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Introduction: Ultrasonic molecular imaging (UMI) technology has attracted increasing inter-
est because of its low cost and capability to evaluate changes rapidly and noninvasively at the
cellular and molecular levels. The key material of this technology is ultrasound-responsive gas
vesicles (GVs). GVs synthesized by conventional chemical methods have several limitations,
such as high costs, low yields, and complex production processes. In comparison, biosynthesized
GVs have the advantages of high stability, a low risk of toxicity, genetic engineering character-
ization, easy post modification and drug loading potential. However, translational studies of their
biosynthesis are still in their infancy; in particular, the duration of GVs in the circulatory system
is essential for the usage of UMI in biomedicine and the clinic.

Results: Here, we report novel GVs biosynthesized by the cyanobacterium Microcystis,
which have a moderate size, a negative zeta potential, a rod-like morphology, and a protein-
shelled gas-contained structure. These GVs without any chemical modifications could be
detected in the mice circulatory system for more than 10 hours by clinically used ultrasound
scanners. In particular, GVs can accumulate in tumors via the enhanced permeation and
retention (EPR) effect 11 hours post-injection, and lasting at least 2 hours, which might be
a potential aid for tumor diagnosis. Furthermore, pathological and hematological study
suggested that GVs are safe for the host.

Conclusion: We concluded that the GVs synthesized by Microcystis without any modifica-
tions have UMI potential for systemic evaluation as well as tumoral diagnosis after intrave-
nous injection.

Keywords: ultrasonic molecular imaging, gas vesicles, biosynthesis

Introduction

Ultrasonic molecular imaging technology has attracted increasing interest due to its
cost, portability, and capability to evaluate changes rapidly and noninvasively at the
cellular and molecular levels. Ultrasound-sensitive gas vesicles (GVs), as ultrasonic
molecular imaging probes, play a key role in this technology, functionalized to have
both ligand loading and contrast imaging properties.

Currently, ultrasound-sensitive gas vesicle synthesis has focused on chemical
synthetic methods. Some commercially available gas vesicles, such as SonoVue,
Sonovist and Levovist, are efficaciously used in the diagnosis of tumors, cardio-
vascular malformations, and injuries to some organs.'> However, chemically
synthesized GVs have limited widespread applications in the clinic due to their
high cost, low yield, complex synthesis, and potential toxicity risks.

In recent years, some biosynthetic GVs extracted from bacteria or algae have
been developed as novel ultrasound-sensitive bubbles, exhibiting promising
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advantages. Shapiro et al first reported that protein-shelled,
gas-filled GVs from Anabaena flos-aquae (Ana) and
Halobacterium NRC-1 (Halo) with widths of 45-250 nm,
lengths of 100-600 nm, with cylindrical and biconical
shapes respectively, provided stable ultrasound contrast.*
In addition, they fabricated Escherichia coli containing
novel genetically engineered GVs to ultrasonically image
the colon after local injection, opening up an opportunity
for GV use in biomedicine.’

The challenges may arise from screening GVs with suita-
ble properties including the surface charge, shape, size of
nanoparticles to reduce the enormous influences of the
amounts of cells and biomolecules in the blood circulation.®
Especially, with enough time of circulation in the bloodstream,
some nanoparticles may pass through the defective tumor
vessels to accumulate in tumor tissue, posing potential of
targeted imaging and drug release.” The PEGylation remains
the gold-standard of nanoparticle modifications to stably cir-
culate in bloodstream, which produce a hydration layer to
reduce the impact of proteins and cellular constituents.® To
explore the usage of intravenous injection, the GVs were also
PEGylated, sustained over 48h in the bloodstream.’ However,
nanomedicine PEGylation induced adverse effects have been
increasingly causing attention recently, which included rapid
clearance of nanomedicine, leading to loss of efficacy, or
severe hypersensitivity reaction, sometimes causing anaphy-
lactoid shock with death.'®'* Native GVs without any mod-
ification may reduce the severe side effect from PEGylation.
A recent study reported that native GVs extracted from
Halobacteria were almost disappeared from the bloodstream
120min after intravenous injection,'® which is far from the
meeting the needs of functional or pathologic evaluations of
different organs. So far, the long-term existence of biosyn-
thetic gas vesicles in circulation has not been reported.

