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Abstract

While thermal ablation of various solid tumors has been demonstrated using high intensity focused
ultrasound (HIFU), the therapeutic outcomes of this technique are still unsatisfactory because of
common recurrence of thermally ablated cancers and treatment side effects due to the high
ultrasound intensity and acoustic pressure requirements. More precise ablation of tumors can be
achieved by generating cavitating bubbles in the tissue using shorter pulses with higher acoustic
pressures, which induce mechanical damage rather than thermal. However, it has remained as a
challenge to safely deliver the acoustic pressures required for mechanical ablation of solid tumors.
Here, we report a method to achieve mechanical ablation at lower acoustic pressures by utilizing
phospholipid-stabilized hydrophobic mesoporous silica nanoparticles (PL-hMSN). The PL-
hMSNs act as seeds for nucleation of cavitation events and thus significantly reduce the peak
negative pressures and spatial-average temporal-average HIFU intensities needed to achieve
mechanical ablation. Substantial mechanical damage was observed in the red blood cell or tumor
spheroid containing tissue mimicking phantoms at PL-hMSN concentrations as low as 10 pg mL
1 after only 5 s of HIFU treatment with peak negative pressures ~11 MPa and duty cycles
~0.01%. Even the application of HIFU (peak negative pressure of 17.5 MPa and duty cycle of
0.017%) for 1 min in the presence of PL-hMSN (200 pg mL™1) did not cause any detectable
temperature increase in tissue-mimicking phantoms. In addition, the mechanical effects of
cavitation promoted by PL-hMSNs were observed up to 0.5 mm from the center of the cavitation
events. This method may thus also improve delivery of therapeutics or nanoparticles to tumor
environments with limited macromolecular transport.
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INTRODUCTION

Ablation of soft tissue using minimally invasive modalities such as high intensity focused
ultrasound (HIFU), lasers, and radiofrequencies are expected to play an increasingly
important role in treatment of solid tumors and other localized diseases.1~” As alternatives to
open surgery, these methods offer better precision, lower cost, decreased morbidity and
mortality rates, and shorter recovery times.8-10 Among these modalities, HIFU is especially
promising, owing to the low acoustic attenuation of soft tissue at therapeutic frequencies
(~0.5-3.5 MHz), which enables non-invasive ablation of deep tissue.l In HIFU ablation,
high intensity ultrasound pulses are concentrated into a cigar-shaped focal zone with
millimeter orthogonal resolution.11: 12 At sufficiently high acoustic powers, HIFU can
generate a rapid temperature increase (>50 °C) in the tissue and almost immediately cause
the formation of necrotic tissue.! Leveraging this rapid temperature increase, HIFU has been
applied to thermally ablate various benign and malignant tumors and tissues, including
uterine fibroids, and tumors in the breast, prostate, kidney, liver, bone, and pancreas.”: 13-17
However, the therapeutic outcomes of the thermal HIFU ablation of malignant tumors are
still unsatisfactory because of common recurrence of the ablated cancers, typically due to
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surviving cancer cells peripheral to the treatment area, as well as treatment side effects such
as skin burn, damage to the neighboring healthy tissue, and enteroparalysis.18-20

These limitations of the efficacy of thermal ablation can be overcome if damage is caused by
mechanical effects rather than thermal 21: 22 Mechanical damage is achieved with shorter,
microsecond HIFU pulses with higher peak negative pressures. Rather than depositing
thermal energy, this approach produces cavitating bubbles, which are nucleated by the
residual gas pockets in the tissue.2® Cavitation events result in mechanical fractionation of
the tissue without causing a significant temperature increase and thus without leaving a
necrotic lesion. However, cavitation events are difficult to control at such high acoustic
pressures because any gas pocket present in the tissue may act as a nucleation site for
initiation of random cavitation events.

Utilization of ultrasound contrast agents (UCAS) can reduce the high peak negative
pressures required to induce cavitation (>20 MPa) by acting as nucleation sites for acoustic
cavitation.24 25 Not only do UCAs reduce the peak negative pressures required for achieving
cavitation, but also they can significantly reduce the treatment time needed for complete
ablation of large (> 5 cm) tumors, which might take several hours.: 20 However, currently
existing UCAS, such as stabilized perfluorocarbon microbubbles and nanodroplets, and
perfluorocarbon loaded polymer or silica shells, are limited by their large size (usually > 200
nm), which prevents their penetration and accumulation in solid tumors.28 27 In addition,
encapsulated perfluorocarbons are released rapidly under HIFU insonation due to the rupture
of their stabilizing shells, which allows cavitation for only very short time periods, typically
less than a minute.28

