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Nanobubbles, as a kind of new ultrasound contrast agent (UCAs), have shown promise to penetrate tumor
vasculature to allow for targeted imaging. However, their inherent physical instability is an ongoing concern that
could weaken their imaging ability with ultrasound. Gas vesicles (GVs), which are genetically encoded, naturally
stable nanostructures, have been developed as the ﬁrst ultrasonic biomolecular reporters which showed strong
contrast enhancement. However, further development of tumor imaging with GVs is limited by the quick
clearance of GVs by the reticuloendothelial system (RES). Here, we developed PEGylated HA-GVs (PH-GVs) for
in-tumor molecular ultrasound imaging by integrating polyethylene glycol (PEG) and hyaluronic acid (HA) in
GV shells. PH-GVs were observed to accumulate around CD44-positive cells (SCC7) but not be internalized by
macrophage cell line RAW 264.7. Green ﬂuorescence from PH-GVs was found around cell nuclei in the tumor
site after 6 h and the signal was sustained over 48 h following tail injection, demonstrating PH-GVs’ ability to
escape the clearance from the RES and to penetrate tumor vasculature through enhanced permeability and
retention (EPR) eﬀects. Further, PH-GVs produced strong ultrasound contrast in the tumor site in vivo, with no
obvious side-eﬀects detected following intravenous injection. Thus, we demonstrate the potential of PH-GVs as
novel, nanosized and targeted UCAs for eﬃcient and speciﬁc molecular tumor imaging, paving the way for the
application of GVs in precise and personalized medicine.

1. Introduction
The emergence of molecular imaging for cancer diagnosis and
monitoring is considered a major milestone in the ﬁeld of medical
imaging [1]. Molecular imaging allows the noninvasive and continuous
monitoring of tumors at the cellular and molecular levels [2–4]. Ultrasound imaging, the most commonly-used non-invasive imaging
modality in clinics, has the advantages of low cost, wide availability,
outstanding safety proﬁle, lack of ionizing radiation, high spatio-temporal resolution, and portability [5–7]. The development of targeted
ultrasound contrast agents (UCAs) enables ultrasonic molecular imaging and extends the diagnostic capability and utility of this traditional
imaging mode [8]. Commercial UCAs are usually gas-ﬁlled microbubbles, surface-modiﬁed with ligands that can target cells speciﬁcally,
thereby signiﬁcantly increasing the sensitivity and speciﬁcity of ultrasound imaging [9]. Since microbubbles are several micrometers

(1–8 μm) in diameter, they remain exclusively within the vascular
compartment and this property makes them particularly well-suited for
intravascular imaging of inﬂammation, angiogenesis, thrombi etc. [10].
Although the utilization of microbubbles for ultrasound imaging has
shown encouraging results, their potential utility in biomedicine has
been constrained by their inability to pass through vessel walls into
non-vascular tumor sites [1,8,11].
Nanobubbles, due to their nanoscale size, have greater potential in
extravascular molecular applications such as tumor imaging. It is wellestablished that tumor vasculature exhibits enhanced permeability and
retention (EPR) eﬀects and nano-sized particles could eﬃciently cross
the leaky, defective vasculature of tumors, leading to high extravasation and retention of nanoparticles in the tumor site [12]. Recently,
targeted and non-targeted nanobubbles with various shells such as
phospholipids or polymers have been developed for molecular ultrasonic imaging of tumors [13,14]. Despite their potential beneﬁts in
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~500 nm for PH-GVs) with relatively uniform size distributions
(Fig. 2c).

