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Background: Focused ultrasound (FUS) combined with microbubbles (MBs) has emerged as a potential approach for opening the
blood-brain barrier (BBB) for delivering drugs into the brain. However, MBs range in size of microns and thus can hardly extravasate
into the brain parenchyma. Recently, growing attention has been paid to gas vesicles (GVs), which are genetically encoded gas-filled
nanostructures with protein shells, due to their potential for extravascular targeting in ultrasound imaging and therapy. However, the
use of GVs as agents for BBB opening has not yet been investigated.

Methods: In this study, GVs were extracted and purified from Halobacterium NRC-1. Ultrasound imaging performance of GVs was
assessed in vitro and in vivo. Then, FUS/GVs-mediated BBB opening for small molecular Evans blue or large molecular liposome
delivery across the BBB was examined.

Results: The results showed a good contrast performance of GVs for brain perfusion ultrasound imaging in vivo. At the acoustic
negative pressure of 1.5 MPa, FUS/GVs opened the BBB safely, and effectively enhanced Evans blue and 200-nm liposome delivery
into the brain parenchyma.

Conclusion: Our study suggests that biosynthetic GVs hold great potential to serve as local BBB-opening agents in the development
of new targeted drug delivery strategies for central nervous system disorders.
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Introduction
The blood—brain barrier (BBB) plays a vital role in maintaining the homeostasis of the central nervous system (CNS) by
protecting brain tissue from pathogens and toxic substances from the blood.' However, it also limits the ability of all
large-molecule therapeutics and over 98% of small-molecule drugs to reach the brain.® Consequently, it is important to
tackle the efficient administration of drugs into the brain without affecting the normal structure and function of BBB.
Extensive preclinical and clinical studies have demonstrated the outstanding capability of focused ultrasound
combined with systemically circulating microbubbles (FUS/MBs) to enhance macromolecular delivery to the brain
across BBB temporarily, noninvasively, and reversibly.*'' This approach has tremendous potential for enhancing the
delivery of chemotherapeutic drugs,*° antibodies,®” genes,*’ and cells.'®'" However, MBs range in size of microns and
thus can hardly extravasate into the extravascular compartment, leading to limitations in potential therapeutic
applications.'*'* Recently, there has been growing attention paid to agents with smaller sizes to extend FUS-mediated
applications beyond that of the larger MB counterparts. Gas vesicles (GVs) are nanoscale biconical cylinders with
a width of 45-250 nm and a length of 100-600 nm,"* and they are formed by some prokaryotic cells in lakes and oceans
to regulate their buoyancy for harvesting light. Structurally, they have a thin (~2 nm) protein shell that is hydrophobic on
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the inner surface and hydrophilic on the outer surface.'*"'” This special structure allows GVs to exclude water but to
make gas exchange through the protein shell, endowing them with robust physical stability.'*'*

An increasing number of studies have shown that GVs may be an acoustic contrast agent with great potential for
ultrasound imaging and therapeutic applications.'*'®'%2°2* The submicron size of GVs considerably expands their
potential range to extravascular and intracellular targets.'® Aside from being a reporter for in vitro and in vivo ultrasound

161819 it has been shown that GVs may promote gene transfection®® and may be used as cavitation nuclei for

imaging,
tumor sonodynamic therapy?' as well as photodynamic therapy.?'** Conspicuously, the latest studies have extended the
application of GVs in the CNS, including brain functional imaging® and ultrasound neuromodulation.”* However, to the
best of our knowledge, there has been so far no report of any investigation on FUS combined with nanoscale GVs (FUS/
GVs) to open the BBB. Halo-bacterium NRC-1 (Halo) is a type of archacophage which could produce bubbles inside the
body. Referring to previous studies, the GVs obtained from Halo have stable properties, harmonic properties, and
cavitation effects.”® Thus, GVs from Halo were used in this study.

To investigate the effect of FUS/GVs on BBB disruption, GVs from Halobacterium NRC-1 (Halo) were first extracted
and purified in this study. The ultrasound imaging performance of GVs was assessed in vitro and in vivo. Then, FUS/

GVs-mediated BBB opening was evaluated, and the effect on liposome delivery across the BBB was examined.

