of curvature preference and the energetic advantage of crystallinity could
favour a cone-to-cyclinder transition at a certain critical diameter. This suggests that the
GvpA N-terminus could play a role in determining the size distribution of GVs. Consis-
tently, the sequence of the N-terminus is most divergent. Further evidence for the deci-
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sive role of GvpA sequence in defining the final diameter comes from a hybrid GV gene
cluster where A. flos-aquae GvpA integrated into the native gene cluster of B. megaterium,
resulting in GVs with diameters consistent with native A. flos-aquae GVs [4].

Our structure reveals that the gas permeability of the GV wall can be ascribed to a large
number of molecular pores formed between a1-helices of the GvpA shell, the size of which
is compatible with the collision diameters (2.65-3.64 A) of typical atmospheric gases dis-
solved in the cytosol [163]. Surprisingly, the GV wall has been shown to be permeable
to perfluorocyclobutane (C4Fg) with a collision diameter (6.3 A) exceeding the estimated
pore size in our structure. While atmospheric gases appear to diffuse freely through the
GV wall [170], the diffusion coefficient of C4Fg is consistent with a very small number (11)
of such pores [149]. Based on our pseudo-atomic model, such pores would need to be lo-
cated at the seam, PRP or at the conical tips. Alternatively, flexibility in the GV shell may
modulate size of the regular gas pores to allow passage of C4Fg.

We inferred a binding mode of a single 33 amino acid repeat of GvpC to four consecu-
tive GvpA monomers assembled in the cylindrical A. flos-aquae GV shell. The requirement
for a binding site comprised of consecutive GvpA monomers in a helical assembly is con-
sistent with previous observations in split-GFP assays showing that monomeric GvpA and
GvpC do not interact [171]. What remains open is how the five consecutive GvpC repeats
are structured. It is likely that all repeats would form identical molecular contacts with
the GvpA ribs. The side-by-side distance of GvpA monomers measured between identical
points of the inner $-hairpins is 12.1 A. Due to the curvature of GVs, this distance increases
radially outwards across the GV wall towards the binding site for GvpC. For an average 87
nm A. flos-aquae GV this distance is 12.7 A. A single perfectly o-helical repeat of GvpC
would span 49.5 A (33 x 1.5A/residue), only slightly shorter than the 50.8 A spanned by
a stretch of four GvpA monomers. The five tandem repeats of native GvpC would bind
to 20 GvpA monomers. Taking into account additional space for the N and C-termini of
GvpC, this corresponds well to a previously determined 1:25 molar ratio of GvpA to GvpC
[151]. The modest distance mismatch between one GvpC repeat and a GvpA tetrad could
be accommodated by slight deviation of GvpC from perfect helicity. It has been previ-
ously suggested that this would also be required to maintain the relative orientation of
consecutive repeats, as with perfect helicity they would be (100° x 33) % 360 = 60° rotated
towards each other [151]. A small unstructured stretch would allow GvpC to adapt to dif-
ferent curvatures of the GvpA ribs in cylindrical and conical parts and in GVs of different
diameters.

We show that GvpC binds to o2 helix of the GV wall, thereby increasing the critical
collapse pressure. The wall thickness measured between the extremes of the corrugation
pattern increases from 3 nm to 4 nm when GvpCis bound. Because the buckling pressure
of thin-walled cylinders is proportional to the third power of the wall thickness [165], the
most straightforward explanation for enhanced stability is that GvpC bound on the out-
side of GVs increases the wall thickness. The real picture is likely more complicated. Our
structure reveals that GVs are assembled from two helical half shells that are connected by
a seam. Because of its structure, it is conceivable that the seam is a weak-point of the GV
where failure will occur first. In this case, GvpC would be most critical to prevent failure
at the seam, which questions its requirement elsewhere on the GV shell.

Recently, GVs have been repurposed as genetically encoded acoustic reporters [4, 53].
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The high contrast in density between gas-filled GVs and surrounding cellular structures
makes them amenable to ultrasound imaging [3]. While native GVs display little shell de-
formation under ultrasound exposure, GVs that are stripped of GvpC become less stiff
and scatter non-linearily above a certain pressure threshold [128]. This behavior enables
amplitude modulation imaging and multiplexing of stripped and unstripped GVs in an
in vivo context [128, 172]. Engineering conditional binding strength of GvpC can trans-
form GVs into biosensors with switchable acoustic properties [11, 19]. Our insights into
GvpA-GvpC interaction provide a rational basis for designing such sensors. Moreover, the
high-resolution structure of the GvpA shell may enable development of designer GVs with
custom mechanical shell properties through direct engineering of the GvpA sequence.

Together, our results establish the molecular basis of a widely conserved buoyancy-
controlled motility apparatus in aquatic bacteria and archaea. Our study will form the
foundation for addressing a multitude of open questions on gas vesicle biogenesis such
as nucleation, growth, width regulation, function of other gas vesicle gene products in GV
assembly and species-to-species variability of GV gene clusters.

3.4. LIMITATIONS OF THE STUDY

While our structure provides an atomic model of the main structural protein GvpA as it
forms the GV wall assembly and our data allowed inferring the binding geometry of GvpC
to the gas vesicle wall, the function and/or structural role of other accessory proteins in
GV gene clusters in GV biogenesis is yet to be determined. Some of those proteins pre-
sumably work together to create an initial nucleus, of which the structure remains un-
known. We also report a pseudo-atomic model of an entire gas vesicle. The precise struc-
ture of the GvpA monomer in this model is supported by cryo-EM data at 3.2 A resolution,
however the special structural features of the assembly such as the seam, polarity reversal
point and tip are inferred from 2D projection views alone. The exact molecular details at
these special positions can slightly deviate from the pseudo-atomic model we present.

3.5. METHODS

B. I7’Z€g(lf€l‘il,ll7l GAS VESICLE EXPRESSION AND PURIFICATION

The purification protocol for Mega GVs was derived from [160]. In brief, BL21-DE3-pLysS
E.coli cells were transformed with the pST39-pNL29 plasmid (a gift from Mikhail Shapiro;
Addgene #91696)[160] and 1 L of lysogeny broth (LB) containing 0.2% (w/v) glucose was
inoculated with 10 mL of overnight culture. The culture was grown at 37°C until OD=0.5
and GV expression was induced with 20 uM IPTG. Following induction, cells were grown
at 30°C for 20 hours.

The culture was centrifuged at 500 rcf for 2 hours in 50 mL Falcon tubes. The floating
fraction was collected with a peristaltic pump. This process was repeated once more. The
resulting 25 mL of liquid were lysed chemically by adding 5 ml of SoluLyse reagent per 50
ml of liquid, 0.25 mg/ml lysozyme and 10 ug/ml DNasel, and slowly rotated for 1 hour at
room temperature.

GVs were purified in three overnight rounds of floatation separation by centrifugation
at 800 rcf in 50 mL Falcon tubes. After each centrifugation step, the GV-containing top
layer was gently removed with a pipette after which the GVs were resuspended in PBS
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containing 6M urea (first round), and subsequently in PBS alone. Final concentration was
determined as ODs5p9=3.1 by optical density measurement at 500 nm against a sonicated
blank. The sample was dialysed into imaging buffer (20 mM Tris, 50 mM NaCl, pH=8)
prior to cryo-EM sample preparation.

A. flos-aquae GAS VESICLE PURIFICATION

The purification protocol for gas vesicles from A. flos-aquae was derived from Laksh-
manan et al. [160]. Briefly, A. flos-aquae (CCAP 1403/13F), also known as Dolichosper-
mum flos-aquae, were grown in 250 mL G625 medium complemented by BG11 medium
(Sigma C3061) for approximately 2 weeks until confluence. The culture was centrifuged
at 350 rcf for 4 hours or until a floating layer of cells was observed. Subnatant was re-
moved using a syringe before lysing the cells in 500 mM sorbitol and 10% v/v lysis buffer
(SoluLyse) at 4°C for 6-8 hours while gently rotating. GVs were purified by three rounds
of flotation separation with 4-6 hour centrifugation at 350 rcf. After each centrifugation,
subnatant was removed by syringe after which GVs were resuspended in PBS at pH 7.4.

GVPC MUTANT PURIFICATION

Codon-optimized genes for A. flos-aquaewild-type and mutant (R19A;F-11,33-A; L-4,12,30-
A) GvpC (Uniprot: P09413) including a C-terminal 'GSGSGS’ linker and a C-terminal 6xHis-
tag in a pET-28a(+) vector were obtained from Genscript (New Jersey, United States). The
mutations were engineered into all five repeats.

Proteins were expressed in E.coli BL21-DES3 cells grown in 750 mL autoinduction medium
[173] for 3 h at 37°C before the temperature was lowered to 20°C for additional 20 h. The
bacteria were harvested by centrifugation and lysed by freeze-thaw cycles in lysis buffer
(20 mM Tris, 500 mM NacCl, 0.1% Triton-X, 20 mM imidazole; 5 mL per gram of pellet).
Lysozyme (0.15 mg/mL) and DNAsel (10 ug/ml) were added and the lysate rotated for 2 h
at room temperature. Isolation of inclusion body and IMAC purification was performed
as described previously [160]. Protein purity was assessed by SDS-PAGE and concentra-
tion was determined according to Bradford.

PREPARATION OF GVS WITH RECOMBINANT GVPC AND COLLAPSE PRESSURE
MEASUREMENTS

A. flos-aquae GVs were stripped of GvpC by resuspending in 6 M urea and 60 mM Tris
buffer, using 3 rounds of flotation separation as previously described [160]. Recombinant
GvpC was added to stripped GVs according to the formulation: 2 x ODs5p9 x 198 nM x
GV volume (liters) = nmol GvpC. GvpC will be present in a twofold excess under the as-
sumption of a 1:25 molar ratio of GvpC/GvpA [160]. The urea solution was then slowly
replaced with PBS at pH 7.4 by 2 rounds of =12 hours of dialysis over a 7-10 kDA MWCO
dialysis membrane. Finally, 3 rounds of floatation separation at 350 rcf removed traces
of urea. GVs were diluted to OD5(9=0.1-0.4 for collapse pressure measurements. Sam-
ples were loaded in a pressure vessel and hydrostatic pressure was increased in incre-
ments of 0.5 bar using pressurized nitrogen gas. Samples were allowed to equilibrate for
5 seconds after pressure changes before absorption was measured using a spectropho-
tometer (Ocean optics) at 500 nm. ODsg values were normalized between the minimum
and maximum for each measurement. Three independent re-additions per GvpC mutant
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were performed and measured.
A sigmoid function with py as the inflection point and k as the width was fitted to the
curves using the means and standard deviations of measured triplicates (n=3) as input for

the scipy ‘curve_fit’ function.

_ 1
ODSOO,norm ~ 1+ek(p-po)

The error of py was determined using a bootstrapping approach, performing the fit
50 times with a random set of n out of n measurement points with replacement. The
parameters and their uncertainty were estimated as their mean and standard deviation
over the 50 fits.

CRYO-EM OF B. megaterium GAS VESICLES

B. megaterium gas vesicles at ODs5gp=3.1 were applied to a freshly glow-discharged Quan-
tifoil R2/1 grid and frozen using a Leica plunger set to 95% humidity, front-side blotting
and 20°C with blot times ranging from 5-11 seconds. Micrographs were collected on a
Titan Krios (Thermo Fisher Scientific) microscope at the Netherlands Center for Electron
Nanoscopy (NeCEN) operated at 300 kV. Dose-fractionated movies were acquired on a
Gatan K3 direct electron detector at a pixel size of 1.37 A with 60 frames over an exposure
of 30 e /A% and a defocus range from -0.25 to -1.25 pm.

CRYO-EM OF A. flos-aquae GAS VESICLES

Native A. flos-aquae gas vesicles (containing GvpC) at OD5gp=13 in imaging buffer (20 mM
Tris, 50 mM NaCl, 0.5 mM EDTA, pH=8) were applied to a freshly glow-discharged Quan-
tifoil R2/1 grid and frozen using a Leica plunger set to backside-blotting, 95% humidity
and 20°C with 10 s blot time. 1273 cryo-EM micrographs at 1.288 A pixel size were ac-
quired on a JEOL 3200 microscope with a K2 detector using 62 e total exposure over 60
frames. A. flos-aquae GVs stripped from GvpC (ODsgo=1, in PBS buffer) were prepared and
imaged in a similar same way, using 17.6 e~ over 50 frames, 1.288 A pixel size, acquiring 58
micrographs.

DATA PROCESSING AND STRUCTURE DETERMINATION OF B. megateril,un GVs
4351 collected super-resolution movies were 2x binned and motion-corrected in RELION
3.1 [174]. CTF determination was performed using Gcetf 1.06 [175]. 709 micrographs con-
taining thin GVs with a diameter of 42 nm or less were identified manually. 1021 tubes
were manually picked in RELION by selecting start and end coordinates. 36,295 overlap-
ping segments with 512 pixels were extracted along the cylindrical sections with a step
size of 49 A (2x binned). 2D classification was done in RELION3.1 with the ’ignore CTFs
until first peak’ option turned on. The resulting 2D class averages were grouped by pro-
jecting them along the helical axis and calculating the rim-to-rim distance (Figure A2B)
between the two density maxima. A class with 35.6 nm edge-to-edge distance was se-
lected containing 2911 segments.

Analysis of in-plane rotated power spectra of the segments using Helixplorer
(http://rico.ibs.fr/helixplorer/) revealed a likely helical symmetry between 90.92 to 95.92
units per helical rung, with ~49 A helical pitch. 2D classification was not sufficient to
separate all symmetries and the final set of segments originated from several assemblies
with different symmetries.
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3D classification starting from a featureless cylinder and imposing candidate symme-
try parameters was used to further select for segments adhering to a particular symme-
try, leading to 1460 segments with symmetry of 92.93 units per turn. 3D refinement of
those particles with CTF refinement and Bayesian polishing led to a resolution of 3.6 A at
FSC=0.143. Convergence of 3D refinements was only achieved when using a tau_fudge’
parameter of 5.

