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Graphical Abstract:

Introduction:i

Emulsions are metastable dispersions of two immisciblwere synthesized using methods 

adapted by Lae liquids that form an apparently homogeneous material (i.e. 

macroscopically). Without stabilizers, emulsions are intrinsically unstable and ultimately 

will separate into two different phases.1 Although surfactants commonly stabilize emulsions, 

solid particles have also been demonstrated to be effective stabilizers producing systems 

called Pickering emulsions.2–4 Based on the wettability of the particles, either oil-in-water or 

water-in-oil Pickering emulsions are formed.3 Other advantages of Pickering emulsions 

include a significant increase in the emulsion’s resistance to coalescence, increased energy 

barriers to eject particles from the emulsion interface (i.e. nearly irreversible adsorption), 

and decreased toxicity to living cells.5–7 Consequently, Pickering emulsions can be used 

effectively in fields such as food science & engineering, oil recovery, cosmetics, and 

biomedical technologies.6,8–12
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Despite the wide range of potential applications, Pickering emulsions have not always been 

used extensively because of the challenges in controlling their synthesis. The formation of 

Pickering emulsions is known to be sensitive to particle shape, size, surface properties, and 

concentrations.6 Further, even if particles have adequate properties to stabilize an emulsion 

interface, factors such as energy barriers can prevent spontaneous adsorption.13,14

Electrostatic repulsion is one such known energy barrier that can effectively prevent 

spontaneous particle adsorption. Still, it can be overcome by altering the charge on the 

particle surface using surface chemical functionalization or by altering the solvent’s 

environment (e.g. pH or ionic strength).15–17 Another possible barrier is steric repulsion, 

which is common for polymer-functionalized particles acting as stabilizing agents. In this 

case, polymer layers form a physical barrier preventing particle adsorption.18,19 Steric 

repulsion can be overcome by applying mechanical forces such as high shear mixing, high-

pressure homogenization, or sonication.20–22 In this work we carefully analyze the role of 

acoustic cavitation in overcoming such energy barriers using controlled sonication.

Of all methods for applying mechanical forces to synthesize Pickering emulsions, sonication 

is the most frequently used. Bath or probe-type sonicators are common tools in most colloid 

laboratories. These emit strong acoustic waves in the ultrasound frequency range (>20 kHz) 

for mechanical agitation, redispersion, emulsification, and/or glassware cleaning. Sonication 

is also effective in Pickering emulsion synthesis because it can simultaneously emulsify and 

force particle adsorption onto droplet interfaces. However, laboratory sonicators are rarely 

calibrated and acoustic settings and sonication times are usually selected by personal 

experience and/or trial and error resulting in widely variable results. Moreover, most of these 

instruments produce poorly defined acoustic fields and do not provide information on 

important acoustic parameters (e.g. local acoustic pressure). Furthermore, differences in 

experimental parameters including probe/bath geometry, sample positioning, sample volume 

and vessel material, affect acoustic conditions and produce drastic variations in sonication 

results from system to system and sample to sample. For most studies reported in the 

literature, sonication is often treated as a ‘black box’ with little attention given to the 

underlying physics controlling these processes.

In controlled ultrasound experiments, the acoustic frequency, pressure (intensity), duration, 

and pulse repetition frequency (or duty cycle) are carefully controlled. Acoustic radiation 

force, which scales proportionally with the square of acoustic pressure, could provide 

nanoparticles with the momentum necessary to both move in the dispersion and overcome 

energy barriers between the nanoparticle and the emulsion interface. Alternatively, cavitation 

could form and violently collapse vapor cavities in the liquid, producing locally high 

pressures, stresses, and temperatures that would induce the formation of Pickering 

emulsions.23,24

This work uses in-situ scattering methods to understand the process of Pickering emulsion 

synthesis under controlled acoustic fields. The model system examined here consists of oil-

in-water emulsions insonated in the presence of polymer-coated amphiphilic gold 

nanoparticles (GNP). In previous studies, our lab has shown that these types of GNPs are 

effective in stabilizing both hydrocarbon and perfluorocarbon emulsions.22,25 This work 
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mainly focuses on the use of perfluorinated oils for Pickering emulsion formation due to the 

increased interest in utilizing Pickering emulsion contrast agents for medical imaging. 

Previously, we have shown that Pickering emulsions with perfluorinated cores can be a 

potential theranostic agents for sono-photoacoustic imaging.25–30 These Pickering emulsions 

can be activated using a combination of ultrasound and laser pulses to provide significant 

contrast for sono-photoacoustic imaging and can simultaneously break blood clots.26 

Nevertheless, hydrogenated alkane oils such as hexadecane, are also included in this study in 

order to compare observations with Pickering emulsions that are of general interest for other 

applications.31–34

Structural changes occurring within the samples are characterized using ultra-small angle X-

ray scattering (USAXS) during sonication within a custom build focused ultrasound sample 

environment.35,36 Compared to other techniques which can only characterize the samples 

before and after the formation of Pickering emulsions, USAXS is a unique technique 

because it provides us with the ability to quantitatively examine structural changes during 

the application of acoustic forces. Moreover, the custom build sample environment enables 

user defined control over the transmitted acoustic settings (e.g. acoustic pressure, pulse 

duration, and pulse repetition frequency) while simultaneously monitoring for cavitation 

events. By varying the acoustic pressures, sonication times and the types of oils, we 

systematically explore the role of sonication parameters and emulsion composition in the 

formation of Pickering emulsions.

