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Purpose. Ultrasound has been shown to transiently permeabilize bio­
logical membranes, thereby facilitating delivery of large compounds 
such as proteins and DNA into cells and across tissues such as skin. 
In this study, we sought to quantitatively determine the dependence of 
cell membrane permeabilization on ultrasound parameters and to iden­
tify acoustic signals which correlate with observed membrane 
permeabilization. 
Methods. Bovine red blood cells were exposed to ultrasound at 24 
kHz over a range of controlled conditions. The degree of membrane 
permeabilization was measured by release of hemoglobin and was 
determined as a function ofultfasound parameters and measured acous­
tic signals. 
Results. These studies showed that permeabilization increased with 
incident ultrasound pressure, increased with total exposure time above 
a threshold of approximately 100 msec, showed a weak dependence 
on pulse length with a small maximum at 3 msec, and did not depend 
on duty cycle under the conditions examined. Using measured acoustic 
spectra we found that red blood cell membrane permeabilization corre­
lated best with the pressure measured at half the driving frequency (f/ 
2 = 12 kHz) and its ultraharmonics, less strongly with the broadband 
noise pressure measured between peaks, and least strongly with pres­
sure measured at the driving frequency and its higher harmonics. 
Permeabilization caused by ultrasound applied at any set of conditions 
tested in this study could be well predicted by the parameter T·Pm, 
which characterizes the total cavitational exposure. 
Conclusions. This study provides a quantitative guide to designing 
ultrasound protocols useful for drug delivery. The acoustic measure­
ments support the hypothesis that ultrasonic cavitation is the mechanism 
by which membranes are permeabilized. They also suggest that measur­
able acoustic signals can provide noninvasive, real-time feedback about 
membrane permeabilization and drug delivery. 

KEY WORDS: cavitation; drug delivery: sonoporation; bovine eryth­
rocyte; hemolysis. 

INTRODUCTION 

Ultrasound-mediated delivery has potential as a powerful 
new method for enhancing and targeting administration of 
drugs, genes, and other therapeutic compounds into and across 
cells and tissues. Studies have shown that appropriately-applied 
ultrasound can reversibly permeabilize viable cells so that exog­
enous material can enter those cells without killing them. This 
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could be useful for targeted delivery of drugs to cells in a 
specific tissue (e.g., tumor) or for increased uptake of com­
pounds which cross cell membranes poorly (e.g., proteins, 
DNA). Ultrasound-enhanced delivery to cells has been demon­
strated in vitro by uptake of extracellular fluid (1 ), drugs (2), 
and DNA into both cells (3-6) and plant tissues (7). Similarly, 
acoustic effects of lithotripters have been shown to permeabilize 
cell membranes (8,9). Most recently, dramatically increased 
transport of small drugs (10,11) and proteins (12,13) has also 
been shown across skin, of interest for topical and systemic 
transdermal drug delivery. 

Although ultrasound-mediated drug delivery has only 
recently received increased attention, ultrasound has been a 
well established diagnostic and therapeutic tool in medicine for 
decades (14,15). Under conditions which are believed to cause 
minimal if any effects on cells (i.e., ultrasound at high frequency 
and low intensity), ultrasonic imaging is in widespread use 
throughout the world (16). At somewhat greater intensities, 
therapeutic ultrasound is commonly used to heat tissues for 
physical therapy and other hyperthermia treatments (17). Under 
very different conditions (i.e., a spectrum of lower frequencies 
and high intensity), lithotripsy procedures routinely focus 
acoustic energy to noninvasively shatter kidney stones so they 
can be excreted by the body without surgery (18). Kidney stone 
destruction by lithotripsy is believed to be mediated by 
cavitation. 

