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Abstract

While gas-filled micrometer-sized ultrasound contrast agents vastly improve signal-to-noise ratios,
microbubbles have short circulation lifetimes and poor extravasation from the blood. Previously
reported fluorocarbon-based nanoscale contrast agents are more stable but their contrast is
generally lower owing to their size and dispersity. The contrast agents reported here are composed
of silica nanoparticles of ~100 nm diameter that are filled with ~3 nm columnar mesopores.
Functionalization of the silica surface with octyl groups and resuspension with Pluronic F127
create particles with pores that remain filled with air but are stable in buffer and serum.
Administration of high intensity focused ultrasound (HIFU) allows sensitive imaging of the silica
nanoparticles down to 10 19 particles mL ~1, with continuous imaging for at least 20 min. Control
experiments with different silica particles supported the hypothesis that entrapped air could be
pulled into bubble nuclei, which can then in turn act as acoustic scatterers. This process results in
very little hemolysis in whole blood, indicating potential for nontoxic blood pool imaging. Finally,
the particles are lyophilized and reconstituted or stored in PBS (phosphate-buffered saline, at least
for four months) with no loss in contrast, indicating stability to storage and reformulation.
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1. Introduction

Ultrasound imaging is a widely used imaging technique owing to its substantial tissue
penetration depth, safety, and low cost, combined with a real-time imaging capability that
makes it advantageous over other common modalities such as magnetic resonance imaging
(MRYI), computed tomography (CT), and positron emission tomography (PET). [1-4] To
improve the resolution of the ultrasound images, ultrasound contrast agents, such as highly
echogenic lipid or protein stabilized microbubbles, are often applied. [>-71 Although the
microbubbles can remarkably enhance the signal-to-noise ratio of the ultrasound

images, [8-10] their large size (typically between 1 and 5 pm) restricts their extravasation
from circulation and accumulation into target tissues. For example, tumors have cut-off sizes
between 200 and 800 nm, depending on the tumor type, with smaller particle sizes (<200
nm) needed for reticuloendothelial system avoidance, enhanced accumulation, and deep
tumor penetration. (11131 Another major concern about microbubbles is their poor stability
(on the order of minutes) in the blood stream. [14-16] Better tumor penetration and
pharmaceutical properties can be achieved by utilizing sub-micrometer sized contrast agents
such as gas filled liposomes, 17-19 silica or organic polymer shells, [20-23] and

others. [24-26] Unfortunately, these approaches provide limited contrast enhancement due to
their lower acoustic scattering cross-sections. Accordingly, concentrated doses of contrast
agent are needed with these contrast agents to obtain significant enhancement, which can
result in undesired side effects and increase the potential toxicity.

To address low ultrasound contrast often provided by nanoscale agents, acoustic
vaporization of lipid stabilized perfluorocarbon nanodroplets into micrometer-sized gas
bubbles has been proposed. [1527-29] The phase transition of nano droplets can be achieved
by the negative pressure and increased temperature generated during application of high
intensity focused ultrasound (HIFU). [6:30.31] The microbubbles formed from nanodroplet
vaporization enable high-contrast imaging of target tissue. [28.29] However, lipid stabilized
perfluorcarbon nanodroplets can be polydisperse, which can produce background noise in
the ultrasound images since poly-disperse particles can be activated in a broad energy
range. [291 Monodispersity can be achieved instead by encapsulating perfluorocarbon
droplets in template-synthesized silica or organic polymer shells, [32-35] put the efficiency of
hydrophobic perfluorocarbon encapsulation inside the hydrophilic silica or organic polymer
networks has not been evaluated in these studies. In addition, for both lipid and shell-
stabilized droplets, moderate shelf life (on the order of weeks) of perfluorocarbon droplets
hinders their translation to the clinic.

