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Purpose. To determine the dependence on acoustic parameters of
molecular uptake and viability of cells exposed to low-frequency ul-
trasound.
Methods. DU145 prostate cancer cells bathed in a solution of calcein
were exposed to ultrasound at 24 kHz over a range of different acous-
tic pressures, exposure times, pulse lengths, and duty cycles. Flow
cytometry was employed to quantify the number of calcein molecules
delivered into each cell and levels of cell viability.
Results. Both molecular uptake and cell viability showed a strong
dependence on acoustic pressure and exposure time, weak depen-
dence on pulse length, and no significant dependence on duty cycle.
When all of the data were pooled together, they exhibited good cor-
relation with acoustic energy exposure. Although molecular uptake
showed large cell-to-cell heterogeneity, up to ∼15% of cells achieved
an intracellular calcein concentration approximately equal to its ex-
tracellular concentration.
Conclusions. Large numbers of molecules can be delivered intracel-
lularly using low-frequency ultrasound. Both uptake and viability cor-
relate with acoustic energy, which is useful for design and control of
ultrasound protocols.
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INTRODUCTION

The success of drug and gene delivery is limited by the
inability of drugs, proteins, and DNA to cross biological bar-
riers in the body. The most daunting barrier is that posed by
lipid bilayers, which block transport into cells (e.g., the
plasma membrane), into tissues (e.g., tumors), and into the
body (e.g., skin, mucosa). To overcome this barrier, ultra-
sound has been shown to dramatically increase the perme-
ability of cell membranes and tissues to small compounds and
macromolecules (1–3). Because it can be focused noninva-
sively on almost any part of the body (4), ultrasound has the
potential to be a platform technology useful for enhanced and
targeted delivery for a broad range of indications.

Previous studies have demonstrated ultrasound’s utility
for a number of different drug- and gene-delivery applica-

tions. Early in vitro studies have demonstrated increased drug
efficacy when accompanied by ultrasound (5). Ultrasound has
also been shown to increase DNA transfection in cell suspen-
sions and in animals (1,6,7). Ultrasound has further been ap-
plied to the skin to increase transdermal transport (2) and,
more recently, used to extract interstitial glucose transder-
mally from human subjects (8). Limited work has shown that
ultrasound can increase transport across the blood–brain
barrier (9).

Although exciting applications of ultrasound have been
demonstrated, there is limited information available to guide
selection of appropriate or optimal ultrasound conditions.
The goal of this study is to address this need by measuring
how acoustic pressure, exposure duration, pulse length, duty
cycle, and energy each affect ultrasound’s ability to increase
uptake of molecules into cells and associated loss of cell vi-
ability.

Ultrasound’s effects are believed to be caused primarily
by ultrasound-induced cavitation (10,11). Ultrasound is an
oscillating pressure wave that can bring dissolved gas out of
solution during low pressure, thereby creating bubbles. Dur-
ing subsequent pressure oscillations, these bubbles can grow,
oscillate and implode, which can have violent effects on cells.
Ultrasonic imaging safely utilizes conditions in which cavita-
tion does not occur and therefore does not damage tissues. In
contrast, lithotripsy focuses acoustic energy to shatter kidney
stones by creating extensive local cavitation. Ultrasound-
mediated drug delivery seeks middle ground, where sufficient
cavitation is generated to permeabilize cell membranes to
drugs and/or genes, but not so much cavitation that there is
excessive loss of cell viability.

MATERIALS AND METHODS

Cell Sample Preparation

As described by Guzman et al. (3), DU145 human pros-
tate cancer cells (American Type Culture Collection, Rock-
ville, MD) were cultured as monolayers in a humidified at-
mosphere of 95% air and 5% CO2 at 37°C in RPMI-1640
media, supplemented with 10% (v/v) heat inactivated fetal
bovine serum, and 100 mg/mL penicillin-streptomycin (Cell-
gro, Mediatech, Herndon, VA). Cells were harvested by tryp-
sin/EDTA (Cellgro) digestion, washed, and resuspended at a
concentration of 5 × 105 cells/mL in cell media containing 10
mM calcein (623 Da, radius 4 0.6 nm; Molecular Probes,
Eugene, OR). Calcein is a green-fluorescent, cell-impermeant
molecule that was used to quantify transport of molecules
into viable cells.

