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Abstract

Ultrasound is widely applied in medical diagnosis and therapy due to its safety, high penetration 

depth, and low cost. In order to improve the contrast of sonographs and efficiency of the 

ultrasound therapy, echogenic gas bodies or droplets (with diameters from 200 nm to 10 µm) are 

often used, which are not very stable in the bloodstream and unable to penetrate into target tissues. 

Recently, it was demonstrated that nanobubbles stabilized by nanoparticles can nucleate 

ultrasound responsive microbubbles under reduced acoustic pressures, which is very promising for 

the development of nanoscale (<100 nm) ultrasound agents. However, there is still very little 

understanding about the effects of nanoparticle properties on the stabilization of nanobubbles and 

nucleation of acoustic cavitation by these nanobubbles. Here, a series of mesoporous silica 

nanoparticles with sizes around 100 nm but with different morphologies were synthesized to 

understand the effects of nanoparticle porosity, surface roughness, hydrophobicity, and hydrophilic 

surface modification on acoustic cavitation inception by porous nanoparticles. The chemical 

analyses of the nanoparticles showed that, while the nanoparticles were prepared using the same 

silica precursor (TEOS) and surfactant (CTAB), they revealed varying amounts of carbon 

impurities, hydroxyl content, and degrees of silica crosslinking. Carbon impurities or hydrophobic 

modification with methyl groups is found to be essential for nanobubble stabilization by 

mesoporous silica nanoparticles. The acoustic cavitation experiments in the presence of ethanol 

and/or bovine serum albumin (BSA) demonstrated that acoustic cavitation is predominantly 

nucleated by the nanobubbles stabilized at the nanoparticle surface not inside the mesopores. 

Finally, acoustic cavitation experiments with rough and smooth nanoparticles were suggested that 

a rough nanoparticle surface is needed to largely preserve surface nanobubbles after coating the 

surface with hydrophilic macromolecules, which is required for in vivo applications of 

nanoparticles.
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Graphical Abstract

INTRODUCTION

Owing to its safety, substantial tissue penetration depth, and low cost, ultrasound has been 

utilized extensively for various biomedical applications such as diagnostic medical 

sonography, ablation of solid tumors, treatment of Alzheimer’s disease, and improved drug 

delivery by sonoporation.1–8 Ultrasound contrast agents such as micron-scale fluorocarbon 

bubbles and submicron fluorocarbon droplets greatly improve image contrast and spatial 

resolution.9–19 In addition, ultrasound agents have been demonstrated to improve drug 

perfusion and gene delivery via localized cavitation agents and resultant sonoporation.20–26 

However, current ultrasound agents are too large and unstable in the bloodstream to 

effectively accumulate and penetrate into the target tissues. For instance, by considering 

vascular, transvascular, and interstitial transport of the particles in the tumors, the particles 

should be smaller than 200 nm (preferably in the size range of 12–50 nm) for deep tumor 

penetration,2, 27 while bubbles and droplets for ultrasound imaging have typical diameters in 

the ranges of 1–10 µm and 200 nm−1 µm, respectively.9, 23

A promising way to overcome these limitations is to instead administer nanoparticles that 

can stabilize nanobubbles on their surface and/or inside the well-defined cavities.28–34 These 

nanobubbles can initiate acoustic inertial cavitation, which is the process of spontaneous 

growth of water bubbles followed by violent collapse. The nanobubbles remain stable on the 

particle surface but grow when exposed to sufficient negative acoustic pressures by 

externally applied ultrasound.35–38 Recently, we and others showed that acoustic cavitation 

can be induced at clinically relevant acoustic pressures via the interaction of sound with 

hydrophobic mesoporous silica nanoparticles,28, 29 polystyrene nanocups,30, 33 and solid 

polytetrafluoroethylene (PTFE) nanoparticles.31 These generated bubbles can not only be 

imaged using conventional ultrasound,29 but the shock waves emitted by the acoustic 

cavitation process can kill cancer cells28, 32 and facilitate drug delivery in vivo.33 Thus, 

while it is generally known that nanobubbles are stabilized by hydrophobic interfaces,39–42 

there is still little understanding about the relationship between nanoparticle properties and 

the efficiency of acoustic cavitation. In this paper, we show the effect of such parameters as 

nanoparticle porosity, chemical modification, and surface roughness on nanobubble 

stabilization and acoustic cavitation by mesoporous silica nanoparticles. From these studies, 

we elucidate the role of particle morphology and surface chemistry on the stabilization of 

nanobubbles to help design efficient nanoscale ultrasound agents for future in vivo studies 

and clinical trials.
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RESULTS

To study the effects of porosity, pore structure, and surface morphology on acoustic 

cavitation by porous nanoparticles, different types of silica nanoparticles were prepared with 

similar particle sizes and synthetic pathways but different final morphologies. Each 

nanoparticle formulation was prepared using tetraethylorthosilicate (TEOS) as silica source 

and cetyl trimethylammonium bromide (CTAB) as a structure directing agent but at different 

experimental conditions (see the Experimental Section for details). First, MCM-41 type 

mesoporous silica nanoparticles (MSN) were synthesized with a hexagonally ordered pore 

structure, which we had shown in previous studies acted as a vapor-nucleating nanoparticle 

if modified with hydrophobic octyl chains.29 Next, two MCM-48 type MSNs were prepared 

with cubic pore structures, and smooth and rough surfaces, respectively. As a different pore 

morphology, a MSN was formulated at neutral conditions with non-organized pore structure, 

as well as a MSN with dendritic pore structure by slightly modifying previous reports.43–46 

Finally, solid silica nanoparticles were prepared using TEOS as silica source according to 

the Stöber method.47 These nanoparticles are named MCM-41, MCM-48S, MCM-48R, 

Random, Dendritic, and Solid, respectively. Purification and surfactant extraction steps were 

kept the same for each of the nanoparticles; ethanol was used for purification of the particles 

and surfactant molecules were extracted by refluxing in ethanolic ammonium nitrate 

solution. All particles were dried overnight at 65 °C and dried powders were stored at RT.

