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ABSTRACT

Nanotechnology has enabled significant breakthroughs in the early detection and treatment
of disease, but many of these advances rely on expensive and less-accessible imaging
modalities. Ultrasound, on the other hand, is a noninvasive imaging modality that stands out
for its universal availability, cost-effectiveness, and safety. However, harnessing the benefits
of nanomaterials for ultrasound has been challenging due to the size and stability constraints
of typical ultrasound contrast agents. Recently, an innovative solution has emerged in the
form of gas vesicles (GVs), a class of air-filled protein nanostructures found in certain aquatic
microbes. These promising next-generation ultrasound contrast agents offer a crucial bridge
between nanotechnology and ultrasonography.

In this thesis, we investigate the in vivo behavior of GVs, explore their potential
applications as nanodiagnostic agents, and consider key factors for their future clinical
deployment. In Chapter 2, we examine the interactions of GVs with blood components,
focusing on imaging performance and immunogenicity. In Chapter 3, we show that
intravenously injected GVs are cleared by liver-resident macrophages and subsequently
undergo lysosomal degradation. We leverage this finding to develop an ultrasound-based
method for visualizing cellular degradative processes and demonstrate its potential as a liver
disease diagnostic. In Chapter 4, we introduce bicone GVs, the smallest known ultrasound

contrast agent. We show that these sub-80 nm particles can penetrate tumors, deliver potent
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ultrasound-induced mechanical effects, and are readily engineered for molecular
targeting, extended circulation time, and payload conjugation.

Together, these findings highlight the tremendous potential of GVs as injectable
nanomaterials for ultrasound imaging, laying the foundation for future studies to further

refine the design and application of these agents.
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Chapter 1

BIOMOLECULAR ULTRASOUND DIAGNOSTICS AND

THERAPEUTICS

1.1 Introduction

Early detection of disease is a key element in improving health outcomes, as demonstrated
by the significant reduction in mortality following the adoption of effective screening
methods such as Pap smears for cervical cancer and mammography for breast cancer!.
Building on this progress, the field of nanotechnology has given rise to a range of innovative
diagnostic tools capable of imaging specific molecules and biological processes*>. These
nanoprobes offer a potential alternative to invasive procedures, such as endoscopy and
biopsy, which carry significant complication risks and depend heavily on operator
expertise®’.

For instance, nonalcoholic fatty liver disease (NAFLD) affects over 25% of the
global population and can lead to a range of serious health outcomes, including hepatitis,
cirrhosis, fibrosis, and hepatocellular carcinoma®®. Its diagnosis predominantly relies on
biopsy, a procedure impractical for regular testing given the large patient population.
Recently developed nanoparticles responsive to biomarkers of NAFLD and fibrosis have

shown promise for minimally invasive screening and monitoring of this disease!®!!.



Similarly, nanoprobes have been designed to sense unique signatures of cancerous
tissue, offering new avenues for cancer detection'2!4,

Despite the transformative potential of nanoparticle diagnostics, their practical
implementation has been hindered by factors such as high cost, limited accessibility, and
safety concerns™'>. Many of these probes are designed for imaging modalities such as
computed tomography (CT), position emission tomography (PET), single photon emission
computed tomography (SPECT), and magnetic resonance imaging (MRI)!>'7. While these
modalities provide high-resolution, whole-body imaging capabilities, their associated
instruments are expensive, require specialized infrastructure, and their accessibility is often
restricted, particularly in resource-limited settings. Furthermore, some of these imaging
techniques expose patients to ionizing radiation, an undesirable factor for routine screening.

Biomedical ultrasound stands out as a promising solution to bridge the gap between
the innovations of nanotechnology and their pragmatic clinical application. This modality
meets three key criteria for broad adoption of a diagnostic method: safety, accessibility, and
the provision of specific, actionable information!®!. Ultrasound is one of the most widely
available medical imaging modalities, with ongoing developments such as smartphone- or
tablet-operated systems and wireless transducers broadening its reach to bedside diagnostics
and even remote, low-resource settings?®. Not only does it produce high-resolution images
in real-time using nonionizing radiation, but it is also being further enhanced by emerging
artificial intelligence tools aiding operation and interpretation?!.

In this chapter, we provide an overview of biomedical ultrasound and the integral

role of contrast agents in diagnostic imaging. We introduce gas vesicles (GVs), a promising



next-generation contrast agent, and explore their potential to pioneer a new

approach for nano-enabled ultrasound imaging and therapy.

1.2 Biomedical ultrasound

Biomedical ultrasound is an indispensable tool in modern medicine, employing sound waves
with frequencies beyond the human auditory threshold to interact with the body!'*?>%*, 1t has
allowed clinicians diagnose and treat a variety of conditions with unparalleled safety and
precision. Here, we will describe the fundamental principles underlying diagnostic and

therapeutic ultrasound and highlight significant innovations in these areas.

1.2.1 Diagnostic ultrasound
Diagnostic ultrasound produces real-time, high-resolution images that provide valuable
insight into organ anatomy and physiology!'®?*. The imaging process utilizes a pulse-echo
principle, where a transducer emits acoustic waves—typically above 1 MHz—towards the
target tissue. The transducer then detects the returning echoes, calculating depth from the
time taken for the echoes to return. These echoes emerge as the transmitted wave encounters
changes in acoustic impedance, a property defined by local density and compressibility.
Boundaries between tissues with contrasting impedances generate strong reflections,
resulting in well-delineated organs, while smaller structures, such as cells and extracellular
matrix, produce weak, omnidirectional scattering.

Enhancing the diagnostic utility of ultrasound examinations are various imaging

modes, designed to selectively capture different aspects of the acoustic signals?>?*, This array



includes B-mode imaging, several nonlinear imaging modes, and Doppler imaging.

B-mode imaging, the most common, translates the amplitude of backscattered echoes into a
real-time, two-dimensional image of tissue anatomy. Nonlinear imaging modes, such as
pulse inversion and amplitude modulation, amplify higher frequency components, reducing
imaging artifacts and selectively visualizing contrast agents?>~°, Doppler imaging uses the
frequency shift imparted on returning echoes by moving blood cells to visualize vascular
structures and assess blood flow dynamics. The development of 2D transducers has extended
these techniques to encompass volumetric imaging?’-28,

Among recent innovations, the use of plane waves has facilitated clinically relevant
techniques such as shear wave elastography and functional imaging??. Unlike traditional
pulse sequences that scan line-by-line, plane waves illuminate the entire region of interest
with a single transmit event, enabling frame rates of several kilohertz. Ultrafast imaging of
this kind can track the propagation of shear waves generated by a high-intensity focused
acoustic pulse, thereby creating a map of local tissue elasticity?*—useful for monitoring
diseases such as liver fibrosis and certain cancers’.

Functional ultrasound imaging (fUSI) combines ultrafast imaging with the Doppler
paradigm to visualize regional blood flow enhancements following bursts of neural
activity’!*2, These developments, in conjunction with the compact nature of ultrasound
systems, facilitate imaging in awake and freely moving subjects, including rodents®*-** and
human infants®>, and enable single-trial studies, which are challenging with modalities such

as functional magnetic resonance imaging (fMRI). This is facilitating development of



sophisticated applications, including motor decoding algorithms for brain-machine

interfaces®*7 and intra-operative guidance during brain surgery?®.

1.2.2 Therapeutic Ultrasound
Therapeutic ultrasound uses focused acoustic waves to induce localized thermal and
mechanical effects within the body, providing a noninvasive option for various medical
interventions®®. These include tissue ablation, heating, and neuromodulation. Precise ablation
of brain regions, tumors, and other tissue can be achieved by inducing tissue necrosis through
heating to high temperatures*>*!. Another technique, histotripsy, uses short, high-pressure
pulses to mechanically disrupt tissue, minimizing side effects from thermal conduction*?.
Interestingly, both mechanisms can stimulate systemic immune responses, potentially
enhancing the outcomes of cancer immunotherapy*#4.

Furthermore, focused ultrasound can trigger biological effects by stimulating genetic
and neural circuits. For example, engineered cells carrying temperature-sensitive gene
circuits® can be heated to a specific temperature to initiate programming such as cytotoxicity

or cytokine secretion*®*8, Ultrasound pulses can also trigger neuronal firing by activating

mechanosensitive channels on the cell surface!®*. This approach is currently under

50,51 52,53

investigation for treatment of diabetes>"' and autoimmune disease

1.3 Microbubble Contrast Agents
Ultrasound imaging primarily delivers anatomical and limited physiological data. To enrich

this information, contrast agents are needed to illuminate structures of interest. Gas



microbubbles have been particularly effective as ultrasound imaging agents, as their

low density and high compressibility relative to tissue results in strong acoustic scattering
and size oscillations, which in turn generate nonlinear contrast*>>>*3, Clinical formulations
typically comprise a low-solubility fluorinated gas stabilized by a shell of lipids or protein,
with diameters above 1 pm.

Initially developed for evaluating cardiac function®®>’, microbubbles are now used to
visualize blood flow across various organs. Recent innovations include algorithms to track
the movement of individual microbubbles, yielding maps of vasculature and flow velocity
with sub-wavelength resolution®®. This technique enabled detection of deep cerebral
aneurysms in human patients® and could be helpful for monitoring other diseases where
microvascular flows are significantly altered, such as cancer and stroke. Additionally, this

approach has been extended to functional and volumetric imaging?’-°

, providing superior
resolution and easier implementation than comparable CT or MRI methods.

Customization of microbubbles for specific applications such as molecular imaging
and drug delivery is an active area of research. For instance, Bracco’s BR55 agent, which
incorporates targeting peptides in its shell, is currently in clinical trials for detecting
angiogenesis markers in various cancers® %, Similar configurations are being explored to
target other markers associated with cancer and inflammation®%4. ~Additionally,

microbubbles can serve as vehicles for delivering surface-adsorbed plasmid DNA+® by

oscillating near cell membranes to induce formation of transient pores®®. A similar



mechanism has been used to temporarily open the blood-brain barrier (BBB),
allowing passage of therapeutics including small molecules, antibodies, and viruses®’%,
Despite their many applications, microbubbles face significant limitations for clinical
use. Surface tension promotes bubble dissolution by inducing a pressure gradient between
the internal gas and surrounding medium. This pressure gradient is inversely proportional to
diameter, restricting microbubbles to dimensions above 1 um?*-°. Consequently, they are
sterically confined to the vasculature, unable to reach targets within the tissue. Furthermore,
their efficient filtration from the bloodstream results in circulation half-lives of only several
minutes, often necessitating multiple infusions during an imaging session>**, While

707 and nanodroplets’>”3 have shown some

potential alternatives such as nanobubbles
success, they can be challenging to prepare, and their capabilities remain under investigation.

Consequently, there is a need for smaller, more stable ultrasound contrast agents.

1.4 Biomolecular Ultrasound

Gas vesicles (GVs) are biogenic, air-filled protein nanostructures that have emerged as a
promising next-generation ultrasound contrast agent’*. These naturally occurring structures
are produced by certain aquatic microbes to regulate buoyancy for optimal positioning during
photosynthesis”7¢. GVs form through a nucleation complex that assembles repeating units
of GvpA and other structural proteins into a hollow shell’””’®. As the GV elongates, GvpC is
added as an external scaffold to provide structural rigidity. The resultant 3-nm thick protein
shell has a highly hydrophobic inside surface that prevents the condensation of liquid water

but allows for the free exchange of gas, creating a stable pocket of air with a hydrodynamic



diameter of approximately 250 nm. In 2014, it was first demonstrated that this air-
liquid interface strongly scatters acoustic waves, enabling GVs to produce robust ultrasound
contrast’*,

Since the inception of the biomolecular ultrasound field, there have been considerable
advances in the understanding and application of GV-based contrast agents'®. Specialized
pulse sequences have been designed to sensitively and specifically detect GVs, leveraging
unique acoustic signatures produced by the buckling”®! and collapse of the GV shell®2.

Concurrently, strides have been made in GV engineering, primarily focused on manipulating

83-85 74,86—

the underlying genetic sequence or biochemically functionalizing the shell proteins

8, GVs have also been repurposed as reporter genes to monitor gene expression in
engineered bacteria and mammalian cells®~2.
GVs offer numerous advantages over traditional contrast agents. They are easily

isolated from their native hosts and have a long shelf-life’*%}

. For Doppler-based
applications, GVs provide superior velocity-matching compared to microbubbles®, and their
inherent stability potentially allows for much longer imaging windows. A particularly unique
aspect of GVs is the capacity to alter their acoustic response. Their genetically-defined
collapse thresholds have been utilized for multiplexed imaging by sequentially erasing

weaker populations®®. Additionally, sensing moieties can be inserted into the GvpC proteins,

allowing them to unbind in response to enzyme activity, switching on nonlinear contrast®*.



Besides ultrasound imaging, GVs have shown promising results as agents for

cellular patterning®, therapeutic ultrasound®®®’, optical imaging®®*°, and MRI!'%%-101,

1.5 Opportunities in Nanodiagnostics

GVs have the potential to significantly expand the capabilities of ultrasound by drawing on
the breakthroughs of nanomedicine. As nanoscale agents, they can interact with biologically
relevant structures through mechanisms that are unavailable to small molecules or bulk
materials'>!®, For instance, nanoparticles can accumulate in cancerous tissue through the
enhanced permeability and retention (EPR) effect, a phenomenon believed to arise from a

combination of active trafficking by endothelial cells!?%103

and passive leakage through gaps
in the vasculature'®. The surface of GVs can be engineered to leverage these interactions,
thereby creating a wide array of molecular imaging probes. Furthermore, their biosensing
capabilities can be engineered for activity-based diagnostics* of diseases such as cancer!® and
atherosclerosis!®, where the tissue microenvironment and enzyme activities are often
altered.

In order to harness this potential, it is essential to understand GV interactions with
the body. Upon administration, a particle’s behavior is significantly impacted by the cells
and fluids it encounters. For instance, intravenously injected nanoparticles are
instantaneously coated with serum proteins, forming a protein corona that alters the particles’

106—

physicochemical properties and recognition by the body!'%-!%, The protein corona mediates

many subsequent interactions within the body, and its composition is predictive of factors

109-

such as biodistribution, toxicity, and cellular uptake!®-''2, Potential negative effects on



10
nanoprobe performance include masking of targeting ligands, engaging immune
cells, and triggering aggregation.

Likewise, understanding the metabolism and elimination of a particle is crucial for
developing guidelines for dosing and safety. GVs and most other nanoparticles are eventually
sequestered by the liver due to factors such as large volume, slow blood flow, and an
abundance of macrophages'!*~!!°, This may inadvertently lead to toxicity through unwanted
immune responses and long-term accumulation!!3,

This thesis will provide a comprehensive investigation of the journey of GVs within
the body—beginning from their immediate interaction with blood following intravenous
injection, navigating through their biodistribution, and culminating in their eventual
metabolic clearance by the liver. Our objective is to deepen our understanding of GV
behavior in vivo, which will inform the development of more efficacious GV-based imaging
agents. Alongside this, our insights will spur the creation of novel technologies, uniquely
enabled by these interactions. Finally, we will engineer ultra-small GVs and explore how

they can introduce ultrasound imaging to the realm of nanomedicine.
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Chapter 2

PHARMACOKINETICS AND PHARMACODYNAMICS OF
ACOUSTIC BIOMOLECULES: THE ROLE OF BLOOD

COMPONENTS

Ling, B.*; Ko, J. H.*; Stordy, B.; Zhang, Y.; Didden, T. F.; Malounda, D.; Swift, M. B.;
Chan, W. C. W. C.; Shapiro, M. G. Pharmacokinetics and pharmacodynamics of acoustic

biomolecules: the role of blood components. In preparation.

2.1 Abstract

Gas vesicles (GVs) are genetically encoded, air-filled protein nanostructures of broad interest
for biomedical and clinical applications, acting as imaging agents for ultrasound, magnetic
resonance, and optical techniques. However, the development of GVs as systemically
injectable agents has been challenging due to an incomplete understanding of their
interactions with blood components, which can significantly impact imaging performance.
In this study, we investigate the dynamics of GVs in the bloodstream using a combination of

ultrasound and optical imaging, surface functionalization, flow cytometry, and mass
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spectrometry, focusing on the role of erythrocytes and serum proteins in shaping

acoustic response, circulation time, and immunogenicity.

2.2 Introduction
Nanomaterials are becoming increasingly important for various biomedical applications,
such as drug delivery, medical imaging, and diagnostics'. In these contexts, nanoparticle
behavior is significantly impacted by cells and proteins encountered within the bloodstream.
Serum proteins rapidly adsorb to nanoparticle surfaces, forming a protein corona that alters
their physicochemical properties and recognition by the body**. The corona’s composition
predicts factors such as pharmacokinetics, biodistribution, toxicity, and cellular uptake®~”’.
Modification strategies often involve covering the particle surface with polymers such as
polyethylene glycol (PEG) and other ligands®. Additionally, some nanomaterials bind to
erythrocytes (RBCs), affecting imaging contrast’, biodistribution!’, and circulation time!'!.
Gas vesicles (GVs) are an emerging nanomaterial with great potential as agents for
imaging and therapy'2. These air-filled protein nanostructures are naturally produced by
certain aquatic microbes for buoyancy regulation'®. GVs comprise a 2-nm thick protein shell
that excludes liquid water but permits the dynamic exchange of gas, forming a
thermodynamically stable pocket of air with nanoscale dimensions!®. Acoustic waves are

strongly scattered at this air-water interface, enabling GVs to produce robust ultrasound

14-16 17,18

contrast when injected into the body or expressed in engineered cells'’-'°. Furthermore,

19-21

they are resilient to repeated insonation'?, easily tailored to target molecular markers or

22,23

respond to biological functions*>*, and have growing applications in therapeutic
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2526 and magnetic resonance imaging®’-?%. However,

ultrasound?*, optical imaging
to effectively incorporate these capabilities into an injectable agent, a deeper understanding
of GV behavior in vivo is needed.

In this study, we investigate GV interactions with RBCs and serum proteins, develop
surface functionalization techniques to modulate these interactions, and evaluate the
downstream effects on acoustic response, circulation time, and immunogenicity.
Additionally, we characterize the GV protein corona and identify molecular pathways

governing their behavior. This comprehensive analysis offers valuable insights for the

ongoing development and optimization of injectable nanoparticle and GV-based agents.

2.3 Results

2.3.1 Gas vesicles adsorb to red blood cells

We began by studying the behavior of GVs after intravenous (IV) administration. We
visualized circulating GVs with ultrafast power Doppler ultrasound imaging, leveraging their
ability to enhance blood flow contrast!”. Targeting a single coronal plane in the mouse brain,
we acquired images at a 15 MHz center frequency and 0.25 Hz frame rate (Fig. 2-1a). After
a 5 min baseline, we IV injected 100 uL of GVs purified from Anabaena flos-aquae*® (OD
50, equivalent to 28 nM) and monitored the ensuing changes in hemodynamic signal. In
healthy BALB/c mice, contrast reached an initial peak within 1 min, followed by a larger
peak 3.5 min later, then returned to baseline over approximately 30 min as GVs were cleared
by the liver?® (Fig. 2-1b). Intensities at the first peak were consistent across trials but varied

significantly at the second peak (Fig. 2-1c). This behavior also occurred in



20
immunocompromised NSG mice, suggesting an antibody-independent mechanism
(Fig. 2-S1).

We next investigated the cause of this dual peak phenomenon. We hypothesized that
the first peak was due to dispersion of free-floating GVs throughout the bloodstream, as this
process is expected to occur within 15 seconds of injection®”, while the second peak arose
from an increase in acoustic backscatter due to adsorption to RBCs, as seen with
nanobubbles’. Consistent with our hypothesis, the scattering cross-section®! of RBC-GV
complexes—modeled as uniform spheres with volume-weighted physical properties—
increased with the number of adsorbed GVs and was greater than that of dispersed particles
(Fig. 2-S2). We quantified binding by exposing purified mouse RBCs to GVs modified to
produce nonlinear ultrasound contrast>!. The GVs were at concentrations approximating in
vivo conditions after dispersion, while RBCs were maintained at 10% of in vivo levels to
facilitate uniform mixing. After 1 h, we loaded the samples into an imaging phantom and
detected GVs specifically with an amplitude modulation (AM) pulse sequence?®? (Fig. 2-1d).
Signal intensities for RBC and GV controls were 0.04 AU and 8.24 AU, respectively, and
increased to 10.62 AU after mixing. After centrifugation to remove unbound GVs, 23% (2.41
AU) of this signal was retained (Fig. 2-1e). We validated these results by incubating RBCs
with GVs labeled with a fluorescent dye. After 1 h, we washed the cells thoroughly to remove
loosely bound GVs and analyzed them by flow cytometry (Fig. 2-1d, 2-S3). Mean
fluorescence of the population doubled from 0.53 to 1.17, with 0.5% of RBCs showing
significant binding, further confirming our hypothesis (Fig. 2-1f). Taken together, our data

suggest that increased acoustic backscatter from GV adsorption to RBCs contributes to the
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delayed wave of hemodynamic contrast. This mechanism may operate in concert

with others such as serum-induced aggregation, which we examine below.
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Figure 2-1. GV adsorption to RBCs results in a second wave of hemodynamic contrast. A) Diagram
of in vivo imaging setup. Intravascular dynamics of IV injected GVs were visualized by transcranial
ultrafast power Doppler imaging of the brain. B) Time courses of Doppler signal enhancement in
immunocompetent mice following injection of 100 pL OD 50 GVs. N = 5. Dashed gray line, time
of injection (300 s); dashed blue line, peak 1 (350 s); dashed red line, peak 2 (480 s). C) Signal
enhancement at the indicated peaks in time courses from panel B. Points from the same trial are
connected. N = 5. Paired t-test, (**, p<0.01). D) Diagram of RBC binding assay. Ultrasound
imaging: RBCs were incubated with GVs modified to produce non-linear signal, washed by
centrifugation, and loaded into an agarose phantom for nonlinear AM imaging. Flow cytometry:
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RBCs were incubated with fluorescently-labeled GV, washed by centrifugation, stained

with anti-TER-119, and analyzed by flow cytometry. E) Acoustic detection of adsorbed GVs. Left:
Representative ultrasound images of RBCs mixed with GVs. AM signal is overlaid on a
conventional B-mode image. Scale bars, 1 mm. Right: Mean AM signal intensity within each well.
N = 6. Error bars, =SEM. Welch’s t-test, (**, p<0.01; ***, p<0.001). F) Flow cytometric detection
of GVs adsorbed to RBCs. Left: Representative dot plots of washed RBCs, gated for single cells.
Right: Mean fluorescence of TER-119+ cell population. RBC, N = 11; RBC+Ana, N = 18. Error
bars, £SEM. Welch’s t-test, (¥****, p<0.0001).

