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Abstract

The mechanical effects of cavitation can be effective for therapy but difficult to control, thus 

potentially leading to off-target side effects in patients. While administration of ultrasound active 

agents such as fluorocarbon microbubbles and nanodroplets can locally enhance the effects of high 

intensity focused ultrasound (HIFU), it has been challenging to prepare ultrasound active agents 

that are small and stable enough to accumulate in tumors and internalize into cancer cells. Here, 

we report the synthesis of 100 nm nanoparticle ultrasound agents based on phospholipid-coated, 

mesoporous, hydrophobically-functionalized silica nanoparticles that can internalize into cancer 

cells and remain acoustically active. The ultrasound agents produce bubbles when subjected to 

short HIFU pulses (~6 μs) with peak negative pressure as low as ~7 MPa and at particle 

concentrations down to 12.5 μg mL−1 (7×109 particles mL−1). Importantly, ultrasound agents are 

effectively uptaken by cancer cells without cytotoxic effects, but HIFU insonation causes 

destruction of the cells by the acoustically generated bubbles, as demonstrated by XTT and LDH 

assays and flow cytometry. Finally, we showed that the HIFU dose required to effectively 
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eliminate cancer cells in the presence of ultrasound agents caused only a small temperature 

increase of ~3.5 °C.
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High intensity focused ultrasound (HIFU) is a non-invasive ablation method that leverages 

the penetration depth and focusing of ultrasound at megahertz frequencies (~0.8–3.5 MHz) 

and has been investigated as an alternative to surgical resection of solid tumors,[1–3] as well 

as for direct treatment of Alzheimer’s disease,[4] uterine fibroids,[3, 5] and kidney stones.[6, 7] 

HIFU utilizes ultrasound pulses with amplitudes that are several orders of magnitude greater 

than for standard diagnostic ultrasound but with low duty cycle. Thus, ultrasound waves pass 

through the surrounding tissues and selectively damage the focused region due to 

constructive interference of individual ultrasound waves at the focus, typically with 

millimeter resolution.[1, 8] Conventional, or thermal, HIFU therapy utilizes high acoustic 

doses with long pulses and high pulse repetition rates, generating a significant temperature 

increase (>50 °C) in the tissue that quickly induces protein denaturation, cell shrinkage, 

membrane destruction, and finally coagulation necrosis.[9, 10] While HIFU has been used for 

ablation of various solid tumors[3, 11–13] including breast, prostate, kidney, liver, bone, and 

pancreas, the therapeutic outcomes of current HIFU methods are still unsatisfactory due to 

the difficulties in obtaining the required high acoustic doses, especially for deep and 

hypervascularized tumors.[14, 15] Thus, recurrence after HIFU treatment is often observed for 

such tumors because of incomplete ablation.[10, 16] In addition, intense HIFU doses can 

damage the healthy tissue and cause off-target effects such as skin burns and nerve 

injury.[17, 18] More importantly, the volume of ablation after treatment with current HIFU 

methods is relatively large (typically cigar-shaped with dimensions on the order of 1–3 mm 

× 8–15 mm) and ablates tissue nonspecifically.[1] Thus, HIFU is often not suitable for 

treating small tumor nodules and micrometastases. Also, destruction of tumor vasculature 

during the HIFU treatment prevents the elimination of residual cancer cells by additional 

therapies such as chemotherapy or immunotherapy.[19]

Alternatively, shorter pulses with high acoustic pressures (>20 MPa) may be applied to 

induce mechanical effects by cavitation.[20, 21] Cavitation is the transient formation of a 

vapor pocket in liquid, which subsequently collapses to produce shock waves, water jets, and 

intense local temperature changes without causing a significant overall temperature change 

in the tissue on the macroscale.[22] However, the high acoustic pressure requirement to 

induce acoustic cavitation in the tissue is challenging to administer safely to deep tissue.[23] 

Colloidal ultrasound agents (microbubbles, nanodroplets, and others)[14, 24–32] can locally 

enhance the mechanical effects of HIFU due to nucleation of cavitation, resulting in 

formation of bubbles that can grow up to 100–200 μm before collapse.[33] Thus, application 

of targeted ultrasound agents may enable more precise elimination of cancer cells at much 

lower acoustic intensities and could thus address the above-mentioned limitations of current 