To characterize the particles, Transmission Electron Microscopy (TEM) and Nanoparticle 

Tracking Analyses (NTA) were performed (Figure 1, Figure S1). According to TEM, all of 

the particles were around 100 nm in diameter and fairly spherical in shape. However, surface 

roughness was affected by the different synthesis conditions; for example, the smooth and 

rough surfaces of MCM-48S and MCM-48R are clearly observed from the insets in Figure 

1b and c, respectively. NTA of the particles showed that particles generally had good 

dispersibility in water, although slight aggregation was observed for MCM-41 and MCM-48 

type of MSNs. Particle sizes determined by TEM and NTA and particle numbers in 1 mg 

mL−1 dispersions determined by NTA are summarized in Table 1. Note that although the 

nanoparticles have similar primary particle sizes, particle numbers of the nanoparticles were 

in a relatively broad range (0.32×1012 – 1.89×1012 particles mL−1) since each nanoparticle 

has different porosity and aggregation number in water.

Next, the ability of each of these nanoparticles to stabilize nanobubbles was determined by 

measurement of cavitation efficiency by ultrasound imaging. According to the Laplace 

pressure equation, the internal pressure of a gas bubble (Pi) in water is given as 2σ/R (by 

neglecting the ambient pressure), where σ is the surface tension of water and R is the radius 

of curvature of the interface.39 The R is always positive for a free bubble, which makes the 

internal pressure very high especially for small bubbles, and the bubble shrinks with the 

diffusion of the gas out of the bubble. A bubble trapped in a pore or a surface crack, 

however, may possess very large or even negative R values, depending on the shape and 

hydrophobicity of the cavity,39 which makes the trapped bubble much more stable, as shown 

through experimental validation.40, 41 Also, a recent theoretical study showed that 

nanobubbles which are partially covered with hydrophobic materials can be very stable.48 

Similarly, when dispersed in water the nanoparticles prepared in this work can stabilize 
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nanobubbles inside their pores and/or surface pits and grooves, which then can initiate 

cavitation under reduced acoustic pressures.

Acoustic cavitation inception by nanoparticles was tested as reported previously.29, 49 

Briefly, samples were placed in a plastic tube with low acoustic attenuation with the center 

of the sample aligned with a focused HIFU transducer in the z-direction, while the generated 

echogenic bubbles were detected using a phased array scanning probe operating at 1.5 MHz 

in Cadence Contrast Pulse Sequencing (CPS) mode11 in the x–y plane (Figure S2). Initially, 

we detected the threshold peak negative pressure for generation of ultrasound responsive 

bubbles (i. e. detectable contrast enhancement by the scanning probe) by increasing the 

applied peak negative pressure stepwise from 3 to 22 MPa, in pulse packets of 12 sine waves 

at a repetition rate of 10 Hz. The lowest peak negative pressure value that gave detectable 

ultrasound response was recorded as the threshold pressure. All nanoparticles dispersed in 

ultrapure water were tested at two different particles concentrations that gave detectable 

signal in our previous studies;29, 49 1011 particles mL−1 and 4 × 1011 particles mL−1 

(distilled, tap, or degassed ultrapure water were also used without noticeable differences; see 

below). Particle concentrations were adjusted in accordance with initial concentrations 

measured by NTA (Table 1). At the particle concentration of 1011 particles mL−1, only 

MCM-48R produced ultrasound responsive bubbles, observed as bright spots in the 

ultrasonograph (Video S1) with a threshold pressure around 6.2 MPa. Other particles did not 

produce any response even at the highest pressure of 22 MPa used in this study (Table 2). 

Also, it is important to note that in the absence of nanoparticles or HIFU exposure, no signal 

was observed. Increasing the particle concentration 4-fold to 4 × 1011 particles mL−1 did not 

affect the peak negative pressure threshold for MCM-48R. At this particle concentration 

slight response was observed for MCM-48S (with smooth surface) at pressures higher than 

9.1 MPa, but this response was much weaker than that generated by the rough MCM-48R 

particles. Also, acoustic cavitation was observed for Random at this high particle 

concentration at pressures above 6.2 MPa (Table 2), but signal dies off very quickly in ~2 s 

(Figure S3 and Video S2). For comparison, the response of MCM-48R was measured for 13 

min under continuous HIFU exposure and considerable response was observed even after 5 

min of HIFU insonation (Figure S4 and Video S1). The short-lived response of Random 

suggests that these particles can stabilize only a few nanobubbles capable of nucleating 

acoustic cavitation at the applied experimental conditions. On the other hand, for MCM-48R 

there should be large number of stabilized nanobubbles to produce ultrasound responsive 

bubbles for around 5 min under continuous HIFU insonation. Also, it should be noted that 

the bright spots immediately disappeared right after turning off the HIFU exposure (Video 

S1) due to the short lifetime of free gas bubbles in water.9

Still images of typical responses of the nanoparticles under HIFU insonation (peak negative 

pressure was 10.6 MPa for responsive particles and 22 MPa for non-responsive particles) at 

both particle concentrations are given in Figure 2a. To quantify the response generated by 

the particles, three 15 s videos were recorded for each sample. Videos were analyzed using 

MATLAB (Mathworks, Inc.) to calculate the total intensity of the bright spots (i. e. 
integrated pixel intensity of the region of interest from the acquired 15 s videos); see Video 

S1 for a typical response generated by MCM-48R. Figure 2a shows the total intensities 

generated by each particle. Statistically significant signal generation was only observed for 

Yildirim et al. Page 4

Chem Mater. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MCM-48R (at both concentrations) and MCM-48S (only at the high particle concentration). 

