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Gas microbubbles stabilized with lipids, surfactants, proteins and/or polymers are widely used clinically
as ultrasound contrast agents. Because of their large 1-10 pm size, applications of microbubbles are
confined to the blood vessels. Accordingly, there is much interest in generating nanoscale echogenic
bubbles (nanobubbles), which can enable new uses of ultrasound contrast agents in molecularimaging
and drug delivery, particularly for cancer applications. While the interactions of microbubbles with
ultrasound have been widely investigated, little is known about the activity of nanobubbles under
ultrasound exposure. In this work, we demonstrate that cryo-electron microscopy (cryo-EM) can be
used to image nanoscale lipid and polymer-stabilized perfluorocarbon gas bubbles before and after their
destruction with high intensity ultrasound. In addition, cryo-EM can be used to observe electron-beam
induced dissipation of nanobubble encapsulated perfluorocarbon gas.

Shell-stabilized gas microbubbles (MBs) are frequently utilized as ultrasound contrast agents and vehicles for
drug delivery. The latter application is especially attractive for cancer chemotherapy, as MBs can be externally trig-

© gered to release their cargo, enhancing drug distribution within the tumors and improving therapy outcomes' .

: MB oscillations and eventual dissipation or collapse in the ultrasound field, along with related bioeffects, have

. been the subject of extensive study*-°. Most routinely investigated MBs consist of a single layer of self-assembled

. phospholipids that are oriented through hydrophobic forces around a gas core (usually a perfluorocarbon). MB

: dissipation under ultrasound has been linked to two different mechanisms: acoustic dissolution and fragmenta-

© tion into smaller bubbles”?.

' Because MBs have diameters on the order of 1-10 um, their applications in cancer drug delivery are con-
strained to the vasculature. Accordingly, to broaden the scope of applications, there has been much recent interest
in the creation of sub-micron bubble populations. These nanobubbles, which ideally would have diameters of
100-300 nm, have the potential to move beyond the vasculature into the tumor parenchyma. When placed in
close proximity to tumor cells, nanobubbles could target specific biomarkers on the cell surface, be internalized
into cells, and employ the same cavitation-based effects directly to the tumor cell membrane. These enhanced
capabilities of nanobubbles could potentially lead to even greater therapeutic benefits.

Recent reports have demonstrated some of the benefits associated with nanobubbles in applications rang-

. ing from molecular imaging to therapeutic delivery’~'*. However, due to the small size of nanobubbles, little is

. known about their morphology or response to ultrasound, as traditional techniques such as high-speed camera
capture of bubble oscillations'® have an insufficient spatial resolution. Other techniques such as scanning electron
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microscopy (SEM)! cannot directly visualize the fragile bubbles, and any acquired images would likely show
‘deflated’ bubbles that no longer contain the gas core!”.

Cryo-electron microscopy (cryo-EM) is playing an increasingly important role in the visualization of lipid-
and polymer-based nanoparticles's. Some recent examples include Doxil, a pegylated liposome that encapsulates
doxorubicin'®, liposomes with incorporated clusters of superparamagnetic iron oxide nanoparticles?’, mixed
polymer brush-grafted silica nanoparticles?', and virus-like particle—polymer conjugates®?. Cryo-EM offers
the advantage of being able to visualize a specimen in a near-native, albeit frozen, state. This feature has made
cryo-EM a key validation tool for examining the structural integrity of nanoparticles.

In this study, we report the visualization of gas nanobubbles stabilized with lipid/polymer hybrid shells using
cryo-EM. We investigated the effect of polymer crosslinking on nanobubble morphology and the response of
nanobubbles to sonication and electron-beam driven dissipation. This study demonstrates that cryo-EM can be a
powerful characterization tool for gas nanobubbles, which are too fragile for imaging by SEM or by negative-stain
transmission electron microscopy (TEM). We anticipate that cryo-EM visualization will become a necessary
tool for the structural validation of nanobubbles designed for future molecular imaging and drug delivery
applications.