In this study, we report mechanical HIFU treatment by utilizing phospholipid-stabilized
hydrophobic mesoporous silica nanoparticles (PL-hMSN), a robust and nanoscale UCAs
recently developed by our group.2? With their smaller sizes (~100 nm) and better storage
stability (up to 4 months in PBS with no activity loss3%) compared to fluid-based contrast
agents such as fluorocarbon microbubbles or nanoemulsions, and air-trapped liposomes,
these nanoscale UCAs are very promising for tumor imaging and ablation applications.
More importantly, unlike fluid-based contrast agents, PL-hMSNs have long-lived activity
(for ten minutes) even under extended insonation at cavitation-inducing conditions. As a
result, we report a mechanical HIFU treatment approach with spatial-peak pulse-average
(Isppa) @nd spatial-average temporal-average (Isata) intensities of 13,000 and 1.3 Wicm?,
respectively, and treatment durations ~5 s. Cavitation events sensitized by the PL-nMSNs
produced mechanical damage in tissue-mimicking agarose phantoms without any detectable
temperature increase after treatment. In comparison, spatial-average temporal-average HIFU
intensities applied in previous studies were a few orders of magnitude higher than the
intensities reported in the present study.22 23. 26, 31-34 \\ke first report the excellent acoustic
activity and stability of PL-hMSN at concentrations as low as 10 ug mL™1 in agarose
phantoms. Next, we show mechanical damage induced by the PL-hMSNs under HIFU
insonation using red blood cell or tumor spheroid containing agarose phantoms. Finally, we
show the propulsion of the nanoscale UCAs into the surrounding hydrogel due to the
cavitation events generated by them, which makes the nanoscale UCAS very promising in
drug or nanoparticle delivery applications to tumors.
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RESULTS AND DISCUSSION

The UCASs used in this study were hydrophobically-modified mesoporous silica
nanoparticles, which were stabilized by monolayer of phospholipids and phospholipid-
polymer conjugates (Figure 1a).2? The hydrophobic interface between particles and the
phospholipid layers stabilizes air pockets during phospholipid stabilization step. Such air
pockets then act as nucleation sites for bubble growth under reduced the acoustic pressures
of HIFU (Figure 1b).28-30.35-38 The bubbles then grow outside the particle to sizes around
50-200 um and followed by their violent collapse.3° The phospholipid stabilized
hydrophobic mesoporous silica nanoparticles, PL-nMSNs, were prepared according to our
previous report with some modifications.2? Briefly, mesoporous silica nanoparticles*0-42
were prepared with diameters around 100 nm, and their surfaces were then hydrophobically
modified using dodecy! trichlorosilane.2® Also, fluorescein was incorporated within the
silica matrix for fluorescent labeling. Hydrophobically modified particles were then coated
with phospholipid layers using 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-[methoxy (polyethylene glycol)-2000]
(DSPE-PEG2K) (Figure 1a). PL-hMSN morphology was investigated using Transmission
Electron Microscopy (TEM), which found 100 nm nanoparticles filled with ~3 nm sized
randomly oriented pores (Figure S4a, b). The phospholipid layers were imaged by negative
staining with uranyl acetate, appearing as bright layers (Figure S4c). The presence of the
phospholipid layers was further confirmed using Thermogravimetric Analysis (TGA)
(Figure S5). Both Nanoparticle Tracking Analysis (NTA) and Dynamic Light Scattering
(DLS) methods showed that the PL-hMSN were well-dispersed in PBS (10 mM, pH 7.4)
with average particle sizes of 178 nm and 160 nm, respectively (Figure S6).

The acoustic cavitation activity of the PL-hMSN was evaluated using the experimental set-
up that was described in our previous reports (Figure S7).30:43-45 |n a typical experiment, a
PL-hMSN dispersion in PBS was placed in the bulb of a plastic pipette, which was in turn
directly placed on the coupling cone of a HIFU transducer operating at 1.1 MHz. The
generated bubbles under HIFU insonation were detected using a phased array scanning
probe (Acuson 4V1) operating at 1.5 MHz in Cadence Contrast Pulse Sequencing (CPS)
mode. PL-hMSN samples at different concentrations between 5 and 200 ug mL~1 were
insonated with 14.1 us HIFU pulses with a peak negative pressure of 16.8 MPa at a
repetition frequency of 10 Hz (duty cycle of 0.014%). To quantify the ultrasound contrast
generated by PL-hMSN, three 15 s videos (30 frames per second) were recorded for each
sample, and the brightness of the region of interest was quantified using MATLAB
(Mathworks, Inc.). Bubble generation was observed at concentrations as low as 5 ug mL™1
(Figure S8), which corresponds to 1.9 x 109 particles mL~ according to NTA
measurements. In addition, the cavitation events generated by PL-hMSN under HIFU
insonation were detected using a passive cavitation detector (PCD) (Figure S9).

As tissue mimicking phantoms, agarose gels were used in this study due to their ease of
preparation, transparency, and mechanical properties similar to various solid tumors.25 First,
the acoustic activity of the PL-hMSN was tested in agarose hydrogels. To prepare agarose
hydrogels containing PL-hMSN, agarose was first dissolved in PBS by heating to ~90 °C.
The solutions were cooled to ~40 °C, and PL-hMSN was added to give final PL-nMSN
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concentrations between 0 and 200 pg mLR2, Finally, samples were transferred into the bulbs
of plastic pipettes and kept at room temperature (~20 °C) for 1 d to allow the gel to solidify.
The acoustic activity of the PL-nMSN in an agarose gel was investigated using the
experimental set-up described above. Observable acoustic contrast was detected from the
PL-hMSN in the agarose gels at concentrations as low as 10 pg mL~1 (Figure 1c). No
contrast was detected in the gels in the absence of PL-nMSN. As another control, MSNs
without hydrophobic modification were tested in agarose gels at particle concentrations of
200 pg mL™1, but no contrast was detected at the same HIFU conditions. These results
confirm that the acoustically active bubbles were only nucleated by PL-hMSN with
hydrophobic functionalization.2®: 30 35 |n addition, PL-hMSNs (200 pg mL™1) produced
strong ultrasound contrast in agarose gels for ~10 min under continuous HIFU insonation,
which demonstrates the substantial stability of these nanoparticle-based UCAs to cavitation
(Figure 1d). Finally, we investigated the effects of peak negative pressure and pulse duration
on the acoustic activity of the PL-hMSN (200 pg mL=1) encapsulated in agarose gels (Figure
S10). PL-hMSN generated acoustically active bubbles in the agarose gels at peak negative
pressures and pulse durations as low as 6.4 MPa and 10 ps, respectively.