Interestingly, increasing the particle concentration decreased the total intensity for 

MCM-48R. We believe that this is because of the increased rate of destruction of the 

generated bubbles by the increased number acoustic cavitation events. In fact, still images in 

Figure 2a show that at the high particle concentration signal concentrated in a smaller area, 

which is probably due to the destruction of the bubbles before they diffuse out the focus 

region of the HIFU.

The effect of MCM-48R particle concentration on the total generated intensity was 

investigated by gradually decreasing the particle concentration from 1011 particles mL−1 to 

~1010 particles mL−1 (Figure 3a) at the peak negative pressure of 10.6 MPa. Gradual 

decrease in the response with decreasing particle concentration was observed and it was 

found that the total intensity of MCM-48R the acoustic signal was statistically different than 

background down to a particle concentration down to 1.25 × 1010 particles mL−1. Highest 

ultrasound response was observed at 1011 particles mL−1; increasing particle concentration 

to 4 × 1011 particles mL−1 decreased the total intensity as discussed above. We also 

investigated the effect of peak negative pressure on the generated total intensity by 

MCM-48R at the particle concentration of 1011 particles mL−1 (Figure 3b). It was observed 

that increasing the peak negative pressure from 6.2 to 10.6 MPa sharply improved the 

response, but increasing it further up to 22 MPa did not significantly affect the total 

intensity. Accordingly, particle concentration of 1011 particles mL−1 and peak negative 

pressure of 10.6 MPa was determined as optimum conditions and used in the rest of the 

study, unless otherwise specified.

The effect of water source on the total intensity was studied using different kinds of water: 

ultrapure, distilled, tap, and degassed ultrapure water (ultrapure was degassed by heating it 

until boiling, distilled and tap waters were not degassed), with and without MCM-48R, since 

the impurities and dissolved gas can also nucleate acoustic cavitation (Figure S5).36 There 

was no statistically significant change in the responsivity of MCM-48R when dispersed in 

different media. More importantly, no response was observed in the absence of the particles, 

indicating that contaminants common to water sources cannot stabilize nanobubbles for 

observable acoustic cavitation without addition of MCM-48R in the experimental condition 

used here (peak negative pressure of 10.6 MPa and 12 cycles). The stability of the 

nanobubbles was investigated by incubating the MCM-48R in ultrapure water at RT. It was 

observed that responsivities of the particles stored for 3 d or 14 d were almost same with the 

fresh particles (see the Supporting Information, Figure S6) suggesting that the nanobubbles 

are stable for at least two weeks, which is in accordance with our previous findings with 

Pluronic F127 stabilized hydrophobic MCM-41 MSNs.29

To understand the effect of chemical structure on acoustic cavitation by porous 

nanoparticles, we examined the particles by Fourier Transform Infrared (FTIR) Adsorption 

Spectroscopy and Thermal Gravimetric Analysis (TGA). FTIR spectra of the silica 

nanoparticles (Figure 4) revealed that each of the mesoporous silica nanoparticles contained 

some amount of carbon impurities such as remaining surfactants and non-hydrolyzed ethoxy 

groups (the multiple peak between 2800 cm−1 and 3050 cm−1), which is especially high for 

responsive MCM-48 type MSNs. The high carbon impurity content of these MSNs can be 
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caused by the high surfactant amount used in their synthesis and/or their narrow and bended 

pore structure, which can hinder the removal of surfactant molecules. Interestingly, the 

carbon impurity pattern of the Random shows an intense peak at around 2850 cm−1, which 

is different than the other particles. This peak is attributed to the remaining ethoxy groups 

from incomplete hydrolysis of TEOS, which can be expected for the particles prepared at 

neutral pH. Other than residual carbon, FTIR spectra of the particles give evidence about the 

condensation degree of silica network, abundance of silanol groups, and internal stress of the 

silica network.50–55 The broad peak between 3000 cm−1 and 3600 cm−1 in the FTIR spectra 

is assigned to the interacting hydroxyl groups (i. e. germinal and vicinal) and the narrow 

peak around 3750 cm−1 is assigned to the isolated hydroxyl groups.50 Therefore, a more 

intense isolated hydroxyl peak suggests a silica network with fewer hydroxyl groups (i.e. 
more condensed silica network with more siloxane bonds) since there should be more 

hydroxyl free areas to get isolated hydroxyl groups.54 The isolated hydroxyl peak was more 

pronounced for MCM-48 type of particles, especially for MCM-48R. The broad band 

between 1000 and 1300 cm−1 is the asymmetric Si-O-Si stretching. The position of the main 

peak at around 1100 cm−1 can give insight about how crosslinked the silica network is; 

higher wavenumber (i. e. lower wavelength) means that higher energy required for 

stretching, which suggests silica network with a higher crosslinking degree.51–53 According 

to the position of this band, dendritic and MCM-48 type of particles has more crosslinked 

silica network than the other particles which also indicates more condensed silica network 

with less hydroxyl groups (Figure 4b).

To further explore the types of surface functionalities such as carbon impurities on the 

nanoparticles, thermogravimetric analysis (TGA) was performed (Figure 5). The particles 

were gradually heated to 850 °C, during which the measured weight loss for silica particles 

originated from the dehydroxylation of the silica network and decomposition of carbon 

impurities.50 The TGA curves of the silica nanoparticles can be roughly divided into three 

regions: i) 50–150 °C: removal of adsorbed water and remaining solvents; ii) 150–600 °C: 

decomposition of carbon impurities and removal of interacting hydroxyl groups; and iii) 

>600 °C: removal of isolated hydroxyl groups.50 In the second (carbon impurity) region, a 

weight decrease of ~6.5% was observed for MCM-41, while weight losses of ~15% and 

~11.5% were measured for MCM-48S and MCM-48R, respectively. The higher weight loss 

for MCM-48 type of particles is due to higher carbon impurity contents of these 

nanoparticles, in accordance with FTIR spectroscopy. In the third region, highest weight loss 

(~3.5%) was observed for MCM-48R, suggesting a higher isolated hydroxyl content of these 

particles, which was also confirmed by FTIR.