Prior to ultrasound exposure, cell samples were filled
into a sample tube prepared by cutting a 15-mL polypropyl-
ene centrifuge tube (VWR, Suwanee, GA) at the 4 mL line.
After the sample tube was filled with cell suspension, a rubber
stopper (VWR) was carefully inserted into the tube to the 3
mL line, thereby spilling out a small amount of suspension.
This procedure was used so that the tube could be sealed
without any entrapped air bubbles. A metal rod was also
inserted through a small hole in the center of the rubber
stopper to facilitate positioning the sample at the axial and
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radial center of the transducer within the ultrasound exposure
chamber.

Exposure to Ultrasound

As described by Liu et al. (12), the ultrasound exposure
chamber consisted of a cylindrical piezoelectric transducer
sandwiched between two 10-cm lengths of PVC pipe.
The chamber was sealed at its base and filled with filtered,
deionized, degassed water. The sample tube was placed
within the ultrasound exposure chamber water bath and ex-
posed to low-frequency (24 kHz) ultrasound at room tem-
perature (22 ± 2°C).

To characterize ultrasound exposures, peak incident
pressure was determined using a calibrated hydrophone as
described previously (12). Ultrasound usually was applied in
a pulsed manner, where the pulse length indicates the dura-
tion of “on” time during each pulse, duty cycle indicates the
ratio of “on” time to the sum of “on” time and “off” time
between each pulse, and exposure time indicates the total
“on” time over all pulses during an exposure. For example, if
100 pulses each of 10-ms duration were applied with 90-ms
gaps of “off” time between each pulse, the pulse length would
be 10 ms, the duty cycle would be 10%, and the exposure time
would be 1 s. Energy exposure was calculated as E 4 P2t / 2rc
(11), where P is rms pressure, t is time, r is density of water,
and c is speed of sound in water.

Measurement of Molecular Uptake and Cell Viability

As described by Guzman et al. (3), cell samples were
washed to remove calcein present in the extracellular fluid
and subsequently incubated for at least 10 min in phosphate-
buffered saline containing 0.1 mg/mL red-fluorescent prop-
idium iodide (Molecular Probes) to stain non-viable cells.
Fluorescent reference beads (Molecular Probes) were added
to facilitate cell viability analysis as described previously (13).

A FACSort flow cytometer (Becton Dickinson, Franklin
Lakes, NJ) was used to quantify molecular uptake and cell
viability, as described by Guzman et al. (14). Forward and side
scatter were used to distinguish cells from debris and refer-
ence beads. Green fluorescence of calcein was converted into
the average number of calcein molecules delivered per cell
using quantitative calibration beads (Flow Cytometry Stan-
dards Corporation, Fishers, IN). Red fluorescence of prop-
idium iodine was used to distinguish viable from non-viable
cells. MiX 3.1 statistical software (Ichthus Data Systems,
Hamilton, Ontario, Canada) was used to divide cell popula-
tions into their three subpopulations, as discussed below.

At each condition tested, a minimum of three replicate
data points were collected and are presented as means with
their standard errors. A two-tailed Student’s t test (a 4 0.05)
was used when comparing two experimental conditions.
When comparing three or more experimental conditions, a
one-way analysis of variance was used (a 4 0.05). A value of
P < 0.05 was considered statistically significant.

Restricted cubic splines (S-Plus, MathSoft, Seattle, WA)
were used to identify trends in experimental data. The “good-
ness” of fit for each trend was measured using the multiple R2

statistic, which relates the amount of variability in the re-
sponse variable to that given by the fitted variable. A multiple

R2 of 1 indicates a perfect relationship between the fit and
response variables, whereas a multiple R2 of 0 indicates no
relationship.

RESULTS

To guide design and optimization of ultrasound param-
eters useful for drug delivery, we used flow cytometry to mea-
sure molecular uptake and viability of DU145 prostate cancer
cells as a function of ultrasound pressure, exposure duration,
pulse length, duty cycle, energy, and timing of exposure.

Heterogeneity of Ultrasound’s Effects on Cells

As observed in other studies (14,15), ultrasound’s effects
on cells are heterogeneous. Figure 1 contains a representative
set of histograms that show the distribution of calcein uptake
among large populations of viable cells each exposed to the
same ultrasound conditions. Some cells show very little, if
any, uptake, whereas others take up millions of molecules per
cell. For this reason, we did not report the uptake associated
with each ultrasound exposure as a single value. Instead, we
divided each population of cells into three subpopulations
(14), as shown graphically in Fig. 1C. The lower peak corre-