In this paper, we describe a novel, perfluorocarbon-free, nanoscale ultrasound contrast agent
based on stable air encapsulation in mesoporous silica nanoparticles (MSN) with
hydrophobic interior functionalization and suspended in aqueous media by an amphiphilic
copolymer (Pluronic F127). Recently, Zhao et al. [36] also prepared hydro-phobic MSN and
used the enhanced cavitation of water for cancer cell Killing in the presence of low energy
ultrasound (LEUS) rather than for imaging. Here, we hypothesized that pores of F127-
suspended hydrophobic MSNs would contain air because water would not be able to wet the
hydrophobic pores. When subjected to an ultrasound pulse with a large negative pressure (>1
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MPa), the stabilized nanoscale air pockets would nucleate bubbles [37] that grow, oscillate,
and collapse, in a process known as inertial cavitation. Cavitating bubbles scatter and radiate
sound waves during collapse, which can be detected with an ultrasound imaging transducer.
In fact, it was observed that when exposed to HIFU, the MSN with hydrophobic interiors
produce remarkable ultrasound signal even at low doses at around 1019 particles mL™2, with
no background in the absence of HIFU. To confirm the proposed mechanism, we
investigated ultrasound response of mesoporous or nonporous silica nanoparticles with
different surface chemistry, at different conditions. In addition, to demonstrate the suitability
of our contrast agents for blood pool imaging, their ultrasound responsivity in whole blood
was tested and the effect of cavitation activity on red blood cells was investigated. Finally, to
provide a comparison with current perflurocarbon based contrast agents, these air-filled
contrast agents can be produced in large-scale and stored in PBS (at least for 4 months) or as
lyophilized for later resuspension and use.

and Discussion

Mesoporous silica nanoparticles with hydrophobic surface functionalization (hMSN) were
prepared by co-condensation of tetraethyl orthosilicate (TEOS) and octyltriethoxysilane
(OTES) in a one-pot reaction using cetyltrimethylammonium bromide (CTAB) as the
structure-directing agent. [38:3% |n this method, condensation of TEOS forms the initial
hydrophilic mesoporous silica nanoparticles and sequential addition of OTES forms a
hydrophobic layer around the particles. As prepared, hMSN are not dispersible in water
(Figure 1a); they float on the water in a chunk, which indicates their strong hydrophobicity.
To further demonstrate the poor wetting of the hMSN by water, we spread the particles on a
flat surface and placed a water droplet on the particle-covered surface (Figure S1,
Supporting Information). The droplet preserved its spherical shape (Figure Sla, Supporting
Information) and rolled off from the surface after slight tilting (~5°) (Figure S1b, Supporting
Information). Based on these results, the water/hMSN interface likely exists in a Cassie-
Baxter state in which water is unable to wet the air-filled pores, leading to strong
hydrophobicity. [4041]

Hydrophobic nanoparticles are easily stabilized in aqueous solutions using amphiphilic
molecules such as amphiphilic copolymers, peptide amphiphiles, or

phospholipids. [38:39:42-44] The amphiphilic molecules assemble on the surface of nano
particles due to the hydrophobic effect, while the hydro-philic moieties allow dispersion in
aqueous media. In this study, we used the FDA-approved Pluronic F127 (PEO-PPOPEO) to
stabilize the hMSN and provide PEG moieties for good dispersibility in biological media as
well as biocompatibility. [38] After sonication in Pluronic F127 solution for 15 min, the
hMSN was completely transferred into water and formed a stable dispersion, hereby referred
to as P-hMSN (Figure 1a,b).

Within the nanoparticles, hexagonally ordered ~3 nm diameter well-ordered pores, typical
of the MCM-41 type mesoporous silica materials, are clearly observable by transmission
electron microscopy (TEM) (Figure 2a—d). Similar pore structure was also evident for P-
hMSN, indicating that octyl modification did not significantly affect the pore structure
(Figure 2b), although the surface of the P-hMSN was slightly roughened by octyl
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modification, as observed in previous reports.[38:39] In addition, surface areas of MSN and
hMSN, 773 and 562 m2 g™, respectively, were determined using a physisorption method.
The lower surface area of the hMSN is caused by pore narrowing after octyl
modification.[38] According to TEM, average particle sizes of MSN and P-hMSN were
similar and calculated to be 112 + 18 and 99 + 18 nm for MSN and P-hMSN, respectively.
Uranyl acetate negative staining was used to confirm the existence of Pluronic F127 around
the particles. For MSNs, no contrast enhancement was observed, while for P-nMSNs, bright
layers (Pluronic F127) around the particles were apparent (Figure 2 c,d). Fourier transform
infrared (FTIR) spectroscopy further confirmed capping, as the CH, stretching and bending
peaks at around 2950 and 1450 cm™1,[45:46] were indicative of the organic content of silica
nanoparticles (Figure 2 €). The very small peaks for bare MSNs were likely from residual
surfactants and/or unhydrolyzed ethoxy groups of the TEOS precursor. The CH, absorption
bands significantly intensified for h(MSN and were even stronger for P-nMSN, suggesting
the octyl and F127 coatings around the particles. TGA was performed to further prove the
successful octyl and F127 modifications (Figure S2, Supporting Information). The organic
contents of particles were determined based on the weight loss between 150 and 850 °C. The
weight losses in this region were 7.8%, 13.9%, and 43.6% for MSN, hMSN, and P-hMSN,
respectively. The slight weight loss of unmodified MSN was due to the residual surfactants
and dehydroxylation of silica surface.[3847] The difference between the weight losses of
MSN and hMSN gives the octyl weight percentage in hMSN, which is 6.1%. Similarly,
weight percent of Pluronic F127 in the P-hMSN sample was found to be 29.7%.
Nanoparticle Tracking Analysis (NTA) was used to characterize the dispersion of P-hMSN
in biological media. The distribution of P-hMSN in PBS (pH 7.4, 10 x 1073 m) and 50%
fetal bovine serum are given in Figure 2f, which demonstrated good dispersion of P-hMSN
in both PBS and serum without significant aggregation. By this method, the average particle
size of P-hMSN was determined to be 222 + 51 nm and 187 + 57 nm in PBS and fetal
bovine serum, respectively.