Acoustic cavitation involves the creation and oscillation 
of gas bubbles in a liquid ( 19). During the low-pressure portion 
of an ultrasound wave, dissolved gas and vaporized liquid can 
form gas bubbles. These bubbles then shrink and grow in size, 
oscillating in response to the subsequent high- and low-pressure 
portions of the ultrasound wave. This is referred to as stable 
cavitation. Transient cavitation occurs at greater acoustic pres­
sures, where bubbles violently implode after a few cycles. This 
implosion can have a number of effects, including transiently 
raising the local temperature by hundreds of degrees Celsius 
and the local pressure by hundreds of atmospheres, emitting 
light by a poorly-understood phenomenon called sonolumines­
cence, creating short-lived free radicals, and launching a high­
velocity liquid microjet. 

Cavitation is also believed to be responsible for ultrasonic 
permeabilization of cells and tissues of interest for pharmaceuti­
cal applications (6, 11, 16). To develop protocols useful for drug 
delivery, the effects of ultrasound parameters on cavitation and 
cell membrane permeabilization need to be better established. 
For that reason, in this study we pursued three goals: (1) quanti­
tatively determine the dependence of red blood cell membrane 
permeabilization on ultrasound parameters, (2) identify acoustic 
signals which correlate with observed membrane permeabiliza­
tion and can thereby be used to provide noninvasive feedback 
about ultrasound's bioeffects, and (3) use this information for 
insight into the mechanism by which ultrasound permeabil­
izes membranes. 

EXPERIMENTAL METHODS 

Sample Preparation 

Freshly drawn bovine blood with Alsevers anticoagulant 
(Rockland, Gilbertsville, PA) was stored at 4°C for up to 10 
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days. Red blood cells were collected by centrifugation (GS-
15R, Beckman Instruments, Palo Alto, CA; 400 g, 10 min, 
4°C), washed 3 times with phosphate-buffered saline (PBS; pH 
7.4; Sigma, St. Louis, MO), and finally suspended in PBS at 
a red blood cell concentration of 10% by volume. The cell 
suspension was stored on ice and then gently mixed on a nutator 
(Innovative Medical Systems, Ivyland, PA) just before use in 
an experiment. 

The cell suspension was added to a sample tube which 
was prepared by cutting a 15 ml polypropylene centrifuge tube 
(VWR, Suwanee, GA) at the 4 ml line. After the sample tube 
was filled with 4 ml of cell suspension, a rubber stopper (VWR) 
was carefully inserted into the tube to the 3 ml line, thereby 
spilling out about 1 ml of suspension. This procedure was used 
so that the tube could be sealed without any entrapped air 
bubbles. A hydrophone (Baylor School of Medicine, Houston, 
TX) was also inserted through a small hole in the center of the 
rubber stopper and positioned at the center of the sample 
volume. 

Exposure to Ultrasound 

The ultrasound exposure chamber consisted of a cylindri­
cal piezoelectric transducer (lead zirconate titanate, 5 cm OD, 
4.5 cm ID, 2.5 cm length; Channel Industries, Santa Barbara, 
CA) sandwiched between two IO cm lengths of 1.5 inch Sched­
ule 40 PVC pipe. The bottom of the chamber was sealed on a 
clear polycarbonate base (Lexan, General Electric, Mt. Vernon, 
IN). The chamber was filled with water which was filtered/ 
deionized (Type III; U.S. Filter, Roswell, GA) and degassed 
(vacuum chamber: Nalgene, Rochester, NY; pump: 
2107VA20A, Thomas, Sheboygan, WI). 

The sample tube was placed in the water bath within the 
ultrasound exposure chamber, positioned at the axial and radial 
center of the transducer, and exposed to low-frequency (24 
kHz) ultrasound at room temperature (22 :±: 2 °C). A function 
generator (DS345, Stanford Research Systems, Sunnyvale, CA) 
was programmed to provide a sinewave of selected voltage, 
duty cycle, burst length, and total exposure time. The output 
was fed to an amplifier (Macro-tech 2400, Crown, Elkhart, IN) 
whose signal went through a matching transformer (MT-56R, 
Krohn-Hite, Avon, MA) to drive the transducer. 

