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Tumor hypoxia is believed to be a factor limiting successful outcomes of oxygen-consuming cancer ther-
apy, thereby reducing patient survival. A key strategy to overcome tumor hypoxia is to increase the preva-
lence of oxygen at the tumor site. Oxygen-containing microbubbles/nanobubbles have been developed
to supply oxygen and enhance the effects of therapies such as radiotherapy and photodynamic ther-
apy. However, the application of these bubbles is constrained by their poor stability, requiring major
workarounds to increase their half-lives. In this study, we explore the potential of biogenic gas vesi-
cles (GVs) as a new kind of oxygen carrier to alleviate tumor hypoxia. GVs, which are naturally formed,
gas-filled, protein-shelled compartments, were modified on the surface of their protein shells by a layer
of liposome. A substantial improvement of oxygen concentration was observed in hypoxic solution, in
hypoxic cells, as well as in subcutaneous tumors when lipid-GVs(0,) were added/tail-injected. Signifi-
cant enhancement of tumor cell apoptosis and necrosis was also observed during photodynamic therapy
(PDT) in the presence of lipid-GVs(0,) both in vitro and in vivo. Lipid-GVs(O,) alone induced no obvious
change in cell viability in vitro or any apparent pathological abnormalities after mice were tail-injected
with them. In all, lipid-GVs exhibited promising performance for intravenous gas delivery, enhanced PDT
efficacy and low toxicity, a quality that may be applied to alleviate hypoxia in cancers, as well as hypoxia-
related clinical treatments.

Statement of significance

The development of stable oxygen-filled micro/nanobubbles capable of delivering oxygen to tumor sites
is a major hurdle to enhancing the efficacy of cancer therapy. Currently, micro/nanobubbles are limited
by their instability when oxygen is encapsulated, creating a large pressure gradient and surface tension.
To improve stability, we modified the surfaces of GVs, a biogenic stable nanoscale hollow structure, as a
new class of oxygen carriers. Lipid-coated GVs were found to be stable in solution and effective O, carri-
ers. This will overcome the limitations of coalescence, short circulation time of synthetic bubbles during
application. Our surface-modified GVs demonstrated low toxicity in vitro cell in vivo, while also being
able to overcome hypoxia-associated therapy resistance when combined with photodynamic therapy.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

ometry and an imbalance between oxygen consumption and sup-
ply at the tumor site. This often compromises any cancer therapies

The existence of hypoxia is a common characteristic of most that may be applied. Hypoxic cells are more resistant to radiother-
solid tumors, caused by low vascular density, irregular vascular ge- apy, chemotherapy and other oxygen-consuming therapies such as
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photodynamic therapy (PDT) [1,2]. This is exacerbated by the fact
that hypoxia is closely associated with a high risk of metastasis,
further worsening therapeutic outcomes. Given hypoxia’s obstruc-
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method for anticancer therapy [3,4]. Tumor oxygenation has been
tried in two primary ways: increasing blood oxygenation in general
or increasing oxygen delivery at the tumor site. Hyperbaric oxygen
(HBO) and hyperbaric carbogen are common ways to reduce tumor
hypoxia by increasing the amount of dissolved oxygen in blood
throughout the body [5-7]. However, not only are these meth-
ods prohibitively expensive, their generic, untargeted nature could
lead to severe deleterious off-target side-effects. An alternative ap-
proach is to use molecular oxygen carriers, that can bind oxygen
with high affinity and enable rapid and targeted tissue delivery.
Perfluorocarbon (PFC) emulsions and acellular hemoglobin-based
oxygen carriers (HBOCs) were initial attempts at oxygen delivery
to tumors. Unfortunately, such carriers failed due to their merely
marginal benefits and severe side effects in clinical trial [8-10].

More recently, efforts have been made to develop synthetic
microparticles and nanoparticles such as oxygen-filled microbub-
bles and nanoparticle-based HBOCs. Notably, oxygen-filled lipid
microbubbles have shown good capability as oxygen carriers [11-
13]. These microbubbles, usually coated with a layer of lipid, can
hold large amounts of oxygen in their gas core. Microbubbles have
also been demonstrated to change the hypoxic microenvironment
in vivo and enhance outcomes for chemotherapy and radiother-
apy [12,14-17]. Thus, oxygen-filled microbubbles constitute a
promising new way to deliver oxygen to hypoxic tumor sites
for therapeutic purposes. However, despite their effectiveness in
delivering oxygen to tissues, various studies also revealed critical
limitations in their anticancer abilities. Microbubbles have limited
intravascular dwell time due to their relatively large sizes (>
1 pm). Thus, repetitive administration is required for continuous
oxygen delivery, which increases the viscosity of serum and causes
long-term toxicity in blood and tissues [18,19]. Lipid microbubbles
may also suffer from stability issues such as dissolution and
coalescence when entering the circulation, correlated with greater
product loss, possibly leading to excessive production of reactive
oxygen species (ROS) and adverse oxidative stress [15,20,21]. Such
lipid microbubbles are, thus, not ideal candidates for oxygenation
of tumor tissues in the body. Stable oxygen-filled nanobubbles
which do not undergo dissolution and coalescence may provide
an alternative that could overcome the aforementioned limitations
of microbubbles. Nanobubbles are established as having long
intravascular dwell times, and their smaller size could exploit
enhanced permeability and retention (EPR) effects to pass through
the leaky vasculature of tumors to deeper sites [15,22]. These
properties enable nanobubbles to stay longer and go deeper into
the tumor site, paving the way for potential improvement of clin-
ical outcome [23,24]. Nanobubbles such as dextran nanobubbles,
polymer, and lipid nanobubbles have also been developed for
oxygen delivery in initial studies [25-29]. Nevertheless, limitations
such as instability and relatively lower half-life also exist for those
synthetic nanobubbles.