2.3.2 PEG-coated GVs do not interact with RBCs

To minimize RBC adsorption, we engineered GVs coated with methoxypolyethylene glycol
(mPEG), a widely-used polymer for nanoparticle passivation®. We functionalized the GV
surface with alkyne groups (Fig. 2-S4) and attached 10 kDa mPEG-azides through a copper-
catalyzed azide-alkyne cycloaddition (CuAAC) (Fig. 2-2a). We will refer to unmodified
GVs as Ana, and to functionalized GVs as Ana-PEG. Consistent with the addition of a PEG
layer, dynamic light scattering showed an increase in hydrodynamic diameter from 240 nm
to 370 nm (Fig. 2-2b), while zeta potential neutralized from —56 mV to —5 mV (Fig. 2-2¢).
We next performed pressurized absorbance spectroscopy, which measures optical density
under increasing hydrostatic pressure to determine the threshold at which GVs collapse,
providing a rapid measure of structural integrity'*?°. Ana and Ana-PEG collapsed at 600 kPa
and 450 kPa, respectively, suggesting that attachment of mPEG mildly destabilized the GV
shell, but that most of its strength was intact (Fig. 2-2d). Incubation with mPEG or CuAAC

reagents separately had no effect (Fig. 2-S5), while direct functionalization with NHS-PEG
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severely compromised shell stability and failed to shield surface charge (Fig. 2-
S6). B-mode ultrasound contrast from both GV types was equivalent (Fig. 2-2e).

Next, we evaluated the effectiveness of this coating at reducing RBC adsorption. As
before, we mixed purified mouse RBCs with fluorescently-labeled Ana-PEG for 1 h,
removed loosely bound GVs by centrifugation, and analyzed the cells by flow cytometry
(Fig. 2-1d). Less than 0.1% of cells exhibited significant binding, with mean fluorescence of
the population increasing only from 0.53 to 0.63, compared to 1.17 for Ana (Fig. 2-2f).
Likewise, only 5% of AM signal intensity was retained after washing away unbound Ana-
PEG, compared to 23% with Ana (Fig. 2-2g).

Having confirmed the reduced adsorption of Ana-PEG to RBCs, we assessed their in
vivo behavior. Following IV injection of 100 uL. OD 50 Ana-PEG into healthy BALB/c mice,
hemodynamic contrast reached a maximum within 1 min before returning to baseline
monotonically (Fig. 2-2h). The timing and magnitude of enhancement at this peak was
consistent with the first peak observed after Ana injection (Fig. 2-1b), supporting our
hypothesis that this initial peak resulted from vascular distribution. Unlike in the Ana time

course, a second peak of contrast enhancement was not observed. Fitting these time courses



560 s to 840 s (Fig. 2-2i, 2-S7).

24

to an exponential decay model, we found that PEGylation increased half-life from
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Figure 2-2. Surface passivation reduces RBC binding and extends circulation time. A) Reaction
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scheme for GV functionalization. Alkynes were conjugated to lysines on the GV surface,

and polymers were attached through a CuAAC reaction. B) DLS measurements of hydrodynamic
diameter. N = 8—12. Error bars, £SEM. Welch’s t-test, (*, p<0.05; **** p<0.0001; n.s, p=>0.05).
C) Zeta potential measurements of engineered GVs. N = 5-11. Error bars, +SEM. Welch’s t-test,
(*, p<0.05; **** p<0.0001). D) Normalized optical density at 600 nm as a function of hydrostatic
pressure. N = 4. Thick lines, mean; shaded areas, +SEM. E) Left: Representative B-mode images
of Ana and Ana-PEG embedded in an agarose phantom. Right: Mean B-mode signal intensities
within each well. N = 48. Error bars, £SEM. Welch’s t-test, (n.s, p=>0.05). F) Flow cytometric
detection of fluorescently-labeled Ana-PEG adsorbed to RBCs. Left: Representative dot plot of
washed RBCs, gated for single cells. RBCs are stained with anti-TER-119. Right: Mean
fluorescence of TER-119+ cell population. N = 18. Ana and RBC-only control from Fig. 2-1f are
shown as a reference. Error bars, =SEM. Welch’s t-test, (*, p<0.05; **** p<0.0001). G) Acoustic
detection of Ana-PEG modified to produce nonlinear contrast. Left: Representative ultrasound
images of RBCs mixed with Ana-PEG. AM signal is overlaid on a conventional B-mode image.
Right: AM signal intensities, normalized to their respective washed samples. N = 6. Normalized
data from Fig. 3-1e are shown as for comparison. Error bars, £SEM. Welch’s t-test, (**, p<0.01;
*Hxx p<0.0001). H) Time courses of ultrafast power Doppler signal enhancement following
injection of Ana-PEG into immunocompetent mice. N = 5. Dashed line, time of injection (300 s).
I) Half-life of GV-induced signal enhancement calculated by fitting time courses in Fig. 2-1b (Ana)
and Fig. 2-2h (Ana-PEQG) to an exponential decay function. Error bars, +SEM. Welch’s t-test, (*,
p<0.05).

2.3.3 Serum protein-mediated aggregation

GV aggregation is an alternative mechanism to increase acoustic backscatter'# which cannot
be excluded by the results presented thus far. Due to their highly charged surface (Fig. 2-2¢),
GV aggregation is unlikely to occur spontaneously®* and would most likely be facilitated by
a component within serum. To test this idea, we incubated Ana and Ana-PEG in 80% serum
from naive BALB/c, NSG, and outbred non-Swiss mice for 1 h at 37°C and measured
flotation, a reliable indicator of clustering!*, by comparing optical density at the surface to
the subnatant (Fig. 2-3a). We included NSG mice due to their lack of antibodies, while the
genetic heterogeneity of outbred mice increases the likelihood of forming natural
antibodies®* against GVs. The optical density ratio was 1.1 for all samples prior to incubation

and increased to 1.2 in BALB/c and NSG serum, though without statistical significance (Fig.



26

2-3b). In outbred serum, Ana formed a distinct buoyant layer with a ratio of 1.9,

and Ana-PEG had a ratio of 1.3. Transmission electron microscopy (TEM) images before
incubation showed only discrete particles, while outbred serum caused Ana to assemble into
multi-GV bundles (Fig. 2-3c¢). Ana-PEG formed occasional small clusters but remained
mostly dispersed. To compare acoustic response, we embedded GVs treated with either PBS
or outbred serum into an imaging phantom and acquired ultrasound images using a
conventional B-mode sequence (Fig. 2-3d). The signal intensity from Ana increased by 6.13
dB in outbred serum relative to PBS, while contrast from Ana-PEG remained relatively
unchanged. Signal from Ana increased by 2.26 dB in BALB/c serum, consistent with a lower

degree of aggregation relative to outbred serum (Fig. 2-S8).
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Figure 2-3. Serum exposure can cause GVs to aggregate. A) Diagram of serum incubation assay.
GVs (OD 2) were incubated in 80% mouse serum for 1 h at 37°C. B) Optical detection of GV
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flotation. Left: Representative trans-illumination images of serum-incubated GVs.
Right: Ratio of optical densities in manually drawn ROIs at the surface and in the subnatant of each
sample. Representative ROIs are shown above the plot. Error bars, £SEM. Welch’s t-test, compared
to pre-incubation samples (*, p<0.05; **** p<0.0001; n.s, p=>0.05). C) Representative TEM
images of GVs before and after exposure to serum from outbred mice. Inset shows trans-
illumination image of corresponding sample. Scale bars, 500 pm. D) Ultrasound imaging of GVs
following incubation in PBS or outbred mouse serum. Top: Representative B-mode images. Scale
bars, 1 mm. Bottom: Mean signal intensity within each well. N = 48. Error bars, +SEM. Welch’s
t-test, (**** p<0.0001; n.s, p=>0.05).
2.3.4 Immunogenicity and effect of antibodies in vivo
We next investigated the impact of antibodies on GV dynamics in vivo by administering
multiple GV injections. We injected BALB/c mice with an initial dose of 100puL OD 50 GVs
and did so again 1 or 4 weeks later (Fig. 2-4a). Ana injections resulted in peak enhancements
of approximately 280% at all three timepoints (Fig. 2-4b—c), with apparent circulation half-
life decreasing from 560 s to 290 s and 410 s at weeks 1 and 4, respectively (Fig. 2-4d).
Repeated Ana injections were well-tolerated, with no anomalies observed by veterinary
assessment.

Ana-PEG produced peak enhancements of approximately 50% at all three timepoints
(Fig. 2-4e, 2-S9). Unexpectedly, acute hypotension occurred several minutes after the second
injection of Ana-PEG, resulting in a sharp reduction in hemodynamic contrast (Fig. 2-4e).
Only 20% of mice recovered from hypotension at week 1 and 60% at week 4 (Fig. 2-4f).

3536 we hypothesized that this

Based on similar responses to other PEGylated materials
reaction is triggered by anti-PEG antibodies. To test this hypothesis, we exposed GVs to

serum prepared from mice 10 days post-immunization (Fig. 2-4g). In the presence of Ana-

PEG antiserum, Ana-PEG aggregated and formed a buoyant layer within 30 min while Ana
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remained in suspension, suggesting minimal cross-reactivity between anti-PEG
antibodies and the Ana GV surface. Conversely, when exposed to Ana antiserum, Ana-PEG
remained in suspension while Ana aggregated, further supporting the distinction in antibody
selectivity for the different GV surfaces. Substituting mPEG with a 16 kDa zwitterionic
polymer, which is being explored as a less immunogenic PEG alternative®”-*, did not
alleviate anaphylaxis (Fig. 2-S10).

Taken together, our data suggest that the primary contributor to GV-enhanced
hemodynamic contrast is RBC adsorption, while serum components mediate clearance and
elicit immunogenic responses. This conclusion is supported by the comparable
hemodynamic contrast dynamics observed in both immunocompetent BALB/c mice and
antibody-deficient NSG mice after GV administration (Fig. 2-S1). Furthermore, peak

enhancement was unaffected by the presence of serum components that cause significant GV
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aggregation (Fig. 2-4c, g). Instead, these mice experienced accelerated GV

clearance and, in the case of Ana-PEG, infusion reactions (Fig. 2-4b, e).

A B « Ana c D
3004 & 500 800
| — o . -
X I g 400 — 600 'I'
= 200 ! & : o
= . @ 300 _I_ F o
| 8] o
g , = + = 400 +
g ! Wk 0 8 200{ ] - o .
Wk 0 Wk 1 2 1004 T T 200
!—" g | ﬁ
s { wki 8 o - 0
0= , : , QN Q N X
0 1000 2000 3000 NN\ NN
Time (s) A
E F G « Ana
« Ana-PEG — Ana Serum: HAnEEED
: Ana Day 10 — ns
E5 E (I)nset of hypotension 150 — — Ana-PEG — Yy ns i~
— | j . o e =
£ | N < » 5% i
= 1 S 100 w4 o
s | B —-— 4J .
g O*K“' | g 8 1 ‘* ? *
o L s Ana Ana-PEG 8
8 [ S 50 d, i | @)
& . Wk 1 (%] '
=
& ., e
w -50- L 0 T T T 1 ' ~
0 1000 2000 o 1 GVee?( 45 Serum: Y
Time (s) Ana-PEG Day 10 Sartiiin

Figure 2-4. Immunogenicity of GVs. A) Timeline of GV injections. Immunocompetent mice were
injected with two doses of 100 uL. OD 50 Ana or Ana-PEG, separated by either 1 or 4 weeks.
Ultrafast Doppler imaging was performed at each injection. B) Time courses of hemodynamic
signal enhancement following administration of Ana. Thick lines, mean; shaded area, =SEM;
dashed line, time of injection (300 s). N = 4-5. C) Peak enhancement of time courses in panel B.
Error bars, #SEM. D) Circulation half-life calculated by fitting time courses in panel B to an
exponential decay function. Error bars, £SEM. Welch’s t-test, (*, p<0.05; **, p<0.01). E) Time
courses of hemodynamic signal enhancement following administration of Ana-PEG. Severe
hypotension (dashed red line) occurs within 5 min of injection, resulting in a sharp drop in
hemodynamic signal. Thick lines, mean; shaded area, =SEM; dashed line, time of injection (300
s). N=4-5. F) Survival rate following GV administration. All mice dosed with Ana recovered after
both injections (N = 5 at each time point). Several mice dosed with Ana-PEG did not recover after
the second injection (N = 5 at each time point). G) GV aggregation in the presence of anti-GV
antibodies. Left: Representative trans-illumination images of GVs incubated in serum prepared
from mice 10 days post-immunization. Right: Ratio of optical density at the surface relative to the
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subnatant. Values from incubation in naive BALB/c serum (Fig. 2-3b) are included for
comparison. N = 3-4. Error bars, Z#SEM. Welch’s t-test, (**, p<0.01; **** p<0.0001; n.s, p=>0.05).

2.3.5 Protein corona of GVs is dominated by immune response proteins

To identify the serum components influencing GV behavior, we characterized the protein
coronas associated with Ana and Ana-PEG. We incubated both GV types in serum from
outbred mice for 1 h at 37 °C, as it offers a more diverse representation of serum components
and enhances generalizability for translational applications®. After removing unbound
proteins by centrifugation, we digested bound proteins with trypsin and quantified peptides
by liquid chromatography tandem mass spectrometry (LC-MS/MS) (Fig. 2-5a). Levels of
detected proteins showed moderate correlation between GV types (R = 0.77) but less so with
serum (Ana R = 0.58, Ana-PEG R = 0.45) (Fig. 2-S11), indicating that Ana and Ana-PEG
enrich for similar proteins through a process that cannot be explained by serum concentration
alone. We detected comparable amounts of the GV structural protein gvpC across all
samples, indicating similar GV loading, as well as minor quantities of gvpV, gvpN, and other
cyanobacterial proteins (Fig. 2-S12).

Immune response proteins—part of an immunoglobulin complex or involved in
complement activation—were highly abundant in the Ana corona, constituting 43.0% of
detected proteins, compared to 14.0% of the Ana-PEG corona and 22.2% of serum (Fig. 2-
5b). Of the proteins enriched by Ana over Ana-PEG, 24 of 27 were associated with immune
response, including immunoglobulin A, immunoglobulin G, immunoglobulin kappa,

mannose-binding protein C, and complement Clr (Fig. 2-5¢—d). Similarly, 13 of the top 25
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proteins enriched on Ana relative to serum were in this group (Fig. 2-S13). In
contrast, only one immune response protein was among the 32 proteins more abundant on
Ana-PEG than Ana. Consistent with its role as a natural antibody*°, immunoglobulin M
(IgM) was the most prevalent member of this group, accounting for 15% of the Ana corona
(1%t overall) and 4% of the Ana-PEG corona (8" overall). Given its enrichment and
multivalency, IgM is likely responsible for GV aggregation.
Lipid transport proteins were enriched on both GV types, comprising 23.1% and
38.6% of the Ana and Ana-PEG coronas, respectively, compared to 5.2% of serum (Fig. 2-
5b). Apolipoprotein E (ApoE) and apolipoprotein C-I (ApoC-I) were the most prominent.
On Ana, they ranked 2" and 4" in overall abundance with 130-fold and 50-fold enrichment
relative to serum, respectively (Fig. 2-S13). On Ana-PEG, they were 1% and 2™ with 200-
fold and 90-fold enrichment, respectively. Ana-PEG also enriched several other proteins that

are typically found in low concentration in serum, such as apolipoprotein C-II, apolipoprotein
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C-II1, platelet factor 4, and profilin-1 (Fig. 2-5d, 2-S13). Neither GV type

appreciably adsorbed albumin despite its high concentration in serum.

A

Centrifuge
& Wash

7 N\

Mouse
Serum

B
Ana Ana-PEG
38.6%
23.1%

Gas Vesicles

D

[ Immune Response

Serum 52% Lipid Transport
[0 Other %
°
o
@
1]
c
o
Q
7]
Q
114
2
C © Immune Response e Other 2
i E
More Abundant . Less Abundant
4 on Ana-PEG : 1 onAna-PEG
P .
3 .
] P o
[ . .
= w e e R
& 2 e
89,2 e ‘1. e
] 2 L%
PR X YRUY NPPURPN
1 . ; s
J}"
0
-10 -5 10
Difference (Fold Change)

6 / W/ e LomsMs.

Purified GVs + Corona

Identified Proteins

More abundant on Ana

Immunoglobulin heavy constant mu
Ig lambda-2 chain C region
Immunoglobulin heavy constant alpha
CD5 antigen-like

-like domain-containing protein
-like domain-containing protein
-like domain-containing protein

I
I
I
I -like domain-containing protein
I
I

aamma -2B chain C region
appa chain V-l region 2S1.3
g-like domain-containing protein
{?;Iike dcctJimain-containing protein
itronectin
Mannose-binding protein C
Ig kappa chain V-V region K2
hea\ay chain V region X44
-like domain- contalnlng protein
kappa chain V-V region MOPC 41
Ig-like domain-containing protein
N |9 hea\g chain V-l region J606
== ] _ Ig-like domain-containing protein

Ig-like domain-containing protein
' . g-llke domain-containing proteln

omplement C1r-A subcomponent
I t C1r-A sub:

|| | ] kappa chain V-IIl region PC 3741/TEPC 1M1
P annan-bmdmg lectin serine protease 1
I BN Fetuin-B

More abundant on Ana-PEG

Apolipoprotein A-l
Apolipoprotein C-IIl

B istidine-rich glycoprotein
Platelet factor 4

Profilin-1

- Histone H4
Apolipoprotein C-II

P osphatldglmosltol-}glycan specific phospholipase D
I Histone H2B type 1
Carboxypeptidase N catalytic chain
B Proteasome subunit beta type-6
Proteasome subunit alpha type-5
Antileukoproteinase
Proteasome subunit beta type-1
Triosephosphate isomerase
Proteasome subunit alpha type-1
Ceruloplasmin
Fermitin family homolog
Actin-related protein 2/3 complex subunit 5
Cadherin-1
Proteasome subunit alpha type-4
Pyruvate kinase PKM
Proteasome subunit alpha type-2
14-3-3 protein zeta/delta
Peptidyl-prolyl cis-trans isomerase A
[ Filamin-A
Complement component C8 gamma chain
Progranulin
' Proteasome subunit alpha type-7
Proteasome subunit beta type-3

| Carboxypeptidase N subunit 2
= Multiple inositol polyphosphate phosphatase 1

Ana Ana-PEG Serum
| |
Low High

Protein Abundance



33

Figure 2-5. Characterization of the GV protein corona. A) Schematic of corona analysis

protocol. GVs were incubated in outbred mouse serum for 1 h at 37°C, purified by centrifugation,
and processed for LC-MS/MS. B) Donut charts of relative abundances of immune response and
lipid transport proteins, as classified by gene ontology. C) Volcano plot of protein abundance on
Ana compared to Ana-PEG. Abundances were compared by multiple unpaired t-test analysis using
the false discovery rate method of Benjamini and Hochberg. Proteins with a false discovery rate of
5% and log, fold-change greater than 1 were deemed differentially abundant. Proteins that were
not differentially abundant are shown translucently. D) Heat map of differentially abundant proteins
on Ana compared to Ana-PEG, shown with a mouse serum control. Immune response proteins are
indicated by a gray box on the left.

2.4 Discussion

Our results demonstrate that blood components significantly influence GV behavior in the
blood stream, highlighting opportunities for optimizing GV-based diagnostic and therapeutic
agents. Injected GVs rapidly adsorb to RBCs, resulting in large hemodynamic contrast
enhancement. Additionally, GVs acquire a serum protein corona that is rich in
apolipoproteins and immunoglobulins. This corona facilitates rapid clearance and enhanced
immune response upon repeated exposure. Surface passivation reduces RBC and protein
adsorption, providing a modest extension of circulation time at the expense of diminished
blood flow contrast.