While water can easily wet the hydrophilic silica pores of unfunctionalized MSNs, thereby
displacing any air, water cannot penetrate into the P-hMSNs due to their hydrophobic
surface (Scheme 1a). In that case, air inside the hydrophobic pores and water contact line
are in equilibrium (Scheme S1, Supporting Information). If the outside pressure is reduced
(e.g., negative acoustic pressure), air inside the pores of hydro-phobic MSN will increase in
size and push out the water contact line.[37:48:49] |n fact, formation macroscopic bubbles
from smaller air pockets under acoustic insonation was experimentally demonstrated by
Lohse et al.[50:51] and others52-54] either on smooth hydrophobic surfaces or on surfaces
with hydrophobic wells. Here, we hypothesized that air pockets inside hydrophobic MSN
rapidly form a free-standing micro-meter-sized bubble under HIFU insonation, which can
grow further outside the particle until collapse. Also, note that for hydrophobic MSNs,
coalescence of neighboring bubbles to form larger bubbles is expected since pores are close
to one another. Therefore, it can be expected that HIFU insonation will cause air pockets
inside the pores to generate a bubble larger than the equilibrium size (Scheme 1 b and
Scheme S1, Supporting Information).
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To test this hypothesis, the ultrasound response of the HIFU irradiated P-hMSN was
measured. Samples were placed in a plastic tube with low acoustic attenuation. The tube was
submerged in a water tank and placed so that the center of the sample would sit in the focus
of a HIFU transducer aligned in the z-direction. A phased array scanning probe was aligned
to be in the same plane as the sample, orthogonal to the HIFU (Figure 3a). The ultrasound
response of the HIFU irradiated particles was detected through continuous scanning at 1.5
MHz in Cadence Contrast Pulse Sequencing (CPS) mode to highlight nonlinear response of
the bubbles.[5®] Initially, P-hMSN in PBS at different concentrations was exposed pulse
packets of 12 sine waves (cycles) administered at a repetition rate of 10 Hz. Indeed, upon
application of HIFU, bright spots were immediately observed, confirming the bubbles were
produced by HIFU exposure. The bright spots disappeared immediately after ceasing HIFU
(see Video S1 in the Supporting Information) due to the short life-time of air bubbles in
water.[5] Still images of typical ultrasound responses of the P-hMSN at different particle
concentrations are given in Figure 3 b. With increasing P-hMSN concentration more contrast
was generated, as expected. Even at a low particle concentration of 25 pg mL™1, P-hMSN
exhibited a visible signal that was clearly distinguishable from background (Figure 3 b).
According to NTA analysis, this concentration corresponded to ~6 x 109 particles mL™1,
which is on the same order with the reported optimum dose for lipid-coated perfluorohexane
droplets in our recent paper.[2%! Increasing the concentration to 100 ug mL~ and 200 ug
mL~1 strongly increased the response and the appearance of more bright spots (Figure 3 b).
To quantify the ultrasound response of the P-hMSN, we recorded three 15 s videos (see the
representative video of a 200 ug mL~1 of P-hMSN sample in PBS, Video S1, Supporting
Information) for each sample and analyzed the videos using MATLAB (Mathworks, Inc.) to
calculate the total intensity of the bright spots. Figure 3c shows the integrated intensity at
different P-hMSN concentrations when subjected to HIFU (12 cycles). Between 0 and 200
pg mL~1, the intensity increased linearly, but further increasing the concentration to 400 ug
mL~1 only slightly increased the total intensity. Without HIFU, no signal was observed, even
for the largest particle concentration tested in this study (400 ug mL™1). Next, we applied
different HIFU cycles to the P-hMSN (200 pg mL™1) to optimize the imaging conditions.
Figure 3d shows the representative photographs of obtained signal at different cycles. At 6
cycles, there was only a slight response and it gradually increased until 12 cycles. However
further increasing the number of applied cycles did not change average intensity
significantly, which indicates that around 12 cycles the signal was saturated (Figure 3e).
Accordingly, P-hMSN concentration of 200 pug mL™1 and HIFU condition of 12 cycles were
determined as optimum imaging conditions and utilized for further experiments. To show
that P-hMSN is suitable for dry storage, we lyophilized the as-prepared P-hMSN and
measured the generated ultrasound response after redispersing them in PBS. We observed
that lyophilization had no effect on the ultrasound response of the particles (Figure S3,
Supporting Information) suggesting that the lyophilized P-hMSN can be stored and used
when needed after simple batch sonication.