Materials and Methods:

Sample Preparation:

Gold (III) chloride trihydrate, sodium citrate dihydrate (>99.9%, CAS: 16961–25-4), 

hexadecane 99 %, CAS:544–76-3), butanethiol (99%, CAS: 109–79-5), and sulfuric acid 

(98%, CAS: 7664–93-9) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 10 

kDa thiolterminated poly (ethylene glycol) methyl ether (95%, PEG-thiol) was purchased 

from Polymer Source (Dorval, Quebec, Canada). Perfluoroalkanes including 

perfluorononane (99%, CAS:37596–2), perfluorooctane (90%, CAS:307–34-6), and 

perfluorohexane (98%, CAS:355–42-0) were obtained from Synquest Laboratories 

(Alachua, FL, USA). Colloidal gold nanoparticles of ~12 nm average diameter were 

synthesized using methods described by Frens.37 All alkane and perfluoroalkane oils were 

fully linear with no branching. All glassware used in synthesizing gold nanoparticles was 

cleaned with a critical cleaning detergent Liquinox® (Alconox, Inc., NY, USA), sonicated in 

a sonication bath for 30 minutes, and set in an acid bath with Nochromix solution 

(Nochromix® powder, Godax Labs Inc., MD, USA, dissolved in pure sulfuric acid) for an 

hour to remove any potential residual organic material. GNPs with a dosing of 8 PEG-thiol 

chains/nm2 and 20 butanethiol chains/nm2 were synthesized using methods adapted by 

Larson-Smith et al.26,38

Coarse oil-in-water emulsions were prepared in a separate container by sonicating 1 vol% of 

oil (i.e. perfluorinated oils or hexadecane) in deionized water using a Branson Digital 

Sonifier S-450 with a 3 mm tapered microtip (Branson Ultrasonics, CT, USA) at 30% 

amplitude 50% duty cycle (i.e. 0.1 seconds on and 0.1 seconds off) for a total of 20 seconds 
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of sonication time. The coarse surfactant-free emulsions were then added to GNP 

dispersions to form a 50:1 oil to gold volume ratio. The final volume fraction of oil in the 

sample was 3.4×10-3. Each emulsion sample was freshly prepared before conducting 

experiments to avoid coarsening due to coalescence. The dispersions of oil droplets and 

nanoparticles were then sonicated using a focused ultrasound sample environment at various 

acoustic conditions. GNPs without emulsions and emulsions without nanoparticles were also 

sonicated as controls. An overall schematic diagram of the process for functionalizing GNP 

and synthesizing Pickering emulsion using ultrasound is shown in Figure 1.

USAXS Measurements and Data Analysis

USAXS experiments were performed using a custom designed acoustic sample environment.
35 For each acoustic experiment, 2 coaxially aligned 1.24 MHz focused ultrasound 

transducers (Sonic Concepts H-102, f-number 0.98, 64 mm diameter, Sonic Concepts Inc., 

Bothell, WA, USA) were pulsed at acoustic pressures ranging from 0 to 7.2 MPa, at a 

repetition frequency (PRF) of 6.2 kHz and a 20% duty cycle. Samples were insonated for a 

total of 3 minutes at each USAXS time-point measurement unless otherwise specified. The 

two face-toface transducers were alternated at a rate of 1 Hz to prevent material buildup at 

one side of the sample holder due to acoustic radiation forces. All USAXS experiments were 

performed in a standard Bonse-Hart instrument configuration at beamline 9-ID-C in 

Advanced Photon SourceArgonne National Lab.39 The energy of the X-ray beam was 21 

keV.

The recorded USAXS scattering data was reduced to an absolute scale and desmeared using 

Indra module of SAS software.40,41 The desmeared scattering data was then modeled with 

two different models to describe these complex system, which may contain multiple 

coexisting components e.g. ‘free’ particles, undecorated oil droplets, and droplets with 

adsorbed particles). In the first model, a sum of two polydisperse sphere populations, was 

used for samples containing GNPs and emulsions when no particle adsorption occurred (i.e. 

Pickering emulsions were not being formed). For these samples, it was assumed that GNPs 

and emulsion droplets were not interacting with each other, which is a good assumption in 

the dilute conditions used in this study. Therefore, this was considered as a system 

containing two independent populations of spheres. The modeling of this 2-sphere system 

was performed using Irena to obtain size distributions (log-normal) and volume fractions for 

each component.

For samples and conditions that would form Pickering emulsions, a generalized scattering 

model developed by Debye was used to fit the scattering profiles. The Debye model can be 

used to model any arbitrary shape as long as it is composed of spherical subunits with 

known relative position.42 For Pickering emulsion systems, this was constructed as a large 

sphere (i.e. droplet) evenly decorated by smaller spheres (i.e. gold nanoparticles) 

corresponding to a certain area coverage. Model details are included in the supplemental 

information section. This model is similar to a raspberry model that has been previously 

described but it is better suited to describe the correlations between particles at the emulsion-

water interface (i.e. curved spherical interface) at the expense of more expensive 

computations.43 Specific modeling parameters were found using a least squares routine 
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coded into MATLAB. Size, surface coverage, volume fraction of the Pickering emulsion, 

and the amount of remaining non-adsorbed gold nanoparticles could be obtained using the 

Debye model.

Cavitation Analysis

Ultrasound signal analysis was performed using MATLAB to implement methods adapted 

from Fabiilli, et al.44 In short, a Hamming window was applied centered on the acoustic time 

of flight from the focused transducer to the sample. Fast Fourier transforms (FFTs) of 

windowed signals were calculated and an average power for the signal at high frequencies 

(background signal) was subtracted. Cavitation power was then obtained by summing power 

values between 0.1 to 0.5 MHz to highlight non-linear signals that emerge due to the effects 

of cavitation when this is present.

The mean acoustic power was also obtained for a water sample at low acoustic pressures 

without cavitation. A cavitation threshold was defined to correspond to signals larger than 4 

times the mean acoustic power of the water sample within this frequency window. The 

cavitation probability was then calculated by summing the number of signals whose 

cavitation power was greater than the cavitation threshold and dividing this by the total 

number of incident acoustic pulses. The cavitation threshold for each sample was found by 

fitting a sigmoid curve to a plot of the acoustic pressure versus cavitation probability and 

calculating the 50% crossing point.

UV-Vis Characterization:

Optical extinction spectra were measured over the range of 300–1100 nm using ultraviolet-

visible (UV-Vis) spectroscopy (Thermo Scientific Evolution 300, Thermo Fisher Scientific, 

MA, USA). All samples were diluted 20 times in deionized water to avoid surpassing an 

extinction value greater than 2.