To evaluate the mechanical damage induced by the PL-hMSN under HIFU insonation,
tissue-mimicking multilayer agarose phantoms were prepared.#® In general, a thin agarose
gel layer (~1 mm) containing PL-hMSN and red blood cells (RBCs) or tumor spheroids was
sandwiched between two pure agarose gels. The cavitation events were generated in this
middle layer and the resulting mechanical damage was observed using RBCs or tumor
spheroids as markers. The pure agarose bottom and top layers, with thicknesses of ~2 mm
and ~5.5 mm, respectively, were used to support the thin middle layer for easy handling of
the phantoms during experiments. In initial studies, RBC phantoms with middle test layers
containing RBCs and PL-hMSN (200 ug mL~1) were used (Figure 2a). Figure 2b shows a
typical image of an RBC phantom with dimensions of ~3.5 cm in diameter and ~8.5 mm
total height. Optical microscopy images of the RBC phantoms (Figure 2c, d) revealed that
the RBCs preserved their morphology after encapsulation in agarose gels and were well-
dispersed without any agglomeration. For HIFU treatment, RBC phantoms were placed on
the coupling cone of the HIFU transducer and ultrasound gel was applied between gels and
the transducer to ensure good contact (Figure 2e). Hydrophone measurements showed that
the RBC layer of the phantom was in the focal zone of the HIFU transducer when the RBC
phantom was directly placed on the coupling cone (see Sl for details, Figure S2a). Multiple
HIFU treatments were performed for each gel. Figures 2f and g show nine ablated regions in
a typical RBC phantom containing PL-hMSN (200 pug mL™1) after HIFU treatment for 30 s
at a peak negative pressure of 16.8 MPa, pulse duration of 16.8 ps, and pulse repetition
frequency of 10 Hz (duty cycle of 0.017%). The HIFU treated regions appeared less red due
to the ablation of RBCs. We also sliced the HIFU-treated RBC phantoms to image the
ablated areas in cross-section. Figures 2h and i show the typical image of a sliced phantom,
where RBC containing middle layer and three ablated regions are clearly visible. The
ablated regions were imaged in more detail using optical microscopy. Figure 2j shows the
optical microscope image of an ablated area with a diameter of ~2.7 mm, which was
generated by merging four images taken at 5x magnification. The close-up image taken from
the center of the ablated section shows the ablation of the RBCs is more pronounced in this
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area (Figure 2k). Importantly, very little damage was observed in the absence of PL-hMSN
or the presence of MSNs (200 pg mL™1) in the RBC phantoms (Figure S11), indicating that
the ablation of RBCs was induced by the mechanical effects sensitized by the PL-hMSNSs.
Images were then processed using ImageJ (NIH) to assess the ablated areas. In the presence
of PL-hMSN, the ablated region is >13x larger than the ablated region observed at other
conditions (Figure 2I). Finally, we calculated the ablation area fraction by dividing the
ablated area by the area of the whole treated region. While the ablation area fraction exceeds
63% in the presence of PL-hMSN, it was only ~1.5% in the absence of PL-hMSN and
~4.5% in the presence of MSN without hydrophobic modification (Figure 21).

We also studied the effects of HIFU conditions and PL-hMSN concentration on the size of
the ablated lesion and the ablation area fraction. First, particle concentration was varied
between 25 and 200 pg mL~1 while keeping the HIFU parameters constant (peak negative
pressure of 16.8 MPa, pulse duration of 16.8 ys, pulse repetition rate 10 Hz, and treatment
duration of 30 s). Significant improvement in the ablation area fraction was observed at
particle concentrations as low as 25 pg mL~1 (Figure 3a). The ablation area fraction reached
a maximum at the particle concentration of around 100 ug mL~1. Next, we investigated the
effect of peak negative pressure while keeping the PL-hMSN concentration (200 pg mL™1)
and other HIFU parameters constant. At peak negative pressures as low as 4.5 MPa
improvement in the size of the ablated region was observed, and it gradually increased with
increasing peak negative pressure and reached a maximum around a peak negative pressure
of 11.5 MPa (Figure 3b). The effect of pulse duration was also evaluated at the fixed peak
negative pressure (16.8 MPa) and PL-hMSN concentration (200 ug mL™1). It was observed
that a pulse duration as low as 10.4 s (duty cycle of 0.01%) was enough to improve the
ablation area fraction (Figure 3c). Finally, the effect of HIFU treatment duration was
investigated at the peak negative pressure of 16.8 MPa, pulse duration of 16.8 ps, and PL-
hMSN concentration of 200 pg mL~1 (Figure 3d). An ablation area fraction of around 40%
was observed even after only 1 s of treatment (only ~10 pulses), reaching 60% fraction at
only 5 s treatment (50 pulses). While significant enhancement was achieved at PL-hMSN
concentrations as low as 50 pg mL~1, we used a contrast agent concentration of 200 pg mL
~Lin the rest of this study to ensure proper mechanical damage after treatment. Similarly,
following conditions were selected as optimum and used in the rest of the work unless
otherwise specified; pulse duration of 16.8 ps, pulse repetition frequency of 10 Hz (duty
cycle of 0.017%), peak negative pressure of 16.8 MPa, and treatment duration of 30 s. Also,
at these HIFU conditions Ispp, Was 13,000 W/cm? and Igyi, (-6 dB spatial average area) was
only 1.3 W/cm2. In comparison, peak negative pressures > 20 MPa, duty cycles in the range
of 0.2-10%, average HIFU intensities from 2 to 2000 W/cm?, and treatment durations of > 1