HIFU ablation methods. Current ultrasound contrast agents such as stabilized 

perfluorocarbon microbubbles or stabilized liquid droplets enhance both the mechanical and 
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thermal effects of HIFU to ablate larger lesions. However, because the Laplace pressure 

across the fluid interface requires a trade-off between size and stability, these colloids are 

usually too large (from 200 nm to a few microns) or unstable to effectively accumulate into 

the tumor and internalize into cancer cells.[30, 34]

In this communication, we report 100 nm, perfluorocarbon-free, robust, and biocompatible 

ultrasound agents based on phospholipid capped hydrophobic mesoporous silica 

nanoparticles (MSNs) that locally enhance the mechanical effects of HIFU inside cancer 

cells (Figure 1 a). We demonstrate that these ultrasound agents internalize into cancer cells, 

remain active after endocytosis, and eliminate the host cells when insonated with low HIFU 

doses. In addition, the progress and location of therapy may be monitored by imaging the 

generated bubbles during ablation using common ultrasound imaging equipment. Recently, 

we[34, 35] and others[36–40] showed that hydrophobic micro/nanoparticles dispersed in 

aqueous media can generate bubbles when subjected to an ultrasound pulse with peak 

negative pressures of a few MPa. Under reduced acoustic pressures, air stabilized at the 

hydrophobic interface act as nucleation sites for bubble growth. The bubble grows outside 

the particle from the contribution of the dissolved gases and water vapor, followed by 

collapse.[34, 37, 38] Such bubble generating micro/nanoparticles were applied to improve the 

contrast of ultrasound images by our group,[34, 35] and as well as to enhance the drug 

delivery efficiency by others.[37] Also, Zhao, et al.,[40] recently used hydrophobic MSNs to 

kill cancer cells by reactive oxygen species generation under continuous low energy 

ultrasound (LEUS) insonation rather than pulsed HIFU. However, inducing receptor-

mediated uptake into cancer cells has remained largely unexplored, mainly due to the 

difficulties in functionalizing hydrophobic particles without diminishing their ability to 

generate bubbles by acoustic driving.[35, 38] Here, to create bubble-generating nanoparticles 

under reduced acoustic pressures with functionalizable surfaces, we coated phospholipid 

monolayers on hydrophobic MSNs to stabilize them in aqueous media. The hydrophobic 

interface stabilizes the air pockets needed for bubble generation[34, 35] and the phospholipid 

layer allows further functionalization with PEG and folic acid to improve dispersibility in 

biological media and facilitate their uptake by cancer cells, respectively.[41, 42]

The phospholipid stabilized MSNs were prepared using tetraethyl orthosilicate (TEOS) as 

the silica source, cetyltrimethylammonium chloride (CTAC) as the structure directing agent, 

and fluorescein isothiocyanate (FITC)-aminopropyltriethoxysilane (APTES) conjugate to 

fluorescently label the particles.[43] Transmission electron microscopy (TEM) revealed that 

the particles had an average diameter of 99 ± 17 nm with ~3 nm pores (Figure S1). The 

surface of the MSNs was then hydrophobically modified using dodecyltrichlorosilane. The 

dodecyl-modified MSNs (dMSN) were not dispersible in water (Figure S2a), which shows 

their strong hydrophobicity.[34, 44] Finally, the phospholipid monolayers were formed around 

the surface of dMSNs using a mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium salt) (DPPA), 1,2-distearoyl-sn-

glycero-3-phospho-ethanolamine-N-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2k), 

and DSPE-PEG2k-folate (Figure S3).[45] The lipids assemble on the surface of the 

nanoparticles via hydrophobic-hydrophobic interactions between surface alkyl groups of 

dMSN and hydrophobic tails of phospholipids (Figure 1b).[45–47] DSPE-PEG2k was used to 

prevent agglomeration of the phospholipid stabilized particles[41] and DSPE-PEG2k-folate 
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was used to target MDA-MB-231 human breast adenocarcinoma.[42] The phospholipid 

stabilized particles (FA-PL-dMSN) were dispersible in PBS (Figure S2b). Nanoparticle 

tracking analysis (NTA) of FA-PL-dMSN indicated good dispersibility in PBS with an 

average particle size of 169 ± 47 nm (Figure 1c). In addition, NTA showed two major 

particle size populations around 125 and 170 nm with a shoulder around 260 nm. The latter 

peak and its shoulder are partially due to formation of some agglomerated dimers or trimers 

during synthesis (see the highlighted particles in Figure S1a). While the shoulder may be 

caused by the formation of some aggregates in PBS, because this peak was not as intense as 

other peaks, the particles were generally well-dispersed in PBS. The existence of 

phospholipid layers around the particles was confirmed by TEM with uranyl acetate negative 

staining.[46] While there was no contrast enhancement in the TEM images of unmodified 

