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Abstract

Successful drug and gene delivery across cellular membranes can lead to improved therapeutic 

outcomes. Recent studies have suggested that sonoporation may enhance drug and gene delivery 

across cellular membranes. The enhancement may be due to transient permeation of the membrane 

from cavitation or microstreaming effects of microbubbles exposed to ultrasound. Given limited 

acoustic pressure calibration and beam profile characterization of the Sonitron ultrasound systems 

in cellular bioeffects studies previously published, the objective of this work was to calibrate the 

acoustic output and explore the potential for standing waves in a cell-well plate. In this study three 

1-MHz transducers driven by Sonitron ultrasound systems, which have been used in a number of 

sonoporation studies, were calibrated. Transducers with 10-mm, 6-mm and 20-mm diameter 

apertures (Sonitron 1000 and 2000, Rich-Mar, Inola, OK) were calibrated using PVDF needle 

hydrophones. Axial and transverse beam profiles were obtained, and the pressures were measured 

as a function of Sonitron intensity dial setting and duty cycle. The acoustic intensity was 

calculated and compared to the Sonitron intensity dial setting for duty cycles from 10 to 100%. 

Standing waves caused by reflections from the hydrophone holder were detected for each 

transducer. This observation may also have implications for in vitro sonoporation studies. 

Acoustic field characterization is an important first step in understanding the mechanisms of 

sonoporation and drug delivery across biomembranes.

Keywords

Sonoporation; Drug and Gene delivery; Transducer Calibration

INTRODUCTION

The effectiveness of many therapeutic agents depends on successful delivery across cellular 

membranes. Treatment of conditions such as thrombosis, atherosclerosis, or cancer may be 
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improved by increased delivery of drugs or genes across cellular membranes (Frenkel, 2008; 

Huang, 2008; Hynynen, 2008; Mayer and Bekeredjian, 2008; Sboros, 2008). Sonoporation 

has been investigated as a non-invasive means of delivering therapeutics to cells (Tachibana, 

2004; Zhou, et al., 2009). Studies have suggested that microbubbles exposed to ultrasound 

may nucleate cavitation and promote concomitant microstreaming, which can transiently 

permeate nearby cellular membranes with acceptable rates of cell viability (Mehier-

Humbert, et al., 2005; Prentice, et al., 2005; van Wamel, et al., 2006). Increased drug and 

gene delivery to cells increases the potential for improvement of therapeutic outcomes.

Several ultrasound parameters can affect the efficacy of sonoporation and drug delivery 

studies in vitro. These parameters include frequency, duty cycle, exposure time, beamwidth 

of the ultrasound field, and in situ pressure or intensity (Sboros, 2008). The Sonitron 1000 

and Sonitron 2000 ultrasound systems have been used in a number of sonoporation and drug 

delivery studies (Buchanan, et al., 2009; Huang and MacDonald, 2004; Lee, et al., 2005; 

Mehier-Humbert and Guy, 2005; Mizuno, et al., 2005; Shimamura, et al., 2005; Sonoda, et 

al., 2006; Tiukinhoy-Laing, et al., 2007a; Tiukinhoy-Laing, et al., 2007b; Tomizawa, et al., 

2001; Tsunoda, et al., 2005; Yamashita, et al., 2009; Yamashita, et al., 2007). However, in 

most of these studies, careful calibrations of the transducer output were not reported. 

Calibrations can be costly and tedious but are necessary to report the ultrasound parameters 

used in the study. The aim of this investigation was to demonstrate calibrations of the 

Sonitron 1000 and Sonitron 2000 ultrasound systems. The implications of the results will be 

discussed.

MATERIALS AND METHODS

The Sonitron 1000 and Sonitron 2000 ultrasound systems (Rich-Mar Corp, Inola, OK) were 

calibrated using 0.2 mm- and 0.5 mm-diameter polyvinylidene fluoride (PVDF) needle 

hydrophones (Precision Acoustics, Dorchester, England). Both hydrophones have an 

uncertainty of +/− 14% at 1 MHz according to the manufacturer specifications. Three 1-