GV-based diagnostic agents could benefit from strategies to modify the protein
corona, which can mask elements required for molecular detection and response. Potential
techniques include genetic functionalization of the GV surface?!, ligand conjugation to
serum-equilibrated GVs*!, fusion of peptides to recruit specific serum proteins*’, and
adsorption of an artificial corona®. These strategies could also enable in vitro diagnostic

applications, such as clustering-based detection in which GVs selectively enriched with

specific proteins are combined with the corresponding antibodies, allowing for rapid optical
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and acoustic measurements via flotation and enhanced ultrasound backscatter'4*4,
respectively. Furthermore, the GV corona can aid in proteomics by reducing the dynamic
range of protein concentrations in biological fluids, facilitating detection of low-abundance
components®>, GVs are advantageous for these applications due to easy buoyancy-based
isolation and use of structural proteins as internal concentration standards.

To maximize the translational utility of GVs, immunogenic components should be identified
and eliminated. However, it remains unclear whether GVs alone are immunogenic, as other
residual cyanobacterial proteins persist after purification. Future work could study responses
to urea-treated GVs lacking these proteins®, identify problematic epitopes by analyzing
peptides displayed on antigen-presenting cells after lysosomal processing of the GV, and
redesign production and purification processes to address these challenges.

Enhancing GV binding to RBCs could potentially alleviate immunogenicity concerns

by inducing peripheral tolerance*’#8

, while also improving contrast in functional ultrasound
imaging!"® and extending GV circulation time*->*. Approaches include covalent linkage to
engineered RBCs* or incorporating RBC affinity ligands to enhance binding in situ>’. Future
work should examine the impact of GV adsorption on RBC structure and function, including
morphology, longevity, and gas exchange.

In conclusion, our study uncovered key insights into GV interactions with blood

components, uncovering the mechanisms underlying their recognition by the body and the

delicate balance between circulation half-life and contrast enhancement. By understanding
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the impact of these interactions on safety and efficacy, we move closer to
optimizing GV performance as injectable agents and realizing the full potential of this

promising technology.

2.5 Methods

Chemicals
All chemicals were purchased from Sigma-Aldrich and used without further purification

unless otherwise noted.

GV preparation

Native gas vesicles were isolated from Anabaena flos-aquae as previously described and
stored in 1x phosphate-buffered saline (PBS)?°. Concentrations were measured by optical
density at 500 nm with a NanoDrop ND-1000 (Thermo Scientific). The following relations
were used for stoichiometry calculations: OD 1 GV = 114 pM GV = 4.41 uM gvpA. GVs
producing nonlinear contrast were prepared by removing gvpC as previously described?!.
Fluorescently labeled GVs were prepared by adding 90 pM Alexa Fluor 647 N-
hydroxysuccinimide ester (Invitrogen, prepared as 10 mM stock solution in DMSO) to a
suspension of OD 30 GVs (5000 dye per GV). After rotating gently at room temperature for
2 h, excess dye was removed by two rounds of overnight dialysis through a regenerated
cellulose membrane (12-14 kDa MWCO, Repligen) followed by two rounds of

centrifugation.

Polymer coating
GV-alkynes were prepared by adding 26.46 mM propargyl-N-hydroxysuccinimide ester
(250 mM stock solution in DMSO) to a suspension of OD 50 GVs (120 alkyne/gvpA). After
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rocking gently for 4 h at room temperature, the GVs were purified by 4 rounds of
centrifugation (600xg, 2h).

For a typical CuAAC reaction, 55.5 mg m-PEG-azide (10 kDa, BroadPharm), 110 uL
DMSO, 12 pL PBS, and 54 uL aminoguanidine hydrochloride®! (11.11 mg/mL in PBS) were
combined in a 2 mL microcentrifuge tube. 60 uL of CuSO4pentahydrate (7.4 mg/ml in water)
was mixed with 60 pL BTTAA>? (Click Chemistry Tools, 77.4 mg/ml in PBS) in a PCR
tube, and 108 pL of this mixture was added to the reaction. After the mPEG dissolved
completely, 1.5 mL GVs (OD 50) and 54 pL sodium ascorbate (59.4 mg/mL freshly made
in PBS) were added. The mixture was rotated slowly overnight at room temperature and
purified by 4 rounds of centrifugation (600xg, 2h). Other polymer formulations were

similarly prepared.

GV characterization

Dynamic light scattering: A disposable cuvette containing 300 pL of a GV suspension
diluted to approximately OD 0.2 was placed in a ZetaPALS particle analyzer and analyzed
with the ZetaPALS Particle Sizing software using an angle of 90°, thin shell setting, run

length of 15 s, and 6 runs per sample.

Zeta potential: An electrode (SZP, Brookhaven Instruments) was inserted into a mixture of
50 uL of OD 2 GVs and 1500 pL Milli-Q water in a disposable cuvette (BI-SCP, Brookhaven
Instruments). Measurements were performed with a ZetaPALS particle analyzer
(Brookhaven Instruments) running the ZetaPALS Zeta Potential software. Charge was

calculated using the Smoluchowski model from 5 runs of 15 cycles.

Pressurized absorbance spectroscopy: 350uL OD 0.3 GVs were added to a flow-through
quartz cuvette with a path length of 1 cm (Hellma Analytics). Hydrostatic pressure was
applied from a 1.5 MPa nitrogen gas source through a single valve pressure controller (PC

series, Alicat Scientific). Pressure was ramped from 0 to 900 kPa in 25 kPa increments with
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a 7 s equilibration period prior to measurement of absorbance at 600 nm with a
microspectrometer (STS-VIS, Ocean Optics). Data were normalized to absorbance at 0 kPa
and 900 kPa. Midpoint of collapse was derived from linear interpolation at normalized OD

of 0.5.

TEM: GVs were buffered exchanged into water and diluted to approximately OD 0.5. 3 pL
of sample was spotted onto Formvar/carbon 200 mesh copper grids (#0801, Ted Pella) that
were rendered hydrophilic by treatment with oxygen plasma (K100X, Emitech). After 90 s,
sample was wicked off and stained for 1 min with 3 pL 1% uranyl acetate solution. Grids
were imaged using a Tecnai T12 LaB6 120 kV transmission electron microscope (FEI
Company) equipped with a Gatan UltraScan 2000 x 2000 CCD camera and

DigitalMicrograph software interface (v3.9.0, Gatan Inc). Images were processed with FIJT>3,

MALDI-MS: Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)
analysis of GV and GV-alkyne was performed with a Bruker Autoflex MALDI-time-of-
flight mass spectrometer in linear positive ion mode. The GV sample was desalted by
repeated flotation purification using 0.1% v/v TFA in water and concentrated to about ODsoo
= 100. The GV sample was mixed 1:5 with sinapinic acid (10 mg/mL) dissolved in 30%
acetonitrile + 0.01% TFA. The mixture was sonicated for 10 min and spotted onto the

MALDI target plate.

Small molecule and polymer synthesis

Synthesis of CTAI (Fig. 2-S14): 4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanylvpentanoic
acid N-hydroxysuccinimide ester>* (600 mg, 1.66 mmol, 1 equiv) was dissolved in 10 mL
dichloromethane, and 1-azido-3-aminopropane® (183 mg, 1.83 mmol, 1.1 equiv) and

triethylamine (0.58 mL, 4.16 mmol, 2.5 equiv) were added. The mixture was stirred at 23 °C



38

for 14.5 h. The mixture was purified by column chromatography (3:2
hexanes:ethyl acetate) to yield the product as orange oil (404 mg, 1.17 mmol, 70.4% yield).

Synthesis of zwitterionic polymer (Fig. 2-S15): The polymer was synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymerization. The monomer®® (1.765 g,
5.010 mmol, 58 equiv), CTA1 (30 mg, 0.086 mmol, 1 equiv), and AIBN (2.8 mg, 0.017
mmol, 0.2 equiv) were dissolved in DMSO (5.4 mL) and freeze-pump-thawed three times.
The polymerization under argon atmosphere was initiated by immersing the flask into a 70
°C oil bath. The polymerization was quenched after 4.5 h by freezing with liquid nitrogen
and exposing to air. The reaction mixture was precipitated into cold acetone, then the
precipitate was redissolved in methanol and precipitated into cold ether. The precipitate was
dried in vacuo to yield the fert-butyl ester protected polymer (926 mg). The carboxylate
groups on the polymer was deprotected by stirring the polymer (750 mg) in 1.5 mL TFA at
23 °C for 1 h, then neutralized with NaOH solution. The polymer was purified by dialysis in
water (MWCO 3.5 kDa Spectra/Por regenerated cellulose membrane, Spectrum Chemical,

New Brunswick NJ). The water was removed by lyophilization to yield the polymer.

Characterization: Mass spectrometry of CTA1 was performed on a JEOL JMS-T2000GC
AccuTOF GC-Alpha system using FD ionization. Infrared (IR) spectra were recorded on a
Perkin Elmer Paragon 1000 spectrometer using neat samples on ATR diamond, and are
reported in frequency of absorption (cm™!). 'H NMR spectra were recorded on a Varian Inova
500 spectrometer (500 MHz), and '*C NMR spectrum was recorded on a Bruker Ascend 400
spectrometer with Prodigy broadband cryoprobe (400 MHz)

In vitro ultrasound imaging
Images were acquired using a 128-element linear array probe (L22-14vX, Verasonics) with

a center frequency of 18 MHz, elevation focus of 8 mm, elevation width of 1.6 mm, and
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element pitch of 0.10 mm. The transducer was connected to a programmable

ultrasound scanner (Verasonics Vantage 128) operating on Vantage 4.4.0 software.

Phantoms were cast out of 1% agarose in PBS using custom printed molds containing pairs
of 2-mm diameter cylindrical wells. Samples for imaging were mixed 1:1 with 2% low melt
agarose in PBS, incubated for 10 s at 42°C, and quickly loaded into the wells. After
solidification, the phantoms were placed on top of an acoustically absorbent material and
immersed in PBS to couple the sample with the imaging transducer. Linear imaging was
performed using a conventional B-mode pulse sequence consisting of 89 ray lines, each
transmitted from a 40-element aperture at 18 MHz as a 2.5 cycle pulse with an 8-mm focus.
Nonlinear imaging was performed with the same parameters using an amplitude modulation

pulse sequence™.

The imaging sequence for each sample consisted of 10 frames acquired at a transmit voltage
of 1.6 V, 20 frames at 20 V, and 10 more frames at 1.6 V. Circular regions of interest were
drawn in each well, and signal intensities were calculated by subtracting average pixel value

across the last 10 frames from that of the first 10 frames.

In vivo imaging

All in vivo experiments were performed under protocols approved by the Institutional
Animal Care and Use Committee at the California Institute of Technology. Imaging
experiments were performed on 8-12 week old female BALB/cJ mice (Jackson Laboratory)

and 12 week old male NSG mice (Jackson Laboratory).

Mice were maintained under 1.5% isoflurane anesthesia on a temperature-controlled imaging
platform set to 38.5°C (Stoelting Co.) and head-fixed in a stereotaxic frame (Knopf). A
catheter with a 30G needle was inserted into a lateral tail vein and the mouse was depilated
with Nair, taking care to limit contact time to minimize scalp injury. A high-frequency

transducer (L22-14vX, Verasonics) was coupled to the head through a column of ultrasound
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gel (centrifuged at 300xg, 20 min to remove bubbles) and positioned to capture a

full coronal section at an arbitrary plane along the rostrocaudal axis.

Ultrafast power Doppler images were acquired at 0.25 Hz as previously described!>%.
Briefly, the pulse sequence consisted of 11 tilted plane waves varying from —10° to 10°. Each
plane wave contained 4 cycles transmitted at a center frequency of 15 MHz with a voltage
of 3 V. An ensemble of 250 coherently compounded frames, collected at a frame rate of 500
Hz, was processed through a singular value decomposition filter (cutoff of 20) to produce a
single power Doppler image. GVs (100 uL. OD 50) were manually injected as a bolus 300 s
after the start of acquisition. For multiple injection experiments, mice were given a second

dose of GVs after 1 or 4 weeks.

Pixel-wise signal enhancement was calculated as the ratio of intensity at each time point
relative to mean intensity in the first 75 frames. Time courses were extracted by averaging
signal enhancement within a manually drawn region of interest encompassing the cortex.
Each curve was smoothed using a 20-unit median filter. To calculate half-life, an exponential

decay function was fitted to each curve from its maximum to the end of acquisition.

RBC incubation

Whole blood was collected from 8-12 week old female BALB/c mice by cardiac puncture
using EDTA as an anti-coagulant. 500 pL of blood was aliquoted into 2 mL microcentrifuge
tubes, diluted with 1.3 mL PBS, and centrifuged at 1000xg for 10 min. After discarding the
supernatant, the cells were resuspended to approximately 1.8 mL in PBS and centrifuged
again. After repeating this process once more, the RBCs were resuspended in PBS to

approximately 4x the volume of the cell pellet (25% hematocrit).

Ultrasound imaging: 10 pL purified RBCs were mixed with 50 uL. OD2 GVs which were

urea-treated to produce nonlinear contrast. After incubating at room temperature for 1 h,
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samples were diluted with 900 pL PBS and centrifuged at 200xg for 8 minutes.

The supernatant was removed, and this wash process was repeated once before concentrating
the samples to approximately 60 uL. RBC only controls were prepared by mixing 10 uL
RBCs with 50 uLL PBS. GV only controls were prepared by mixing 50 pL OD2 GVs with 10
puL PBS. As described above, samples were loaded into phantoms and imaged using an

amplitude modulation pulse sequence.

Flow cytometry: Purified RBCs were washed and resuspended to approximately 1el0
cells/mL in 1%w/v bovine serum albumin (BSA) in Hanks’ Balanced Salt Solution (HBSS,
Gibco). 10 pL OD10 GVs labeled with AF647, 10 uL. RBCs, and 80 nL. HBSS were
combined in a 1.5 mL microcentrifuge tube. After incubating at 37°C for 1 h, samples were
diluted with 1 mL HBSS and centrifuged at 600xg for 10 min. The supernatant was removed,
and this wash process was repeated two more times before suspending in 100 uL. 1% BSA
in HBSS. RBCs were labeled with 0.2 pL FITC anti-mouse TER119 (BioLegend
cat#116205) for 30 minutes at room temperature. Samples were washed by three rounds of
centrifugation and resuspended in 1 mL 1% BSA/HBSS. 50 pL of each sample was analyzed
on a MACSQuant Analyzer 10 Flow Cytometer (Miltenyi Biotec) using the B1 and R1
channels for FITC-TER119 and AF647-GV, respectively. Data were analyzed in FlowJo.
Single cells were isolated by FSC-H vs. FSC-A and displayed as R1-H vs. B1-H.

Serum incubation

GVs (5 uL OD10) were mixed with 45 pL mouse serum and incubated undisturbed for 1 h
at 37°C. Outbred mouse serum was purchased from Sigma Aldrich. To prepare serum from
BALB/c and NSG mice, blood was extracted by cardiac puncture, allowed to clot at room

temperature for 15 min, centrifuged at 1000xg for 10 min, and the supernatant was carefully
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collected by pipette. GV antisera were prepared from BALB/c mice 10 days after
immunization with 100 uL OD 50 Ana or Ana-PEG.

Trans-illumination images were acquired before and after incubation using a Chemi-Doc gel
imager (Bio-Rad). For ultrasound imaging, the samples were gently mixed, loaded into a
phantom, and imaged as described above using a B-mode pulse sequence. (commercial or

freshly prepared from BALB/c or NSG mice by cardiac puncture)

LC-MS/MS

GVs (100 puL OD50) were mixed with normal mouse serum and incubated for 1 h at 37°C
under gentle rotation. GVs were purified, exchanged into water, and concentrated over 4
rounds of centrifugation. 20 pL of these samples were transferred to 1.5 mL Low Protein
Binding microcentrifuge tubes, resuspended in 980 pL of ultrapure water (Barnstead
GenPure 18.2 MQcm'!), and centrifuged at 600xg for 30 min. After removing the subnatant,
the GVs were resuspended to a total volume of approximately 74 uL with ultrapure water.
Mouse serum controls were prepared by diluting 100 pL of the mouse serum into 900 pL of
ultrapure water, then transferring 10 puL of this solution into three 1.5 mL Low Protein
Binding microcentrifuge tubes (Sarstedt, Thermo Fisher) and diluting to 74 pL with ultrapure
water. 10 pL of 500 mM ammonium bicarbonate, 10 uL of 10% (w/v) sodium deoxycholate
(Fluka Analytical), and 4 pL of 250 mM dithiothreitol (Bio Basic) were added to each tube.
The samples were incubated at 80°C for 10 minutes, then cooled to room temperature. 10 pL
of 450 mM iodoacetamide was added to each sample. The samples were incubated for 30
minutes in the dark at room temperature, then 2 uL of Sequencing Grade Modified Trypsin
(Promega) was added to each sample. After incubating overnight in the dark at room
temperature, 100 pL of ethyl acetate followed by 5 puL of 10% (w/w) formic acid was added
to each sample. The samples were vortexed for 1 minute to mix thoroughly, then centrifuged
at 1000xg for 10 minutes to allow the aqueous and organic phases to fully separate. The

organic (supernatant) phase was removed by pipette, and the aqueous layer was transferred
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to fresh 1.5 mL Low Protein Binding microcentrifuge tubes. Samples were stored

at —20°C prior to characterization.

Digested peptides were submitted to the SPARC BioCentre (The Hospital for Sick Children,
Peter Gilgan Centre for Research and Learning) for LC-MS/MS using an Orbitrap Fusion
Lumos Tribrid Mass Spectrometer (Thermo Scientific). Data were analyzed using Proteome

Discoverer v.2.5.0.400. Peptides were identified by searching against mouse

(Uniprot_ UP000000589 Mouse 15092020) UniProt reference databases.

A minimum protein confidence threshold of 95%, a minimum of 2 identified peptides, and a
minimum peptide confidence threshold of 95% were used. Spectral counts and precursor
intensity of each protein were analyzed using intensity-based absolute quantification (iBAQ)
with Scaffold v.5.2.0 (Proteome Software Inc.). Gene Ontology Annotations for Mouse
(https://www.ebi.ac.uk/GOA/downloads), downloaded October 10, 2022, were used to
determine whether proteins were associated with immune response. Proteins annotated as
part of an immunoglobulin complex, involved in complement activation, or involved in
complement binding were deemed to be associated with immune response. Donut plots were
created based on the geometric mean of abundance for each protein across the three
replicates. The quantified protein data were log2-transformed and analyzed with Perseus

v2.0.7.0 (MaxQuant).

A multiple unpaired t-test analysis using the false discovery rate method of Benjamini and

Hochberg was used to identify differentially abundant proteins on the two gas vesicle types.
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Proteins identified with a false discovery rate of 5% and a log2 fold-change greater

than 1 were deemed differentially abundant.
Statistical analysis

Sample sizes were chosen based on preliminary experiments to yield sufficient power for the

proposed comparisons. Statistical methods are described in applicable figure captions.

2.6 Supplementary Information
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Figure 2-S1. The second wave of hemodynamic contrast is independent of antibodies. A) Time
courses of Doppler signal enhancement following IV injection of 100 pL. OD 50 Ana into NSG
mice. N = 2. Dashed lines mark time of injection (black, 300 s), peak 1 (blue, 350 s), peak 2 (red,
480 s). B) Enhancement at the indicated timepoints in time courses from panel B.
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Figure 2-S2. Modeling of scattering cross section. A) Particles were modeled as uniform

spheres using published volume®’, density®®, and compressibility’*®® parameters. Density and
compressibility of RBC-GV complexes were calculated as volume-weighted averages of the values
for RBCs and GVs alone. The wavenumber was chosen based on a 15 MHz acoustic wave in a
medium with a speed of sound of 1500 m/s. Scattering cross section was calculated using the
equation shown®'. B) Scattering cross section of a single RBC with the indicated number of GVs.
The dispersed case was calculated by summing the cross sections of individual particles, while the
adsorbed case was calculated based on a single particle with volume-weighted parameters.
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Figure 2-S3. Gating strategy for flow cytometry of RBCs. Single cells were gated based on FSC-
H vs FSC-A. Quadrants were defined based on an RBC-only control sample.
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Figure 2-S4. MALDI mass spectrum of Ana (A) and Ana-alkyne (B).
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Figure 2-S5. Hydrostatic collapse pressure of GVs mixed with CuAAC reagents in the absence of
mPEG-azide or mixed with mPEG-azide without CuAAC reagents. N = 3. Curves for Ana and

Ana-PEG shown for comparison. Thick lines, mean; shaded area, +SEM.
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Figure 2-S6. Direct functionalization with NHS-PEG. A) Representative hydrostatic collapse
pressure curves for GVs reacted with the indicated ratio of NHS-PEG, calculated relative to gvpA.
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Curves for unmodified Ana and Ana-PEG prepared by CuAAC are shown for
comparison. N = 3. B) Dynamic light scattering measurements, shown with Ana and Ana-PEG. N
= 3. C) Zeta potential measurements, shown with Ana and Ana-PEG. N = 3.
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Figure 2-S7. Signal enhancement time courses from Ana and Ana-PEG fit to an
exponential decay function.
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Figure 2-S8. Ultrasound imaging of Ana GVs exposed to serum from naive BALB/c mice. Left:
Representative B-mode images after incubation at 37 °C for 1 h in PBS or serum. Right: Mean B-
mode intensity within each well. N = 24, Welch’s t-test (***, p < 0.001).
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Figure 2-S9. Peak signal enhancement in time courses from Fig. 2-4e.
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Figure 2-S10. Functionalization with zwitterionic polymer does not reduce immunogenicity. A)
DLS measurements of GVs coated with polyzwitterion. N = 6. Welch’s t-test, (*, p<0.05). B) Zeta
potential measurements. N = 4. Welch’s t-test, (**, p <0.01; **** p<0.0001). C) Representative
hydrostatic collapse pressure curve of Ana-Zwi. D) Mean hemodynamic signal enhancement time
course following IV injection of 100 uL OD 50 Ana-Zwi at 300 s (dashed line). Shaded area
represents £SEM. N = 4. E) Mean hemodynamic signal enhancement following a second injection
of Ana-Zwi after 1 (N =2) or 4 weeks (N = 3). Dashed black line, time of injection (300 s); dashed
red line, onset of hypotension (500 s); thick lines, mean; shaded area, =SEM.
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Figure 2-S11. Multi-scatter plot of protein abundances in each sample. Pearson correlation
coefficient (R) is shown in the top left of each subplot.
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Figure 2-S13. Protein abundances relative to serum. Top: Volcano plots of protein
abundances on Ana (left) and Ana-PEG (right) compared to serum. Abundances were compared by
multiple unpaired t-test analysis using the false discovery rate method of Benjamini and Hochberg.
Proteins with a false discovery rate of 5% and log, fold-change greater than 1 were deemed
differentially abundant. Proteins that were not differentially abundant are shown translucently.
Bottom: Heat map of differentially abundant proteins on Ana (left) and Ana-PEG (left) compared
to serum. Immune response proteins are indicated by a gray box on the left.
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Figure 2-S14. Synthesis of CTA1. A) Reaction scheme. 'H (B, 500 MHz) and *C (C, 101 MHz)
NMR spectra of CTA1 in CDCl;. '"H NMR (500 MHz in CDCls) §: 5.77 (br s, 1H), 3.41-3.34 (m,
6H), 2.56-2.47 (m, 4H), 1.90 (s, 3H), 1.81 (p, J = 7.43 Hz, 2H), 1.37 (t,J= 6.60 Hz, 3H). *C NMR
(101 MHz in CDCl) &: 217.18, 170.51, 119.35, 49.53, 46.83, 37.58, 34.58, 32.01, 31.51, 28.85,
25.24, 12.90. MS [C12H9NsOS;3]"™ calculated 345.07462, observed 345.07442. IR: 3292, 3084,
2929, 2871, 2093, 1645, 1548, 1447, 1375, 1260, 1152, 1116, 1073, 1031, 969, 942, 861, 801, 642
cm
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Figure 2-S15. Synthesis of zwitterionic polymer. A) Reaction scheme. B) '"H NMR (500 MHz)
spectrum of zwitterionic polymer in D,O. '"H NMR (500 MHz in D,0) &: 4.55-4.30, 4.23-3.88,
3.45-3.21,2.45-2.37,2.17-1.88, 1.73-1.57, 1.46-0.83. M, = 16.3 kDa, B = 1.25 (aqueous SEC).