tumor-targeted imaging, their conﬁguration needs stabilization by the
addition of surfactant on the shells as well as by the perﬂuorocarbon gas
core [15–18]. Gas escape, bubble fragmentation, and nanobubble collapse are phenomena that could occur after in vivo administration,
negatively aﬀecting their imaging performance.
Gas vesicles (GVs) are nanoscale gas-ﬁlled protein structures expressed intracellularly in certain cyanobacteria, which were recently
reported as gene-encoded reporters oﬀering signiﬁcant potential as
molecular ultrasound contrast agents [19–22]. Unlike traditional UCAs,
which trap preloaded gas in an unstable conﬁguration, the 2 nm-thick
protein shells of GVs exclude water but are freely permeable to gases in
the surrounding media, making them physically stable despite their
nanometer size [19,23]. GVs were demonstrated to be able to produce
robust ultrasound contrast across a range of frequencies at picomolar
concentrations and exhibit harmonic scattering to enable enhanced
detection versus background in vitro [19,22]. Moreover, strong nonlinear contrast images of GVs could be acquired on the location of inferior vena cava (IVC) and liver after intravenous injection [19]. Their
stable performance and robust ultrasound contrast make GVs good
candidates as molecular contrast agents for tumor imaging. However,
similar to other common nanoparticles, the majority of GVs after intravenous administration is usually taken up in non-targeted tissues,
such as the liver, spleen, and lungs [24]. Foster et al. recently reported
that the reticuloendothelial system (RES) cleared 84% of native GVs
20 min following administration to mice due to capture by phagocytic
cells and collapsed GVs through the biliary system, with almost no GVs
remaining in the blood 120 min after injection [24]. Such rapid clearance could limit the utility of GVs for tumor molecular imaging as they
may not be able to circulate long enough to extravasate into tumor
tissues.
Surface modiﬁcations can be made to GVs to resolve the systemic
clearance issue by improving their pharmacokinetic properties.
Multiple studies have reported that adding polyethylene glycol (PEG)
on the surface of nanoparticles eﬀectively reduced RES uptake and
increased circulation time in the blood, leading to selective accumulation of the nanoparticles to the tumor site [25–28]. Likewise, hyaluronic acid (HA) on the surface of nanoparticles has displayed eﬃcacy
in targeting particles to CD44-positive malignant cancer cells and selectively enhancing the accumulation and retention of nanoparticles at
the tumor site [29–33]. In the present study, PEG-conjugated-HA was
conjugated to GVs and the PEGylated HA-GVs (PH-GVs) were characterized. PH-GVs abd GVs were found to be stable in solution as well as
when under ultrasound irradiation. PH-GVs were found to display enhanced targeting and immune escape abilities compared to unmodifed
GVs, and were not cytotoxic to cells. PH-GVs also showed greater tumor
targeting and retention as well as longer duration of sustained signal in
vivo, without obvious damage to vital organs. Thus, in all, we demonstrate PH-GVs as a potent novel nanoparticle for ultrasound molecular
imaging in vivo with high biocompatibility and targeting ability.