A final round of particle polishing was used to create a new particle stack extracted
only from frames 1-20 (0-10 e /A?) of the movies. Particles were exported to cryoSPARC
3.1.0 [176] and high-pass filtered to 100 A. 3D refinement with the helical reconstruction
algorithm implemented in cryoSPARC also led to a reconstruction at 3.6 A. To account
for small deviations from helical symmetry, e.g. by flattening of the tube in ice, a mask
encompassing =3x9 GvpA2 monomers was created in ChimeraX [177]. The particle stack
expanded by helical symmetry was subjected to focused refinement in cryoSPARC using
the mask, which increased the final resolution to 3.2 A at FSC=0.143. The final maps were
cropped from a box size of 5123 voxels to a box size of 1283 voxels centered on the refined
region. Local resolution was calculated in cryoSPARC 3.1.0 [176] and mapped onto the
monomer structure in ChimeraX [177].

ATOMIC MODEL BUILDING AND REFINEMENT

To build an atomic model of a GvpA2 monomer the final map density was traced de novo
using COOT [178]. The monomer was expanded using helical symmetry (rise: 0.525 A,
twist: -3.87°) into a 15 subunit segment (three ribs with 5 monomers each) to account
for connections between monomers and manually adjusted in ISOLDE [179] before au-
tomatic real-space refinement in PHENIX 1.13 [180]. We used phenix_real_space_refine
with automatic restraint weighting to refine coordinates and atomic displacement factors
against the globally sharpened experimental density map using secondary structure and
non-crystallographic symmetry restraints. The central monomer of the 15 subunit seg-
ment was used as the asymmetric unit for PDB deposition. Renderings of the cryo-EM
density and atomic models were made in ChimeraX 1.4 [177].

2D CLASSIFICATION OF EDGES, SEAMS AND TIPS

From the B. megaterium gas vesicles cryo-EM dataset, several hundred particles of either
seams or tips were picked manually and used to generate a template for automated pick-
ing in cryoSPARC 3.3 [176]. Particles were high-pass filtered to 100 A to eliminate the large
negative contrast of the gas space in the GV interior. The picked particles were cleaned up
by several rounds of 2D classification to give a clean set of particles of either the seam, the
polarity reversal point or the tips. These particle sets were used to train a neural network
for particle picking (TOPAZ v0.23 [181]), which was then applied to the micrographs to
pick seams, PRPs, and tips. Those particles were cleaned by several rounds of 2D classifi-
cation and led to the final presented 2D classes. For display, the 2D classes were treated
in Image] using an 'unsharp mask’ filter.

The two cryo-EM datasets of A. flos-aquae gas vesicles with and without GvpC were
used to obtain 2D class images of the edges leading to side-views of the wall. Movies
were imported into cryoSPARC v3.3 [176], motion-corrected and CTF-estimated. For both
dataset, frames were used only until an exposure of ~15 e /A? because shrinking of GVs
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was observed for high exposures leading to GV edges blurring out. A few hundred edges
were manually selected for 2D classification to generate picking references for the cryoSPARC
filament tracer. Particles were extracted with 192 pixel box size and high-pass filtered to
100 A. Several rounds of 2D classification and selection of sharp classes led to the final 2D
classes of the GV edges with and without GvpC. For display, the 2D classes were treated in
Image] using an 'unsharp mask’ filter.

Similarly, 2D classes of the GvpA lattice from collapsed GVs were calculated from the
A. flos-aquae GV dataset above including GvpC. For this, the dataset was preprocessed in
RELION 3.1 [174], points on the lattice manually picked to create a 2D class, which was
then used for automated particle picking. Particles were extracted with a box size of 128
pixels and aligned with 2D classification to generate a view onto the collapsed GV wall.
The biggest class containing =34,000 particles was selected and was treated in Image]J
using an 'unsharp mask’ filter.

PORE ANALYSIS

Gas pores in the gas vesicle wall were analysed using MOLE 2.5 [162]. The gap between al
helices has a slit-type shape, enabling multiple possible routes for gas diffusion. Several
start and endpoints of tunnels around both sides of the slit were selected and tunnels were
computed with MOLE. The slit was modelled by three tunnels and displayed in Chimera
[182]. The minimal constriction of the tunnel was calculated as the diameter of the small-
est sphere in the respective tunnel model.

PSEUDO-ATOMIC MODELLING OF A COMPLETE GV
The model was generated from the solved atomic model of B. megaterium GvpA2. The
GvpA2 monomer was placed next to the x-axis (D1 axis) manually such that a 180°, sym-
metry copy operation around the x-axis would reproduce a side view of the GV edge com-
patible with the determined 2D class average.

A left-handed parametric helix in 3D space was defined with the parameter ¢ corre-
sponding to turns of the helix:

"'max
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where fqps is the number of turns in the cap, tcy is a user-parameter of how many
cylindrical turns the model should have (5), P is the pitch of the helix of 48.8 A, 1. the
radius of the assembly of 178.4 A, and a is the cone angle of the tip (25°).
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The starting point of the curve was adjusted to go through the pivot point (in the cen-
ter of the two [3-sheets between amino acid (AA) 28 and AA 42 carbonyl oxygen atom) of
the placed monomer by applying a shift along the z-axis and rotation around the z-axis.
Points were placed along the curve at a distance of 12.07 A, calculated as \/((2pr)2 + P%)/ uy,
where u; is the number of monomers per turn defined by the solved helical symmetry
(92.93). 835 points were placed with the last 4 points towards the tip being omitted.

A model only with placement of monomers does not reflect the experimental 2D classes
well. Four additional parameters were introduced rotating and modifying the monomer:

(1) a correction for the change of helix angle towards the ends of the tip as the helix
becomes steeper with narrower radius. The rotation center is between the AA28 and AA42
carbonyl oxygen atoms, and the rotation axis normal to a fitted plane through C-a atoms
of all amino acids of the 3-hairpin (AA23-49).

(2) arotation of the entire monomer to account for the tilt of monomers following the
cone angle. The rotation center is carbonyl oxygen 36 and the axis normal to the plane of
AA24-33 C-f3 atoms.

(3) a hinging motion of the two 3-strands to account for the deformation visible in 2D
classes of the polarity reversal point where GvpA ribs from both gas vesicles halves meet.
The rotation axis is defined by a line between the AA23 C-o atom and the AA49 C-a atom,
and moves the atoms of AA23-49.

(4) a hinging motion of the o-helix 1 and the N-terminus, to account for gaps in the
assembly formed when monomers tilt towards the cone angle. The axis is defined as in
(3), and the rotation moves the atoms of AA2-23.

For the purpose of illustrating GV growth from nuclei to mature cylinders, the model
was replicated in Blender 3.0 in a simplified form (without modifications of the monomer)
and animated using varying parameters for the diameter and the t.y parameter.

ALPHAFOLD2 STRUCTURE PREDICTIONS

Complexes of five monomers of GvpA corresponding to a rib section of the GV wall were
predicted using AlphaFold2 [183] run in a Google Colab environment [184] with each five
generated models per run and six recycles. The highest-scoring model was selected and
displayed in ChimeraX [177].

BIOINFORMATICS ANALYSIS

The sequences of the five 33 AA repeats of A. flos-aquae GvpC (Uniprot P09413) was con-
verted into a consensus sequence 'YKELQETSQQFLSATAQARIAQAEKQAQELLAF’ using
the software 'cons’ from the EMBOSS package [185]. The sequence was used as input for
the ConSurf Server [186] to search the UniRef90 database with the HMMER web server
[187] using one iteration, resulting in 91 sequences. The resulting sequence alignment
was displayed and consensus sequences calculated in MView [188]. A sequence logo was
calculated from the sequence alignment using WebLogo [189]. Helical wheel plots were
generated in Heliquest [190].

HADDOCK MODELLING OF GVPC BINDING TO A. flos-aquae GAS VESICLES
A a-helical model of the 33 residue consensus repeat of A. flos-aquae GvpC ('YKELQET-
SQQFLSATAQARIAQAEKQAQELLAF’) was generated in ChimeraX [177] using ideal o-helical
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backbone dihedral angles ¢=-57° and ¢{=-47°. A homology model of the A. flos-aquae
GvpA monomer was generated using SWISS-MODEL [191] based on the structure of B.
megaterium structure GvpA2 and the A. flos-aquae sequence for GvpA (UniProt: P10397).
The homology model was extended with the symmetry parameters from the B. mega-
terium assembly in ChimeraX [177] into a rib of 7 adjacent monomers.

Both models were used as input for HADDOCK 2.4 [192]. For GvpC, residues 4, 11, 12,
15, 19, 23, 26, 30, 33, which all are >90% conserved in the bioinformatics analysis were
chosen as active residues. For GvpA, residues 51-61 of GvpA, part of helix o2 and adja-
cent to the GvpC density in the 2D classes, were chosen as active residues. All remaining
settings were used at default values.

The highest scoring cluster of the docking solutions (HADDOCK score: -108.4 +/- 5.0)
showed GvpC binding across several GvpA monomers along the helical spiral of the rib,
with the GvpC sequence oriented inversely to the direction of helical propagation (with
the direction from seam to tip). A very similar cluster was found shifted by one GvpA
monomer laterally with the same molecular contacts and was discarded. A second, lower
scoring type of cluster (HADDOCK score: -90.7 +/- 4.6) showed GvpC binding mode with
the GvpC sequence oriented to the direction of helical propagation.

Docking clusters were displayed in ChimeraX [177] and hydrogen bonds between GvpA
and GvpC highlighted with the ’hbonds’ command. The highest-scoring solution was
manually fitted into a 2D class of the A. flos-aquae GV wall with GvpC.







ACOUSTIC PH BIOSENSOR FOR
DYNAMIC ULTRASOUND IMAGING OF
INTRACELLULAR ACIDIFICATION

Genetically encoded pH sensors based on fluorescent proteins enable dynamic optical imag-
ing of cellular processes such as endocytosis and exocytosis. To date, light scattering in thick
tissue as well as photobleaching of fluorescent proteins prevent deep cellular imaging over
sustained periods of time. To visualize intracellular pH variations across opaque organs, we
introduce a genetically encoded acoustic pH sensor dubbed ‘pHonon. We modified the outer
gas vesicle protein (GvpC) of echogenic protein nanostructures via histidine point muta-
tions. At low pH, engineered gas vesicles exhibit an increased shell stiffness which switched
their acoustic response from nonlinear to linear. By combining pHonons with nonlinear
ultrasound imaging, we captured dynamic deep tissue images of lysosomal acidification
by macrophages in murine liver. The combination of pHonon with nonlinear ultrasound
creates the possibility for basic studies of endocytic activity in deep tissue of living opaque
organisms.

Terwiel, D., Park, B.M., Heiles, B., Waasdorp, R., Munoz-Ibarra, E., Ara, T., Gazzola, V. and Maresca, D. (2025).
Acoustic pH sensor for dynamic ultrasound imaging of cellular acidification. bioRxiv, pp.2025-01.
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4.1. INTRODUCTION

pH regulation plays a crucial role in maintaining the homeostasis of cellular environ-
ments in healthy organisms. Disruptions of the pH balance are associated with numer-
ous pathologies, including cancer [31, 32], cardio- and cerebrovascular damage [33] or
ischemia-reperfusion injury [34]. The development of methods to visualize intracellular
or extracellular pH variations in living tissue is therefore an active field of research [35-
39]. Because of light scattering in thick tissue, optical pH imaging methods are limited to
studying thin specimens and cannot easily monitor pH variations at the organ scale. On
the other hand, magnetic resonance pH imaging is sensitive to extracellular pH levels but
cannot observe intracellular events.

In comparison, ultrasound provides an interesting trade-off between spatiotempo-
ral resolution, coverage, scalability, and availability of genetically encoded probes [3, 53].
Acoustic waves in the MHz range travel centimeters deep within opaque tissue while pro-
viding a resolution ranging from approximately 1 mm to 100 um. Another advantage is
that ultrasound imaging is performed with a single lightweight probe for transmission/re-
ception, which provides easier access to specimens than microscopes or MRI scanners.
Finally, the recent development of acoustic reporter genes and biosensors based on ge-
netically encoded gas vesicles (GVs) [4, 10] redefines the ability of ultrasound to visualize
cellular function.

Assembled GVs consist of two structural proteins, gas vesicle protein A (GvpA) and gas
vesicle protein C (GvpC) [12, 169, 193]. GvpA forms the outer wall of GVs in a helical chain,
while GvpC provides mechanical reinforcement and rigidity to the shell. GvpC is currently
the focal point for engineering GV acoustic sensors [11, 30]. Previous studies have shown
that removal of GvpC results in a weakening of the GV shell [16, 19], which allows GV
shell buckling under acoustic pressure and triggers nonlinear ultrasound backscattering
[20]. The recent development of the first GV-based biosensor showed that the inclusion of
protease recognition motifs in GvpC allowed proteases to cleave GvpC, thereby creating
an ultrasound sensor that switched its acoustic response from linear to nonlinear in the
presence of enzyme activity [11]. More recently, a first ultrasonic calcium indicator based
on GVs was reported [30]. This sensor, which borrows design elements of fluorescent cal-
cium indicators, relied on the inclusion of calmodulin in GvpC and of a calmodulin bind-
ing peptide linked through a flexible linker to the C-terminus of GvpC [30]. In practice,
binding of the calmodulin binding peptide to calmodulin and the subsequent deforma-
tion of GvpC causes GvpC to detach from GvpA, leading to a nonlinear acoustic response
of the indicator in the presence of calcium.

Here, we present the development of the first GV-based acoustic pH biosensor for
ultrasound imaging of intracellular acidification, dubbed 'pHonon' Leveraging insights
from pH-sensitive fluorescent proteins as pHluorins [35] and our own analysis of the
Cryo-EM structure of GVs [12], we inserted pH-sensitive amino acids into the GvpC se-
quence. Histidine is a polar amino acid that is often involved in pH-dependent protein
activity in nature [194-196]. The reason is that the chemical properties of the proto-
nated and deprotonated histidine side chains are very different. At neutral pH the His
side chain is uncharged, hydrophilic and apolar, while at low pH (<6) the side chain is
positively charged, hydrophilic and polar. By replacing amino acids with histidine on the
non-binding side of GvpC using structural insights from Cryo-EM [12, 169], we aimed to
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trigger an allosteric conformational change in GvpC that would alter the GV wall stiffness
and, eventually, modulate nonlinear ultrasound scattering of engineered GVs in response
to a change in pH.

