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Abstract. This paper aims at analyzing ultrasonic thermal effect and sonoporation based on a 
focused ultrasonic experiment system. The numerical analysis, about cavitaion conditions and 
ultrasonic thermal effect using the coupling model of pressure acoustic and bioheat transfer, 
were given, in which the temperature rise trend is identical to the conclusion in the literature 
[2]. According to the simulation analysis of ultrasonic thermal effect, temperature rise is 
approximately 18.5K near the focal spot with Ultrasonic radiation for 60s, which had little 
effect on 293T cell viability. In the acoustic chemical experiment, 293T cell viability is about 
85% at 60s of the ultrasound irradiation, which was observed by 200× fluorescence microscope. 
The cell states of survival and abnormal was observed and analyzed in the sonoporation 
experiment at 60s of ultrasonic time.

1. Introduction
When the ultrasound passes through a volume of cell solution, some of the primary energy is absorbed 
locally by the solution and turned into heat, which results in a temperature increase [1-5]. In terms of 
the focused ultrasound and ultrasonic thermal effect, focused ultrasound has been applied in 
ultrasound hyperthermia [6, 7] and focused ultrasound surgery [8, 9], and theory study on temperature 
rise has been given [1, 2]. However, the numerical analysis of ultrasonic thermal effect and cavitation 
in cell solution has not been elucidated, and there have been few studies on sonoporation experiment 
involving ultrasonic thermal effect.

To elucidate ultrasonic thermal effect and sonoporation in cell solution under high frequency 
ultrasonic transducer, a focused ultrasonic experiment system was set up [10]. Based on the ultrasonic 
cavitation conditions deduced by Blake threshold pressure and the Keller-Miksis equation [11], the 
ultrasonic parameters in coupling simulation model was determined, and the numerical analysis of 
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ultrasonic thermal effect was given based on homogeneous Helmholtz equation [12] and Pennes’ 
Bioheat Transfer equation [13].

In the experiment, sonoporation experiment with ultrasonic thermal effect was carried out by 
acoustic chemistry testing [14, 15]. Cell perforation and cell viability were tested respectively using PI 
and FDA, which was observed by fluorescence microscope.

2. Experimental setups and methods

2.1. Experimental model
Figure 1 shows sonoporation experimental system with ultrasonic induced heating based on a focused 
ultrasonic transducer. In this experimental system, the cell solution in the beaker was put in the 
focused sound field, and the geometric center of the cell solution was almost at the focus of the 
transducer. In this study, when the focused ultrasound from the ultrasonic transducer passed though 
the cell solution, some of the energy was absorbed locally by the solution and turned into the heat or 
facilitated cavitation which was used to transitorily increase sonoporation in cell membrane 
permeability [16, 17]. In order to reduce the heating effect of the transducer components, the 
convection channel was designed as shown in figure 1.

1.Screw micrometer. 2.Beaker. 3.The cell solution. 

4.Convection channel. 5.Water. 6.Focused ultrasonic transducer.

Figure 1. Experimental setup used for sonoporation with ultrasonic induced heating.

2.2. Mechanistical modeling base
According to the van der Waals equation [18], the pressure in or out the micro bubble is equal when 
the bubble is in equilibrium.
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Where, VP is the vapour pressure in the bubble, ( )0/2 RPP hg s+= is the gas pressure in the bubble, 

hP is the fluid pressure, and s is the coefficient of surface tension.

To obtained minimum pressure out the bubble when bubble radius changes, the critical radius 
could be solved by taking the derivative of R in equation (1). And Blake threshold pressure BP could 

be gained from the critical radius and equation (1):
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In the study, the radial dynamics of the micro bubble was described by the Keller-Miksis equation
[11]:
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In this equation, r and m denote the fluid density and shear viscosity of the fluid. Here, driving 

pressure ( )tP applied on bubbles can be approximated by acoustic pressure aP ( )sin(A tP w-= ). AP

refers to the acoustic pressure amplitude and )
2

(
p

w
=f refers to the acoustic pressure frequency.

By ignoring the shear viscosity of the fluid, the equation (3) is expended to the 0/1 R power when 

bubble radial is R ( RrrR <+= ,0 ):
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According to equation (4), the resonance frequency ÷
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rf of the bubble was given by 

Minneart. And bubble vibration is obvious when the ultrasonic frequency( af ) is equal to rf
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According to equation (2) and equation (4), microbubble cavitation could occur when BA PP > and 

ra ff < .