2.2. Ultrasound imaging properties of PH-GVs
GVs and PH-GVs were next tested for their ultrasound contrast
properties using a Vevo 2100 imaging system (FUJIFILM VisualSonics,
B-mode) operating at 21 MHz, at diﬀerent concentrations. Both native
GVs and PH-GVs produced robust contrast relative to buﬀer controls at
concentrations ranging from 250 to 1000 pM, with gas volume fractions
of approximately 0.01%–0.1% (Fig. 3a). Contrast in both GVs groups
increased as the concentration of GVs was increased, with 1000 pM
showing the highest contrast in both groups (Fig. 3b). We also determined the biostability of the GV groups by incubating them in PBS or
fetal bovine serum (FBS) and imaging them over the course of 7 days.
Native and PH-GVs showed no reduction in echogenicity in either PBS
or FBS, thereby demonstrating their physical stability in physiologically
relevant conditions (Fig. 3c and d). These results demonstrate that
native and PH-GVs generated by us showed good contrast generation
and stability in solution. Besides, we tested the stability of PH-GVs
under some physical or mechanical forces, such as temperature, ultrasonic. We conducted additional experiment to demonstrate the stability
of GVs and PH-GVs under diﬀerent conditions (25 °C, 37 °C, 45 °C) for
diﬀerent time durations, and examined the ultrasound contrast intensity. The echoed ultrasound signals were captured in B-mode images
(Fig. S1a) and quantitative intensity chart (Fig. S1b) shown below. The
results show that the ultrasound intensity of GVs and PH-GVs remained
stable for up to 24 h at all temperatures without obvious decreasing
trend. In another experiment, B-mode images were acquired under ultrasound irradiation at imaging intensity level at diﬀerent time points.
The results in Figs. S1c and S1d show no echo contrast decrease of both
GVs and PH-GVs, indicating GVs and PH-GVs are stable enough under
B-mode imaging intensity. GVs used in the study is Ana GVs, and the
critical collapse pressure is 440–605 kPa [19]. When applying 650 kPa
ultrasound sonication, both GVs and PH-GVs collapsed with immediate
echo signal disappeared (Fig. S1c). Both GVs and PH-GVs collapsed
with 650 kPa insonation.
2.3. Targeting ability and immune escape ability of PH-GVs in vitro
To validate the active targeting eﬃciency of PH-GVs, we incubated
our PH-GVs with the squamous cell carcinoma cell line (SCC7), known
to have high expression of CD44. To monitor the location of our GVs,
we labeled both groups of GVs with indocyanine green (ICG), a near
infra-red (NIR) ﬂuorophore (Fig. S2a). ICG-linked GVs showed a signiﬁcant broadening of their absorption spectrum compared to free ICG,
indicating their successful conjugation (Fig. S2b). ICG-linked GVs also
showed signiﬁcantly higher ﬂuorescence intensity at increasing concentrations, thereby conﬁrming the successful linkage of the dye to the
GVs (Figs. S2c–d). The interaction of ICG labeled native GVs and PHGVs with CD44-positive cells was then evaluated using ﬂuorescence
imaging. ICG-PH-GVs showed a signiﬁcantly greater ability to accumulate in the cytoplasm of SCC7 cells than the ICG-GVs after 6 h incubation (Fig. 4a) indicating more successful cellular uptake of the PHGVs. We also tested the GV groups’ immune escape abilities in vitro by
incubating them with the murine macrophage cell line RAW 264.7.
Native GVs showed a strong red ﬂuorescence within these immune
cells, while PH-GVs showed little-to-no signal (Fig. 4b) indicating enhanced immune escape of the PH-GVs. PEGylation of HA-GVs was thus
seen to confer greater homotypic targeting and reduced internalization
by immune cells with greater potential for eﬀectiveness in vivo.

2. Results and discussion
2.1. Characterization of native GVs and PEGylated HA-GVs (PH-GVs)
The PH-GVs used in this study were generated by sequential covalent conjugation of HA followed by PEG to native GVs harvested from
Anabaena ﬂos-aquae (Fig. 1). The successful synthesis of PH-GVs was
conﬁrmed by transmission electron microscopy (TEM). Compared to
native GVs which showed clean cylindrical morphology and clear ribs
on the shell, PH-GVs were wrapped by a layer of substrate and the ribs
on the shell were not easily visible (Fig. 2a). Zeta potential of native
GVs was between −40 ± 5 mV while PH-GVs showed an negative zeta
potential of −20 ± 6 mv(Fig. 2b). Zeta potential is a key indicator of
nanoparticle stability, and the values obtained for both native GVs and
PH-GVs indicated a suitable surface charge for colloidal stability [34].
Both GV groups showed nanoscale diameters (~400 nm for native GVs,

2.4. Biodistribution and tumor accumulation of PH-GVs in vivo
Next, we determined the in vivo biodistribution and tumor-targeting
characteristics of PH-GVs. Tumor-bearing mice were monitored for 48 h
2
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Fig. 1. Schematic illustration of the preparation process of PEGylated HA-GVs (PH-GVs).

labeled PH-GV group (Fig. 5g). Crucially, the green ﬂuorescence observed was not restricted to colocalization with CD31 (vessels) but
could also be seen in the region around the nuclei. This indicates the
successful passing of the PH-GVs past the tumor vasculature, through
the EPR eﬀect, and successful cellular uptake by tumor cells. Combined
with the evidence detailed in previous ﬁgures, these results demonstrate that the PH-encapsulation of GV surfaces enabled reduced
clearance, enhanced blood circulation time and increased tumor penetration through blood vessels, enabling their enhanced in vivo performance.