Measurement of Ultrasound Pressure 

To monitor the ultrasound exposure, the voltage applied 
to the transducer was measured with an oscilloscope (54603B, 
Hewlett Packard, Santa Clara, CA). This voltage was used to 
estimate the incident ultrasound pressure, as described below. 
In addition, the signal from the hydrophone in the sample tube 
was fed to the oscilloscope and a spectrum analyzer (SR760, 
Stanford Research Systems), which was used to determine the 
amplitude of different acoustic signals shown in Figure I and 
Table I. 

The strength of ultrasound is reported as its incident pres­
sure. The incident pressure is defined as the pressure level that 
would exist in the absence of cavitation, which is primarily at 
the driving frequency (i.e., 24 kHz). This is important because 
one of the effects of cavitation is to shift acoustic energy to 
frequencies other than the driving frequency (Figure 1). We 
believe the incident pressure is the most useful way to character-
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Fig. I. Representative acoustic spectra measured during ultrasound 
exposures at (A) low pressure (no cavitation) or (B) high pressure 
(extensive cavitation). Ultrasound was applied at f = 24 kHz. Due to 
apparatus resonance and cavitation, higher harmonics off (e.g., 2f = 
48 kHz) are seen under all conditions. Seen only in (8), cavitation 
also generates other signals: the subharmonic (f/2 = 12 kHz) and its 
ultraharmonics (e.g., 3f/2 = 36 kHz) and an elevated broadband "noise" 
level (e.g., bl, b2). The acoustic spectrum measured during exposure 
of cells to ultrasound can provide information about cavitation and its 
effects on membrane permeability, as discussed further in the text. 

ize ultrasound for this study, because it is independent of appara­
tus geometry and represents the total relevant acoustic input. 
For propagating wave fields created by a planar transducer at 
high frequency, ultrasound strength is often reported as an 
intensity (e.g., in units W/cm2

). For ultrasonic irradiation of a 
surface such as skin with a planar transducer ( I 0), this approach 
makes sense. However, because of the cylindrical geometry of 
our transducer and the use of low frequency ultrasound with a 
wavelength comparable to the apparatus diameter, a radially­
symmetric standing wave-like field is generated which makes 
acoustic intensity extremely difficult to determine. Another 
choice might be to report the pressure directly measured with 
a hydrophone at the driving frequency. While this is useful at 
low acoustic levels, where the measured pressure has the same 
value as the incident pressure, at higher intensities when cavita­
tion occurs acoustic energy is shifted to a spectrum of other 
frequencies (Figure I). Thus, the pressure measured at the driv­
ing frequency accounts for only a portion of the ultrasound 
exposure experienced by the cells. 

The peak incident pressure generated within the exposure 
chamber was estimated by measuring the acoustic pressure at 
subcavitation levels and linearly extrapolating to higher drive 
levels (20). At supra-cavitation levels, the incident pressure 
continues to increase as a linear function of the voltage, whereas 
the measured pressure levels off and may decrease due to cavita­
tion. We therefore generated a linear fit of the data only at low 
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Table 1. Empirical Correlation of Membrane Permeabilization with 
Measured Acoustic Signals 

Frequency (kHz)" Correlated equationh r2 C 

Set la 24 (ti M = 19.7 In (P) + 30.6 0.58 
48 (2f) M = 12.4 In (P) + 43.2 0.66 
72 (3f) M = 11.8 In (P) + 49.2 0.58 
96 (4f) M = 11.4 In (P) + 53.6 0.45 

Set lb 23-25 (f) M = 19.7 In (P) + 65.0 0.64 
47-49 (2f) M = 12.7 In (P) + 64.8 0.70 
71-73 (3f) M = 12.3 In (P) + 68.9 0.66 
95-97 (4f) M = 11.7 In (P) + 69.4 0.60 