Among the kinds of cyanobacteria, Microcystis sp.
(Cyanophyta, Cyanophyceae, Chroococcales) is a genus
of globally widespread single-cell cyanobacteria that is
a potential biological resource for the biosynthesis of
ultrasound contrast agents because of its enrichment of
GVs, simple culture method, low cost of GV extraction
and high GV stability."*'> Herein, we studied the charac-
terization GVs from Microcystis, and ultrasonically
demonstrated their circulation time and tumor accumula-
We that GVs
Microcystis could sustain a long period of blood circula-

tion. confirmed biosynthetic from
tion, presenting great potential for systemic imaging, and
they could further accumulate in tumors, providing the

potential for ultrasonically targeted diagnosis.

Materials and Methods
Transmission Electron Microscopy (TEM)
and Negative-Staining Electron

Microscopy

The electron microscopic experiments in this study were
the platform of the
Hydrobiology, Chinese Academy of Sciences. TEM experi-

carried out on Institute of
ments: The algae cells or tumor tissues were fixed at room
temperature for 2—4 hours with 2.5% glutaraldehyde (pH =
7.0), washed with 0.1 M PBS 3 times (15 minutes per wash),
fixed with 1% osmium acid (pH = 7.0) for 2.5 hours and then
washed with PBS 3 times. Dehydration: Cells were dehy-
drated with 30%, 50%, 70%, 80%, 90%, 100%, and 100%
ethanol for 10 minutes each time, then 100% ethanol:100%
acetone (1:3; 1:1; 3:1) for 10 minutes each time, and finally,
with 100% acetone twice for 10 minutes each time.
Embedding: epoxy resin (Spon 812, GS02660) was used as
the embedding agent in this experiment. The dehydrated
samples were permeated step by step as follows: in a 2:1
acetone/embedding agent for 30 minutes, in a 1:1 acetone/
embedding agent for 1 hour, in a 1:2 acetone/embedding
agent overnight, and in pure embedding agent for 1 hour; the
permeated samples were transferred into capsules for
embedding, aggregated at 37°C for 12 hours, and then the
temperature was increased to 60°C for 48 hours. Slices:
Slices were made with a Leica U7 ultrathin slicing machine.
The thickness of the slices was 70 nm. Double staining: The
slices were double stained with 2% uranium acetate and 3%
lead citrate for 5-8 minutes. Observation: A Hitachi 7700
microscope was used for electron microscopy observations.

Negative staining electron microscopy: 5 uL of sample
was dropped onto a copper mesh with carbon support film.
The copper mesh was held with tweezers for 3—5 minutes,
and then the excess liquid from the edge of the copper
mesh was absorbed using filter paper. A 3% phospho-
tungstic acid negative staining solution was pipetted onto
the sample. The sample was stained for 3—5 minutes, and
then the staining solution was removed with filter paper.
The sample was dried for transmission electron micro-
scopy observation (Hitachi 7700).

Extraction of Gas Vesicles

The isolation process of GVs from 300 mL of logarithmic-
growing Microcystis (OD500 = 0.6-1.0) is described here.
First, 300 pL of penicillin G (stored concentration: 0.16 mg/
mL; final concentration: 0.16 mg/L) and 300 pL of MgCl,
(stored concentration: 1 mmol/mL; final concentration: 1
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mmol/L) were added to the cultured Microcystis on the
bench. The culture was placed in a light incubator at
a slow speed (70 rotations/min) for 5 hours. Cell collection:
The algal cells were centrifuged at 4°C and 600 g for 15
minutes and suspended in fresh BG11 medium. Lysis:
Lysozyme at a final concentration of 0.1 mg/mL was added
to the cell suspension and incubated at 37°C for 1 hour.
Osmotic impact: Glycerol (final concentration: 1 mol/L)
was added to the pyrolysis products and mixed well. Then,
a 3-fold volume of 40 mmol/L Tris-HCl (pH=7.7) was
quickly added to percolate the cells. The mixture was placed
in a 4°C refrigerator overnight. Collection of the GVs: The
algal cell suspension was centrifuged after decomposition for
3 hours at 4°C and 400 g. The white GV layer with
a meniscus shape on the surface after centrifugation was
collected by syringe. The GVs were washed with PBS and
centrifuged at 4°C and 400 g for 3 hours. The collection and
washing steps were repeated. The washed GVs were trans-
ferred to a small spiral bottle and stored at 4°C.

