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Introduction 
Acoustic Droplet Vaporization (ADV) is a phase change phenomenon in which the liquid state, in the 

form of droplets, is converted to gas as a result of bursts in the excited ultrasound field. Having a wide 
range of medical applications, ADV has drawn considerable attention in imaging [1], diagnosis and 
critical medical treatment [2]. Therefore, benefitting from its broad potentials, with the consideration of its 
capability in localized noninvasive energy exposure, it is possible to utilize its effect in different medical 
applications from targeted drug delivery [3] to embolotherapy [4]. 

Apart from the droplet characterization and ADV effectiveness on the applied region, the physics of 
ADV and particularly the ultrasound analysis is an essential parameter in the initiation of the vaporization. 
This part, which is related to acoustic wave physics, implies that ADV is mostly dependent on ultrasound 
pressure, frequency and temperature. In this sense, Miles et al. [5] tried to find incident negative pressure - 
called as ADV threshold- which is necessary for the induction of nucleation. It was successfully shown 
that the negative pressure required for the nucleation prior to collapse can be determined via perturbation 
analysis of a compressible inviscid flow around a droplet for various frequencies and diameters. In 
addition, the fluid medium which constitutes the droplet emulsion and the surrounding fluid constructs a 
significant field within ADV. In this regard, there are many studies which illustrated that the diameter of 
the droplets subjected to the acoustic waves undergoes a significant expansion of 5 to 6 times of their 
regular sizes [6-8]. 

In this study, a new type of pickering stabilized perfluorodroplets (PFC) was examined under the 
effect of the different acoustic parameters to evaluate its potential in the acoustic droplet vaporization 
process. To assess the pressure effects on the stabilized droplets, the acoustic power within the ultrasound 
tests was varied and the phase trasnition was characterized according to the experimental conditions. 
Opticell® was utilized as the transparent device to visualize the droplets, which were exposed to the 
acoustic waves with the aid of the microscope and multi-well microplate. 

Methods 
Materials and emulsion preparation 

Perfluoropentane (PFC5) was purchased from Apollo Scientific (City, U.K.). Bleached sulfite pulp 
(from Nordic Paper Seffle AB, Sweden) was used in the production of the cationic cellulose nanofibers 
(CNFs). The CNF suspension (1.32 wt%) were prepared as described previously [9]. The CNFs had a 
dimension of 3.9 ± 0.8 nm in width and a length in the micrometer range. The amount of cationic groups 
was 0.13 mmol per g fiber, obtained from conductometric titration [9]. A suspension of CNF (0.28 wt%) 
was prepared by diluting the stock CNF with MilliQ-water (pH of diluted CNF suspension was 9.5). The 
suspension was treated with ultra-sonication at amplitude of 90% for 180 s (Sonics, Vibracell W750). The 
suspension was brought to room temperature. An amount of 36 g of the 0.28 wt% CNF suspension was 
mixed with 1 g of PFC5. The mixture was sonicated for 60s at an amplitude of 80% (under ice-cooling) to 
obtain the CNF-stabilized PFC5 droplets. 
The protocol for the acoustic tests 
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100 µL of CNF-stabilized PFC5 droplets were added to 1900 µL of deionized water in order to prepare 
the solution which were exposed to the ultrasound waves. The droplet sample, diluted 1:19 in distilled 
water was introduced to the Opticell® and the acoustic waves at a fixed frequency and different powers 
were applied to the trageted area inside the Opticell® which is located inside a water bath. The ultrasound 
triggered sample then was placed under a 20X magnification objective of upright transmitted light 
microscope (ECLIPSE Ci-S, Nikon, Tokyo, Japan).  

The acoustic tests were performed using high-power tone burst pulser-receiver (SNAP Mark IV,  
Ritec, Inc., Warwick, RI, USA) equipped with a transducer (V382-SU Olympus NDT, Waltham, MA ) 
operating at the frequency of 3.5 MHz. The emulsion of CNF-stabilized PFC5 droplets were exposed to 
the power range which has the acsending trend from -30 to 0 dB at the given frequency. To investigate the 
droplet size variations at each power between, the droplets were collected inside the Opticell® and the 
droplet diameter was measured with the aid of the ImageJ software (version 1.50b, National institutes of 
health, USA) to determine the concentration and size distribution. The Gaussian distribution is ploted with 
mean value and standad deviation recover from the experimental data. An in-house image edge detection 
MATLAB™ script (MathWorks Inc., Natick, MA) were applied to analyze the images obtained from the 
microscope and provides the size and volume distributions. 

Results 
The size of PFP droplets is an important parameter to controll in the therapeutic applications. Here, a new 
type of Pickering stabilized perfluorodroplets were prepared where the PFP/water interface was stabilized 
with cellulose nanofibers (CNF) and the size of the droplets could easily be controlled by varying the 
amount of CNF added.  The resulting droplets were investigated using a single crystal transducer. Apart 
from the medical applications, controlling the droplet size is important from droplet dynamics point of 
view, becausethe interfacial energy is crucial in the assumption of the critical nucleus radius. Therefore, it 
is possible to estimate the negative peak pressure required for the phase transition once the droplet is 
controlled and interfacial energy deposited inside and on the surface of the droplet are balanced. 

According to the results in Figure 1, there is an appreciable rise of the size of the droplets after 
ultrasound waves exposure, particularly at -8 dB power. The experiments were performed for 30 seconds 
at different powers ranging from -30 to 0 dB, while the frequency was kept constant at 3.5 MHz, burst 
width in cycles was selected as 12 and repetition rate was set to 100. Images included in Figure 1 
demonstrate major transitions in the intervals at -16, -8 and 0 dB. As shown in this figure, the droplet size 
increased with the power rise and more bubbles with bigger sizes appears at higher powers. This outcome 
implies the significant role of the applied frequency and power on the phase shift and subsequent 
mechanisms as a result of the acoustic wave exposure on the new nontoxic and incompatible droplet type. 

 
Figure 1. The droplet size variations at the frequency of 3.5 MHz and different ultrasound powers 
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Figure 2 shows the average number of droplets and volume distribution at the corresponding powers to the 
Figure 1. It is shown that while the average diameter of the droplets is around 3.5 µm, the generated 
bubbles, as a result of the ADV, reaches up to 15 µm at the highest possible power. For each set of 
experiment (corresponding to a given power) 32 images were taken, thus, to reduce the errors and obtain 
the standard deviation (approximately 0.8 for all the cases), the presented diagrams for the droplet 
distributions exhibits the mean value for all of the acquired images. Therefore, it is shown that the droplet 
emulsion exhibited in NO US in Figure 2, which shows the regular view and distribution range of the 
CNF-stabilized PFC5 droplets at the room temperature, experiences ADV process with the diameter rise 
of about 5 times at the highest power when the frequency is fixed at 3.5 MHz. 

 
Figure 2. Number and volume distributions of CNF-stabilized PFC5 droplets at different powers at the 
frequency of 3.5 MHz  

Conclusions 
The results show that there is appreciable rise on the size of the droplets after ultrasound waves 

exposure at a fixed frequency. Acoustic droplet vaporization (ADV) was illustrated at different powers for 
CNF-stabilized PFC5 droplets as a new class of pickering stabilized perfluorodroplets with the increase in 
the size of the droplets and following phase trasition to bubbles. Diameter increase of 5 times were 
obtained after the ultrasound exposure indicating the efficiency of the suggested droplets for the ADV 
process and therapeutic applications.     
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