Next, the chemical origin of nanobubble stabilization was explored by comparing structure 

and ultrasound contrast before and after chemical treatment. To entrap a stable gas 

nanobubble in a cavity, there must be some resistance against the movement of the three-

phase line through bottom of the cavity. Such resistance presents as contact angle hysteresis, 

or the difference between advancing and receding contact angles of water on cavity wall. A 

higher contact angle hysteresis indicates a more stable three-phase line at each pore wall, 

and thus nanoparticles with higher hysteresis provide better nanobubble stabilization.37, 39 

Also, water contact angles at the cavity walls close to or larger than 90° are required to 

stabilize the entrapped gas. For these cases, R of the water contact line is very large or 
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negative, which yields negligible or no interfacial tension and makes the entrapped bubble 

stable (see above for the explanation based on Laplace pressure equation). According to 

FTIR and TGA results, both carbon impurities and siloxane rich surfaces of MCM-48R can 

provide the required hydrophobic cavity walls for nanobubble stabilization. To identify the 

origin of the hydrophobicity in these nanoparticles, we further purified the MCM-48R to 

remove carbon impurities by refluxing in acidic ethanol or calcining at 550 °C for 2 h. The 

intensity of the carbon impurity peak was significantly reduced after acidic ethanol treatment 

and it completely disappeared after calcination (Figure 6). Also, acidic ethanol treatment did 

not significantly affect the isolated hydroxyl peak at 3750 cm−1, but calcination significantly 

intensified this peak, indicating the dehydroxylation of the surface and generation of 

relatively hydrophobic siloxane groups.56 In addition, the intensity of the Si-OH stretching 

peak at around 950 cm−1 was reduced after calcination but not after acidic ethanol treatment, 

which also indicates the dehydroxylation of the silica surface after calcination. Figure 6c 

compares the ultrasound contrast generated by the as-prepared, acidic ethanol treated, and 

calcined MCM-48R. Refluxing in acidic ethanol (which partially removed the carbon 

impurities) was resulted in a slight decrease in the response of the MCM-48R. On the other 

hand, after calcination the ultrasound response completely quenched, suggesting that carbon 

impurities are the main source hydrophobicity and plays a crucial role in stabilization of 

nanobubbles by the nanoparticles.

Based on these characterizations, it is not clear if acoustic cavitation is nucleated by the 

surface nanobubbles or the gas entrapped inside the pores. To explore this, we first prepared 

two additional MCM-48 nanoparticles with methyl modified and unmodified pore walls. 

First, MCM-48S cores were prepared by condensation of 0.8 mL of TEOS, followed by 

another 0.3 mL of TEOS to form rough surface around the particles (MCM-48D; see 

Experimental Section for details). To investigate the effect of hydrophobic modification of 

the pores, methyltrimethoxysilane (MTMS) was added in between the two TEOS addition 

steps (MCM-48MD). According to TEM and NTA, both the MCM-48MD and MCM-48D 

have sizes around 100 nm with narrow size distribution and good dispersibility in water 

(Figure 7, Figure S7, Table S1). It is important to note that methyl modification has no 

significant effect on the dispersibility of the particles in water because of the outer silica 

layer. Also, these particles have smoother surfaces than MCM-48R, presumably due to the 

lower TEOS content in the synthesis of these particles. FTIR spectra (Figure S8) of the 

nanoparticles showed that both MCM-48D and MCM-48MD contain similar carbon 

impurities as MCM-48S and MCM-48R. Also, the peak at around 1300 cm−1 in the FTIR 

spectrum of MCM-48MD can be assigned to the methyl groups of this particle, which 

proves the methyl modification. Figure 8 shows the total intensity generated by MCM-48D 

and MCM-48MD at the particle concentration of 1011 particles mL−1 and at different peak 

negative pressures. A lower threshold pressure observed for methyl modified MCM-48MD 

showing that hydrophobic modification of the pores improves the responsivity (i. e. ability of 

stabilization nanobubbles). Nevertheless, without hydrophobic modification of the pores 

there was still remarkable ultrasound response.

To further evaluate the role of nanobubbles on the surface of the nanoparticles and gas 

entrapped inside the pores, we treated MCM-48R and MCM-48MD with ethanol and/or 

bovine serum albumin (BSA). Ethanol is expected to destroy both surface and inner bubbles 
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by wetting both the surface and the pores of the nanoparticles and exchanging with the 

entrapped gas.29 But BSA can only destroy the surface nanobubbles because this large 

molecule (~7 nm) cannot penetrate inside the small pores of the MCM-48 type MSNs (~3 

nm).44 For this, the nanoparticles were mixed with BSA prior to acoustic cavitation 

experiments. It is well-known that when nanoparticles are introduced into a protein solution, 

their surfaces are immediately covered by proteins.57, 58 BSA can adsorb to almost any 

surface because of its hydrophobic and hydrophilic structure, therefore it can be expected 

that BSA will associate with the hydrophobic regions of the nanoparticle surface and make it 

hydrophilic to prevent nanobubble stabilization on these cavities. Accordingly, we stirred the 