To identify the possible mechanism of ultrasound signal generation, silica nanoparticles with
different pore structure and surface chemistry were prepared (Figure 4a). As controls for the
P-hMSNSs, solid (nonmesoporous) silica nanoparticles (SSN) and bare mesoporous silica
nanoparticles (MSN) were studied in PBS or in F127 (1 mg mL~1) solution. In addition,
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hydro-phobic SSN was prepared and capped with F127 (P-hSSN) to explore the effect of
nonporous hydrophobic interface. Each particle batch had an average diameter near 100 nm
(for TEM images of SSN and P-hSSN, see Figure S4 in the Supporting Information). The
ultrasound response of the particles in the presence of HIFU (12 cycles) at a particle
concentration 400 ug mL~1 was measured for each combination, and none of the control
particles produced any statistically significant response from the background (Figure 4b).
These experiments demonstrate the need for hydrophobic interface and porosity to obtain
ultrasound signal under HIFU irradiation. Also, it was observed that a solution of Pluronic
F127 had no contribution to the ultrasound response either.

To further elucidate the role of air pockets in signal generation, mixed solvents with lower
surface tension were used to potentially wet the mesopores and displace any entrapped air.
Low surface energy liquids such as alcohols are known to wet the hydrocarbon coated
hydrophobic particles and surfaces.[6:57] First, the particles were verified to be dispersed in
ethanol without addition of Pluronic, confirming its ability to wet the hMSN (Figure S5,
Supporting Information). Then, the ultrasound response of P-hMSN dispersion was
measured in the presence of different amounts of ethanol (Figure 5). Addition of only 0.5%
(v/v) ethanol into the P-hMSN dispersion (200 pg mL™1) quenched the resultant ultrasound
signal more than 50%. Doubling the ethanol amount resulted in a quenching more than 80%.

Next, P-hMSN dispersion was continuously exposed to HIFU (12 cycles) for 20 min. The
result is shown in Figure 6, where each data point was obtained by averaging the intensity
of the every frame at 5 s intervals. Calculated intensities for each frame of the complete
video are provided in Figure S6 in the Supporting Information. We note that the spikes in
Figure S6 (Supporting Information) can be due to the formation and collapse of larger
bubbles. In the first 3 min signal is almost constant, then starts to decrease gradually, finally
to around 20% of the initial response after 20 min of continuous HIFU exposure at 10 Hz.
This also supports the role of the entrapped air in the signal generation: HIFU exposure
consumes the entrapped air inside the particles, which decreases the signal over time. While
cavitation can also damage local environments, TEM analysis of the HIFU exposed P-hMSN
(Figure S7, Supporting Information) indicated that particles remained essentially unchanged
even after 20 min of continuous HIFU treatment. Based on the results presented in Figure 4,
5, and 6, the most likely mechanism for HIFU induced ultrasound signal generation is the
formation of macroscopic bubbles, which are nucleated from the entrapped air inside the
hydrophobic pores. Also, it should be noted that, in addition to the role in entrapment of air,
hydrophobic interface may facilitate the release of air-bubbles by lowering the adhesion
force between silica surface and air-bubbles.[58:5% |n addition, replacement of encapsulated
air with water in the course of HIFU exposure can be expected since HIFU insonation pulls
out the air to nucleate bubbles and creates a pressure difference between outside and inside
of the pores (lower pressure inside the pores), which then can force the water to wet the
pores.[40]