MSN (Figure 1d and Figure S1c), bright layers were apparent around the FA-PL-dMSN 

(Figure 1e and Figure S1d). In addition, Fourier transform infrared (FTIR) spectroscopy 

verified the successful dodecyl and phospholipid modifications (Figure 1f). The intensity of 

CH2 stretching and bending peaks at ca. 2950 and 1450 cm−1[48, 49] increased after both 

dodecyl modification and phospholipid coating compared to unmodified MSNs, indicating 

increased organic content of the nanoparticles after each functionalization step. Integration 

of the CH2 stretching peaks (between 2800 and 3000 cm−1) of MSN, dMSN, and FA-PL-

dMSN gave values of 4.7, 14.4, and 23.3 a.u., respectively. Next, thermogravimetric analysis 

(TGA) was performed to confirm the successful dodecyl and phospholipid modifications 

(Figure 1g). The weight loss between 150 and 600 °C was used to estimate the organic 

contents of the particles.[50] The percent weight loss in this region was 9.6% for unmodified 

MSNs, which is mostly attributed to the decomposition of fluorescein dye bonded to the 

silica network, removal of residual surfactant molecules, and loss of some hydroxyl 

groups.[50] The weight losses in this region were 15.8% for dMSN and 25.3% for FA-PL-

dMSN, which were due to the additional dodecyl modification and phospholipid capping, 

respectively. Accordingly, dodecyl and phospholipid weight contents of FA-PL-dMSN were 

calculated to be 6.2% and 9.5%, respectively, which roughly correlate with the integrations 

in the FTIR spectra. These values are close to the expected weight of phospholipid only at 

the surface, which is consistent with other examples of phospholipid-coated silica 

nanoparticles.[51–53]

For control experiments, PEGylated MSN without hydrophobic modification was prepared 

by attaching PEG5k-NHS to the APTES-functionalized MSN surface.[54] Finally, folic acid 

was attached to the particle surface to promote cellular uptake; these particles are called FA-

PEG-MSN. The successful PEGylation of the MSNs was confirmed by TEM and FTIR 

(Figure S4), and the nanoparticles’ dispersibility in PBS was demonstrated using NTA 

measurements as described above. (Figure S5).

Formation of bubbles under HIFU insonation is easily observed by using an ultrasound 

imaging transducer since bubbles are good scatterers of ultrasound.[55] Image contrast was 

evaluated in the presence of FA-PL-dMSN as described in our previous reports (Figure 

S6a).[26, 34, 35, 56] Samples dispersed in PBS at different concentrations between 0 and 200 

μg mL−1 were placed in a plastic tube with low acoustic attenuation, which was submerged 

in a water tank and placed on a HIFU transducer. A phased array scanning probe (Acuson 

4V1) operating at 1.5 MHz in Cadence Contrast Pulse Sequencing (CPS) mode was aligned 
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in the x-direction to detect the generated bubbles when insonated with a HIFU transducer 

operating at 1.1 MHz. Since HIFU is applied in pulses, the total applied energy per volume 

per time is determined by the pulse intensity (W/cm2), pulse duration (usually in the order of 

μs to ms), and pulse repetition frequency (usually Hz-kHz). The pulse intensity is 

proportional to the square of the peak pressure and the pulse duration and the time averaged 

intensity of HIFU linearly increases with increasing pulse repetition frequency.[57, 58]

In initial experiments, HIFU pulses with a duration of 10.9 μs at a peak negative pressure of 

10.6 MPa were applied at a repetition frequency of 10 Hz. The FA-PL-dMSN sample (200 

μg mL−1) immediately produced bright spots corresponding to bubbles in the ultrasound 

images (Figure 2a). On the other hand, FA-PEG-MSN at the same particle concentration did 

not produce any contrast in the ultrasound images (Figure 2a), proving that a hydrophobic 

interface is required to stabilize air pockets for nucleation of bubbles under reduced acoustic 

pressures.[35] To quantify the ultrasound response of the particles, three 15 s videos were 

recorded for each sample and the brightness of the region of interest was quantified using 

MATLAB (Mathworks, Inc.). Figure 2b shows the ultrasound contrast intensity produced by 

the ultrasound agents at different concentrations. Phospholipid stabilized MSNs produced 

detectable ultrasound response at concentrations as low as 12.5 μg mL−1, which corresponds 

to 7×109 particles mL−1 as determined by NTA measurements. Increasing the particle 

concentration from 12.5 to 100 μg mL−1 gradually increased the ultrasound contrast 

intensity but further increasing it to 200 μg mL−1 did not significantly affect the intensity. 