Fig. 1. Representative histograms of the number of calcein molecules
taken up by prostate cancer cells. In (A), a control population of cells
shows a single peak at low fluorescence due to system noise. In (B–
D), progressively greater pressures result in brighter fluorescence,
which corresponds to greater uptake of calcein into cells: (B) pres-
sure, P 4 5.3 atm; exposure time, t 4 0.5 s; energy, E 4 6.9 J/cm2;
(C) P 4 4.5 atm; t 4 2 s; E 4 19.2 J/cm2; (D) P 4 8.0 atm, t 4 2 s;
E 4 62.1 J/cm2; (B–D) pulse length, t 4 100 ms; duty cycle, d 4 10%.
These uptake histograms show significant heterogeneity with a typi-
cal profile containing a peak at low fluorescence (nominal uptake), a
peak at high fluorescence (high uptake), and a broad distribution in
between (low uptake). These complex distributions have been char-
acterized by fitting three Gaussian subpopulations to each histogram
(illustrated in C) and reporting the fraction of cells and the average
number of molecules per cell within each subpopulation (14).
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sponds to nominal uptake (NUP), the higher peak corre-
sponds to high uptake (HUP), and the broad distribution in
between corresponds to low uptake (LUP) subpopulations.
NUP cells are identified as having “nominal” uptake because
their fluorescence is only slightly greater than that of control
cells (P < 0.05) or, in some cases, indistinguishable from con-
trols (P > 0.05).

Although the relative number of cells in each uptake
subpopulation varied drastically as a function of ultrasound
conditions, the average number of molecules within each sub-
population was generally of the same order of magnitude. For
all of the ultrasound conditions tested (see below), the aver-
age number of molecules taken up by cells in each subpopu-
lation was NUP 4 1.5 (± 2.1) × 105, LUP 4 2.7 (± 1.2) × 106,
and HUP 4 1.0 (± 0.5) × 107. For this reason, the data pre-
sented throughout this study characterize the degree of up-
take by reporting the fraction of cells within each subpopu-
lation.

Quantitative Dependence of Ultrasound’s Effects on
Ultrasound Parameters

Acoustic pressure is one of the critical parameters that
controls ultrasound’s effects on cells. Figure 2A shows the

effects of pressure on both cell viability and molecular uptake
among viable cells. The height of each bar represents cell
viability, which decreases with increasing pressure (ANOVA;
P < 0.001). Non-viable cells typically represent a mixture of
intact cells (∼20%) and cells fragmented into debris (∼80%)
(data not shown). The subdivisions within each bar represent
the distribution of cells among the three uptake subpopula-
tions. The fraction of NUP cells decreases with increasing
pressure (ANOVA; P < 0.001). In contrast, the fraction of
LUP and HUP cells increases, goes through a maximum, and
then decreases with increasing pressure. This indicates that
there is an optimal pressure that maximizes uptake.

Exposure time also influences ultrasound’s effects on
cells. Figure 2B shows that as exposure time increases, cell
viability decreases (ANOVA; P < 0.001), the fraction of NUP
cells also decreases (ANOVA; P < 0.001), and cells in the
LUP and HUP go through a maximum. This behavior is simi-
lar to that seen for acoustic pressure and indicates that there
is an optimal exposure time that maximizes uptake.

The effects of pulse length were less significant (Fig. 2C).
Pulses of 1 ms in duration and shorter were somewhat more
benign, yielding higher viabilities (Student’s t test P < 0.05).
This transition at approximately 1 ms may be due to cavita-
tion bubble dynamics, as discussed elsewhere (15,16). As seen

Fig. 2. Effects of ultrasound on cell viability and molecular uptake as functions of (A) ultrasound pressure (t 4 2 s; t 4 100
ms; d 4 10%), (B) exposure time (P 4 5.3 atm; t 4 100 ms; d 4 10%), (C) pulse length (P 4 6.2 atm; t 4 2 s; d 4 10%),
and (D) duty cycle (P 4 6.2 atm; t 4 2 s; t 4 100 ms). The height of each bar represents the percent of viable cells, whereas
the stripes represent the fraction of cells in each subpopulation: high uptake (black), low uptake (gray), and nominal uptake
(white).
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in Figure 2D, there were no statistically significant effects
caused by changing duty cycle (ANOVA; P > 0.10).