MCM-48R or MCM-48MD in BSA solution (50 mg mL−1) for 2 h to form a BSA corona 

around the particles, and we centrifuge washed the particles to remove excess BSA. It was 

observed that after formation of the BSA corona around the MCM-48MD, the total intensity 

was reduced by about 85% (Figure 9), though the signal was still distinguishable from 

background (Figure 9a). The reduction in the total intensity for BSA coated MCM-48R, on 

the other hand, was only about 45%. However, addition of 90% v/v ethanol completely 

quenched the responsivity of both MCM-48R and MCM-48MD with or without BSA 

coating (Figure 9). These results suggest that acoustic cavitation is initiated mostly by the 

surface nanobubbles, which are mostly larger than the size of BSA (~7 nm). The 

contribution of such larger surface nanobubbles are more pronounced for MCM-48MD, 

most probably due to its smoother surface. On the other hand, the rough surface of 

MCM-48R can entrap more small surface nanobubbles that are not accessible to the large 

BSA molecules. The data also suggest that small cavities (smaller than the size of single 

BSA molecule), possibly inside the pores or at the pore openings, can also facilitate acoustic 

cavitation since significant response was observed for both nanoparticles after BSA corona 

formation.

DISCUSSION

Recently, it has been shown that nanobubbles stabilized by nanoparticles (silica, polystyrene 

and PTFE) with various morphologies (porous, solid, cup-shaped etc.) can initiate acoustic 

cavitation of water, which allows development of nanoscale agents for ultrasound imaging 

and therapy.28–33 For example, Zhang et al.,28 prepared hydrophobic MSN and capped them 

with cyclodextrin to make the hydrophobic MSN dispersible in water. They observed an 

increase in the concentration of reactive oxygen species when the hydrophobic MSN 

insonated with low energy ultrasound, which is consistent with cavitation. Later, the same 

group obtained similar results using bare MSNs without any hydrophobic modification.32 

While in these studies there was no direct observation of acoustic cavitation, authors 

concluded that the air encapsulated inside the pores initiates acoustic cavitation and reactive 

oxygen species are produced as a result. More recently, we showed that acoustic cavitation 

initiated by Pluronic polymer stabilized hydrophobic MSN, when exposed to HIFU, can be 

observed by using a conventional imaging transducer.29 In these studies it was assumed that 

the air encapsulated inside the mesopores of silica nanoparticles initiates acoustic cavitation. 

Later, it was shown that the air stabilized inside the cavities of nanocups30, 33 or even at the 

surface of solid hydrophobic particles31 can also initiate acoustic cavitation. Here, we 

prepared several MSNs with different morphologies and without any hydrophobic 
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modification (expect MCM-48MD) and observed that acoustic cavitation inception by only 

MCM-48 type of MSNs but not for the others (MCM-41, Dendritic, Random).

These results raise several questions about the nanobubble stabilization by mesoporous silica 

nanoparticles. First of all, what is the origin of hydrophobicity of unfunctionalized “bare” 

mesoporous silica nanoparticles that provides the stabilization of gas bubbles inside the 

cavities? The chemical formula of silica nanoparticles is often expressed simply as SiO2, the 

chemical structure of amorphous silica prepared by sol-gel methods is much more 

complicated than this. Due to the incomplete condensation of silica, it should be written as 

SiO2−n(OH)2n. Since siloxane bonds are more hydrophobic than silanol groups, the ratio of 

these two groups determines the contact angle of the particles at the air-water interface. In 

fact, contact angles above 90° have been both theoretically and experimentally demonstrated 

for highly dehydroxylated silica surfaces.56, 59 In addition, there may be alkoxy groups in 

the final structure remaining from the incomplete hydrolysis of the alkoxysilane monomer, 

which can add hydrophobicity to the particles. Furthermore, for mesoporous particles the 

residual surfactant molecules can be present in the purified particles, which can create local 

hydrophobic regions or increase contact angle hysteresis. Finally, depending on the synthesis 

conditions, different siloxane rings (4, 5, 6 membered etc.) with different activities can be 

obtained60 but this is beyond the scope of this study. Such differences between silica 

nanoparticles prepared in this study were clearly observed in the FTIR and TGA data 

(Figures 4 and 5). The MCM-48-type nanoparticles that showed greater nucleation of 

acoustic cavitation exhibited a more condensed silica network with a large amount of carbon 

impurities. Further purification of the particles by calcination completely quenched 

responsivity of the particles, suggesting that carbon impurities help the nanobubble 

stabilization by making the walls of pores and/or surface grooves and pits more 

hydrophobic. However, number of siloxane groups on the particle surface appeared to have 

no significant effect on the responsivity of the MCM-48R (Figure 6).

The second question is whether the acoustic cavitation is initiated by nanobubbles stabilized 

at the nanoparticle surface or inside the pores? Unfortunately, it is a very challenging to 

image the nanobubbles stabilized on the nanoparticles or inside their pores; to our 

knowledge, there is no conventional method to do this. Nevertheless, the effects of BSA and 

ethanol addition (Figure 9) showed that the acoustic cavitation is mostly initiated by 

nanobubbles stabilized at the surface, which should have sizes larger than the size of a BSA 

protein (~7 nm diameter).61 Thus, is nanoporosity really needed for initiation of the acoustic 

cavitation? The data presented in this study and previous findings of Jin et al.,31 with solid 

PTFE nanoparticles indicates that it is not critical; the air stabilized in the narrow pores of 

MSNs (2–3 nm) has no direct role in the acoustic cavitation inception. It appears to be 

initiated mostly by surface bubbles. Nevertheless, it is believed that pore openings can help 

the stabilization of surface nanobubbles by addition of surface roughness and potentially 

formation of a Cassie state.62 In addition, the gas stored inside the pores can contribute to 

the growth and merging of surface bubbles.