We designed and screened a small library of rationally engineered GvpCs with his-
tidine point mutations and show that one of these mutants exhibits a pH-sensitive be-
havior under hydrostatic pressure and nonlinear ultrasound imaging. We characterized
this sensor, dubbed 'pHonon, to unravel its presumed mechanistic behavior, report its
kinetics, and present its performance in combination with nonlinear ultrasound imag-
ing. To demonstrate the in vivo potential of pHonon biosensors, we performed ultra-
sound imaging of phagolysosomal acidification in liver macrophages [142]. We show that
pHonons are responsive to lysosomal acidification and report these changes in nonlin-
ear ultrasound images. The parallel development of pHonon biosensors and volumetric
imaging methods such as nonlinear sound-sheet microscopy [9] paves the way for deep
and dynamic imaging of intracellular acidification in health and disease.

4.2, RESULTS

PH-SENSITIVE ACOUSTIC BIOSENSOR DESIGN AND SCREENING

To achieve a pH-dependent modulation of GV stiffness, we engineered the reinforcing
protein GvpC with histidine substitutions on the solvent-facing side (Figure 4.1a). A re-
combinant GvpC gene was expressed in Escherichia coli (E. coli), while GVs were purified
from their native species (Dolichospermum flos-aquae) and stripped of GvpC. The GvpA
shell and heterologously expressed GvpC were reconstituted in vitro (Figure 4.1b) follow-
ing a GV engineered pipeline developed by Lakshmanan ef al. [11]

We assembled a small library of 9 GvpC variants with different histidine substitu-
tions (Figure 4.1c). The locations of the histidine substitutions were chosen to be on the
solvent-facing side of the GvpC, and determined by computational models of GvpC dock-
ing to GvpA [12]. The position of each substitution was conserved with respect to the start
of each repeat, meaning that each histidine occupies roughly the same position in each
repeat regardless of the original amino acids’ physicochemical properties. Among the 9
different variants, only variant 5, dubbed ‘pHonon,” exhibited an increased hydrostatic
collapse pressure post-acidification (Figure 4.1d, Figure S4.1). pHonon has a total of 25
histidine substitutions, five in each repeat: H10, H14, H17, H28, and H32 (Figure 4.1e-h).
A conceptual sketch of the acoustic pH sensor behavior is provided in Figure 4.11i.

CHARACTERIZATION AND MECHANISTIC STUDIES OF PHONON

In order to facilitate further engineering of pHonon biosensors, we explored the mech-
anism conferring pH-dependent GV shell strengthening. Contrary to wild-type and GVs
without GvpC (AGvpC), pHonon biosensors exhibit an increased collapse pressure mid-
point Cpy/2 at pH 5 (Figure 4.2a-c) [12]. pHonon shows a continuous strengthening over a
time span of ~20 hours, but 30% of the change in Cp;,» occurs during the first 30 minutes
after exposure to pH 5 (Figure 4.2d). Experimentally, we observed batch variability with
regards to pHonon Cpy/, values at 20 hours, with one outlier that reached a ACp;,» of
150 kPa. Despite positioning all histidine substitutions on the solvent-facing side of GvpC
binding residues, pHonons consistently showed a lower collapse pressure at pH 7 than
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Figure 4.1: pH-sensitive GV design and screening. a, Molecular model of a GV; Grey: GvpA. Blue:
GvpC. (adapted with permission[12]). b, Schematic representation of production and reconstitu-
tion of recombinant GvpC on a stripped GvpA shell from D. flos-aquae. ¢, List of GvpC variants; only
the amino acid sequence of the first repeat of GvpC is shown. Histidine mutations are shown in yel-
low. d, Change in the midpoint of hydrostatic collapse pressure between pH 7 (n=3) and pH 5 (n=3)
for each GV variant. e, Helical wheel representation of variant 5, further referred to as '‘pHonon'
f,g, a 3D representation of a single repeat of pHonon bound to the GV wall (f, longitudinal plane;
g, transverse plane). Amino acids are colored according to physico-chemical properties; Blue: Lys,
Arg, His. Yellow: Met, Ile, Leu, Ala, Val. Light blue: Ser, Thr, Gln, Asn. Brown: Phe, Trp, Tyr. Red: Glu,
Asp. h, Full amino acid sequence of wildtype D. flos-aquae GvpC (GvpCy 1) and pHonon GvpC.
Yellow: histidine mutations. Blue: Gly-Ser linker and His-tag. i, Schematic overview of pHonon
function: low pH results in a positive charge on His residues. The resulting change in GvpC binding
and conformation leads to a stiffer GV. The increase in stiffness reduces the contrast in non-linear
ultrasound images.
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wildtype GVs and GVs reconstituted with his-tagged GvpC.

We used computational docking [197, 198] to gain insights into possible binding ori-
entations of pHonon GvpC with GvpA at physiological and acidic pH (Figure 4.2¢,f). To
limit the computational complexity of the docking we used Cryo-EM data [12] to con-
strain the GvpA residues involved in binding to alpha-helix 2 (I37 to 146), and the GvpC
binding residues to residues 4, 10, 11, 12, 14, 15, 17, 19, 23, 26, 28, 30, 32, 33 (highly con-
served residues plus the newly introduced histidine mutations). At physiological pH, the
highest scoring cluster (Figure 4.2¢) has a very similar orientation to wildtype GvpC, as
previously reported [12]. A higher docking score was observed for pHonon, which we pri-
marily attribute to a slight tilt of pHonon GvpC, allowing E59 on GvpA2 to form hydrogen
bridges with K2 on GvpC. Histidine point mutations point outward in relation to the GV
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Figure 4.2: pHonon characterization and mechanism. a-c, Hydrostatic collapse pressure of wild-
type GVs, AGvpC GVs and pHonon at pH 7 (blue) and pH 5 (yellow) (n = 3). The line is a sigmoidal
fit. d, Time course of the hydrostatic collapse midpoint (Cpy,2) of wildtype GVs (green), AGvpC
GVs (blue) and pHonon (red). Cpy/» was determined using a weighted sigmoidal fit.e, Computa-
tional docking model of pHonon at pH 7 generated using HADDOCK 2.4. f, Computational docking
model of pHonon at pH 5 generated using HADDOCK 2.4 g, Cpy/» for different concentrations of
imidazole present during the reconstitution of GvpA and GvpC. h, Imidazole competition assay. The
effect of imidazole competing with His substitutions in GvpC for binding- and interaction sites on
the surface of GvpA is shown by comparing the effect of adding the competitor (imidazole) before
the hypothetical allosteric conformation change (red) or after (blue).

wall as anticipated.

Acidic pH was simulated by manually changing histidine protonation states to fully
protonated, i.e., with a positively charged side-chain. The highest score for pHonon at pH
5 shows GvpC rotated along its long axis (Figure 4.2f). Histidine substitutions now point
parallel or inwards towards GvpA alpha-helix 2. Salt-bridges are predicted between E59
on GvpA2 and GvpA3 with H14 and H17 respectively. Hydrogen bridges are also predicted
between GvpA1l:E52-F1, GvpA2:E59-K3, GvpA4:E52-Q22 and GvpA5:E52-K25. The hydro-
gen bridge GvpA5:Q64-H32 may be inaccurate as the N-terminal tail is unfolded and can
take any orientation or conformation, but was here modeled as a rigid structure. A sec-
ond high scoring structure was found with a similar orientation at pH 7. Follow-up studies
should investigate whether both structures exist and are in competition, or whether only
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one of the two occurs experimentally.

To determine if the docking model at pH 5 (Figure 4.2f) is plausible, we performed
two competition assays with the histidine analog imidazole to investigate interactions
between histidine and GvpA. According to the most likely docking, adding imidazole at
pH 7 should not interfere with any bond formation as none of the histidine substitutions
show an interaction.

In the first competition assay (Figure 4.2g), we added imidazole during the reconstitu-
tion of GvpC-his and pHonon respectively. Increased concentrations of imidazole during
the reconstitution process led to lower pHonon collapse pressure by 40 kPa (Figure 4.2g).
Collapse pressures at pH 5 were measured to be consistently 40 kPa higher than the col-
lapse pressure at pH 7. Imidazole had no effect on GvpC-his reconstitution. Based on the
docking results, we did not expect imidazole to affect pHonon reconstitution. However,
solubility might be a confounding factor in these measurements as solubility of GvpC-his
at pH 7 is significantly higher than that of pHonon (Figure S4.2). We suspect that a consid-
erable amount of pHonon GvpC may precipitate out of solution as urea is removed before
it gets to bind GvpA. Interestingly, this result shows that we can control the initial collapse
pressure of pHonon at pH 7 and therefore modulate the initial level of nonlinear scatter-
ing that a pHonon biosensor would have. Preparing pHonon sensors with different initial
collapse pressures would enable multiplexing [27].

The second competition assay aimed to investigate whether the rotated GvpC dock-
ing is realistic (Figure 4.2h). If pHonon GvpC truly rotates at acidic pH, imidazole should
compete with the newly formed salt-bridges (E59-H14, E59-H17) and diminish the char-
acteristic strengthening of pHonon. Imidazole was added either before or after incuba-
tion at pH 5 for 20 hours, and the collapse pressure was evaluated. Adding imidazole
before changing the pH resulted in a lower collapse pressure than adding imidazole after
changing the pH (Figure 4.2h). We interpret this result as imidazole partially blocking the
formation of salt-bridges (E59-H14, E59-H17), leading to a lower collapse pressure. When
imidazole was added after changing the pH, the already formed bond blocked an inter-
action with imidazole and the resulting GV had a higher collapse pressure. While these
computational docking results produce intriguing and stable structures, it is important to
note that they remain largely speculative. For example, the assumption of a uniform pH -
where all amino acids experience the same pH level - is almost certainly inaccurate. The
biochemical microenvironment of each amino acid likely exposes it to significantly differ-
ent pH levels. Furthermore, the assumption that a higher HADDOCK score corresponds
to a stiffer GV may not hold true, as higher association energies do not necessarily imply
changes in the protein’s mechanical properties. Nevertheless, the proposed dockings pro-
vide a robust starting point for a more detailed exploration of the molecular mechanisms
underlying pHonon.

DYNAMIC ULTRASOUND IMAGING OF ACIDIFICATION
We performed ultrasound imaging of pHonon and control nanoparticles (AGvpC GVs)
embedded in 2% agarose phantoms using a nonlinear cross amplitude modulation pulse
sequence (xAM)[20] (Figure 4.3a).

Linear ultrasound images revealed a similar echogenicity for both AGvpC GVs and
pHonon across the pH 8 to 4 range (Figure 4.3b). Under nonlinear ultrasound exposure,
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Figure 4.3: In vitro ultrasound characterization of pHonon. a, Schematic view of GV phantom imag-
ing. b, Linear (top) and nonlinear (bottom) ultrasound images of A GvpC and pHonon GVs (OD = 1)
after overnight incubation at the target pH and immobilized in 2% agarose. ¢, Nonlinear contrast-
to-noise ratio (CNR) of AGvpC (blue) and pHonon (red) (n = 4). The region of interest(ROI) was se-
lected over the entire well, and the noise level was determined using an equally sized ROI over a well
filled with 2% agarose. d, The ratio of nonlinear (xAM)/linear (plane wave(PW)) CNR of phantom
images of AGvpC and pHonon (n = 4) (e) for a range of pH values from 5 to 7 and concentrations
from OD 0.25 to OD = 1.5. f, A schematic view of the kinetics measurement setup where a 4mm
well in 2% agarose is filled from a dual-barrel syringe with equal volume OD = 1.5 GVs and 0.3 M
Mcllvaine buffer at the target pH. Imaging is performed at a frame rate of ~2 Hz and the probe is
coupled with ultrasound gel. Blue wells are filled with demiwater to minimize reflection artifacts
g Nonlinear CNR over time with the injection and mixing of GVs with a target pH buffer at time 0 .
pHonon is exposed to pH 5 (red) and subsequently to pH 7 (green). pHonon and AGvpC at constant
pH (blue,yellow) were used as controls. (n =5)

we observed a 10.6 + 0.4 dB decrease in the non-linear contrast-to-noise ratio (CNR) of
pHonon at pH 4 (Figure 4.3c) whereas control GVs remained echogenic through the pH
range explored. The ecliptic behavior of engineered pHonon nanoparticles is unique and
aligns with findings from collapse pressure measurements reported in (Figure 4.2). We
also measured an increase of the CNR of AGvpC GVs of 4.8 + 1.3 dB at pH 4. This drop
in CNR coincides with a weakening of the pHonon nanoparticles observed in hydrostatic
collapse pressure measurements (Figure 4.2a). Development of a quantitative ultrasound
readout of pH levels in tissue is critical if we are to use pHonon for deep tissue imaging.
Two physical effects in particular can lead to confounding effects: depth-dependent ultra-
sound attenuation in tissue and local variations in GV concentration. We developed a ra-
tiometric measure, the cross amplitude over plane wave ratio (xAM/PW), that normalizes
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nonlinear scattering of GVs by their linear scattering which is proportional to GV concen-
tration (Figure 4.3d-e). The xAM/PW ratios of control AGvpC GVs were constant for any
GV concentration (OD 0.25 to 1.5) or pH (5 to 7) tested, as expected from a nanoparticle
which is not pH sensitive (Figure 4.3d). For pHonon, xAM/PW ratios were independent of
concentration but dependent on pH, with ratios varying from 0.80 at pH 7, 0.51 at pH 6,
and 0.02 at pH 5 (Figure 4.3e).

We measured the switching kinetics of pHonon using a custom-built experimental
setup (Figure 4.3f). In our experimental configuration, a 2% agarose phantom with 4 mm
diameter open wells was molded as an acoustically transparent propagation medium. A
2x 1mL dual-barrel syringe allowed the rapid mixing of 0.3 M pH 5 Mcllvaine buffer with
GVs at OD 3 in 0.05% PBS, followed by the direct injection of this mixture into a well.
Ultrasound imaging of the mixed solution was conducted at a 2 Hz framerate over 30
minutes to monitor changes in nonlinear contrast caused by the rapid exposure to a target
pH value (Figure 4.3g). Upon quasi-instantaneous exposure to pH 5, the xAM CNR of
pHonon decreased by 2.2 + 1.1 dBs in 90s, 4.7 + 0.3 dBs in 10 min and 6.1 + 0.85 dBs in 20
min. We assessed the reversibility of our pH-sensitive GVs by exposing pHonon incubated
at pH5 for 20 minutes to a quasi-instantaneous pH 7 buffer. We observed that xAM CNR
remained constant at its pH5 value over the course of 30 minutes, indicating that our
sensor design is not reversible between pH 7 and pH 5. AGvpC controls did not show any
pH dependence as expected from imaging results.