For some applications, it is important to know the fate of
all cells treated with ultrasound; Figure 2 provides that type of
information. However, for other applications, it may not mat-
ter how many cells are killed and only the fate of those cells
remaining viable is important. For example, in vitro or ex vivo
gene-transfer applications may need to yield a uniform popu-
lation of transfected viable cells, even if a large fraction of
cells are killed in the process. To address this scenario, Figure
3 shows the data from Figure 2 re-plotted such that the cells
in the three uptake subpopulations are expressed as a fraction
of viable cells (as opposed to fractions of all cells, shown in
Fig. 2). In this case, uptake is optimized among the viable cells
by using high pressures and long exposure times (ANOVA;
P < 0.05). There is again a weak dependence on pulse length
with a transition near 1 ms (Student’s t test; P 4 0.007–0.022).
Duty cycle has no significant effect over the range of condi-
tions tested (ANOVA; P > 0.20).

Broad Correlation of Ultrasound’s Effects with
Acoustic Energy

Although the data presented in the above figures provide
useful information to help identify optimal ultrasound condi-
tions, it would be of even greater utility to have a single

acoustic parameter that correlated with uptake and viability
for all of these data. Because acoustic pressure and exposure
time were the dominant influences on ultrasound’s effects on
cells and because acoustic energy is proportional to exposure
time and pressure squared, we tested the ability of energy to
correlate with these bioeffects.

Figure 4A shows viability versus acoustic energy expo-
sure for all of the data in this study (i.e., shown in Figs. 2 and
3). Although there is some scatter, there is a reasonable cor-
relation between cell viability and energy (restricted cubic
spline R2 4 0.81), where viability is high at low energies and
then decreases with increasing energy. Figure 4B shows the
average number of molecules delivered into each cell within
each subpopulation. As discussed earlier, levels of uptake
within each subpopulation are generally of the same order of
magnitude, although uptake among NUP and LUP cells in-
creases with energy (ANOVA; P < 0.001) and uptake among
NUP cells shows considerable scatter.

The fraction of cells within each subpopulation is plotted
as a function of acoustic energy in Figures 5 and 6. Figure 5
represents these data as fractions of all cells treated (similar
to Fig. 2) and Figure 6 represents the data as fractions of only
the cells remaining viable after treatment (similar to Fig. 3).
Again, the data shown in Figures 2 and 3 all collapse down to
single curves in Figure 5 (restricted cubic spline R2 4 0.82,
0.31, and 0.31 for NUP, LUP, and HUP, respectively) and

Fig. 3. Effects of ultrasound on molecular uptake among cells that remained viable as functions of (A) ultrasound pressure, (B)
exposure time, (C) pulse length, and (D) duty cycle. The same data presented in Figure 2 are re-plotted to show the distribution
of the three subpopulations among only the viable cells.
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Figure 6 (restricted cubic spline R2 4 0.62, 0.50, and 0.62 for
NUP, LUP, and HUP, respectively), indicating a broad cor-
relation between molecular uptake and acoustic energy.

DISCUSSION

High Levels of Molecular Uptake

It is significant for drug- and gene-delivery applications
that ultrasound can be used to deliver large numbers of
molecules into viable cells. Cells in the HUP had an average
of 1.0 × 107 molecules per cell. Based on a cell volume of
2200 ± 200 mm3 (14), this corresponds to an intracellular con-
centration of 7.5 mM, which is close to the extracellular con-
centration of 10 mM. Thus, sonicated cells can internalize
molecules at a level approaching thermodynamic equilibrium.

Despite very high levels of uptake by some cells, there is
considerable heterogeneity. As much as 15% of treated cells
can show the highest levels of uptake (HUP), and as much as
40% of cells can have some significant level of uptake (LUP
+ HUP); however, in most cases the majority of cells are
either in the NUP subpopulation or are non-viable (Figs. 2
and 4). The cause of this heterogeneity is presently unclear
but may be due to cell-to-cell differences or could result from
non-uniformity in the cavitation field created by ultrasound.
Although in some cases heterogeneity could be a limitation,
in other cases it could be used as an asset, especially for
targeting. For example, if some cells are more susceptible to

ultrasound’s effects, then those cells could be selectively
loaded with drugs or genes. Alternatively, if non-uniform
cavitation is the cause of heterogeneity, then targeted regions
could be pre-seeded with cavitation nuclei (e.g., stabilized gas
bubbles) to focus ultrasound’s effects.

Fig. 4. Effects of ultrasound on (A) cell viability and (B) molecular
uptake as functions of acoustic energy exposure. The data shown in
Figure 2 have been reanalyzed and plotted here versus acoustic en-
ergy. Viability shows a good correlation with energy. Molecular up-
take by cells in each of the subpopulations is generally of the same
order of magnitude (see text).