Experimental

Materials and methods. Lipids, polymers, and crosslinking agents. The lipids DPPC (1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine), DPPA (1,2 dipalmitoyl-sn-glycero-3-phosphate), and DPPE (1,2-dipal-
mitoyl-sn-glycero-3-phosphoethanolamine) were obtained from Avanti Polar Lipids (Pelham, AL), and
mPEG-DSPE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(ammonium salt)) was obtained from Laysan Lipids (Arab, AL). N, N-diethyl acrylamide (NNDEA), 2-Hydroxy-
4/-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), and N, N-bis(acryoyl) cystamine (BAC) were
purchased from Sigma Aldrich (Milwaukee, WI). Pluronic L10 was donated by BASF (Shreveport, LA).

Bubble formulation and nanobubble separation.  Crosslinked nanobubbles (CL-NBs) were prepared as described
by Perera et al.>. Briefly, nanobubbles were prepared by dissolving the lipids DPPC, DPPA, DPPE, mPEG-DSPE
in chloroform in a 4:1:1:1 mass ratio. The solvent was then removed by evaporation and the lipids were hydrated
in a solution containing 50 pL of glycerol and 1 mL of phosphate buffered saline (PBS) containing 0.06 wt.%
Pluronic L10, and 0.5 wt.% Irgacure 2959 at 70 °C for 30 min. Following the hydration step, NNDEA and BAC
were added and dissolved into the lipid solution and the vial was resealed before the air inside the vial was
replaced with octafluoropropane (C;Fy). Finally, the vial was agitated using a VialMix shaker (Bristol-Myers
Squibb Medical Imaging, Inc., N. Billerica, MA) for 455, and irradiated at 254 nm using a UV lamp (Spectronics
Co. Westbury, NY) for 30 min.

To formulate Pluronic (non-crosslinked) nanobubbles, the above mentioned lipid film was hydrated instead
in a solution containing 50 uL of glycerol and 1 mL of PBS containing 0.06 wt. % Pluronic L10 at 70 °C for 30 min.
Once hydrated, the air inside the vial was replaced with octafluoropropane (C;F;) and agitated using a VialMix
for 45s.

Nanobubbles were separated from microbubbles based on their buoyancy by centrifugation. The terminal
velocity (v,.) of a bubble in a liquid medium can be estimated by applying the force balance between the bubble
buoyancy force and the Stokes drag on a particle?.

o igdz(p - pb)
18 m (1)
where d is the bubble diameter, g is the gravitational acceleration, 4 is the viscosity of the fluid medium
(0.001N-s:m~2), p and py, are the densities of the fluid medium (1000 kg-m~) and bubble (8.17 kg:-m™3), respec-

tively. According to this equation, a bubble larger than 0.7 pm should rise a distance of 0.5 cm or greater following
centrifugation at 50-g for five minutes. Care was taken to only collect samples below this distance.

o0

Nanobubble characterization. Initial nanobubble size and concentration for each formulation was determined
by using Nanosight nanoparticle tracking analysis (NTA) (Malvern Instruments, UK). Particle distributions
before and after destruction with ultrasound were measured by Dynamic Light Scattering (DLS) using a Litesizer
500 (Anton Par, Austria). This DLS can measure particles between 0.3 nm and 10 pm and therefore should be
capable of identifying the presence of structures from micelles to large lipid sheets. Samples for DLS and particle
tracking were measured by diluting samples 1:1000 and 1:2000 with PBS at pH 7.4, respectively (n=3). Detailed
acoustic characterization of the nanobubbles and CL-NBs was previously reported®.

Ultrasound mediated nanobubble destruction. A 1.5 wt.% agarose phantom was prepared inside of a 6 well plate
with a custom made rectangular insert. After gelling, the agarose phantom was removed from the six well plate,
exposing the rectangular trough. The agarose phantom was fixed above the ultrasound transducer and the iso-
lated nanobubbles were diluted by 1:100 in PBS and transferred to the trough. Bubble contrast was monitored
using an AplioXG SSA-790A clinical ultrasound scanner (Toshiba Medical Imaging Systems, Otawara-Shi, Japan)
equipped with a 12 MHz linear array transducer. System acquisition parameters were set to contrast harmonic
imaging (CHI) with 12.0 MHz harmonic frequency, 0.1 mechanical index (MI), 65dB dynamic range, and 70 dB
gain. Bubbles were destroyed using the flash/replenish feature on the clinical ultrasound (10 flash cycles, 12 MHz
harmonic frequency, 1.52 MI).
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Figure 1. Production of crosslinked nanobubbles (CL-NBs). (A) UV irradiation is used to form a crosslinked
network of the biodegradable polymer N,N-diethyl acrylamide (NNDEA) with cross-linker N,N-bis(acryoyl)
cystamine (BAC). (B) Schematic diagram of a CL-NB. A P(NNDEA-co-BAC) crosslinked mesh stabilizes an
outer pluronic/phospholipid layer enclosing a perfluorocarbon gas core. Illustration credit to Tiffany Yang.