Gas vesicles (GVs), a nanoscale hollow structure, have recently
been reported as the first biomolecular acoustic reporters with
gene editability and inherent stability [30-34]. In contrast to syn-
thetic nanobubbles, GVs naturally occur gas-filled cavities formed
by cyanobacteria or archaea as a means to control buoyancy for
optimal access to light and nutrients in the water. They are hol-
low protein shells with sizes different from 200 to 400 nm [35].
The mechanism to load GVs with gases is significantly differ-
ent from that of regular microbubbles/nanobubbles. Typically, mi-
crobubbles/nanobubbles depend on the lipid shell to encapsulate
gases, creating a gradient between internal and external pres-
sure, and the addition of surfactant stabilizers is needed to sta-
bilize them [18,19]. However, the walls of GVs exclude water
but allow gas to permeate in and out the shells freely. Hence,
only a minimal pressure gradient is created, allowing GVs signif-
icantly greater stability than nanoscale bubbles [30,35]. Addition-

ally, the protein surface of GVs is amenable to modification, and
this could be used to endow GVs with additional physical or chem-
ical properties that may help them to be better oxygen carriers
[36].

To attain better oxygen delivery efficacy, we fabricated lipid
coated GVs and investigated their ability as a new platform to ele-
vate oxygen concentration in hypoxic tumor sites. We found the
GVs to be nanosized and stable in solution over 6 months. We
evaluated whether lipid-GVs(0,) administration treatment could
alleviate hypoxia both in cultured cells and in a hypoxic tumor
model and found that they significantly improved oxygen deliv-
ery compared to native GVs(O,). Furthermore, we verified the ef-
fects of lipid-GVs(O,) using photodynamic therapy (PDT). PDT is
an oxygen-consuming therapy and the efficacy of PDT is depen-
dent on oxygen related generation of ROS [37-42]. The presence of
lipid-GVs(0,) significantly improved ROS production and reduced
cell viability in combination with PDT compared to PDT alone,
while causing no notable toxicity by themselves. This combination
PDT treatment also significantly reduced tumor size in vivo and in-
creased the number of apoptotic cells, with obvious damage vis-
ible in excised tumors. Thus, this study lays the groundwork for
lipid-coated GVs as an oxygen-delivery vehicle to safely enhance
the efficacy of PDT.

2. Materials and methods

2.1. Preparation, surface modification and characterization of
lipid-GVs

Anabaena flos-aquae (FACHB-I255, Freshwater Algae Culture
Collection at the Institute of Hydrobiology, China) were cul-
tured in sterile BG-11 Medium (Sigma, St. Louis, MO, USA)
at 25 °C under fluorescent lighting with I4hr/10hr light/dark
duty cycle. Algae were hypertonic lysed with a 25% concentra-
tion of sucrose solution when they became mature, and GVs
were then released from the algae. GVs were then isolated
by centrifugation at 600 g for 3 h and isolated GVs could
form a white layer on the top of the solution after centrifu-
gation. GVs was purified three times with phosphate-buffered
saline (PBS) and stored in PBS at 4 °C. The concentration of
GVs was measured by optical density method characterized by
500 nm wavelength light (OD500) by UV-Visible spectrophotome-
ter (2100 pro, GE Healthcare Ltd, Piscataway, NJ, USA) and cal-
culated to mole concentration with the ratio of 450 pM/OD500
[30].

To modify the GVs surfaces, 6 pl of 18 mg/ml dioleoyl phos-
phatidylcholine (DOPC) (Thermo Fisher Scientific, MA, USA) was
dissolved in 2 ml chloroform (Thermo Fisher Scientific, MA, USA)
in a 25 ml round-bottom flask. The solvent was then evaporated
and the samples were dried in a vacuum rotary evaporator. 1 ml of
20 mM HEPES buffer (pH = 7.2, Thermo Fisher Scientific, MA, USA)
was then added to the dried lipid layer, forming a cloudy solution
after vigorous agitation. The mixture was then probe-sonicated
(20 W, 15 s pulses for 20 min) for 3-5 min until the solution be-
came clear. The resulting liposome solution was stored at 4 °C for
further use. 1 ml prepared liposome solution was added to 1 ml
of 1 nM GV solution and incubated overnight on a rocker platform.
GVs were then washed three times by centrifugation (24,000 rpm,
10 min) and resuspended in PBS. Finally, lipid-GVs were resus-
pended in PBS for use in experiments [43-45].