To explore the stability of the encapsulated air inside the pores of the P-hMSN in the
absence of HIFU, we stored the P-hMSN in PBS (1 mg mL™1) without insonation for four
months. The ultrasound responsiveness of the stored P-hMSN (200 pg mL™1) was measured
after redispersing the particles by batch sonication for a few seconds (Figure S8, Supporting
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Information). The response was almost same with the as-prepared particles, which reveals
the excellent stability of the air encapsulated in the pores. The morphology of the stored
particles were investigated by TEM (Figure S9, Supporting Information), which indicates
particles remained mostly intact after 4 months of storing in PBS. Only some small pores
were formed (due to the dissolution of silica) inside the particles. While MSNs are generally
soluble in salt solutions (typically in a few weeks), the hydrophobic octyl groups of P-hMSN
protected the particles from dissolution by PBS.[60.61] |n addition, the NTA characterization
of the stored sample showed that size distribution was not also effected from the storage
(Figure S10, Supporting Information). These results show that particles can be stored in PBS
for at least 4 months without any significant agglomeration and loss in the ultrasound
responsivity.

To examine the potential relevance of the nanoscale ultrasound contrast agents for future
biological validation, ultrasound responsiveness of the P-hMSN (200 pg mL™1) was
measured in fetal bovine serum and EDTA-stabilized whole blood (Figure 7). Slight
reduction in the response was observed in serum (~20%), while the reduction in the signal
was more pronounced (~35%) in whole blood (Figure 7b). The quenching in the ultrasound
response in the biological media can be explained by the higher densities of serum and blood
than PBS and that blood cells can scatter and attenuate the sound waves.[62.63] Notably, there
was no background in the absence of P-nMSN for both serum and blood samples (Figure
7b).

To further explore the relevance of the P-hMSN as blood pool contrast agents, their
compatibility with red blood cells (RBCs) was investigated in the presence or absence of
HIFU. One can expect damage to the RBC membrane induced by the cavitation of the
bubbles generated by HIFU irradiation.[84] To explore the possible membrane damage in
RBCs, the absorption of the released hemoglobin (at 570 nm) from the lysed RBCs was
measured.[8%] Figure 8 shows the hemolytic activity induced by 15 s of HIFU irradiation at
different P-hMSN concentrations and HIFU cycles in 50% bovine whole blood. In the
absence of P-hMSN, there was only slight hemolytic activity (<0.1%). The presence of P-
hMSNSs (50 pg mL™1), slightly increased the hemolytic activity, especially at 12 cycles
(%0.3%). Increasing the P-hMSN concentration to 200 pg mL ™1 further increased the
hemolytic activity at all HIFU cycles, and hemolytic activity reached around 0.9% at 12
cycles. Figure S11 (Supporting Information) shows the hemolytic activity of P-hMSN (200
ug mL™1) after different HIFU exposure times at 12 cycles. With increasing HIFU irradiation
times, hemolytic activity increased linearly to 2.5% after 60 s of HIFU irradiation. To test
the effect of P-hMSNSs themselves on hemolytic activity, we incubated the P-hMSN at
different concentrations (0 to 400 pg mL™1) in 50% blood for 2 h. Without HIFU, no
hemolytic activity was detected for P-hMSN at any particle concentration, most likely due to
the particles’ PEGylated surface (Figure S12, Supporting Information).[38.66] These results
indicate that although our contrast agents have some potential to induce hemolysis in the
presence of HIFU due to their ultrasound signal generation capability at low particle doses,
the degree of hemolysis was negligible, making these agents suitable for blood pool imaging
applications.
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Finally, we tested the responsivity of P-hMSN in a tissue mimic composed of an agarose gel.
P-hMSN was added into the agarose gel solution to give final particle concentration of 200
ug mL ~1 and left for gelation at RT for 1 h. After the gels formed, their responsivity was
investigated by applying HIFU at 12 cycles (Figure S13, Supporting Information).
Interestingly, ultrasound response was concentrated in a smaller region for the particles
dispersed in agarose gel as compared to particles dispersed in PBS or blood. We believe this
difference to be caused by the decreased mobility of the bubbles generated in the stiff gel
microenvironment. Nevertheless, P-hMSN produces an easily distinguishable response in
agarose gel that is significantly greater than background (Figure S13b, Supporting
Information). While these results indicates the potential of the P-hMSN as nanoscale
ultrasound contrast agents for in vivo tissue imaging, further in-depth studies are still
needed; these are currently underway in our laboratory.