Material and Methods

Materials

Halobacterium NRC-1 (Halo) was purchased from ATCC (Manassas, VA, USA). Sodium chloride (NaCl) and diluted
hydrochloric acid (HCI) were obtained from Lingfeng (Shanghai, China). Tryptone, yeast extract, magnesium sulfate
heptahydrate (MgSO,4-7H,0), copper sulfate pentahydrate (CuSO4 5H,0), magnesium chloride (MgCl,), and calcium
chloride (CaCl,) were purchased from Aladdin (Shanghai, China). Trisodium citrate, sulfuric acid ferrous ammonium
((NH4),Fe(SQO4),:6H,0), potassium chloride (KCIl), manganese sulfate (MnSO4-H,O), zinc sulfate heptahydrate
(ZnS0O47TH,0), and Tris were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS)
was purchased from Hyclone (Logan, UT, USA). CCK-8 assay kit was purchased from Beyotime Biotechnology
(Shanghai, China). Cholesterol, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-(methoxy (polyethylene glycol)-2000) (DSPE-PEG2000) were obtained from Avanti
(Birmingham, AL, USA). Indocyanine green was purchased from Ruixi Biotechnology (Xi’an, China).

Animals

Male C57BL6J mice (8—10 weeks old, 22-25 g, Beijing Weitong Lihua Laboratory Animal Base) were used. The mice
were maintained under specific pathogen-free laboratory conditions (relatively constant temperature of 23-25°C,
humidity of 55% + 5%, and 12 h light/dark cycle) with food and water available ad libitum. The above breeding
conditions were strictly in accordance with the national standards of the People’s Republic of China (Laboratory animal
—Requirements of environment and housing facilities [GB 14925-2010]) to ensure the survival and welfare of
experimental animals.

All animal experiments were performed in strict accordance with the national standards of the People’s Republic of
China (Laboratory animal—Guideline for ethical review of animal welfare [GB/T 35892-2018]; Guideline of assessment
for humane endpoints in animal experiment [GB/T 173-2018]). The animal care and experiments were approved by the
Animal Care and Use Committee of the Experimental Animal Center at Beijing Tiantan Hospital, Capital Medical
University (Approval No. 202,102,002).

Bacterial Culture and GV Extraction
Carolina growth medium for Halo and TMC lysis buffer (10 mM Tris-HCI, 2.5 mM MgCl,, 2 mM CaCl,, and pH 7.5) for

Halo GVs were prepared mainly as previously described by Shapiro et al*> with improvement in the cultivation method
and extraction process. Briefly, Erlenmeyer flasks containing Halo and medium were placed in a constant temperature

shaker for 7-10 days (37°C, 220 rpm) for bacterial culturing. Then, the medium was separated into the following three

6760 v International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

layers: the viscous pink upper layer containing bubble-containing bacteria with more GVs, the pink middle layer
containing bacteria with fewer GVs, and the bottom turbid yellow layer with dead bacteria. The viscous upper floating
layer (approximately 15-25 mL) containing a large number of bacteria was collected into a 50-mL centrifuge tube. After
full mixing with the same amount of the TMC lysis solution, the tube was centrifuged at a low speed (4°C, 300 xg) for 4
h. Then, the GVs in the upper powdery and white floating layer were retained through discarding the middle and bottom
layers with bacterial lysis fragments, transferred to a 1.5-mL spiral centrifuge tube, and centrifuged at a low speed (4°C,
250 xg) for 4 h with a bench centrifuge. The above process was repeated until the floating bacteria in the upper layer
completely cracked into milky white GVs. Then, the freshly extracted GVs in PBS were stored at 4°C. The culture of

Halo bacteria and the extraction process of GVs are shown in the right half of Figure 1.

Characterization of GVs

Refer to the method of Lakshmanan et al.>> GVs were coated on the carbon side of the charged TEM grids and negatively
stained with phospho-tungstic acid. After drying, a thin film of GVs left on the grids were imaged using a transmission
electron microscope (TEM, H-7650, Hitachi, Tokyo, Japan).

At different time points (0, 7, 14, 30, 60, and 120 days in PBS solution, 0, 1, 3, 7 and 14 days in 10% FBS solution)
after preparation, the hydrated particle size distributions and Zeta-potentials of GVs were analyzed using a dynamic light
scattering measurement system (Zetasizer NANO ZS, Malvern, UK) at room temperature. The measurements were
repeated at least three times.