by real-time NIRF imaging after systemic administration of free ICG
(200 μl, 20 μg), ICG-labeled GVs (20 nM, containing 20 μg ICG), ICGlabeled HA-GVs (20 nM, containing 20 μg ICG) and ICG-labeled PH-GVs
(20 nM, containing 20 μg ICG) respectively. Free ICG and ICG-labeled
GVs initially showed signiﬁcant ﬂuorescence in the vital organs (liver,
lungs, spleen, etc.), but decreased over time without showing localization in the tumor site (Fig. 5a). In ICG-labeled HA-GVs group, strong
signals around the whole body of the mice were detected at the early
time points. By contrast, ICG-labeled PH-GVs showed consistent but
moderate signals in the vital organs of mice at the shortly post-injection
but showed the strongest localization to the tumor site from 8 h onwards. 6 h post-administration, ICG-labeled PH-GVs showed a Tumor/
Muscle ratio above 2 and was maintained for almost all of the remaining duration, which is always higher than that of ICG-labeled HAGVs group (Fig. 5b). This ratio did not signiﬁcantly increase in Free ICG
and GVs groups at any point. Closer examination of the large organs
and the tumor showed that ICG-labeled PH-GVs group showed high
ﬂuorescence in the tumor at 12, 24 and 48 h but not in the other vital
organs, whereas ICG-labeled GVs localized highly in the liver, but not in
the tumor at any observed time point (Fig. 5c). The ﬂuorescence intensity of tumor in ICG-labeled PH-GVs group remained high over the
48 h period examined, whereas ﬂuorescence of tumor decreased in ICGlabeled GVs group and ICG-labeled HA-GVs group over time indicating
tumor excretion gradually (Fig. 5d–f). The ability of PH-GVs to primarily label the tumor site after 6 h and the sustained signal over 48 h
conﬁrmed the PH-modiﬁcation's improvement to the ability of the PHGVs to escape immune clearance, their stability, and their tumor-targeting potential.
To further conﬁrm the enhanced retention of ICG-labeled PH-GVs in
tumor-bearing mice, we ﬁnally investigated the interstitial penetration
of ICG-labeled GVs and ICG-labeled PH-GVs inside solid tumors after
12 h post-injection. The tumors were extracted and tumor slices were
stained with DAPI (blue) and anti-CD31 antibody (red) for confocal
imaging to label the relative location of cell nuclei and blood vessels.
ICG-labeled GVs showed no ﬂuorescence (green) in the tumor sections,
whereas strong ICG ﬂuorescence was visible in the tumors of the ICG-

2.5. In vivo cancer US imaging by PH-GVs
We next tested the GVs groups’ relative abilities to generate US
contrast in vivo by intravenously injecting GVs, HA-GVs or PH-GVs into
SCC7 tumor-bearing mice. 200 μl GV, HA-GVs and PH-GVs (20 nM)
were respectively administered into the tail vein of tumor-bearing nude
mice and nonlinear ultrasound images (transmitting at 18 MHz) of the
tumor site were acquired using the Vevo 2100 imaging system.
Ultrasound images showing tumor sites at 0, 0.5, 1, 2, 4, 8, 12, 24, and
48 h post-injection showed that PH-GVs showed much greater and wellsustained ultrasound contrast inside the tumor (green signal) compared
to native GVs and HA-GVs (Fig. 6a). Imaging with PH-GVs exceeded the
ultrasound intensity generated by GVs and HA-GVs at 6 h, peaked at
12 h, gradually diminishing over the remaining period, whereas HAGVs showed lower ultrasound signals and native GVs showed an almost
ﬂat time proﬁle (Fig. 6b). To conﬁrm that PH-GVs were the source of
the observed contrast, we applied 650 kPa US pulses, which resulted in
the disappearance of the contrast (Fig. 6c). Regions of interest containing GVs exhibited 60 ± 14% stronger backscattered signals than
buﬀer-injected controls (p = 0.008), with the diﬀerence disappearing
after collapse (p = 0.23) (Fig. 6d).
2.6. In vitro and in vivo toxicity detection
The in vitro cytotoxicity of native GVs and PH-GVs on SCC7 cells was
3
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Fig. 2. Characterization of GVs and PH-GVs. (a) TEM image of GVs (1, 3) and PH-GVs (2, 4). Scale bar represents 200 nm (1, 2) and 100 nm (3, 4). (b) Zeta potentials
of GVs and PH-GVs in PBS. (c) Number-averaged diameter of GVs and PH-GVs in PBS by DLS. Data in (b) and (c) represent the mean ± SD from 3 independent
experiments.