In vitro Ultrasound Imaging

Imaging phantoms were prepared from 1% agarose in pure
water. Microcystis cells or GV samples with gradient con-
centrations were mixed 1:1 with melted 1% agarose, and
200 pL of the mixture was quickly loaded into phantom
wells. Imaging was performed using a clinical ultrasound
machine (GE Medical Systems, Italy GE LOGIQ E9) and
a US probe (L9, transmit frequency: 8.4 MHz). The ultra-
sonic probe was placed directly on the surface of the
agarose dish with 100% maximum output power mode
(MI: 1.2) to perform ultrasonic harmonic imaging.

Injection of GVs into the Caudal Vein of

Mice and Ultrasonic Imaging of the Liver
Healthy nude mice were anesthetized with 10% chloral
hydrate at a dose of 30 uL/10 g. The anesthetic method
was abdominal subcutaneous anesthesia. After anesthesia,
300 puL of gas vesicles (OD500=2-3) or PBS (control
group) was injected into the caudal vein of the 18 nude
mice with an insulin syringe. 2 mice for each time point,
as no enhanced signal can be detected after the GV is
dispersed by ultrasonic pressure. Ultrasonic imaging of
the liver was performed with a 9 L probe 0, 1, 2, 4, 5, 7,
8, 10, and 11 hours after injection (GE Medical Systems,
Italy GE LOGIQ E9). 60% output power mode (MI: 0.8)
was used to perform ultrasonic imaging.

Establishment of Bladder Cancer Model
Mice

Cell culture: A bladder cancer cell line (EJ cells, commercially
purchased from the China Center for Type Culture Collection)
was cultured in RPMI 1640 plus 10% FBS medium at 37°C
and with 5% CO,. Collection of EJ cells: Cells in the logarith-
mic growth phase were digested with 0.25% trypsin for 3-5
minutes, and then the suspension was centrifuged at 800 g for 5
minutes. The cell pellet was washed with PBS once, suspended
in RPMI 1640 medium and put on ice. The collected cells were
subcutaneously inoculated into nude mice within 30 minutes.
Tumor implantation: BALB/c nude mice 4-6 weeks old were
selected for the present study. The bladder cancer tumor model
was established by subcutaneous injection of EJ cells. Briefly,
a 100 L cell suspension with a concentration of 3-4x107 cells/
mL was inoculated under the axilla of each nude mouse. The
skin of each nude mouse was disinfected with 75% ethanol
before injection. The formation of an oval skin mound after
injection indicated that the inoculation was complete. Obvious
tumorigenesis was observed approximately 10-14 days after
inoculation. The nude mice were used when the subcutaneous
tumors of the mice were approximately 0.8-1.2 cm in dia-
meter. All experimental protocols involving animals were
approved by the Institutional Animal Care and Use
Committee at Tongji Medical College, Huazhong University
of Science and Technology (IACUC Number: 2119). The
animal study was carried out in compliance with the guidance
suggestion of Hubei Provincial Experimental Animal
Research Centre (Certificate number: TY20160614).

Ultrasound Imaging of Tumors at
Different Time Points After the in situ

Injection of GVs

To evaluate the ultrasound-enhanced ability of GVs in
tumors, BALB/c mice bearing EJ cell line tumors were
slowly injected with 150 pL of gas vesicles (OD500=1-2)
into the tumors. Ultrasound imaging was performed at 0
minutes and 15 minutes after injection. Ultrasound ima-
ging using 100% output power mode (MI: 1.2) was per-
formed at 0 minutes and 15 minutes after injection.

Ultrasound Imaging of Tumors at
Different Time Points After Intravenous
Injection of GVs

Several subcutaneous bladder tumor model mice were
injected with 300 pL of gas vesicles (OD500=2-3) into
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the caudal vein with an insulin syringe. Ultrasound ima-
ging of the liver was performed 0, 1, 2, 4, 5, 7, 8, 10, 11,
13 and 24 hours after injection. Ultrasound imaging of
15 and 24 hours

tumors was performed 11, 13,

postinjection.

