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Abstract—Blood biomarkers are potentially powerful diagnostic tools that are limited clinically by low concentra-
tions, the inability to determine biomarker origin and unknown patient baseline. Recently, ultrasound has been
shown to liberate proteins and large mRNA biomarkers, overcoming many of these limitations. We have since
demonstrated that adding lipid-stabilized microbubbles elevates mRNA concentration an order of magnitude
compared with ultrasound without microbubbles, in vitro. Unfortunately the large size of some mRNA molecules
may limit efficiency of release and hinder efficacy as an ultrasound-liberated biomarker. We hypothesize that
smaller molecules will be released more efficiently with ultrasound than larger molecules. Although investigation
of large libraries of biomarkers should be performed to fully validate this hypothesis, we focus on a small subset of
mRNA and micro-RNAs. Specifically, we focus on miR-21 (22 base pairs [bp]), which is upregulated in certain
forms of cancer, compared with previously investigated mammaglobin mRNA (502 bp). We also report release
of micro-RNA miR-155 (22 bp) and housekeeping rRNA S18 (1869 bp). More than 10 million additional miR-
21 copies per 100,000 cells are released with ultrasound-microbubble exposure. The low- molecular-weight
miR-21 proved to be liberated 50 times more efficiently than high-molecular-weight mammaglobin mRNA,
releasing orders of magnitude more miR-21 than mammaglobin mRNA under comparable conditions. (E-mail:
rzemp@ualberta.ca) � 2014 World Federation for Ultrasound in Medicine & Biology.

Key Words: Biomarkers, Ultrasound, Microbubbles, micro-RNA, miRNA.
INTRODUCTION

Biomarkers are important diagnostic and prognostic tools
for clinicians to accurately and reliably evaluate many
diseases, including cancer. Typically, tissue biopsies are
necessary to properly assess the biomarkers in the tissue;
however, biopsies are often technically challenging and
risky because of the location of the tissue of interest.
Blood-borne biomarkers have been researched exten-
sively to limit or even to eliminate the need for tissue bi-
opsies (Beachy and Repasky 2008; Chatterjee and Zetter
2005; Hanash et al. 2011; Tainsky 2009). Several protein
blood biomarkers have been discovered with clinical
utility, including carcinoembryonic antigen (CEA) in
colon cancer, prostate-specific antigen (PSA) in prostate
cancer and CA-125 in ovarian cancer (National Cancer
Institute 2012; Tainsky 2009). These blood biomarkers
have great potential for diagnostic and prognostic
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evaluation of diseases with little more than a blood
sample; however, low biomarker concentration, inability
to determine the source of detectable biomarkers and no
patient baseline have all limited the introduction of
blood-borne biomarkers into the clinic.

In 2009, D’Souza et al. (2009) demonstrated that 2-
W/cm2 ultrasound with 50% duty cycle could be applied
to tissues in vivo, causing the release of CEA into the sur-
rounding blood from a colorectal cancer cell line. Besides
elevating biomarker levels in blood, this technique could
also be used to determine the source of the biomarkers. A
pre-ultrasound sample could be used as the patient base-
line and any increase in the biomarker levels in a post-
ultrasound sample could be attributed to the location of
the applied ultrasound. This technique takes advantage
of ultrasound–cell interactions that cause transient pores
to form in the cell membrane, reversibly compromising
its integrity and increasing its permeability, a process
known as sonoporation. In 2010, Kaddur et al. (2010)
used flow cytometry to demonstrate that microbubble-
enhanced sonoporation could release enhanced green
fluorescent protein from cells.
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Before the papers by D’Souza et al. (2009) and
Kaddur et al. (2010), the most common application of so-
noporation has been to get molecules into cells for gene
transfection and drug delivery (Chen et al. 2006;
Delalande et al. 2012; Luo et al. 2008; Nomikou and
McHale 2010). Because ultrasound can be directed and
focused at specific tissues, sonoporation provides
researchers with a method to noninvasively target
specific tissues and transfect or release specific
molecules in vivo. Sonoporation was found to induce
pores sized at hundreds of nanometers (Zhou et al.
2009). Throughout the research into sonoporation it was
found that microbubbles could substantially lower the
required acoustic energy to induce sonoporation and in-
crease the transfection efficiency. The exact mechanism
for microbubbles enhancing sonoporation is not under-
stood; however, there are several theories that explain
this effect, including acoustic microstreaming caused by
acoustic scattering around microbubbles (Marmottant
and Hilgenfeldt 2003; Wu 2002), shock waves from
collapsing microbubbles (Lokhandwalla and Sturtevant
2001) andmicrojet formation from asymmetricmicrobub-
bles collapsing near cells (Ohl et al. 2006; Prentice et al.
2005). Microbubble-enhanced sonoporation has been
shown to create larger pores that can exceed a micrometer
(Zhao et al. 2008). Recently, Fan et al. (2012) demon-
strated transport kinetics of fluorescent molecules into a
cell using microbubble-enhanced sonoporation. They
demonstrated that a single bubble cavitating near cells
could allow entry of impermeable propidium iodide and
fluorescent calcein into the cells.