min have been reported to induce cavitation in both in vitro or ex vivo experiments.
22,23, 26, 31-34

To investigate the effect of HIFU treatment on transport of PL-hMSNs from the middle layer
to other agarose layers of the RBC phantoms, thin slices of treated regions were imaged
under the microscope. Figure 4a shows the cross-sectional bright-field and fluorescence
microscope images of the RBC phantoms before and after HIFU treatment. The number of
RBCs significantly reduced in the HIFU ablated regions. Fluorescence images reveal that
before HIFU treatment the PL-hMSN was uniformly dispersed in the middle agarose layer
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and did not diffuse to the surrounding agarose layers. After HIFU treatment, however, they
penetrated into the adjacent agarose layers up to a distance of ~500 um (Figure 4b).
Nanoparticles penetrated into the both layers as a result of mechanical forces generated by
the acoustic cavitation events. While the nanoparticles penetrated into both layers after
HIFU treatment, the penetration depth was greater in the direction of the ultrasound (Figure
S12 for more images). This is probably due to the drag of the generated bubbles in the
direction of the ultrasound by the acoustic radiation forces. Control experiments were also
performed by using a RBC phantom, which contains MSNs (200 pg mL™1) in its middle
layer. Due to their limited ability in initiating acoustic cavitation at the acoustic pressures
used in this study, MSNSs could not penetrate into the adjacent agarose layers after HIFU
treatment (Figure S13).

To further evaluate the nanoparticle penetration into neighboring agarose layers under HIFU
insonation, we designed a different experiment in which two agarose gels were prepared in
the presence and absence of the PL-hMSNSs, respectively (Figure 5a). The gel without PL-
hMSN was placed on top of the gel with PL-hMSN and the gels were treated with HIFU.
After treatment, the gels were separated, and nanoparticle penetration into the PL-hMSN
free gel was investigated using fluorescence microscopy (Figure 5a). Several bright
fluorescent regions in the treated region were observed after HIFU insonation for 30 s. The
size of the whole region was around 3 mm, which is similar to the size of the damaged
region in the RBC phantoms (Figure 2j). In the absence of HIFU treatment, no fluorescence
was observed in the nanoparticle-free gel, indicating that nanoparticle penetration into the
adjacent gel layer was initiated mechanical effects generated by the PL-hMSN under HIFU
insonation (Figure S14). In addition, mechanical deformation of the gel surface after HIFU
treatment was observed by optical microscopy (Figure S15). Because the deformation and
fluorescence patterns match well with each other, the nanoparticles were likely propelled
into the adjacent gel layer by bubble cavitation that also mechanically deformed the gel
surface. Cross-sectional fluorescence images from the sliced gels were also taken to evaluate
nanoparticle penetration depth (Figure 5b and Figure S16). In accordance with the results
mentioned above with the RBC phantoms, nanoparticle transport was observed for distances
up to 500 um. Together, these results suggest that nanoparticles are propelled to the
surrounding media under HIFU insonation by the mechanical forces generated by the
cavitation events.28 47 In addition, these results show that acoustic radiation forces were not
sufficient to generate damage at the interfaces between gel layers or their surfaces, and the
observed damage was due to the mechanical forces generated by PL-hMSN.