3. Conclusion

In conclusion, a distinct nanoscale ultrasound contrast platform was described using air-
containing mesoporous nano-particles with hydrophobic functionalization stabilized by
amphiphilic polymers. When exposed to HIFU, these particles produced an observable
ultrasound response, even at a low particle concentration of 25 pg mL ~1 (~6 x 109 particles
mL~1), with no background signal in the absence of HIFU exposure. The absence of
background makes the developed nanoparticles promising for high contrast ultrasound
imaging and designing sensor platforms.[2% The mechanism of ultrasound signal generation
was investigated, and it was concluded that the entrapped air inside the hydrophobic capped
pores of the mesoporous particles can be released by HIFU exposure to form ultrasound
responsive bubbles.

The ultrasound contrast agents described in this study brings several advantages over the
conventional perfluorocarbon containing contrast agents. They can be prepared in large
quantities and stored in atmospheric conditions. In addition, particle size and size
distribution is better controlled owing to the well-established synthesis of mesoporous silica
nanoparticles, resulting in particles well below the 200 nm diameter cutoff desired for
satisfactory extravasation and passive targeting.[12:12] In future studies, the stabilizing
polymers will be optimized to allow attachment of targeting ligands, followed by in vivo
validation of this new technology for tumor detection and therapy.

4. Experimental Section

Materials

Tetraethyl orthosilicate (TEOS), n-octyltriethoxysilane (OTES), octyltrichlorosilane
(OTCS), and cetyltrimethylammonium bromide (CTAB) were purchased from Across
Organics. Pluronic F127 polymer was purchased from Anatrace, Inc. Ethanol was purchased
from Decon Laboratories. Dichloromethane (DCM) and Tetrahydrofuran (THF) were
purchased from Sigma Aldrich. Ammonium nitrate was purchased from Fisher Scientifi c.
Sodium hydroxide and ammonium hydroxide solution (28%-30%) were purchased from
Macron Chemicals. Hexane was purchased from EMD Chemicals. All chemicals were used
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as received. EDTA stabilized whole bovine blood was purchased from Lampire Biological
Laboratories and fetal bovine serum was purchased from Hyclone, Thermo Scientific.

Synthesis of hMSN

hMSN was prepared according to previous reports with slight modifi cations.[38:39] Briefly,
CTAB (200 mg) and Pluronic F127 polymer (6 mg) were dissolved in Millipore water (96
mL) and 2 m NaOH (0.7 mL) was added. While stirring at 600 rpm, the reaction solution
was heated to 80 °C and TEOS (1.5 mL) was rapidly added. In a few minutes, the reaction
solution became turbid indicating the formation of mesoporous silica nanoparticles. After 30
min, OTES (0.25 mL) was dissolved in THF (10 mL) and added to the reaction solution to
form the hydrophobic layer around the particles. The reaction was kept at the same condition
for further 2.5 h and particles were collected by centrifugation (6600 rcf) and washed with
ethanol. To extract the surfactant molecules, product was dispersed in 50 mL of ethanolic
ammonium nitrate solution (20 mg mL~1) and vigorously stirred at 60 °C for 30 min. The
particles were then collected by centrifuge, and ammonium nitrate treatment was repeated an
additional time. Finally, particles were washed with ethanol three times and dried at 60 °C.

Synthesis of MSN

MSN was synthesized using the aforementioned conditions with the exception of OTES
addition.