Immunofluorescence Staining

Three subcutaneous bladder tumor model mice were
injected with 300 pL of gas vesicles (OD500 between 2
and 3) into the caudal vein with an insulin syringe as the
experimental group. The other two mice were injected
with 300 pL of PBS as the control group. Thirteen hours
after injection, cervical dislocation was performed. After
dissection, tumor samples from both groups were collected
and fixed with 4% paraformaldehyde. These samples were
then sent to Wuhan Servicebio Technology Company for
paraffin-embedded sectioning and immunofluorescence
staining. The polyclonal antibody of Microcystin GvpC
(working dilution: 1/100) was used for immunostaining.
The nucleus was stained with DAPI. The slices were
scanned with a Pannoramic MIDI (3D HISTECH).

Biosafety Testing After Gas Vesicle

Injection in vivo

Four 2-month-old nude mice were selected for histological
experiment. Two were injected with 300 pL of GVs
(OD500=2-3) into the caudal vein, and the other two
were injected with 300 pL of PBS as the control group.
Survival was observed for 4 weeks, and then cervical
dislocation was performed. After dissection, the main
organs, such as the heart, liver, spleen, lungs and kidneys,
were harvested for morphological comparison and fixed
with 4% paraformaldehyde for 24 hours. These samples
were sent to Wuhan Servicebio Technology Company for
paraffin-embedded sectioning and HE staining assays. The
process of sectioning included dehydration, transparency,
wax immersion, embedding, slicing, and dewaxing. Then,
the nucleus was stained with hematoxylin, the cytoplasm
was dyed with eosin, and finally dehydration and mount-
ing. The HE-stained slices were observed under a light
microscope (Olympus BX53, Nuance software). Twelve
2-month-old C57 mice were selected for hematological
experiment. Six were injected with 300 pL of GVs
(OD500=2-3) into the caudal vein, and the other six were
injected with 300 uL of PBS as the control group. Cervical
dislocation was performed 24 hours after injection, the
whole blood from three GV-injected and three PBS-

injected mice was sent for blood routine examinations;
the serum from three GV-injected and three PBS-injected
mice was sent for blood biochemistry examinations
(Wuhan Servicebio Technology Company).

Immune Response Assay

Six 2-month-old C57 mice were selected for immune
response assay. Three were injected with 300 pL of GVs
(OD500=2-3) into the caudal vein, and the other three
were injected with 300 pL of PBS as the control group.
24 hours after GV-injection, representative cytokines
including TNF-alpha, IL-1 beta and IL-6 in the serum
were analyzed with ELISA kits (Invitrogen, 88-7324, 88-
7013, 88-7064) according to the manufacturer’s instruc-
tions (Wuhan Servicebio Technology Company).

Cell Viability Assay

HEK293 cells (DMEM medium supplemented with 10%
FBS, commercially purchased from the China Center for
Type Culture Collection) and EJ cells were cultured in 96-
well cell plates (1x10* cells/well) and treated with 10 pL
GVs (OD500 = 2) for 24 hours. Then, CCK-8 solution
(Cell Counting Kit-8, Beyotime, Shanghai) was added to
the plate and incubated for 1 hour. The absorbance was
measured at 450 nm using a microplate reader

(SpectraMax M5, Molecular Devices).

Results
Ultrasound Contrast Imaging of

GV-Containing Microcystis Cells

The Microcystis strains FACHB930, FACHB1326, and
FACHB2329 maintained at the Freshwater Algae Culture
Collection at the Institute of Hydrobiology (FACHB) were
used in this study. The cells of these strains were fixed and
observed using transmission electron microscopy (TEM)
(Figure 1A and B). GVs congregated together to form
which

Microcystis cells (Figure 1A, sFigure 1A). As shown in

pseudovacuoles, localized  irregularly in
Figure 1B, the longitudinal shapes of the GVs were hollow
cylinders with conical ends; the transverse shapes of the
GVs were round, and when many GVs were grouped
together, they were shaped like honeycombs.