The concentration of GVs was determined by measuring the optical density at 500 nm (ODs).'®?> Briefly, 200-pL
of GVs was added to a 96-well plate, and the absorbance of each well was measured using a full-wavelength microplate
reader (Scientific Multiskan GO, Thermo Fisher, Waltham, MA, USA) at 500 nm.
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Figure | Schematic illustration of BBB opening by FUS/GVs (left) and the culture of Halo bacteria and the extraction process of GVs (right).
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Ultrasound Imaging Procedure of GVs

We first assessed the ultrasound imaging performance of GVs in vitro. Different concentrations of GVs (ODsgg = 0.25,
0.5, 1.0, and 1.5) were prepared and loaded into wells in self-made 2% agarose phantoms. Then, B-mode and contrast
mode ultrasound images were acquired by using a high-resolution micro-imaging system (Vevo2100, VisualSonics,
Canada) with an 18-MHz transducer mounted on the lateral side of the phantoms. The signal intensity was analyzed by
VevoCQ software package built into the instrument.

Then, the ultrasound performance of GVs in vivo was examined. Due to the attenuation of the skull, craniotomy is needed
for brain tissue imaging in this study with the purpose of determining concentration of Halo bubble in mouse brain in the
subsequent treatment of FUS/GVs to open the BBB. Briefly, the animals were immobilized with a stereotaxic apparatus and
anesthetized with 1.5% isoflurane (RWD Life Science, China) with the hair removed. A bilateral strip craniotomy with the
size of 6 mm x 4 mm between the bregma and the lambda was performed by drilling the skull slowly and carefully. Then,
sterile normal saline was added to cover the cortex surface. After adjusting the position of the ultrasound probe, the imaging
parameters were set (B mode: 1.2 cm width, 0.7 cm depth, 42 dB gain, 50% transmitted power; Contrast mode: 35 dB gain,
10% transmitted power). Then, a 200-puL solution of GVs was injected through the tail vein, and the imaging signal intensity
was observed. Different concentrations (ODsgy = 2.6, 3.0, 3.4, and 3.8) of GVs were used.

FUS/GVs-Mediated BBB Opening in vitro
Mouse brain microvascular endothelial cells (bEnd.3, Pricella Wuhan, Hubei Province, China) were inoculated inside
a transwell chamber (0.4 um, LABSELECT, Hefei, Anhui Province, China), and cultured with DMEM medium
containing 10% fetal bovine serum and 1% penicillin-streptomycin in an incubator with 5% CO, at 37°C. After culturing
for 48 hours, a leak test was performed. The medium was added to the inner chamber of the transwell to make the liquid
level difference between the inside and outside of the cell greater than 0.5 cm. The trans epithelial electric resistance
(TEER) value of the BBB model from 1-7 days was measured by a TEER meter (Millicell® ERS-2, MERCK, Darmstadt,
GER) with a cell-free transwell chamber as a blank control.?®

A total of 6 groups were included, with 3 replicate wells per group. An in vitro BBB model without any treatment was the
control group. The GVs group was the BBB model co-cultured with GVs (ODsgq 3.4). The FUS group was treated with only
FUS sonication (2.0 MPa). The GVs+FUS1.0 group was the BBB model co-cultured with GVs (ODs 3.4) and then exposed
to FUS with a pressure of 1.0 MPa, while the pressures of the GVs+FUS1.5 and the GVs+FUS2.0 group were 1.5 MPa and
2.0 MPa respectively. TEER measurements were performed before and 1, 2, and 4 hours after treatment.

Treatment Procedure of BBB Opening Induced by FUS/GVs
The left half of Figure 1 shows a schematic diagram of the opening of BBB by FUS/GVs.

Focused ultrasound beam was generated by a single-element spherical transducer (a center frequency of 1.0 MHz and
a focal length of 38 mm), which was immersed in a cone filled with degassed water. The excitation waveform of the
beam was generated (500,000-cycle pulse length, 1.0-Hz pulse repetition frequency) by a function generator (DG4162,
RIGOL, Beijing, China) and driven by a 50-dB power amplifier (LZY-22+, Mini-Circuits, Brooklyn, NY, USA). The
transducer was positioned targeting the mouse’s right hemisphere. To evaluate the effect of the sonication parameters on
the BBB opening degree by FUS with GVs, different acoustic peak negative pressure values of 1.0 MPa, 1.5 MPa, and
2.0 MPa were used. In each parameter group, eight mice were used.