In order to understand the biodistribution of lipid-GVs in vivo,
indocyanine green (ICG) (Sigma-Aldrich, St.Louis, MO) was used to
label lipid-GVs. ICG was added during liposome preparation at a
ratio of 20 pg ICG:5 nM lipid-GVs. To completely incorporate ICG
into the lipid membrane, ICG dissolved in 100% CH30H was added
to the lipid mixture prior to it being dried into a thin film [46].
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Light exposure was avoided during fabrication of ICG labeled lipid-
GVs.

For characterization of GVs, size distribution and zeta poten-
tials were determined by laser light scattering using a 90 Plus
instrument (Brookhaven, Holtsville, NY, USA) at a fixed angle of
90° and a temperature of 25 °C. UV-Vis absorbance spectra of
ICG and ICG-lipid-GVs were determined by a Multiskan Go mi-
croplate reader (Thermo Fisher Scientific, Massachusetts, USA). The
size and morphology were determined by Transmission Electron
Microscopy (TEM) with the operating voltage of 200 kV. Samples
of GVs (OD 0.1) were deposited on a carbon-coated formvar grid.
To measure the stability of GVs, single particle size and concen-
tration of the formulation were determined in the first month and
the sixth month, respectively.

2.2. Determination of oxygen release kinetics of lipid-GVs in solution

The oxygen concentration in the solution was monitored using
an oxymeter (Portamess 913 OXY, Knick, Germany) and the data
were recorded as mg/l. Before each experiment, the oxymeter was
calibrated in air, after waiting for stable temperature and humidity
conditions to be re-established. Oxygen filled PBS (PBS(O)), oxy-
gen filled GVs (GVs(05)), and oxygen filled lipid-GVs(lipid-GVs(0;))
were prepared by a continuous oxygen purge for 20 min. To de-
termine oxygen release kinetics of GVs, 1 ml PBS(O,), GVs(O,) or
lipid-GVs(0,) (filled with oxygen, sealed into vials) were injected
into the 5 ml hypoxic solution and the oxygen concentration of
the solution was monitored over time. The hypoxic solution was
obtained by a continuous N, purge until the oxygen concentration
in PBS was finally reduced to 0.8 mg/l (severe hypoxia). All the ex-
periments were performed in triplicate.

2.3. In vitro O, delivery test of lipid-GVs(0,)

Human hepatoma cell line (HepG2) were obtained from the
cell bank of the Chinese Academy of Science, Shanghai, China.
HepG2 were cultured in high-glucose (4.5 g/lI) Dulbecco’s modi-
fied Eagle’s medium with L-glutamine (Thermo Fisher Scientific,
MA, USA) following standard cell culture instructions. All media
were supplemented with 10% (vol/vol) fetal bovine serum, peni-
cillin (100 U/mL) and streptomycin (100 pg/ml) (Thermo Fisher
Scientific, MA, USA). Cells were grown at 37 °C in a 5% CO, and
95% air atmosphere until 70%—80% confluence before trypsiniza-
tion and harvesting for in vitro studies. For hypoxia detection, cells
were cultured in a hypoxic chamber (1% oxygen, 5% CO,) overnight
before the experiment. Hypoxic conditions in the media were
monitored using Image-iT™ Red Hypoxia Reagent (5 pM) bought
from Thermo Fisher. This hypoxia reagent could measure hypoxia
in live cells and it is non-fluorescent when live cells are in an envi-
ronment with normal oxygen concentration and show fluorescent
when oxygen levels decrease. Besides, it is a real-time oxygen de-
tector with a fluorogenic response changes according to the sur-
rounding oxygen levels. The reagent was added into the medium
and co-cultured with cells at the beginning of the experiment and
the fluorescence of the reagent was monitored before/after the ad-
dition of lipid-GVs(0,). lipid-GVs(0,) (1 nM) were co-cultured with
cells for an hour during the experiments. Cells were then visual-
ized under laser-scanning confocal microscopy with X63 objective
(Nikon, Tokyo, Japan) and the intensity of fluorescence was quan-
tified by Image J.