MHz transducers with aperture diameters of 10 mm (Sonitron 1000), 6 mm (Sonitron 2000), 

and 20 mm (Sonitron 2000) were each calibrated once. The settings used for the 

calibrations, shown in Table 1, were selected to replicate settings from the published studies 

previously mentioned. Calibration measurements were performed in a water-filled acrylic 

tank at room temperature (21.5 ± 1.5 °C). The Sonitron transducer was submerged using a 

rigidly supported positioner. The PVDF needle hydrophone was mounted on a motorized 

three-axis translation system (Velmex NF90 Series, Velmex Inc, Bloomfield, NY) and 

aligned with the transducer. The hydrophone was inserted through a 2.0 cm × 3.5 cm slab of 

acoustic absorber material (Precision Acoustics, Dorchester, England) in order to minimize 

standing wave interference from the positioner surface. Hydrophone measurements were 

digitized using a digital oscilloscope that was triggered by the hydrophone signal (LT584 

WaveRunner-2, LeCroy Corp, Chestnut Ridge, NY) and transferred to a desktop computer 

(Power Mac G5, Apple, Cupertino, CA). All calibration measurements were automated and 

controlled with a collection of visual interface programs written in LabVIEW (National 

Instruments, Austin, TX) on the desktop computer. The beam profiles were characterized 

and plotted in the axial and transverse planes using MATLAB (Mathworks Inc, Natick, 

MA). The spatial-average temporal-average intensity (ISATA) was calculated using the 
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methods described by Harris (1985). Pressure measurements were acquired in free field for 

all three transducers. In addition, the 10-mm transducer (Sonitron 1000) was placed at the 

entrance of a single 20-mm deep well within a polystyrene 24-well plate (Corning Inc., 

Corning, NY) immersed in water. The pressure amplitude was measured using a 0.2-mm 

PVDF needle hydrophone (Precision Acoustics, Dorchester, England) inserted through a 

hole drilled into the bottom of the cell well and placed 10 mm from the Sonitron transducer 

face.

RESULTS

Representative axial and transverse ultrasound beam profiles for the 10-mm (Sonitron 

1000), 6-mm (Sonitron 2000), and 20-mm (Sonitron 2000) 1.0-MHz transducers are shown 

in Figures 1, 2, and 3 respectively. These beam profiles were acquired with a Sonitron 

intensity dial setting of either 1.0 or 2.0 W/cm2 and a duty cycle of 100%. The measured -3 

dB beamwidths and focal depths of each transducer are listed in Table 2.

The measured free-field acoustic pressure at the focus is plotted as a function of Sonitron 

intensity dial setting for the 10-mm (Sonitron 1000), 6-mm (Sonitron 2000), and 20-mm 

(Sonitron 2000), 1.0-MHz transducers in Figures 4, 5, and 6, respectively, with a duty cycle 

of 100%. Also shown in each figure is a second-order polynomial least squares fit to the data 

(R2 > 0.98 for each transducer). In Figure 7 the measured acoustic pressure at the focus is 

plotted as a function of duty cycle at four different intensity dial settings for the 10-mm 

transducer driven by the Sonitron 1000 system. The pressure is approximately the same for 

each duty cycle setting. In addition, the pressure measured inside a polystyrene cell well 

with the 10-mm transducer (Sonitron 1000) is plotted in Figure 8.

DISCUSSION

Most published sonoporation and drug delivery studies utilizing the Sonitron system have 

not described calibrations of the transducer output or characterization of the ultrasound 

beam profile. The purpose of this study was to calibrate the transducer output and appreciate 

the effects of a cell-well plate for subsequent bioeffects or cellular experiments. 

Surprizingly, the Sonitron 2000 has no output at a Sonitron intensity dial setting of 10.0 

W/cm2, thus the setting of 9.9 W/cm2 is the maximum usable intensity dial setting. At other 

settings, however, the measured acoustic pressure as a function of the Sonitron intensity dial 

setting exhibits a second-order polynomial trend, as expected.

Standing wave interference was observed during the calibrations, most notably for the 20-

mm transducer (Sonitron 2000). Acoustic absorber material was used to reduce the standing 

wave interference during the calibrations. It is important to note that when the Sonitron 

transducers are placed in cell wells, standing waves may occur. Constructive and destructive 

interference can cause the pressure to vary significantly over the distance of one wavelength 

(1.5 mm at 1 MHz). It is proposed that constructive interference accounts for the difference 

between the measured pressures in the free-field and in a cell well, see Figure 8. Figure 9 

shows a standing wave interference pattern that was observed with no acoustic absorber 

material on the hydrophone holder (20-mm transducer, Sonitron 2000, 100% duty cycle). It 
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is noted that the local pressure maxima and minima occur at intervals of the wavelength (1.5 

mm at 1 MHz). This presents problems when trying to translate in vitro sonoporation results 

to in vivo experiments where standing waves are less likely to occur, as has been discussed 

previously (Kinoshita and Hynynen, 2007). This difference underlies the importance of both 

accurate calibration of the transducer and characterization of the acoustic field and output. 