TEM Analysis:

Samples before and after sonication were also dried and imaged using a FEI Tecnai G2 F20 

Transmission Electron Microscope (TEM) operating at 200 kV. TEM samples were prepared 

by diluting gold nanoparticle or Pickering emulsion dispersions 50 times in deionized water 

to prevent particle clustering during drying. The diluted dispersion was then deposited on a 

carbon TEM grid and allowed to dry in a desiccator for at least 24 hours before performing 

measurements.

Results:

GNPs, such as those used in this study, have been previously shown to form Pickering 

emulsions when sonicated in the presence of oil.22,38 Yet, we also found that these GNPs 

would not spontaneously form Pickering emulsions by direct adsorption (e.g. simply mixing 

particles and oil emulsions) or by applying moderate shear (e.g. magnetic stirring). Under 

these conditions, optical extinction spectra showed no significant changes compared to those 

obtained from GNPs alone, which had a narrow peak at 520 nm characteristic of gold 

nanoparticle plasmonic resonance (Figure 2). The formation of Pickering emulsions usually 
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red shifts the optical extinction spectrum as nanoparticles are packed in close proximity and 

interparticle plasmonic resonance begins to dominate.22,45 Of all methods tested, sonication 

was the only one that reliably produced Pickering emulsions.

To further explore the role of sonication in Pickering emulsion synthesis, a sample 

containing GNPs and perfluorooctane was sonicated in the acoustic sample environment at 

various acoustic pressures. Scattered acoustic signals were also recorded for cavitation 

detection. An example of the frequency spectrum for a sample with and without cavitation 

events is shown in Figure 3(a). When there is no cavitation, the only peak is found at the 

transducer fundamental frequency. At higher acoustic pressures, peak intensities at the 

carrier frequency (and its harmonics) increase proportionally. In addition, inertial cavitation 

from bubble collapse produced additional broadband noise, which is especially evident at 

lower frequencies. The cavitation probability curve was plotted for each sample using the 

calculated cavitation probability at each pressure (Figure 3 (b)). The cavitation threshold was 

estimated to be 6.4 MPa for this sample. Cavitation analysis of pure water shows that the 

emulsions reduced the cavitation threshold from 7.3 to 6.4 MPa.

TEM images of samples sonicated at various acoustic pressures further showed that 

Pickering emulsions would only form by sonicating GNPs and emulsions at cavitation 

pressures of 7.2 MPa (Figure 4). Regardless of aging time, GNP particles did not 

spontaneously adsorb onto the perfluorooctane droplet interface to form Pickering 

emulsions. Moreover, Pickering emulsion formation did not appear to scale proportionally 

with acoustic pressure, indicating a cavitation-based mechanism was essential for this 

sample.

Structural changes were also quantified using USAXS during sonication. USAXS can probe 

material structures over multiple length scales (1–10,000 nm) and in their native dispersed 

state during ultrasound manipulation. This removes potential structural changes due to aging 

or drying that may occur when preparing TEM samples, which requires high vacuum. Two 

main changes in scattering profiles were observed with increasing acoustic pressure; one in 

the low-q (q < 0.01 Å−1) and the other in the mid-q regions (0.01 < q < 0.07 Å−1) shown in 

Figure 5 (a). Low-q changes are typically associated with a change in the droplet size 

distribution while changes in the mid-q region are characteristic features for Pickering 

emulsion formation.22 Based on the collected scattering data, only samples sonicated at 7.2 

MPa showed this characteristic inflection.

The sizes and volume fractions of GNPs in the sample were obtained by modeling the 

scattering curves before sonication. Based on modeling results, GNPs consisted mostly of 

particles of 6.0 nm radii with a polydispersity (PDI, non-uniformity of the particles) of 0.12 

(78.5 vol% of the total GNPs). PDI provides information on the non-uniformity of the 

particles and in our model was defined as the square of the standard deviation divided by the 

mean radius. However, a smaller fraction (21.5 vol%) of larger particles (13.3 nm radii with 

a PDI of 0.19) were also present. The total GNP volume fraction was estimated based on the 

scattering to be 5.8×10−5.
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For samples sonicated below 7.2 MPa, TEM images and USAXS scattering curves suggest 

that no Pickering emulsions would be formed. Therefore, the system was modelled as a non-

interacting combination of individual GNPs and emulsions. Results from modeling the 

samples confirm, as expected, that the size and volume fraction of GNPs did not change 

when varying the applied acoustic pressure. On the other hand, perfluorooctane emulsion 

sizes, distributions, and volume fractions changed, as demonstrated in Figure 6.

Based on these modeling results, it was determined that the sizes of polydisperse emulsions 

significantly decreased with increasing applied acoustic pressures. The estimated emulsion 

volume fraction also decreased, suggesting that there was a significant loss of oil through 

vaporization during sonication. Additional details and modeling of GNP with 

perfluorooctane emulsions are provided in the supplemental information (Figure S3).

A Debye model was used to fit 1-D scattering curves to reproduce impotrant scattering 

features of Pickering emulsions. Based on the modeled results, it was determined that two 

populations of Pickering emulsions of different sizes were present in the sample sonicated at 

7.2 MPa (Figure 5a). For this sample, 60.9 vol% of the Pickering emulsions had a mean 

radius of 19.7 nm and 39.1 vol% had a mean radius of 213.2 nm. A single emulsion size 

distribution would not fit the data. The remaining volume fraction of emulsion droplets in 

the system at these conditions was 5.0 × 10−4 (i.e. equivalent to 79.9% volume loss). All 

droplets were densely packed with GNPs with a surface coverage of ~82%, close to 

maximum packing and consistent with results observed in TEM images. However, not all 

GNPs were bound to an emulsion interface. Despite a GNP volume fraction of 5.8×10−5, 

approximately 59% of the particles were still un-bound and diffusing freely in the 

continuous phase. The surface coverage and excess of ‘free’ GNPs as a function of acoustic 

pressure is plotted Figure 5(b). All major changes coincided with crossing the cavitation 

threshold for this sample. In contrast, the size of the perfluorooctane droplets changes well 

before reaching the cavitation threshold. This suggests that cavitation was not necessary to 

alter the original droplet size distribution but it is indeed essential to induce the adsorption of 

the GNPs to the emulsion interface. One disadvantage of our explicit Debye model was that 

the PDI of GNPs was not considered since it greatly increased computation times and 

required assumptions to be made on the relative adsorption of large and small particles at the 

oil-water interface.