2.4. In vitro photodynamic therapy
5-aminolevulinic acid (ALA) which was obtained from Sigma

(St Louis, MO, USA) was used in this experiment as the pho-
tosensitizer. It was dissolved in PBS to a stock concentration of

1 M and was stored in the dark at —20 °C. For the ALA treat-
ment, cells were incubated with 1 mM ALA for a 4 h drug-loading
time in DMEM medium supplemented with 10% FBS. The opti-
cal setup for PDT treatment is shown in Fig. 5A. Cells under PDT
treatment were exposed to laser with a power of 100 mW/cm?
for 5 min. The light source was generated with a wavelength of
405 nm by an optical fiber was collimated to an aperture and
irradiated to the 35 mm cell culture dish. The position of the
cell culture plate was manually controlled by a two-axis motor-
ized linear stage. After the treatment, the cells were cultured in
fresh medium for different times and then prepared for different
analyses.

2.5. Cell viability, apoptosis, and intracellular ROS production assay

Cell viability at 4 h following PDT was determined using a Cell
Counting Kit-8 (Sigma-Aldrich) according to the manufacturer’s in-
structions. Briefly, cells were plated at a density of 5000 cells per
well in a 96-well plate and incubated in 100ul culture medium for
24 h. Cytotoxicity was determined by adding 10ul CCK-8 reagent
per well for 1 h at 37 °C in 5% CO,. The absorbance of the treated
samples against a blank control was measured at 450 nm as the
detection wavelength. The viability of treated cells was determined
by comparing to the untreated ones in the control group. Alexa
Fluor 488 Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher Sci-
entific) was used to measure cell apoptosis 4 h following PDT ac-
cording to the manufacturer’s instructions. Cells were seeded at a
density of 5 x 10° cells in 6-cm dishes and incubated for 24 h.
Cells were collected and incubated with 5ul of the annexin V con-
jugate and 1pl of the PI working solution at room temperature for
15 min. Intracellular ROS production was measured 1 h follow-
ing PDT treatment using DCFH-DA (Sigma-Aldrich). Briefly, 10 pM
DCFH-DA diluted with PBS were added to cells at 37 °C for 20 min.
Cells were then washed with PBS three times. Labeled cells were
trypsinized and analyzed by flow cytometry. The cells were ana-
lyzed on the BD FACS Calibur flow cytometer and BD Accuri C6
Software (Becton-Dickinson, USA).

2.6. Assay of lipid-GVs’ biodistribution in vivo

All procedures using laboratory animals were approved by the
Department of Health, The Government of the Hong Kong Special
Administrative Region and the Hong Kong Polytechnic University
Animal Subjects Ethics Sub-committee. Female athymic nude mice
weighing 16-18 g were supplied by the Animal Resource Centre
of The University of Hong Kong. The mice were acclimated to the
room for one week after arrival and were maintained on a normal
12 h light-dark cycle. The mice were housed in conventional cages
(6 animal/cage) with free access to standard pellet diet and water
in specific pathogen-free condition with 2442 °C temperature, 60-
70% relative humidity. Standard wood chips for mice were used as
bedding material. After 1 week’s acclamation, 4 x 10% squamous
cell carcinoma cell line (SCC7) in PBS (80 ul) was injected into
the rear dorsal of nude mice by subcutaneous injection. Tumor for-
mation occurred approximately two weeks after cell implantation
and we began imaging and therapy when tumor volume reached
around 300 mm?3.

Mice were randomized into three groups: (a) PBS, (b) Free ICG
solution, (c) ICG-labeled lipid-GVs. The respective solutions were
injected into the tail veins of mice. Fluorescence images were ac-
quired at 0, 5 min, 30 min, 1 h, 2 h after injection using IVIS
Lumina II (Caliper Life Sciences, USA; Excitation Filter: 780 nm,
Emission Filter: 800 nm). Tumors and normal organs (heart, liver,
spleen, lung, and kidney) were collected at different timepoints af-
ter injection, and the fluorescent signal intensities of these organs
were determined.
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2.7. In vivo oxygen delivery and PDT assay

For tumor oxygenation detection, the oxy- and deoxy-Hb lev-
els in subcutaneous tumors were monitored through photoacous-
tic imaging using Vevo LAZR photoacoustic imager (Fujifilm Visual
sonics, Amsterdam, the Netherlands) featuring a hybrid US trans-
ducer (central f = 21 MHz; spatial resolution = 75 pm). For ex-
perimental group, 200ul 5 nM lipid-GVs(0,) were injected through
tail vein, while mice with the injection of 200ul PBS(O,) were used
as control groups. Oxygen saturation of the tumors was measured
before, during and after GVs treatment for 25 min. sO, levels were
recorded and stored for later comparison between groups.