We have recently extended the concept of protein
biomarker liberation using ultrasound to mRNA mole-
cules and used lipid-stabilized microbubbles to further
amplify the release of biomarkers by more than an order
of magnitude compared with ultrasound alone (Forbrich
et al. 2013). Microbubbles provide several advantages
over ultrasound alone: (1)Microbubbles enhance sonopo-
ration, reducing the cavitation energy necessary for the
pores to form, which reduces the required acoustic inten-
sity and duration needed for adequate biomarker libera-
tion. (2) As contrast agents, ultrasound can detect single
microbubbles (Klibanov et al. 2004) allowing for the
development of a dual-mode high-contrast imaging
biomarker liberation ultrasound system. (3) Microbub-
bles can be designed with ligands that target tissue-
specific receptors, potentially causing an accumulation
of bubbles near the tissue of interest. Coupled with a
lower acoustic intensity and focused ultrasound, targeted
microbubbles could limit biomarker liberation from unre-
lated tissues while substantially increasing the biomarker
liberation from the tissue of interest.

The large size of many mRNA molecules may limit
efficiency of release from cells. One goal of this paper is
to investigate the hypothesis that smaller biomarker mol-
ecules will be released more efficiently compared with
larger ones. A number of small molecule biomarker can-
didates could be considered; however, we choose to focus
on micro-RNA (miRNA) as a related but smaller class of
the mRNA biomarkers we previously investigated for
ultrasound-aided liberation.

Recently there has been rising interest in miRNA as
potential biomarkers for many diseases, including various
forms of cancer (Fu et al. 2011; Jeffrey 2008; Kosaka
et al. 2010; Lujambio and Lowe 2012; Ma et al. 2012;
Sassen et al. 2008; Wittmann and J€ack 2010). miRNAs
are small non-encoding RNAs, typically,25 nucleotides
in length, which regulate the expression of many genes. In
many cancers miRNAs are substantially dysregulated,
creating a unique molecular profile capable of differenti-
ating cancers and normal tissues (Lu et al. 2005;
Lujambio and Lowe 2012). A unique 13-miRNA signa-
ture has been associated with chronic lymphocytic leuke-
mia progression (Calin et al. 2005), and specific miRNA
profiles have been correlated with estrogen and progester-
one receptors, as well as human epidermal growth factor
receptor 2—common receptors used to guide treatment
and evaluate the prognosis of breast cancer patients (Fu
et al. 2011; Iorio et al. 2005; Mattie et al. 2006).

This article presents a study of how miR-21, a 22-
nucleotide RNA molecule, is liberated by ultrasound and
microbubbles. The efficiency of the small-molecular-
weightmiR-21 biomarker is comparedwith our previously
published work on mammaglobin mRNA. miR-21 is an
ideal candidate miRNA biomarker because it is substan-
tially upregulated inmany cancers, including breast, colon,
pancreatic, prostate and lung cancers (Volinia et al. 2006).
We hypothesized that as the length of the nucleic acid de-
creases, the ability of ultrasound to amplify the release of
the biomarkerwould increase. To exemplify this, we found
thatmiR-21 is releasedmore efficiently comparedwith our
previous work on mammaglobin mRNA. Verification of
this hypothesis, however, requires additional studies inves-
tigating a large library of nucleic biomarkers. Furthermore,
we found that microbubbles can be used to obtain substan-
tial increases in biomarker levels for miR-21. To our
knowledge, the findings reported here are the first to quan-
titatively compare cellular release efficiency of different
sized biomarker molecules and suggest that other small
molecules that are candidate biomarkers for a range of
diseases could offer enhanced diagnostic sensitivity
when liberated by ultrasound-microbubble exposure.
METHODOLOGY