is a critical concern in the ﬁeld of molecular ultrasound imaging. In the
present study, we successfully synthesized PH-GVs by combining GVs
with PEG, which reduced RES uptake and increased blood circulation
time, as well as a tumor-targeting ligand-HA. We demonstrated that our
synthesized PH-GVs showed good biocompatibility and targetability
both in vitro and in vivo. PH-GVs resulted in reduced uptake in the liver,
prolonged blood circulation, selective accumulation at the tumor site,
as well as improved tumor targeting eﬀects. Crucially, PH-GVs were
seen to be good ultrasound contrast agents in CD44-positive tumor
imaging. Such improvements could enable GVs to truly fulﬁll their
potential as a high-performance nanoscale molecular reporter for ultrasound imaging as well as a potential carrier for CD44-positive tumor
therapy.

investigated by incubating them with diverse concentrations of GVs
(0–1 nM) followed by a CCK-8 assay. Incubation with native GVs,
broken native GVs (collapsed using US) or PH-GVs for 24 h did not
induce any noticeable reduction in cell viability at any concentration
(Fig. 7a). Incubation with any GV group with incubation time doubled
to 48 h also did not result in decreased cell viability at any concentration (Fig. 7b). We thus see that no GV group, including our surface-modiﬁed ones, showed any signiﬁcant cytotoxicity to cells, indicating their general level of safety. We then evaluated the in vivo
toxicity of the GV treatment on the normal, non-tumor organs of the
treated mice by H&E staining. The gross morphology of all vital organs
observed in either GV group showed no major diﬀerences compared to
the PBS control (Fig. 7c). No obvious signs of damage or toxicity were
visible in the pathologies of the heart, liver, spleen, lung, and kidneys.
The body weights of tumor-bearing mice over the 30-day period of
testing were also tracked, and we found that groups of mice injected
with GVs or PH-GVs showed no major diﬀerence in body weights
(Fig. 7d), conﬁrming our in vitro observations of non-cytotoxicity.

3. Materials and methods
3.1. Materials
Ethylenediamine (EDA), 1-ethyl-3(3-(dimethylamino)propyl) carbodiimide (EDC), and Nhydroxysuccinimide (NHS) were obtained from
J&K company (Beijing, China). Propidium iodide (PI) was purchased
from Sigma-Aldrich Co. (St. Louis, MO). ICG-Sulfo-Osu (ICG) was obtained from Dojindo molecular technologies (Tokyo, Japan). CCK-8

2.7. Conclusion
The search for appropriate contrast agent which is small enough to
pass through the vasculature to access the intercellular space of tumors
4
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Fig. 3. In vitro ultrasound image enhancement. (a) Ultrasound images of a dropper phantom containing PBS buﬀer, GVs, and PH-GVs at concentration ranging from
125 to 1000 pM. Images were acquired at B-mode and contrast mode, as indicated. (b) Total backscattered signal relative to PBS at each GVs concentration. Data
represent the mean ± SD based on 4 independent experiments. (c) Ultrasound images of a dropper phantom containing GVs and PH-GVs (GVs concentrations of 500
pM) staying for various time. (d) Quantitative analysis of the images in (c). Data represent the mean ± SD from 4 independent experiments.