The effect of lipid-GVs(O,) on PDT efficiency was evaluated on
tumor-bearing mice models. ALA was administrated at the dose
of 60 mg/kg through pure topical injection around the tumor
4 h before PDT treatment. The mice were randomly subdivided
into five groups, including (1) control, (2) lipid-GVs(0O,) alone,
(2) PDT, (3) PDT+ PBS(0,), (4) PDT+ lipid-GVs(O,). For the laser
irradiation group, tumors were exposed to laser with a wavelength
of 630 nm (deeper penetration than 405 nm) with the power
of 100 mW/cm? for 20 min. The tumor size and bodyweight of
each mouse were measured every 3 days following the treat-
ment. The subcutaneous tumor volume was estimated by the
following formula: Tumor volume~ largest diameter x smallest
diameter?/2. All mice were sacrificed on day 15 and tumor tissues
were collected and fixed in 4% paraformaldehyde for 24 h, pro-
cessed through conventional histological techniques and stained
with hematoxylin and eosin (H&E). Images were captured by a
Nikon optical microscope (Tokyo, Japan) and analysed using Nikon
NIS-Elements software. For assessment of apoptosis in tumor
sections, terminal deoxynucleotidyltransferase-mediated dUTP nick
end labeling (TUNEL) was also carried out with an in situ Cell
Death Detection Kit (Roche) following the manufacturer’s protocol.
Images were captured using a Nikon fluorescence microscope
(Tokyo, Japan) and analyzed with Nikon NIS-Elements software.

2.8. In vitro and in vivo toxicity determination

For in vitro toxicity determination, two kinds of GVs (with fi-
nal concentration 1 nM) were added into the cell culture me-
dia for different time point: 24 h, 48 h, and 72 h. After that,
LDH assay was determined using the Pierce LDH Cytotoxicity As-
say Kit (Thermo Fisher Scientific, MA, USA) according to the man-
ufacturer’s instructions. Cell viability and Cell Apoptosis was were
also determined by MTT assay (Thermo Fisher Scientific, MA, USA)
and Alexa Fluor 488 Annexin V/Dead Cell Apoptosis Kit (Thermo
Fisher Scientific), respectively, according to the manufacturer’s in-
structions. For in vivo toxicity determination, the body weight, food
intake, and daily activity were observed before and after the ex-
periments according to the handbook of health evaluation of ex-
perimental laboratory mice [30,47]. Post-mortem exams were also
performed in mice and tissue samples (liver, lungs, and kidneys)
were collected for histology. The liver, lung, and kidney samples
collected from the mouse were also fixed in 4% Paraformaldehyde
solution, processed with H&E staining as mentioned before.

2.9. Statistical analyses

Statistical analysis was performed with GraphPad Prism soft-
ware. Image], Photoshop CS and Illustrator CS software were used
for image processing according to the general guidelines. Triplicate
data were analyzed. Comparisons between two groups were made
by Student’s two-tailed t-test, and comparisons between more than
two groups were made by one-way ANOVA followed by Bonferroni
test. All data expressed as means & SD. P-values <0.05 were con-

sidered statistically significant. Asterisks are used to indicate the
significant differences.

3. Results and discussion
3.1. Fabrication and characterization of lipid-GVs

GVs for our study were produced by culturing the algae An-
abaena flos-aquae, and isolating GVs through centrifugation. Since
the shells of GVs are permeable to gas molecules, their oxygen
delivery efficiency could be affected. Hence, we prepared GVs
with surface modification using lipids (lipid-GVs) to reduce gas
exchange [48,49]| (Fig. 1). Native and lipid-GVs showed no major
visible differences when in solution (Fig. 2A) or in the morphology
of individual vesicles as observed by TEM (Fig. 2B). The lipid-GVs
were next characterized for particle size distribution and zeta po-
tential. These nanobubble formulations were found to have a mean
diameter of approximately 300-330 nm and a uniform distribution
(Fig. 2C,D). The average diameters of lipid-GVs were ~10 nm larger
than native GVs, with a lower negative charge (Fig. 2E). The zeta
potential of nanoparticles is closely associated with the stability of
colloidal dispersions. Colloids with higher zeta potential (negative
or positive, higher than 30) are electrically stabilized while colloids
with lower zeta potential tend to coagulate easily [50]. The zeta
potential of both GVs and lipid-GVs was found to be high enough
to resist aggregation. We also evaluated the stability of the GVs in
cold storage (4 °C). The concentration (determined by ODsqq) and
size of the two groups were observed from zero to six months
and no significant changes were found in either group (Fig. 2F,G).
We finally determined GV groups’ stability in acidic PBS (pH 6)
and FBS, respectively. GVs/lipid-GVs (final concentration =1 nM)
were added to acidic PBS or FBS and incubated for 3 and 7 days,
respectively. Over this period the concentration of all GV groups
was found to decrease slightly but their concentrations always
remained above 80% of the original (Fig. 2H). Thus, we were able
to produce nanoscale, negatively charged GVs that were stable in
solution through long-term storage.