After confirming that GVs were present in these
strains, to further select the suitable strain to extract the
GVs, the cells were ultrasonically imaged using a clinical
ultrasonic scanner (GE, LOGIQ E9) and a 2D transducer

(L9) at first. The contrast-enhanced effect was observed
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Figure 1 GVs can be synthesized in Microcystis, the cells and the purified GVs have enhanced contrast signal under ultrasound detection. (A and B) Transmission electron
microscopy images of Microcystis cells from strain FACHB2329 at different magnifications. GVs accumulated in cells to form pseudovacuoles. The arrow indicates the
longitudinal section of the GVs (B), and the arrowhead points to the transverse section of the GVs (B). (C) The cells from different Microcystis strains show concentration-
dependent contrast signals under ultrasound detection. (D) Comparison of the intensity of the ultrasound contrast signal in different strains. The signal intensity was
normalized by the OD500 value. (E-l) Characterization of the GVs biosynthesized in Microcystis cells. (E-G) Negative staining of isolated GVs, some of which adhered to
each other (F) and some of which were monomers (G). (H) Size distribution analysis of the GVs. (l) Zeta potential analysis of the GVs. (J) Ultrasound imaging of PBS and
GVs synthesized in Microcystis (FACHB2329) at optical density (OD500) ranging from 1.23 to 0.34 before (pre-collapse) and after (post-collapse) destructive scan.
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even with the GVs in the cells. The ultrasonic signal from
the Microcystis cells could be detected at an OD500 as low
as 0.13 and exhibited concentration-dependent enhance-
ment (Figure 1C and D). Moreover, at the same concen-
tration, the intensity of the ultrasound signal was different
among the different strains. FACHB2329 displayed the
best contrast effect, fitting with the TEM data that
FACHB2329 cells have the highest content of GVs
among these three strains (sFigure 1B). We chose
FACHB2329 and its gas vesicles for follow-up study.

Characterization of the GVs from

Microcystis

In order to extract the GVs from Microcystis, we opti-
mized the method of isolating the GVs by combining the
advantages of lysozyme lysis and hyperosmotic lysis, fol-
lowed by centrifugally assisted flotation based on
a previous study.'® By using this method, the GVs in the
Microcystis cells can be separated and extracted efficiently
and qualitatively. Because of the gas inside, the shape of
the GVs could be clearly visualized by negative staining
under an electron microscope. The GVs were hollow
cylinders with conical ends, and their surface was
a protein shell with a dense transverse stripe structure
(Figure 1E-G). As demonstrated by TEM, the typical
GV from FACHB2329 has a width of 109.3+9.9 nm and
a length of 641.5+157.5 nm (sFigure 1C and D). In addi-
tion, the dynamic light scattering Zetasizer (Zetasizer
Nano ZS90) indicated that the size of the isolated GVs
ranged from 80 to 800 nm, and the zeta potential was
—26.97£1.36 mV (Figure 1H and I).

The negative zeta potential of the GVs were useful to
reduce the protein adsorption since most proteins in blood-
stream are negatively charged.'” We then evaluated the
ultrasound contrast imaging of GVs in vitro. The purified
GVs were placed in agarose gel phantoms with gradient
dilutions for ultrasound imaging. As shown in Figure 1J,
the ultrasound signal of GVs was detected at an OD as low
as 0.34 and exhibited concentration-dependent ultrasound-
enhanced ability in vitro. Under disruptive scanning, the
GVs collapsed in the phantom.

Ultrasound Imaging of Gas Vesicles in
Blood Circulation

To address whether the GVs could persist in the blood
circulation, the purified GVs were injected into the caudal
vein of nude mice, and then the livers were imaged by

ultrasound at different time points. The liver was used to
observe the circulated GVs, since most foreign particles
accumulate and are cleared from there, except particles
with diameters of less than 20 nm, which were excreted
from the kidney.'® As shown in Figure 2A, the liver
showed clear contrast signal within 10 s after GV injec-
tion. The livers from different mice were imaged at 1, 2, 4,
5,7, 8, 10, 11 and 13 hours after injection, presenting
a time-dependent ultrasound contrast signal (Figure 2A
and B). The most enhanced signal was obtained within
10 s postinjection. Afterwards, the signal decreased gra-
dually (Figure 2B). There was an obvious contrast signal
detected at 8 hours postinjection. A weak signal was still
observed at 11 hours postinjection, although this signal
could hardly be detected (Figure 2). Upon contrast signal
appearance at various time points, the GVs were immedi-
ately smashed by the disruptive scan, indicating the ultra-
sound-induced drug release potential. These results
confirmed that the GV synthesized in Microcystis can
persist in the blood circulation system of nude mice for
more than 10 hours.