Set 2a 12 (f/2) M = 9.5 In (P) + 73.0 0.84 
36 (3f/2) M = 8.5 In (P) + 64.7 0.85 
60 (5f/2) M = 8.7 In (P) + 64.4 0.85 
84 (7f/2) M = 9.6 In (P) + 69.6 0.85 

Set 2b 11-13 (f/2) M = IO.I In (P) + 79.8 0.81 
35-37 (3f/2) M = 9.0 In (P) + 70.8 0.81 
59-61 (5f/2) M = 9.3 In (P) + 70.3 0.82 
83-85 (7f/2) M = 9.8 In (P) + 73.1 0.82 

Set 3 13-23 (bl) M = 10.2 In (P) + 82.3 0.75 
25-35 (b2) M = 10.5 In (P) + 82.9 0.75 
37-47 (b3) M = 10.2 In (P) + 79.5 0.79 
49-59 (b4) M = 10.6 In (P) + 80.6 0.78 
61-71 (b5) M = 10.3 In (P) + 78.2 0.79 
73-83 (b6) M = 10.6 In (P) + 79.7 0.79 
85-95 (b7) M = 10.2 In (P) + 77.0 0.78 

" Based on spectral information such as that shown in Figure I, mem­
brane permeabilization was correlated with the pressure (or the aver­
age pressure when a range of frequencies is given) measured at the 
frequency (or range of frequencies) indicated. 

b The equation which resulted from a log-linear fit of membrane per­
meabilization (M) and measured pressure (P) is shown. There is no 
mechanistic basis for the log-linear functionality; visual inspection 
suggested it was the most appropriate fit of the data. The units of 
perrneabilization are percent hemoglobin released and the units of 
pressure are atm. 

c The r2 correlation coefficient is shown for each fit of the data. 
d The text in parentheses refers to which harmonic of the driving 

frequency (f = 24 kHz) the indicated frequencies correspond and 
"b" indicates a broadband noise measurement. 

pressure (i.e., < 2.0 atm for degassed water) for the pressure 
as a function of transducer voltage: 

P = 0.0089 · V (r2 = 0.99) (I) 

where peak positive pressure (P) has units of atm and peak­
to-peak voltage (V) has units of volts. This equation was extrap­
olated to higher voltages and pressures and was used to convert 
measured transducer voltages to the incident pressures reported 
throughout this study. 

Measurement of Ultrasound Power and Heating 

In this study, bulk heating caused by ultrasound was mea­
sured and determined to be less than I °C for all exposures. Using 
an iron/constantan thermocouple (Model SA 1-J thermocouple; 
Model DP 460 display; Omega Engineering, Stamford, CT) 
inserted into the water bath, which was mixed using a stir bar 
and magnetic stirrer (VWR), the temperature was determined 
to rise at O. l 7°C/min during continuous exposure to ultrasound 
at 2.2 atm and 0.73°C/min at 4.5 atm incident pressure. 

Although we have reported incident pressure rather than 
power to characterize the strength of ultrasound, it may be 
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helpful for comparison with other studies to know the power 
of ultrasound exposures used here. Assuming that all acoustic 
energy from the transducer was eventually converted into heat 
and heat loss from the apparatus to the surroundings was negligi­
ble, the measured heating rates described above can be used to 
determine the power output of the transducer with the equation 

W = mwater CPwater dT/dt (2) 

where Wis power, mwater is the mass of water in the water bath 
(0.3 kg), CPwatec is the heat capacity of water ( 4.18 J/g°C (21 )), 
and dT!dt is the change of temperature with respect to time 
(e.g., O. I 7°C/min at 2.2 atm). For example, using the heating 
rates given above this yields 3.4 W at 2.2 atm and 15.1 W at 
4.5 atm. This type of calorimetric method is commonly used 
to estimate ultrasonic power (22). 