3.2. Determination of oxygen release kinetics of lipid-GVs

We next tested the oxygen release kinetics of the groups
by their abilities to raise oxygen concentrations in hypoxic so-
lutions. We found that lipid-GVs(O,) could increase the oxygen
concentration of severely hypoxic solutions significantly compared
to oxygen-filled PBS (Fig. 3). Compared to native GVs(O,), lipid-
GVs(0,) showed a significantly greater ability to elevate the solu-
tion’s oxygen concentration. The release of oxygen by lipid-GVs(0,)
into solution was also slower than native GVs(O,). We attribute
this to the surface modification of GVs leading to slower oxygen
release kinetics. Moreover, the ability of GVs to release oxygen was
found to be concentration-dependent, with a higher concentration
displaying greater ability to raise oxygen concentration of hypoxic
solutions. Thus, compared to native GVs, lipid-GVs showed slower
release patterns and were able to increase the oxygen concentra-
tion to a greater degree.

3.3. In vitro oxygen delivery detection and PDT assay

We next evaluated lipid-GVs’ abilities to modify the hypoxic
conditions of cells in vitro. Human hepatoma cells (HepG2 cell
line) were grown in hypoxic conditions overnight and levels of
hypoxia were monitored using Image-iT Red Hypoxia Reagent.
Compared to the untreated control and PBS(O,), the addition of
lipid-GVs(0,) significantly reduced the observed levels of hypoxia
(Fig. 4A,B). We next tested whether lipid-GVs(O,) could increase
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Fig. 1. Illustration of the chemical process to fabricate lipid-GVs. (A) Molecular structure of DOPC. (B) Schematic overview of the preparation of lipid-GVs.

the efficacy of PDT under hypoxic conditions. A schematic illustra-
tion of our PDT setup is shown in Fig. 4C. The impact of adding
lipid-GVs(0O,) on the cytotoxicity of ALA-PDT, in hypoxic HepG2
cells was determined using a CCK-8 assay, 4 h after PDT treatment.
PDT alone decreased cell viability of HepG2 cells to 85%, while
the addition of lipid-GVs(O,) significantly decreased cell viability
following PDT to 50% (Fig. 4D). We also investigated the effects of
lipid-GVs(0O,) on PDT induced cell apoptosis by flow cytometry for
PI/Annexin V. Consistent with the aforementioned results, the ad-
dition of lipid-GVs(0O,) increased the rate of necrosis and apoptosis
among cells by nearly 20% following PDT compared to the PBS(O,)
group (Fig. 4E). Crucially, lipid-GVs(0,) alone had no effect on cell
viability and apoptosis. These data demonstrate that the addition
of lipid-GVs(0O,) could lead to significantly higher cell death and
apoptosis levels of cancer cells following PDT. Excessive production
of ROS is believed to be the mechanism responsible for the cyto-
toxicity of tumor cells during PDT. Hence, we further investigated
whether the addition of lipid-GVs(O,) increased the production of
intracellular ROS following PDT. As expected, excessive ROS pro-
duction was detected 1 h following PDT in all three PDT treatment
groups, but total intracellular ROS was most significantly increased
with the addition of lipid-GVs(0,) (Fig. 4F,G).

3.4. In vivo biodistribution and tumor accumulation of lipid-GVs

To monitor the biodistribution of the lipid-GVs in vivo, we
labeled lipid-GVs with indocyanine green (ICG), a near infra-red
(NIR) fluorophore. ICG-labeled lipid-GVs showed an absorption
peak around 800 nm, indicating the successful incorporation of
ICG into lipid-GVs (Fig. 5A). Fluorescent imaging of both ICG
and ICG-labeled lipid-GVs showed strong fluorescence, indicating
the incorporation of ICG into lipid-GVs had minimal effects on
ICG’s fluorescent properties (Fig. 5B). For in vivo real-time NIRF
imaging, tumor-bearing nude mice were monitored for 2 h after
systemic administration of 200 ul PBS, free ICG (20 pg) and 5 nM
ICG-labeled lipid-GVs (containing 20 pg ICG), respectively. Both
free ICG and ICG-labeled lipid-GVs showed significant fluorescence
in the vital organs (liver, lungs, spleen, etc.) within one hour and
decreased over time (Fig. 5C). The ICG signal in the tumor peaked
at half an hour after injection, indicating rapid tumor clearance,
whereas the tumor fluorescence in the ICG-labeled lipid-GVs group
was detectable from 5 min to 2 h after injection (Fig. 5D and F).
Closer examination of the fluorescence signals from major organs
of both groups showed high fluorescence intensity occurred mainly
in the liver and kidney within two hours and decreased over time
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Fig. 2. Morphology, size distribution, and zeta potential of native GVs and lipid-GVs. (A) Photographic images of 1 nM GVs and lipid-GVs in solution. (B) The TEM image of
GVs, showing their morphology (images are representative). Scale bar represents 100 nm. (C) Histogram showing the relative size distributions of the two GV groups with
the statistics shown in (D). (E) Zeta potential statistics of two GV groups. (F) GV groups’ stability over 6 months observed by measuring their concentration. (G) GV groups’
stability over 6 months observed by measuring their size. Data in (D) - (G) represent the mean + SD from 3 independent experiments. (H) GV groups’ stability in acidic PBS
(pH 6) and neutral FBS was determined by measuring their concentration. Data represent the mean + SD from 3 independent experiments.