To determine if the cavitation and nanoparticle penetration caused damage in the adjacent
gel layer, RBC phantoms with an additional middle layer (~1 mm thick) containing RBCs
but not PL-hMSNs were prepared. The damage in PL-hMSN free layer induced by the
cavitation events in the layer containing PL-hMSN was investigated by taking the cross-
sectional optical microscope images of the RBC phantom slices. Significant damage was
observed primarily at the regions close to the PL-hMSN containing layer (Figures 6 and
S17). Fluorescence images of the same areas show that the damage and the nanoparticle
penetration patterns match well with each other (Figures 6 and S17). These results indicate
that cavitation events generated by PL-hMSNs can ablate the RBCs in the adjacent layer
which are close to the layer containing PL-hMSN (< 500 pum).
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The success of the RBC ablation experiments encouraged us to test the PL-hMSN for
ablation of tumor spheroids at low acoustic intensities. Spheroids composed of 4T1 murine
mammary carcinoma cells were prepared and incubated for 2 days before use.*8: 42 The
phantoms containing 4T1 spheroids in their middle layer (spheroid phantoms) were prepared
in a similar manner to RBC phantom preparation, for which 3-5 spheroids were mixed with
the agarose gel solution at 37 °C in PBS and cast as the middle layer in the phantoms
(Figure 7a). For these experiments PL-hMSN were prepared without fluorescein labeling
(Figure S18) to avoid interference with viability assays. Figure 7b shows a typical image of
an encapsulated spheroid in the phantom with a diameter of around 500 pm. After HIFU
treatment in the presence of PL-hMSN (200 pug mL™1), the spheroid was almost entirely
destroyed by the mechanical effects due to the acoustic cavitation generated in the phantoms
(Figure 7c and Figure S19). In the absence of PL-hMSN or the presence of MSNs (200 ug
mL™1), spheroids remained mostly intact after HIFU treatment (Figure 7d and Figure S19).
It should be noted that spheroid destruction induced by the PL-hMSNSs encapsulated in the
gel surrounding them. Thus, PL-hMSNs do not necessarily have to penetrate into the
spheroids to ablate them because of the long-range mechanical effects observed up to 0.5
mm away from the ablation site.

The viability of the 4T1 spheroids before and after HIFU treatment were evaluated by
addition of calcein AM reagent. The bright calcein AM fluorescence was observed for the
untreated spheroids (Figure 7d), suggesting that the cells in the spheroids mostly remain
viable after encapsulation in phantoms. Figure 7c shows a typical image of HIFU treated
spheroids in the presence of PL-hMSNs (Figure S16), where only a weak residual
fluorescence was observed. The residual fluorescence may be due to the released
intracellular esterases from the ablated cells, which converts the calcein AM to the
fluorescent calcein by the hydrolysis of acetoxymethyl group.®? In the absence of PL-hMSN
or the presence of regular MSN, there was no noticeable decrease in the calcein AM
fluorescence (Figure 7d and Figure S19) indicating that the spatial-average temporal-average
HIFU intensities used in this study did not significantly decrease the viability of the cells in
the absence of PL-hMSN. Also, as a positive control, spheroid phantoms containing dead
spheroids were prepared by keeping the spheroids at 75 °C for 15 min; no fluorescence was
detected in these after staining (Figure 7d). Figure 7e shows the average fluorescence
intensity of each of the spheroid experiments. After HIFU treatment in the presence of PL-
hMSN, a decrease of around 85% was observed in the fluorescence intensity, while other
conditions showed no statistically significant decrease in the fluorescence intensities.
Finally, one of the main hypotheses of this work is that the HIFU effects sensitized by the
PL-hMSNs are purely mechanical rather than thermal because the HIFU doses used in this
study were up to three orders of magnitude lower than the HIFU doses used in literature. In
fact, we did not observe any detectable temperature increase by measuring the temperature
of the agarose gel phantoms before and after HIFU treatment for 1 min using a
thermocouple (Figure S20). Thus, the cell death observed for these spheroids was induced
by mechanical means rather than by thermal effects.
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CONCLUSIONS

In summary, a method for ultrasound ablation was demonstrated using phospholipid
stabilized hydrophobic mesoporous silica nanoparticles that could sensitize the spatial-
average temporalaverage HIFU intensities up to three orders of magnitude smaller than that
needed for conventional thermal HIFU treatment. The nanoparticles acted as artificial seeds
for nucleation to significantly reduce the acoustic pressures needed to generate acoustic
cavitation in tissue-mimicking phantoms. The ablation of the cells by the mechanical effects
created by these novel UCAs was demonstrated by first using RBCs and then tumor
spheroids encapsulated in the phantoms. Importantly, these mechanical impacts were
observed up to relatively long distances (0.5 mm) from the center of the cavitation events.
While the validation of acoustic cavitation generation by the PL-hMSN in vivo is beyond of
the scope of this study, the literature suggests that acoustic cavitation events can be
generated by UCAs in solid tumors.28: 51. 52 Therefore, we believe that with their small size,
exceptional stability, and high acoustic activity, the PL-hMSN have considerable potential in
ablation of solid tumors at safe HIFU intensities, and future studies will explore this
possibility. In addition, the relatively long-range “blast radius” can be applied to improve the
efficacy of drug, gene, or nanoparticle delivery to tumors with limited transport.

MATERIALS AND METHODS

Materials.

Tetraethylorthosilicate (TEOS) was purchased from Acros Organics.
Cetyltrimethylammonium chloride solution (CTAC, 25% in water), trichlorododecylsilane,
and Poly(2-hydroxyethyl methacrylate) were purchased from Sigma Aldrich. Chloroform
and hexanes were purchased from Merck. Agarose type Il (low gelling temperature) was
ordered from Amresco, Inc. EDTA stabilized whole bovine blood was ordered from Lampire
Biological Laboratories. Ethanol was purchased from Decon Labs. 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-
N-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2k) were ordered from Avanti Polar
Lipids. The 4T1 cell line was purchased from American Type Culture Collection. Calcein
AM was purchased from Invitrogen (Thermo Fisher Scientific).

Synthesis of MSNs and hMSNs.