IN VIVO ULTRASOUND IMAGING OF LYSOSOMAL ACIDIFICATION IN LIVER
MACROPHAGES

After characterizing pHonon in vitro, we assessed the ability of pHonon biosensors to re-
port on intracellular acidification in living tissue. We chose to perform dynamic imag-
ing of phagolysosomal acidification in liver macrophages, as macrophage uptake of in-
travenously administered GVs is well documented [4, 142]. Kupffer cells, the liver’s pri-
mary phagocytic macrophages, are primarily found in the sinusoidal spaces of the liver
[199]. Foreign particles such as GVs are captured on the surface of Kupffer cells and sub-
sequently phagocytosed. Next, the phagosome, now containing GVs, merges with lyso-
somes and gets acidified down to a pH of 4.5[200]. It is acknowledged that the pH within
phagolysosomes drops from 7 to approximately 5 over the course of 10 to 20 minutes [201,
202]. Previously reported biomolecular ultrasound experiments also show that GVs circu-
lating in the blood stream primarily accumulate in the liver [142]. Following intravenous
injection, ultrasound contrast generated by GVs builds up in the liver over the course of
10 minutes before nearly disappearing after 60 minutes [142].

A jugular vein catheter was placed in anaesthetized C57BL/6 mice. After preparation
of the animal, the left lateral lobe was found by using ultrafast Doppler. When possible,
the caudate lobe was left out of the imaging plane. An xAM imaging sequence operating at
a framerate of 2 Hz was used to record data for 45 minutes. After two minutes, the animal
received a 150 uL bolus of either pHonon or control AGvpC GVs at OD = 50 through the
catheter (Figure 4.4a).

For AGvpC GVs, we measured a rapid increase in XxAM signal due to the bolus injection
and the intravascular circulation of GVs in liver vessels. This was immediately followed by
a slower increase in XAM signal in the liver plane of interest over 20 minutes post-bolus,
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Figure 4.4: In vivo nonlinear imaging of lysosomal acidification in mice livers. a, Schematic show-
ing the experimental setup. Shown top right is a representative anatomical (planewave) ultrasound
image, and lower right a vascular (doppler) ultrasound image of a mouse liver. b, Average normal-
ized nonlinear (xAM) signal intensity in the liver after bolus injection of AGvpC (blue) or pHonon
(red) GVs (n = 4). ¢, Representative nonlinear ultrasound images of AGvpC (bottom) or pHonon
(top) GVs in murine livers of two different animals at different time points. The ROI for these spe-
cific mice is indicated at t = 0 minutes with a white dotted line.

and followed by a slow decrease until the end of the 45 minute recordings (Figure 4.4b,c).
This observation is in agreement with values found in literature [142].

For pHonon on the other hand, after the initial increase in xAM signal due to the bo-
lus injection and the intravascular circulation of pHonon in liver vessels, we measured a
steady decline of the xAM signal in the liver plane of interest until the end of the 45 min-
utes recordings. At the peak of the bolus, a "spotty" xAM signal was observed which we
attributed to perfusion of the sinusoidal spaces. At this stage, GVs are thought to be con-
fined in the vascular space rather than internalized in liver macrophages (Figure 4.4c).
Over the next 5 minutes the xAM signal spread out through the plane as GVs get in-
ternalized into phagosomes. Phagosomal acidification is a biological process that takes
place during and shortly after the initial lysosomal merging. In our experiments, pHonon
biosensors clearly displayed a lower level of xAM signal compared to AGvpC GVs as of 15
mins.

Note that for AGvpC GVs, the loss of xAM signal after 20 minutes is caused by prote-
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olytic degradation of the GVs rather than acidification. Together, our results indicate that
phagolysosomal acidification takes place within the initial 20 minutes of the experiment,
which is only slightly longer than the literature reports of acidification times of 17 min,
15 min, and 10 min respectively [200-202]. Altough it should be remarked that most of
these studies found large variations in overal acidification times as well. This result is also
consistent with the ecliptic behaviour of the sensor reported in Figure 4.3. Representative
xAM images at different time points of the recording are reported in Figure 4.4c.

4.3. DISCUSSION

We successfully engineered an acoustic pH biosensor capable of reporting lysosomal acid-
ification in ultrasound images. Our approach consisted of assembling a small library of
nine recombinant GvpCs containing histidine point mutations, because this amino acid
has the desired pKa for a sensor of endocytosis. We introduced histidine at positions that
do not interfere with binding of GvpC to GvpA and screened for engineered GV variants
that would show an increased shell stiffness when exposed to a target pH of 5, which is
the acidic value reached in late phagolysosomes [200-203]. One of the engineered GV
variants dubbed pHonon showed a 45 kPa increase in hydrostatic collapse pressure at low
pH and was selected for further analysis. All other variants of the library showed weak-
ening at low pH. Computational modeling provided insights into the potential sensing
mechanism of our pH sensor. Protein docking scores indicated that at pH 7, pHonon
GvpC residues form hydrogen bridges with GvpA . At pH 5, pHonon GvpC rotated along
its axis to form salt bridges and hydrogen bridges with GvpA, further strengthening the
shell . Interestingly, the addition of a histidine analog during pHonon reconstitution con-
ferred a handle to modulate the biosensor shell stiffness at pH 7. Because the collapse
pressure mid-point is directly related to the level of nonlinear scattering at pH 7, multi-
plexed biomolecular ultrasound imaging [27] could be investigated in the future. pHonon
biosensors successfully reported pH variations in ultrasound images, exhibiting a 10.6 dB
dynamic range between nonlinear ultrasound contrast at pH 7 and pH 4. In terms of ki-
netics, a 6 dB drop in nonlinear ultrasound contrast was measured in 20 min. This eclip-
tic sensor behavior is similar to pH-sensitive fluorescent proteins developed by Miesen-
bock et. al [35]. Normalizing the nonlinear acoustic response of pHonon with their lin-
ear acoustic response enabled ratiometric imaging of pHonon biosensors at pH 7, pH 6
and pH 5 respectively. Future work will evaluate this approach in an in vivo context to
test the feasibility of parametric ultrasound mapping of pH levels in tissue. We demon-
strated the potential of acoustic pH biosensors by imaging lysosomal acidification in liver
macrophages. Following intravenous injection, the amplitude of nonlinear pHonon sig-
nals in the liver decreased steadily because of internalization in macrophages and expo-
sure to low pH conditions. Control GVs showed a steady increase in nonlinear signal until
20 minutes before decreasing due to enzymatic protein degradation.

While we succeeded in engineering a pH-sensitive GV and imaged cellular acidifica-
tion in vivo, pHonon should be seen as a first step towards a class of pH-sensitive GV-
based biosensors. Our semi-rational engineering will serve as a basis for further opti-
mization and the development of acoustic pH sensors with enhanced sensitivity, differ-
ent pH transitions, potentially faster kinetics or reversibility, similarly to the successive
improvements of optical pH sensors similarly to the successive improvements of optical
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pH sensors [35, 36, 203-206]. Interestingly, pHonon is the first GV-based sensor to show
a shell strengthening, as opposed to a shell weakening seen in other GV-based biosensors
[11, 30], providing a new mechanistic cue for GV engineering. While our current approach
relied on a limited screening library, the recent development of high-throughput directed
evolution assays for GV engineering [207] could expand this variant-space.

The exact pH sensing mechanism of pHonon biosensors remains to be elucidated.
The present study reports plausible mechanisms based on a computational docking model
and limited experimental data. Several questions remain open. For example, it would be
interesting to investigate why structurally similar GvpC mutants of our library did not lead
to pH-dependent shell strengthening. Current docking models seem to point at H14 and
H17 as key positions, which is a combination of mutations that also occurred in variants 3
and 6-9 of our library. A combination of further mutagenic study, combined with compu-
tational models and high-resolution microscopy techniques might provide novel insights.

The clinical relevance of these pHonon biosensors was not the aim of this study but
it will be interesting to revisit molecular ultrasound imaging methods such as ischemic
memory imaging [34] and to explore new avenues for molecular ultrasound imaging such
as monitoring of impaired lysosomal function in neurodegenerative diseases [208].

In conclusion, our results demonstrate that protein-based acoustic pH sensors can
enable dynamic ultrasound imaging of intracellular acidification in intact opaque organ-
isms and paves the way for biomolecular ultrasound imaging of organelle function.
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4.4. METHODS
All chemicals were purchased from Merck (Sigma Aldrich) unless specified.

GAS VESICLE PRODUCTION

Dolichospermum flos-aquae (CCAP 1403/13F; Culture Collection of Algae and Protozoa)
was cultured according to previously published protocol [160]. D. flos-aquae was culti-
vated for two weeks in G625 medium (5.84 mM NaNOs, 224 uM KH»PO4, 304 uM MgS03-7H>0,
208 uM Na,SiO3-9H, 0, 189 uM NaCOs3, 10 mM NaHCOg3, 245 uM CaCls, 31 uM citric acid
and 3 uM EDTA) supplemented with BG-11 freshwater medium (Sigma Aldrich, C3061) at
25°C, 120 rpm and 1% CO,. The culture was illuminated at 5000 lux on a 14 h light, 10 h
dark cycle. Cultures were allowed to settle for 24-48 hours, and the floating cell layer was
collected. Harvested cells were lysed in the following buffer 10% v/v harvested cells, 10%
viv SolulyseTM bacterial lysis agent (Genlantis, L200500), and 500mM sorbitol for 6-8h
on a rotary mixer at room temperature. GVs were separated from the lysate by centrifu-
gation at 350g for 12h. GVs are in the floating white layer, the subnatant was removed and
discarded. The floating GV layer was topped up with phosphate buffered saline, pH 7.4
(PBS). The centrifugation and subnatant discard were repeated 4 times in total. GvpC was
removed from GVs by 3 subsequent rounds of centrifugation at 350 g for 12 hours, sub-
natant discard and buffer top up, using PBS supplemented with 6 M urea as the buffer.
GV concentration was measured by optical density measurements at 500 nm with a spec-
trophotometer (Ocean optics, STS-VIS).

CLONING METHODS

All gene sequences were codon-optimized for E. coli expression and inserted into pET28a
plasmid via Gibson assembly. Enzymes were purchased from New England Biolabs and
primers from Sigma Aldrich. The resulting plasmids were transformed into E. coli BL21(DE3)
for expression.

HETEROLOGOUS EXPRESSION OF GVPC IN E. coli

Seed culture was prepared by inoculating LB with transformed colonies of BL21(DE3) and
grown overnight at 37 °C, 220 rpm. The overnight seed culture was inoculated into auto-
induction Terrific Broth (TB). Auto-induction TB medium is composed of 24 g/L yeast
extract, 12 g/L tryptone, 2.9 g/L lactose and 7.6 g/L glucose[209]. The medium was ster-
ilized via autoclave, and supplemented with 2% w/v lactose, 0.5% w/v glucose, and 100
ug/L ampicillin. Cultures were collected and centrifuged at 3000 g for 15 mins. The re-
sulting cell pellet was resuspended in bacterial lysis buffer (50 mM Tris-HCI pH 8, 100
mM NaCl, 1% v/v Triton X-100, 10 mg/mL lysozyme) and rotated for 1-2 hours at room
temperature. The lysate was centrifuged at 18000 g for 40 minutes, and the supernatant
was discarded. Inclusion body solubilization buffer (6 M Urea, 50 mM Tris, 100 mM NacCl)
was used to resuspend the centrifuged pellet, and the resuspension was centrifuged at
18000 g for 40 minutes. The His-tagged GvpC proteins were purified using Ni-NTA affin-
ity chromatography (HisPur, Thermo Fisher, 88221) following the manufacturer’s proto-
col. Protein concentration was determined using Bradford assay (Thermo Fisher, 23238)
according to the manufacturer’s protocols, bovine serum albumin was used to make the
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standard curve.

RECONSTITUTION OF GV WITH GVPC

GvpCwas re-added to AGvpC GVs in a 20x mole excess (GvpC:GvpA) according to the for-
mula 20 x ODs509 nm % 198 nM x volume (in liters) of GVs = nmol of recombinant GvpC[160].
The AGvpC GV and GvpC protein mixture was dialyzed twice against 2 L of PBS with a 6
kDa MWCO dialysis membrane. followed by 3 rounds of centrifugation at 350 g for 12
hours, subnatant discard and buffer top-up, using PBS as the buffer.

HYDROSTATIC COLLAPSE PRESSURE MEASUREMENTS

Hydrostatic collapse pressures were determined using the setup outlined previously [160].
GVs were diluted to an OD5¢ nm 0f 0.2 with the appropriate buffer. Mcllvaine buffer (citric
acid, Na;HPO,) was used for all pH-dependent collapse pressure studies. A pressure con-
troller (PC series; Alicat Scientific) connected to a 1.5 MPa nitrogen gas source was used
to vary the hydrostatic pressure in a flow-through cuvette (Hellma, article n0.1767001510-
40). A pressure step of 20 kPa and an equilibration time of 5 seconds were used before the
optical density at 500 nm was recorded using a spectrophotometer (STS-VIS; Ocean Op-
tics). The pressure controller and spectrophotometer were controlled using MATLAB. All
measures were done in triplicate and the average and 1 standard deviation are reported.

COMPUTATIONAL DOCKING

A docking model was generated using the online environment
(https://rascar.science.uu.nl/haddock2.4/) for HADDOCK 2.4 [197, 198]. Previously pub-
lished atomic models for docking of GvpC to GvpA[12] were retrieved
(https://doi.org/10.5281/zenodo.6867443) and used as a starting point for our docking
simulations. To transform GvpC from the published model to pHonon GvpC histidine
mutations were programmed in ChimeraX [210] using the 'swapaa’ command. Rotamers
were left to their default settings. Active residues for GvpA were limited to residues 51-61
of GvpA, similar to previously published computational docking methods for GvpC [12].
For GvpC, active residues were residues 4, 10, 11, 12, 14, 15, 17, 19, 23, 26, 28, 30, 32, 33,
and selected by adding the histidine mutations to the residue list used in a previously
published docking [12]. To simulate docking at pH 7 all HADDOCK settings were set to
default. To simulate pH5 the histidine protonation states of GvpC were manually set to
HIS+ in the HADDOCK environment. Docking clusters were displayed in ChimeraX and
hydrogen bonds between GvpA and GvpC highlighted with the ’hbonds’ command.