L. Song, G. Wang and X. Hou et al./Acta Biomaterialia 108 (2020) 313-325 319

-o—- PBS( (_)3)
- 1nM native GVs(O,)
1nM lipid-GVs(O,)

~+ 5nM native GVs(O;)
= 5nM lipid-GVs(O,)

Oxygen concentration[mg/1]
ES
A

T T T T T o
0 1 2 3 4 5 6 7 8 9 10 min

Fig. 3. Determination of oxygen release kinetics of GVs. The oxygen concentration
in 5 ml severe hypoxic solution after injection of 1 ml of PBS(0O;), GVs(0,) or lipid-
GVs(0;). Data represent the mean + SD based on 3 independent experiments.

(Fig. 5E, G and H).Thus, lipid-GVs were able to be retained in
tumors for at least 2 h post-injection, which would be a long
enough period for oxygen delivery.

3.5. In vivo oxygen delivery detection and PDT assay of lipid-GVs

Lipid-GVs’ abilities to modify the hypoxic conditions of tumor
masses in vivo were evaluated. An in vivo proof-of-concept experi-
ment was also performed to determine the ability of lipid-GVs(O,)
to elevate hypoxic subcutaneous tumor oxygenation levels in nude
mice. Tumor oxygenation was monitored by visualizing the lev-
els of oxy-Hemoglobin (oxy-Hb) and deoxy-Hemoglobin (deoxy-
Hb) through photoacoustic imaging before and after the treatment
(0, 5, 15, and 25 min). Tail-vein injection of lipid-GVs(0,) resulted
in elevated sO, in the tumors and sO, peaked 15 min following
injection and then decreased gradually, but not with the PBS(O,)
controls (Fig. 6A,B). Thus, we found that the lipid-GVs filled with
0, were successfully able to raise oxygen levels in subcutaneous
tumors.

The effects of lipid-GVs(0O,) on ALA-mediated PDT in vivo was
then evaluated. Treatments were begun when subcutaneous tu-
mor volume reached 300 mm?3. 200 ul lipid-GVs(0,) were intra-
venous injected into mice 15 min before laser irradiation. Tumor
volumes and body weight were measured every three days after
various treatments. Rapid and continuous growth of tumor was
observed in both control group and lipid-GVs(0O,) alone group for
the following 15 days with the volume of tumors reaching nearly
1500mm?3 at the end of the experiments on the 15th day (Fig. 6C).
For PDT treatment groups, all three groups exhibited effective tu-
mor growth inhibition efficacy compared to control group and
lipid-GVs(0,) alone group. Tumors were found to shrink signifi-
cantly in the early three days following PDT treatment and to re-
grow slowly by the end of test period. However, even compared to
all the groups with PDT, lipid-GVs(O,) showed significantly greater
tumor growth inhibition, being the lowest of all five tested groups.
Crucially, PDT plus PBS(O,) treatment showed negligible effects
compared to PDT alone, again indicating the important ability of
lipid-GVs to successfully carry and to deliver O, to the tumor site.
The body weights of mice were also recorded during the experi-
ments to assess the systematic toxicity of the treatment, and no
significant change was detected among the five groups (Fig. 6D).
However, a gradual increase in body weight was seen in the con-
trol group and lipid-GVs(O,) alone group, which may have been
caused by rapid tumor growth. To further confirm the role of lipid-
GVs(0,) in improving the therapeutic efficacy of PDT, H&E staining

and TUNEL assay of tumor slices were obtained. Compared to con-
trol group and lipid-GVs(O,) alone group, which showed normal
morphology, H&E staining in PDT, PDT +PBS(0O,) and PDT-+lipid-
GVs(0,) groups revealed severe damage, with PDT+lipid-GVs(O,)
group showing the most significant toxicity effects (Fig. 6E). Sim-
ilarly, a TUNEL assay revealed much higher levels of apoptosis
in PDT+lipid-GVs(O,) than in the PDT and PDT+PBS(O,) groups,
with almost no apoptosis in control and lipid-GVs(O,) alone groups
(Fig. 6F). Taken together, these results demonstrate the efficacy of
lipid-GVs(0;) to enhance PDT outcomes. These data also highlight
that while PDT+PBS(0O,) showed some effects in vitro, it much less
effective than PDT-+lipid-GVs(0O,) in vivo, emphasizing lipid-GVs’
capability to successfully deliver O, to the tumor site after sys-
temic injection.