Synthesis of SSN

SSN (~100 nm in diameter) was prepared according to the Stober method.[871 Briefly, 3 mL
of TEOS was dissolved in 80 mL of ethanol and gently added onto a another solution
containing 20 mL of ethanol, 0.5 mL of Millipore water, and 6 mL of ammonium hydroxide
solution (28%-30%). The reaction mixture was stirred (300 rpm) at room temperature for
overnight. Particles were collected by centrifugation (6600 rcf), washed with ethanol twice
and dried at 70 °C.

Synthesis of hSSN

To prepare hSSN, 40 mg of SSN was dispersed in anhydrous DCM and 0.2 mL of OTCS
was added dropwise. The reaction mixture was gently stirred at room temperature and under
argon atmosphere for overnight. Particles were collected by centrifugation (6600 rcf),
washed with hexanes and ethanol, and dried at 70 °C.

F127 Capping

hMSN or hSSN capped with Pluronic F127 polymer were prepared according to a previous
report.[38] Briefly, 5 mg of particles was dispersed in 10 mL of 5 mg mL™1 Pluronic F127
solution in distilled water by sonication for 15 min. The dispersed particles were stirred (500
rpm) for 1 h and collected by centrifugation (6600 rcf). Then, particles were dispersed in 10
mL of Pluronic F127 solution and sonication and stirring steps were repeated. Finally,
particles were collected by centrifugation (6600 rcf) and washed with distilled water twice to
remove the excess Pluronic F127.
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Ultrasound Contrast Imaging and Analysis

For HIFU exposure, a spherically focused, single-element, HIFU transducer (Sonic
Concepts H101, 64.0 mm Active Diameter x 63.2 mm Radius of Curvature) was equipped
with a coupling cone (Sonic Concepts C101). It was filled with degassed and deionized
water prior to the experiments, and the transducer and core were submerged in a water tank.
The HIFU transducer was connected to a 30 MHz Function/Arbitrary Waveform Generator
(Agilent Technologies) via an AG Series Amplifi er (T&C Power Conversion, Inc.), the
amplifier operating at 100% output, the peak pressure of which was measured to be 9.87
MPa via needle hydrophone calibration (Onda Corp.).

In a typical experiment, P-hMSN or control particles were dispersed in 1 mL of PBS (10 x
1073 m, pH 7.4) to give the desired concentration of between 0 and 400 pg mL™1. For the
studies in bovine blood or fetal bovine serum, P-hMSN was dispersed in 0.2 mL of PBS and
diluted in 0.8 mL of blood or serum to give the final particle concentration of 200 pg mL™1.
The samples were placed to the bulb of a plastic pipette. For measurements, the plastic bulb
was positioned on top of the coupling cone to guarantee proper HIFU focusing into the
center of the sample. A vector array 4V1 (Acuson) transducer (1-4 MHz) was aligned to
acquire horizontal cross-sectional images of the sample to prevent direct exposure of the
transducer to HIFU pulses. The transducer was connected to a Siemens Acuson Sequoia
C512 scanner operating in CPS mode at 1.5 MHz and a mechanical index (Ml) of 0.19.
Then, HIFU was applied using the following Waveform Generator settings: 1 Vpp, 1.1 MHz
center frequency, 0.1 s pulse interval (burst period), and number of cycles between 6 and 15
as indicated in the main text. Real-time videos were recorded for 15 s during the HIFU
application by the Siemens Acuson Sequoia C512 scanner. The videos were analyzed using
a MATLAB (Mathworks, Inc.) code which calculates the total intensity of the bright spots in
the region of interest of each frame of the videos.

For hemolytic activity studies, 0.5 mL of P-hMSN in PBS was mixed with 0.5 mL of whole
bovine blood and immediately exposed to HIFU at predefi ned exposure times and number
of cycles. Positive and negative controls were prepared by adding 0.5 mL of water and PBS,
respectively. Addition of water caused the complete lysis of RBCs due to the formed
hypotonic environment; therefore, all hemoglobin inside RBCs should be released. The
blood samples were then centrifuged at 950 rcf for 5 min to precipitate the RBCs. 100 pL of
supernatants was transferred to a 96-well plate and released hemoglobin in the supernatants
were measured with a Microplate reader (Safi re2, Tecan) at 570 and 655 nm (reference
wavelength). Percent hemolysis percentages were calculated by comparing the released
hemoglobin amount in samples with the positive and negative controls, from at least three
separate experiments.