Accordingly, 100 μg mL−1 was determined as an optimum particle concentration and used in 

the rest of the study.

Next, we studied the effects of varying HIFU conditions on ultrasound contrast intensity 

generation by FA-PL-dMSN, starting with pulse duration (Figure 2c). Bubble formation was 

observed when the pulse duration was greater than ~5 μs; signal saturated when 10.9 μs 

pulses were applied. Next, the effect of peak negative pressure was studied at pulse duration 

of 10.9 μs. It was observed that FA-PL-dMSN generated bubbles when the peak negative 

pressure was >6.2 MPa, and signal saturated when HIFU was applied at 8.3 MPa or greater. 

Accordingly, peak negative pressure of 10.6 MPa and pulse duration of 10.9 μs were 

determined as optimum HIFU parameters for bubble generation by FA-PL-dMSN and used 

in the rest of the study. At these conditions, pulse intensity was calculated to be 720 W/

cm2[26] and duty cycle was only 0.011%.

After optimizing the conditions for bubble generation by FA-PL-dMSN, we studied their 

cyto-compatibility and cellular uptake using MDA-MB-231 human breast adenocarcinoma 

cells. According to (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide (XTT) and lactate dehydrogenase (LDH) assays (Figure 3a), no cytotoxicity 

was detected by the FA-PL-dMSN after 24 h incubation at concentrations up to 200 μg 

mL−1. Next, cellular uptake of the FA-PL-dMSN was studied using flow cytometry and 

fluorescence microscopy at particle concentration of 100 μg mL−1. Flow cytometry analysis 

of FITC-labelled FA-PL-dMSN showed their internalization into the MDA-MB-231 cells 

after overnight incubation (Figure 3b). In addition, cellular uptake of FA-PL-dMSN after 6 h 

incubation was observed by fluorescence microscopy (Figure S7). Because phospholipid 

coated MSNs without folic acid (PL-dMSN) showed almost no detectable uptake for these 
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particles after 6 h incubation (Figure S7), the uptake appeared to be mediated by the folate 

receptors. In addition, blocking the folate receptors by addition of free folic acid (2 mM) 2 h 

prior to the FA-PL-dMSN addition significantly reduced the nanoparticle uptake (Figure 

S7), further proving folate receptor mediated uptake.[42] The good cytocompatibility and 

efficient cellular uptake was also observed for FA-PEG-MSN; non-responsive control 

particles (Figure S8).

To determine if the ultrasound agents remained active after cellular internalization, we 

incubated the FA-PL-dMSN with MDA-MB-231 cells overnight. The cells were washed 

extensively with PBS to remove free particles, and cells were collected by trypsinization and 

dispersed in fresh media (5×105 cells mL−1). At the HIFU conditions described above, 

signal could be observed from the cell suspension (Figure 3c). This procedure demonstrates 

the stability of the ultrasound agents after cell uptake (see also Video S1). In the absence of 

pre-incubation with ultrasound agents, on the other hand, cells did not produce any 

ultrasound signal (Figure 3c).

Next, cellular damage induced by bubble generation in the presence of internalized 

ultrasound agents was investigated using a lactate dehydrogenase (LDH) assay, which 

screens for damage to cell membranes. First, MDA-MB-231 cells were grown in 6 well 

plates for 1 d and media was replaced with media containing nanoparticles (FA-PL-dMSN, 

PA-PEG-MSN, or none). After incubation overnight, the cells were collected by 

trypsinization, suspended in fresh media, and added to 96 well plates (104 cells per well). 