IR: 3382, 3027, 2966, 1722, 1623, 1472, 1452, 1421, 1386, 1335, 1263, 1234, 1147, 1058, 958,
936, 892, 845, 748, 712 cm™".
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Chapter 3

BIOMOLECULAR ULTRASOUND IMAGING OF

PHAGOLYSOSOMAL FUNCTION
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3.1 Abstract

Phagocytic clearance and lysosomal processing of pathogens and debris are essential
functions of the innate immune system. However, the assessment of these functions in vivo
is challenging because most nanoscale contrast agents compatible with non-invasive imaging
techniques are made from non-biodegradable synthetic materials that do not undergo regular
lysosomal degradation. To overcome this challenge, we describe the use of an all-protein
contrast agent to directly visualize and quantify phagocytic and lysosomal activities in vivo
by ultrasound imaging. This contrast agent is based on gas vesicles (GVs), a class of air-
filled protein nanostructures naturally expressed by buoyant microbes. Using a combination
of ultrasound imaging, pharmacology, immunohistology and live-cell optical microscopy,
we show that after intravenous injection, GVs are cleared from circulation by liver-resident

macrophages. Once internalized, the GVs undergo lysosomal degradation, resulting in the
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elimination of their ultrasound contrast. By non-invasively monitoring the
temporal dynamics of GV-generated ultrasound signal in circulation and in the liver and
fitting them with a pharmacokinetic model, we can quantify the rates of phagocytosis and
lysosomal degradation in living animals. We demonstrate the utility of this method by
showing how these rates are perturbed in two models of liver dysfunction: phagocyte
deficiency and non-alcoholic fatty liver disease. The combination of proteolytically-
degradable nanoscale contrast agents and quantitative ultrasound imaging thus enables non-

invasive functional imaging of cellular degradative processes.

3.2 Introduction

The reticuloendothelial system (RES), also known as the mononuclear phagocyte system, is
a network of phagocytic immune cells that is essential for organismal development and
homeostasis; malfunctions in this system may lead to increased susceptibility to infections!~
and are associated with the pathogenesis of a variety of conditions, including
neurodegeneration,®* chronic liver disease® and many others.® Cells of the RES, such as
monocytes, macrophages and dendritic cells, continuously sample their surroundings,
mediating the recognition and clearance of abnormal and senescent cells, debris and foreign
particulates.”® Additionally, they interface with the adaptive immune system by presenting
lysosomally-processed antigens to lymphocytes and secreting cytokines to stimulate the
proper inflammatory response.®!? Phagocytosis and lysosomal degradation are thus vital

processes of RES-mediated immunoregulation.
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Non-invasive functional imaging of phagocytosis and lysosomal

activities will enable early detection and monitoring of non-alcoholic fatty liver disease
(NAFLD) and other conditions resulting from RES dysfunction. NAFLD currently affects
over 25% of the global population and its progression is associated with chronic hepatic
inflammation.!! Due to the large patient population and broad range of outcomes which
include hepatitis, cirrhosis, fibrosis and hepatocellular carcinoma, rapid and non-invasive
diagnostic methods are needed to stratify patients into defined risk groups.>!! Ultrasound is
well suited for this task due to its wide availability, portability, low operational costs and
high tissue penetrance.'? Based on in vitro observations that pro-inflammatory macrophages

suppress phagocytosis'? and lysosomal degradation,'*!>

one would expect livers in patients
with NAFLD to exhibit reduced accumulation and extended persistence of intravenously-
administered nanoscale contrast agents. Indeed, clinical studies have confirmed the
former.'%!7 However, the latter cannot be evaluated with currently available technologies
because agents compatible with non-invasive imaging modalities are typically made from
synthetic materials which do not undergo regular lysosomal degradation.”

Here, we describe the use of an all-protein nanoscale contrast agent to visualize and
quantify both phagocytic clearance and lysosomal degradation in vivo using ultrasound
imaging. This contrast agent is based on gas vesicles (GVs), a class of air-filled protein
nanostructures natively formed inside certain photosynthetic microorganisms as a means to
regulate buoyancy.!® GVs comprise a rigid, 2 nm-thick protein shell allowing the free

exchange of gas but preventing the internal condensation of liquid water, thereby forming a

thermodynamically stable capsule of air with a hydrodynamic diameter of approximately 250
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nm.!' They are easily isolated from cultures of their native cyanobacterial hosts?

and can be expressed heterologously in bacteria?!?

and mammalian cells.?*> Because sound
waves are strongly reflected by air-water interfaces, GVs have been developed as contrast
agents for ultrasound imaging.'®2*?” Due to their innate stability, GVs are able to withstand
repeated insonation without loss of contrast.!” However, when the GV shell is compromised
by mechanical or chemical disruption, the gaseous contents it encloses rapidly and
irreversibly dissolve into the surrounding media, leading to the elimination of ultrasound
contrast.!%-21:27

Based on their nanoscale dimensions and all-protein composition, which

distinguishes them from other classes of ultrasound contrast agents?3-3!

, we hypothesized that
we could use GVs as a contrast agent to non-invasively visualize the phagocytic and
lysosomal functions of hepatic macrophages in vivo. Previous studies have shown that
intravenously injected GV are rapidly taken up by the liver.>3? If this uptake is mediated
by macrophages and the internalized GVs undergo lysosomal proteolysis, this would
manifest in the initial transfer of ultrasound contrast from the bloodstream to the liver,
followed by its elimination with kinetics representative of natural RES clearance and
degradation. Measurement of these processes would thus provide a quantitative picture of
the complete phagocytic and lysosomal degradation pathways. This rate-based approach

163436 ywhich are limited to

would improve upon previous Kupffer cell imaging techniques
the assessment of phagocytosis. In this study, we test this hypothesis by visualizing the

temporal dynamics of GV ultrasound contrast in the blood and liver, establishing the cellular

and molecular pathways mediating GV uptake and degradation, and developing a
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pharmacokinetic model to parametrize RES activity from hemodynamic and liver
ultrasound signals. Finally, we demonstrate the diagnostic utility of functional imaging of
macrophage phagolysosomal activity in two models of liver disease: clodronate-mediated

macrophage deficiency and diet-induced NAFLD.

3.3 Results & Discussion

3.3.1 Gas vesicle blood clearance, liver uptake and degradation can be monitored by
ultrasound

We started by quantifying the kinetics of GV uptake and degradation in healthy C57BL/6
mice (Fig. 3-1a). We first visualized intravascular GVs with ultrafast power Doppler
imaging, leveraging the ability of intravenously (IV) injected GVs to enhance blood flow
contrast.”> We chose the brain as our target organ due to its practical advantages in mouse
experiments: hemodynamic signals can be conveniently measured through intact skin and
skull*>*7 and head-fixation reduces motion artifacts. We acquired images of a single coronal
plane at a center frequency of 15 MHz and frame rate of 0.25 Hz (Fig. 3-1b). Following a
300-s baseline, we IV injected 100 pL of purified GVs isolated from Anabaena flos-aquae
(ODs0030, corresponding to 2.1 x 10'! particles®) and tracked the ensuing distribution and
clearance (Fig. 3-1c). As expected, the introduction of GVs caused a marked increase in
hemodynamic signal, peaking at approximately 100 s after injection, and returning to

baseline with an apparent circulation half-life of 232 s (Fig. 3-1¢, Fig. 3-S1).
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Figure 3-1: Non-invasive ultrasound imaging of GV clearance and elimination in vivo. A) Diagram
of imaging setups used to measure GV contrast in the blood and liver. Inset i, intravascular
persistence of purified GVs was visualized by ultrafast power Doppler imaging of the brain. Inset
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i1, hepatic persistence of GVs modified to produce non-linear contrast was visualized by

amplitude modulation imaging of the liver. B) Representative power Doppler images of a coronal
cross section of the brain following GV injection. Scale bars, 2 mm. C-D) Normalized time courses
of ultrafast Doppler signal enhancement in the brain (C, N = 6) and AM signal in the liver (D, N =
4). Dashed lines, time of GV injection (300 s); thin lines, individual trials; thick lines, mean; shaded
areas, £ SEM. E) Representative AM images of a liver cross section following GV injection. Scale
bars, 2 mm. F) Biodistribution of fluorescently-labeled GVs 1 h after IV injection. Representative
fluorescence image of excised organs (left; scale bar, 10 mm). Percentage of total collected photons
originating from each organ (right). N = 5. Error bars not shown.

Next, we quantified GV uptake and degradation in the liver by imaging this organ
during and after IV injection (Fig. 3-1a). To maximize GV specificity, we injected GVs
modified to produce non-linear ultrasound contrast?” and imaged with a non-linear amplitude
modulation (AM) pulse sequence?* (Fig. 3-1, d-e). Following injection of 100 uL GVs at
ODsoo 30, we observed the accumulation of non-linear contrast in the liver—reaching a
maximum after approximately 10 min—followed by a gradual loss of signal until only 10%
remained at the end of one hour (Fig. 3-1d). Notably, the maximum occurs just as contrast
in the blood returns to baseline (Fig. 3-S2). The apparent half-life of GVs in the liver—20
min—is substantially longer than their circulation time, and on a timescale consistent with
lysosomal processing.*®#° To independently confirm liver uptake, we acquired fluorescence
images of mouse organs excised lh after IV injection of GVs labeled with a far-red
fluorescent dye (Fig. 3-1f). In line with previous investigations of GV biodistribution,>>%
the liver was the dominant organ for GV uptake, emitting 81.4% of collected photons. The

lungs (7.8%) and spleen (5.5%) had minor roles in GV clearance, while the heart and kidneys

had no discernible role.
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3.3.2 GVs are primarily cleared by liver macrophages
To identify the cells involved in GV clearance, we performed immunofluorescence imaging
of liver sections obtained from mice perfused 1h after IV injection of fluorescently-labeled
GVs (Fig. 3-2a). Based on the apparent active degradation of GVs, as suggested by the
gradual decline of liver ultrasound contrast, we hypothesized that GVs would be taken up by
Kupffer cells—resident macrophages lining the hepatic sinusoids which are implicated in the
clearance of many nanoparticles.” We tested this hypothesis by defining antibody-stained
F4/80" Kupffer cell regions through image segmentation by Ilastik*! and quantifying the
localization of GVs with respect to these borders (Fig. 3-S3). On average, 60% of GV-

containing pixels resided within Kupffer cells (Fig. 3-2b).
To confirm the role of Kupffer cells in GV clearance, we ablated phagocytic cells by
IV administration of 30 mg/kg liposome-encapsulated clodronate*? (Fig. 3-2¢). 48h later, we
measured GV circulation times with hemodynamic ultrasound (Fig. 3-2d). Compared to
mice treated with saline-filled control liposomes, clodronate-treated mice had a nearly 7-fold
enhancement in GV circulation time, with half-life increasing from 274 s to 1670 s (Fig. 3-
S2). Our results are in line with previous observations that treatment with 50 mg/kg
clodronate increased the circulation half-life of 100 nm gold nanoparticles 13-fold.! Taken

together, our data shows that GVs are mainly filtered from the blood by Kupffer cells.
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Figure 3-2: Liver macrophages are the primary mediators of GV clearance. A) Immunofluorescent
confocal micrographs of 75-um sections of liver tissue obtained from healthy mice 1h after IV
injection of fluorescently-labeled GVs. Sections were stained with anti-F4/80 (macrophages) and
DAPI. Scale bars, 50 um. B) Percentage of detected GVs found within macrophage regions based
on segmentation with ilastik. Error bars indicate + SD. N = 3 biological replicates, 78 total fields
of view. C) Experimental timeline. Macrophages were depleted by IV injection of 30 mg/kg
liposomal clodronate 48 h before GV injection. D) Normalized Doppler signal enhancement time
courses following IV injection of GVs in mice pre-treated with clodronate (red, N = 6) or saline
liposomes (blue, N = 3). Dashed line, time of GV injection (300 s); thin lines, individual trials;
thick lines, mean; shaded areas, + SEM.

3.3.3 GVs are degraded in the lysosome following phagocytosis

Having established their uptake by liver macrophages, we next studied what happens to GVs
following phagocytosis. Macrophages typically internalize nanoparticles into membrane-
bound organelles—phagosomes—that are then trafficked along the phagolysosomal
pathway. During this maturation process, the phagosomes acquire v-ATPase proton pumps

to acidify their contents prior to fusion with the lysosome;* this low pH environment is
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required for lysosomal enzyme activity. To visualize the movement of GVs along
this pathway in vitro, we incubated murine macrophages (RAW264.7) with a dilute
suspension of GVs dually-labeled with Alexa Fluor (AF647) and pHrodo Red—a pH-
sensitive dye that fluoresces weakly at pH 7 and brightly at pH 3—and imaged them with
live-cell confocal optical microscopy (Fig. 3-3a). Focusing on individual cells, we initially
observed punctate spots of AF647 signal, likely corresponding to GVs concentrated within
phagosomes, which matured over the next several minutes to produce strong pHrodo signal,
indicating acidification of their environment (Fig. 3-3b). Zooming out to observe population-
level dynamics revealed that the proportion of GVs in acidified compartments, as
parametrized by the ratio of pHrodo to AF647 signal, grew continuously during a 1-hour
incubation (Fig. 3-3, c-d). This rise was abolished when v-ATPase was inhibited by
pretreatment with 100 nM bafilomycin A1 (BafA1),* thereby confirming that GVs undergo
phagolysosomal processing in macrophages.

Lysosomal proteolysis is expected to break down the GV shell, resulting in GV
collapse, gas dissolution and the disappearance of ultrasound contrast. To confirm this effect
in vitro, we exposed RAW264.7 cells to GVs for 30 min. At predetermined time intervals,
we detached the cells from their solid substrate and loaded them into an agarose phantom for
imaging with a non-linear cross-propagating amplitude modulation pulse sequence (xAM)?
(Fig. 3-3e). In control cells pretreated with 0.01% v/v dimethyl sulfoxide (DMSO), the signal
declined with a half-life of approximately 3 h (Fig. 3-3, f-g). Conversely, in cells pretreated
with BafA1l to block the activity of the pH-dependent lysosomal enzymes, we observed

signal that persisted for at least 5 h without decay. These results confirm that GVs are
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digested within macrophage lysosomes in a process that can be monitored with
non-linear ultrasound imaging. The reason that this process happens somewhat more slowly
in vitro compared to the liver may be the accelerated rate of phagosome maturation in

primary macrophages®.
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Figure 3-3: Internalized GVs are degraded within lysosomes, resulting in loss of
ultrasound contrast. A) Diagram of live cell confocal microscopy protocol. Murine macrophages
(RAW264.7) expressing membrane-localized fluorescent protein (blue) were incubated with GVs
dually-labeled with AF647 (red) and pHrodo (yellow) to track localization and pH, respectively.
B) Representative images of a single cell at different time points following GV uptake. A
phagosome maturation event is indicated by the white arrows. Scale bars, 10 um (63x objective).
C) Representative population-level images of cells pre-treated with DMSO (top) or 100 nM
bafilomycin Al (bottom) following GV uptake. The AF647 channel is not shown. Scale bars, 20
um (20x objective). D) Ratio of pHrodo to AF647 signals in images from ¢, normalized to the initial
timepoint. Error bars represent + SEM. N =4, Welch’s t test (*: p<0.05; **: p<0.001). E) Diagram
of uptake protocol for ultrasound imaging. RAW264.7 cells were incubated for 30 min with GVs
modified to produce non-linear signal, transferred to GV-free media for predetermined periods of
time, and loaded into an agarose phantom for non-linear xAM imaging. F) Representative xAM
images of cell pellets pre-treated with DMSO (top) or 100 nM bafilomycin Al (bottom) at the
indicated times after GV uptake. Scale bars, 1 mm. G) Time course of xAM signal intensity in cell
pellets, normalized to the initial timepoint. Error bars represent + SEM. N = 4-10 per timepoint.
Welch’s t-test (*: p<0.05; **: p<0.01).