Microbubble preparation
Lipid-stabilized microbubbles were created by

combining 350 mL lipid stock solution (27 mg/mL
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine [Sigma-
Aldrich, St. Louis, MO, USA], 3 mg/mL 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine [Sigma-Aldrich, St.
Louis, MO, USA], and 100 mg/mL glucose dissolved
in phosphate buffered saline (PBS)), 5 mL of 10%
(w/v) albumin solution, and 50 mL of glycerol in a
1.5 mL tube, replacing the air in the tube with octa-
fluoropropane gas (Electronic Fluorocarbons, LLC,
Hopkinton, MA, USA), and shaking the tube for 30 sec-
onds using a mechanical shaker (D-650 Amalgamator,
TPC, City of Industry, CA, USA). This yielded an
average concentration of 3.6 3 109 bubbles/mL with
mean and mode diameters of 3.26 and 2.40 mm, respec-
tively. This formulation was modified from Chen et al.
(2006), who demonstrated the microbubbles formula-
tion potential for in vivo experiments. Using this
formulation allows future studies to investigate
in vivo biomarker release using microbubbles without
major modifications to the techniques presented here.
Sample preparation and collection
A procedure similar to that used by Forbrich et al.

(2013) was used to allow direct comparison of mamma-
globin mRNA with miR-21 miRNA. The procedure is
pictorially summarized in Figure 1. In brief, each well
of a 12-well plate was inoculated with 200,000 ZR-75-1
breast cancer cells (American Type Culture Collection)
in 2 mL of RPMI with 10% fetal bovine serum and incu-
bated for 3 days. Before insonifying a well, (1) the growth
medium was aspirated, (2) the well was washed with
PBS, (3) 1 mL of the growth medium with or without
lipid-stabilized microbubbles (4 3 107 bubbles/mL)
was added to the well, (4) the plate was gently mixed
for 10–15 sec, and (5) a 480 mL pre-ultrasound sample
was taken. The 12-well plate was then half-immersed in
a 37�C water bath directly above a 1 MHz, unfocused ul-
trasound transducer (SP100 Sonoporator, Sonidel
Limited, Raheny Dublin, Ireland). Acoustic parameters
ranged from 0.1 to 5 W/cm2 (spatial-average, temporal
peak [SATP] intensity), 25%–50% duty cycle, and 1- to
30-min exposure duration. The transducer was constantly
moved during sonicating to interrogate all the cells. After
sonication and 10–15 sec of mixing, a 480 mL post-
ultrasound sample was taken. The samples were centri-
Fig. 1. Biomarker liberation procedure. Pre- and post-
ultrasound medium samples are taken and compared.
fuged at 16,000 3 g and 450 mL of the supernatant was
transferred to a new vial, which was flash frozen in liquid
nitrogen and stored in a280�C freezer until later process-
ing. Each experimental setting was conducted at least
three times.

The acoustic intensity calibration for the SP100 ul-
trasound system was verified by submerging a hydro-
phone (HNP-400, Onda, Sunnyvale, CA, USA) and the
SP100 system in a water tank and recording the detected
pressures. References to the acoustic intensity throughout
this paper refer to the system settings. The acoustic inten-
sity at the cell layer within the well was also determined
by placing the tip of the hydrophone into�500 mL PBS in
the 12-well plate and exposing thewell to ultrasound. The
hydrophone was moved in a raster pattern to obtain two-
dimensional (2-D) pressure profiles within the well under
various conditions.

Cell viability
After the biomarker liberation experiment, PBS and

trypsin were used to collect all cells from each well. The
centrifuged post-ultrasound vial was washed with PBS to
collect any cells that detached during the experiment.
Cell viability was assessed with trypan blue staining
and a hemocytometer after an hour to allow the resealing
of pores formed during sonication because many groups
have reported that small-pore resealing occurs within a
few minutes (Deng et al. 2004; Yang et al. 2008).
Larger pores may not have resealed in this time (Zhao
et al. 2008) and may allow trypan blue to stain the cells;
these cells are considered dead in our analysis.

miR-21 biomarker liberation as a result of cell death
Cell incubation with hydrogen peroxide (H2O2) was

performed to induce cell death and quantify the number
of miR-21 copies released as a result of cell death. The
ZR-75-1 cells (cultured and plated in 12-well plates as
described earlier) were incubated with hydrogen peroxide
for 30 min (the maximum length of the ultrasound exper-
iments) at H2O2 concentrations varying from 10 mM to
500 mM. Samples of the medium were collected and
analyzed for cell death and biomarker liberation as previ-
ously described.