Sonication time was also investigated to determine whether total time or the presence of 

cavitation was more important in Pickering emulsion formation. Two different samples of 

GNPs containing perfluorooctane emulsions were sonicated at different acoustic pressures, 

one above and one below the cavitation threshold. The sub-threshold sample did not show 

any characteristic features of Pickering emulsion regardless of sonication time (Figure 7). 

The only observed changes in the scattering profile were due to changes in the 

perfluorooctane emulsion size distribution. On the other hand, the sample sonicated at 7.2 

MPa showed an immediate change in the scattering profile.

All data obtained with perfluorooctane as the emulsion core suggests that cavitation events 

were crucial for Pickering emulsion formation. To further test this, we also analyzed oils 

with different boiling points including perfluorohexane (b.p,= 56°C), perfluorononane 
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(b.p.=124°C), and hexadecane (b.p.= 287°C). The cavitation probability curves for these 

emulsions (Figure 8) showed that despite using oils of different boiling point, all of the 

samples had similar cavitation thresholds.

The corresponding USAXS profiles for samples sonicated at acoustic pressures above (7.2 

MPa) or below (6 MPa) the cavitation threshold are shown in Figure 9. Results for all of the 

samples showed that Pickering emulsions were only formed when sonicated above the 

cavitation threshold. The fine details observed in the calculated models were due to the 

assumption that all GNPs are monodisperse and evenly distributed at the emulsion interface. 

This created large intensity fluctuations in the model that were ‘smeared’ out in the 

experimental USAXS data. However, the most important parameters (i.e. emulsion size, 

emulsion packing density, and amount of free GNP) in Pickering emulsion system were 

adequately captured and were unaffected by these intensity fluctuations. The estimated 

values of the important Pickering emulsion parameters, boiling point of the emulsions, and 

estimated cavitation thresholds are summarized in table 1. All samples were prepared using 

the same batch of GNPs. Therefore, when modeling the scattering profiles, GNP particle 

size distributions were kept constant. The GNP volume fraction on the other hand was not 

constant due to possible small variations when pipetting.

Based on USAXS modeling results, most samples produced two polydisperse size 

distributions of Pickering emulsions. Using lower boiling point oils resulted in forming 

smaller Pickering emulsions and in more emulsion volume loss due to vaporization. Only 

the scattering fits for the hexadecane sample, which has the highest boiling point, suggested 

that there was only one size distribution of droplets with a high PDI. Nevertheless, 

regardless of the emulsion boiling point there is always a large amount of ‘free’ GNPs 

remaining within the system. Additional details on the Debye model and the explanation on 

how the different parameters (i.e. free GNP%) were estimated are discussed in the 

supplemental information section.

Discussion:

Based on the results it was clear that cavitation was required to produce Pickering emulsions 

in these systems. Although TEM is useful for directly visualizing the nanostructure, it could 

only be performed ex-situ and under high vacuum leading to the evaporation of the solvents. 

Moreover, TEM could only provide a limited field of view and the nanostructures can be 

affected by the drying process (e.g. GNP aggregation or deflated Pickering emulsion due to 

oil evaporation). For example, emulsion droplets decorated by particles are deflated and 

appear as dense aggregates of particles (Figure 4f). On the other hand, when oil is not 

present, very small levels of aggregation is observed. The formation of small aggregates in 

samples that do not have oil (Figure 4c) is likely triggered by cavitation events that may also 

provide enough mechanical energy to overcome the steric stabilization that is provided by 

the surface-bound PEG chains. Still, the extend of aggregation is clearly limited and much 

smaller than what is observed in the presence of oil.

In contrast to TEM, USAXS is better suited to provide a direct structural analysis of the 

ensemble-averaged nanostructures directly from the dispersion state and while the sample is 
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being manipulated with acoustic fields. Scattering profile for the same GNP control samples 

were acquired (supplemental information Figure S7) and results demonstrated that large 

aggregates were formed during sonication when oil was not present. Thus, USAXS was 

chosen as our main characterization technique to examine the formation of Pickering 

emulsions. Other techniques including UV-vis, TEM and Fourier-transform infrared 

spectroscopy (supplemental information Figure S8) were performed to support observations 

made from the scattering measurements and to guide in the selection of a suitable scattering 

model for quantitative analysis.

Although bubbles are known to have large contrast due to their low density, cavitation 

bubbles are not detected using USAXS due to the long measurement times. This was further 

explained by Li et al. by evaluating the cavitation of pure water and pure ethanol during 

similar USAXS measurements.46 Since cavitation bubble nucleation and collapse occurs 

over microsecond time scales, the short bubble lifetimes, relative to the total USAXS scan 

time (3 minutes), means that the total contribution of cavitation bubbles to the scattering is 

negligible.

USAXS results also showed that applying acoustic fields without cavitation resulted in a 

decrease in emulsion size and, for some samples, a significant loss of oil. The observed 

emulsion size change suggests that shear forces provided by just the acoustic fields, without 

cavitation, are sufficient to destabilize the interface to break emulsions into smaller droplets. 