A second method to determine the power of ultrasound 
exposures was to measure the electrical power supplied to the 
transducer. The values determined by the two methods should 
be equal if there is complete conversion of electrical power to 
acoustic power by the transducer (i.e., I 00% efficiency). The 
voltage across the transducer was measured directly with an 
oscilloscope (model 2430A, Tektronics, Beaverton, OR) and 
the current was measured using a current transformer (Model 
2100, Pearson Electronics, Palo Alto, CA) and fed to the oscillo­
scope. The average power was calculated as the average of the 
product of the current and voltage signals and yielded the 
following relationship 

W = 0.00010 · V2 (r2 = 1.00) (3) 

where power (W) has units of watts and peak-to-peak voltage 
(V) has units of volts. Combination of equations (I) and (3) 
yields an equation which relates power to incident pressure for 
the experimental apparatus used in this study: 

w = 1.3. P2 (4) 

where power (W) has units of watts and incident pressure (P) 
has units of atm. This equation indicates the power to be 6.3 
W at 2.2 atm and 26 W at 4.5 atm. The values determined 
using equation (4) are considerably higher than those deter­
mined using equation (2). This is expected since equation (4) 
assumes I 00% efficient conversion of electrical energy by the 
transducer into acoustic energy, which should yield an overpre­
diction. In contrast, equation (2) assumes perfect insulation of 
the apparatus, which should yield an underprediction. Thus, 
equations (2) and (4) provide upper and lower bounds for the 
acoustic energy. 

Post-Exposure Analysis 

After exposure to ultrasound, samples were removed from 
the sample tube and spun down (as above). The supernatant 
contained free hemoglobin released from permeabilized cells, 
while the pellet contained intact cells. The supernatant was 
collected and the absorbance of hemoglobin in the supernatant 
was determined at 575 nm using a spectrophotometer (DU-64, 
Beckman Instruments). As a positive control, the absorbance 
was also determined for a sample in which all cells were lysed 
by suspension in deionized water. The ratio of these absorbances 
yielded the percent hemoglobin released, expressed as percent 
membrane permeabilization in the figures. 
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Fig. 2. The effect of ultrasonic pressure on membrane permeabilization by ultrasound. 
A suspension of bovine red blood cells was exposed to continuous ultrasound for IO sec_ at 
24 kHz. The degree of membrane permeabilization was assessed by release of hemoglobin. 
Permeabilization increased with increasing (A) incident pressure (f = 24 kHz), a measure 
of the total ultrasound exposure which cannot be measured directly in the presence of 
cavitation, and (B) subharmonic pressure (f/2 = 12 kHz), a measure of cavitation which 
can be measured directly. This figure suggests that membrane permeabilization is mediated 
by cavitation and that measurement of subharmonic pressure may be a noninvasive way 
to determine the degree of permeabilization, and thereby the amount of drug dehvery, 
resulting from ultrasound exposure. See text for discussion. 

RESULTS 

To develop a rational approach to designing protocols 
for ultrasound-mediated cell membrane permeabilization, we 
measured the degree of permeabilization of bovine red blood 
cells exposed to low-frequency (24 kHz) ultrasound as a func­
tion of incident ultrasound pressure, total exposure time, pulse 
length, and duty cycle. In addition, we correlated the amount 
of permeabilization with measurable acoustic signals, which is 
of interest to noninvasive monitoring of ultrasound's bioeffects 
and elucidation of mechanisms. The degree of perrneabilization 
was measured by release of hemoglobin from erythrocytes. 

Figure 2a shows the dependence of red blood cell permea­
bilization on the incident pressure of ultrasound. Permeabiliza­
tion increased with incident pressure, exhibiting an almost linear 
dependence for pressures greater than -0.5 atm. This is consis­
tent with previous studies which show that bioeffects increase 
with ultrasound pressure or intensity (14-17). 