The mice were placed in a prone position with heads immobilized on a stereotaxic apparatus (RWD Life Science,
China) and were anesthetized with 1.5% isoflurane. The body temperature of the animals was maintained through
a heating pad. After hair removal, ultrasound gel was applied to the skin, and intravenous administration of GVs (ODsq
=3.4, 10 uL/g) and Evans blue (EB, 4%, 2.5 pL/g) was performed through a tail vein catheter. Then, the sonication was
carried out for either 3 min or 5 min.
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Evaluation of BBB Opening Induced by FUS/GVs

At 1 h after the completion of FUS/GV treatment, the mice were perfused, fixed, and sampled. In short, PBS solution was
continuously perfused through the apical part of the left cardiac ventricle until clear liquids flowed out of the right cardiac
atrium, and then 4% paraformaldehyde was perfused for tissue fixation. Then, the brains were extracted.

To evaluate the time window, EB extravasation was examined at four time points (0, 1, 2, and 4 h) after sonication.
Three mice were used in each group. Fluorescence imaging was performed on coronal sections (a thickness of 2 mm) by
the In Vivo Imaging System (IVIS Spectrum, PerkinElmer, Waltham, MA, USA). To quantify the concentrations of EB
extravasated into the brain tissue, five mice were used in each group for quantification using the fluorescence method.
After weighing and homogenate extraction, the supernatant was measured at 620 nm by a spectrophotometer. Five
different concentrations of EB were prepared, and the standard curve was drawn, which was expressed as pg/g tissue.

In addition, the differences in BBB opening induced by FUS/MBs and FUS/GVs were compared in this study. Based
on our previous research, two acoustic peak negative pressures of 0.3 MPa and 0.6 MPa were used (n = 6 for each
group), and the irradiation time was 2 min. The MBs were self-made by our research group in accordance with the
previous method. The concentration of MBs was diluted to 107/mL with saline, and the average diameter was 1.8 pm.
The dose used for each mouse was 5 uL/g.

Procedure of Nanoparticle Delivery Across the BBB by FUS/GVs

ICG-loaded liposomes were prepared by the established thin-film hydration method to investigate the effect of FUS/GVs-
mediated nanoparticle delivery across the BBB. Briefly, lipids (DPPC, cholesterol, and DSPE-PEG 2000 in the mass ratio
of 3:1:1) were blended in chloroform, and the resultant solution was removed under nitrogen gas at room temperature.
Any residual solvent of the lipid samples was subsequently removed under vacuum for a minimum of 3 h to obtain a lipid
film. Then, 2 mL ICG solution with a concentration of 200 pg/mL was added to hydrate the lipid film. Freezing and
thawing processes were repeated 5—6 times using liquid nitrogen in a water bath at 65°C. Then, the suspension was
extruded through a 200-nm polycarbonate membrane using a mini-extruder (Avanti Polar Lipids, Alabaster, AL, USA).

Before FUS sonication, ICG-loaded liposomes (200-uL) were co-injected with GVs through the tail vein (n = 6).
Then the sonication was performed as described above. After liposomes circulated for 6 h, cardiac perfusions were
performed and the brains were extracted for subsequent fluorescence imaging using the IVIS spectrum imaging system
(PerkinElmer, USA).

To examine the distribution of ICG-loaded liposomes extravasated into the brain, the brain tissues were fixed in 4%
paraformaldehyde for 24 h and embedded with OCT. They were sectioned into slices with a thickness of 20 um by
a microtome cryostat (Leica CM 1950, Germany). The nuclei were stained with DAPI. The fluorescence images were acquired
by a confocal laser scanning microscopy (CLSM, Eclipse Ti, Nikon, Japan) at an excitation of 405 nm (DAPI)/640 nm (ICG).