2.3. Computational model and boundary conditions

2.3.1. Acoustics and thermodynamics coupling based on the system. It is assumed that the acoustic 
wave propagation is linear. Nonlinear effects and shear waves are neglected. In 2D axisymmetric 
cylindrical coordinates, the wave equation of the ultrasonic pressure is solved by the homogeneous 
Helmholtz equation:
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In this equation, the density cr and the speed of sound cc are complex-valued to account for the 

material’s damping properties. In the acoustic field obtained by equation (6), the heat source Q ( )Ia2=

for thermal simulation could be by gained by the following equation: 
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In this equation, the ultrasonic parameters a , I , p and u denote the ultrasonic absorption 

coefficient, ultrasonic intensity magnitude, ultrasonic pressure and the ultrasonic particle velocity 
vector, respectively. By taking ultrasonic heat source Q into the Pennes’ Bioheat Transfer equation, 
the temperature of the cell solution could be obtained.

( ) ( ) mppp QQTTcTk
t

T
c ++--Ñ×Ñ=

¶

¶
0wrr (8)

Where, r , pc and k respectively denote the density, the specific heat and the thermal conductivity, . 

And pw , Q and mQ respectively refer to the solution perfusion rate (here, 0=pw ), the heat source 

obtained by equation (7) and the biologic heat source.

2.3.2. Simulation model and Boundary conditions. Figure 2 shows the geometry of the ultrasonic 
transducer and cell solution phantom in the simulation model. Both the cell solution in the utensil and 
the bowl-shaped transducer are immersed in water. Four cylindrical perfectly matched layers(PMLs) 
(1-3 and 7 in figure 2) are used to absorb the outgoing ultrasonic waves. In the simulation model, the 
normal displacement of the transducer was set to 3.8nm according to the transducer characteristics 
(WHQ2018).

Figure 2. Geometric and physical model for numerical simulation.

The software COMSOL Multiphysics (Version 5.3) was used to carried out the grid division and 
numerical simulation. Based on the finite difference method(FDM) [19], pressure acoustics (acpr) and 
bioheat transfer (ht) were employed, which the pressure acoustics simulation is performed in all 
domains and the heat transfer model is only applied in the cell solution domain. Through the grid 



6th AMMSE 2019

IOP Conf. Series: Materials Science and Engineering 739 (2020) 012037

IOP Publishing

doi:10.1088/1757-899X/739/1/012037

5

division, 703221 DOF was obtained in acoustic pressure model and 8126 DOF was obtained in 
bioheat transfer model.

2.4. Test methods of sonoporation experiment
Due to thermal effect of the ultrasound, the temperature rises with ultrasonic action time, which 
determines the characteristics of cell perforation and cell activity. With suitable cell solution 
temperature determined by numerical analysis, cell membrane perforation and cell activity could be 
separately test using propidium iodide (PI) and fluorescein diacetate(FDA). According to the 
sonoporation, the permeability of cell membranes is improved under ultrasound, which permits the 
macromolecules and DNA fragments near the cell to penetrate the cell membrane into the cell [20, 21]. 
However, the cell membrane would be deadly damaged when exposed to ultrasound, which is beyond 
repair. To conform the reates of cell membrane perforation and cell activity, four tested solutions were 
employed with 200× fluorescence microscope (Lecia DMI4000B, Germany):

(i). The cell solution (2.0×106/ml), cultured using human embryonic kidney cells(293T), is used to 
quantify the ultrasonic thermal effect in the experimental platform.

(ii). The 293T cell solution (2.0×106/ml) with PI is used to test cell membrane perforation. The 
testing mechanism is that the PI permeates only through damaged cell membranes and produces red 
fluorescence.

(iii). The 293T cell solution (2.0×106/ml) with FDA is used to test cell activity. The testing 
mechanism is that FDA permeates only through living cell membranes and produces green 
fluorescence when the cell is living. 

(iv). The 293T cell solution (2.0×106/ml) with PI and FDA is used for comparative testing. 
In our experiment, the rates of cell membrane damaged, cell viability and cell transfection were 

tested respectively by above solution with the same condition.

3. Results and discussion

3.1. Numerical simulation
According to equation (7) and equation (3), the resonance frequency of the bubble is rf ( MHz34.1= ) 

with the initial bubble radius 0R (=3.6 mm ) when hP ( aP510013.1 ´= ) and s ( 1076.0 -= Nm ) are 

determined, and Blake threshold pressure is BP ( aP510159.1 ´= ) which is greater than actual value in 

the experiment system. The transducer, drive frequency 1.045MHz and ultrasonic power 3.78w, is 
employed in the experiment.