This phenomenon was also observed by Kaci et al. where they synthesized sunflower oil 

emulsions in water using a high-frequency acoustic source.47 The oil loss detected during 

sonication of perfluorocarbon samples is likely due to the volatility of these oils, which are 

of significant interest for ultrasound and photoacoustic contrast agents.48 Lower boiling 

point perfluorocarbons (e.g. perfluorohexane, vapor pressure: 27 kPa at 25°C) are incredibly 

volatile and can evaporate at room temperature even in emulsified form. Thermal heating in 

samples due to acoustic forces can further facilitate emulsion vaporization. Thus, sonicating 

samples to induce droplet vaporization without achieving re-condensation results in 

irreversible vaporization. The applied acoustic pressure and time-scales may not be 

sufficient to achieve re-condensation of some bubbles back into droplets for the more 

volatile oils. This results in the irrecoverable loss of oil. In this study, we used a family of 

oils of variable susceptibility to vaporization in order to evaluate the influence of this effect 

on the way Pickering emulsions are typically synthesized.

Fortunately, in-situ analysis of these processes via USAXS enables quantification of droplet 

size distributions and volume fractions directly with only one technique. This observation is 

also similar to results from Fabiilli et al., who examined the process of sonicating 

perfluorocarbons with focused acoustic waves.44 They showed that the emulsion 

vaporization threshold and the inertial cavitation threshold could be different. For lower 

boiling point perfluorocarbon emulsions (i.e. perfluorohexane and perfluoropentane), the 

irreversible oil vaporization threshold could be significantly lower than the reversible 

cavitation threshold. Schad et al. later did a similar study using two receiving transducers to 

record reflected acoustic signals.49 They revealed that the difference between the two 

thresholds is a function of both emulsion size and the applied acoustic frequency. Smaller 
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droplets and lower acoustic frequencies prevented irreversible vaporization of emulsion 

droplets.

After analyzing the acoustic data for all samples, it was also found that all samples had 

similar cavitation thresholds regardless of the oil that was used. This finding is similar to 

results obtained by Giesecke and Hynynen, who compared cavitation thresholds for various 

fluorinated emulsions.50 Several studies have also showed that the Laplace pressure, from 

interfacial tension, plays a significant role in stabilizing micro/nano-droplets and in 

increasing the boiling point of the droplets.51,52 Because of this enhanced droplet stability, it 

is difficult to conclusively determine if cavitation nucleated exclusively from the droplet 

core, from the bulk fluid or in both phases. Moreover, the ~3 minute acquisition rate of the 

USAXS prevented us from resolving the transient nature of cavitation bubble growth and 

collapse.

It is logical that cavitation of the oil core is more likely to occur with low boiling point oil 

droplets (e.g. perfluorohexane), while cavitation of the solvent phase would be more likely 

with high boiling point oils (e.g. hexadecane). However, when also taking into account the 

low volume fraction of the emulsions that were used here, it would be expected that there 

will be a higher probability of cavitation events initiating in the solvent phase than within 

droplets.

Given two potential sources of cavitation, we hypothesize two possible ultrasound assisted 

Pickering emulsion formation mechanisms (Figure 10). The first assumes that cavitation 

events occur in the bulk fluid (i.e. water). Momentum transfer from the fluid to the particles 

and droplets due to surrounding random cavitation events could overcome the stabilizing 

energy barriers that otherwise prevent spontaneous adsorption of the nanoparticles to the oil-

water interface. The second potential mechanism would be due to droplet or oil cavitation. 

During the rapid expansion (i.e. vaporization) and subsequent collapse (i.e. re-condensation) 

of oil micro/nano-droplets reversibly converting to gas bubbles, droplets expand up to an 

order of magnitude in diameter (three orders of magnitude in volume). The high interfacial 

velocities and large displacements during abrupt bubble expansion steps could entrap and 

induce GNPs in the surrounding medium to adsorb onto the droplet interface. Unfortunately, 

we are currently unable to differentiate between cavitation of the solvent versus the droplet 

phase due to the different time scales. However, this may be possible to study in the future 

with faster X-ray scattering techniques such as time resolved SAXS, which can provide 

scattering profiles on a sub microsecond time scale, using synchronization to acoustic 

pulses. The sample composition could also be altered to further favor where the cavitation 

events will occur. An example of a future experiment may include using a more volatile 

solvent (i.e. ethanol/water mixture) and smaller sized high boiling point emulsions (i.e. 

perfluorodecalin). Using the proposed samples could potentially prevent emulsions from 

cavitating and examine a system where cavitation events only occur in the continuous phase.

Finally, we find that all synthesized Pickering emulsions had the same estimated surface 

coverage regardless of the type of oil used. The estimated value was similar to the theoretical 

maximum achievable surface coverage (~82%) when accounting for the butanethiol film 

thickness on gold surfaces.53 Having a surface coverage close to the theoretical maximum 
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was reasonable given the strong adsorption energy. GNPs can also pack onto any ‘open’ 

emulsion surface until maximum surface coverage is reached during sonication. 

Interestingly, the results also show that 45–60% of the GNPs would remain ‘free’ in 

dispersion without adsorption to the oil-water interface. This value seemed to be somewhat 

insensitive to the oil type or to the sonication process. One explanation for the presence of 

excess free particles was due to the statistical nature of droplet breakup and interfacial 

stabilization. In order to achieve 100% particle adsorption, it would be necessary for 

ultrasound to produce new interfaces (i.e. breaking droplets) that were rapidly decorated 

with ‘free’ nanoparticles before any coalescence could take place. However, in reality 

particle adsorption and interface formation processes may have widely variable time scales. 

In addition, ultrasound may also act to expel particles from interfaces in the same way that it 

may also act to mechanically push ‘free’ particles to induce adsorption. Another potential 

explanation for this observation is from the emulsion stability stand point. According to 

Binks et al., droplet surfaces that are not fully decorated by particles and that lacking an 

excess of ‘free’ particles would coalesce until reaching maximum surface coverage or would 

otherwise result in the formation of macroscopic oil films covering the walls of the sample 

holder.54 Our results suggest a potential steady state between adsorbed and excess ‘free’ 

particles in the system. This would need to be further investigated with other emulsion 

systems.