For pharmaceutical applications, it would be helpful to 
noninvasively determine the effects of ultrasound on cells based 
on an acoustic measurement. In this way, intelligent drug deliv­
ery systems could receive real-time feedback about membrane 
permeabilization and resultant drug uptake by simply "lis­
tening." Figure I b shows a representative spectrum of acoustic 
signals associated with an ultrasound exposure which causes 
extensive cavitation. A strong signal is seen at the driving 
frequency, f (i.e., 24 kHz), which is the frequency at which the 
transducer resonates. Due to cavitation and other effects there 
are also strong signals at integer multiples of the driving fre­
quency (i.e., 2f, 3f, 4f) and at the subharmonic frequency, f/2, 
and its ultraharmonics (i.e., 3f/2, 5f/2, 7f/2). The broadband 
noise pressure between these peaks (i.e., b I, b2, etc.) is also 
elevated. 

We assessed whether cell membrane perrneabilization cor­
relates with any of these features of the acoustic spectrum, as 
summarized in Table I. The correlation was strongest for Pf/2 
(i.e., the pressure at f/2) and its ultraharmonics (set 2). Figure 
2b shows this relationship graphically. Permeabilization also 

correlated with average measurements of broadband noise pres­
sure between the peaks (set 3). The driving frequency itself 
and its higher harmonics (set I) showed the weakest correlation. 
Previous studies have correlated cell damage with Pm (23) and 
20 f (24 ). Mechanistic interpretation of these results is discussed 
below. These correlations may provide a useful means for nonin­
vasively measuring cell permeabilization by ultrasound. 

The effect of total exposure time of a single continuous 
ultrasound exposure is shown in Figure 3. Below approximately 
I 00 msec, ultrasound had little effect on the cells. For longer 
exposures, membrane permeabilization increased as a strong 
function of exposure time. This is in qualitative agreement with 
previous studies conducted under somewhat different condi­
tions, which also show that membrane disruption increases with 
exposure time above a threshold (25,26). 

In Figure 4, cells were exposed to ultrasound using pulses 
of different length, but the cumulative "on" time for each set 
of pulses was kept constant at 10 sec. For each pressure tested, 
the degree of membrane permeabilization varied little as a 
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Fig. 3. The effect of exposure time on membrane permeabilization by 
ultrasound. Red blood cells were exposed to continuous ultrasound at 
24 kHz for different amounts of time at three different incident pres­
sures: ( ♦) 0.89 atm, (■) 2.7 atm, (A) 8.9 atm. In each case, permeabili­
zation increased with exposure time above a threshold of approximately 
100 msec. 
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Fig. 4. The effect of ultrasound pulse length on membrane permeabili­
zation. In each exposure, although pulses of different length were 
applied, the total number of pulses given was varied so that the cumula­
tive "on" time was kept constant at IO sec. Pulses were applied at a 
duty cycle of I 0% and at three different incident pressures: ( ♦) 0.89 
atm, (■) 2.7 atm, (~) 8.9 atm. Permeabilization showed a weak depen­
dence on pulse length, with a small but statistically significant peak 
at 3 msec for both 2.7 and 8.9 atm (p < 0.05, by Student's T-test, 
relative to average permeabilization at pulse lengths ::cc 0.1 sec). 

function of pulse length. There was, however, a small statisti­
cally-significant peak in permeabilization at 3 msec. A possible 
physical explanation for this peak is discussed below. 

For pulsed ultrasound, the effect of duty cycle (defined as 
the fraction of time that the ultrasound is "on" during pulsed 
application) is shown in Figure 5. Under the conditions investi­
gated, duty cycle had no significant effect on the degree of 
membrane permeabilization. 