Cryo-EM imaging. Small aliquots (5uL) of CL-NBs and non-crosslinked NBs at concentrations of 10 par-
ticles/ml were applied to Quantifoil holy carbon EM grids (R2/2, 400 mesh; EMS) before and after ultrasound
disruption. The sonicated samples were vitrified within 1 hour of sonication. The EM grids were glow-discharged
for 30 seconds at 15 mA before sample application. Grids were then blotted and plunge-frozen into liquid ethane
by using a manual plunger. Cryo-EM grids were imaged on a JEOL 2200FS transmission electron microscope
(200kV, FEG, in-column energy filter) equipped with a Tietz TVIPS 4k x 4k CMOS camera. Micrographs were
collected with a defocus range of —4 to —4.5 um and with a total electron dose of <60 e™/A2. Series acquisition
showing electron beam damage to the nanobubbles involved a total electron dose of <900 e~/A? distributed over
45 frames. Individual frames were collected with 800 ms exposures resulting in a total acquisition time of over
40s. Image analysis was performed with Image]J software®.

Data availability. 'The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Results and Discussion

Nanobubble production and characterization. Both non-crosslinked and crosslinked nanobubbles
(CL-NBs) with perfluorocarbon gas cores were prepared for characterization. For CL-NBs, UV irradiation was
used to form a crosslinked polymer mesh designed to stabilize the nanobubbles (Fig. 1). Nanoparticle tracking
analysis of both types of nanoparticles revealed a more uniform size and a higher peak concentration for CL-NBs
(2.5 x 10" particles/ml) as compared to non-crosslinked nanobubbles (1.1 x 10! particles/ml) (Fig. S1). The
higher peak concentration for CL-NBs may indicate that the crosslinked polymer mesh enhances the stability of
nanobubbles during centrifugation. Both formulations produced nanobubbles with mean diameters of ~140 nm
and typical size ranges of 50-500 nm as determined by nanoparticle tracking.

To characterize the behavior of non-crosslinked and crosslinked nanobubbles during exposure to a
high-power ultrasound, agarose phantoms with both types of nanobubble samples were created. A clinical ultra-
sound transducer was used to capture images before, during, and after the ultrasound flash cycle (Fig. 2A,B).
Both types of nanobubble samples behaved similarly and a complete loss of ultrasound signal is evident for both
samples following ultrasound application. Estimation of the size distribution of the nanobubbles before and after
ultrasound destruction was obtained with dynamic light scattering (DLS). The DLS data show that the diame-
ter of the CL-NBs remains similar before and after an ultrasound flash, with just a slight increase in the mean
diameter from 200 +/—17 nm to 233 4+/— 35nm and a slightly broader size distribution (Fig. 2C). In contrast,
the non-crosslinked NBs display a decrease in mean diameter from 296 4-/— 12 nm to 252 +/— 51 nm after an
ultrasound flash and their size distribution broadens more substantially.

CryoEM visualization of nanobubbles. In order to visualize the nanobubbles, cryo-EM imaging tech-
niques were employed. This approach involves flash freezing a concentrated sample on an EM grid in a cryogen.
Then while keeping the sample grid at liquid nitrogen temperature, it is imaged with a low dose of electrons in a
transmission electron microscope. Cryo-EM images were collected of crosslinked (Fig. 3) and non-crosslinked
nanobubbles (Fig. S2). Both types of nanobubbles appear similar with an approximately spherical shape ranging
in diameter from 100 to 500 nm, an outer monolayer, and an electron dense core. Many of the nanobubbles were
observed next to the carbon support layer of the EM grid (Fig. 3A). This could be due to the presence of thicker
vitreous ice around the edges of the holes. During the blotting step of cryo-EM grid preparation, the nanobubbles
could have moved toward the edges of the hole in order to remain as hydrated as possible.
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Figure 2. Ultrasound-driven nanobubble dissipation and size characterization. (A) Schematic of the ultrasound
transducer (bottom) and agarose phantom/sample location (blue). (B) Ultrasound images of crosslinked and
non-crosslinked NBs before, during and after a high-power ultrasound flash cycle. (C) Dynamic light scattering
intensity-weighted size distributions of crosslinked NBs before (blue) and after (red) ultrasound destruction.
(D) Dynamic light scattering intensity-weighted size distributions of non-crosslinked NBs before (blue) and
after (red) ultrasound destruction. Insets in panels C and D show the mean intensity-weighted hydrodynamic
diameters for each group.