Transducer calibration can improve interpretation of in vitro sonoporation and drug delivery 

results and translation to applications in vivo.
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Figure 1. 
(A) Axial and (B) transverse beam profiles for 10-mm transducer (Sonitron 1000 ultrasound 

system), calibrated with a PVDF needle hydrophone. Transverse profile measured at an 

axial distance of 10 mm from the transducer. Sonitron intensity dial setting of 2.0 W/cm2 

and duty cycle of 100%.
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Figure 2. 
(A) Axial and (B) transverse beam profiles for 6-mm transducer (Sonitron 1000 ultrasound 

system), calibrated with a PVDF needle hydrophone. Sonitron intensity dial setting of 1.0 

W/cm2 and duty cycle of 100%. Transverse profile measured at an axial distance of 2 mm 

from the transducer.
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Figure 3. 
(A) Axial and (B) transverse beam profiles for 20-mm transducer (Sonitron 1000 ultrasound 

system), calibrated with a PVDF needle hydrophone. Transverse profile measured at an 

axial distance of 2 mm from the transducer. Sonitron intensity dial setting of 1.0 W/cm2 and 

duty cycle of 100%.
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Figure 4. 
Peak-to-peak acoustic pressure and calculated intensity (ISATA) measured at the hydrophone 

as a function of the Sonitron intensity dial setting for the 10-mm transducer (Sonitron 1000) 

at a 100% duty cycle. The hydrophone was positioned at the focus (10 mm from the 

transducer).
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Figure 5. 
Peak-to-peak acoustic pressure and calculated intensity (ISATA) measured at the hydrophone 

as a function of the Sonitron intensity dial setting for the 6-mm transducer (Sonitron 2000) 

at a 100% duty cycle. The hydrophone was positioned at the focus (2 mm from the 

transducer).
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Figure 6. 
Peak-to-peak acoustic pressure and calculated intensity (ISATA) measured at the hydrophone 

as a function of the Sonitron intensity dial setting for the 20-mm transducer (Sonitron 2000) 

at a 100% duty cycle. The hydrophone was positioned at the focus (2 mm from the 

transducer).
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Figure 7. 
Peak-to-peak acoustic pressure measured at the hydrophone as a function of the duty cycle 

for the 10-mm transducer (Sonitron 1000) with Sonitron intensity dial settings between 0.5–

2.0 W/cm2. The hydrophone was positioned at the focus (10 mm from the transducer).

Kopechek et al. Page 15

Ultrasound Med Biol. Author manuscript; available in PMC 2015 March 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Peak-to-peak pressure measured inside a polystyrene cell well at Sonitron intensity dial 

settings of 0.5, 1.0, and 2.0 W/cm2 and a 100% duty cycle using the 10-mm 1.0-MHz 

transducer (Sonitron 1000) placed 10 mm from the hydrophone.
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Figure 9. 
Axial beam profile of the 20-mm transducer (Sonitron 2000), with acoustic absorber 

material removed to observe a standing wave at a Sonitron intensity dial setting of 2.0 

W/cm2 and a 100% duty cycle.
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Table 1

Sonitron settings for calibration of 10-mm transducer (Sonitron 1000) and 6- and 20-mm transducers (Sonitron 

2000).

Transducer Aperture (mm) Frequency (MHz) Duty Cycle (%) Intensity Dial Settings (W/cm2)

10 1 10, 50, 100 0.1–2.0

6 1 100 0.2–10.0

20 1 100 0.2–4.0
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Table 2

Measured focal depths and -3 dB beamwidths of 10-mm transducer (Sonitron 1000) and 6- and 20-mm 

transducers (Sonitron 2000).

Transducer Aperture (mm) Focal Depth (cm) Transverse Beamwidth (cm) Axial Beamwidth (cm)

10 1.0 0.3 0.1

6 0.2 0.1 0.4

20 0.2 2.4 0.8
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