Ultrasound Imaging of Tumors After

Intratumoral Injection

The extracted GVs were intratumorally injected into nude
mice with a tumor generated by subcutaneous injection of
EJ cells. Enhanced ultrasound signals were observed in the
upper part of the tumor immediately after injection, sug-
gesting that the GVs had not yet diffused into the whole
tumor tissue (Figure 3A and C). As shown in Figure 3B,
15 minutes postinjection, the whole tumor showed
a relatively uniform contrast signal. Subsequently, the
GVs dispersed under a disruptive scan (Figure 3B and
C). These results suggested that GVs can exist in the
physicochemical influences of the tumor microenviron-
ment including high interstitial pressure and mild acid
environments, which encourage the subsequent investiga-
tion of GVs accumulation in tumor after injecting
intravenously.

Ultrasound Imaging of Tumors After

Intravenous Injection of GVs

The GVs were injected intravenously into subcutaneous
tumor-bearing nude mice via caudal vein. Then we ultra-
sonically imaged the tumors at 0 hours, 1 hour, 6 hours, 11
hours, 13 hours, 15 hours and 24 hours post-injection
(Figure 3D—H, sFigure 2). At 11 hours post-injection, the
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Figure 2 Ultrasound imaging of GVs synthesized in Microcystis in the livers of mice at different time points after intravenous injection. (A) The isolated GVs were injected
into healthy male nude mice via the caudal vein. The contrast effect of the liver from different mice was monitored using ultrasound at 0, 1, 2, 4, 5,7, 8, 10 and | | hours. (B)
Comparison of the intensity of the ultrasound contrast signal pre- or post-collapse at 0, I, 2, 4, 5,7, 8, 10 and || hours after GV-injection.

contrast signal was detectable in the tumors (Figure 3D
and H), and the signal gradually increased till 13 hours
post-injection (Figure 3E and H). At 15 hours post-
detectable
(Figure 3F and H). No enhanced ultrasound signal was
detected in the tumors after 24 hours (Figure 3G and H),
indicating that the metabolic time of the GVs in tumors

injection, a few gas vesicles were still

was less than 24 hours.

To confirm that the GVs accumulated in tumors, the
tumors were removed 13 hours after intravenous injection
of GVs or PBS. The isolated tumors were fixed and
stained with an antibody against gas vesicle protein
C (GvpC). As shown in Figure 4A and B, the fluorescence
signals were only detected in the tumor tissues when GVs

were injected and not in the tumor when PBS was injected.
To further confirm the accumulation of GVs in the tumor,
the tumors were removed at 13 hours postinjection and
fixed for TEM. Large amounts of GVs were observed
within the tumor, and most of them existed in the intracel-
lular space (Figure 4C and D; arrows). These results
demonstrated that GVs could accumulate in tumors

through EPR effects.

Biosafety of Gas Vesicles

To determine the biocompatibility of GVs, 2-month-old
healthy BALB/c nude mice were intravenously injected
with either GVs or PBS. After 4 weeks, the mice were
sacrificed, and their vital organs were harvested and
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Figure 3 Ultrasound imaging of GVs in tumors. (A—C) The contrast effect of GVs after injection into tumors. (A) The contrast effect was monitored by ultrasound
immediately after GVs were intratumorally injected. (B) The contrast effect was monitored by ultrasound 15 minutes after GVs were intratumorally injected. (C) Relative
intensity of contrast-mode signal pre- or post-collapse in (A and B). (D—F) GVs accumulate in tumors by the EPR effect. || hours (D), I3 hours (E) and |5 hours (F) after
intravenous injection of GVs, the accumulation of GVs in the tumors was detected using ultrasonic imaging. The GVs in tumors showed contrast effects and collapsed from
the ultrasound mechanical force. A bare contrast-enhanced ultrasound signal could be detected in the liver. (G) Twenty-four hours after GV injection, no contrast signal was
detected in either the tumor or the liver. (H) Relative intensity of contrast-mode signal in tumors pre- or post-collapse in (D-G).

analyzed. Figure 5 shows the histological analysis of the
organs, including the heart, liver, spleen, lung and kidney.
There was no detectable tissue damage or other signs of
impairment, such as inflammation or necrosis, in the GV-
injected mice compared to the PBS-injected mice.