COMPETITION ASSAYS

To investigate the effect of initial imidazole concentration during reconstitution, imida-
zole concentration in the reconstitution mixture was varied. Purified GvpC was subjected
to several rounds of dialysis against 6M Urea and PBS to reduce the imidazole concen-
tration to < 10 uM. Dialyzed and purified GvpC was mixed with imidazole to achieve re-
ported final imidazole concentrations. This mixture was then combined with AGvpC GVs
in a 20x mole excess and dialyzed for 2 rounds against 2 L of PBS.

pH-dependent competition of GvpC and imidazole was investigated by switching the or-
der of the pH drop or imidazole addition of the pHonon GV solution. Imidazole was added
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to the pHonon GV solution to the reported final concentrations. The pH was dropped by
adding 0.1M citric acid into the pHonon GV solution to reach pH 5. The GV solution was
incubated for 15 minutes at each step, and the hydrostatic pressure was measured after
both pH drop and imidazole addition.

IN VITRO ULTRASOUND IMAGING

All ultrasound imaging was performed with a Verasonics Vantage 256 scanner combined
with an 1.22-14vX Verasonics ultrasound probe (Verasonics, Kirkland, Washington, USA),
with a specified pitch of 0.1 mm, an elevation focus of 8 mm, an elevation aperture of
1.5 mm and a center frequency of 18.5 MHz. For the immobilized in-vitro GV images
2% agarose phantoms were prepared in Milli-Q or PBS using custom 3D-printed molds.
GV samples were diluted 2x in 2% low melting-temperature (LMT) agarose and loaded
into the phantom wells. GV samples were matched at ODsponm of 2. A well filled with
1% LMT agarose was used to determine background intensity in every frame. The cross-
amplitude modulation (xAM) method for non-linear imaging of contrast agents was used
[20]. xBmode images were acquired using a single cross-propagating plane-wave trans-
mission. Plane wave images were beamformed by coherent compounding of the two mir-
rored plane waves from the xAM pulse sequence. xAM images were acquired using three
separate transmits, 2 mirrored plane waves and a cross propagating wave. Contrast-to-
noise values were determined by taking the log-compressed ratio of the signal in a repre-
sentative circular region of interest (ROI) in the well, and a representative noise ROI in a
well filled with 1% LMT agarose. Images were displayed with an equalized noise-floor. All
measures were done in quadruplicate and the average, 25% and 75% and minimum and
maximum are reported.

To measure pH dependent kinetics of pHonons, a 2% agarose phantom with 4 mm
wells was prepared. A dual-barrel syringe (2 x 1 mL) with a mixing tip was filled with GVs
(OD500 nm = 2, 0.5% PBS) in one barrel and 0.3 M Mcllvaine buffer in the second barrel.
Buffer capacity was calibrated to be pH 5 after injection into the well of the phantom. The
ultrasound probe was positioned against the phantom and acoustically coupled using
ultrasound gel. GVs and pH buffer were injected into a phantom well through the syringe
mixing tip. Images were recorded at an acoustic pressure of 600 kPa, with a framerate of
2 Hz for 30 minutes.

IN VIVO IMAGING OF PHAGOLYSOSOMAL ACIDIFICATION

C57BL/6 mice of ages between 3 and 5 months were anesthetized with Isoflurane (5% for
induction, 1% for maintenance) and placed on a heating pad with loop control from a
temperature probe and breath monitoring. The animal was equipped with a foot sensor
to measure pulse (MouseStat and Physio Suite from Kent Scientific, Torrington, Connecti-
cut, USA). Two areas were shaved and depilated: the area over the right jugular vein to
prepare for catheterization and a 4cm x 3cm area from the ribs down to allow for artefact-
free imaging from the hair. The area over the right jugular vein was cleaned 3:3 times with
saline solution and a mix of chlorhexidine/cetrimide (Hibicet, Molnlycke Health Care,
Gothenburg, Sweden). After skin incision and resection of fatty tissue, the jugular vein
was isolated and a catheter was placed inside and fixed with sterile non-resorbant su-
tures. The catheter was flushed with a mix of saline and heparin to prevent blood clots.
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Then the skin was sutured. The mice were hydrated during the imaging session through
subcutaneous bolus of 0.1 mL of saline solution. Ultrasound gel was applied in the ab-
dominal area as a coupling medium and an L22-14Vx ultrasound probe (as described in
4.4) was placed medial to the sternum. Through the use of ultrafast Doppler, the field of
view was focused on the lateral left lobe and a plane containing a representative vascular
tree was isolated. Non-linear xAM images were generated using 3 compounded angles
(12°, 15°, 21°). A baseline ultrasound signal was established for 2 mins before a 150 yL
bolus of GVs at ODsgg nm 0f 50 in PBS was administered through the vein catheter.

The catheter was flushed with saline to flush the dead volume in the catheter tubing.
A maximum volume of 200 pL was injected per experiment. Nonlinear images were ac-
quired for 45 mins post-injection at a frame rate of 2 Hz.

Breathing creates a significant motion below the sternum, leading to motion artifacts.
Since we are imaging in 2D, out-of-plane motion cannot be compensated for, and the
imaging plane changes entirely during some periods of the breathing cycle. As our frame
rate is high enough to image the relatively slow phagocytosis of the GVs and their pH-
induced behavior changes, we elected to compensate for the motion by using a frame-
rejection approach. The liver was manually segmented in the linear image extracted from
the main pulse of the xAM and the average signal intensity within the ROI was calculated.
A peak detection algorithm was used to find the signal intensities with the large deviations
from the baseline. Frames were rejected at an intensity level of 50% of the average inten-
sity of the detected peaks. To conserve uniform sampling of the nonlinear signal, rejected
frame intensities were linearly interpolated from their previous and next samples. The
resulting time-intensity curves were smoothed using a 5-point moving average window
and normalized with respect to an average signal of the baseline set to zero and dividing
by the signal maxima. Signal traces from each experimental group (pHonon n = 4, AGvpC
n = 4) were averaged at each time point and plotted.
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KEY RESOURCE TABLE

| Resource \ Identifier |
Haddock 2.4[197, 198] | https://wenmr.science.uu.nl/haddock2.4/
ExPASy[211] https://www.expasy.org/
ChimeraX 1.7[210] https://www.rbvi.ucsf.edu/chimerax/
Generated plasmids \ Source ‘
pET28a-GvpC-His6 This study
pET28a-GvpC-H10.H14-His6 This study
pET28a-GvpC-H28.H32-His6 This study
pET28a-GvpC-H10.H14.H17-His6 This study
pET28a-GvpC-H10.H14.H28.H32-His6 This study
pET28a-GvpC-H10.H14.H17.H28.H32-His6 This study
pET28a-GvpC-H6.H10.H14.H17.H20-His6 This study
pET28a-GvpC-H6.H10.H14.H17.H28.H32-His6 This study

pET28a-GvpC-H6.H10.H14.H17.H20.H28.H32-His6 This study
pET28a-GvpC-H6.H10.H14.H17.H20.H24.H28.H32-His6 | This study
Bacterial strains Source
Dolichospermum flos-aquae CCAP 1403/13F CCAP
Escherichia Coli BL21 (DE3) Novagen
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of pHonon (A) and GvpC-his (*) when reducing the urea concentration at pH5 (yellow) and pH7
(blue). Especially at pH7, there is almost no precipitation of GvpC-his above 2M urea, while pHonon
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Figure S4.4: Representative images of liver and time-intensity curves for each separate mouse, with
the dark line representing the mean, after injection with AGvpC for each of the four mice at different
time-points.
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Figure S4.5: Representative images of liver and time-intensity curves for each separate mouse, with
the dark line representing the mean, after injection with pHonon for each of the four mice at differ-
ent time-points.



ACOUSTIC PROPERTIES OF
AGGREGATED HOLLOW PROTEIN
NANOSTRUCTURES

Functional ultrasound imaging has recently emerged as a breakthrough hemodynamic imag-
ing method capable of visualizing whole-brain neural activity with high spatiotemporal
resolution. However, deep and transcranial monitoring of brain activity remains a chal-
lenge due to skull-induced attenuation of ultrasound waves. Clinically approved microbub-
ble (MB) contrast agents have been successfully used to raise hemodynamic contrast through
the skull, but they introduce significant fluctuations to ultrasound signals and suffer from
limited circulation times. A new class of genetically encoded acoustic contrast agents based
on gas vesicle (GV) protein nanostructures has recently been shown to withstand higher
acoustic pressures and provide smoother hemodynamic contrast than MBs. Despite these
advantages, GVs are less echogenic than MBs and are taken up by liver macrophages, which
limits their circulation time. Here, we take the first step toward the development of an engi-
neered GV-based ultrasound contrast agent with enhanced echogenicity and prolonged cir-
culation time. We show that aggregation of GVs leads to an increase in both linear and non-
linear ultrasound contrast compared to unaggregated GVs. Additionally, we demonstrate
that periodic aggregation leads to a four-fold increase in nonlinear ultrasound contrast
over unaggregated GVs and a two-fold increase over aperiodic aggregates. An increase in
CNR was found for periodic aggregates with alginate with both AGvpC GVs and wild-type
GVs. Linear contrast is also increased in both cases, but more so for aperiodic aggregates at
frequencies up to 55 MHz. Finally, we demonstrate that it is possible to encapsulate GVs in
a hydrogel matrix while maintaining the increase in contrast consistent with aggregation.

Terwiel, D., Van Leeuwen, J., Silvera, L., Garbin, V,, Franceschini, E. & Maresca, D., manuscript in preparation
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5.1. INTRODUCTION

Functional ultrasound (fUS) imaging has recently emerged as a technique for hemody-
namic imaging, enabling researchers to visualize neural activity across the entire brain
with remarkable spatiotemporal resolution [212]. This advancement is particularly sig-
nificant in the field of neuroscience, where understanding brain function in real-time is
crucial for both basic research and clinical applications. fUS imaging has several advan-
tages over traditional imaging modalities, such as functional magnetic resonance imaging
(fMRI), including greater portability, lower cost, and significantly higher temporal resolu-
tion, which is an order of magnitude greater than that offered by fMRI [46, 213-218].

Despite its potential, transcranial fUS imaging is limited in clinical and research ap-
plications due to the aberrations and attenuation caused by the skull. Skull-induced dis-
tortion and attenuation can render subtle variations in blood flow indistinguishable from
background noise, thus hindering the accurate assessment of neural activity [219]. While
skull-induced aberration may be corrected through techniques such as ray-tracing [220],
the only way to address skull-induced attenuation is to increase the scattering amplitude
of contrast agents or to decrease the attenuation of the skull. Consequently, many current
fUS implementations necessitate invasive procedures, such as craniotomies [1], thinned-
skull preparations [62], or the use of acoustically transparent windows [43], which can be
impractical and pose additional risks to patients.

To overcome these challenges, the application of ultrasound contrast agents has been
explored as a means to enhance the visibility of vascular structures and improve signal
quality in transcranial fUS imaging. Clinically approved lipid-shelled microbubbles (MBs)
have demonstrated a capacity for significant hemodynamic signal enhancement; how-
ever, they come with notable drawbacks. Specifically, MBs introduce substantial fluctua-
tions to ultrasound signals, reducing the sensitivity of fUS imaging, and are characterized
by limited circulation times due to gas escape and organ retention [94, 221, 222].

In response to these limitations, a novel class of hemodynamic ultrasound signal en-
hancers has been developed based on genetically encoded gas vesicles (GVs) [4]. GVs are
air-filled protein nanostructures, typically ranging from 100 to 600 nm in length [126], and
have been shown to produce robust ultrasound contrast across the frequency ranges used
in medical ultrasound. Importantly, the unique biochemical composition and genetic en-
codability of GVs provide opportunities for engineering their mechanical, acoustic, and
physical properties, allowing for the creation of versatile and widely deployable contrast
agents [19, 55].

Despite their potential, GVs exhibit lower echogenicity compared to MBs, primarily
due to their smaller size. This limitation is compounded by the fact that intravenously
injected GVs are rapidly taken up by liver macrophages, further constraining their circu-
lation time [142]. To address these challenges, we propose a novel approach to enhance
the echogenicity and circulation time of GVs through controlled aggregation and subse-
quent encapsulation of GVs. Previous research has indicated that GV aggregation can
improve ultrasound contrast [4, 223], but we hypothesize that periodic aggregation may
maximize ultrasound contrast effects. Periodic aggregation could shows parallels to the
behaviors observed in phononic crystals, where periodically arranged inclusions can ma-
nipulate acoustic waves through complex interactions that include multiple scattering re-
flections, nonlinear wave propagation, and resonance effects [224-226]. Alternatively, GV
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aggregation might produce effects akin to those observed in ultrasound backscatter from
erythrocytes [223, 227]. Moreover, periodic aggregation of GVs can be achieved through
depletion interactions with larger molecules, such as those used to form hydrogels. Al-
ginate hydrogel encapsulation, commonly employed in biomedical and pharmaceutical
applications, can immobilize particles, enhance biocompatibility, and extend the circula-
tion time of therapeutics within the bloodstream [228-230].

The primary goal of this research is to investigate various GV aggregation strategies
and their impact on the resulting nonlinear acoustic signals. We will evaluate the effects
of alginate encapsulation on GVs in mesoscale beads and utilize a flow-focusing microflu-
idic approach to encapsulate GVs in sub-millimeter-scale alginate beads. Through acous-
tic imaging and optical analysis using phase contrast microscopy, we aim to characterize
the properties of these engineered ultrasound contrast agents and assess their potential
for future applications in functional ultrasound imaging.