On this subject, what is the role of surface roughness? Previous studies with 

microparticles63–65 demonstrated that rough particles can initiate acoustic cavitation at much 

lower pressures than their smooth counterparts. Apparently, surface roughness creates 
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suitable cavities for the stabilization of nanobubbles on the surface of microparticles. Our 

initial results with six different kinds of silica nanoparticles (Figure 2 and Table 2) also 

demonstrated a similar trend, as only rough MCM-48R could initiate the acoustic cavitation 

at the particle concentration of 1011 particles mL−1 in our experimental conditions. However, 

later results with MCM-48D and MCM-48MD (Figure 8) showed that although these 

particles had smoother surfaces than MCM-48R, they had similar responsiveness. In 

addition, Jin et al.,31 observed acoustic cavitation inception by fairly smooth PTFE 

nanoparticles at experimental conditions similar to ours. We believe the difference in the 

results obtained with microparticles and nanoparticles is due to pore size scaling, as cavities 

of ~100 nm were observed for microparticles but the cavities in this study were much 

smaller. Therefore, the size of nanobubbles stabilized on the surface of nanoparticles can be 

larger than the size of surface cavities since nanobubbles can be stabilized by multiple 

cavities on rough and hydrophobic nanoparticle surface. Nevertheless, BSA coating 

experiments (Figure 9) showed that after coating the rough nanoparticles with BSA, some 

nanobubbles remain on the surface of these rough nanoparticles (probably inside the cavities 

smaller than the size of BSA; ~7 nm) and these small nanobubbles are able to nucleate 

acoustic cavitation.

Finally, what is the effect of hydrophilic surface modification on the responsivity of the 

particles? While hydrophobicity is required for stabilization of nanobubbles, modification of 

the nanoparticle surface with hydrophilic molecules (e. g. PEG, phospholipids, peptides) is 

required prior to their in vivo administration to prevent aggregation in biological media, 

reduce complement activation, and potentially promote targeting to a diseased region. 

Hydrophilic modification surface modification can destabilize nanobubbles and accordingly 

the responsivity of the nanoparticles. In fact, coating the particles with hydrophilic BSA 

significantly quenched the response generated by the nanoparticles, especially for 

MCM-48MD (Figure 9). Nevertheless, there was still strong response for BSA coated 

MCM-48R (~55% of the initial response). In addition, in our previous work29 we reported 

that Pluronic polymer stabilized hydrophobic MCM-41 MSNs produced easily detectable 

response when insonated with HIFU, which indicates that a very hydrophobic surface (i. e. 
not dispersible in water in the absence of amphiphilic molecules) can resist coating by 

macromolecules, thereby preserving its responsiveness. These results indicate that although 

after hydrophilic surface modification a decrease in the responsivity of the hydrophobic 

nanoparticles can be expected, it is still possible to design nanoscale ultrasound agents with 

good responsivity by engineering the surface roughness and interfacial hydrophobicity.

CONCLUSIONS

In conclusion, to understand the nanobubble stabilization process by porous silica 

nanoparticles and acoustic cavitation initiated by these stabilized nanobubbles, we prepared 

several spherical silica nanoparticles with sizes around 100 nm but with different 

morphologies. FTIR and TGA analyses of the nanoparticles revealed that nanoparticles have 

very distinct compositions, with varying amounts of carbon impurities, hydroxyl content, 

and degrees of silica crosslinking, even if prepared using the same monomer (TEOS) and 

surfactant (CTAB). To study the acoustic cavitation inception by nanoparticles, nanoparticle 

samples at different concentrations were insonated with HIFU at different peak negative 
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pressures. It was found that only MCM-48 type MSNs initiated acoustic cavitation in our 

experimental conditions, which is due to their more hydrophobic and rougher surfaces. 

However, additional purification steps (acidic ethanol treatment and calcination) and 

additives (ethanol and BSA) were found to destabilize the nanobubbles. These experiments 

suggested that for rough particles acoustic cavitation is mostly initiated by the large 

nanobubbles (>7 nm), which are stabilized on the partially hydrophobic surface of the 

mesoporous silica nanoparticles. However, for rough and highly hydrophobic nanoparticle 

interfaces the intrusion of macromolecules can be resisted due to sterics. We believe the 

results presented in this paper can provide useful information to the researcher to design 

nanoscale (<100 nm) ultrasound agents for imaging and therapy purposes.

MATERIALS AND METHODS

Materials

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide (CTAB), and triethanol 

amine were purchased from Across Organics. Methyltrimethoxysilane (MTMS) was 

purchased from TCI Chemicals. Pluronic F127 polymer was purchased from Anatrace, Inc. 

Ethanol was purchased from Decon Laboratories. Ammonium nitrate, hydrochloric acid 

(HCl, 37%) and cyclohexane were purchased from Fisher Scientific. Sodium hydroxide and 

ammonium hydroxide solution (28–30%) were purchased from Macron Chemicals. Bovine 

serum albumin (BSA) was purchased from USBiological Life Sciences. All materials were 

used as received.

Synthesis of MCM-41

The MCM-41 type MSNs was synthesized according to a previous report.43 CTAB (200 mg) 

and Pluronic F127 polymer (6 mg) were dissolved in ultrapure water (96 mL) and 2 M 

NaOH (0.7 mL) was added. The reaction solution was heated to 80 °C while stirring at 600 

rpm. 1.5 mL of TEOS to this solution the reaction solution was kept at the same condition 

for 3 h.

Synthesis of MCM-48S and MCM-48R

The MCM-48 type MSNs was synthesized by slightly modifying a previous report.44 CTAB 

(250 mg) and Pluronic F127 polymer (1 g) were dissolved in ultrapure water (45 mL) and 

ethanol (20 mL) and 4.5 mL of ammonium hydroxide solution (28–30%) was added. The 

reaction mixture was stirred vigorously at 40 °C for 15 min. TEOS (0.8 mL for MCM-48S 

and 1.6 mL for MCM-48R) was rapidly added to this solution and reaction mixture was kept 

at same conditions for 2.5 h.