In vivo Biocompatibility Assay

At 24 h after treatment, major organs, including the heart, lung, liver, spleen, and kidney, were harvested and fixed in 4%
paraformaldehyde. After embedding in paraffin, serial 5-um-thick sections were prepared and stained with hematoxylin
and eosin (H&E) for microscopic assessment. Nine mice were randomly divided into three groups (n = 3 per group). The
mice in the FUS/GV group were administered GVs (ODsqo = 3.4, 10 puL/g), and the FUS group received sonication only
without GV administration. The control group received only tail vein injections of PBS.

Two cohorts of C57BL6J mice were used for blood and the biochemical index examination. They were randomly
divided into GVs group, in which each mouse was injected with 200-uL of GVs at ODsgg 3.4, and control group, in
which each mouse was injected with 200-uL of PBS. The blood and the biochemical index of the mice were assessed
on day 1, 7 and 14 after intravenous injection of GVs or PBS.

Histological Examination
The brain tissues were fixed with 4% paraformaldehyde for no less than 24 h. Next, paraffin was used to embed the
tissues. Coronal sections with 3-um-thickness were obtained and then stained with H&E.

International Journal of Nanomedicine 2022:17 hetps: 6763
Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

Statistical Analysis
The data were analyzed using SPSS 21.0. All results are summarized as the mean + standard deviation. ANOVA was
used to evaluate the significance of differences between different groups. P < 0.05 was considered statistically significant.

Results

Characterization of GVs

GVs prepared in this study were of spindle shape, with a long diameter in a range of 150-350 nm and a wide diameter of
120-260 nm, as visualized by TEM in Figure 2A. The hydrodynamic diameter of freshly prepared GVs was relatively
uniform, with an average value of 218.26 + 4.05 nm and a polydispersion index of 0.14 £ 0.05. Zeta potential of GVs was
—27.82 + 2.05 mV. The hydrodynamic diameter and the potential of GVs were stable within four months after preparation
as indicated by the examinations of GVs stored in PBS solution at 4°C for 0, 7, 14, 30, 60, and 120 days (Figure 2B). We
also examined the stability of GVs in 10% FBS solution for 0—14 days. The zeta potential and particle size remained
stable (Figure 2C).

Ultrasound Imaging Performance of GVs in vitro

B-mode and contrast ultrasound images of GV solutions at different concentrations were acquired with a high-frequency
(18 MHz) ultrasound imaging system. As shown in Figure 3A, GVs prepared in this study provided robust and uniform
contrast along the lateral dimension (acoustic path) at ODsgo values ranging from 0.25-1.0. However, when the ODsqq
value increased to 1.5, there was a reduced signal along the acoustic path, indicating acoustic attenuation at high
concentrations of GVs. Quantitative analysis of the echo signal intensity indicated consistently increasing contrast with
concentration (Figure 3B).

Ultrasound Imaging Performance of GVs in vivo

We next investigated the ultrasound imaging performance of GVs on the brain in vivo. B-mode and contrast mode
images of GVs, which were injected into the tail vein of the mice, were acquired through the cranial window. As shown
in Figure 4A, an enhanced contrast signal appeared in the brain after GV injection at all the concentrations used in this
study ranging from ODsgy 2.6 to 3.8. The signal intensity increased with incremental concentrations and reached the
highest level at ODsgo of 3.8 (Figure 4B). The life times of GVs and phospholipid vesicles in mice brain have been
shown in Figure 4C. The peak time and half-life of GVs were 2.4 min and 13.8 min respectively, longer than those of
MBs (0.6 min and 6.0 min).
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Figure 2 Characterization of GVs. (A) TEM images of GVs. Scale bar: 100 nm. (B) Zeta potential and size changes of GVs in PBS measured within 4 months after
preparation. (C) Zeta potential and size changes of GVs in 10% FBS measured within 14 days after preparation.
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Figure 3 Ultrasound images and echo intensity of GVs at different concentrations in vitro. (A) Ultrasound images of GVs at different concentrations (ODsgo = 0.25, 0.5, 1.0
and 1.5) in B-mode and Contrast mode in vitro. (B) Quantification of the acoustic signal intensities in contrast mode (n = 3).
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Figure 4 Ultrasound contrast performance of GVs on the brain in vivo. (A) Representative ultrasound contrast images of the mouse brains before and after GVs injection of

different concentrations (ODsqo: 2.6, 3.0, 3.4 and 3.8). (B) Quantification of the acoustic signal intensities in contrast mode (n = 3). (C) Time-intensity curve of GVs and MBs
perfused in brain.