Based on these results, a few strategies can be suggested to improve the cavitation 

conditions for Pickering emulsion synthesis, which is crucial when designing Pickering 

emulsions for use as medical contrast agents or for other applications.25–28,55 The frequency 

used in this experiment (i.e. 1.24 MHz) was higher than that commonly used in traditional 

laboratory sonication (i.e. 20–75 kHz). Although a higher frequency allowed us to sonicate 

the samples at a relatively high pressure without cavitation, it also resulted in significant oil 

evaporation, up to 80 volume percent of the dosed low boiling point emulsions, throughout 

the 30-minute sonication time. A lower frequency source (e.g. sonication bath or probe 

sonicator) could achieve a lower cavitation thresholds and insonate a larger volume.

Another method to minimize emulsion loss is to use smaller initial droplets for Pickering 

emulsion synthesis. Nano-sized emulsions prepared using techniques such as high-pressure 

homogenization or spontaneous emulsification will produce higher Laplace pressures that 

can stabilize emulsions and prevent them from vaporizing during sonication. One example 

of spontaneous emulsification is the ouzo method where oil is first dissolved in a solvent 

(e.g. ethanol) and water is then added to induce the formation of small emulsion droplets. 

This spontaneous emulsification method is a reliable way to produce monodisperse 

nanoemulsions from volatile oils.56 In general, direct analysis of emulsification via in-situ 
scattering presents a unique opportunity to understand the complex physics at play in these 

processes.

Conclusion:

In this study, we provide a direct analysis of Pickering emulsion synthesis using amphiphilic 

gold nanoparticles and several different perfluorinated and hydrogenated alkanes. A 

specially designed acoustic system, producing fields of well-defined shape and controllable 
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intensity, was used along with ultra-small angle X-ray scattering (USAXS) to provide direct 

structural information on emulsion systems during simultaneous sonication. All previous 

works have only been able to characterize Pickering emulsions before and after synthesis but 

not during synthesis.4,8,22,31,33 Significantly, this work demonstrates, for the first time, that 

the formation of Pickering emulsions using sterically stabilized particles requires cavitation 

to occur due to the application of acoustic fields. No particle adsorption could be detected 

under weak acoustic fields that resulted in no cavitation. Moreover, we also demonstrate that 

there is significant loss of oil occurring during the sonication process when the volatility of 

the oil is high. In contrast, the loss becomes minimal when using high boiling point oils. 

Additionally, results show that there is also an excess of ‘free’ un-adsorbed particles (45–

60%) present in all cases and conditions explored in this work. This suggests that processes 

leading to interface generation (i.e. drop breakup), interface destruction (i.e. drop 

coalescence), particle adsorption and particle desorption are all likely occurring 

simultaneously during ultrasound application and an excess of particles seems to always 

remain. USAXS results also show that Pickering emulsions were densely coated with gold 

nanoparticles achieving surface coverage that is near the close-packing limit. Interestingly, 

the boiling point of the core oil did not correlate with changes to the cavitation threshold or 

with surface coverage of the synthesized Pickering emulsion. However, this parameter did 

affect the final droplet size distribution and the volume fraction of Pickering emulsion 

droplets remaining in the system.

The main finding of this report is that structural changes could be correlated to cavitation 

events and that spontaneous particle adsorption did not occur in any case. This finding is 

extremely pertinent when designing Pickering emulsion systems for use in applications such 

as medical contrast agents, cosmetics and/or consumer products. Interestingly, cavitation 

events were detected at similar pressures regardless of the emulsion boiling point. Two 

potential mechanisms were also proposed to describe how different cavitation sources could 

induce adsorption of amphiphilic gold nanoparticles onto emulsion surfaces. Future 

experiments include the use of time resolved SAXS to differentiate between cavitation of the 

solvent versus the droplet phase.
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Refer to Web version on PubMed Central for supplementary material.
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Glossary

GNP Polymer-coated amphiphilic gold nanoparticles
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PEG-thiol Thiol-terminated poly (ethylene glycol) methyl ether

FFT Fast Fourier transforms

SAXS Small-angle X-ray scattering

USAXS Ultra-small-angle X-ray scattering

UV-Vis Ultraviolet-visible spectroscopy

TEM Transmission electron microscope

References:

(1). Solans C; Izquierdo P; Nolla J; Azemar N; Garciacelma M Curr. Opin. Colloid Interface Sci 2005, 
10 (3–4), 102–110.

(2). Pickering SUJ Chem. Soc., Trans 1907, 91, 2001–2021.

(3). Binks BP; Clint JH Langmuir 2002, 18 (4), 1270–1273.

(4). Aveyard R; Binks BP; Clint JH Adv. Colloid Interface Sci 2003, 100–102 (SUPPL.), 503–546.

(5). Tu F; Park BJ; Lee D Langmuir 2013, 29 (41), 12679–12687. [PubMed: 24044808] 

(6). Wu J; Ma G-H Small 2016, 12 (34), 4633–4648. [PubMed: 27337222] 

(7). Kaewsaneha C; Tangboriboonrat P; Polpanich D; Eissa M; Elaissari A Colloids Surfaces A 
Physicochem. Eng. Asp 2013, 439, 35–42.

(8). Berton-Carabin CC; Schroën K Annu. Rev. Food Sci. Technol 2015, 6 (1), 263–297. [PubMed: 
25705932] 

(9). Skerget M; Kotnik P; Hadolin M; Hras AR; Simonic M; Knez Z Food Chem 2005, 89 (2), 191–
198.

(10). Chevalier Y; Bolzinger M-A Colloids Surfaces A Physicochem. Eng. Asp 2013, 439, 23–34.

(11). Wang X; Shi Y; Graff RW; Lee D; Gao H Polymer (Guildf) 2015, 72, 361–367.

(12). Tang J; Quinlan PJ; Tam KC Soft Matter 2015, 11 (18), 3512–3529. [PubMed: 25864383] 

(13). Stocco A; Rio E; Binks BP; Langevin D Soft Matter 2011, 7 (4), 1260.