Fig. 5. Effects of ultrasound on cell distribution among the (A) nomi-
nal uptake, (B) low uptake, and (C) high uptake subpopulations
shown as functions of acoustic energy exposure. The data shown in
Figure 2 have been reanalyzed and plotted here versus acoustic en-
ergy. All of the data fall into a single curve on each graph, which
indicates that energy is a good predictor of ultrasound’s bioeffects.
Optimization of the fraction of cells in the low uptake and/or high
uptake subpopulations occurs at ∼30 J/cm2.
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Although the results of this study may be directly applied
to in vitro, ex vivo, or other scenarios in which cells are in
dilute suspension, applying its implications to in vivo effects
of ultrasound on intact tissue are less straightforward. This is
because the cell disruption studied here is believed to be me-

diated by creation, oscillation, and possible implosion of cavi-
tation gas bubbles (10,11). In a dilute suspension of cells,
growth of these bubbles to microns dimensions can easily
occur. At the boundary between a fluid space and tissue, such
as when targeting the endothelial layer of a blood vessel or
the outer surface of skin, this may also be feasible. However,
within tissue, where cell density is high and extracellular
space is limited, bubble growth may be constrained, which
could diminish ultrasound’s effects.

Correlation with Acoustic Energy

The broad correlation of acoustic energy with both up-
take and viability should greatly facilitate the process of de-
veloping and applying ultrasound protocols for different ap-
plications. First, having a single, easily measured parameter
that correlates with bioeffects makes controlling an ultra-
sound device more straightforward. In addition, technical or
other constraints may limit the range of ultrasound conditions
that can be applied. Because energy is a function of both
pressure and exposure time, many possible combinations of
ultrasound conditions can yield the same energy and, thus, the
same biologic effects. This means that if a therapy would
benefit from rapid effects, then a short (e.g., sub-second),
high-pressure burst of ultrasound can be applied. However,
the hardware needed for high pressures is more costly. If
longer exposures are acceptable, then less-costly hardware
can be employed for longer, lower pressure ultrasound to
achieve the same effect.

Figure 5 suggests that to induce uptake in the greatest
number of cells, an acoustic energy exposure of approxi-
mately 30 J/cm2 should be used. Although this number is
almost certainly specific to our apparatus and possibly to our
cell type, comparison with other literature studies may give
insight. Guzman et al. (14) performed a similar study using the
same cell type but a different apparatus that operated using
500-kHz ultrasound. In that study, molecular uptake was
maximized at on the order of 100 J/cm2, which is similar to the
value determined here. Mitragotri et al. used ultrasound at a
similar frequency to ours (20 kHz), but studied its effects on
skin. They found that the onset of ultrasonic disruption of
skin, as measured by electrical conductivity, occurred at ∼10
J/cm2 for rat skin in vivo (17) and ∼200 J/cm2 for pig skin in
vitro (18), a range that brackets the values found for cells.
Given the many physical and biologic differences between
these studies, it is not clear that quantitative comparisons are
meaningful. Nevertheless, it is worth noting that the energies
of interest in these studies all fall within an order of magni-
tude of each other.

CONCLUSIONS

Ultrasound was shown to reversibly disrupt cell mem-
branes and thereby deliver large numbers of molecules into
viable cells. Within each sample, the number of molecules
taken up by each cell was heterogeneous. Up to 40% of cells
exhibited significant uptake and up to 15% achieved maxi-
mum intracellular concentrations in approximate thermody-
namic equilibrium with the extracellular solution. The re-
maining cells were either unaffected or made non-viable.
Both molecular uptake and cell viability strongly depended
on pressure and exposure time, weakly on pulse length, and

Fig. 6. Effects of ultrasound on the distribution of viable cells among
the (A) nominal uptake, (B) low uptake, and (C) high uptake sub-
populations shown as functions of acoustic energy exposure. The data
shown in Figure 3 have been reanalyzed and plotted here versus
acoustic energy. All of the data fall into a single curve on each graph,
which indicates that energy is a good predictor of ultrasound’s bioef-
fects. The fraction of viable cells in the low uptake and/or high uptake
subpopulations increases with increasing energy.
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insignificantly on duty cycle. All of the data were shown to
correlate with acoustic energy exposure, which may serve as a
single, predictive parameter. Because acoustic energy can be
easily measured, this correlation may prove useful as a tool to
design ultrasound protocols and to monitor or control them
during application. Combined, these findings suggest that ul-
trasound can provide a non-invasive means for intracellular
drug delivery.
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