To further confirm the GVs’ biosafety after fresh injec-
tion, the hematological data of healthy C57 mice intrave-
nously injected with GV or PBS for 24 hours were
collected and analyzed. As shown in sFigure 3A, the
examined parameters of liver function including alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP); the examined
parameters of kidney function including blood urea nitro-
gen (BUN) and creatinine (CREA). AST, ALP, BUN and
CREA; showed no significant differences between GV-
injected groups and control groups. Only ALT in GV-
injected groups was 1.3 times to that of the control groups.
It might be due to the feedback effect of high protein
intake in the short term, but the slight difference would
not affect the liver function as the liver morphology of
GV-injected groups was similar to control after 4 weeks

injection (Figure 5). These results suggested that GV-
injection may slightly influence the liver function in
a short period, but has no affection in a long term.

For blood routine examination, the measured indexes
of white blood cell (WBC),
(Lymph#), monocyte number (Mon#), granulocyte num-

lymphocyte number

ber (Gran#), percentage of lymphocytes (Lymph%), per-
centage of monocyte (Mon%), percentage of
granulocytes (Gran%,), red blood cell (RBC), hemoglo-
bin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), and
platelets (PLT) showed no statistical difference between
GV-injected PBS-injected
(sFigure 3B).

In addition, the levels of TNF-alpha, IL1-beta and IL-6
in GV-injected groups were slightly higher than that of

groups  and groups

control groups, but there was no statistical difference
(sFigure 4). It indicated that GVs did not induce obvious
cytokine responses 24 hours after injection. The long-term
effects on immune function need to be further studied.
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Figure 4 GV accumulation was observed in tumors by immunostaining and transmission electron microscopy. (A) The accumulation of GVs (red dots) in the tumor |3
hours after GV injection through the caudal vein. Red signals are from immunostaining with GvpC antibody which is a marker for GVs, bule signals show nucleus that are
stained by DAPI. (B) Immunostaining of the tumors from the mice in which PBS was injected. Scale bar: 20 pm. (C and D) The accumulation of GVs was observed in the
tumor by TEM 13 hours after injection of GVs. A number of GVs were present in the intracellular space (arrows in (D)).

To verify whether GV treatment leads to harmful effect in
the cellular level, we assessed the toxicity in vitro by using
cell counting kit (CCK-8) assay. HEK293 and EJ cells were
incubated with GVs for 24 hours respectively; no obvious
influence on cell viability was found (sFigure 5).

Together, these results manifest that the GVs from
Microcystis (FACHB2329) possess excellent biosafety
both GVs-injection or GV-
incubation does not pose any biological safety hazards to

in vivo and in vitro,

the host or to the cells, respectively.

Discussion

Cyanobacteria are the oldest photosynthetic autotrophic
organisms on earth. Gas vesicles provide buoyancy for
cells so that they can migrate vertically in water, thus
attaining suitable growth conditions. Many species of cya-
Planktothrix,

Cylindrospermopsis, and Aphanizomenon, contain GVs.

nobacteria, such as Anabaena,
GVs from various species of cyanobacteria differ in their
properties that are responsible for the different parameters

of ultrasound imaging and collapse pressure due to the
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Liver

Control |

GV injected

Spleen Lung ney

Figure 5 Histological analysis of mice main organs. Mice were injected intravenously with either 300 uL PBS (control) or gas vesicles (GV injected). Then the mice were
sacrificed after 4 weeks, the main organs were collected for slicing and HE staining. Scale bar=200 um.

diverse composition of the operators encoding the
GVs.'??° However, the connection has seldom been dis-
covered between GVs and ultrasonic molecular imaging
(UMD); in particular, it is unclear whether GVs can act as
systematic UMI agents, with resistance to the enormous
influence from the bloodstream.