(14). Garbin V; Crocker JC; Stebe KJ J. Colloid Interface Sci 2012, 387 (1), 1–11. [PubMed: 
22909962] 

(15). Larson-Smith K; Jackson A; Pozzo DC Langmuir 2012, 28 (5), 2493–2501. [PubMed: 
22220758] 

(16). Simovic S; Prestidge CA 2003, No. 12, 3785–3792.

(17). Whitby CP; Djerdjev AM; Beattie JK; Warr GG J. Colloid Interface Sci 2006, 301 (1), 342–345. 
[PubMed: 16730017] 

(18). Dolan AK; Edwards SF Proc. R. Soc. A Math. Phys. Eng. Sci 1974, 337 (1611), 509–516.

(19). Li F; Pincet F Langmuir 2007, 23 (25), 12541–12548. [PubMed: 17988162] 

(20). Köhler K; Santana AS; Braisch B; Preis R; Schuchmann HP Chem. Eng. Sci 2010, 65 (10), 
2957–2964.

(21). Yamanaka K; Nishino S; Naoe K; Imai M Colloids Surfaces A Physicochem. Eng. Asp 2013, 
436, 18–25.

(22). Larson-Smith K; Pozzo DC Langmuir 2012, 28 (32), 11725–11732. [PubMed: 22823547] 

(23). Doktycz S; Suslick K Science 1990, 247 (4946), 1067–1069. [PubMed: 2309118] 

(24). Flint EB; Suslick KS Science 1991, 253 (5026), 1397–1399. [PubMed: 17793480] 

(25). Wei CW; Lombardo M; Larson-Smith K; Pelivanov I; Perez C; Xia J; Matula T; Pozzo D; 
O’Donnell M Appl. Phys. Lett 2014, 104, 0–4.

(26). Wei C; Xia J; Lombardo M; Perez C; Arnal B; Larson-Smith K; Pelivanov I; Matula T; Pozzo L; 
O’Donnell M Opt. Lett 2014, 39 (9), 2599–2602. [PubMed: 24784055] 

Lee et al. Page 13

J Colloid Interface Sci. Author manuscript; available in PMC 2020 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(27). Arnal B; Perez C; Wei C; Xia J; Lombardo M; Pelivanov I; Matula TJ; Pozzo LD; Donnell MO 
Photoacoustics 2015, 3 (1), 3–10. [PubMed: 25893169] 

(28). Arnal B; Wei C-W; Xia J; Pelivanov IM; Lombardo M; Perez C; Matula TJ; Pozzo D; O’Donnell 
M In SPIE BiOS; Oraevsky AA, Wang LV, Eds.; 2014; Vol. 8943, p 89433E.

(29). Arnal B; Perez C; Wei C-W; Xia J; Lombardo M; Pelivanov I; Matula TJ; Pozzo LD; O’Donnell 
M Photoacoustics 2015, 3 (1), 3–10. [PubMed: 25893169] 

(30). Arnal B; Wei C-W; Perez C; Nguyen T-M; Lombardo M; Pelivanov I; Pozzo LD; O’Donnell M 
Photoacoustics 2015, 3 (1), 11–19. [PubMed: 25893170] 

(31). Guillot S; Bergaya F; de Azevedo C; Warmont F; Tranchant J-FJ Colloid Interface Sci 2009, 333 
(2), 563–569.

(32). Skelhon TS; Grossiord N; Morgan AR; Bon SAF. J. Mater. Chem 2012, 22 (36), 19289.

(33). Gould J; Garcia-Garcia G; Wolf B Materials (Basel) 2016, 9 (9), 791.

(34). Marto J; Ascenso A; Gonçalves LM; Gouveia LF; Manteigas P; Pinto P; Oliveira E; Almeida AJ; 
Ribeiro HM Drug Deliv 2016, 23 (5), 1594–1607. [PubMed: 26755411] 

(35). Li DS; Lee Y-T; Xi Y; Pelivanov I; O’Donnell M; Pozzo LD Soft Matter 2018, 14 (25), 5283–
5293. [PubMed: 29897086] 

(36). Xi Y; Li DS; Newbloom GM; Tatum WK; O’Donnell M; Luscombe CK; Pozzo LD Soft Matter 
2018, 4963–4976. [PubMed: 29850739] 

(37). Frens G Nat. Phys. Sci 1973, 241 (105), 20–22.

(38). Larson-Smith K; Pozzo DC Soft Matter 2011, 7, 5339.

(39). Ilavsky J; Zhang F; Andrews RN; Kuzmenko I; Jemian PR; Levine LE; Allen AJ J. Appl. 
Crystallogr 2018, 51 (3), 867–882.

(40). Ilavsky J; Jemian PR J. Appl. Crystallogr 2009, 42 (2), 347–353.

(41). Zhang F; Ilavsky J; Long GG; Quintana JPG; Allen AJ; Jemian PR Metall. Mater. Trans. A 2010, 
41 (5), 1151–1158.

(42). Debye P Ann. Phys 1915, 351 (6), 809–823.

(43). Larson-Smith K; Jackson A; Pozzo DC J. Colloid Interface Sci 2010, 343 (1), 36–41. [PubMed: 
20015513] 

(44). Fabiilli ML; Haworth KJ; Fakhri NH; Kripfgans OD; Carson PL; Fowlkes JB IEEE Trans. 
Ultrason. Ferroelectr. Freq. Control 2009, 56 (5), 1006–1017. [PubMed: 19473917] 

(45). Lamprecht B; Schider G; Lechner RT; Ditlbacher H; Krenn JR; Leitner A; Aussenegg FR Phys. 
Rev. Lett 2000, 84 (20), 4721–4724. [PubMed: 10990780] 

(46). Li DS; Lee Y-T; Xi Y; Pelivanov I; O’Donnell M; Pozzo LD Soft Matter 2018, 5283–5293. 
[PubMed: 29897086] 

(47). Kaci M; Meziani S; Arab-Tehrany E; Gillet G; Desjardins-Lavisse I; Desobry S Ultrason. 
Sonochem 2014, 21 (3), 1010–1017. [PubMed: 24315670] 

(48). Sheeran PS; Matsunaga TO; Dayton PA Phys. Med. Biol 2014, 59 (2), 379–401. [PubMed: 
24351961] 

(49). Schad KC; Hynynen K Phys. Med. Biol 2010, 55 (17), 4933–4947. [PubMed: 20693614] 

(50). Giesecke T; Hynynen K Ultrasound Med. Biol 2003, 29 (9), 1359–1365. [PubMed: 14553814] 

(51). Matsunaga TO; Sheeran PS; Luois S; Streeter JE; Mullin LB; Banerjee B; Dayton PA 
Theranostics 2012, 2 (12), 1185–1198. [PubMed: 23382775] 

(52). Mountford PA; Borden MA Adv. Colloid Interface Sci 2016, 237, 15–27. [PubMed: 27574721] 

(53). Porter MD; Bright TB; Allara DL; Chidsey CE J. Am. Chem. Soc 1987, 109 (12), 3559–3568.