Fluorescein-labeled MSNs and hydrophobically modified MSNs (hMSN) were previously
synthesized?® and stored at ambient conditions. For spheroid ablation experiments unlabeled
MSNs were prepared in the absence of fluorescence labeling and hydrophobically modified
as described in our previous report.29

Preparation of PL-hMSNs.

To stabilize hAMSN with phospholipid coatings, 4 mg of hMSN was dispersed in 1 mL of
chloroform with brief sonication, and 0.5 mL of DPPC (4 mg mL™1, in chloroform) and 0.3
mL of DSPE-PEG2k (2 mg mL~1, in chloroform) solutions were added to the nanoparticle
dispersion. Chloroform was evaporated at 75 °C by keeping in a water bath for 1 h. Dried
nanoparticles and phospholipids were suspended in 2 mL of deionized water and bath
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sonicated for 3 min. The suspended nanoparticles were stirred at 75 °C for 45 min. Finally,
they were precipitated by centrifugation (10,000 rcf) and washed with deionized water.

PL-hMSN characterization.

Transmission electron microscopy (TEM) images of the nanoparticles were taken using a
T12 Spirit (FEI Tecnai) microscope. To stain the phospholipid layers around the
nanoparticles, 2% uranyl acetate solution was applied on carbon-coated TEM copper grids.
Thermal gravimetric analyses (TGA) of the nanoparticles were performed using a
TGA/DSC 1 Star System (Mettler Toledo) under nitrogen atmosphere. Dynamic Light
Scattering (DLS) analysis of the PL-hMSN dispersed in phosphate buffered saline (PBS, pH
7.4, 10 mM) was performed using a Litesizer 500 (Anton Paar). Nanoparticle Tracking
Analysis (NTA) of the PL-hMSN dispersed in phosphate buffered saline (PBS, pH 7.4, 10
mM) was performed using a NanoSight LM10 setup (Malvern).

Ultrasound imaging set up.

Ultrasound contrast generation experiments by the nanoparticles and HIFU treatment of
agarose gels were performed according to our previous reports.2% 30. 35, 43-45 For H|FU
exposure, a spherically focused, single-element, HIFU transducer (Sonic Concepts H101,
64.0 mm Active Diameter by 63.2 mm Radius of Curvature) equipped with a coupling cone
(Sonic Concepts C101) was used. The HIFU transducer was connected to a 30 MHz
Function/Arbitrary Waveform Generator (Agilent Technologies) via an AG Series Amplifier
(T&C Power Conversion, Inc.), the amplifier operating at 100% output (Figure S7). A
capsule hydrophone (HGL-0400, Onda Corp.) was used to estimate the peak negative and
peak positive pressures, pulse duration, and focal dimensions of the HIFU pulses (See Sl for
details, Figure S1, and Table S1). The following HIFU parameters were used: 1.1 MHz
center frequency, peak negative pressures between 4.5 and 17.5 MPa, pulse repetition
frequency of 10 Hz, and pulse durations between 9.5 and 19.5 us (duty cycles between
0.01% and 0.02%).

To investigate bubble generation by the nanoparticles, nanoparticles were dispersed in 1 mL
of Phosphate Buffered Saline (PBS, 10 mM, pH 7.4) and placed within the bulb of a plastic
pipette with the stem pointed upwards. The plastic bulb containing the sample was
positioned on top of the coupling cone of the HIFU transducer, which was submerged in a
water tank. To image the generated bubbles under HIFU insonation, a Siemens Acuson
Sequoia C512 scanner was used. A vector array 4V1 (Acuson) transducer (1-4 MHz) was
orthogonally aligned to acquire horizontal cross-sectional images and videos (15 s-10 min)
of the samples. The transducer was connected to the scanner operating in cadence pulse
sequencing (CPS) mode at 1.5 MHz and a mechanical index (MI) of 0.19. The brightness in
the region of interest of each video frame was calculated using a MATLAB (Mathworks,
Inc.) code.

To test the bubble generation by nanoparticles in agarose gels, first, 1.2 % (w/v) agarose
solution in PBS was prepared by dissolving the agarose at ~ 90 °C. Then the agarose
solution was cooled down to 40 °C and 0.83 of mL of the agarose solution was mixed with
0.17 of mL PBS containing nanoparticles at different concentrations (final particle
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concentrations between 0 and 200 pg mL~ and final agarose concentration is 1%) and
transferred in the bulbs of the plastic pipettes. The agarose phantoms were kept at room
temperature (20 °C) overnight for complete solidification. The generated bubbles under
HIFU treatment were imaged as described above.

PCD measurements.

For PCD measurements, a 20 MHz single element immersion transducer (Olympus Corp.)
was used. This was connected to a 5072PR Pulser/Receiver (Olympus Corp.) operating with
+40dB gain in receive-only mode. A EF513 6.7 MHz high pass filter (ThorLabs, Inc.) was
used to eliminate any contributions from the HIFU and it connected between output of the
Pulser/Receiver and a Tektronix TDS2012C oscilloscope. The external trigger of the
oscilloscope was connected to a Function/Arbitrary Waveform Generator (Agilent
Technologies) so that each waveform triggers an oscilloscope reading.

Purification of Red Blood Cells (RBCs).