Synthesis of Dendritic

The MSN with dendritic pore structure was prepared by slightly modifying a previous 

report.46 CTAB (1.3 g) and triethanol amine (45 mg) was dissolved in ultrapure water (15 

mL) at 60 °C while stirring at ~150 rpm. TEOS (0.5 mL) was dissolved in 4.5 mL of 

cyclohexane and slowly added on top of the water phase. Then the temperature increased to 

70 °C and reaction mixture was kept at this condition for 8 h.

Yildirim et al. Page 11

Chem Mater. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Synthesis of Random

The MSN with non-organized pore structure was prepared by modifying a previous report.45 

CTAB (200 mg) was dissolved in 70 mL of PBS (pH 7.4, 10 mM) at 65 °C while stirring at 

600 rpm. TEOS (1 mL) was rapidly added to this solution and reaction mixture was kept at 

same conditions for 3 h.

Synthesis of Solid

Solid silica nanoparticles was prepared according to Stober method.47 ultrapure water (0.5 

mL), ethanol (20 mL) were mixed with 6 mL of ammonium hydroxide solution (28–30%). 

Then, TEOS (3 mL) was dissolved in 80 mL of ethanol was gently added onto this solution. 

The reaction mixture was stirred (300 rpm) at room temperature for 13 h.

Synthesis of MCM-48D and MCM-48MD

For synthesis of MCM-48D, CTAB (250 mg) and Pluronic F127 polymer (1 g) were 

dissolved in ultrapure water (45 mL) and ethanol (20 mL) and 4.5 mL of ammonium 

hydroxide solution (28–30%) was added. The reaction mixture was stirred vigorously at 

40 °C for 15 min. TEOS (0.8 mL) was rapidly added to this solution and reaction mixture 

was stirred at 40 °C for 1.5 h. Then, TEOS (0.3 mL) in ethanol (1 mL) was added and 

reaction mixture was further kept at same condition for 1 h. For synthesis of MCM-48MD, 

0.18 mL of MTMS (dissolved in 0.8 mL of ethanol) was added 5 min after the first TEOS 

addition, other parameters were same with the MCM-48D synthesis.

Purification of the nanoparticles

All nanoparticles were collected by centrifugation (7000 rcf) and washed with ethanol twice. 

To extract surfactant molecules from MSNs, nanoparticles were dispersed in ethanolic 

ammonium nitrate solution (20 mg mL−1) and vigorously stirred at 60 °C for at least 30 min. 

Then, nanoparticles were collected by centrifugation (7000 rcf) and ammonium nitrate 

treatment was repeated for one more time. Finally, nanoparticles were washed with ethanol 

twice and dried at 65 °C for overnight. The dried nanoparticles were stored at room 

conditions.

Acidic ethanol treatment of MCM-48R

To further purify MCM-48R, 10 mg of MCM-48R was dispersed in 20 mL of ethanol and 

0.25 mL HCl (37%) was added dropwise and vigorously stirred at 65 °C for 2 h. Then, 

nanoparticles were collected by centrifugation (7000 rcf) and acidic ethanol treatment was 

repeated for one more time. Finally, nanoparticles were washed with ethanol twice and dried 

at 65 °C overnight.

Calcination of MCM-48R

To completely remove the carbon impurities, 10 mg of MCM-48R was heated to 550 °C at a 

ramping rate of 5 °C min−1 and kept at this temperature for 2 h. Then, nanoparticles were 

slowly cooled down to the room temperature.
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Coating MCM-48MD with BSA

4 mg of MCM-48MD was dispersed in 2 mL of ultrapure water and mixed with 2 mL of 

BSA solution in water (100 mg mL−1). The solution was sonicated for ~1 min and stirred at 

500 rpm for 2 h. Then nanoparticles were collected by centrifugation (7000 rcf) and washed 

with water to remove excess BSA.

Acoustic cavitation experiments and analysis

Ultrasound experiments were performed according to our previous reports.29, 49 Briefly, a 

spherically focused, single-element, HIFU transducer (Sonic Concepts H101, 64.0 mm 

Active Diameter × 63.2 mm Radius of Curvature) was equipped with a coupling cone (Sonic 

Concepts C101) was used for HIFU exposure. Prior to the experiments, the transducer was 

submerged in a water tank and it 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. Different peak to peak voltages between 0.3 

and 2 V were applied and the corresponding peak pressures was measured via needle 

hydrophone calibration (HNC-0200, Onda Corp.), which were found to be in the range of 

~3–22 MPa. In a typical experiment, nanoparticles were dispersed in water (1 mL) at 

different concentrations between 1010 and 4 × 1011 particles mL−1 and put into a plastic 

bulb. 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), 

which was connected to a Siemens Acuson Sequoia C512 scanner operating in CPS mode at 

1.5 MHz, a mechanical index (MI) of 0.19 and a frame rate of 14 Hz, was aligned to acquire 

horizontal cross-sectional images of the sample (Figure S2). To align the imaging transducer 

to the focus of HIFU, the transducer was placed at a distance of approximately 1 cm from 

the plastic sample bulb and the horizontal position of the transducer was manually adjusted 

until the maximum contrast was obtained. Then, HIFU was applied using the following 

Waveform Generator settings: Vpp between 0.3 and 2 V, 1.1 MHz center frequency, 0.1 s 

pulse interval (burst period), and 12 cycles. During the HIFU application, the videos were 

recorded by the Siemens Acuson Sequoia C512 scanner for 15 s. MATLAB (Mathworks, 

Inc.) code which calculates the total intensity of the bright spots in the region of interest of 

each frame of the videos, was used to analyze the videos.