Figure 2b shows that Pm is predictive of the degree of 
membrane permeabilization from exposures of different inci­
dent pressure but all having the same pulse length, exposure 
time and duty cycle. To generalize the approach and consider 
exposures of different pulse lengths, exposure times, duty cycles 
and incident pressures, we correlated membrane permeabiliza­
tion with the total exposure time (T), which is equal to the 
product of pulse length and the number of pulses applied, 
multiplied by the strength of the f/2 signal (Pm), As shown in 
Figure 6, this parameter (T-·Pm) correlated well with membrane 
permeabilization, showing a threshold value at approximately 
0.01 (i.e., log (T· Pm) = -2). Below this threshold little permea­
bilization occurred and above it permeabilization increased 
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Fig. 5. The effect of ultrasound duty cycle on membrane permeabiliza­
tion. Duty cycle is defined as the fraction of time that the ultrasound 
is "on" during pulsed application. In each exposure, the incident pres­
sure was 2.7 atm, the total "on" time was IO sec, and the pulse length 
was ( ♦) 0.1 sec or (■) I sec. Permeabilization showed no statistically­
significant dependence on duty cycle. 
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Fig. 6. Membrane permeabilization shown as a fuction of the measur­
able acoustic parameter T· Pm This figure includes all 252 data points 
from this study (i.e., Figures 2-5). The parameter T·Pr12 was chosen 
because it characterizes the total cavitational exposure by accounting 
for both the strength of the f/2 cavitation signal (Pm) and the time 
over which it acts (T). The good correlation between permeabilization 
and T· Pm is significant because measurement of this single parameter 
may provide a simple, non-invasive method for determining membrane 
permeabilization caused by any ultrasound exposure. 

sharply. Because Figure 6 includes all of the data collected in 
this study and because the parameter T· Pu2 correlates well with 
the whole data set, this suggests that measurement of this single 
parameter may provide a simple, non-invasive and broadly­
applicable method for determining membrane permeabilization 
caused by any ultrasound exposure. Additional tests using dif­
ferent ultrasound frequencies, apparatus geometries, and cell/ 
tissue types are needed to verify this hypothesis. 

DISCUSSIONS 

Effect of Ultrasound Parameters 

Characterizing the dependence of cell membrane permea­
bilization on ultrasound conditions is essential to rationally 
designing ultrasound protocols for pharmaceutical application. 
This study shows that permeabilization increases as a strong 
function of incident pressure (Figure 2) and total exposure time 
(Figure 3), which indicates that selection of appropriate pressure 
and duration of ultrasound exposure is important to achieve 
permeabilization at a desired level. The existence of a threshold 
near 100 msec of total exposure time (Figure 3) also constrains 
possible protocols. In contrast, the observation that permeabili­
zation depends only weakly on pulse length (Figure 4) and duty 
cycle (Figure 5) is useful information, since it permits greater 
flexibility in designing ultrasound protocols. 

The effects of different ultrasound parameters summarized 
above can be explained in terms of cavitation, the mechanism 
by which membranes are believed to be disrupted (16, 19). It is 
well established that at greater ~caustic pressure more cavitation 
bubbles with greater energy are created (19). Similarly, longer 
total exposure times also yield more cavitation bubbles. This 
increased cavitation should result in more extensive membrane 
permeabilization, as seen in Figures 2 and 3. The minimum 
exposure time of 100 msec shown in Figure 3 could result from 
the "warm-up" time it takes for bubbles to nucleate, grow, and 
possibly collapse over many ultrasound cycles (27). 

The maximum permeabilization observed for 3 msec 
pulses in Figure 4 could be explained by two competing effects 
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involving a mechanism proposed previously (28). Increasing 
pulse length is advantageous for cavitation because there is 
more time during each pulse for bubbles to nucleate, grow and 
collapse. However, as pulse length increases so does the time 
between pulses at constant duty cycle. This means that as the 
interpulse delay increases, bubbles formed during the previous 
pulse have time to dissolve back into solution. This is disadvan­
tageous because it leaves fewer nucleation bubbles available 
to grow and collapse during the next pulse, which results in 
less cavitation. Further experiments are required to verify 
this hypothesis. 