assisted ﬂoatation according to Walsby's method (Buckland and Walsby
1971). Brieﬂy, hypertonic lysis, achieved by quickly adding sucrose
solution to a ﬁnal concentration of 25%, was used to release GVs. GVs
were isolated by centrifugation at 400g for 3 h after hypertonic lysis.
The isolated GVs formed a white creamy layer on top of the solution
and were collected by syringe. To purify the GVs, it was washed by the
same centrifugation process three times and stored in phosphate-buffered saline (PBS) at 4 °C. The concentration of GVs was estimated using
a literature-based formula (450 nM per OD500) (Walsby 1994), where
OD500 is the optical density at a 500-nm wavelength measured with a
UV–visible spectrophotometer (2100 Pro, GE Healthcare, Piscataway,
NJ, USA). Volume fraction was estimated using approximated gas volumes of 8.4 μL/mg and molar weight of 107 MDa as described elsewhere (Walsby and Armstrong 1979).
For PEGylated HA-GVs (PH-GVs) synthesis, PEG and HA were immobilized to the GVs’ protein shells by covalent conjugation. Firstly,
EDC (3.37 mg) and NHS (2 mg) were added to HA solution (10 mg) in

assay kit and 4,6-diamidino-2-phenylindole (DAPI) were purchased
from Sangon Biotech (Shanghai, China). Calcein-AM was obtained by
Invitrogen (Grand Island NY). FITC-conjugated goat anti-rabbit immunoglobulin G was from Life Technologies (NY, USA). Squamous cell
carcinoma cell line (SCC7) were bought from ATCC (Manassas, VA).
Methoxypolyethylene
glycol
amine
(PEG-amine,
molecular
weight = 5 kDa) was purchased from Shanghai Seebio Biotech
(Shanghai, China). Sodium hyaluronic acid (HA, molecular
weight = 234 kDa) was bought from Lifecore Biomedical (Chaska,
MN).

3.2. Preparation of native GVs and PEGylated HA-GVs (PH-GVs)
Anabaena ﬂos-aquae (FACHB-1255, Freshwater Algae Culture
Collection, Wuhan, China) was cultured in sterile BG-11 medium at
25 °C under ﬂuorescent lighting on a 14 h/10 h light/dark cycle. GVs
were isolated and puriﬁed through tonic cell lysis and centrifugally
5
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Fig. 4. Targeting ability and immune escape abilities of PH-GVs. Confocal microscopy images of ICG labeled GVs and ICG labeled PH-GV co-incubated with SCC7 cells for 6 h. Scale bars represent 20 μm. Representative images are shown in (a). Cellular uptake of PH-GVs by murine RAW 264.7 macrophage cells were observed
under a ﬂuorescence Microscope. Representative images are shown in (b). Scale bars represent 20 μm.
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Fig. 5. In vivo biodistribution of PH-GVs. (a) In vivo NIR ﬂuorescent imaging of tumor-bearing mice was taken at diﬀerent times after intravenous injection of free
ICG, ICG labeled GVs, ICG labeled HA-GVs and ICG labeled PH-GVs, respectively. Red circles indicate the tumor's location. (b) Tumor/muscle (T/M) ratio of tumorbearing mouse model at diﬀerent times. Data represent the mean ± SD from 5 independent experiments. (c) Ex vivo ﬂuorescence imaging of vital organs and tumors
taken from tumor-bearing nude mice after 4, 12, 24 and 48 h post-injection of ICG-labeled GVs, ICG labeled HA-GVs and ICG-labeled PH-GVs, respectively.
Quantitative analysis for the accumulation in tumor and vital organs of ICG labeled GVs, ICG labeled HA-GVs and ICG labeled PH-GVs are shown in (d), (e) and (f).
Data represent the mean ± SD (n = 5). *p < 0.05 vs. control. **p < 0.01 vs. control. In vivo biodistribution of PH-GVs. (g) Confocal images of tumor slices
collected from mice 12 h post-injection of ICG-labeled GVs and ICG-labeled PH-GVs. The green and red signals were from the ﬂuorescence of ICG and anti-CD31stained blood vessels, respectively.