Plates were placed on a HIFU cone in a water tank and each well was insonated for 30 s at 

the HIFU parameters determined above (pulse duration of 10.9 μs and peak negative 

pressure of 10.6 MPa), using different pulse repetition frequencies between 1 Hz and 2 kHz 

(corresponding duty cycles are between ~0.001% and 2.2%) (Figure S6b). It was observed 

that FA-PL-dMSN caused cellular damage even at a very low pulse repetition frequency of 1 

Hz (Figure 4a). These HIFU conditions correspond to only ~30 pulses in 30 s and a duty 

cycle of ~0.001%. Cellular damage was increased with increasing repetition frequency, 

reaching ca. 40% at 0.5 kHz. The cellular damage in the presence of FA-PEG-MSN or for 

HIFU only was much lower compared to the FA-PL-dMSN, showing only 8% and 2% at 0.5 

kHz, respectively. The cellular viability after HIFU treatment was also studied using a XTT 

assay (Figure 4b). While the decrease in the cellular viabilities up to 0.5 kHz was not 

statistically different than the control, at 0.5 kHz a large decrease (~60%) in the viability was 

observed for FA-PL-dMSN. With non-responsive FA-PEG-MSN nanoparticles, or no 

nanoparticles at all, significant cell death was not observed, which was consistent with LDH 

assay results. Increasing the pulse repetition frequency to 2 kHz resulted in significant cell 

death for all conditions as determined by LDH and XTT assays (Figure 4a,b). Nevertheless, 

cellular damage was higher for FA-PL-dMSN, where cells were almost completely 

eliminated. To determine if cell death was more likely due to thermal or cavitation effects, 

the temperature increase after HIFU treatment was measured at different pulse repetition 

frequencies in the presence or absence of FA-PL-dMSN (Figure 4c). No temperature 

increase was observed when the pulse repetition frequency was lower than 0.1 kHz. Small 

temperature increases of 1 °C and ~3.5 °C were observed after insonating the wells at 0.1 

and 0.5 kHz, respectively. Thus, cell death at repetition frequencies 0.1 kHz or less were 

likely purely mechanical. For 2 kHz repetition frequency, the temperature increased ca. 
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11 °C, corresponding to significant cellular damage for types of particles. Because a similar 

temperature increase was observed regardless of particle addition, the temperature increase 

is likely due to absorption of HIFU acoustic energy by the aqueous medium (Figure 4c).[1] 

These results suggest that cells can be eliminated by the local mechanical effects generated 

by cavitating bubbles, not just by a large and rapid temperature increase in the surrounding 

environment.

Finally, flow cytometry was applied to investigate the effects of HIFU and the ultrasound 

agents on MDA-MB-231 cells. HIFU exposure can affect the cells in different ways. First, 

the generated bubbles can ablate the cells or induce cell death due to irreversible membrane 

damage. Second, the bubbles may cause reversible cell membrane damage, referred to as 

sonoporation. Finally, nothing could happen to the cells at all. For flow cytometry 

experiments, 150 μM propidium iodide (PI) was added to each well before HIFU treatment 

to label dead or sonoporated cells, and cells were insonated with HIFU for 30 s at different 

pulse repetition frequencies. Figure 4d shows the scatterplot of forward scatter (FSC) vs. PI 

fluorescence analysis of the cells, in which we identified four distinct regions.[59] The cells 

in Region I are considered viable cells because they have larger size as determined by FSC 

and low PI fluorescence intensity. The cells in Region II are viable sonoporated cells 

because they have both large sizes and high PI fluorescence intensity. Region III is attributed 

to dead cells due to the reduced cell size and high PI fluorescence intensity, both of which 

are indicators of cell death. Finally, the recorded events in Region IV indicate cell debris, a 

sign of cell ablation. Figure 4e summarizes the percentages in each region after HIFU 

treatment at different pulse repetition frequencies in the presence of FA-PL-dMSN. With 

increasing pulse repetition frequency, the fraction of cells in Region I decreases but the 

fractions in the other regions increase, indicating that administration of HIFU in the 

presence of FA-PL-dMSN induces both cell ablation (Region IV), death (Region III), and 

sonoporation (Region II). Nevertheless, the number of sonoporated cells was very low (4% 

at 0.5 kHz) compared to the ablated and dead cells. Also, the decrease in the number of 

viable cells was more than 50% for the cells treated at 0.5 kHz, which is in accordance with 

the LDH and XTT results. Finally, increase in the number of dead cells was very small when 

the cells were treated with only HIFU or FA-PEG-MSN at 0.5 kHz (Figure S9), further 

proving that cancer cell ablation and death is enhanced by the bubble generation ability of 

internalized FA-PL-dMSN under HIFU insonation.

In summary, we developed novel nanoscale ultrasound agents based on phospholipid-

capped, hydrophobic MSNs. We showed that these robust ultrasound agents internalize into 

cancer cells and eliminate them when exposed to low doses of HIFU without causing a 

significant temperature increase. The ultrasound agents produced bubbles when exposed to 

HIFU, at a low particle concentration of ~7×109 particles mL−1. The ablation of cancer cells 

by the generated bubbles was demonstrated using LDH and XTT assays and flow cytometry. 