Ideally it would be preferred to have some chemical
treatment that would kill cells but not lyse them and not
affect RNA levels as a control treatment to compare
with ultrasound treatments. Unfortunately many chemi-
cal treatments may affect RNA expression levels. Our
approach was to use H2O2 (which is shown to induce
apoptosis) as a chemical treatment and correct for the
alteration in RNA expression levels using a correction
factor. To account for the effects of H2O2 either on
miR-21 expression in cells or on miR-21 itself, ZR-75-
1 cells incubated with or without H2O2 were lysed (using
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Qiazol as part of the RNA purification kit protocol) and
RNA levels were compared. Using this data, a correction
factor (miR-21 from Qiazol-lysed cells incubated with
H2O2 divided by miR-21 from lysed cells incubated
without H2O2) is obtained and applied to the H2O2 release
data in all figures. This correction factor is meant to ac-
count for reduction in RNA levels associated with
H2O2, while still having some means to compare RNA
release from ultrasound treatment.

It could be argued that H2O2 treatment is a biased
control because it does not bring about mechanical
stresses and could instead induce changes in mRNA
expression. For this reason we accounted for mRNA
expression level changes caused by H2O2 and also
included mechanical lysing as an alternate control. For
mechanical lysis, we used a Pro300 A Homogenizer
(Pro Scientific, 8 bursts of �20s at 18,000 RPM) to me-
chanically lyse cells. Trypan blue staining confirmed
that .95% of cells were dead.
Biomarker quantification
Absolute quantification of the miR-21 miRNA was

completed using a standard TaqMan procedure. First, to-
tal RNA was purified into a 30-mL eluate using a total
RNA purification kit (miRNeasy Mini Kit, Qiagen, Mis-
sissauga, ON, Canada). Second, miR-21 was reverse
transcribed by using TaqMan MicroRNA Reverse Tran-
scription Kit (Applied Biosystems, Burlington, ON, Can-
ada). Third, TaqMan probes and primers specific for miR-
21 were combined with the miR-21 complimentary deox-
yribonucleic acid (DNA), TaqMan Universal Master Mix
II (Applied Biosystems, Burlington, ON, Canada) and
analyzed using the 7900HT Fast Real-Time PCR System
(Applied Biosystems, Burlington, ON, Canada). Stan-
dard curves were created for miR-21 by creating a known
concentration of RNA primers (GenScript, Piscataway,
NJ, USA) with the miR-21 nucleotide sequence. This
standard curve is used in analysis to determine the num-
ber of miR-21 copies present in the reverse transcribed
solution. To account for the dilutions in the analysis, a
correction factor of 7.45 is used to determine the number
of copies in the original 500 mL pre- and post-ultrasound
samples. One-way and two-way analysis of variance
(ANOVA) and Tukey honest significant difference
(HSD) test were used to determine statistical significance.
Fig. 2. A pressure profile of a 1-MHz unfocused transducer
within a well of a 12-well plate. The SP100 system lists the in-

tensity at 2 W/cm2.
RESULTS AND DISCUSSION

Although miR-21 was found naturally in the
growth medium, the subtraction of the pre-ultrasound
sample from the post-ultrasound sample accounts for
ultrasound-aided release relative to the baseline. Control
experiments were conducted to account for the natural
release of miR-21 over the length of the experiment. After
30 min (the maximum length of the experiments) there
were 6 3 106 6 2 3 106 miR-21 copies released per
100,000 cells. The natural release of miR-21 was 1–2 or-
ders of magnitudes less than the amount released by ultra-
sound and microbubbles.