5.2. RESULTS

GV AGGREGATION CHARACTERIZATION

GVs without GvpC (harmonic GVs, hGVs) were aggregated using two distinct methods:
fusion proteins (biotin and streptavidin) and depletion interactions with alginate. Neg-
ative stain transmission electron microscopy (TEM) images of harvested GVs suspended
in 2 mg/ml alginate indicated that alginate promotes periodic GV aggregation, while bi-
otinylated GVs with a 10,000 molar excess of streptavidin displayed random aggregation
patterns (Figure 5.1a). The periodicity of these aggregates was quantified using normal-
ized angular distributions presented in polar histograms. The standard deviation of an-
gles for GVs aggregated in alginate (£13.7°,+£6.9°, +3.7°) was approximately six times lower
than that of the biotin-streptavidin aggregates (+48.8°, £47.4°, +45.4°). wildtype GVs (GVs
with bound GvpC, WT GVs) exhibit the increased alignment when aggregated through
depletion interactions (Figure S5.4)

Negative stain TEM imaging, while useful, is invasive as it introduces uranyl salts,
which can cause unwanted aggregation and interact with alginate to promote crosslink-
ing. To more accurately assess aggregate sizes, we employed Tunable Resistive Pulse Sens-
ing (TRPS) (Figure 5.1b). Peaks are observed at 150 nm for all samples and at 500 nm for
Biotin-streptavidin and alginate mediated aggregation. A significant increase in particle
counts exceeding 1.5 um was observed for aggregated GVs, with biotin-streptavidin ag-
gregation contributing the highest counts in this range.

The largest particle population measured had a hydrodynamic diameter of 150 nm,
consistent with published values for individual GVs [12, 161, 169]. Aggregated GVs, cor-
responding to the second observed peak, exhibited a minimum hydrodynamic radius of
approximately 500 nm, corresponding to roughly 37 standard-sized GVs, irrespective of
whether they were aggregated periodically. Observations indicated a shift in the relative
population toward larger particles across a diameter range from 500 nm to 4000 nm, sug-
gesting a broad distribution of aggregate sizes. Biotin-streptavidin interactions yielded
the largest aggregates, as seen in both TEM images, and in the relative probability of par-
ticles over 1.5 um
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Figure 5.1: Engineered aggregation of purified GVs. (a) hGVs in HEPES buffer (control) show mini-
mal aggregation when observed with TEM. Biotinylated hGVs with a 10.000 molar excess of strepta-
vidin are aggregated in random configurations, demonstrated by the wide distribution of GV angles
in the polar histograms. hGVs in 2 mg/ml alginate are aggregated periodically, which is confirmed
by the narrow distribution of angles centered around 0° in the polar histogram. Values at the top
right of each TEM image indicate the standard deviation of angles in each assembly. All control and
biotinylated images were digital zooms from the original images. (b) Scatter plot of probability dis-
tributions resulting from TRPS measurements of 1500 particles per sample.

AGGREGATION-INDUCED NONLINEAR CONTRAST ENHANCEMENT

Previous studies have established that aggregation can enhance contrast when induced
through biotin-streptavidin crosslinking [4]. We hypothesized that radially stacked pe-
riodic GV aggregates would exhibit even higher echogenicity. To test this, we immobi-
lized aggregated and non-aggregated hGVs in agarose phantoms and imaged them using
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Figure 5.2: Non-linear contrast enhancement from aggregation (a) average CNR (n=8) of aggre-
gated hGVs measured in agarose well phantoms filled with GVs at OD = 2 and imaged using an xAM
pulse sequence scheme. (b) Average CNR of periodically aggregated wild-type GVs (wtGVs) and un-
aggregated wtGVs (n=4) at different imaging voltages, and (c) representative images.

anonlinear (xAM) technique (Figure 5.2a). Randomly aggregated GVs showed an approx-
imate 6 dB increase in contrast over control samples. In contrast, periodically aggregated
GVs achieved a nonlinear ultrasound contrast enhancement of 12 dB (from 8.0 dB to 20.1
dB), underscoring the substantial impact of aggregation periodicity on the nonlinear con-
trast produced by hGV aggregates.

Typically, WT GVs do not exhibit nonlinear contrast due to their increased stiffness,
which prevents significant buckling under collapse pressure. However, we noted that pe-
riodically aggregated WT GVs suspended in 2 mg/ml alginate demonstrated a marked in-
crease in nonlinear contrast over controls (Figure 5.2b). This enhancement was observed
at transducer transmit voltages ranging from 5 V to 12 V, with a peak contrast difference
of approximately 6 dB at 6 V. Beyond this voltage, a decline in CNR was noted as GVs be-
gan to collapse, plateauing at 5 dB for WT GVs in alginate. These findings indicate that
alginate-induced periodic GV aggregation significantly boosts the nonlinear ultrasound
contrast generated by both hGVs and WT GVs, presenting an innovative method for de-
signing GV-based biosensors, where the switch between linear and nonlinear scattering
is crucial for functionality. CNR increase is dependent on alginate concentration (Fig-
ure 5.2b). It can be observed that the threshold alginate concentration for OD = 2 GV
depletion interactions is roughly 1.25 mg/ml, as the contrast increase is 3 dBs compared
to lower concentrations and the control. At 1.75 mg/ml of alginate, a plateau in contrast
enhancement is reached.

Additionally, we examined linear scattering enhancements. GVs were immobilized in
agarose slabs and imaged using linear B-mode ultrasound, scanning the imaging plane
with single transducer elements at their respective centre frequencies. Similar to nonlin-
ear imaging outcomes, aggregated GVs demonstrated enhanced linear backscatter signals
compared to non-aggregated GVs (Figure 5.3). Notably, biotinylation produced a higher
CNR than depletion interactions at 10 MHz and 22 MHz, a reversal of the nonlinear sce-
nario, although not at 55 MHz. This behaviour may be attributed to the larger aggregates
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formed during biotinylation (Figure 5.1). Scattered power scales linearly with particle
concentration, but backscattered power scales super-linearly with particle size, leading
to more intense backscatter from larger aggregates [231]. We also observed a frequency-
dependent increase in CNR, with measured contrast enhancements for depletion or bi-
otinylation being 4.1 dB and 8.2 dB at 10 MHz, 5.3 dB and 9.7 dB at 22 MHz, and 18.3 dB
and 18.1 dB at 55 MHz, respectively.
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Figure 5.3: linear contrast enhancement Linear CNR in 1% agar slabs at different imaging frequen-
cies. CNR’s were derived from images generated line-by-line from a single element transducer. n =
3 images were used for each sample.

GV ENCAPSULATION IN ALGINATE BEADS

Following the successful aggregation of GVs and observation of ultrasound contrast en-
hancements, we proceeded to encapsulate the periodically aggregated GVs. This encap-
sulation was performed at two scales: initially, mesoscale beads were created by using
a syringe and dropping small droplets of a mixture of 1.75 mg/ml alginate and GVs in a
calcium bath, followed by microscale beads generated with a microfluidic chip.

Ultrasound imaging revealed that the mesoscale beads were teardrop-shaped, mea-
suring approximately 2 mm in diameter (Figure 5.4). The beads containing hGVs were
visible in both linear B-mode and nonlinear xAM imaging modes, while those with WT
GVs appeared only in the linear imaging mode. Empty alginate beads were not detected
in the nonlinear imaging mode and only faintly appeared in linear imaging.

In the microfluidic setup, we observed spherical, monodisperse droplets approximately
125 ym in size within the chip under an inverted optical microscope. The droplets were
produced at a rate of 600 beads per second (Figure 5.5a). After gelation, the microscale
beads exhibited various shapes, confirmed through phase contrast microscopy (Figure 5.5b).
The average final bead sizes were 241 ym for beads without GVs, 248 ym for those with
WT GVs, and 245 ym for those with hGVs. The presence of GVs within the beads was
indicated by the positive phase contrast observed, as GVs appeared white against a trans-
parent background. Conversely, beads without GVs did not exhibit this white contrast.
Notably, higher concentrations of GVs resulted in larger and more crowded final beads
(Figure S5.7,Figure S5.6)
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To sum up, ultrasound imaging of mesoscale beads verifies the successful encapsula-
tion of WT and hGVs, and phase contrast microscopy images corroborate the encapsu-
lation of WT and hGVs within microscale alginate beads. We have illustrated a straight-
forward proof-of-concept for microfluidic encapsulation of GV aggregates in alginate hy-
drogel. Regrettably, the ultrasound imaging of these microscale beads has not yet yielded
conclusive results and continues to be the primary obstacle in advancing this research.

No GVs hGVs

(dB]

Figure 5.4: Ultrasound imaging of mesoscale alginate beads. Top row: linear B-mode ultrasound
images of an empty bead and beads containing WT and hGVs, respectively. Bottom row: nonlinear
xAM ultrasound images of the same three beads. WT GVs in alginate beads only appear in linear B-
mode images, while hGVs appear in both linear B-mode and nonlinear xAM images. The interface
of the bead without GVs faintly appears in linear B-mode images and does not appear in nonlinear
XAM images.

5.3. DISCUSSION AND OUTLOOK

Our results provide a foundation for developing novel GV-based ultrasound contrast agents
with enhanced echogenicity and potentially prolonged circulation times in the blood-
stream. In vitro experiments confirmed our hypothesis that GVs can aggregate into peri-
odic assemblies when suspended in an alginate solution above a certain threshold con-
centration, likely due to depletion interactions [232]. Moreover, we demonstrated that
periodically aggregated hGVs yield significantly higher nonlinear ultrasound contrast en-
hancement compared to those aggregated randomly (20 dB vs. 14 dB). While this matches
our initial hypothesis, based on effects seen in phononic meta-materials [224, 233], this
study provides no verification that the same fundamental processes underlie our obser-
vations. Further study should focus on modelling of periodic aggregates, expanding on
the work by Salahshoor et al. [24] which describes the dynamic response of GVs to acous-
tic pressure waves by including inter-GV interactions. Besides the acoustic properties of
each aggregate, interactions between aggregates may also contribute to the unique be-
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(b) No GVs WT GVs hGVs No beads
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Figure 5.5: Microfluidic fabrication of microscale alginate beads. (a) Two single frame snapshots
through an inverted light microscope showing droplet generation and flow at the flow focusing ori-
fice (top) and the end of the microfluidic chip (bottom). (b) Phase contrast microscopy images of
a bead without GVs, beads containing hGVs and WT GVs, respectively, and the empty background.
WT and hGVs appear white in phase contrast microscopy, while the empty beads show no white
contrast. Values at the top represent average bead size (N = 10), considering only the spherical part
of teardrop-shaped beads.

haviours described in this work. A promising future direction would be to approach this
problem using the theoretical framework developed for erythrocyte aggregates [223, 227].

Our findings reveal that nonlinear contrast enhancement initiates at an alginate con-
centration of 1.25 mg/ml for GVs at an optical density (OD) of 2, which corresponds to a
GV concentration of 224 pM [160]. This concentration likely represents the threshold at
which depletion interactions commence among GVs at this OD. Higher concentrations of
alginate resulted in increased CNR until reaching a plateau at 1.75 mg/ml. Yao et al. [232]
showed that GV assembly size correlates directly with depletant concentration. Conse-
quently, the observed increase in contrast and subsequent plateau may relate to an in-
crease in GV assembly size until a maximum size is achieved. Our results also indicate
that periodically aggregated WT GVs in alginate exhibit significant nonlinear ultrasound
contrast enhancement compared to controls at higher transmit voltages (+6 dB at 6 V).

Microscale beads were fabricated using a high-throughput, droplet-based microflu-
idic technique. Phase contrast microscopy revealed a distinct visual difference between
beads containing either WT or hGVs, which exhibited a white contrast, compared to the
empty alginate beads. The resulting alginate beads displayed a range of shapes, with an
average size of approximately 245 ym. This observed size and shape contrast with the
initial 125 um spherical droplets formed inside the microfluidic chip, likely due to the
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gelation process. Off-chip gelation of alginate droplets in divalent ion baths creates poly-
disperse beads with varied shapes, influenced by multiple parameters [234].

Future work should explore alternative microfluidic chip designs and alginate gela-
tion strategies to address these issues. On-chip alginate gelation methods have demon-
strated the ability to produce beads with minimal size and shape variability [235]. This
method would eliminate the need for a divalent ion bath, leading to a higher concen-
tration of alginate beads in the collected solution. Additionally, smaller chip dimensions
and solvent-extraction techniques have been shown to produce alginate beads measuring
a few microns, comparable to conventional MB contrast agents [236].

5.4. CONCLUSION

In conclusion, our results illustrate the significant enhancement in nonlinear contrast
produced by periodically aggregated GVs. Furthermore, we utilized a high-throughput

microfluidic approach to fabricate sub-millimeter-scale GV-containing alginate beads rapidly.

With further engineering of the microfluidic encapsulation strategy, we could potentially
reduce the size of these innovative ultrasound contrast agents to match that of conven-
tional MBs and mitigate the formation of unwanted air-filled cavities.

Once the size of the alginate beads is minimized to several microns and in vitro ultra-
sound experiments validate their enhanced echogenicity, in vivo studies should be con-
ducted to confirm the prolonged circulation time of these alginate beads in the blood-
stream.

In the future, these novel GV-based ultrasound contrast agents, featuring improved
echogenicity, reduced random signal fluctuations, and extended circulation times, may
become essential for non-invasive transcranial f{US imaging and other contrast-enhanced
ultrasound imaging applications. For instance, the genetic and biochemical engineering
of GV acoustic and targeting properties could facilitate highly specific molecular imaging
of enzyme activity and detection of pH changes linked to inflammation.

5.5. MATERIALS AND METHODS

GAS VESICLE PREPARATION

Wild-type GVs (WT GVs) were isolated and purified from Anabaena flos-aqueae cyanobac-
teria following previously established protocols [160]. Nonlinear harmonic GVs (hGVs),
which lack the structural reinforcement protein GvpC on their outer surface, were pre-
pared by treating WT GVs with a 6 M urea solution, followed by two rounds of centrifu-
gally assisted purification. The GV concentration was determined by measuring optical
density (OD) at 500 nm using a spectrophotometer (Ocean Insight, Orlando, FL, USA). For
both WT and hGVs, OD = 1 equates to a GV concentration of 114 pM in aqueous solution
[160].

GAS VESICLE AGGREGATION

Periodic GV aggregation was facilitated through depletion interactions. A depletion force
arises between impermeable particles suspended in a solution of depletants, solutes pref-
erentially excluded from the immediate vicinity of the particles [232]. The periodic stack-
ing of cylindrical GVs minimizes gaps, optimizing the available space for depletants and
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maximizing translational entropy. Sodium alginate (Mw = 216.12 g mol.;, Sigma-Aldrich,
St. Louis, MO, USA) served as the depletant, a biopolymer that forms biocompatible hy-
drogels through cross-linking with divalent cations like Cay,. We anticipated GV (OD =
2) aggregation at alginate concentrations equal to or exceeding 1.5 mg/ml, as GVs sus-
pended in these solutions demonstrated increased buoyancy likely related to aggregation.