With their small size, good biocompatibility, functionalizable surfaces, and excellent 

stability in biological media, these ultrasound agents can effectively accumulate in tumors 

and ablate the target cancer cells with minimal damage to the surrounding tissue and 

vasculature and, thus can improve the therapeutic outcomes of HIFU based methods.
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Figure 1. 
Design and characterization of nanoscale ultrasound agents. a) Schematic representation of 

microbubble generation and cancer cell elimination by phospholipid coated mesoporous 

silica nanoparticles upon HIFU exposure. b) Schematic representation of phospholipid 

coated mesoporous silica nanoparticle preparation. c) Size distribution of FA-PL-dMSN in 

PBS (pH 7.4, 10 mM) as determined by Nanoparticle Tracking Analysis. TEM images of d) 

MSN and e) FA-PL-dMSN with uranyl acetate stain. Arrow in e) indicate the phospholipid 

layer around the MSNs. f) FTIR spectra of MSN, dMSN, and FA-PL-dMSN. g) TGA 

spectra of MSN, dMSN, and FA-PL-dMSN. Scale bars in (d) and (e) are 50 nm.
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Figure 2. 
Microbubble generation by nanoscale ultrasound agents upon HIFU exposure. a) 

Representative images were taken from movies acquired during HIFU irradiation in the 

presence or absence of nanoparticles (200 μg mL−1). Microbubble generation was only 

observed in the presence of FA-PL-dMSN. b) Normalized ultrasound contrast intensities 

from the acquired movies of FA-PL-dMSN samples at different concentrations were exposed 

to HIFU at a pulse duration of 10.9 μs and peak negative pressure of 10.6 MPa. c) 

Normalized ultrasound contrast intensities from the acquired movies of FA-PL-dMSN 

samples (100 μg mL−1) were exposed HIFU with different pulse durations at a peak negative 

pressure of 10.6 MPa. d) Normalized ultrasound contrast intensities from the acquired 

movies of FA-PL-dMSN samples (100 μg mL−1) were exposed to HIFU with different peak 

negative pressures at pulse duration of 10.9 μs. Error bars = 1 SD, studies were run in 

triplicate.
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Figure 3. 
Cytocompatibility, uptake, and stability of the nanoscale ultrasound agents. a) XTT and 

LDH assays for the MDA-MB-231 cells which were incubated with FA-PL-dMSN at 

different concentrations for 24 h. b) Uptake of FITC labelled FA-PL-dMSN (100 μg mL−1) 

by MDA-MB-231 cells as determined by flow cytometry. c) Still images of the typical 

ultrasound contrast generated by MDA-MB-231 cell suspensions (5×105 cells mL−1) pre-

incubated with or without FA-PL-dMSN (200 μg mL−1) for overnight upon HIFU (pulse 

duration 10.9 μs and peak pressure 10.6 MPa) exposure. Error bars = 1 standard error of the 

mean (SEM), studies were run in triplicate.
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Figure 4. 
Cellular damage by the internalized ultrasound agents after HIFU insonation. a) LDH and b) 

XTT assays of MDA-MB-231 cells, which were pre-incubated with or without FA-PL-

dMSN (100 μg mL−1) or FA-PEG-MSN (100 μg mL−1) overnight, followed by 30 s HIFU 

exposure (pulse duration of 10.9 μs, 10.6 MPa) at different pulse repetition frequencies. c) 

Temperature raise of PBS containing or not containing FA-PL-dMSN (100 μg mL−1) after 

30 s of HIFU exposure (pulse duration of 10.9 μs, 10.6 MPa) at different pulse repetition 

frequencies. d) Propidium iodide (PI) fluorescence versus Forward Scatter-Area (FSC-A) 

plots of the MDA-MB-231 cells pre-incubated with FA-PL-dMSN (100 μg mL−1) for 

overnight and exposed to after HIFU (pulse duration of 10.9 μs, 10.6 MPa) for 30 s at 

different pulse repetition frequencies. We defined four regions in the flow cytometry plots; 

viable cells (region I), ablated cells (region II), dead cells (region III), and sonoporated cells 

(region IV). e) Graph showing counts (%) for each region in the flow cytometry plot in d). 

Error bars = 1 standard error of the mean (SEM) for a) and b) and 1 SD for c), studies were 

run in triplicate. According to Student’s t-test, *p < 0.05 and ***p < 0.0001.
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