Figure 2 shows a 2-D raster scan of the pressure pro-
file within a 12-well plate while the SP100 ultrasound
system delivered 2 W/cm2 (SATP averaged over the
transducer aperture) at 50% duty cycle. The measured
spatial peak, temporal peak (SPTP) intensity was
12.1 W/cm2 with a full-width half-maximum (FWHM)
of�3.5 mm. Averaging over the entire effective radiating
area, we found the SATP intensities in the well were
�2.95 W, nearly a 50% increase in intensity compared
with the reported value. These results are consistent
with results from Kinoshita and Hynynen (2007) and
Hensel et al. (2011), who found intensities can range by
a factor of four as a result of the formation of standing
waves in the well. Variations in the volume of liquid in
the well, slight streaming effects and transducer motion
constantly changed the location of standing wave nodes
and cause a large variation of the measured intensities.
The hydrophone measured a symmetric acoustic pressure
wave allowing for the determination of the peak
negative pressure (PNP) and mechanical index (MI) –
crucial values for cavitation. PNP is determined by
(2r0c0I)

1/2, where r0 and c0 is the density and speed of
sound in the liquid, respectively, and I is the intensity.
MI is calculated as PNP/f1/2 where f is the frequency of
the ultrasound in MHz. Reported intensities of 0.1, 0.3,
0.5, 1, 3 and 5 W/cm2 thus correspond to PNPs of 0.05,
0.09, 0.12, 0.17, 0.30, 0.39 MPaPNP and MIs of 0.05,
0.09, 0.12, 0.17, 0.30, 0.39, respectively. All intensities
on the figures refer to the SP100 system settings;
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however, hydrophone measurements reveals that the in-
tensity within the well could range from one- to fourfold
greater, consistent with Kinoshita and Hynynen (2007)
and Hensel et al. (2011).

Microbubble cavitation was confirmed through
microscopy and hydrophone measurements. Using a 20-
cycle burst of 1 MHz ultrasound, we found that the inten-
sity required to destroy more than 95% of the bubbles was
more than 14.8 W/cm2. However, with enough cycles
even the lowest intensity ultrasound used in this paper
(0.1 W/cm2) was able to destroy the microbubbles.

The results of the H2O2 studies are presented in
Figure 3. Figure 3a shows the cytotoxicity and was
used to find appropriate H2O2 concentrations to deter-
mine the cell death equivalent biomarker released used
in Figures 4, 5, and 6. Figure 3b shows the biomarker
liberation as a result of incubation with the H2O2.
Although the mechanisms of biomarker liberation caused
by ultrasound-microbubble exposure and H2O2 incuba-
tion are not necessarily identical, these experiments
give a good idea as to the contribution cell death has on
the amount of biomarkers liberated. As a constant source
of chemical, oxidative stress, high levels of H2O2 have
previously been shown to dysregulate the expression of
genes (Chuang et al. 2002) and can potentially damage
DNA (Linley et al. 2012). This is believed to be a domi-
nant mechanism of cell necrosis.We used H2O2 treatment
as a chemical means of inducing cell death in contrast to
the mechanical mechanisms believed to operate in
ultrasound-microbubble interactions. H2O2 chemical
stresses can also affect miRNA expression, and indeed
we found that H2O2 treatment reduced miR-21 levels.
This effect is accounted for by comparing gene expres-
sion of lysed cells incubated with and without H2O2.
ComparingmiR-21 expression in Qiazol-lysed cells incu-
bated with or without H2O2 indicated that the cells incu-
bated with H2O2 expressed �1.8 6 0.2-fold less than
cells incubated without H2O2. A correction factor was
applied to the H2O2 data shown in the figures to account
for this expression difference. It should be noted that the
Fig. 3. (a) Hydrogen peroxide–induced cell death and (b) miR-
mechanism of H2O2 on biomarker release is unclear and
could be a topic of further research.

In addition to the use of H2O2 to chemically lyse
cells as a control treatment, we also considered mechan-
ical lysing treatments as an alternate control. The miR-21
biomarker concentration from mechanically lysed cells
(via homogenizer) was 2.6 6 0.3-fold less than the cells
lysed with the purification kit and 1.4-fold less than H2O2

treatments. In a sense these mechanical lysing data were
counterintuitive to us because we expected mechanical
lysing to release cell contents and present total RNA
levels. It is likely that exosomes, microvesicles and cell
fragments created or released during the homogenization
procedure and containing RNAwere removed during the
centrifugation step common to all post-treatment proto-
cols. As a reference for comparison for Figures 4, 5
and 6, a maximum of 4.2 3 108 copies per
100,000 cells could be liberated as determine by
complete mechanical lysis of the cells using a
homogenizer and is indicated on Figures 4–6 by a solid
black line.