3.3.4 GV pharmacokinetics can be used to monitor disease progression

The results presented thus far confirm that upon IV injection, GVs are filtered from the blood
by liver macrophages and subsequently catabolized in the lysosome (Fig. 3-4a). This process
can be described with a two-compartment pharmacokinetic model comprising the blood and
liver, whose rate constants parametrize the concurrent processes of phagocytosis and
lysosomal degradation (Fig. 3-4b), with contrast enhancement linearly proportional to intact
GV concentration in each compartment (Fig. 3-S4). By fitting this model to the dynamics
of GV ultrasound contrast in the vasculature and liver in vivo, we can thus non-invasively
quantify macrophage phagolysosomal function (Fig. 3-4¢, input data shown in Fig. 3-S5).
The assumption that ultrasound signal time courses are representative of true
pharmacokinetics is based on two key observations: GVs are stable under our imaging
parameters, so changes in signal are due to active biological processes; and GVs are primarily

taken up by liver macrophages, with increases in liver AM contrast matched by decreases in
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brain Doppler contrast. For simplicity, we further assume each process to be first-
order and neglect the initial distribution dynamics during GV infusion by considering
timepoints occurring after the peak in Doppler signal. Using this approach, we calculated
rates of 0.167 min'! and 0.041 min™! for uptake and degradation, respectively, in healthy mice

(Fig. 3-4d, Table 3-S1).
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Figure 3-4: Quantification of phagocytic and lysosomal activities in mouse liver macrophages. A)
Proposed GV clearance pathway. Upon IV infusion, GVs are phagocytosed from the blood by liver-
resident macrophages and degraded by lysosomal proteolysis. B) Pharmacokinetic model of GV
clearance. Fitting this model to GV signal time courses enables quantification of macrophage
function. Uptake and degradation rates are represented by k; and &, respectively, and k. is a
correction factor that enables conversion between the two imaging modes and accounts for uptake
in other tissues. C) Representative plot of vascular and liver ultrasound signal time courses in
healthy mice (dashed lines) and corresponding fitted curves (solid lines). D) Uptake and elimination
rates obtained by fitting model to data from Fig. 3-1, c-d. Error bars represent + SD.
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Having established a method to quantify liver macrophage function, we
next evaluated its ability to detect pathological disruption of the RES. First, we administered
two doses of liposomal clodronate—0.40 mg/kg and 30 mg/kg—to partially or fully deplete
Kupffer cells in the liver. Histological evaluation confirmed that 31% of the Kupffer cell
population remained at the lower dose, decreasing to 16% at the higher dose (Fig. 3-5a; Fig.
3-S6). Interestingly, ex vivo imaging of organ fluorescence revealed that most GVs are still
cleared by the liver (Fig. 3-5b). However, closer inspection of liver sections with
immunofluorescence showed GVs tending to localize to the sinusoidal margins, suggesting
uptake by liver sinusoidal endothelial cells (LSECs) (Fig. 3-S7). This is consistent with a
recent study showing that LSECs upregulate phagocytic activity upon depletion of nearby
Kupffer cells.” Based on these results, we expected that GVs would circulate longer in the
blood in clodronate-treated animals due to diminished phagocytic potential, and that their
residence time in the liver would increase due to less efficient lysosomal degradation by non-
macrophage cells. Indeed, fitting our model to the normalized hemodynamic Doppler (Fig.
3-5¢) and liver AM (Fig. 3-5d) signal time courses yielded uptake and degradation rates
substantially lower than those of healthy mice (Fig. 3-5e). Specifically, phagocytosis rates
were reduced by 66% and 82% at the low and high doses of clodronate, while proteolysis
rates were reduced by 27% and 57%, respectively. Notably, phagocytosis rates were
proportional to the macrophage population.
For our second model of RES dysfunction, we imaged mice with NAFLD. This
disease is characterized by liver infiltration of pro-inflammatory MIl-polarized

macrophages>* which have lower phagocytic!*!7344" and lysosomal activities'® than the
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normally anti-inflammatory Kupffer cells.*® We induced NAFLD by feeding mice
with a methionine- and choline-deficient (MCD) diet>* and performed ultrasound imaging
after 4 weeks of this treatment (Fig. 3-5f). Histological evaluation confirmed the appearance
of widespread steatosis, a hallmark of NAFLD (Fig. 3-5f). In line with our hypothesis,
diseased mice had significantly suppressed phagocytic and lysosomal functions: uptake rate
was reduced by 35% while degradation rate was reduced by 58% (Fig. 3-5, g-i). We verified
that these differences are not due to saturation of the smaller livers of MCD mice™® by GVs
(Fig. 3-S8). When we simulated therapeutic intervention by reverting to a control diet for 3
additional weeks, the steatosis subsided (Fig. 3-5f) and phagolysosomal activity returned to
its original level (Fig. 3-5, g-i). Compared to age-matched litter-mate controls, these
“recovered’” mice showed a slight decrease in degradation rate but no discrepancies in uptake
rate (Fig. 3-S9, Table 3-S1). Taken together, our results demonstrate the capability of GV-
enhanced ultrasound to non-invasively visualize macrophage malfunction as a biomarker of

disease.
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Figure 3-5: Monitoring disease progression by functional imaging of phagolysosomal activity. A)
Macrophage population in response to clodronate dose. Top: Representative immunofluorescence
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confocal micrographs of liver sections labeled with anti-F4/80 (macrophages) and

DAPI. Scale bars, 50 um. Bottom: Macrophage population determined by segmentation with
ilastik, normalized to the mean from control livers. Error bars represent + SD. N = 3 biological
replicates, >100 total fields of view. Welch’s t-test (****: p<0.0001). B) Biodistribution of
fluorescently-labeled GVs 1h after injection. Bottom: Representative fluorescence images of
excised organs. Due to their low fluorescence, the hearts are circled with dashed lines. Scale bars,
10 mm. Top: Percentage of collected photons originating from each organ. Error bars not shown.
N = 5. Welch’s t-test (*: p<0.05; **: p<0.001). C-D) Normalized time courses of Doppler signal
enhancement in the brain (C) and AM signal in the liver (D) following GV injection in clodronate-
treated mice. Dashed lines, time of GV injection (300 s); thick lines, mean; shaded areas, = SEM.
N = 4-6. E) Uptake and degradation rates obtained by fitting the model in Fig. 4b to each distinct
combination of time courses from C and D, normalized to those of healthy mice. Error bars
represent = SD. Welch’s t-test (*: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001). F) Left:
Timeline of NAFLD induction. Mice were fed with a methionine and choline deficient diet for 4
weeks, followed by an additional 3 weeks with a control diet. Right: Representative images of H&E
stained liver sections. Scale bars, 100 um. G-H) Normalized time courses of Doppler signal
enhancement in the brain (G) and AM signal in the liver (H) following GV injection in mice with
NAFLD. Dashed lines, time of GV injection (300 s); thick lines, mean; shaded areas, + SEM. N =
4-5. 1, Uptake and degradation rates obtained by fitting the model in Fig. 4b to the time courses in
G and H, normalized to those of healthy (Week 0) mice. Error bars represent + SD. Welch’s t-test
(**: p<0.01; n.s: p>0.05).

3.4 Conclusions
GVs are advantageously positioned to image in vivo phagolysosomal function due to their
inherent stability at ambient conditions, susceptibility to natural proteolytic degradation and
dependence on shell integrity for ultrasound contrast. When combined with a simple
pharmacokinetic model, GV imaging makes it possible to parametrize macrophage activity
in terms of phagocytosis and lysosomal degradation rates, clearly delineating healthy and
disease states, as demonstrated in two models of RES deficiency.

The diagnostic power of macrophage functional imaging arises from the dependence
of phagolysosomal kinetics on cellular phenotype which, in turn, reflects the local tissue and
inflammatory microenvironment. Moving forward, this capability could be refined by

application of GVs engineered to display surface ligands,?’ as phenotype-specific responses
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to certain particle-bound domains may augment differences in degradative
behavior.’! Methods to alter GV biodistribution would enable targeting and functional
assessment of macrophages in tissues other than the liver. Additionally, the ability to
genetically express GVs?} could enable study of intracellular proteolytic processes, such as
autophagy and proteasomal degradation.

To maximize the translational utility of this technology, three aspects could be
improved. First, imaging parameters should be optimized for clinical use. In this study, we
separately acquired ultrafast Doppler and non-linear AM images to maximize signal
specificity. However, simultaneous multiplexed imaging of blood and liver signals would
greatly streamline diagnostic use. This could be accomplished by intercalating amplitude
modulation images with Doppler images of the liver, enabling GV quantitation in both
compartments with a single, stationary transducer. Second, while GV administration at doses
similar to those used in our experiments does not result in acute, adverse health effects in
mice,! clinical translation would require formal studies of dose-limiting and long-term
toxicity. In addition, to support long-term monitoring of individual subjects, it would be
useful to better understand the immunogenicity of GVs and the impact of repeated injections,
as the development of antibodies may skew clearance kinetics.’> Finally, in some
applications it may be useful to image GVs with other imaging modalities, such as magnetic

28.29 and optical coherence tomography;>* adaptation of phagolysosomal

resonance imaging
imaging to these modalities would facilitate applications where the efficacy of ultrasound

may be limited.
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In summary, the combination of nanoscale, lysosomally-degradable
contrast agents and quantitative ultrasound imaging enables non-invasive assessment of
macrophage function as a disease-relevant biomarker. This technology will broaden the
diagnostic capabilities of biomolecular ultrasound and motivate further methods for non-

invasive characterization of cellular function.

3.5 Methods

GV preparation and quantification

Native gas vesicles (GVs) were isolated from Anabaena flos-aquae as previously
described.?’ Concentrations were measured by optical density (OD) at 500 nm using a
spectrophotometer (NanoDrop ND-1000, Thermo Scientific). Stripped GVs were prepared
by treatment of native GVs with 6M urea solution followed by two rounds of centrifugally-
assisted flotation and removal of the subnatant.?’ Fluorescently-labeled gas vesicles were
prepared by mixing GVs at OD 10 in 1x phosphate-buffered saline (PBS) with 6 uM Alexa
Fluor 647 NHS Ester (Invitrogen, prepared as 10 mM solution in dimethyl sulfoxide).
Dually-labeled GVs were prepared by mixing GVs at OD10 with 6 uM pHrodo Red
succinimidyl ester (Invitrogen, prepared as 10 mM solution in dimethyl sulfoxide) and 18
uM Alexa Fluor 647 NHS Ester (Invitrogen, prepared as 10 mM solution in dimethyl
sulfoxide). After rotating in the dark at 25°C for 1 h, the reactions were quenched with Tris-
HCI. Prior to use, all GVs were buffer exchanged into 1x PBS by two rounds of overnight
dialysis through a regenerated cellulose membrane (12-14 kD MWCO, Repligen).

Cell culture

RAW264.7 (TIB-71) and HEK293T (CRL-3216) cells were ordered from the American
Type Culture Collection (ATCC). Cells were cultured on tissue culture treated 10-cm dishes
in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Fetal Bovine

Serum and 1% penicillin/streptomycin.
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Lentiviral transduction. Plasmid constructs were designed with SnapGene (GSL Biotech)
and assembled with Gibson Assembly reagents from New England Biolabs. Briefly,
mWasabi** was inserted downstream of a 20-AA palmitoylation tag from GAP43 and
expressed under the EF-la promoter (gift from Dan 1. Piraner®®). This plasmid was then
transfected along with third-generation lentiviral vector and helper plasmids (kind gifts from
the laboratory of David Baltimore) into HEK293T cells using polyethyleneimine (PEI).
Following a 12 h incubation, PEIl-containing media was replaced with fresh media
supplemented with 10 mM sodium butyrate (Sigma Aldrich). Viral particles were
concentrated 48 h later via ultracentrifugation. RAW264.7 cells were transduced by
spinfection. Briefly, concentrated virus was added to non-tissue culture treated 24-well plates
coated with RetroNectin (Takara Bio). Following centrifugation (2,000xg, 2h), 4e5
RAW264.7 cells in 1 mL media were added to each well. The plates were spun again at
900xg for 50 min before transferring to the incubator. The brightest 10% of cells were
selected with a BD FACSAria III (BD Biosciences) at the City of Hope Analytical Cytometry
Core Facility.

Preparation of fibronectin-treated cover slips. Ethanol sterilized square (22 mm x 22 mm)
#1.5H glass cover slips (Thorlabs) were individually placed into the wells of a 6-well plate
and immersed in 2 mL PBS containing 10 pg fibronectin from bovine plasma (Sigma
Aldrich) for 2h at room temperature. The fibronectin solution was then aspirated and the
plates stored at 4°C until use. Sterile glass-bottom 35mm dishes (MatTek) were similarly

coated with 2.5 pg fibronectin in 500 pL. PBS.

Animal preparation and disease models
All in vivo experiments were performed on male C57BL/6J mice (The Jackson Laboratory)
under protocols approved by the Institutional Animal Care and Use Committee at the

California Institute of Technology.
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Macrophage depletion. Liposome-encapsulated clodronate (Clodrosome,

Encapsula NanoSciences) was administered through the lateral tail vein 48 h prior to
imaging. Mice receiving a dose of 30 mg/kg were injected with undiluted liposome
suspension, while mice receiving the lower dose of 0.40 mg/kg were injected with liposomes
diluted 1:100 with sterile saline. Control mice were injected with the equivalent volume of

undiluted PBS liposomes (Encapsome, Encapsula NanoSciences).

Diet-induced nonalcoholic fatty liver disease. 8-week old mice were free fed with either a
methionine and choline deficient diet (SADJ, TestDiet) or control diet (SCC7, TestDiet) for
up to 4 weeks. Afterwards, all mice were fed the control diet for an additional 3 weeks.
Because this dietary protocol often results in dramatic weight loss, the mice were monitored
weekly for signs of adverse health. GV pharmacokinetics were measured at 2 weeks, 4 weeks
and at the conclusion of the study. Immediately after ultrasound imaging, the mice were fixed
via sequential transcardial perfusion of PBS and 10% neutral buffered formalin (Sigma
Aldrich), and the livers were removed for histological assessment by the UCLA Translational
Pathology Core Laboratory. Briefly, 4-pum sections were cut from paraffin-embedded organs,

stained with hematoxylin & eosin, and imaged at 20x with a Leica Aperio slide scanner.

Ultrasound imaging

Transcranial ultrafast Doppler imaging. Mice (8-10 weeks old) were maintained under 1.5%
isoflurane anesthesia on a temperature-controlled imaging platform with a rectal probe
(Stoelting Co.). Following head depilation (Nair) and insertion of a catheter with a 30-g
needle into the lateral tail vein (fixed in place with GLUture), the mice were head-fixed in a
stereotaxic frame inside a light- and sound-proofed box on an optical table. A 16 MHz
transducer (Vermon) connected to a programmable ultrasound scanner (Verasonics Vantage)
was coupled to the head through a column of ultrasound gel (centrifuged at 2000xg, 10 min
to remove bubbles). The transducer was positioned to capture a full coronal section at an
arbitrary plane along the rostrocaudal axis. Once the internal temperature of the mouse

stabilized at 37°C, power Doppler images were acquired every 4 s for up to 60 min using a
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previously described functional ultrasound script with slight modifications.?

Briefly, the pulse sequence consisted of 11 tilted plane waves (varying from -10 to 10
degrees), each containing 8-half-cycle emissions at a voltage of 15V (900 kPa peak positive
pressure measured in free water tank). An ensemble of 250 coherently compounded frames,
collected at a framerate of 500 Hz, was then processed through a singular value
decomposition filter to isolate blood signals from tissue motion and generate a single power
Doppler image. 300 s after the start of imaging, 100 pL. OD30 native GVs were infused over
10 s by syringe pump. Pixel-wise signal enhancement was calculated as the ratio of intensity
at each time point relative to its mean intensity in the first 75 frames. Time courses were then
extracted by averaging signal enhancement within a manually defined region of interest
encompassing the whole brain, processed with a 10-sample moving mean filter and

normalized to the global maximum.

Liver amplitude modulation imaging. Mice (10-14 weeks) were maintained under 2%
isoflurane anesthesia on a mouse heating pad controlled by a rectal probe (TCAT-2LV,
Physitemp Instruments). After depilation of the abdomen (Nair) and insertion of a 30-g tail
vein catheter, the mice were secured in a supine position with surgical tape. Ultrasound
imaging was performed with an 18 MHz, 128-element linear array transducer (L22-14v,
Verasonics) mounted on a custom-made manual translation stage and positioned such that
the liver was at approximately 8 mm in depth. Once the internal temperature of the mouse
stabilized at 37°C, B-mode and amplitude modulation images were simultaneously acquired
every 4 s for up to 90 min. All images were reconstructed from 128 focused beam ray lines.
Each ray line was transmitted at 18 MHz from a 32-element active aperture with a focal depth
of 8 mm and peak positive pressure of 600 kPa (measured in free water tank). B-mode images
were reconstructed from a single pulse, while amplitude modulation was implemented by
first transmitting a single pulse from the full active aperture, followed by two pulses where
the even and odd elements in the active aperture are sequentially silenced.?* Stripped GVs
(OD 30, 100 pL) were manually injected as a bolus after 300 s. Image processing and display

were performed by internal Verasonics programs. Time courses were calculated as the
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average signal intensity within a manually defined rectangular region of interest
encompassing the liver. To enable comparison, the time courses were smoothed by robust
locally weighted-regression using linear least squares, baseline corrected with respect to the

first 75 time points and normalized to the global maximum.

In vitro macrophage imaging. Wild-type RAW264.7 cells were seeded onto fibronectin-
coated cover slips (2e6 cells’2mL DMEM). After 24 h, the culture media was exchanged
with fresh DMEM containing bafilomycin A1 (100 nM) or vehicle (0.01% v/v DMSO).
Media of the same composition was used for all subsequent steps. Following a 1 h
pretreatment, a GV suspension composed of 320 pL fresh media and 80 pL stripped GVs
(OD10 in PBS) was dropped at the center of a UV-sterilized Parafilm-lined 6-well plate and
a cover slip was floated on top, cell-side down. This GV suspension was freshly prepared
immediately prior to uptake. After incubation at 37°C for 30 min, the cover slips were
transferred to pre-warmed fresh media and incubated for the desired amount of time. The
media was then aspirated and the cover slips were gently washed once with 2 mL room
temperature PBS. Cells were detached with 500 pL 0.25% trypsin-EDTA (Genesee
Scientific), neutralized with 1 mL media, and pelleted by centrifugation (300xg, 5 min, 4°C).
From this point on, special care was taken to minimize exposure of the cells to temperatures
above 4°C. The pellet was washed once with 1.4 mL ice-cold PBS and resuspended in 50 pL.
cold serum-free DMEM with 25 mM HEPES before loading into an ultrasound phantom

(1% agarose in PBS). Cell densities were manually counted by hemocytometer.

The phantoms were imaged with a 128-element linear array transducer (L10-4v, Verasonics)
mounted on a custom manual translation stage using a previously described cross-
propagating amplitude modulation pulse sequence®® that was modified to acquire single
frames. Briefly, each frame consisted of 64 ray lines transmitted at 4V (400 kPa peak positive
pressure in water) and 6 MHz from a 65-element aperture. Within the active aperture,
amplitude modulation was implemented by sequentially sending a plane wave angled at

19.5° from the first 32 elements, a plane wave angled at -19.5° from the last 32 elements,
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followed by simultaneous emission of both plane waves. The first 3 frames were

saved along with a post-collapse image (after 10 insonations at 30 V). Signal intensities were
extracted from manually selected circular regions of interest with diameters of 1.8 mm,
baseline corrected by subtraction of signal from the post-collapse image, and adjusted for
cell density. The time courses from each run were then normalized to the mean intensity from

the samples harvested immediately after uptake (t=0).

GV contrast measurement. Phantoms were constructed as previously described.!® Briefly,
phantoms were made by embedding stripped GVs in 1% agarose in PBS and imaged with
the same parameters used for liver imaging. Signal intensities were extracted from manually

defined regions of interest.

Fluorescence imaging

Whole organ fluorescence. Mice were prepared as described above for transcranial
neuroimaging, with the only modification being that the GVs were fluorescently-labeled with
Alexa Fluor 647. Ninety minutes after GV injection, the mice were transcardially perfused
with 30 mL of cold heparinized PBS (10 U/mL, Sigma Aldrich). The heart, lungs, kidneys,
spleen, and liver were then carefully excised and stored in ice-cold Fluorobrite DMEM
(Gibco) prior to analysis. Images were acquired on a Bio-Rad ChemiDoc MP imaging system
using red epi-illumination and a 695/55 nm filter with an exposure time of 0.5 s. Integrated

intensities were then calculated using the built-in “Analyze Particles” function in F1JI.

Immunofluorescence. Mice were prepared as described above for whole organ fluorescence.
Ninety minutes after GV injection, the mice were transcardially perfused with 30 mL of cold
heparinized PBS, followed immediately by 20 mL 10% neutral buffered formalin. The liver
and spleen were removed and immersed in formalin overnight (4°C). Each organ was then
sectioned with a vibrating microtome (75 um, Compresstome, Precisionary Instruments).
Slices were blocked and permeabilized (2h, rt) with PBS containing 10% goat serum (Sigma
Aldrich), 0.2% Triton X-100 (Fisher Scientific), and 0.1% sodium azide (Sigma Aldrich).



85

Each slice was stained for macrophages with rat anti-mouse F4/80 (BioLegend,

1:200 dilution, overnight, 4°C) and Alexa Fluor 594 goat anti-rat IgG secondary antibody
(2h, rt, 1:400 dilution). The sections were mounted with ProLong Diamond with DAPI
(Invitrogen) and allowed to harden overnight before imaging with a Zeiss LSM 800 confocal
microscope through a 10x or 20x objective. Imaging parameters prioritized signal specificity
over speed.

Confocal microscopy images of entire liver slices were background subtracted in FIJI (20
px, rolling ball method). Randomly selected 500 px by 500 px regions of interest—
simulating the sampling of arbitrary fields of view —were exported to Ilastik*! for processing.
The “Density Counting” workflow was used to count macrophages (Fig. S6). Images were
also segmented into macrophage and non-macrophage regions with the “Pixel

Classification” workflow and loaded into MATLAB for colocalization analysis (Fig. S3).

Live-cell imaging. 1e5 RAW264.7 cells expressing palmitoylated mWasabi were seeded on
fibronectin-treated 35mm glass-bottom dishes. After 24 h, the culture media was exchanged
with serum-free Fluorobrite DMEM containing 25 mM HEPES and either 100 nM
bafilomycin Al (Cayman Chemical) or vehicle (0.01% v/v DMSO). Following a 1 h
incubation, this media was replaced with a 200 pL freshly-prepared suspension of OD 1.2
dually-labeled GVs. The well was then sealed with a UV-sterilized 18mm circular glass

cover slip and inverted for 5 min at 37°C to allow for contact and uptake.

Laser scanning confocal images were acquired every 2 min for 1h on a Zeiss LSM 800
microscope with a large incubation chamber maintained at 37°C. High magnification images
were acquired through a 63x oil immersion objective. Population level images were acquired
through a 20x objective. In both cases, acquisition parameters were set to optimize speed.
Image files were loaded into F1JI, visualized by maximum intensity projection, de-speckled
with a 1-px median filter and quantified by integration of signal intensities across the entire

field of view.
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Pharmacokinetic modeling
A two-compartment pharmacokinetic model was implemented in MATLAB as the following

system of ordinary differential equations:
()<= —k;B
2) 5 = kikcB — ke,
where B represents GV contrast in the blood and L represents GV contrast in the liver. These
variables were then directly parametrized with normalized Doppler and AM signal time
courses, respectively, and the constants were derived by non-linear least squares curve fitting
with initial values of 0 and bounds of 0 to 1. k; and k: represent rates of phagocytosis and
lysosomal degradation, respectively. k. is a constant relating the blood Doppler signal to the

liver nonlinear signal. Input data were all distinct combinations of Doppler and AM time

courses from each biological condition. Output values are tabulated in Table 4-S1.