RBCs were purified from bovine whole blood as described elsewhere.>3 Briefly, 2 mL of
whole blood were centrifuged at 300 rcf for 5 min to remove blood plasma and the surface
layer. Then, RBCs were redispersed in 5 mL of PBS (pH 7.4, 10 mM) by gentle shaking,
centrifuged again at 300 rcf for 5 min, and the supernatant was discarded. This washing step
was repeated three times, and RBCs were dispersed in 2 mL PBS and used immediately
after preparation.

Preparation of RBC phantoms.

Multi-layer phantoms with RBC containing middle layers were prepared according to a
previous report.*6 First, 1% (w/v) agarose was dissolved in PBS by heating around 90 °C
until a clear solution was obtained. Then, agarose solution was cooled to 40 °C, and 2.25 mL
of this solution was poured in a 6-well plate to prepare the bottom layer. This layer was
allowed to solidify at RT for 30 min. To prepare middle layer(s), 1.2% (w/v) agarose
solution in PBS was prepared as described above and cooled to 37 °C. 1 mL of agarose
solution was mixed with 0.1 mL of RBC dispersion in PBS and 0.1 mL of PBS containing or
not containing nanoparticles at 37 °C. This mixture was poured onto the first agarose layer
and allowed to solidify at RT for 30 min. Finally, 5 mL of 1% (w/v) agarose solution in PBS
was used to prepare top layer. The RBC phantoms were kept at RT overnight for further
solidification.

Cell culture.

4T1 murine mammary carcinoma cells were grown to confluence at 37 °C under 5 % CO> in
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10 % fetal
bovine serum (FBS), 1% penicillin/streptomycin, and 2 mM L-glutamine.

Preparation of 4T1 spheroids.

4T1 spheroids were prepared according to a previous report in poly(HEMA) coated round-
bottom 96-well plates.*8 49 Poly(HEMA) coated plates were sterilized under UV light for 45
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min and 5,000 4T1 cells in 200 uL RPMI-1640 medium (10% FBS) was added to the wells.
Plates were incubated at 37 °C under 5 % CO,, for 2 days to allow spheroid formation.

Preparation of 4T1 spheroid phantoms.

Spheroid phantoms were prepared in 6-well plates. Top and bottom supporting agarose
layers were prepared as described above. To prepare the spheroid-containing middle layer,
4-5 spheroids were washed with PBS once and dispersed in 0.1 mL PBS. The spheroids
were then mixed with 1 mL of 1.2% (w/v) agarose solution in PBS and 0.1 mL of PBS either
containing or not containing nanoparticles (200 pg mL1) at 37 °C. The gels were allowed to
solidify at RT for 1.5 h.

HIFU treatment of the phantoms.

To expose the RBC or spheroid phantoms to HIFU, phantoms were placed onto the coupling
cone of the HIFU and treated with HIFU using the parameters mentioned above. An
ultrasound transmitting gel (Aquasonic 100, Parker) was applied between the HIFU cone
and the phantom to ensure good contact between them. The following HIFU parameters
were used: 1.1 MHz center frequency, peak negative pressures between 4.5 and 17.5 MPa,
pulse repetition frequency of 10 Hz, and pulse durations between 9.5 and 19.5 ps (duty
cycles between 0.01% and 0.02%). After HIFU treatment, the mechanical damage in the
phantoms and the penetration of fluorescent nanoparticles were imaged using a Carl Zeiss
Ax10 microscope.

Calcein AM staining of HIFU treated agarose phantoms.

For Calcein AM staining, the bottom layers of the three-layered phantoms were removed
and 10 pL of 10 uM Calcein AM solution (in PBS) was added onto the spheroids. The
spheroids were incubated at RT in the dark for 8 h and imaged using a fluorescence
microscope. The total fluorescence intensity of the spheroids was determined using the
Image J software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
a) Schematic representation of ultrasound contrast agent preparation. b) Schematic of

acoustic cavitation initiation by the PL-hMSN under HIFU insonation. ¢) Normalized
ultrasound contrast intensities calculated from the acquired movies of agarose samples
containing MSN or PL-hMSN at different concentrations, which were exposed to HIFU for
15 s at a pulse duration of 16.8 s, a pulse repetition frequency of 10 Hz (duty cycle of
0.017%), and a peak negative pressure of 16.8 MPa. Insets are the representative images
taken from movies acquired during HIFU irradiation in the presence or absence of
nanoparticles (200 ug mL™1). Red circles indicate the region of interest in the images. d)
Normalized ultrasound contrast intensity calculated from the three acquired movies of
agarose samples containing PL-hMSN at 200 ug mL~1, which were exposed to HIFU for 10
min at a pulse duration of 16.8 s, a pulse repetition frequency of 10 Hz (duty cycle of
0.017%), and peak negative pressure of 16.8 MPa. Error bars = 1 SD, studies were run in
triplicate.
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Figure 2.
a) Schematic showing the RBC phantoms. b) Photograph showing a RBC phantom. ¢) 5x