For agarose gel studies, 1% (w/w) agarose was dissolved in PBS by stirring at 90 °C,
followed by cooling to =40 °C. Then, P-hMSN in 0.5 mL of PBS was mixed with 0.5 mL of
agarose solution to give fi nal particle concentration of 200 pg mL~1. Immediately after
mixing, the gel solution was transferred into a bulb of a plastic pipette and left for gelation at
RT and static conditions for 1 h. Agarose gels in the absence of P-hMSN were prepared by
mixing 0.5 mL agarose solution with 0.5 mL PBS for control experiments. Ultrasound
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responsivity of the agarose gels with or without P-hMSN was investigated as described
above.

Hemolysis Assay

Hemolytic activity of the P-hMSN in the absence of HIFU was determined by incubating the
P-hMSN (0-400 pg mL~1) in 50% blood at 37 °C for 2 h under gentle shaking. Hemolysis
percentages were determined as described above.

Characterization

Transmission electron microscopy (TEM) images were taken using a CM 100 (Philips)
microscope. For staining 2% uranyl acetate solution was used. FTIR spectra of MSNs were
collected by using a Fourier transform infrared spectrometer (Nicolet 6700, Thermo
Scientific). The concentration and size distribution of P-hMSN in different media were
measured via Nanoparticle Tracking Analysis using a NanoSight LM10 setup (Malvern).
Surface area of MSN and hMSN were determined using a ChemiSorb 2720 (Micromeritics).
Before measurements, all samples were degassed at 220 °C for 1 h. Thermal gravimetric
analyses (TGA) of the samples were performed using a Pyris 1 TGA (Perkin Elmer).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sonication

hMSN
(b) Air
Water

Sonication

Figure 1.
Preparation of F127 capped particles. a) Photographs of hMSN before and after 15 min

sonication in a Pluronic F127 solution. b) Schematic representation of phase transfer process
of hMSN using Pluronic F127 solution to form Pluronic F127 capped P-hMSN.
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Figure 2.
Characterization of the mesoporous silica nanoparticles. a—d) TEM images of MSN and P-

hMSN. Bare MSN without a) and with c) uranyl acetate stain. P-hMSN without b) and with
d) uranyl acetate stain. Blue arrows in d) indicate the stained F127 layer around the particles.
e) FTIR spectra of MSN, hMSN, and P-hMSN. f) Size distribution of P-hMSN in PBS and
50% fetal bovine serum as determined by Nanoparticle Tracking Analysis. All scale bars are
100 nm.
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Scheme 1.
a) Schematic representation of MSN and P-hMSN. b) Schematic representation of

ultrasound signal generation upon HIFU exposure.
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Figure 3.
a) Schematic of the ultrasound signal measurement setup from the HIFU exposed

nanoparticles. b) Representative images were taken from movies acquired during HIFU
irradiation of nanoparticles at different concentrations. ¢) Calculated total intensities from
the acquired movies of P-nMSN samples with different concentrations exposed with 12
HIFU cycles. d) Representative images were taken from movies acquired during HIFU
irradiation at different number of cycles. e) Calculated total intensities from the acquired
movies of P-hMSN samples (200 ug mL~1) were exposed with different HIFU cycles. Error
bars = 1 SD, studies were run in triplicate.
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Figure 4.
a) Schematic representation of the particles and conditions were used in the control

experiments. b) Total intensities (relative to response of P-nMSN) were calculated from the
acquired movies for control conditions; for all particles concentration was 400 pg mL™1,
F127 concentration in SSN+F127 and MSN+F127 samples was 1 mg mL~L. Error bars = 1
SD, studies were run in triplicate.
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different amounts of ethanol. Error bars = 1 SD, studies were run in triplicate.
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Figure 6.
Change in the response of a P-hMSN (200 ug mL~1) under continuous HIFU exposure (12

cycles) for 20 min. All data points were averaged from the frames of 5 s intervals of the
recorded video and normalized to initial response.
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Figure7.
Ultrasound response of the P-hnMSN in different media. a) Representative images were taken

from movies acquired during HIFU irradiation in the presence or absence of P-hMSN. b)
Relative intensity of samples in different media were calculated from acquired movies in the
presence or absence of P-hMSN. Error bars = 1 SD, studies were run in triplicate.
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Figure8.
Calculated hemolysis percentages after application of different HIFU cycles in the presence

or absence of P-hMSN. Error bars = 1 SD, studies were run in triplicate.
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