The effect of duty cycle on miR-21 liberation with
and without microbubbles was examined by applying
1 MHz, 2 W/cm2 ultrasound for 1 min (Fig. 4). Without
microbubbles, cell viability was measured at 92.1 6 2.0
and 89.5 6 1.0%, whereas with microbubbles cell
viability was measured at 70.2 6 6.5 and 69.9 6 2.2%
at 25% and 50% duty cycle, respectively. The cell death
equivalent biomarker liberation shown in Figure 3 shows
that only a small portion of biomarker liberation is due to
cell death. Two-way ANOVA shows that both microbub-
bles (p , 0.001) and duty cycle (p , 0.05) have a statis-
tically significant effect on biomarker liberation with no
significant interaction between the two variables. As in
previous work (D’Souza et al. 2009; Forbrich et al.
2013), high-duty cycle is a crucial factor when working
with ultrasound alone (p , 0.05); however, the addition
of microbubbles allows even low-duty cycle ultrasound
to exceed the miR-21 liberation at high-duty cycle
ultrasound without microbubbles. Ultrasound with
21 liberation as a result of hydrogen peroxide incubation.



Fig. 4. Ultrasound duty cycle and microbubbles on miR-21
liberation. Biomarker release from ZR-75-1 cells exposed to
either a 1-MHz, 2-W/cm2 unfocused ultrasound transducer for
1 min with or without microbubbles (dark gray and light gray
bars, respectively) or exposed to H2O2 without ultrasound.
White bars represent miR-21 release as a result of H2O2 expo-
sure at similar cell viabilities as corresponding ultrasound ex-
periments (cell death equivalent biomarker release). The solid
black line represents the maximum possible miR-21 release. As-
terisks (*) represent statistical significance as determined by
two-way ANOVA and Tukey HSD analysis. Both microbubbles
(p , 0.001) and duty cycle (p , 0.05) have statistical signifi-
cance without statistical interaction (p z 0.92). Note: H2O2

treated cells were not exposed to ultrasound.

Fig. 5. Ultrasound intensity and microbubbles on miR-21 liber-
ation. Biomarker release from ZR-75-1 cells exposed to either a
1-MHz, 50% duty cycle unfocused ultrasound transducer for
10 min with or without microbubbles (dark gray and light
gray bars, respectively) or exposed to H2O2 without ultrasound.
White bars represent release caused by H2O2 exposure at similar
cell viabilities as corresponding ultrasound experiments (cell
death equivalent biomarker release). The solid black line repre-
sents the maximum possible miR-21 release. Asterisks (*) repre-
sent statistical significance as determined by two-way ANOVA
and Tukey HSD analysis. Both microbubbles and intensity have
statistical significance (p , 0.01) without statistical interaction
(p z 0.44). Note: H2O2 treated cells were not exposed to

ultrasound.

Fig. 6. Ultrasound duration and microbubbles on miR-21 liber-
ation. Biomarker release from ZR-75-1 cells exposed to either a
1-MHz, 2-W/cm2 (50% duty cycle) unfocused ultrasound trans-
ducer with or without microbubbles (dark gray and light gray
bars, respectively) or exposed to H2O2 without ultrasound.
White bars represent release caused by H2O2 exposure at similar
cell viabilities as corresponding ultrasound experiments (cell
death equivalent biomarker release). The solid, thick line repre-
sents the maximum possible miR-21 release. Asterisks (*) repre-
sent statistical significance as determined by two-way ANOVA
and Tukey HSD analysis. The addition of microbubbles caused
statistically significant increases in miR-21 release (p , 0.01),
and duration had less statistical significance (p z 0.05), with
minimal interaction between these parameters (p z 0.069).
Comparing no microbubbles with microbubbles reveals statisti-
cal significance (p , 0.05). Note: H2O2 treated cells were not

exposed to ultrasound.
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microbubbles increase miR-21 liberation by 6.4- and 2.6-
fold at 25% and 50% duty cycles, respectively, compared
with ultrasound alone (p, 0.05). The effect of increasing
duty cycle from 25% to 50% is reduced when microbub-
bles are present only providing a 1.4-fold increase in
copies, whereas a five-fold increase is seen with ultra-
sound alone. Previous publications (D’Souza et al.
2009; Forbrich et al. 2013) indicated that protein and
mRNA biomarkers require high-duty cycle to sufficiently
release biomarkers—CEA liberation wasn’t achieved
even at acoustic intensities of 6W/cm2 at 20% duty cycle
(D’Souza et al. 2009). However, these data show that it
may be possible to examine an array of important
miRNA at clinically used lower duty cycles and
intensities.