Statistical analysis
Sample sizes were chosen based on preliminary experiments to yield sufficient power for the

proposed comparisons. Statistical methods are described in applicable figure captions.
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3.6 Supplementary Information
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Figure 3-S1: Circulation half-life of GVs, as measured by Doppler signal enhancement. Half-life
was calculated as the time required for normalized signal enhancement to decline from its
maximum at 1 to 0.5. Error bars represent £ SEM. N=6 (WT), 3 (PBS liposomes), 6 (clodronate
liposomes). Welch’s t-test (***:p<0.001; n.s: p>0.05).
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Figure 3-S2: Time courses of ultrasound contrast in the brain (blue, n = 6) and liver (red, n = 4) of
healthy C57BL/6 mice. Ultrasound contrast is essentially transferred from the brain to the liver,
with liver contrast reaching its maximum (dashed line) after brain contrast dissipates. Thin lines,
individual trials; thick lines, mean.
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A ROI Selection Supervised Training

Segmented Prediction Input (F4/80)

Input (AF647) Thresholded (Otsu)

Figure 3-S3: Segmentation protocol. A) Non-overlapping 500 px x 500 px (approx. 200 pum) ROIs
were extracted from confocal micrographs of liver slices stained with anti-F4/80 (acquired with
20x objective, scale bar: 200 pm). We trained our Pixel Classification algorithm in ilastik by
labeling background and macrophage regions on a subset of our images. Then, we segmented the
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remaining images by processing with the trained network. B) The corresponding images
in the AF647 (GV) channel were automatically thresholded by Otsu’s method, and colocalization
was assessed in MATLAB.
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Figure 3-S4: Ultrasound contrast is linear with respect to GV concentration. A) Representative B
mode and AM images of non-linear GVs embedded in 1% agarose. Wells are approx. 2 mm in
diameter. B) B mode (top) and AM (bottom) signal intensities. N = 12.
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Figure 3-S5: Ultrasound signal time courses used for estimating pharmacokinetic parameters.
Brain, blue lines; liver, red lines; thin lines, individual trials; thick lines, mean.
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ROI Selection Supervised Training

Prediction

Figure 3-S6: Processing for macrophage counting. Non-overlapping 500 px x 500 px (approx. 400
um) ROIs were extracted from confocal micrographs of liver slices stained with anti-F4/80
(acquired with 10x objective, scale bar: 500 um). Using the Density Counting workflow in ilastik,
we annotated a subset of these images for background and cell bodies. Then, we processed the
remaining images with our trained algorithm to predict macrophage density.
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Figure 3-S7: Confocal microscopy image of a liver section from a mouse treated with 30 mg/kg
clodronate demonstrating localization of GVs to the sinusoidal periphery. Scale bars: 50 pm. Inset:
5 pm.
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Figure 3-S8: Hepatic clearance does not saturate under experimental conditions. A)

Time course of ultrafast Doppler signal enhancement following IV injection of purified GVs at 300
s (dashed line). Individual traces, shown as thin lines, were normalized to their respective maxima.
The thick line represents the mean of N = 4 biological replicates. Shaded area represents = SEM.
B) Half-lives of signal enhancement following IV injection of 100 pL. GVs at OD30 or OD130.
Welch’s t-test(n.s: p>0.05).
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Figure 3-S9: Hepatic macrophage activity changes with age. A) Time course of Doppler signal
enhancement in mice of different ages following GV injection. Shaded areas represent = SEM. N
= 4-6 B) Time course of liver AM signal. Shaded areas represent + SEM. N=3-5 C) Rates of GV
uptake and degradation relative to those of 8 week old mice. Error bars represent + SD. N=3-5.
Welch’s t-test(*:p<0.05; **:p<0.01).
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Condition Uptake Rate Degradation Rate ke (£ SD)
(min’!, + SD) (min’!, + SD)

0 mg/kg clodronate 0.1667 +0.0107 0.0407 = 0.0032 0.7572 £0.2328
0.40 mg/kg clodronate ~ 0.0574 £+ 0.0045 0.0299 + 0.0053 0.6073 +0.2587
30 mg/kg clodronate 0.0299 +0.0010 0.0175+0.0012 0.3843 +0.4507
MCD: 0 weeks 0.1667 +0.0107 0.0407 + 0.0032 0.7572 +0.2328
MCD: 4 weeks 0.1087 + 0.0108 0.0172 £ 0.0019 0.7268 + 0.2899
MCD: 7 weeks 0.1818 +0.0068 0.0612 +0.0017 1.0000 + 0.0000
Age: 8 weeks 0.1667 +0.0107 0.0407 + 0.0032 0.7572 £ 0.2328
Age: 10 weeks 0.2108 £ 0.0310 0.0354 + 0.0025 0.6478 +0.0859
Age: 12 weeks 0.2577 £ 0.0229 0.0645 +0.0132 0.9576 + 0.0752
Age: 15 weeks 0.1681 +0.0181 0.0916 + 0.0052 0.8879 +0.1546

Table 3-S1: Constants derived from fitting pharmacokinetic model to ultrasound data. &, uptake

rate; k», degradation rate; k., conversion constant.
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Chapter 4

TRULY TINY ACOUSTIC BIOMOLECULES FOR ULTRASOUND

DIAGNOSTICS AND THERAPY

Ling, B., Gungoren, B., Yao, Y., Dutka, P., Lee, J., Lu, G. J., Swift, M. B., Shapiro, M.
G. Truly tiny acoustic biomolecules for ultrasound diagnostics and therapy. In

preparation.

4.1 Abstract

Nanotechnology offers significant advantages for medical imaging and therapy, including
enhanced contrast and precision targeting. However, integrating these benefits into
ultrasonography has been challenging due to the size and stability constraints of conventional
bubble-based agents. Here we describe bicones, truly tiny acoustic reporters based on gas
vesicles, a unique class of air-filled protein nanostructures naturally produced in buoyant
microbes. We show that these sub-80 nm particles can be effectively detected both in vitro

and in vivo, infiltrate tumors via leaky vasculature, deliver potent mechanical effects through
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ultrasound-induced inertial cavitation, and are easily engineered for molecular

targeting, prolonged circulation time, and payload conjugation.

4.2 Introduction

Ultrasound is a powerful modality for medical diagnostics and treatment due to its
noninvasive nature, real-time imaging capabilities, and widespread accessibility!.
Incorporation of nanomaterial probes could significantly enhance these benefits, enabling
immune evasion, molecular targeting, extravasation, and multifunctional strategies for
improved contrast and drug delivery??. Although such probes have proven successful in
modalities such as nuclear and magnetic resonance imaging®, designing truly nanoscale
agents for ultrasound continues to pose a challenge. Conventional agents, formulated as lipid-
shelled gas microbubbles, are typically limited by surface tension to sizes larger than 1 um>,
while proposed submicron agents based on bubbles®, droplets’, phase-change®®, and gas-

trapping particles!®!2

remain relatively large (>200 nm) and can be difficult to prepare.

In this study, we introduce bicones, truly tiny acoustic reporters based on gas vesicles
(GVs), a class of air-filled protein nanostructures assembled by certain aquatic microbes for
buoyancy regulation'*!4, GVs comprise a corrugated protein shell of varying thickness (1-3
nm) that excludes liquid water while allowing dynamic gas exchange, creating a stable
nanoscale pocket of air!>%, Acoustic waves strongly scatter at this air-liquid interface,
enabling GVs to serve as contrast agents'*!720 and reporter genes?'?* for ultrasound

imaging. They are highly versatile, with physical and acoustic properties that are easily tuned

by functionalizing the protein shell or by modifying their constituent genes'”?. Additionally,
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GVs can serve as therapeutic platforms by stimulating ultrasound
mechanotherapy?® and photodynamic therapy?’.

GV formation begins as a soluble nucleation complex, progresses into a biconical
structure, and ultimately elongates into a cylindrical shape'>!®. We hypothesized that we
could produce ultrasmall particles by inhibiting GV growth at the bicone stage. In this study,
we test this idea and explore the potential applications of bicones in ultrasound imaging and
therapy, evaluating their imaging contrast, tumor-targeting capacity, and interactions with
focused ultrasound. Additionally, we devise surface engineering strategies to extend
circulation time, target specific cells, and deliver protein cargo. Using these truly tiny

acoustic biomolecules, we aim to integrate ultrasonography with nanomedicine.

4.3 Results

4.3.1 Bicones are truly tiny ultrasound contrast agents

We hypothesized that we could disrupt GV elongation by deleting gvpN, a protein essential
for this process?®3°, We modified a previously described bacterial GV cluster containing
structural proteins from Anabaena flos-aquae and chaperones from Bacillus megaterium?®
and expressed this construct in E. coli (Fig. 4-1A). As hypothesized, transmission electron
microscopy (TEM) showed uniformly small, biconical particles (Fig. 4-1B). Further
deletions of gvpC, gvpR, gvpT, and gvpU did not affect morphology (Fig. 4-S1). Cryogenic
electron microscopy (cryo-EM) showed that the bicone shell consisted of two low-pitch
helices beginning at each tip and converging in the center (Fig. 4-1C), consistent with the

structure of GVs!®, Individual particles had an average diameter of 39.7 nm, length of 72.3
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nm, and enclosed gas volume of 0.023 aL (76.3% of total volume, assuming a 2-
nm thick shell®) (Fig. 4-1D, Table 4-S1). Bicones were colloidally stable in phosphate-
buffered saline (PBS), with a hydrodynamic diameter of 58.4 nm, as measured by dynamic
light scattering (DLS) (Fig. 4-1E) and zeta potential of —34.9 mV (Fig. 4-1F).

Bicones are expected to be highly resistant to external pressure, as shell stability is
inversely related to diameter®!. We tested this using pressurized absorbance spectroscopy,
which measures optical density under increasing hydrostatic pressure to identify the
threshold when GVs collapse and lose their internal gas content and consequent ability to
scatter light*2. Optical density decreased gradually between 0.9 MPa and 1.3 MPa, with a
midpoint at 1.16 MPa (Fig. 4-1G). Notably, bicones are the sturdiest GV variant we have
developed (Fig. 4-S2). To assess collapse under acoustic pressure, we embedded bicones in
an agarose phantom and acquired B-mode ultrasound images at a center frequency of 15
MHz with increasing transducer driving voltage. Contrast diminished sharply at 2 MPa and
was completely erased at 3 MPa, with a midpoint of approximately 2.4 MPa (Fig. 4-S3).

Having confirmed that our transducers could collapse bicones, we visualized them
using BURST imaging?!. This method maximizes sensitivity and specificity for GVs by

capturing the transient signals generated during acoustic collapse. BURST signal correlated
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linearly with concentration and was reliably detected at 0.5 nM, the lowest

concentration tested (Fig. 4-1H).
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Figure 4-1. Bicones are truly nanoscale ultrasound contrast agents. A) Diagram of bicone
structure and gene cluster. Gas can dynamically exchange through the bicone shell, forming a
thermodynamically stable pocket of air. Deletion of the gvpN gene prevents GVs from growing
beyond the bicone stage. B) Representative TEM images of bicones in E. coli (left, scale bar, 500
nm) and after purification (right, scale bar, 100 nm). C) Representative cryo-EM image of purified
bicones showing the helical shell structure. Scale bar, 25 nm. D) Distribution of lengths and
diameters of individual particles, measured manually from cryo-EM images. N = 100. E) DLS
measurements of bicones in PBS. N = 35. Error bars, £SD. F) Zeta potential measurements. N = 6.
Error bars, £SD. G) Pressurized absorbance spectroscopy measurements of bicones in PBS,
normalized to starting OD. N = 6. Thick line, mean; shaded area, +SEM. H) In vitro ultrasound
imaging of bicones. Left: Representative BURST images of bicones embedded in an agarose
phantom at concentrations between 0 nM and 33.6 nM, overlaid on a conventional B-mode image.
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Scale bars, | mm. Right: Quantification of BURST signal within each well. Data were
fit by linear regression, slope = 0.045. N = 12. Error bars, +SEM.

4.3.2 Bicones enable visualization of tumors

We next investigated the ability of bicones to produce ultrasound contrast in vivo. We
hypothesized that bicones could be visualized in mouse xenografts, as sub-100 nm
nanoparticles are expected to target tumors through leaky vasculature®*=°, To test this
hypothesis, we intravenously (IV) administered 25 pmol bicones into nude mice bearing
subcutaneous U-87 MG tumors and performed BURST imaging after 1 h. We chose this
dose to maximize delivery by exploiting potential clearance saturation mechanisms®. We
expected to see contrast only within several millimeters of the transducer focus due to energy
attenuation by tissue and the high collapse pressure of bicones. Indeed, BURST signal was
detected as a punctate band within the tumor, which was absent during a subsequent
acquisition, confirming its specificity to intact particles (Fig. 4-2A, 4-S4). We validated
tumor accumulation in a separate group of mice by measuring fluorescence of tumors
resected 2 h after injection of bicones labeled with a near-infrared dye (Fig. 4-S5).

To examine biodistribution, we acquired fluorescence images of mouse organs
excised at predetermined intervals following injection of bicones labeled with a far-red
fluorescent dye (Fig. 4-2B). Fluorescence was highest in the liver, spleen, and kidneys. At 3
h post-injection, mean intensities in these organs were 30.5, 10.7, and 11.0, respectively,
decreasing to 9.4, 3.9, and 4.1 at 24 h and 2.6, 1.2, and 1.7 at 48 h. The diminishing
fluorescence over time is consistent with active elimination of bicones from the body, with

the high kidney signal suggesting renal excretion of lysosomally degraded particles!>’.
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Overall, our data demonstrate that bicones are remarkably small acoustic

biomolecules that can be easily produced in bacteria and detected both in vitro and in vivo.
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Fig. 4-2. Tumor imaging and biodistribution of bicones. A) /n vivo ultrasound imaging of
bicones. Representative BURST images of subcutaneous U87 MG tumors 1 h after intravenous
injection of bicones, overlaid on a B-mode image. Bottom row shows a second acquisition at the
same location, confirming signal was specific to intact bicones. Images here are from one of three
mice (see Fig. 4-S4). Scale bars, 1 mm. B) Biodistribution of fluorescently labeled bicones. Left:
Representative fluorescence images of mouse organs excised at the specified time after IV
injection. Organs are outlined in white. Scale bar, 5 mm. Right: Mean fluorescence intensity within
each organ. Data for spleen and tumor are obscured by kidneys and heart, respectively. N = 4 at
each time point. Error bars, £SEM.

4.3.4 Bicones can seed inertial cavitation

Having demonstrated bicone accumulation in tumors, we explored potential therapeutic
applications. Specifically, we investigated their capacity to mediate focused ultrasound
(FUS) mechanotherapy?$, which can precisely disrupt tissue, promote drug penetration, and
eliminate diseased cells by locally inducing inertial cavitation®8. This phenomenon involves
the growth of a bubble—often nucleated by air carried in synthetic agents'! or released during

GV collapse?*—through mass transfer and coalescence across several acoustic cycles,
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culminating in a high-energy implosion (Fig. 4-3A). Bubbles undergoing this
process generate distinct broadband acoustic emissions?®.

To test the ability of bicones to seed inertial cavitation, we insonated samples with a
330 kHz FUS transducer and recorded acoustic emissions using an orthogonally positioned
imaging transducer as a passive cavitation detector (PCD) (Fig. 4-3B). We applied FUS to
bicone suspensions in acoustically-transparent polymethylpentene (TPX) tubes, chosen to
minimize attenuation. At a peak negative pressure (PNP) of 0.3 MPa, intact bicones (5 nM)
generated broadband emissions of greater amplitude than both collapsed bicones and PBS
(Fig. 4-3C). Specifically, PCD signals from intact bicones, collapsed bicones, and PBS were
96.1 dB, 72.6 dB, and 75.4 dB, respectively, rising to 111.0 dB, 104.4 dB, and 104.2 dB at
0.65 MPa PNP (Fig. 4-3D). Emissions from intact bicones were comparable to that of
Anabaena GVs at the same gas fraction (Fig. 4-S6). Taken together, our data confirm that
the gas content provided by bicones can seed inertial cavitation.

Given the low internal gas volume of bicones, we hypothesized that gas dissolved in
the surrounding media is critical for successful cavitation. Indeed, degassing 4.2 nM bicone
suspensions in a 20 kPa vacuum chamber reduced PCD signal from 109.4 dB to 95.6 dB
when insonated at 0.65 MPa PNP (Fig. 4-3E-F). To ensure that this effect was not caused
by a reduction in encapsulated air, we diluted samples fivefold to 0.82 nM in ambient
conditions, assuming the bicones would retain only 20% of their usual gas content under the

reduced pressure. This adjustment did not affect cavitation, thus confirming our hypothesis.
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Notably, degassing also reduced PCD signal from collapsed bicones, indicating
that the shell plays an important role in nucleating and stabilizing bubbles.

We next examined if bicones remain intact during cavitation. We anticipated that the
solvatochromic dye 8-anilinonaphthalene-1-sulfonic acid (ANS) would fluoresce strongly
upon binding to the hydrophobic interior of the bicone shell, which is exposed during the
collapse process®*°. Indeed, bicones collapsed by either bath-sonication or hydrostatic
pressure in the presence of 100 uM ANS significantly increased fluorescence (Fig. 4-3G, 4-
S7). Fluorescence intensity at 480 nm was linearly related to the concentration of collapsed
bicones (Fig. 4-S8). Using ANS as a convenient optical readout, we quantified collapse in
4.2 nM bicone suspensions after extended FUS insonation with 100 ps pulses at a 500 Hz
repetition frequency. We calculated the percentage of collapsed particles based on
fluorescence intensity relative to intact and bath-sonicated samples. Less than 5% of bicones
collapsed after 3 min at 0.3 MPa PNP or 30 s at 0.65 MPa, while 95% collapsed after 3 min

at 0.65 MPa or 30 s at 1.3 MPa (Fig. 4-3H). In contrast, 43% of Anabaena GVs collapsed
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after just ten pulses at 0.65 MPa (Fig. 4-S8). Taken together, our data suggest that

bicones can persistently seed cavitation at certain PNPs, provided that dissolved gas is

replenished.
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Figure 4-3. Bicones can induce ultrasound mechanotherapy. A) Mechanism of bicone-mediated
inertial cavitation. Bubbles are nucleated by the gas content of bicones and grow through mass
transfer and coalescence across multiple acoustic cycles, culminating in a high-energy implosion.
B) Diagram of experimental setup to measure acoustic emissions induced by FUS. Samples
contained in acoustically transparent TPX tubes were insonated with a 330-kHz FUS transducer
and responses were detected by an orthogonally positioned imaging transducer. C) Representative
frequency spectra of emissions from intact and pre-collapsed bicones (5 nM) insonated with a
single FUS pulse at 0.3 MPa PNP, 30 cycles. D) Mean PCD signal from intact and pre-collapsed
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bicones (5 nM) insonated with a single FUS pulse at various PNP, calculated by

integrating frequency spectra from 8 MHz to 27 MHz. N = 4. Error bars, +SEM. Welch’s t-test (*,
p < 0.05; **, p < 0.01). E) Representative frequency spectra from bicones (4.2 nM) at ambient
conditions, degassed in a 20 kPa vacuum chamber, or diluted to 0.84 nM. Samples were insonated
with a single pulse at 0.65 MPa PNP, 30 cycles. F) Mean PCD signal from spectra shown in panel
E. N =3. Error bars, +SEM. Welch’s t-test (*, p < 0.05; **, p <0.01; *** p <0.001; n.s, p > 0.05).
G) Left: ANS dye fluoresces upon binding the exposed hydrophobic interior of the bicone shell.
Right: Representative emission spectra (ex. 380 nm) of intact and collapsed bicone suspensions
containing 100 pM ANS. H) Fraction of bicones collapsed after exposure to 30 s or 3 min of FUS
pulses at various PNP, calculated based on ANS fluorescence at 480 nm relative to intact and pre-
collapsed samples. N = 4. Error bars not shown.

4.3.5 Polymer coated bicones have enhanced circulation
Having identified potential diagnostic and therapeutic applications for bicones, we next
developed strategies to optimize their biocompatibility and longevity in the bloodstream.
Specifically, we sought to coat bicones with methoxypolyethylene glycol (mPEG), a
polymer widely used for immune evasion*!*2, We focused on azide-alkyne cycloadditions*~
4, as these bio-orthogonal reactions are compatible with GVs*® and enable convenient access
to any azide-functionalized substrate. We attached alkyne groups to lysines on the bicone
surface and conjugated 10 kDa azide-mPEG using a copper-catalyzed alkyne-azide
cycloaddition (CuAAC) reaction*’ (Fig. 4-4A). Consistent with the addition of a PEG layer,
hydrodynamic diameter increased from 58 nm to 97 nm (Fig. 4-4B) and zeta potential
neutralized from —35 mV to —5 mV (Fig. 4-4C).

We tested the effectiveness of this modification by measuring apparent circulation
time in BALB/c mice. We visualized circulating bicones with ultrafast power Doppler
ultrasound imaging, leveraging their ability to enhance blood flow contrast'®!?. Targeting a

single coronal plane in the brain, we acquired images at a center frequency of 15 MHz and
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frame rate of 0.25 Hz (Fig. 4-4D). After a 5 min baseline, we [V-injected 13 pmol
bicones and monitored the ensuing changes in hemodynamic signal (Fig. 4-4E). In line with
previous studies involving Anabaena GVs, unmodified bicones produced signal
enhancement time courses with two distinct peaks, while PEGylated bicones only generated
a single peak before returning to baseline monotonically. Fitting to an exponential decay
function showed that unmodified bicones circulated with a half-life of 1400 s, while
PEGylated bicones circulated with a half-life of 3000 s (Fig. 4-4F, 4-S10). Notably, this is

an order of magnitude longer than most synthetic agents which typically circulate for only

several minutes'.
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Figure 4-4. Extension of bicone circulation time. A) Diagram of PEGylation protocol. Lysines
on the bicone surface were functionalized with alkyne groups and attached to 10 kDa mPEGs
through a CuAAC reaction. B-C) DLS (B) and zeta potential (C) measurements of PEG-coated
bicones. Data from Fig. 1 shown for comparison (-PEG). N = 5. Error bars, #SEM. Welch’s t-test
(**** p <0.0001). D) Diagram of experimental setup to determine circulation time. Intravascular
bicones were visualized by ultrafast power Doppler ultrasound imaging of the brain. E) Normalized
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time courses of hemodynamic contrast enhancement following I'V injection of bicones.