Figure 3. Cryo-EM images of CL-NBs. (A) A single CL-NB next to the carbon support layer of the EM grid
(upper right-hand corner). (B) A larger nanobubble encapsulating a smaller nanobubble. (C) Two CL-NBs
interacting with a larger malformed nanobubble (light center). Scale bars, 100 nm.

Since cryo-EM is a form of transmission electron microscopy, the acquired images are projection images and
the observed density corresponds roughly to the mass in the particle. Typically, stains are not used in cryo-EM
and image contrast is created by both amplitude contrast (arising from density variations between the particle
and the surrounding frozen layer) and phase contrast (generated by collecting images slightly out of focus). We
hypothesize that the dark cores observed in cryo-EM images of crosslinked and non-crosslinked nanobubbles are
indicative of encapsulated octafluoropropane gas (molecular weight of 188 g/mol). We note that dark cores have
recently been observed in cryo-EM images of a nanobubble formulation designed for enhanced macromolecular
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Figure 4. Cryo-EM images of sonicated CL-NBs. (A-C) Disrupted nanobubbles are shown colorized for better
visualization. In panel A, multiple disrupted CL-NBs are observed along the carbon support layer of the EM
grid. Occasionally, a multi-layered disrupted CL-NB is observed as in panel B. In panel C, one intact CL-NB is
observed with a dense core (arrow). (D-F) Non-colorized versions of panels A-C. Scale bars, 100 nm.

delivery to the retina”. A small percentage (<10%) of nanobubbles in our preparation are observed without the
electron dense core and these are presumably empty or malformed nanobubbles (Fig. 3C).

If the dark cores do indeed represent electron density from the encapsulated gas, then exposure of the nano-
bubbles to an ultrasound flash should release the gas and the resulting disrupted nanobubbles should have lighter
cores in cryo-EM images. To test this idea, we prepared cryo-EM grids of crosslinked and non-crosslinked nano-
bubbles after exposure to a high power ultrasound flash. As anticipated, cryo-EM images of ultrasound disrupted
CL-NBs reveal that the vast majority of nanobubbles (>>90%) have significantly less dense cores (Fig. 4). An occa-
sional intact CL-NB with a dense core is observed (Fig. 4C) and these must have escaped or withstood the effects
of the ultrasound. In fact, the image contrast of ultrasound disrupted CL-NBs is so low that the nanobubbles
almost blend in with the surrounding frozen ice layer and colorization was used to aid visualization (Fig. 4A-C).
The presence of some aggregates in cryo-EM images of sonicated CL-NBs (Fig. 4A) offers a possible explanation
for the slight increase in mean particle diameter after sonication as measured with DLS (Fig. 2C). Comparing
cryo-EM images of CL-NBs with and without prior exposure to ultrasound shows that the nanobubbles become
slightly more irregular in shape and less spherical (Figs 3 and 4). Cryo-EM sample grids are flash frozen in a cry-
ogen to produce vitreous, non-crystalline ice, and sample particles are normally well preserved during the vitrifi-
cation process. Therefore, we conclude that a high power ultrasound flash partially disrupts the outer monolayer
of CL-NBs allowing rapid release of the encapsulated gas.