optical microscope image of the RBCs encapsulated in agarose phantoms. d) Close-up
optical microscope image of the RBC phantom taken at 40x magnification showing that the
encapsulated RBCs showed preserved morphology. €) Schematic representation of the HIFU
treatment of the RBC phantoms. f) Photograph of a HIFU treated RBC phantom containing
PL-hMSN (200 pg mL™1) for 30 s at a pulse duration of 16.8 s, a pulse repetition frequency
of 10 Hz (duty cycle of 0.017%), and peak negative pressure of 16.8 MPa. g) Close-up
image of the RBC phantom in (f) showing the nine ablated regions. h) and i) Photographs of
a sliced RBC phantom containing PL-hMSN (200 ug mL™1) after HIFU treatment showing
the cross-sectional appearance of three ablated regions. j) and k) Optical microscope images
of an ablated region. I) Damaged areas and ablation area fractions in the RBC phantoms
containing or not containing nanoparticles (200 ug mL™1) after HIFU treatment for 30 s at a
pulse duration of 16.8 us and peak negative pressure of 16.8 MPa. Error bars = 1 SD, studies
were run in triplicate.
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Effects of HIFU parameters on the damaged area and ablation area fraction. a) Damaged
area and ablation area fraction in the RBC phantoms containing PL-hMSN at different
concentrations after HIFU treatment for 30 s at a pulse duration of 16.8 ps, a pulse repetition
frequency of 10 Hz (duty cycle of 0.017%), and peak negative pressure of 16.8 MPa. b)
Damaged area and ablation area fraction in the RBC phantoms containing PL-hMSN (200
ug mL1) after HIFU treatment at the different peak negative pressures for 30 s at a pulse
duration of 16.8 s and a pulse repetition frequency of 10 Hz (duty cycle of 0.017%). ¢)
Damaged areas and ablation area fraction in the RBC phantoms containing PL-hMSN (200
ug mL™1) after HIFU treatment at different pulse durations for 30 s at a peak negative
pressure of 16.8 MPa and a pulse repetition frequency of 10 Hz. d) Damaged area and
ablation area fraction in the RBC phantoms containing PL-hMSN (200 pg mL™1) after HIFU
treatment for different durations at a peak negative pressure of 16.8 MPa, a pulse duration of
16.8 us, and a pulse repetition frequency of 10 Hz (duty cycle of 0.017%). Error bars = 1

SD, studies were run in triplicate.
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Figure 4.
a) Cross-sectional bright field (left) and fluorescence (right) images of the RBC phantoms

containing PL-hMSN (200 pg mL™1) before and after HIFU treatment for 30 s at a pulse
duration of 16.8 s, a pulse repetition frequency of 10 Hz (duty cycle of 0.017%), and peak
negative pressure of 16.8 MPa. b) Close-up of the bottom right image in a), showing the PL-
hMSN penetration into the agarose layer after HIFU treatment.
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Figure5.
a) (top left) Schematic showing the nanoparticle penetration to adjacent agarose gel

experiments, where two gels (one double-layered with a thin layer containing PL-hMSN and
a thicker agarose layer, and one pure agarose gel) placed together and treated with HIFU for
30 s at a pulse duration of 16.8 s, a pulse repetition frequency of 10 Hz (duty cycle of

0.017%), and peak negative pressure of 16.8 MPa. Then, gels were separated, and PL-hMSN
penetration into to the pure agarose gel was observed under the microscope from the top (top
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right) and the cross-section (bottom). b) Close-up of the bottom right image in a), showing
the PL-hMSN penetration into the agarose layer after HIFU treatment.
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Figure®6.
Cross-sectional bright field (left) and fluorescence (right) images of the a) untreated and b)

HIFU treated RBC phantoms containing PL-hMSN (200 pg mL™1). HIFU treatment was
performed for 30 s at a pulse duration of 16.8 s, a pulse repetition frequency of 10 Hz (duty
cycle of 0.017%), and peak negative pressure of 16.8 MPa. Red arrows highlight the
damaged regions of the PL-hMSN-free layer and PL-hMSN penetration into this layer.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yildirim et al. Page 23

a)

2

Calcein AM

Bright Field

Fluorescence

Bright Fiel i
4T1 Spheroid rig ield Calcein AM Fluorescence

e

N4

HIFU

i- Transducer'-i i 0.25 mm 0.5 mm 0.5 mm
| S— —————1

Untreated Dead Only HIFU MSN

@

8

&

Mean fluorescence intensity (a. u.)
8 8

o
T

0.25 mm

0
Untreated Only HIFU MSN  PL-hMSN Dead

Figure 7.
a) Schematic representation of the spheroid phantom and its treatment with HIFU. b) Typical

appearance of a 4T1 spheroid encapsulated in a phantom. c) Bright field and fluorescence
images of the spheroid in b) after HIFU treatment for 30 s at a pulse duration of 16.8 ps, a
pulse repetition frequency of 10 Hz (duty cycle of 0.017%), and peak negative pressure of
16.8 MPa in the presence of PL-hMSN (200 pug mL™1). Spheroid was stained with Calcein
AM for fluorescence imaging. d) Bright field and fluorescence images of Calcein AM
stained spheroids, which were untreated or treated with HIFU in the presence of MSN (200
pg mL~1) or the absence of any nanoparticles. €) Mean fluorescence intensity of the Calcein
AM stained spheroids untreated or treated with HIFU in the presence of PL-hMSN or MSN
(200 pg mL=1) or the absence of any nanoparticles. Error bars = 1 SD. Studies were run at
least in triplicate, and statistical significance (*) was determined using a Wilcoxon Rank
Sum Test at a = 0.025 for a one-tailed distribution relative to Untreated.
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