Time of injection (300 s) is indicated by a dashed line. Thick lines, mean; shaded area, +SEM. N =
4-5. F) Circulation half-life calculated by fitting time courses in panel E to an exponential decay
function. Error bars, £SEM. Welch’s t-test, (**, p < 0.01).

4.3.6 Biochemical functionalization for targeting

In addition to circulation time, retention at the target site is helpful for certain applications.
We hypothesized that surface display of cyclic iRGD peptides could enhance cell-specific
targeting by binding integrins and triggering internalization*®#°, To test this hypothesis, we
functionalized bicones with dibenzocyclooctyne (DBCO) and a far-red fluorophore, then
attached approximately 1000 copies of azide-IRGD to each particle through a strain-
promoted alkyne-azide cycloaddition (SPAAC) reaction**** (Fig. 4-5A). This estimate
assumes 100% conjugation efficiency following reaction with 1000 molar equivalents of
DBCO and excess azide-iIRGD. We incubated the human cancer cell lines U-87 MG and HT-
1080 with these particles for 2 h at 37°C. After rinsing the cells with PBS to remove unbound
bicones, we quantified binding by confocal microscopy (Fig. 4-5B). Mean fluorescence
intensity per field of view increased from 11.4 to 20.9 for U-87 MG cells and from 2.0 to 9.1
for HT-1080 cells when comparing untargeted and targeted bicones (Fig. 4-5C). Notably,
fluorescence increased with the number of iRGD peptides loaded on each particle (Fig. 4-
S11). We further validated these results by analyzing the cells via flow cytometry (Fig. 4-
5D, 4-S12). On average, 34.7% of U-87 MG and 60.3% of HT-1080 cells exposed to iRGD-
bicones exhibited significant increases in fluorescence, compared to less than 3% of cells
exposed to untargeted bicones (Fig. 4-5E). Taken together, our data show that bicone

pharmacokinetics can be conveniently modulated by surface engineering, with a
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combination of targeting and passivation likely providing the best results for

tumor engagement.
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Figure 4-5. Active targeting with bicones. A) Diagram of iRGD conjugation protocol. Bicones
were dually-labeled with DBCO and a fluorescent dye, then functionalized with cyclic iRGD
peptides by a SPAAC reaction. Purified particles were incubated in vitro with human cancer cells.
B) Representative confocal microscopy images of cells after incubation with bicones. Scale bars,
50 um. C) Mean fluorescence intensity of the bicone channel in images from panel B. Top: U-87
MG:; bottom: HT-1080. N = 4. Error bars, #SEM. Welch’s t-test, (**, p <0.01). D) Representative
flow cytometry histograms of U-87 MG (top) and HT-1080 (bottom) cells incubated with bicones.
Bicone-positive cells were gated based on fluorescence in samples incubated with PBS only. E)
Percentage of bicone-positive cells in histograms from panel D. N = 4-5. Error bars, £SEM.
Welch’s t-test, (***, p <0.001).
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4.3.7 Genetic functionalization
As genetically encoded agents, bicones can also be functionalized by modification of their
constituent proteins, providing a simple and scalable approach that is orthogonal to
biochemical systems. Though previously achieved in full GVs via peptide fusion to
GvpC!72339 SDS-PAGE analysis showed that bicones lack this protein (Fig. 4-S13). To
identify alternative options, we appended a FLAG tag’! to each gene in the GV cluster and
tested for association of the fusion protein with purified particles by anti-FLAG dot blot (Fig.
4-6A). GvpA and GvpG did not tolerate mutations, while staining from the GvpC and GvpF
fusions were weak. However, GvpJ and GvpS produced strong staining. These proteins share
homology with the primary structural protein GvpA, suggesting direct incorporation into the
GV shell. Indeed, washing the particles with 6 M urea to remove surface-bound proteins®
did not affect GvpJ or GvpS staining (Fig. 4-S14).

Using these new genetic handles, we developed a system to covalently conjugate
recombinant proteins to the bicone surface. We fused SpyTag, a 13-residue peptide that
spontaneously forms a covalent bond with its partner SpyCatcher domain under
physiological conditions®, to the ends of GvpC, GvpJ, and GvpS. We reacted the purified
particles with the model payload SpyCatcher-mNeonGreen® (SC-mNG), chosen for easy
quantitation of binding through fluorescence (Fig. 4-6B). After removing free protein,
neither the GvpC mutant nor unmodified bicones exhibited any increase in fluorescence. In
contrast, fluorescence from the GvpJ and GvpS fusions increased significantly. When SC-
mNG was reacted with similar constructs expressed on GVs with GvpC?, all three fusion

proteins exhibited high fluorescence (Fig. 4-S15). Our results indicate that GvpJ and GvpS
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are new molecular handles for GV functionalization which can be used in
conjunction with the SpyTag-SpyCatcher system to facilitate convenient and modular

bioconjugation.
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Figure 4-6. Genetic functionalization of bicones. A) Representative images of dot blots. A FLAG
tag (shown in red) was appended to the end of each GV gene and the fusion protein was detected
using an anti-FLAG antibody. B) Top: Bicones with SpyTag appended to gvpC, gvpJ, or gvpS
were reacted with the fluorescent protein, SpyCatcher-mNeonGreen. Bottom: Mean fluorescence
intensity of purified particles after conjugation. N = 4. Error bars, £SEM. Welch’s t-test, (****,
p<0.0001; n.s, p>0.05).

4.4 Discussion

Our results establish bicones as versatile, truly nanoscale agents for ultrasound imaging and
therapy. Bicones bridge the gap between ultrasound contrast agents and nanomedicine,
unlocking applications beyond the capabilities of large, unstable bubble-based agents. Easily
produced in bacteria, their small size allows for passive tumor targeting through leaky
vasculature and repeated induction of inertial cavitation without collapsing. Looking beyond

cancerous tissue, bicones could potentially enable molecular diagnostics and
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larger particles are rapidly sequestered.

The functionality of bicones is further enhanced by the ease with which their surfaces
can be modified. This confers additional capabilities, including extended circulation time,
molecular targeting, and payload conjugation. Furthermore, their compatibility with CUAAC
and SPAAC chemistry provides a convenient pathway for tailoring ligands to individual
applications.

Bicones could also help to unravel fundamental aspects of GV formation. As an
intermediate stage in GV assembly, proteins from the nucleation complex may be enriched
and potentially detectable through mass spectrometry and other proteomic techniques. Cryo-
EM analysis of the presumed assembly initiation sites at the tips and GvpA insertion regions
at the middle of the shell could yield valuable insights into GV size regulation, informing our
ability to modulate GV morphology!>!6.

However, two key improvements are necessary to enhance the utility of bicones.
First, non-destructive imaging methods should be developed. While we used BURST
imaging for its sensitivity, visualizing bicones without causing collapse would greatly
streamline diagnostic applications. This challenge could be addressed by engineering shell
proteins to generate nonlinear echoes and by analyzing acoustic responses for unique features
that can be captured using specialized pulse sequences*>*, Second, a more comprehensive
investigation of cavitation processes is required. While our data suggest that bicones can

undergo repeated cavitation in vitro, in vivo demonstrations are yet to be conducted.

Achieving this could unlock a multitude of drug delivery and therapeutic applications, with
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bicones offering simpler production and functionalization processes compared to
existing synthetic agents'!-’.

Over the long term, bicone production and purification processes should be
optimized. Lengthy centrifugation steps are impractical at larger scales, and alternatives such
as tangential flow filtration or chromatography could be explored. Formal studies of toxicity
and biocompatibility should also be conducted in tandem to inform efforts to refine
purification processes. While the doses we used did not cause adverse health effects in mice,
residual bacterial proteins and antibody development could negatively impact long-term
performance.

In conclusion, bicones could allow for techniques previously exclusive to nuclear and

magnetic resonance imaging to be translated into the cost-effective and accessible realm of

ultrasonography, highlighting the immense potential of these truly tiny particles.

4.5 Methods

Chemicals
All chemicals were purchased from Sigma Aldrich and used without further purification

unless otherwise noted.

Bicone preparation

Plasmid construction: The original bicone construct (A2C-AN) was prepared by deleting
gvpN from the full GV gene cluster (available on Addgene as plasmid #106473) via KLD
mutagenesis using enzymes from New England Biolabs and primers from IDT. Briefly, this
plasmid contained gvpAAC from Anabaena flos-aquae and gvpRFSKITU from Bacillus

megaterium downstream of a T7 promoter on a pET28a backbone. Variants were similarly
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created. FLAG and SpyTag variants included a short linker (GGSG) before the

peptide tag. Primer sequences are included in Table 4-S2.

Expression and purification: Plasmids were transformed into E. coli strain BL21(DE3) (New
England Biolabs) and grown on plates overnight at 37°C (LB agar, 2% glucose, 2x
kanamycin). Starter cultures were prepared by inoculating a large number of colonies into 4
mL Miller’s LB supplemented with 50 pg/mL kanamycin and 2%w/v glucose and grown at
37°C for 3 h. Large-scale cultures were then prepared by 1:100 dilution of the starter culture
in 50 mL LB containing kanamycin and 0.2%w/v glucose. Expression was induced after 2.5
h (OD ~0.6) by addition of 10 pM isopropyl-B-D -1-thiogalactopyranoside (IPTG, Teknova),
grown overnight at 37°C, and harvested by centrifugation in 50-mL conical tubes at 450xg
(12 h, 4°C). Excess LB was removed by vacuum filtration through binder-free glass
microfiber filters (Whatman GF/F grade, Cytiva). Cells were lysed by incubation in 4 mL
SoluLyse (Genlantis) supplemented with 100 pg DNasel (Roche) for 5 h at room
temperature. Lysates were then combined and clarified by centrifugation at 600xg for 2 h at
4°C. Bicones were enriched from the supernatant and exchanged into PBS by 5 rounds of
overnight centrifugation at 800xg, 4°C followed by replacement of the subnatant with fresh
PBS. Concentrations were measured with a Bio-Rad Quick Start Bradford protein assay

based on bovine serum albumin standards.

Particle characterization

Dynamic light scattering: A disposable semi-micro polystyrene cuvette (VWR) containing
300 puL of'a 2 pg/mL bicone suspension was placed in a Brookhaven Instruments ZetaPALS
particle analyzer, and particle size was determined with the ZetaPALS Particle Sizing
software using an angle of 90°, thin shell setting, run length of 15 s, and 6 runs per sample.

Measurements were recorded as mean intensity-weighted diameter.

Zeta potential: An electrode (SZP, Brookhaven Instruments) was inserted into a mixture of

50 uL of 200 pg/mL bicones in PBS and 1.5 mL Milli-Q water in a disposable plastic cuvette
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(SCP, Brookhaven Instruments). Measurements were performed with the
ZetaPALS Zeta Potential software using the Smoluchowski model, based on 5 runs of 15

cycles.

Pressurized absorbance spectroscopy: Hydrostatic collapse pressure measurements were
performed as previously described*?. Briefly, 350 uL of a 200 pg/mL bicone suspension in
PBS was loaded into a flow-through quartz cuvette (Hellma Analytics). Hydrostatic pressure
was applied from a nitrogen gas source through a single valve pressure controller (Alicat
Scientific). Pressure was ramped from 700 kPa to 1400 kPa in 25 kPa increments with a 7 s
equilibration period prior to measurement of absorbance at 600 nm with a spectrophotometer

(OceanOptics STS-VIS). Bicones collapsed at 1.5 Mpa were used as a blank.

TEM: Samples in PBS were diluted 1:10 in water and spotted onto Formvar/carbon 200 mesh
copper grids (Ted Pella) that were glow discharge treated (Emitek K100X). The grids were
negatively stained with 1% uranyl acetate. Images were acquired with a Thermo Fisher FEI
Tecnai 120 keV T12 LaB6 electron microscope equipped with a Gatan Ultrascan 2k x 2k
CCD camera and Gatan Digital Micrograph data collection software. Images were processed

with Fiji*®.

CryoEM: Images were acquired as previously described®. Gold grids (C-Flat 2/2 — 2Au)
were glow discharge treated (Pelco EasiGlow). Freshly purified bicone samples (0.5 mg/mL)
were spotted onto the grids and flash-frozen using a Mark IV Vitrobot (Thermo Fisher) (4°C,
100% humidity, blot force 3, blot time 6 s). Images were acquired on a 300 kV Titan Krios
microscope (Thermo Fisher) equipped with an energy filter (Gatan) and a K3 6k x 3k direct
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electron detector (Gatan) using SerialEM software®’. Images were loaded into Fiji

for manual measurement of particle dimensions.

Bicone functionalization
Stoichiometries were calculated assuming 800 gvpA per particle and 1.65¢11 particles per

ug protein.

PEGylation: Bicones were coated as previously described. Briefly, alkyne-bicones were
prepared by mixing purified bicones with propargyl-N-hydroxysuccinimide ester (prepared
as a 250 mM stock solution in DMSO) at a 120:1 molar ratio of ester to gvpA and gently
rotated at room temperature for 4 h. The particles were then purified by 4 rounds of overnight
centrifugation at 800xg/4°C. The CuAAC reaction was prepared by combining 22 mg m-
PEG-azide (10 kDa, BroadPharm), 44 ul. DMSO, 4.8 uL PBS, 21.5 uL aminoguanidine
hydrochloride (prepared as 11.11 mg/mL PBS), and 44 uL ofa 1:1 mixture of BTTAA (Click
Chemistry Tools, 77.4 mg/mL PBS) and copper sulfate pentahydrate (7.4 mg/mL water).
Once the mPEG was fully dissolved, 1.5 mL of a 400 pg/mL alkyne-bicone suspension and
25 pL sodium ascorbate (59.4 mg/mL in PBS, freshly made within 1 h of reaction) were
added, and the mixture was rotated slowly overnight at room temperature. PEG-bicones were

purified by 4 rounds of centrifugation.

iRGD conjugation: Azide-iRGD peptide was custom synthesized by Thermo Fisher
(sequence: azide-PEG4-GGSGGS[C]RGDKGPDI[C]). DBCO-bicones were prepared by
reacting purified bicones with Alexa Fluor 647-succinimidyl ester (Invitrogen, prepared as
10 mM stock in DMSO) and dibenzocyclooctyne-sulfo-N-hydroxysuccinimide ester
(DBCO-Sulfo-NHS ester, Click Chemistry Tools, prepared as 10 mM stock in DMSO) at a
2500:1:10-1000 molar ratio of dye:particle:DBCO. The reaction was allowed to proceed for
4 h at room temperature before purification by 2 rounds of centrifugation. Azide-iRGD

peptide (prepared as 1 mg/mL stock in PBS) was added at a 2:1 molar ratio of peptide to
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particle, incubated overnight at 4°C with gentle rocking, then purified by 3 rounds

of centrifugation.

In vitro ultrasound imaging

Images were acquired using a 128-element linear array probe (L22-14vX, Verasonics) with
a center frequency of 18 MHz and elevation focus of 8 mm. The transducer was connected
to a programmable ultrasound scanner (Verasonics Vantage 128) operating on Vantage 4.4.0

software.

Phantoms were cast from 1% agarose in PBS using custom printed molds containing pairs
of 2-mm diameter cylindrical wells. Samples were gently mixed 1:1 with 2% low-melt
agarose in PBS and quickly loaded into the wells. Phantoms were placed on acoustic absorber

material and immersed in PBS to couple the sample with the imaging transducer.

Acoustic collapse measurement. Images were acquired using a conventional B-mode
sequence operating at 15.625 MHz using a 40-element aperture. The transducer was
positioned such that the wells were at a depth of 8 mm, and an automated voltage ramp script
was programmed to insonate samples for 10 s at a specified transmit voltage before recording
a single frame at 1.6 V. Transmit voltage was ramped from 2 V to 20 V in 0.5 V increments.
The fraction of intact GVs at each pressure step was calculated based on mean B-mode

intensity within each well, with samples collapsed at 25 V as a blank.

BURST imaging: BURST images were acquired using a previously described imaging
sequence?!. Briefly, a conventional B-mode sequence optimized for frame rate was used to
acquire 10 baseline frames at a voltage of 1.6 V and 20 collapse frames at 20 V. BURST
signal in each well was calculated by integrating mean signal intensity across all collapse
frames using the final frame as a blank. For display, the first two collapse frames were

processed with a 1-pixel radius median filter. The second frame was then subtracted from
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the first, and voxels with intensities above a threshold were overlaid on a

conventional B-mode image.

Focused ultrasound-induced cavitation

Passive cavitation detection: Measurements were performed as previously described?.
Under B-mode guidance, an L22-14vX imaging transducer was positioned 10 mm from the
center of a 3D-printed holder inside of a water tank. A focused ultrasound transducer (Sonic
Concepts HT-115) mounted on a computer-controlled 3D-translatable stage (Velmex) was
positioned orthogonal to the imaging probe and aligned to the center of the holder based on
feedback from a needle hydrophone (HNR-1000, ONDA Corporation). To enable passive
cavitation detection, the Verasonics system was programmed with a zero-amplitude transmit

and synchronized with the FUS pulse.

Bicone suspensions were dispensed into 1.5 mL polymethylpentene (TPX) tubes
(Diagenode) and allowed to equilibrate for several days at ambient conditions. In some cases,
dissolved gas was removed by storing overnight in a vacuum chamber held a gauge pressure
of -0.8 bar. For PCD measurements, samples were insonated with a 30-cycle burst of 330
kHz sine waves, and emissions were sampled at 62.5 MHz. Frequency spectra were
calculated by averaging spectral density across all 128 transducer elements, as computed by
Welch’s overlapped segment estimation method. PCD signal was calculated by integrating

each spectrum from 8 MHz to 27 MHz using trapezoidal sums.

Fluorescence detection of collapse: Suspensions comprising 25 pg/mL bicones and 100 uM
ANS were prepared in TPX tubes. Samples were insonated for the specified amount of time
with 30-cycle 330 kHz sine wave bursts repeating at 0.5 kHz (2 ms pulse length, ~5% duty
cycle). Samples were then distributed into 96-well microplates and analyzed with a Tecan
Spark microplate reader using an excitation wavelength of 380 nm and scanning the emission

spectrum from 420 nm to 600 nm in increments of 10 nm. Fraction of intact bicones was



121

calculated based on fluorescence at 480 nm and normalized relative to samples

collapsed in an ultrasonic bath (Branson).

Genetic functionalization

Dot blot of shell proteins: FLAG tags®! (DYKDDDDK) were individually appended to each
member of the A2C-AN gene cluster and purified as described above. PVDF membranes
(Bio-Rad) were wetted in methanol, rinsed in 1x TBS-T (137 mM sodium chloride, 20 mM
Tris, 0.1% Tween-20) (diluted from 10x solution from Cell Signaling Technology), and
placed on top of a stack of 2 sheets of 3MM Chr chromatography paper (Whatman) soaked
in TBS-T and 2 sheets of dry 3MM Chr paper. 5 pg of each bicone sample was quickly
spotted onto the membrane and allowed to dry completely. The blot was blocked with 5%
blotting-grade blocker (Bio-Rad) in TBS-T for 1 h at room temperature and stained overnight
at 4°C with a rabbit anti-FLAG antibody (1:1000 dilution, Millipore F7425). After removing
unbound antibodies by three separate 5-minute washes with TBS-T, the blot was stained with
Goat anti-Rabbit IgG (H+L) Secondary Antibody, DyLight 650 (Invitrogen, diluted 1:2000
in 5% blocker) for 2 h at room temperature. Blots were washed 4 times with TBS-T and

visualized with a Bio-Rad ChemiDoc MP system using automated exposure settings.

SpyCatcher conjugation: Bicones containing SpyTag peptides® fused to gvpC, gvpJ, or
gvpS were prepared as described above. SpyCatcher-mNeonGreen (SC-mNG) was prepared
as previously described?. Briefly, SC-mNG was expressed in BL21(DE3), purified by non-
denaturing Ni-NTA affinity chromatography (Qiagen), and buffer exchanged into PBS by
overnight dialysis through regenerated cellulose tubing (6-8 kDa MWCO, Repligen). To test
conjugation, 4 pg of SC-mNG and 40 pg bicones were mixed in a total volume of 150 pL
PBS and incubated in the dark for 2 h at room temperature. Samples were purified by 2
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rounds of centrifugation prior to measuring fluorescence intensity with a Tecan

Spark microplate reader (ex. 485 nm, em. 525 nm).

Cell culture

U-87 MG (HTB-14) and HT-1080 (CCL-121) cells were ordered from the American Type
Culture Collection (ATCC) and cultured on tissue culture-treated flasks in Dulbecco’s
Modified Eagle’s Medium (Corning) supplemented with 10% fetal bovine serum (Gibco)
and 1% penicillin/streptomycin (Gibco) in a humidified incubator at 37°C and 5% COa.