FUS/GVs-Mediated BBB Opening in vitro

As shown in Figure 5A, the TEER value increased with time, reaching a plateau with the maximum value of 218.2+9.2
Q/cm,? indicating a successful establishment of the in vitro BBB model. The TEER changes with time in each group after
the treatments were shown in Figure 5B. Pure GVs, FUS, and GVs+FUS1.0 group did not show significant changes in
cell transmembrane potential. In the presence of GVs, the FUS sonication with higher pressures of 1.5 MPa and 2.0 MPa
led to decrease in the resistance of the in vitro BBB model first, reaching the minimum in 1 hour, and then gradually
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Figure 5 In vitro BBB opening by FUS/GVs evaluated by trans epithelial electric resistance (TEER) measurement. (A) TEER values of an in vitro BBB model. (B) The TEER
changes with time after different treatments. Control: an in vitro BBB model without any treatment. GVs: co-cultured with GVs (ODsqg 3.4). FUS: treated with only FUS
sonication (2.0 MPa). GVs+FUS1.0, GVs+FUSI.5 and GVs+FUS2.0: the BBB model co-cultured with GVs (ODsqg 3.4) and then exposed to FUS with a pressure of 1.0 MPa,
1.5 MPa and 2.0 MPa respectively. (*p < 0.05, **p < 0.0l as compared with the control).

recovered. The GVs+FUS1.5 group returned to the normal level within 4 hours, while the GVs+FUS2.0 group could not.
The result indicated that the in vitro BBB could be opened by FUS/GVs reversibly at a pressure of 1.5 MPa.

Assessment of BBB Opening Induced by FUS/GVs

The feasibility of combining GVs with FUS to open the BBB in vivo was then validated by assessing the extravasation of
EB by comparing the sonicated side (right cerebral hemisphere) with the control side (left cerebral hemisphere). Three
different acoustic peak negative pressure values were used (1.0 MPa, 1.5 MPa, and 2.0 MPa). As shown in Figure 6A, at
pressure 1.5 MPa (Figure 6Ab) or above (Figure 6Ac), apparent EB coloration was observed on the sonicated side,
whereas there was no blue area at 1.0 MPa (Figure 6Aa). The subsequent quantitative results showed that EB
accumulated in the brain at 2.0 MPa was 1.7-fold higher than that at 2.0 MPa (Figure 6B). However, the H&E staining
of the sonicated brain tissues indicated erythrocyte extravasation or hemorrhage at 2.0 MPa (Figure 6Af and 1), while
there was no gross tissue damage at 1.5 MPa (Figure 6Ae and h) or below (Figure 6Ad and g). Therefore, the BBB was
successfully and safely opened by FUS/GVs at an acoustic peak negative pressure of 1.5 MPa. We also examined the
time profile of EB accumulated in the brain after FUS exposure (Figure 6C). EB content reached the highest level
immediately after sonication and then gradually decreased, indicating BBB integrity rebuilding, especially in the
first hour.

Next, we explored the effect of sonication duration on the BBB opening profile by FUS/GVs at the same acoustic
pressure (1.5 MPa). Three different ultrasound exposure durations were used, namely 1 min, 3 min, and 5 min. Figure 7A
shows fluorescence imaging of the brain tissues ex vivo at 1 h after FUS/GV treatment with different sonication
durations. There was no successful BBB opening until the exposure lasted for 3 min. Notably, the amount of EB
extravasation was enhanced by prolonging ultrasound exposure time from 3 min to 5 min. Therefore, increasing
sonication duration can improve the level of BBB opening as well as prolong the time windows, which is also shown
in Figure 7B. At the 2-h point, reconstruction of the BBB appeared to be complete in the brains treated with 3-min
sonication, as there was no significant difference compared with the control group. For the 5-min group, the opening time
window was extended to 4 h after FUS/GV treatment.