Nonperiodic GV aggregation was achieved by suspending GVs in a 100 mM solution
of calcium chloride (CaCl,, Sigma Aldrich, St. Louis, MO, USA) or through GV biotiny-
lation followed by the addition of a 10,000 molar excess of streptavidin relative to GVs
[4]. CaCl, and similar electrolytes induce GV aggregation by screening the net negative
surface charge, facilitating attractive Van der Waals interactions. Biotinylation was per-
formed using EZ-Link Sulfo-NHS-biotin (Thermofisher Scientific, Waltham, MA, USA) for
four hours under gentle rotation, followed by two rounds of dialysis with HEPES buffer
and two rounds of centrifugally assisted purification.

TRANSMISSION ELECTRON MICROSCOPY (TEM)

GV configurations were visualized via transmission electron microscopy (TEM) using a
JEM-1400plus microscope (JEOL, Ltd., Tokyo, Japan) operating at 120 kV. Cu400 carbon
support film TEM grids (Quantifoil Micro Tools GmbH, GroRl6bichau, Germany) were
glow discharged with a GloQube glow discharge system (Quorum Technologies, Lewes,
UK) to render the grid surface hydrophilic. We added 3.6 ul of GV solution (OD = 1) with
HEPES buffer (control), 2 mg/ml alginate, 100 mM CacCl,, or biotinylated GVs (OD = 1)
with or without a 10,000 molar excess of streptavidin to the TEM grid. After one minute,
solutions were removed by wicking with filter paper. In all cases except alginate, a sub-
sequent staining with 3 ul of 2% uranyl acetate for 30 seconds was performed. Alginate
samples were not stained due to the uranyl ions causing alginate gelation. All TEM grids
were allowed to air-dry before imaging.

TUNABLE RESISTIVE PULSE SENSING (TRPS)

TRPS measurments were performed using the Izon Exoid (Izon, Christchurch, New-zealand)
nanopore device. Protocols can be found at the Izon academy website (https://academy.izon.com/)
but will be described here in brief. GVs were aggregated using either 1.75 mg/ml algi-

nate, or biotin-streptavadin. A 2000x molar excess streptavidin/biotin was used. Sam-

ples were diluted in buffer solution until a desirable count-rate was measured (500-1500
counts/min). Dilution buffers consisted of PBS or alginate (1.75 mg/ml) and PBS, de-

pending on the sample being tested.

ULTRASOUND PHANTOM PREPARATION
Linear on nonlinear phantom imaging was performed in different setups and as such dif-
ferent phantom preparation was used.

NONLINEAR IMAGING PHANTOMS

Ultrasound imaging phantoms were prepared by melting a 2% agarose (Thermofisher Sci-
entific, Waltham, MA, USA) solution in buffer, poured into a DNA gel holder. A custom
3D-printed male mold created cylindrical wells within the agarose measuring 5 mm in
length and 2 mm in diameter. GV samples were mixed with 2% low melting temperature
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agarose for a final GV concentration of OD = 2 and incubated at 45 °C for one minute.
Wells were filled with 20 ul of GV sample or 1% low melting temperature agarose for back-
ground noise measurements.

LINEAR IMAGING PHANTOMS

Ultrasound imaging phantoms were prepared by melting a 2% agarose (Thermofisher Sci-
entific, Waltham, MA, USA) solution in buffer. GV samples were mixed with 2% low melt-
ing temperature agarose for a final GV concentration of OD = 2 and incubated at 45 °C for
one minute. Three agarose layers were poured subsequently: a base layer of agarose, a
middle layer of GVs + agarose, and a top layer of agarose.

ULTRASOUND IMAGING
Linear and nonlinear ultrasound imaging was performed in different setups:

NONLINEAR ULTASOUND IMAGING

Ultrasound imaging was conducted using a Verasonics Vantage 256-channel system with
an 1.22-14V ultrasound probe (Verasonics Inc., Redmond, WA, USA). The probe is a lin-
ear array comprising 128 elements with a 0.10 mm pitch, a 1.5 mm elevation aperture, an
8 mm elevation focus, and a center frequency of 18.5 MHz (Vermon S.A., Tours, France).
We employed a custom imaging sequence for both linear B-mode (brightness) ultrasound
imaging and nonlinear cross-amplitude modulation (xAM) ultrasound imaging. Images
were acquired with coherent compounding at angles of 10.5°, 16°, and 21°. Raw RF data
collected from 10 acquisitions per field of view (FOV) was beamformed and summed of-
fline.
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Figure 5.6: Phantom used for ultrasound characterization of GVs. The wells are created by in-
serting a mold in liquid agarose, which is removed once the agarose has solidified. Wells can then
be filled with either GV samples mixed with agarose (blue) or just agarose (gray), as displayed here,
such that in every field-of-view (FOV) there is always at least 1 agarose well for background noise
measurements. Once solidified, the phantom can then be imaged on its side to obtain ultrasound
images of well cross sections.
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LINEAR ULTRASOUND IMAGING

Experiments were conducted with two seperate flat transducers with center frequencies
of 10 MHz, and 35 MHz. The transducer was used in emission/reception and the trans-
ducer focus was positioned at the interface of the phantom agar slab. Two phantoms were
used per sample,at two different imaging depths (4 mm and 8 mm). The pulse-echo ac-
quisition system was composed of an Olympus model 5072 PR (5073PR for 55MHz trans-
ducer) pulser-receiver and a high-speed acquisition card (Gagescope). The raw RF data
was digitizied at a sampling frequency of 250MHz. At least four positions were scanned
per sample, B-mode images were constructed from the acquired RF echoes (180 RF lines
per position). The signals were gated with a rectangular window around the focal zone
The power spectra of the four echoes were averaged. This procedure was repeated for
each transducer for each sample.

ALGINATE BEAD PRODUCTION AND CHARACTERIZATION

For mesoscale bead production, WT and hGVs (OD = 2) or HEPES buffer (control) were
suspended in a 1% alginate solution ( 10 mg/ml). The solutions were gradually ejected
from a syringe with a G23 needle into a bath of 0.5 M CaCl, from a height of 5 cm. The
acoustic properties of the mesoscale beads were assessed using linear B-mode and non-
linear xAM ultrasound imaging after trapping them in a 2% agarose phantom. The mi-
croscale beads were examined acoustically and optically using an IX71 inverted light mi-
croscope (Olympus Corp., Tokyo, Japan) equipped with a 20x phase contrast objective and
DCC1645C digital camera (Thorlabs Inc., Newton, NJ, USA). Phase contrast microscopy
was selected since GVs generate positive phase contrast [237, 238]. This was confirmed
by comparing OD = 2 WT GVs pre- and post-collapse. The average bead diameters for
droplet-shaped meso- and microscale beads were estimated by considering only the spher-
ical portions of each bead.

5.6. SUPPLEMENTARY SECTION
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Figure S5.1: Schematic representation of depletion interactions on GVs. (a) Depletants such as al-
ginate are preferentially excluded from the vicinity (i.e. the excluded volume) of impermeable GVs.
(b) To minimize the gap between GVs and thus maximize the free space for depletants, maximal
overlap of the excluded volume is achieved through periodic, side-by-side stacking.
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Figure S5.2: Sketch of the microfluidic bead fabrication setup and the flow focusing chip design

used for droplet generation. The continuous phase (oil and surfactant) is supplied to inlet 1 and

the dispersed phase (alginate with or without WT or hGVs) is supplied to inlet 2. The flowrates are

controlled using syringe pumps. Droplets are collected from the outlet in a calcium bath. .
5]

Pre-collapse
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Figure S5.3: Phase contrast microscopy images of WT GVs pre- and post collapse. Using phase
contrast microscopy, OD = 2 WT GVs were compared before and after collapse. GV collapse was
induced by applying 10 bar hydrostatic pressure to the solution. Pre-collapse, white contrast is
observed in the phase contrast microscopy images, whereas the white contrast is absent in the post-
collapse images.



76 5. ACOUSTIC PROPERTIES OF AGGREGATED HOLLOW PROTEIN NANOSTRUCTURES

Figure S5.4: Alginate-induced periodic WT GV aggregation. TEM images of WT GVs (OD = 1) sus-
pended in 1 mg/ml alginate show periodic GV aggregation when compared to the control, similar
to hGVs (Figure 5.1).
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Figure S5.5: Nonlinear ultrasound contrast for biotinylated GVs with and without streptavidin.
(a) Box plots of the CNR values for biotinylated hGVs (OD = 2) with and without a 10.000 molar
excess of streptavidin. Lower and upper box boundaries represent the 25th and 75th percentiles,
while the middle line represents the median. Lower and upper error lines represent the 10th and
90th percentiles. (b) Representative xAM ultrasound images and (c) TEM images of the samples
described above. Streptavidin induces aggregation of biotinylated GVs, which enhances nonlinear
ultrasound contrast by 3 dB compared to unaggregated biotinylated hGVs. Values in the top right
corner of each ultrasound image indicate the average contrast per sample. Scale bars in ultrasound
images represent 1 mm, while in TEM images they represent 1 um. In all cases, N = 8.
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Figure S5.6: Phase contrast microscopy images of microscopic beads. Top row: beads without
GVs. Middle row: beads with WT GVs (OD = 2). Bottom row: beads with hGVs (OD = 2). Beads
containing GVs showed the presence of GVs as white contrast, whereas the beads without GVs ap-
peared empty. The beads had various shapes and sizes. Values in the top right of the first column
indicate the average size of N = 10 beads.
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Figure S5.7: Phase contrast microscopy images of microscopic beads containing OD 8 WT and
hGVs. Top row: beads with WT GVs. Bottom row: beads with hGVs. Beads containing a higher OD
GVs appear more crowded, but were also larger than beads with OD =2 GVs. Values in the top right
of the first column indicate the average size of N = 10 beads.







DISCUSSION AND OUTLOOK

SUMMARY OF RESULTS

The goal of this thesis was to develop the first ultrasound biosensor for pH based on gas
vesicles (GVs). This work builds upon the pioneering proof-of-concept by Lakshmanan
et al. [11], who demonstrated the feasibility of engineering GV-based ultrasound biosen-
sors. By advancing to second-generation biosensors, this thesis focuses on clinically and
scientifically relevant biomarkers.

chapter 3 establishes the structural foundation of GVs using cryo-electron microscopy
(cryo-EM) to develop a high-resolution atomic model. This work primarily examines
the folding and conformation of the GvpA shell protein while conducting a conservancy
screening of GvpC sequences. The proposed folding and binding mechanism for GvpC
provides crucial insights into how it maintains GV integrity. These findings serve as a
critical foundation for biosensor engineering by elucidating the molecular architecture of
GVs and enabling targeted modifications to enhance their acoustic properties.

Building on this foundation, chapter 4 introduces pHonon, the first GV-based pH
biosensor for ultrasound imaging. The structural insights from chapter 3 informed the
identification of specific sites on GvpC for targeted mutations, where histidine substitu-
tions conferred pH sensitivity. These mutations leveraged the pH-dependent ionization
properties of histidine residues while preserving GvpC structural integrity. Validation ex-
periments demonstrated pHonon’s ability to visualize pH dynamics in vitro and in vivo,
offering a novel and noninvasive approach to monitor intracellular and extracellular acid-
ification. This innovation has potential applications in both clinical diagnostics and basic
research, although further optimization is needed to improve sensitivity and applicability.

chapter 5 explores an alternative approach to enhancing GV performance through
physical aggregation rather than genetic modifications. Using biotin-streptavidin inter-
actions and depletion interactions to induce GV clustering, the study showed that aggre-
gated GVs exhibited enhanced ultrasound contrast, with significant boosts in linear and
nonlinear signals. Remarkably, even wild-type GVs, typically too stiff to deform under in-
sonification, demonstrated nonlinear scattering when aggregated. This method offers a

79
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versatile, complementary strategy for improving GV performance in high-contrast imag-
ing applications.

Together, these chapters present a comprehensive exploration of GVs’ structural and
functional capabilities. They establish GVs as powerful tools for molecular and cellular ul-
trasound imaging while opening new avenues for biosensor development and engineer-
ing. From structural characterization to biosensor innovation and performance enhance-
ment, this work marks a significant advancement in the field of biomolecular ultrasound
imaging.

FUTURE WORK AND RECOMMENDATIONS

While this thesis demonstrates the potential of pHonon as a pH biosensor, further refine-
ment is required to address specific challenges and broaden its applicability.

CHALLENGES FOR ENGINEERING GAS VESICLES AS MOLECULAR CONTRAST
AGENTS

Gas vesicles (GVs) have been explored for two main applications in ultrasound imaging:
as intracellular reporters and as injectable contrast agents. Each of these applications
faces specific engineering challenges.

CHALLENGES FOR INTRACELLULAR REPORTERS

The primary hurdle for using GVs as intracellular reporters in mammalian cells, particu-
larly in vivo, is the metabolic burden associated with their heterologous expression. GVs
are massive protein complexes, with a molecular weight roughly 100 times greater than
Titin, the largest known human protein [239]. Expressing these large structures places a
significant metabolic strain on sensitive mammalian cell lines, which can compromise
cell viability and alter normal cellular behavior.

This metabolic load makes it difficult to engineer stable, GV-expressing cell lines for
research. While this may be less critical for applications like solid tumor imaging, where
imaging occurs over several hours and tumor dynamics are slow, it becomes a major lim-
itation for advanced applications. For instance, in sensitive dynamic processes like cal-
cium sensing in neurons, the metabolic stress can significantly distort the very cellular
activities being measured.

Additionally, the large genetic constructs required for GV expression are often un-
wieldy and unstable. Although efforts have been made to create minimal gene clusters
and improve genetic constructs [240, 241], a significant knowledge gap remains. The
function of many genes within the GV cluster and the biomechanics of the vesicles them-
selves are not yet fully understood. This is not entirely surprising, given the diversity of
known GV genes and the complexity of their interactions [17], but it represents a key area
for future research.

CHALLENGES FOR INJECTABLE CONTRAST AGENTS

When used as injectables, GVs face a different set of challenges, particularly related to
the immune response. GVs are highly immunogenic and trigger the production of a wide
range of antibodies [6]. Although small-animal studies have not yet reported adverse ef-
fects, comprehensive health and safety studies have not been performed, representing a
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critical area of concern. This immunogenicity also leads to shortened circulation times,
though GVs still circulate for longer than traditional microbubbles. This limits their po-
tential for applications that require sustained vascular reporting.