In contrast, cryo-EM images of ultrasound treated non-crosslinked NBs reveal significantly more disrup-
tion (Fig. 5). Not only are the electron dense cores missing, but also the nanobubbles themselves have been
transformed into a heterogeneous mixture of deformed sheet-like structures and dot-like objects. The dot-like
objects are <10nm and could correspond to self-assembled Pluronic micelles?®-*. The cryo-EM observation of
a heterogeneous mixture is consistent with the DLS observation of a substantially broadened size distribution for
non-crosslinked NBs (Fig. 2D). The observation that CL-NBs do not reform as liposomes or micelles after expo-
sure to a high power ultrasound flash is likely due to the hydrophobic acrylamide component (NNDEA), which is
not present in the non-crosslinked nanobubbles. Presumably, the acrylamide helps CL-NBs to retain their shape
even after ultrasound disruption and gas release. Our finding of ultrasound disruption of non-crosslinked nano-
bubbles and subsequent reformation into micelles or large lipid sheets is in agreement with other studies that have
investigated the fate of lipid bubbles after sonication!®31%2,

While collecting cryo-EM images of CL-NBs we noticed that the high voltage (200kV) electron beam of the
transmission electron microscope had an effect on the dense cores. Upon extended electron beam exposure (~900
e~/A), a gradual decrease in the central density within the nanobubbles is observed (Figs 6 and S3). It is well
known in the cryo-EM field that electron irradiation breaks covalent bonds*. Therefore, we postulate that with
sufficient electron beam exposure small holes are created in the lipid/polymer shell of the CL-NBs resulting in loss
of the enclosed perfluorocarbon gas. The released gas is quickly dissipated due the high vacuum maintained in
the transmission electron microscope. The gradual reduction in the density of the central cores of several CL-NBs
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Figure 5. Cryo-EM images of sonicated non-crosslinked nanobubbles. (A-C) Disrupted nanobubbles are
shown colorized for better visualization. Typically, disrupted nanobubbles are observed along the somewhat
hydrophobic carbon support layer of the EM grid (dark gray). Both deformed sheet-like structures and dot-like
objects are observed suggesting the instability of nanobubbles after sonication. (D-F) Non-colorized versions of
panels A-C. Scale bars, 100 nm.
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Figure 6. Effect of extended electron beam exposure on CL-NBs. (A) Representative CL-NBs imaged with a
typical electron beam exposure (60 e /A2 (left) and after extended electron beam exposure (900 e /A2 (right).
Scale bars, 100 nm. (B) Density plot analyses of these CL-NBs before (blue) and after extended electron beam
exposure (red). The plots reveal a decrease in the density in the center of the nanobubbles suggesting loss of
perfluorocarbon gas following extended electron beam exposure. The density of the surrounding frozen ice
layer before and after extended electron beam exposure has been normalized to aid comparison.
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can be observed with cryo-EM exposure series collected over ~40s (Supplemental Movies S1-S3). Overall, the
cryo-EM results presented here indicate that the dark centers observed in crosslinked and non-crosslinked nano-
bubble preparations are likely due to the encapsulated perfluorocarbon gas. Additionally, the CL-NBs can be
disrupted with high-energy electrons, and this seems to result in release of the enclosed gas.

We considered whether the enclosed octafluoropropane gas liquefies during vitrification of the sample. Since
the vitrification of the sample is rapid, we assume that the integrity of the outer pluronic/phospholipid layer
remains intact. This is in analogy to cryo-EM studies of liposomes, in which the rapid cooling rate of vitrification
ensures minimal perturbation to the sample®*3>. If the pluronic/phospholipid layer remains intact, then we fur-
ther assume that the enclosed gas cannot escape during vitrification. The diffuse and evenly distributed density
observed in the nanobubble centers by cryo-EM (Figs. 3 and S2), suggests that the enclosed octafluoropropane
remains in a gaseous state. If the octafluoropropane had liquefied during vitrification, we would expect to see
condensed droplets inside of the nanobubbles.

Taken together, our DLS and cryo-EM results indicate that CL-NBs have increased stability compared to
non-crosslinked NBs. Additional in vitro and in vivo studies have showed a 2-fold higher stability of CL-NBs as
compared to non-crosslinked NBs without NNDEA?*. This increased stability directly translates into longer blood
circulation times, and therefore would be advantageous in applications where ultrasound contrast agents need
to target cell surface markers and require additional circulation time. Likewise, CL-NB structural stability could
be beneficial for drug delivery applications where increased cargo capacity and retention of drug without leakage
may lead to improved therapeutic effects. However, additional experiments are needed to explore the benefits of
CL-NB:s for therapeutic applications.