3.3. Characterization of GVs and PH-GVs

PBS (pH = 7.4). The solution was then stirred in an ice-bath for 2 h.
Then 1 mL of GVs (5 nM) dissolved in PBS (pH = 7.4) was added
dropwise. The reaction mixture was stirred for another 24 h at 4 °C. The
resulting mixture was added into the ultraﬁltration tube (2 mL) and
centrifuged at 1800 rpm for 5min to remove free EDC, NHS, and HA.
The resultant nanoparticles were stored in PBS buﬀer 4 °C. PEG was
chemically conjugated to the HA-GVs conjugate through amide formation in the presence of EDC and NHS. The HA-GVs conjugate was
dissolved in PBS (pH = 7.4), which was mixed with EDC (3.37 mg) and
NHS (2 mg) in PBS. After PEG-amine (73.5 mg) was slowly added, the
mixture was stirred for 24 h in an ice-bath. The resulting solution was
then centrifuged against the excess amount of EDC, NHS and PEG and
washed 4 times with PBS.
The prepared GVs were also labeled with a NIR dye, ICG, for cellular
experiments and animal imaging tests, as a ﬁrst step before the addition
of HA and PEG [35,36]. Brieﬂy, EDC and NHS were added to ICG solution in PBS (pH = 7.4). After 30 min incubation at room temperature,
the solution was added to pure GV solution (molar ratio: ICG/
GV = 1000/1). Then the mixture was shaken for 4 h at 4 °C and followed by puriﬁcation 4 times by centrifugation. The resulting mixture
was added into an ultraﬁltration tube (50 mL) and centrifuged
1800 rpm for 5min to remove free ICG. The resultant nanoparticles
were stored in PBS buﬀer.

The particle size and size distribution of PH-GVs were measured by
dynamic light scattering DLS (Varian, Palo Alto, USA). Zeta potential
measurements were performed at 25 °C on a Malvern Zeta Size-Nano Z
instrument. UV–vis absorbance spectra of GVs and PH-GVs were observed by Multiskan Go microplate reader (Thermo Fisher Scientiﬁc,
Massachusetts, USA). Fluorescent signals of ICG and ICG labeled PHGVs were measured using a ﬂuorescence spectrophotometer (Varian,
Palo Alto, USA). The morphology of GVs was imaged using transmission
electron microscopy (TEM) (JEOL 2100 F, JEOL, Tokyo, Japan) operating at 200 kV. GVs in deionized water (0.5 nM) were deposited on a
carbon-coated grid and dried at room temperature overnight.
Hydrodynamic size was obtained using the dynamic light scattering
(DLS) method.

3.4. Acoustic imaging of GVs and PH-GVs in vitro
PH-GVs and GVs were put into a dropper (5 mL) before imaging and
all the droppers were immersed at the same depth in the deionized
water. Ultrasound B-mode and Contrast mode images of GVs were acquired using Vevo 2100 imaging system (FUJIFILM VisualSonics,
Toronto, ON, Canada, 21 MHz, B-mode) with a transducer of LZ250 D.
The center frequency and output energy level were set to 18 MHz and
4%, respectively.

Fig. 6. Ultrasound imaging of PH-GVs in tumor sites. In vivo ultrasound images of tumor after intravenous injection of GVs, HA-GVs and PH-GVs were captured.
Representative images are shown in (a) with quantiﬁcation of intensity shown in (b). The green color represents the intensity-enhanced region due to the GVs.(c)
Vesicle collapse with destructive insonation (650 kPa). Representative images are shown in (c) with quantiﬁcation of intensity shown in (d). Data represent the
mean ± SD from on 3 independent experiments. *p < 0.05 vs. control. ***p < 0.001 vs. control.
8

Biomaterials 236 (2020) 119803

G. Wang, et al.

Fig. 7. Toxicity of PH-GVs both in vitro and in vivo. Viability assay of SCC-7 cells after treatment with GVs, collapsed GVs and PH-GVs at the concentration of
0.031–1 nM for 24 h (a) and 48 h (b). (c) Representative H&E sections of the vital organs (heart, liver, spleen, lung, and kidney.) and tumors after GVs/PH-GVs
treatment for 30 days. Scale bars, 100 μm. (d) Body weights were measured during the 30-day evaluation period in mice under diﬀerent conditions. Data represent
the mean ± SD from 4 independent experiments.