Correlation with Measured Acoustic Signals 

Ultrasound causes cavitation which in turn causes effects 
on cells. Therefore the most useful predictor of ultrasound's 
effects on cells should be a measure of cavitation. We correlated 
membrane permeabilization with measured acoustic signals 
which are known to be associated with cavitation. A good 
correlation was found for the pressure measured at half the 
driving frequency (f/2 = 12 kHz) and its ultraharmonics (Figure 
2b, set 2 of Table I). In addition, permeabilization caused by 
ultrasound applied at any set of conditions tested in this study 
could be well predicted by the parameter T· Pm, which character­
izes the total cavitational exposure by accounting for both the 
strength of the f/2 cavitation signal and the time over which it 
acts. Although validation of this idea requires further testing, 
these findings suggest that a device could apply ultrasound to 
a tissue, such as skin or a tumor, and by measuring the f/2 
signal assess the degree to which the tissue was permeabilized. 
This information could then be used to estimate the amount of 
drug delivered. In this way, measurement of the f/2 signal could 
potentially provide a method for real-time feedback so that a 
device could optimize the ultrasound exposure based on pre­
programmed or user-selected drug delivery profiles. The tech­
nology required for both generating ultrasound and "listening" 
to f/2 signals are well established, relatively inexpensive when 
mass produced, and readily miniaturizable. 

Correlation of acoustic signals with membrane permeabili­
zation also provides mechanistic insight. The best correlation 
was found for the signal at f/2 and its ultraharmonics (set 2 of 
Table I, Figure 2b). This suggests that permeabilization was 
mediated by cavitation. Onset of the f/2 signals is thought to 
occur with the onset of cavitation ( 19). As the cavitation activity 
increases, the f/2 signals also generally increase, but a quantita­
tive relationship between amount of cavitation and Pm has not 
been established. Cavitation bubbles are thought to give off a 
signal at f/2 because of a prolonged expansion phase and 
delayed collapse which can occur during cavitation (19). In our 
experiments, measurement of f/2 signals at the exact frequency 
of interest (e.g., 12 kHz; set 2a) yielded a somewhat better 
correlation with permeabilization than measurement of the sig­
nal over the width of the peak (e.g., 11-13 kHz; set 2b). 

A reasonable correlation was also established for measure­
ments of broadband signals, or the signals between f, f/2, and 
higher harmonics (set 3 of Table 1 ). This also supports a permea­
bilization mechanism involving cavitation, especially transient 
cavitation. Upon bubble collapse during transient cavitation, 
"noise" over a broad spectrum of frequencies is given off, which 
raises peak and broadband signals alike ( 19). Since both f/2 
and broadband signals showed correlation, this suggests that 
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both stable and transient cavitation play a role in membrane 
permeabilization. 

Finally, signals at f and its higher harmonics showed the 
poorest correlation (set I in Table I). This was expected since 
these signals are related to the non-cavitational driving fre­
quency (f) and resonance of the experimental apparatus (higher 
harmonics), in addition to stable and transient cavitation. As a 
signal which reflects a mixture of effects, f and its higher 
harmonics would not be expected to be good indicators. 

CONCLUSIONS 

While ultrasound-mediated cell membrane permeabiliza­
tion is a promising new method for enhanced and targeted 
drug delivery, the dependence of permeabilization on acoustic 
parameters has not been sufficiently defined for pharmaceutical 
applications. Using red blood cells as a model system, we 
showed that membrane permeabilization increases with incident 
ultrasound pressure, increases with total exposure time above 
a threshold of I 00 msec, shows a weak dependence on pulse 
length with a small maximum at 3 msec, and does not depend 
on duty cycle under the conditions examined. In addition, the 
degree of permeabilization was shown to correlate with measur­
able acoustic signals (e.g., Pm, T· Pm), which supports the 
hypothesis that permeabilization is mediated by cavitation and 
may provide a method for noninvasive, real-time feedback for 
an intelligent delivery system. 
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