Conclusions

This work demonstrates the use of cryo-EM for imaging shell stabilized nanobubbles with a perfluorocarbon gas
core. Several lines of evidence support our hypothesis that the dark cores observed in cryo-EM images of nano-
bubbles correspond to the encapsulated octafluoropropane gas. When CL-NBs are subjected to a high power
ultrasound flash prior to creation of cryo-EM grids, the dense cores of the nanobubbles are lost. In addition,
when CL-NBs are exposed to a 200kV electron beam for several seconds, the density within the cores is observed
to dissipate. Both the DLS and cryo-EM results presented here demonstrate that the polymer-stabilized CL-NBs
have increased stability compared to non-crosslinked nanobubbles. The nanoscale ultrasound contrast agent field
is rapidly developing. Quantitative structural data pertaining to the interaction of gas nanobubbles with ultra-
sound and evidence of their ultimate fate will be an essential component of future development and applications
of nanobubbles in molecular imaging, as well as drug delivery. Cryo-EM is poised to be a key tool in providing
structural data and facilitating nanobubble translation to clinical applications.

References

1. Gao, Z., Kennedy, A. M., Christensen, D. A. & Rapoport, N. Y. Drug-loaded nano/microbubbles for combining ultrasonography and
targeted chemotherapy. Ultrasonics 48, 260-270 (2008).

2. Lentacker, I., Geers, B., Demeester, J., De Smedt, S. C. & Sanders, N. N. Design and evaluation of doxorubicin-containing
microbubbles for ultrasound-triggered doxorubicin delivery: cytotoxicity and mechanisms involved. Molecular Therapy 18,101-108
(2010).

3. Tinkov, S. et al. New doxorubicin-loaded phospholipid microbubbles for targeted tumor therapy: in-vivo characterization. Journal
of Controlled Release 148, 368-372 (2010).

4. Qin, S., Caskey, C. F. & Ferrara, K. W. Ultrasound contrast microbubbles in imaging and therapy: physical principles and
engineering. Physics in medicine and biology 54, R27 (2009).

5. Vignon, F. et al. Microbubble cavitation imaging. IEEE transactions on ultrasonics, ferroelectrics, and frequency control 60, 661-670
(2013).

6. Wrenn, S. P. et al. Bursting bubbles and bilayers. Theranostics 2, 1140-1159 (2012).

7. Chomas, J. E., Dayton, P, Allen, J., Morgan, K. & Ferrara, K. W. Mechanisms of contrast agent destruction. IEEE transactions on
ultrasonics, ferroelectrics, and frequency control 48, 232-248 (2001).

8. Bloch, S. H., Wan, M., Dayton, P. A. & Ferrara, K. W. Optical observation of lipid-and polymer-shelled ultrasound microbubble
contrast agents. Applied physics letters 84, 631-633 (2004).

9. Yang, H. et al. Nanobubble-Affibody: Novel ultrasound contrast agents for targeted molecular ultrasound imaging of tumor.
Biomaterials 37, 279-288, https://doi.org/10.1016/j.biomaterials.2014.10.013 (2015).

10. Perera, R. H. et al. Nanobubble ultrasound contrast agents for enhanced delivery of thermal sensitizer to tumors undergoing
radiofrequency ablation. Pharm Res 31, 1407-1417, https://doi.org/10.1007/s11095-013-1100-x (2014).

11. Wu, H. et al. Acoustic characterization and pharmacokinetic analyses of new nanobubble ultrasound contrast agents. Ultrasound
Med Biol 39, 2137-2146, https://doi.org/10.1016/j.ultrasmedbio.2013.05.007 (2013).

12. Perera, R. H. et al. Ultrasound imaging beyond the vasculature with new generation contrast agents. Wiley Interdiscip Rev Nanomed
Nanobiotechnol 7, 593-608, https://doi.org/10.1002/wnan.1326 (2015).

13. Krupka, T. M. et al. Formulation and characterization of echogenic lipid-Pluronic nanobubbles. Mol Pharm 7, 49-59, https://doi.
org/10.1021/mp9001816 (2010).