Comparison Between FUS/GVs- and FUS/MBs-Mediated BBB Opening

Figure 8A and B illustrates the difference between EB extravasation induced by FUS/GVs and FUS/MBs. The high and
low ultrasound pressures used here were 2.0 MPa/1.5 MPa (FUS/GVs) and 0.6 MPa/0.3 MPa (FUS/MBs), respectively.
We found that EB extravasation was distributed along the FUS beam direction under either treatment (Figure 8A). At low
acoustic pressure, the blue colorations were uniform, while there were dark stains at high ultrasound pressures both for
FUS/GVs and FUS/MBs. Although the acoustic pressure by FUS/GVs required to open the BBB was higher than that of
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Figure 7 Fluorescence imaging of the brains ex vivo after FUS/GVs treatments with different sonication duration (I min, 3 min and 5 min) at |.5-MPa acoustic negative peak
pressure. (A) Representative images and (B) quantification results of EB extravasation in the brain tissue at | h after FUS/GVs treatment. (*p < 0.05, ***p < 0.001 as
compared with the control).

FUS/MBs, its opening range was more localized. For FUS/GVs, the EB extravasation area was mainly limited to the
cerebral cortex of the focal area, even under high peak pressure (2.0 MPa). In contrast, FUS/MB treatment induced
a larger area of BBB opening and a wider range of brain injury at 0.6 MPa.

Nanoparticle Delivery Across the BBB by FUS/GVs

Finally, we investigated the effect of nanoparticle delivery across the BBB by FUS/GVs, in which ICG-loaded liposomes
(ICG-liposomes) were used. The average diameter, zeta potential and size distribution of the liposomes were 221.8+5.2
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nm (Figure S1), —8.1 £ 0.6 mv and 0.14 + 0.03, respectively. The results of fluorescence imaging of the brain ex vivo and
CLSM imaging of the brain frozen sections are shown in Figure 9A. Without FUS/GV treatment, ICG fluorescence was
not detected either in the brains (Figure 9Ae) or in the sections (Figure 9Af-h), indicating that ICG-liposomes were not
able to penetrate through the normal BBB. Notably, after FUS/GV treatment to open the BBB, a significantly enhanced
fluorescence signal of ICG-liposomes was observed in the sonicated region in the brain ex vivo (Figure 9Aa) and CLSM
imaging of sections (Figure 9Ab-d), indicating successful delivery of liposomes across the BBB, which was also
demonstrated by the fluorescence intensity quantification (Figure 9B). The CLSM images of the brain sections showed
that ICG-liposomes accumulated in the cerebral cortex of the sonicated region, indicating that they were delivered to the
brain interstitium across the BBB after FUS/GV treatment. Quantitative results (Figure 9C) showed that there was no
significant difference in DAPI between the two groups, indicating there was no cellular loss after FUS/GV treatment,
while the difference in ICG signal intensity was statistically significant (P < 0.001).

In vivo Biosafety Assessment

H&E staining of tissue sections of the parenchymal viscera (heart, lung, liver, spleen, and kidney) of mice in the PBS
group, the only GV injection group, and the FUS/GV group was performed to assess the biosafety of GVs. As shown in
Figure 10A, the structures of the major organs in the three groups were intact, without bleeding, edema, inflammatory
infiltration, and other pathological changes, indicating the good biosafety of GVs at the concentration we used in vivo.
The blood routine results are shown in Table S1, and the results of liver and kidney function are shown in Figure 10B.
The results showed that there was no significant differences in the main parameters of hematology and blood biochem-
istry between the GVs group and PBS group, including alanine transaminase (ALT, Figure 10Ba), aspartate amino-
transferase (AST, Figure 10Bb), albumin (ALB, Figure 10Bc), y-glutamyltranspeptidase (y-GT, Figure 10Bd), blood urea
nitrogen (BUN, Figure 10Be) and creatinine (CREA, Figure 10Bf).

Discussion

The main objective of this study was to evaluate the ultrasound imaging performance of GVs and further explore the
possibility of opening the BBB in combination with FUS. First, GVs produced by Halo were extracted and purified in
this study. The shape, size, and ultrasound imaging capability in vitro of GVs are consistent with those reported in
previous studies.'””'>*’ In terms of in vivo imaging, natural GVs have been used to realize subcutaneous or intratumoral
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imaging by local injection."®**3% In our study, in vivo brain perfusion imaging was realized for the first time by
increasing the intravenous injection concentration of GVs. The best brain perfusion imaging effect was obtained by using
a high-frequency ultrasound probe (18 MHz) at the concentration of ODsgo of 3.4. Similar to MBs, the ultrasonic signal
intensity increased gradually with the concentration in a certain range. However, when the concentration increased above
ODsq of 3.4, GVs produced broader acoustic attenuation, manifesting as a reduced signal behind the highlighted area.