Characterization

Transmission electron microscopy (TEM) images of the nanoparticles were taken using a 

CM 100 (Philips) microscope. The concentration and size distribution of the nanoparticles 

dispersed in water were determined via Nanoparticle Tracking Analysis by using a 

NanoSight LM10 setup (Malvern). FTIR spectra of the nanoparticles were collected by 

using a Fourier transform infrared spectrometer (Nicolet 6700, Thermo Scientific) which is 

equipped with a Diffuse Reflectance Accessory. Thermal gravimetric analyses (TGA) of the 

nanoparticles were performed using a Pyris 1 TGA (Perkin Elmer) under nitrogen 

atmosphere.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Size distributions of the silica nanoparticles in water as determined by Nanoparticle 

Tracking Analysis; a) MCM-41, b) MCM-48S, c)MCM-48R, d) Dendritic, e) Random, and 

f) Solid. Insets show the TEM images of the silica nanoparticles. Scale bars are 50 nm.
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Figure 2. 
(a) Representative images taken from movies acquired during HIFU insonation of 

nanoparticles at two different concentrations. Red circles mark the region of interest (ROI), 

or the area shows the focus of the HIFU. The white spot above the ROI is due to reflection 

from the sample tube wall. (b) Calculated total intensities from the acquired movies of the 

samples at two different particle concentrations. Error bars = 1 SD, studies were run in 

triplicate. Student’s t test was applied to the data; * indicates p<0.05 and *** indicates 

p<0.0001.
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Figure 3. 
(a) Effect of the particle concentration on the total intensity generated by MCM-48R at peak 

negative pressure of 10.6 MPa. (b) Effect of peak negative pressure on the total intensity 

generated by MCM-48R at the particle concentration of 1011 particles mL−1. Error bars = 1 

SD, studies were run in triplicate.
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Figure 4. 
FTIR spectra of the silica nanoparticles. (a) The range of FTIR spectra (3850-2450 cm−1) 

showing the isolated and interacting hydroxyl and carbon impurity absorption bands of the 

nanoparticles. (b) The range of FTIR spectra (1400-700 cm−1) showing the silanol and 

siloxane absorption bands of the nanoparticles.

Yildirim et al. Page 21

Chem Mater. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
TGA curves of the silica nanoparticles.
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Figure 6. 
FTIR spectra of the as-prepared, refluxed in acidic ethanol, and calcined MCM-48R. (a) The 

range of FTIR spectra (3850-2450 cm−1) showing the isolated and interacting hydroxyl and 

carbon impurity absorption bands of the nanoparticles. (b) The range of FTIR spectra 

(1400-700 cm−1) showing the hydroxyl and siloxane absorption bands of the nanoparticles. 

(c) Calculated total intensities from the acquired movies of the as prepared, refluxed in 

ethanol, and calcinated MCM-48R samples at a particle concentration of 1011 particles 

mL−1. Insets are the representative images taken from movies acquired during HIFU 
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insonation. Red circles mark the region of interest. Error bars = 1 SD, studies were run in 

triplicate.

Yildirim et al. Page 24

Chem Mater. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Size distributions of the (a) MCM-48D and (b) MCM-48MD in water as determined by 

Nanoparticle Tracking Analysis. Insets show the TEM images of the silica nanoparticles. 

Scale bars are 50 nm.
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Figure 8. 
Effect of peak negative pressure on the total intensity generated by MCM-48D and 

MCM-48MD at the particle concentration of 1011 particles mL−1. Error bars = 1 SD, studies 

were run in triplicate.
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Figure 9. 
(a) Representative images taken from movies acquired during HIFU insonation of 

nanoparticles with or without BSA coating in 90% ethanol or water. Red circles mark the 

region of interest. (b) Calculated total intensities from the acquired movies of nanoparticles 

with or without BSA coating in water and in 90% ethanol at a particle concentration of 1011 

particles mL−1. Error bars = 1 SD, studies were run in triplicate.
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Table 1

Particle sizes and concentrations of the silica nanoparticles as determined by TEM and NTA.

TEM Size
(nm)

NTA Size
(nm)

Particle number
(in 1 mg mL−1)a

MCM-41 112±18 267±79 0.32×10

MCM-48S 92±15 263±84 0.56×1012

MCM-48R 94±10 212±67 0.63×1012

Dendritic 111±7 124±24 1.89×1012

Random 137±10 148±21 1.48×1012

Solid 121±12 146±37 1.09×1012

a
Determined by NTA.
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Table 2

Threshold pressures for acoustic cavitation of water in the presence of silica nanoparticles.

Particle concentration (1011 particles mL−1) Particle concentration (4×1011 particles mL−1)

Threshold (MPa) Description Threshold (MPa) Description

MCM-41 >22 No response >22 No response

MCM-48S >22 No response 9.1 Weak response

MCM-48R 6.2 Strong response 6.2 Strong response

Dendritic >22 No response >22 No response

Random >22 No response 6.2 Response dies off quickly

Solid >22 No response >22 No response

Chem Mater. Author manuscript; available in PMC 2017 August 23.


	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS
	DISCUSSION
	CONCLUSIONS
	MATERIALS AND METHODS
	Materials
	Synthesis of MCM-41
	Synthesis of MCM-48S and MCM-48R
	Synthesis of Dendritic
	Synthesis of Random
	Synthesis of Solid
	Synthesis of MCM-48D and MCM-48MD
	Purification of the nanoparticles
	Acidic ethanol treatment of MCM-48R
	Calcination of MCM-48R
	Coating MCM-48MD with BSA
	Acoustic cavitation experiments and analysis
	Characterization

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1
	Table 2