(54). Binks BP; Clint JH; Fletcher PDI; Lees TJG; Taylor P Langmuir 2006, 22 (9), 4100–4103. 
[PubMed: 16618150] 

(55). Arnal B; Wei C; Perez C; Nguyen T; Lombardo M; Pelivanov I; Pozzo LD; Donnell MO 
Photoacoustics 2015, 3 (1), 11–19. [PubMed: 25893170] 

(56). Li DS; Yoon SJ; Pelivanov I; Frenz M; O’Donnell M; Pozzo LD Nano Lett 2017, 17 (10), 6184–
6194. [PubMed: 28926276] 

Lee et al. Page 14

J Colloid Interface Sci. Author manuscript; available in PMC 2020 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Overall schematic diagram of functionalizing GNP and Pickering emulsion formation.
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Figure 2. 
UV-Vis extinction spectra of GNP with perfluorooctane emulsions (a) allowed to rest, (b) 

magnetically stirred, and (c) sonicated. Insert: Photographs of the corresponding samples.
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Figure 3. 
(a) An example frequency spectrum of GNP with perfluorooctane sonicated above (7.2 

MPa) and below (1.0 MPa) the cavitation threshold. Cavitation detection was performed 

using amplitudes in the highlighted area. (b) Cavitation probability curves for GNP with 

perfluorooctane and pure water as obtained from acoustic analysis.
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Figure 4. 
TEM images of GNP (i.e. no oil present) (a) before sonication, (b) sonicated at 1 MPa (no 

cavitation), (c) sonicated at 7.2 MPa (cavitation). Images of GNP in the presence of 

perfluorooctane emulsions (d) before sonication, (e) sonicated at 1 MPa, and (f) sonicated at 

7.2 MPa.
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Figure 5. 
(a) Desmeared USAXS profiles of GNP with perfluorooctane sonicated at various acoustic 

pressures. A model containing 2 spheres was used to fit the sample sonicated at acoustic 

pressures lower than the cavitation threshold (<6.4 MPa), and a Debye model was used to fit 

the sample sonicated at 7.2 MPa. Scattering length densities were fixed for water (9.47×10−6 

Å−2), gold (124.69×10−6 Å−2) and perfluorooctane (14.47×10−6 Å−2). (b) Quantification of 

the emulsion surface coverage and amount of excess ‘free’ GNPs.
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Figure 6. 
Perfluorooctane emulsion size distribution (box plot) obtained from USAXS modeling 

showing emulsion size and emulsion volume fraction both decreased with increasing applied 

acoustic pressures. For the box and whisker plot, the box portion, from bottom to top, 

represents the 25th percentile, median, and 75th percentile of the distribution. The whisker 

portion represents the 10% percentile and 90% percentile.
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Figure 7. 
Scattering profiles of GNP with perfluorooctane sonicated at (a) 4 MPa (no cavitation) and 

(b) 7.2 MPa (cavitation) with increasing sonication time.
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Figure 8. 
Cavitation probability curves for GNPs with perfluorohexane (Tboiling = 56°C), 

perfluorononane (Tboiling = 125°C), and hexadecane (Tboiling = 286.8°C) emulsions versus 

pure water.
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Figure 9. 
USAXS data for GNP with (a) perfluorohexane, (b) perfluorononane, and (c) hexadecane 

emulsions sonicated at acoustic pressures below (6 MPa) and above (7.2 MPa) the cavitation 

threshold (Scattering data was shifted in the vertical direction by 1.5×106 cm−1 to show the 

changes in the scattering curve). The scattering length densities of perfluorohexane 

(13.76×10−6 Å−2), perfluorononane (14.74×10−6 Å−2), and hexadecane (7.55×10−6 Å−2), 

were kept constant during the modeling process.
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Figure 10. 
Schematic depiction of possible mechanisms for Pickering emulsion synthesis. Cavitation 

events in either the oil phase (top route) or the solvent phase (bottom route) could provide 

sufficient energy to overcome energy barriers for particle adsorption.
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Table 1.

Boiling point, cavitation threshold, and Debye parameters obtained for different Pickering emulsions.

Emulsion
core

Boiling
point
(°C)

Cavitation
threshold

(MPa)

GNP
volume
fraction

Pickering
emulsion radius:
R+2rsmall (nm)

PDI Emulsion
volume fraction

Excess
‘Free’

GNP (%)

Perfluoro-
hexane 56 6.4 6.4 ×10−5

17.1
(76.5 vol%) 0.5

6.0×10−4

(73.5% loss)
59.7

217.2
(23.5 vol%) 0.3

Perfluoro-
octane 104 6.4 5.8 ×10−5

19.7
(60.9 vol%) 0.1

5.0×10−4

(79.9% loss)
59.0

213.2
(39.1 vol%) 0.4

Perfluoro-
nonane 124 6.6 7.2 ×10−5

29.2
(36.0 vol%) 0.4

3.1×10−3

(12.2% loss)
45.9

223.2
(64.0 vol%) 0.5

Hexadecane 287 6.4 6.9 ×10−5 362.2 0.3 3.5×10−3

(12.5% loss)
56.0
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