Cell-specific targeting with iRGD

Confocal microscopy: Tissue culture-treated 24-well plates fitted with #1.5H coverslips
(ibidi) were seeded with 50,000 U87 or HT1080 cells per well. After 24 h, the media was
exchanged with 500 pL Fluorobrite DMEM (Gibco) supplemented with 10 mM HEPES and
10 pg iRGD-bicones. Following a 2 h incubation, the cells were gently washed twice with
500 pL Fluorobrite DMEM, then fixed by sequential incubation in 2% formalin (10% neutral
buffered formalin diluted 1:5 in Fluorobrite) for 2 min and undiluted formalin for 20 min.
Samples were stained with 300 nM DAPI (Thermo Fisher) for 5 min and stored in
Fluorobrite. Imaging was performed with a Zeiss LSM800 confocal laser scanning
microscope through the 20x objective using parameters that prioritized signal specificity over
speed. Data were loaded into FIJI and summed over each z-stack. Binding was calculated by
dividing the total fluorescence in the bicone (Alexa Fluor 647) channel by the number of
‘cell” pixels, defined by thresholding autofluorescence in the DAPI channel using Otsu’s

method.

Flow cytometry: Tissue culture-treated 6-well plates were seeded with 300,000 U87 or
HT1080 cells per well. Once the cells reached ~80% confluency, culture media was removed,
and the wells were gently washed with 1.5 mL PBS. The cells were then incubated with 25
pg iRGD-bicones in 1 mL Fluorobrite DMEM (Gibco) for 2 h at 37°C. Afterwards, the cells
were gently washed twice with 1 mL room temperature PBS, detached with 500 pL 0.25%
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trypsin-EDTA (Gibco), and diluted with 500 uL PBS prior to analysis with a
Miltenyi MACSQuant Analyzer 10 flow cytometer. Bicone binding was quantified using the

R1 channel. Data processing was performed in FlowJo. Gating strategy is shown in Fig. 4-

S12.

In vivo ultrasound imaging
All in vivo experiments were performed under protocols approved by the Institutional

Animal Care and Use Committee at the California Institute of Technology.

Doppler imaging: Female BALB/cJ mice (8-12 wk, Jackson Laboratory) were mounted on
a temperature-controlled platform (Stoelting Co., held at 38.5°C) in a stereotaxic instrument
(Kopf Instruments) under isoflurane anesthesia (1.5%, 1L/min), depilated over the skull
using Nair, and coupled to an L22-14vX transducer with a column of ultrasound gel
(Aquasonic). The transducer was positioned to capture an entire coronal section at an
arbitrary plane, and a short catheter (30G needle connected to PE10 tubing) was inserted into
the lateral tail vein. Ultrafast power Doppler images were acquired at 0.25 Hz for 1 h using
a previously described pulse sequence!®. Five minutes after the start of acquisition, 200 uL

bicones (400 pg/mL) were manually injected.

Data were loaded into MATLAB and hemodynamic signal was isolated by singular value
decomposition (cutoff of 20). Pixel-wise signal enhancement was calculated as the ratio of
intensity at each time point relative to mean intensity over the first 75 frames. Time courses
were then extracted by averaging signal enhancement within a manually drawn region of
interest encompassing the cortex and smoothed with a 10-unit median filter. To calculate
half-life, an exponential decay function was fitted to each time course from its maximum to

the end of acquisition.

Tumor accumulation: Subcutaneous flank tumors were implanted in 3-5 week old male Nu/J

mice (The Jackson Laboratory) using 3e6 U-87 MG cells suspended in 25% Matrigel matrix
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(Corning) diluted with DMEM. Once the tumors were at least 5 mm in diameter,

200 uL of a 0.5 mg/mL bicone suspension was injected through the lateral tail vein. After 1
h, the mice were anesthetized under isoflurane and placed on a temperature-controlled
platform. An L22-14vX transducer was coupled to the tumor with a column of ultrasound
gel and adjusted such that the center of the tumor was at a depth of 8 mm. BURST images

were then acquired as described above.

Biodistribution

Bicones were fluorescently labeled by incubation with 2500x molar equivalents of Alexa
Fluor 647 NHS ester (Invitrogen) at room temperature for 4 h and purified by three rounds
of centrifugation. Nude mice bearing subcutaneous U-87 MG tumors were IV injected with
200 pL of labeled bicones and transcardially perfused with 50 mL PBS after a predetermined
interval. The heart, lungs, kidneys, liver, spleen, and tumor were extracted and imaged with
a Bio-Rad ChemiDoc MP using red epi-illumination and a 695/55 nm filter with an exposure
time of 0.2 s. Integrated densities were calculated using the built-in “Analyze Particles”
function in FIJI. Tumor accumulation was similarly analyzed using the near-infrared dye

indocyanine green NHS ester (AdipoGen). Here, only the tumors were resected, and images
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were acquired with an IVIS Lumina In Vivo imaging system (PerkinElmer) and

analyzed using Living Image software (PerkinElmer).

Statistical analysis
Sample sizes were chosen based on preliminary experiments to yield sufficient power for the

proposed comparisons. Statistical methods are described in applicable figure captions.

4.6 Supplementary Information
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Figure 4-S1. Impact of gene deletions on GV morphology. A) Representative TEM images of GVs
expressed using the indicated gene cluster. A2C represents the full GV cluster’’. Deletions are
indicated by A. Scale bars, 100 nm. B) Mean length and diameter of individual particles measured
in images from panel A. N = 50-100 particles. Error bars, £SD.
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Figure 4-S2. Comparison of hydrostatic (A) and acoustic (B) collapse midpoints for bicones
relative to GVs isolated from H. salinarum and A. flos-aquae™, or recombinantly expressed in E.
coli using a cluster native to B. megaterium®.
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Figure 4-S3. B-mode intensity of bicones embedded in an agarose phantom following exposure to
pulses at the indicated acoustic pressure, normalized to the starting value. N = 3. Shaded area,
+SEM.
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Figure 4-S4. BURST images of U-87 MG tumors acquired 1 h after IV injection of
bicones, overlaid on a conventional B-mode image. A second acquisition (Post-Collapse) at the
same location was used to verify that signal was specific to intact bicones. N = 3. Scale bars, 1 mm.
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Figure 4-S5. Validation of tumor accumulation. A) Fluorescence images of U-87 MG tumors
resected 2 h after injection of PBS (N = 2) or bicones labeled with a near-infrared dye (N = 4). A
single image was cropped to group replicates together. Scale bar, 1 cm. B) Fluorescence intensity
of tumors in panel A. Error bars, +SEM. Welch’s t-test, (*, p<0.05).
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Figure 4-S6. Bicones produce comparable PCD signal to Anabaena GVs at the same gas volume.
A) Representative frequency spectra of acoustic emissions following insonation of bicones (4.2
nM) and Anabaena GVs (OD 0.25) with a single pulse at 0.3 Mpa PNP. B) Mean PCD signal from
spectra in panel A. N = 3. Error bars, +SEM. Welch’s t-test, (*, p<0.05; **, p<0.01; n.s, p > 0.05).
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Figure 4-S7. ANS fluoresces in the presence of collapsed bicones. A) Representative fluorescence
emission spectra (ex. 380 nm) of bicone samples with 100 uM ANS following collapse by bath
sonication or hydrostatic pressure. B) Fluorescence intensity at 480 nm in spectra from panel A. N
= 4-6. Error bars, +SEM. Welch’s t-test (*, p<0.05; ***, p<0.001).
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Figure 4-S8. Fluorescence of suspensions containing 100 uM ANS mixed with the indicated
concentration of collapsed bicones. Data were fit by linear regression, slope = 0.3447. N = 4. Error
bars, =SEM.
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Figure 4-S9. Anabaena GVs collapse under FUS insonation. A) Representative emission spectra
of OD 0.25 Anabaena GVs with 100 uM ANS following insonation at 0.65 Mpa PNP, 500 Hz
pulse repetition frequency. B) Fraction of GVs collapsed, calculated based on ANS fluorescence at
480 nm relative to intact and bath sonicated samples. N = 4. Error bars, +SEM.
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Figure 4-S10. Time courses from Fig. 4-3e fitted to an exponential decay function.
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Figure 4-S11. Targeting improves with iRGD loading. A) Representative confocal microscopy
images of cells after incubation with bicones carrying the indicated number of iRGD peptides.
Scale bars, 50 um. B) Mean fluorescence intensity in the bicone channel of cell regions in images
from panel A. U-87 MG (top) and HT-1080 (bottom) cells were defined by thresholding on
autofluorescence in the DAPI channel. N = 4. Error bars, +SEM. Welch’s t-test, (*, p < 0.05).
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Figure 4-S12. Flow cytometry gating strategy for iRGD targeting experiments. Debris was
excluded based on SSC-A vs FSC-A. Single cells were selected from FSC-H vs FSC-A. Bicone
positive cells were defined relative to a cell-only control sample.
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Figure 4-S13. SDS-PAGE of bicones (200 ug/mL) and Anabaena GVs (OD 10). GvpC (indicated
with an arrow) is not found on bicones.
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Figure 4-S14. Anti-FLAG dot blot of purified bicones containing the indicated FLAG-fusion
protein before and after treatment with 6 M urea to remove surface-bound proteins.
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Figure 4-S15. GvpJ and GvpS can also be used to genetically functionalize larger GVs. A) A2C
gene cluster. The SpyTag peptide was appended to the end of gvpC, gvpJ, or gvpS. Purified
particles were then reacted with SC-mNG. B) Fluorescence of purified samples after conjugation.
N = 4. Error bars, £SEM. Welch’s t-test (***, p<0.001; **** p<0.0001).

Bicones Anabaena
Length (nm) 72 519
Diameter (nm) 40 85
Total volume (aL) 0.03 2.784
Gas vol/total vol 0.764 0.903
Particles/mg protein 1.01e14 2.65e12 (~OD27)
Acoustic Collapse Midpt | ~2.4 ~0.9
(MPa)
Hydrostatic Collapse ~1.2 ~0.6
Midpt (MPa)

Table 4-S1. Physical properties of bicones compared to Anabaena GVs.
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Forward

TAAGCCGACGAAGGGAGGATCTGGGATTTCTTTAATGGCAAAAATCC

gataaagggggctctgggATTTCTTTAATGGCAAAAATCC
GAGAACTTCTAAAGATCTAACTATTGGAGGCTACTAAAAATG

gataaagggggctctggg GAAATTAAAAAAATTATGCAAGC
GCGATAAGATGGCAGGAGCTTG
gatgatgacaaaTAACGTGCTTCACAAATTAG
cgtgcttcacaaattagtaaccge
aaagacgatgatgacaaaTAGATGGGAGAATTACTG
GAGAAATAAATGGGAGAATTACTGTATTTATACGG
gataaagggggctctgggGGAGAATTACTGTATTTATACG
CGTGAGGAATTAACATTATGTCTCTTAAAC
TAAGCCGACGAAGGGAGGATCTGGGTCTCTTAAACAATCCATGG
gataaagggggctctggg TCTCTTAAACAATCCATGG
gatgcaaccggteage
GATGATGACGATAAATAAGCGGTCAGTAGGAGGAAC
cggtcagtaggaggaacag

135

Reverse
tatgcgtctaccattacaatatgtgcCATGAAGTTCTCCAAAAAATAG
gtcatcatctttataatcCATGAAGTTCTCCAAAAAATAG
CAAAAAATAGTAAATTAGCGCTAGCAAG

gtcatcatctttataatcCATTTTTAGTAGCCTCCAATAG
CTTTAGTAGCCTCCAATAGTTAGATCTTTATTAACC
gtctttataatccccagageccec TTTCTCTTCTACTTTTAGGC
GTTTTCAAGCTCCTGCCATCTTATC
ataatceccagagcccccGGATTCCTCATTTCTTTITTITG
CTCTACTTTTAGGCGAATGTTCAC
gtcatcatctttataatcCATCTAGGATTCCTCATTTC
CTAGGATTCCTCATTTCTTTTTTGTGTTAGCTCTTC
tatgcgtctaccattacaatatgtgcCATAATGTTAATTCCTCACTTTAC
gtcatcatctttataatcCATAATGTTAATTCCTCACTTTAC
gtgttaattectcactttacge
CTTGTAATCCCCAGAGCCCCCAAGCAGGCTGCCTAGCGG
gtcaggatccaagtggatteg

GTAGACGCATATAAGCCGACGAAGTAAAAACTGTACGCTACTTAAAAAA CATTACAATATGTGCCCCAGATCCTCCACGTTTCGTTTCTATTTT

aaagacgatgatgacaaaTAAAAACTGTACGCTACTTAAAAAATG
gaactgtacgctacttaaaaaatg
gataaagggggctctgggGCAACTGAAACAAAATTAGATAAC
gacgtaaaggaggaaagaaag
gataaagggggctctgggAGTACAGGCCCTTCTTTTTC
GTCTTTCTTTCCTCCTTTACGTC

ataatceccagagcccccACGTTTCGTTTCTATTTTTTC
cctgttectectactgac
gtcatcatctttataatcCATTGTAAATCCCTCCATTTTTTAAG
ggtaaatcectecattttttaagtag
gtcatcatctttataatcCATGTCTTTCTTTCCTCCTTTAC
CAAACGGCGGGGTGATTGC

Table 4-S2. Primers used for appending SpyTag and FLAG tags, or for gene deletion.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis describes early efforts to adapt GVs for nanodiagnostic applications, serving as a
foundation for future studies to further refine the design and application of these agents.
Chapter 2 detailed the blood interactions of GVs, examining how adsorption onto RBCs and
the formation of a protein corona influenced acoustic response, circulation time, and
immunogenicity. In Chapter 3, the focus shifted to the liver’s role in processing GVs,
showing their phagocytosis and lysosomal degradation within macrophages, and
demonstrating how these processes could be measured to monitor liver disease. Chapter 4
introduced bicones, currently the smallest known ultrasound contrast agent, and explored
their use in various applications including tumor targeting, ultrasound mechanotherapy, and
blood flow imaging. This work underscores the tremendous potential of GVs as injectable
nanomaterials and the considerations that must be factored into their design.

Nevertheless, the successful integration of GVs into clinical practice requires

overcoming numerous challenges, encompassing both general concerns related to GV
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production and application-specific obstacles, such as optimizing delivery

efficiency. Below, we discuss some of these challenges, as well as unique opportunities for

GVs.

5.1 Considerations for GV production

Efficient and scalable production of GVs is required for their transition from the laboratory
to the clinic. Each stage of the production process, from microbial growth to purification, has
unique opportunities for improvement.

Currently, our laboratory cultivates A. flos aquae in individual flasks, allowing for
the harvesting and processing of several liters of culture each week!. While this approach is
adequate for small-scale use, it will require significant scaling up to produce the quantities
needed for clinical use. One potential solution involves the use of bioreactors to enhance
culture volumes. These systems also offer the advantage of precise control over growth
conditions, allowing for careful optimization of GV yield. Additionally, they could enable
continuous efflux, maintaining the cells in exponential growth and bypassing the slow lag
phase typically experienced when initiating cultures.

Following cell harvesting, the GVs are released via hypertonic lysis and purified
through a series of centrifugation steps. A more streamlined approach could be the use of
diafiltration, which could combine the steps of cell concentration, hypertonic lysis, GV
washing, and buffer exchange into a single, automatable process. Furthermore, diafiltration
could facilitate the removal of residual proteins on the GV surface, which as discussed in

Chapter 2, may contribute to unwanted immune reactions. However, this process must be
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carefully managed to avoid high pressures that could lead to GV collapse. An
alternative strategy could involve the incorporation of a chromatography step for greater
selectivity.

In addition to production considerations, regulatory requirements cannot be
overlooked. The approval process for new diagnostic or therapeutic agents demands rigorous
demonstrations of safety, efficacy, and consistency. Given that GVs are produced in
microbes, strategies must be developed to ensure consistency in morphology, purity, and
other properties. Furthermore, while our data suggest that GVs are degraded and renally

excreted, this must be thoroughly confirmed.

5.2 GV surface engineering
The promise of GVs as nanodiagnostic agents is directly linked to their ability to target
specific tissues effectively. This ability is contingent upon the successful optimization of
affinity ligands tailored to each application. Our results demonstrate that GV's are compatible
with various bioconjugation methods, such as EDC/NHS and alkyne-azide click chemistry,
providing a flexible platform for the attachment of a range of molecules, including polymers,
peptides, antibodies, lipids, aptamers, and even other particles for multimodal imaging
applications.

However, the presence of a protein corona and adsorption of GVs onto RBCs can
significantly influence targeting capabilities. Our initial attempts to reduce these interactions
with PEG led to an unintended consequence—the production of anti-PEG antibodies,

provoking anaphylactic reactions upon repeated administration within a specific timeframe.
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Given these results, a key area for future research is to survey alternative coatings.
Potential candidates, such as RBC membrane cloaking?, lipid coating, and pre-formed
protein coronas®* have demonstrated efficacy in other contexts and warrant further
investigation with GVs.

The introduction of foreign agents into the body invariably results in the production
of antibodies. A potentially transformative, yet ambitious, strategy to mitigate this response
involves the genetic modification of antigenic epitopes on GVs. This could be achieved by
analyzing the peptides displayed on antigen-presenting cells following lysosomal
degradation of GVs to identify problematic sequences. These epitopes can then be eliminated
by application of CRISPR and other genome engineering technologies®, delivered to
Anabaena cells using vehicles capable of penetrating cell walls, such as carbon nanotubes®.
This approach has the additional benefit of retaining the original organismal chassis, thereby
maintaining high GV yields. However, this strategy may not be universally applicable due
to the extensive variability in binding capacities of different alleles in the human leukocyte
antigen complex.

The interaction of GVs with RBCs presents intriguing possibilities. Beyond the
benefits outlined in Chapter 2, such as immune tolerance and enhanced circulation half-life,
this interaction could enable innovative drug delivery methods. For example, molecules
loaded into RBCs via hypotonic swelling” could be released via GV-induced inertial
cavitation. This mechanism may prove to be more effective than previous attempts using

temperature-sensitive liposomes, as cavitation provides an immediate, convective release
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mechanism. This approach could potentially be better executed with bicones,

given their ability to cavitate repeatedly.

5.3 Emerging sensing methods

Chapter 3 highlighted the unique capacity of GVs to probe cellular degradation
processes. Many existing nanoparticles degrade over timescales that are too long for practical
monitoring, while existing optical sensors are difficult to use with larger organisms due to
limited light penetration in tissue. However, GVs overcome these limitations, providing
insight into intracellular processes deep within live tissue.

Inflammation has been implicated in the progression of many diseases and is
intrinsically linked to lysosomal function®. For example, inflammatory signaling prompts the
accumulation of immune cells and lipids on arterial walls in atherosclerosis and is thought to
contribute to the progression of neurodegenerative diseases such as Alzheimer’s and
Parkinson’s. Targeted delivery of GVs to these tissues could offer a means to monitor disease
progression and assess treatment efficacy.

The reporter gene functionality of GVs could also be leveraged to monitor autophagy,
a fundamental cellular process responsible for degrading and recycling internal components.
Dysregulation of this process has been linked with a variety of conditions, including aging,
neurodegeneration, and cancer”!®, Furthermore, we could potentially track sub-cellular

processes such as mitophagy by appending an organelle affinity ligand to the GVs.
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Noninvasive visualization of autophagy would enhance our understanding of its

role in disease and how it is affected by organismal health.

5.4 Future directions for bicones

Our results have highlighted the potential of bicones as a platform for ultrasound diagnostics
and therapy. However, to fully utilize these acoustic nanomaterials, several areas require
further optimization and exploration.

One such area is the production protocol of bicones. Currently, yields from E. coli
tend to be modest, and the purification process involves many time-consuming centrifugation
steps. A potential solution is to produce bicones in Anabaena. As the native hosts of GVs,
these organisms likely possess sophisticated control over the stoichiometry and other factors
involved in GV assembly, which could improve bicone yield. Additionally, substituting
centrifugation with tangential flow filtration could significantly expedite the purification
process.

Enhancing the ultrasound contrast generated by bicones is another area for
improvement. Although their small dimensions inherently limit scattering, increasing
contrast could substantially broaden their diagnostic utility. This could potentially be
achieved by mutagenesis of shell proteins to enable buckling and generation of nonlinear
contrast, though it is important to note that gvpA has limited tolerance for mutations.
Alternatively, bicones could be used in conjunction with techniques such as cryoEM, cell-

free translation, and mass spectrometry to inform our understanding of GV assembly, the
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mechanisms underlying nucleation and elongation, and factors that regulate GV
size. This knowledge could then be implemented to precisely control GV morphology.

As one of the few truly nanoscale, sub-100 nm agents for ultrasound, bicones present
a unique opportunity to translate a range of existing nanomedicine applications to
ultrasonography. These include traversal of mucosa, navigation through lymph networks,
and targeting to the brain. For example, the dissemination of many cancer cells occurs via
the lymphatic system!!. Bicones could potentially be used to identify and detect particular
molecules within lymph nodes, assisting with cancer staging and guiding surgical
intervention. However, as with any nanomaterial, a comprehensive understanding of
potential immune responses and biocompatibility is required.

The transformative potential of GVs arises from the convergence of their unique
material properties and ultrasound’s wide accessibility. The work presented here is just the
beginning of an exciting journey towards implementing these agents into routine clinical
practice. Persistently challenging the limits of possibility, GVs will undoubtedly buoy

ultrasound technology to new heights.
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