14. Gao, Y. et al. Ultrasound Molecular Imaging of Ovarian Cancer with CA-125 Targeted Nanobubble Contrast Agents. Nanomedicine:
Nanotechnology, Biology and Medicine (2017).

15. Bouakaz, A., Versluis, M. & de Jong, N. High-speed optical observations of contrast agent destruction. Ultrasound in medicine &
biology 31, 391-399 (2005).

16. Appold, L. et al. Physicochemical Characterization of the Shell Composition of PBCA-Based Polymeric Microbubbles. Macromol
Biosci, https://doi.org/10.1002/mabi.201700002 (2017).

17. Dressaire, E., Bee, R., Bell, D. C,, Lips, A. & Stone, H. A. Interfacial polygonal nanopatterning of stable microbubbles. Science 320,
1198-1201 (2008).

18. Stewart, P. L. Cryo-electron microscopy and cryo-electron tomography of nanoparticles. Wiley interdisciplinary reviews.
Nanomedicine and nanobiotechnology 9, https://doi.org/10.1002/wnan.1417 (2017).

19. Lengyel, J. S., Milne, J. L. & Subramaniam, S. Electron tomography in nanoparticle imaging and analysis. Nanomedicine (Lond) 3,
125-131, https://doi.org/10.2217/17435889.3.1.125 (2008).

20. Bonnaud, C. et al. Insertion of nanoparticle clusters into vesicle bilayers. ACS nano 8, 3451-3460, https://doi.org/10.1021/nn406349z
(2014).

SCIENTIFICREPORTS |7: 13517 | DOI:10.1038/s41598-017-13741-1 7


http://S1
http://S3
http://S2
http://dx.doi.org/10.1016/j.biomaterials.2014.10.013
http://dx.doi.org/10.1007/s11095-013-1100-x
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.05.007
http://dx.doi.org/10.1002/wnan.1326
http://dx.doi.org/10.1021/mp9001816
http://dx.doi.org/10.1021/mp9001816
http://dx.doi.org/10.1002/mabi.201700002
http://dx.doi.org/10.1002/wnan.1417
http://dx.doi.org/10.2217/17435889.3.1.125
http://dx.doi.org/10.1021/nn406349z

www.nature.com/scientificreports/

21. Fox, T. L. et al. In Situ Characterization of Binary Mixed Polymer Brush-Grafted Silica Nanoparticles in Aqueous and Organic
Solvents by Cryo-Electron Tomography. Langmuir 31, 8680-8688, https://doi.org/10.1021/acs.langmuir.5b01739 (2015).

22. Lee, P. W. et al. Polymer Structure and Conformation Alter the Antigenicity of Virus-like Particle-Polymer Conjugates. ] Am Chem
Soc 139, 3312-3315, https://doi.org/10.1021/jacs.6b11643 (2017).

23. Perera, R. H. et al. Improving performance of nanoscale ultrasound contrast agents using N,N-diethylacrylamide stabilization.
Nanomedicine 13, 59-67, https://doi.org/10.1016/j.nano.2016.08.020 (2017).

24. Zheng, L. & Yapa, P. D. Buoyant velocity of spherical and nonspherical bubbles/droplets. Journal of Hydraulic Engineering 126,
852-854 (2000).

25. Wu, H. et al. Acoustic characterization and pharmacokinetic analyses of new nanobubble ultrasound contrast agents. Ultrasound in
medicine & biology 39, 2137-2146 (2013).

26. Schindelin, J., Rueden, C. T., Hiner, M. C. & Eliceiri, K. W. The ImageJ ecosystem: An open platform for biomedical image analysis.
Molecular reproduction and development 82, 518-529, https://doi.org/10.1002/mrd.22489 (2015).

27. Thakur, S. S. et al. Stably engineered nanobubbles and ultrasound - An effective platform for enhanced macromolecular delivery to
representative cells of the retina. PLoS One 12, 0178305, https://doi.org/10.1371/journal.pone.0178305 (2017).

28. Arranja, A. et al. Cytotoxicity and internalization of Pluronic micelles stabilized by core cross-linking. Journal of Controlled Release
196, 87-95 (2014).

29. Lam, Y.-M., Grigorieff, N. & Goldbeck-Wood, G. Direct visualisation of micelles of Pluronic block copolymers in aqueous solution
by cryo-TEM. Physical Chemistry Chemical Physics 1, 3331-3334, https://doi.org/10.1039/A902369K (1999).