Figure 3 shows acoustic pressure distribution in the cell solution in numerical simulation. 
According to ultrasonic cavitation conditions deriveed above, the cavitation comes into being in some 
regions where the acoustic pressure AP is greater than BP with ra ff < (as figure 3.(a) shown), 

especially in and near the sound focal area as figure 3.(b) and figure 3.(c) shown.
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(a) (b)

(c)

(a). Acoustic pressure in cell solution. (b). Acoustic pressure on z axial. 

(c). Acoustic pressure on radius direction at sound focal spot

Figure 3. acoustic pressure distribution in cell solution (fa=1.045MHz).

In numerical simulation about ultrasonic thermal effect in cell solution, the values of the physical 
constants used are given in Table 1 [1, 2].

Table 1. Values of physical properties.

Name Property Value Unit
r Density 1044 Kg/m3

pc Heat capacity at constant pressure 3370 )/( KkgJ ×

k Thermal conductivity 0.45 )/( KmW ×

T0 Room temperature 273 K
a Ultrasonic absorption coefficient 8 1/m
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(a) (b)

       
(c) (d)

(a). Temperature rise on z axial. (b). Temperature rise on radius direction at sound focal spot.
(c). Temperature rise at and 0.5㎜ off acoustic focus. (d). Temperature rise contours at 120 sec.

Figure 4. Temperature rise under ultrasonic irradiation in cell solution.

Figure 4 shows temperature rise under ultrasonic irradiation in cell solution. According to the 
simulation results shown in figure 4. (a) and figure 4. (b), ultrasonic focused spot is the high-
temperature area and the fastest temperature rise area, which is an ellipse region with axial length of 
15mm and 3mm. Figure.4. (c) shows temperature rise at acoustic focus and 0.5mm off acoustic focus, 
which indicates that temperature rise trend in the figure is identical to the conclusion in the literature 
(See figure 3 in the literature [2]). As the temperature difference increases in the cell solution, 
temperature rises slowly after 20s (As shown in figure 4. (c)). In the numerical simulation of ultrasonic 
thermal effect, the temperature is 24.43K hotter than room temperature T0(273K) when ultrasonic 
action time is 120s in and near the ultrasonic focal spot area. Figure 4. (d) shows temperature rise 
contours at 120s, in which the high-temperature area is at ultrasonic focused ellipse region.
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3.2. Sonoporation experiment
Figure 5 shows 293T cell viability under ultrasonic in the acoustic chemistry experiment. Due to 
ultrasonic thermal effect and ultrasonic cavitation in the cell solution, cell viability declines rapidly 
after 60s of ultrasonic irradiation. In the acoustic chemistry experiment, cell viability is about 85% at 
60s, which is meaningful for study on sonoporation.

Figure 5. Cell viability with ultrasound action time.

The experimental temperature of 293T cell solution should be similar to human body temperature 
for the sonoporation experiment, that ultrasonic action time was set to no more than 60s in 
sonoporation experiments according to ultrasonic thermal simulation.

Figure 6 shows the images of cell marked with FDA fluorescence or PI fluorescence, which is 
obtained by experimental treatment at 60s of ultrasonic radiation [22]. In the acoustic chemistry 
experiment, the cavitation and sonoporation come into being, which could be testified by cell 
membrane damage shown in figure 6. 293T cells with green fluorescence indicate that the cells are 
living, which contain cells of membranes perforated and cells of repaired membranes. 293T cells with 
red fluorescence indicate that the cell membrane is damaged by bubble cavitation, which is dead or 
will repair the cell membranes itself.

(a). Living cell with FDA fluorescence. (b). Damaged cell with PI fluorescence. 

(c). Cell with fluorescence form FDA and PI.

Figure 6. Acoustic chemistry experiment on 293T (PI and FDA) (with a 200× lens).
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4. Conclusion
This study shows that thermal effect of ultrasound in cell solution is obvious and cell membrane 
permeability is increased in the focused ultrasonic experimental system.

According to the result of numerical analysis, cavitation comes out under ultrasound 
( MHzfa 04.1= ) and temperature rise is efficient, which is highly consistent with ultrasonic thermal 

simulation. The temperature rise is about 18.5K when 293T cell solution is under ultrasound 60 
seconds according to ultrasonic thermal simulation, which is benefit for cell to live and sonoporation 
experiment. In line with the acoustic chemistry experiments, the percentage of cell viability is 
approach to 85% with ultrasonic radiation for 60s.
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