After entering the blood circulation, the nanoparticles
were rapidly adsorbed by the proteins on the surface to
form coronas.® Proteomic analysis has shown the existence
of up to 500 proteins from the protein corona after some
nanoparticles intravenously injected.”' In addition, the
protein profiles in the coronas of different nanoparticles
are also distinct.”> Corona formation changes the physico-
chemical properties and stability of the nanoparticles,
finally influencing their lifetime in the bloodstream. Zeta
potentials on the surface of nanoparticles are an important
factor for the corona effect. Since most proteins in blood
circulation exhibit a negative potential, nanoparticles with
a positive potential can be reasonably adsorbed by several
proteins. Conversely, nanoparticles with a negative poten-
tial would have less of a corona effect.

The present study demonstrates the capability of
Microcystis as a high-quality seed resource for the bio-
synthesis of nano-ultrasound contrast agents. The zeta
potential on the GVs from Microcystis was similar to
that of a chemically synthesized gas vesicle (SonoVue®™),
which has been used for systemic evaluation in the
clinic.”* Intravenously injected GVs presented the best
enhanced signals in the liver at 10 s post-injection, fol-
lowed by a time-dependent decrease in signal, which
mainly correlated with the GVs suffering from influences
including protein adsorption and mononuclear phagocyte
system (MPS) uptake. GVs from Microcystis can persist in
the blood circulation system of nude mice for more than

10 hours, there might be three reasons: 1). The naturally
formed protein shell makes them stable for a long time; 2).
The rod-like shape helps them to avoid phagocytosis; 3).
The negative surface charge helps them escape from pro-
tein adsorption since most proteins in blood circulation are
negatively charged.

After a long journey to reach the tumor after intrave-
nous injection, GVs accumulating in the tumor can serve
as targeted ultrasound imaging probes and potential drug
carriers. Most nanoparticles can hardly pass-through nor-
mal vessels with epithelial gaps to enter organs or tissues.
Tumor vessels are abnormal, with epithelial gaps as large
as 780 nm, facilitating nanoparticles with a suitable size to
pass.>* In addition, defective lymphocyte vessels further
cause nanoparticle retention in the tumor. The screened
GVs were detectable 11 hours post-injection, showing the
ability to accumulate in tumors via the EPR effect.
However, the accumulation was confronted with some
special challenges in the tumor microenvironment, such
as resistance by extracellular matrix or capture by inflam-
matory immunocytes,”> which needs further study.

For the application of gas vesicles, some important
issues should be further addressed. For example, mutation
of different amino acids in the main structural protein
GvpA can produce GVs with different sizes and
shapes;*® mutation of structural protein GvpC or auxiliary
proteins GvpN or GvpV resulted in smaller, more spindle-
shaped GVs;**?” and mutation of GvpM affected the
synthesis efficiency of GVs.”® Genetic engineering could
enrich the types of biosynthetic ultrasound nanostructures
and make the process of biosynthetic ultrasound molecular
sensors more precise and controllable. On the other hand,
GVs could be functionalized with peptides, proteins, or

9,29,30

other materials, showing their potential as drug
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carriers. Biosynthetic GVs also showed potential as a new
kind of oxygen carrier to alleviate tumor hypoxia.*! Future
studies can explore the role of GVs in integrated diagnosis
and therapy, such as image-guided therapy.

In summary, we reported a promising UMI agent:
biosynthetic GVs extracted from Microcystis. These GVs
have suitable characteristics, including a moderate size,
negative zeta potential, rod-like shape, and protein-
shelled gas-cored structure, facilitating long-term persis-
tence in the bloodstream. They were ultrasonic detectable
in the blood circulation system for more than 10 hours,
moreover, the GVs exhibited targeted tumor accumulation
via the EPR effect after a long period of blood circulation.
The GVs also had excellent biocompatibility with minimal
damage to major organs 4 weeks after intravenous injec-
tion. This study suggested that biosynthetic GVs acting as
novel UMI agents hold great potential for enhanced ultra-
sound imaging, in particular, for targeted tumoral imaging.
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