Dulbecco's Modiﬁed Eagle Medium (DMEM)/high glucose medium
supplemented with 10% FBS and 1% antibiotic solution at 37 °C and 5%
CO2. The next day, both cells were washed by cold PBS and incubated
with diﬀerent kinds of GVs at 37 °C for 4 h with 5% CO2 atmosphere.

3.5. Cell internalization detection of GVs and PH-GVs
Human squamous cell carcinoma cell line (SCC7 cells) and murine
RAW 264.7 macrophage cells were seeded in an 8-well chamber in
9
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Appendix A. Supplementary data

After incubation, all cells were washed thoroughly with cold PBS. The
cells were ﬁnally ﬁxed in cold ethanol for 15 min at −20 °C and
mounting medium containing DAPI was added and incubated for
10 min in the dark. Cell internalization of ICG labeled PH-GV and ICG
labeled GVs were observed by a confocal microscope (Olympus, USA)
and the excitation and emission wavelengths were set at 780 nm and
800 nm for ICG, respectively.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biomaterials.2020.119803.
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3.6. Cytotoxicity detection of GVs and PH-GVs
The SCC7 cells were seeded in a 96-well plate at a density of
8000 cells per well and cultured overnight at 37 °C in a 5% CO2 incubator. The next day, cells were washed with 3 times PBS and incubated with GVs, collapsed GVs and PH-GVs at a series of concentrations for 24 h and 48 h under the same conditions. Cell viability was
evaluated by CCK-8 assay kit. The optical density (OD) was measured at
450 nm and recorded by a microplate reader.
3.7. Biodistribution of GVs and PH-GVs in nude mice
Animal experiments were conducted under protocols approved by
Animal Care and Use Committee (CC/ACUCC) of The Hong Kong
Polytechnic University. Subcutaneous sites of athymic nude mice (seven
weeks old, female, 20–24 g) were injected with a suspension of 4 × 106
SCC7 cells in PBS (80 μl). When the tumor size (in the right leg region)
reached an average size of 120 mm3, mice were randomly allocated into
three groups, (a) Free ICG solution was injected into the tail vein of the
mice. (b) ICG labeled GVs solution were injected into the tail vein of the
mice. (c) ICG labeled PH-GVs solution were injected into the tail vein of
the mice. Fluorescence images were acquired at 0, 0.5, 1, 2, 4, 8, 12, 24
and 48 h after injection using IVIS Lumina II (Caliper Life Sciences,
USA; Excitation Filter: 780 nm, Emission Filter: 800 nm). At the time of
highest accumulation after one-dose injection, tumors and normal organs (heart, liver, spleen, kidney, lung, and muscle) were collected and
for acquisition of Fluorescent signal intensity.
3.8. In vivo US imaging of SCC7 tumor xenografts in nude mice
US images in the tumor sites were recorded on Vevo 2100 imaging
system. When the tumor size (in the right leg region) reached an
average size of 120 mm3, mice were randomly allocated into three
groups, (a) PBS, (b) GVs and (c) PH-GVs. US imaged were acquired at 0,
0.5, 1, 2, 4, 8, 12, 24 and 48 h following tail injection. At the time of
highest accumulation after one-dose injection, a high power of US stimulation is performed, which can induce the collapse of GVs. The signal
intensities of echo imaging were measured using Vevo 2100
Workstation Software.
3.9. Statistical analysis
Comparisons among groups were analyzed via independent-samples
one-factor ANOVA test using SPASS 17.0 software. All statistical data
were obtained using a two-tailed student's t-test and homogeneity of
variance tests (p values < 0.05 were considered signiﬁcant).
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