3.6. In vitro and in vivo toxicity detection

Finally, we tested the toxicity and biosafety of both GVs and
lipid-GVs. We used the LDH, MTT and apoptosis assays in vitro
for this purpose and found that both GVs and lipid-GVs triggered
no cytotoxicity on cells. GVs/lipid-GVs (final concentration=1 nM)
were added to the culture medium and incubate for 24, 48 or
72 h. No significant elevation in LDH, formazan levels, Annexin
V or PI signal was observed at any time point, compared to the
control (Fig. 7A-C). We next tested the biosafety of GVs/lipid-GVs
in vivo by observing three basic measures of mouse health (activ-
ity, weight and food intake) before the administration of GVs/lipid-
GVs, and 24, 48 and 72 h after administration of GVs/Lipid-GVs.
Scoring the mice on a 30-point scale, we observed no decrease in
these indicators over the time period (Fig. 7D). We also assayed
the mice’s major organs (heart, liver, spleen, lungs, and kidneys)
one week after GVs/lipid-GVs' administration using hematoxylin
and eosin (H&E) staining (Fig. 7E). Tissue slices from both GVs’ and
lipid-GVs’ groups presented no significant pathological abnormali-
ties or lesions compared to the control group. We thus determined
that both GVs and lipid-GVs alone were not cytotoxic to cells and
did not cause any significant damage to the mice in which they
were tested.

4. Conclusion

In the present study, we present gas vesicles as promising oxy-
gen nanocarriers to alleviate tumor hypoxia. As a type of physi-
cally stable nanostructure, GVs kept very well in long-term stor-
age in cool conditions as well as in acidic conditions over a week.
Preliminary in vitro results showed lipid-GVs(0O,) could change the
hypoxic condition of cell culture when added to the medium. This
indicates that lipid-GVs can carry enough oxygen to significantly
affect cell culture. Our preliminary in vivo biodistribution results
in tumor-bearing mice showed that lipid-GVs could be detected
in the tumor site up to two hours post-injection, indicating that
lipid-GVs were stable enough to survive the circulation to the tu-
mor site. Besides, in vivo oxygen delivery results also showed the
ability of lipid-GVs(0,) to elevate oxygenation levels in hypoxic tu-
mors in vivo 5 min after tail injection, indicating their ability to
deliver a significant amount of oxygen. The PDT assays in vitro and
in vivo showed that the addition of lipid-GVs(0O,) could enhance
the photodynamic effect. Toxicity studies both in vitro and in vivo
showed lipid-GVs to be well tolerated. Compared to other organic
or inorganic materials which could lead to adverse effects, the ini-
tial biocompatibility of GVs was seen to be good and safe for mice.
The observed long-term storage in cold conditions, good oxygen-
loading and release capabilities, and no acute toxicity makes lipid-
GVs unique among other oxygen carriers. Thus, our approach pro-
vided a new choice for oxygen delivery to tumor site for PDT as
well as other oxygen-consuming tumor therapies.
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Fig. 4. Lipid-GVs(0,) mediated oxygen delivery and PDT under hypoxia in vitro. (A) 200 ul PBS(O;) or lipid-GVs(0O,) (with final concentration 1 nM) was added into medium
and cultured with cells in hypoxic condition for 1 h. Image-iT Red Hypoxia Reagent was used to detect hypoxia in cultured cells, indicated by red fluorescence. Representative
images are shown in (A) with quantification of hypoxic staining shown in (B). Data represent the mean + SD from on 3 independent experiments. **p < 0.01 vs. control.
Scale bar represents 25 pm. (C) Schematic diagram of PDT setup. (D) Relative cell viability of HepG2 cells after different treatments by CCK-8 assay. Data represent mean +
SD of 3 independent experiments. **p < 0.01 vs. PBS. (E) Evaluation of cell apoptosis following different treatments by flow cytometry through Annexin-V and propidium
iodide (PI) double staining. Data represent the mean + SD based on 3 independent experiments. *p < 0.05 vs. PBS. (F) Intracellular ROS generation stained with DCFHDA
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five groups is shown in (G). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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shown in (F), (G) and (H), respectively. Data represent the mean + SD (n = 4).
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Besides being mere oxygen carriers, the shells of GVs are readily
linkable with various anti-tumor drugs, GVs have the potential to
be an effective carrier for both oxygen and drug delivery into tu-
mor sites with potentially long circulation time and high efficacy.
Furthermore, GVs can be used as a contrast agent for ultrasonic
imaging due to the echogenicity of gas core [34,51-53]. Further
work is still needed to confirm whether they have prolonged in-
travascular retention time, whether they could induce allergic or
immunologic reactions during transfusions or whether they could
induce potential long term immunotoxicity. Crucially, even any of
these issues emerge in further testing, the possibility of alleviat-
ing or eliminating these effects through surface modification would
still remain, giving such GVs an even greater chance of being suc-
cessful. Thus, GVs are a versatile entity that could be used to com-
bine multiple aspects of cancer therapy, potentially achieving the
aim of ultrasound-guided oxygen delivery and therapy. Such ap-
proaches could help to pave the way for the era of better-targeted
cancer therapies with reduced side-effects and greater efficacies.
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