APPLICATIONS, PATHOLOGIES, AND FUTURE DIRECTIONS FOR PHONON
Disruption of pH homeostasis is a key biomarker in many pathologies, but its manifesta-
tions vary in location and severity, making some conditions more suited to GV-based ul-
trasound imaging than others. One promising application is revisiting ischemic memory
imaging [34, 242], a technique reliant on the inflammatory response following ischemic
reperfusion. In brief, the method relies on functionalized microbubbles with surface lig-
ands specifically targeted at inflammatory surface proteins on endothelial cells. Image
acquisition has three parts: An image is acquired after thorough perfusion, followed by
destruction of the microbubble population within the imaging window, and concluded
with a second image shortly after reperfusion. The assumption is that the first image con-
tains both bound and unbound microbubbles, whereas the second image will only have
unbound microbubbles, and the difference between these images shows a map of only
the bound microbubbles. This method is limited by low reproducibility, particularly in
low-perfusion organs like the brain, and is restricted to imaging vascular inflammation.
pHonon could overcome these limitations by being internalized by endocytic cells at the
injury sites, enabling tracking of immune cells as they report endosomal acidification.
This mitigates the need for a destructive pulse, allowing longitudinal observation of in-
flammation, as well as tracking of immune cells as they migrate throughout tissue.

Another exciting application is the imaging of solid tumors. Tumors exhibit the War-
burg effect, where cancer cells produce excess lactic acid, leading to extracellular acidosis
[243]. This local acidosis is associated with a poor prognosis, increased metastases, and
resistance to therapy [244]. Ultrasound’s high resolution and accessibility make it suit-
able for tumor imaging. Additionally, it has been shown that GVs readily extravasate in
the characteristically leaky vasculature of tumor tissue [245]. However, the current sensi-
tivity of pHonon is insufficient to resolve the subtle pH changes in acidotic tumor envi-
ronments (typically pH 6.4-7.2), necessitating enhancements in sensitivity. Additionally,
and perhaps more challenging, this necessitates re-engineering the linear to nonlinear
transition point of pHonon.

Neurodegenerative illnesses, like Alzheimer’s disease (AD), represent another poten-
tial application. AD often involves defects in the endo-lysosomal system, which is re-
sponsible for removing excess proteins and deposits in the brain [246]. Deficiencies in
the V-ATPase complex, which maintains low endo-lysosomal pH, have been implicated
in AD as the cause for the build-up of amyloid plaques [247, 248]. pHonon could serve as
a valuable tool to investigate these defects, shedding light on the disease’s pathophysiol-
ogy-

Despite these promising applications, several challenges remain. First, pHonon’s sen-
sitivity must be increased. While the biosensor currently discriminates between pH 5,
6, and 7, tumor environments require significantly higher sensitivity to resolve pH vari-
ations accurately. Second, the kinetics of pHonon are relatively slow, operating on the
scale of minutes. While this timescale aligns with endo-lysosomal acidification, it can be
a confounding factor in dynamic in vivo pH measurements. A potential solution involves
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high-throughput screening of closely related mutants to refine pHonon’s design.

Finally, developing a specific imaging mode tailored to pHonon remains a critical task.
The proposed ratiometric method in chapter 4 is limited in vivo, as tissue echogenic-
ity variations can distort B-mode contrast normalization. A dedicated imaging mode for
pHonon would need to account for spatial and temporal signal changes, stabilize motion,
and correct for concentration-based variations.

In summary, pHonon holds immense promise for various applications, from inflam-
mation imaging to tumor and Alzheimer’s research. Addressing these design limitations
and developing tailored imaging protocols will unlock its full potential and significantly
advance its clinical and scientific utility.

GV AGGREGATION, MINIATURIZATION, AND AGGREGATION-BASED BIOSEN-
SORS

While GVs offer many benefits over microbubble contrast agents, they suffer from a signif-
icantly reduced echogenicity due to their small size. While this problem is partly mitigated
during high-concentration intravenous administration, it becomes more problematic in
low-concentration applications, such as ULM or functional imaging of small vessels. In
chapter 5, we showed that GV aggregates could be suitable to address this problem, due
to their higher echogenicity. By tuning aggregate sizes, one would theoretically be able
to obtain a balance between access to small vasculature and contrast agent signal inten-
sity. The primary challenge then lies in how to stabilize such contrast agents, particularly
those forming through depletion interactions. We proposed using microfluidic droplet-
forming devices to encapsulate the aggregates in a hydrogel (e.g., alginate), an approach
derived from certain delayed-delivery pharmaceuticals [228]. While we were able to prove
the concept with large droplet sizes, one of the biggest challenges lies in miniaturization
of the technology.

Microfluidic chips have been shown to be capable of making alginate beads down to
a diameter of 5 um, on a similar scale to microbubbles [236, 249, 250]. However, to truly
reap the benefits of the GV aggregates, droplet diameters would have to be reduced to
around 1 pym. Sub-micron Alginate bead generation methods exist that use oil in water
techniques, such as electrospraying [251] or ultrasonic atomization [252]. However, it is
not known whether the shear forces inside a microfluidic device or spray system exceed
the stability of the GV shell, or whether the acoustic properties of the aggregate are af-
fected by the surrounding hydrogel.

While increasing brightness at the cost of particle size is very interesting for applica-
tions in ULM or functional imaging, the increase in nonlinear ultrasound contrast arising
from aggregation in fundamentally linearly scattering particles (wtGVs) found in chap-
ter 5 has some interesting implications for the design of GV biosensors. While most of the
GV engineering work has focused on engineering the binding interaction between GvpC
and GvpA, primarily through edits in GvpC, we could alternatively look at ways to induce
aggregation. By engineering the C-terminal tail of GvpA that faces into the cytosol, we
could theoretically promote aggregation in the presence of certain biomarkers. Alterna-
tively, engineering of, or appending to, the C- or N-terminal tail of GvpC could yield the
same result.

The main challenge resides in engineering a way to mimic the organized periodic ag-
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gregation observed from depletion interactions that gives rise to the clear increase in non-
linear ultrasound contrast. To achieve this, it is key to avoid aggregation interactions on
the tips and conical ends of GVs, a challenging proposal as the conical ends are thought
to be structurally identical to the cylindrical wall [12, 17, 169, 171, 253].

Finally, it should be remarked that aggregation-based GV biosensors would have to
overcome another recently discovered challenge: unwanted in vivo aggregation. Ling
et al. [6] found that both red blood cells (RBCs) and other components in serum cause
GV aggregation in vivo. While they also demonstrate that a methoxypoly(ethylene glycol)
(mPEG) surface coating can successfully prevent significant aggregation or RBC adsorp-
tion, combining this with biosensing aggregation strategies will be problematic.

CONCLUSIONS

The collective advancements reported in this thesis underscore the transformative po-
tential of GVs as biomolecular tools for molecular ultrasound imaging. The integration of
structural insights, functional engineering, and innovative aggregation techniques pro-
vides a versatile platform for addressing longstanding challenges in biomolecular ultra-
sound imaging.

Looking forward, expanding the range of GV-based biosensors to target additional
biomarkers, such as oxidative stress, enzymes, or metabolites, could significantly broaden
their applicability. Moreover, combining GV technology with complementary imaging
modalities, such as photoacoustics, MRI, or PET, may unlock new possibilities for multi-
modal imaging. Addressing challenges related to biosensor sensitivity, aggregation con-
trol, and in vivo stability will be critical for translating these innovations into clinical and
industrial settings.

This thesis introduces novel tools that advance the emerging field of biomolecular ul-
trasound imaging, expanding the capabilities of ultrasound at the nanoscale. As part of
the first generation of gas vesicle-based nanoscale ultrasound biosensors, these innova-
tions overcome traditional resolution constraints, enabling dynamic and longitudinal vi-
sualization of cellular—and even molecular—processes deep within opaque specimens.
By harnessing the unique properties of these biosensors, researchers can now explore bi-
ological systems with unprecedented depth and clarity. Propelled by this first wave of
dynamic gas vesicle biosensors, the field is poised for remarkable breakthroughs, unlock-
ing new frontiers in imaging and revolutionizing our ability to study life at the molecular
level.
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Table Al: Cryo-EM Data Collection and Model Refinement Statistics (Related to Figure 3.2)

Data Collection

Microscope Titan Krios (Thermo Fisher Scientific)

Magnification 64,000

Voltage (kV) 300

Electron exposure (e~ /A?) 30

Exposure time (s) 2.4

Number of fractions 60

Number of movies 4351

Defocus range (um) 0.25-1.25

Pixel size (A) 1.37

Detector K3 (Gatan)

Dose rate detector (e” /pix/s) | 24

Data Processing

Helical rise (A) 0.525

Helical twist (°) -3.874

Final no. of asym. Units 135,780

Global map resolution A) 3.2 (FSC=0.143, masked)

Resolution range (local, A) 3.0-3.5

Map sharpening B-factor (A%) | 60.8

Model refinement De-novo

Sequence GvpB (GvpA2) — Uniprot 068677
Model Composition

Non-hydrogen atoms 497

Protein residues 65

Validation

MolProbity score 0.69

Clashscore 0

Rotamer outliers (%) 0

Bond angles RMSD (°) 0.87

Bond lengths RMSD (A) 0.52

B-factors (32) 77-107

CC values 0.76/0.75 (CC mask/CC volume)
Ramachandran plot

Favored (residues) 61

Allowed (residues) 1

Disallowed (residues) 1(V35)
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Figure Al: Data processing of B. megaterium gas vesicle dataset, related to Figure 3.2. (A) Prepro-
cessing, manual picking, segment extraction and 2D classification leads to 2D class averages of gas
vesicles with different diameters. (B) The 2D classes were projected along the helical axis to generate
profiles. The profiles were aligned with respect to the left peak. Zooming into the right peaks shows
the distribution of gas vesicle widths in the 2D classes. Peaks are marked with a vertical red line.
Blue lines indicate the periodicity of widths when an increment of one monomer per helical turn is
assumed, based on a side-to-side distance of monomers of 12 A, leading to a diameter increment
of 12/7=3.8 A. Two to three different helical polymorphs are part of the particle subset belonging to
a single 2D class average. (C) Processing steps starting from 2911 selected segments of a particular
2D class. The particle subset from the 2D class was further selected by 3D classification, imposing
possible symmetry candidates between 90 and 95 units per wrung to select 1460 segments. Focused
refinement on a 3x9 monomer segment of the wall in cryoSPARC 3.1 after symmetry expansion to
135,780 asymmetric units leads to the final result of a 3.2 A resolution cryo-EM density of the gas
vesicle wall.
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2D class

Figure A2: 2D classification of B. megaterium seams and tips, related to Figure 3.3. (A) 2D classes
from the seam show perfect or near-perfect mirror symmetry. $-hairpins seem to hinge upwards at
the seam (black arrows). (B) 2D classes from the putative polarity reversal point. Selected classes
were magnified and sharpened for easier depiction. The mirror line is shown (m, dotted white line).
A cartoon is drawn on the 2D classes to visualize GvpA molecules with the N-terminus in blue and
the C-terminus in red. (C) Demonstration of the fact that views orthogonal to a 180-degree rotation
axis show mirror symmetry in projection. (D) 2D class from the seam and polarity reversal point and
simulated EM density from the pseudo-atomic model are in close agreement. (E) Pseudo-atomic
model of a GV with simulated 2D projections of the tip, closely matching the experimental data.
The 2D class average of gas vesicle tips with large box size reveals a linear decrease in radius at the
tips with a cone angle of 25°.
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Figure A3: Construction of pseudo-atomic model of a whole B. megaterium GV, related to Figure 3.3.
(A) A GvpA2 monomer was placed next to the symmetry axis (along x) such that a 180° rotation
would reproduce a view corresponding to the experimental 2D class average. The -sheets meet
in an angle at this stage, which is later corrected by tilting the sheets. (B) Four rotation parameters
(helix angle correction, monomer tilt, -hairpin tilt and N-term. tilt) used in the model are visu-
alized. (C) The model is based on a helical curve in space with a linearly decreasing radius in the

cones. The pitch in both the cylinder and cone is 48.8 A. 835 monomers are placed equidistantly on
the curve with an intermonomer distance of 12.07 A.
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B.megaterium GVs power spectrum

helixplorer: 49 A pitch / helixplorer: 48.8 A pitch /

A.flos-aquae GVs
80 nm diameter / 200.85 units/turn D 36 nm diameter / 92.93 units/tum

(o] power spectrum

Feritiey

Figure A4: Cryo-EM of A. flos-aquae GVs, related to Figure 3.5. (A) Representative micrographs of
A. flos-aquae gas vesicles. GV edges were analyzed by 2D class averaging to give a low-noise high-
resolution 2D view of the edges, to reveal a repetitive zig-zag pattern. The 2D view shows details
of at least 5.4 A resolution corresponding to the a-helical pitch. (B) The same dataset contained
collapsed gas vesicle wall segments. Those can be averaged as well by 2D class averaging to reveal
a high-resolution top-view of the GV wall with better than 4.8 A resolution as the §-strands are
resolved. (C) Computing the sum of in-plane rotated power spectra of segments of all GVs in the
dataset gives rise to a layer-line pattern typical for helical assemblies.
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Figure A5: Evolutionary conservation of GV proteins, related to Figure 3.7. (A) Multiple sequence
alignment of B. megaterium GvpA2 with 50 sampled UniRef90 clusters of 40-100% sequence iden-
tity. (B) MSA of sequences similar to A. flos-aquae GvpC 33 AA repeats. Alignment of 33 amino acid
repeat consensus sequence of Ana GvpC with 91 similar sequences from UniRef90 clusters with 40-
100% sequence identity reveals a highly conserved pattern.
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Figure A6: Binding analysis of GvpC to A. flos-aquae gas vesicles, related to Figure 3.7. (A) A GvpC
wild-type construct and three mutants were designed with E L, and R residues in all five repeats
mutated to alanine. All constructs have a C-terminal GSGSGS linker and 6x His-tag. (B) SDS-PAGE
following purification steps of wild-type GvpC and point mutants. (C) Collapse pressure measure-
ments of the four constructs confirm binding to A. flos-aquae gas vesicles of the wild-type construct
and loss of binding for the mutants.
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