30. Patterson, . P. et al. Structural Characterization of Amphiphilic Homopolymer Micelles Using Light Scattering, SANS, and Cryo-
TEM. Macromolecules 46, 6319-6325, https://doi.org/10.1021/ma4007544 (2013).

31. Klibanov, A. L., Hughes, M. S., Wojdyla, J. K., Wible, J. H. & Brandenburger, G. H. Destruction of contrast agent microbubbles in the
ultrasound field: the fate of the microbubble shell and the importance of the bubble gas content. Academic radiology 9, S41-S45
(2002).

32. Koshiyama, K. & Wada, S. Collapse of a lipid-coated nanobubble and subsequent liposome formation. Scientific Reports 6 (2016).

33. Kuhlbrandt, W. Cryo-EM enters a new era. Elife 3, €03678, https://doi.org/10.7554/eLife.03678 (2014).

34. Almgren, M., Edwards, K. & Karlsson, G. Cryo transmission electron microscopy of liposomes and related structures. Colloids and
Surfaces A: Physicochemical and Engineering Aspects 174, 3-21 (2000).

35. Franken, L. E., Boekema, E. J. & Stuart, M. C. A. Transmission Electron Microscopy as a Tool for the Characterization of Soft
Materials: Application and Interpretation. Advanced Science 4, 1600476-n/a, https://doi.org/10.1002/advs.201600476 (2017).

Acknowledgements

This work is supported by funding from the National Institutes of Health (F31-CA200373 to CH). This work was
also supported by the Office of the Assistant Secretary of Defense for Health Affairs, through the Prostate Cancer
Research Program under Award No. W81XWH-16-1-037I(to AAE). We also acknowledge additional support
from the Case Comprehensive Cancer Center P30CA043703 in the form of a pilot grant. We thank Sudheer
Molugu for assistance with cryo-electron microscopy data collection. The content is solely the responsibility
of the authors and does not necessarily represent the official views of the National Institutes of Health or of the
Department of Defense. Illustration credit (Fig. 1B) to Tiffany Yang, tyangdesign.com.

Author Contributions
C.H,, S.G., PS. and A.E. designed the study. C.H., S.G., and G.E collected the data. C.H., and S.G. analyzed the
data. C.H., S.G., PS. and A.E. wrote the manuscript. All authors reviewed and edited the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13741-1.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13517 | DOI:10.1038/s41598-017-13741-1 8


http://dx.doi.org/10.1021/acs.langmuir.5b01739
http://dx.doi.org/10.1021/jacs.6b11643
http://dx.doi.org/10.1016/j.nano.2016.08.020
http://dx.doi.org/10.1002/mrd.22489
http://dx.doi.org/10.1371/journal.pone.0178305
http://dx.doi.org/10.1039/A902369K
http://dx.doi.org/10.1021/ma4007544
http://dx.doi.org/10.7554/eLife.03678
http://dx.doi.org/10.1002/advs.201600476
http://dx.doi.org/10.1038/s41598-017-13741-1
http://creativecommons.org/licenses/by/4.0/

	Cryo-EM Visualization of Lipid and Polymer-Stabilized Perfluorocarbon Gas Nanobubbles - A Step Towards Nanobubble Mediated  ...
	Experimental

	Materials and methods. 
	Lipids, polymers, and crosslinking agents. 
	Bubble formulation and nanobubble separation. 
	Nanobubble characterization. 
	Ultrasound mediated nanobubble destruction. 
	Cryo-EM imaging. 
	Data availability. 


	Results and Discussion

	Nanobubble production and characterization. 
	CryoEM visualization of nanobubbles. 

	Conclusions

	Acknowledgements

	Figure 1 Production of crosslinked nanobubbles (CL-NBs).
	Figure 2 Ultrasound-driven nanobubble dissipation and size characterization.
	Figure 3 Cryo-EM images of CL-NBs.
	Figure 4 Cryo-EM images of sonicated CL-NBs.
	Figure 5 Cryo-EM images of sonicated non-crosslinked nanobubbles.
	Figure 6 Effect of extended electron beam exposure on CL-NBs.