In recent years, the method of FUS/MBs has been proven to be one of the most effective ways to open the BBB, but
the exact mechanism is still under investigation. Currently, it is generally believed that FUS/MBs-induced BBB opening
is well related to the cavitation behavior of MBs under the action of FUS, including stable cavitation under low acoustic
pressure and inertial cavitation under high acoustic pressure. It is assumed that stable cavitation leads to periodical
compression and expansion of blood vessels, thereby inducing changes in the cytoskeleton and intercellular connection
of endothelial cells. Finally, drugs can reach the brain parenchyma or brain tumor through the damaged tight
junctions.?**!*? Compared with MBs with phospholipid shell, GVs with their protein shells are harder and less resilient.
It has been proven that with an acoustic pressure of 650 kPa at 18 MHz, Halo GVs injected subcutaneously or
intravenously would collapse in vivo.'® Here, the FUS sonication was performed through an intact skull, which
generated approximately 18% acoustic attenuation. The BBB disruption was observed at an acoustic pressure of 1.5
MPa or above. Therefore, we speculate that at sufficiently high acoustic pressure (1.5 MPa in this study), GVs are likely
to be broken and release the gas contents as nanobubbles, which undergo subsequent cavitation and unleash mechanical
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Figure 10 Results of the in vivo safety assessment of GVs. (A) Biocompatibility assessment by H&E staining. Scale bar: 100 um. (B) Blood biochemistry assays on the |, 7
and 14 days after intravenous injection. Comparison of ALT (a), AST (b), ALB (c), y-GT (d), BUN (e) and CREA (f) between GVs group and PBS group.

effects on the endothelial linings. The liberated nanobubbles also likely merge into micron bubbles as cavitation nuclei.*®
In this study, by properly controlling acoustic parameters and GV dosage, the safe BBB opening was realized at
a relatively higher acoustic pressure compared with that of the FUS/MB method. In particular, the opening area was
centered on the FUS targeting area, and the extent of damage did not greatly increase at a higher acoustic pressure. In
addition, the BBB was closed within 4 h after FUS/GV treatment, shorter than that induced by FUS/MBs, which was
closed after 8 hours (Figure S2).

Through submicron sizes and genetically encodable structures,®*

gene-encoded reporters in GVs offer great
potential for extravascular biomolecular targeting in imaging and therapy. Shen et al proved that under the action of
FUS/MBs, liposomes of different sizes ranging from 50 nm to 200-nm can be delivered into brain tissue while opening

BBB.**> We also enhanced the delivery of 200-nm ICG-liposomes across the BBB by FUS/GVs. Moreover, the protein

6770 https://doi.org/10.2147/1)N.S374039 International Journal of Nanomedicine 2022:17
DovePress


https://www.dovepress.com/get_supplementary_file.php?f=374039.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Zhang et al

shells of GVs, which can be modified by chemical methods to connect antibodies and small molecule drugs, make them
a potentially powerful tool to develop therapeutic strategies for CNS disorders.

One of the limitations of this study was the lack of a strong guidance system. Transcranial magnetic resonance—
guided FUS is a remarkable and reliable noninvasive treatment technique for CNS diseases.>*>’ In addition, previous
studies'®'®252728 have shown that GVs can be modified as magnetic resonance imaging contrast agents, so the
combination of GVs and magnetic resonance imaging may produce unexpected effects.

Conclusions

In this study, we successfully extracted nano-scale gas-containing protein vesicles from bacteria, which are stable and
hold good contrast performance for brain perfusion ultrasound imaging. At the acoustic negative pressure of 1.5 MPa,
FUS/GVs may open the BBB safely and effectively and enhance 200-nm liposome delivery into the brain parenchyma.
These results indicate that biosynthetic GVs hold great potential to serve as local BBB-opening agents in the develop-
ment of new targeted drug delivery strategies for CNS disorders.
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