Using microbubbles may be an important factor to
reduce the required duty cycle and may lead to current
clinical ultrasound systems being capable of releasing
biomarkers into the blood. Furthermore, tissue damage
is a concern that would be mitigated by reducing the
duty cycle and intensity. Because microbubbles reduce
both the duty cycle (Fig. 4) and the intensity (Fig. 5)
required, ultrasound-aided biomarker release may show
promise at clinical diagnostic limits for ultrasound
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exposure. Alternatively, novel ultrasound systems could
be designed to handle high-duty cycle biomarker libera-
tion. As suggested in the introduction, microbubbles
give high contrast—in fact, single microbubble sensi-
tivity (Klibanov et al. 2004)—in ultrasound imaging;
hence, an ultrasound system could be dual-purposed for
low-duty cycle imaging and high-duty cycle biomarker
release.

Although no substantial increase is seen at 50% duty
cycle compared with 25% duty cycle when microbubbles
are present, all future experiments are conducted at 50%
duty cycle to be consistent with other protocols. Slightly
lower, but still significant (p, 0.05), numbers of miR-21
miRNA copies are expected at 25% duty cycle with mi-
crobubbles and may be used if heating and power deliv-
ered to the tissue becomes an issue. Higher duty cycles
and continuous ultrasound were not examined because
transducer and tissue overheating and power delivery
were concerns.

Figure 5 shows how miR-21 release is substantially
increased with microbubbles and moderate intensity.
Cells were sonicated for 10 min at 50% duty cycle at
varying acoustic intensities. Without microbubbles, cell
viability was measured at 86.8 6 3.3, 85.8 6 1.6,
84.1 6 1.5, 82.3 6 3, 81.0 6 0.7 and 74.8 6 2.64%
at 0.1, 0.3, 0.5, 1.0, 3.0 and 5.0 W/cm2, respectively.
With microbubbles, cell viability was measured at
79.0 6 3.6, 80.8 6 1.0, 79.5 6 2.4, 76.6 6 0.5,
68.4 6 0.7 and 62.3 6 3.2% at 0.1, 0.3, 0.5, 1.0, 3.0
and 5.0 W/cm2 ultrasound intensity, respectively. Results
from the H2O2 studies show that the contribution of
biomarker liberation from cell death is minimal
compared with the total amount of miR-21 released
because of ultrasound-microbubble exposure. Two-way
ANOVA shows that both microbubbles (p , 0.01) and
acoustic intensity (p, 0.01) have statistically significant
effects on biomarker liberation. At low acoustic inten-
sities (,1W/cm2) the microbubbles produce dramatic in-
creases in miR-21 release (p , 0.05), causing nearly an
order of magnitude increase in the miR-21 concentration
compared with no microbubbles. However, at high acous-
tic intensity (5 W/cm2) both ultrasound alone and with
microbubbles release a high concentration of miR-21
into the surrounding medium, causing only 1.2-fold in-
crease in miR-21 concentrations compared with ultra-
sound alone. The most substantial increase in copy
count as a result of microbubbles is seen at 3 W/cm2,
where more than 25 million miR-21 molecules are
released per 100,000 cells. The results follow the same
trend as the mammaglobin mRNA (Forbrich et al.
2013); however, the copies released are three orders of
magnitude greater for miR-21.

Figure 5 shows that acoustic intensity is an impor-
tant factor for biomarker liberation (p , 0.05). With
and without microbubbles, the biomarker release sub-
stantially increases after 1 W/cm2, and by 5 W/cm2 the
biomarker liberation without microbubbles is nearly
identical to the with-microbubble scenario. The substan-
tial increase after 1 W/cm2 may be due to the acoustic
intensity being great enough to induce cavitation
without immediate microbubble destruction, whereas
the minute differences at 5 W/cm2 most likely are due
to inertial cavitation of the microbubbles early in the ul-
trasound therapy limiting microbubble–cell interaction
duration. Although the large biomarker liberation at
5 W/cm2 is ideal, our results indicate that cell death
starts to increase drastically after 1 W/cm2. At low
acoustic intensities (#1 W/cm2) there is a substantial
difference between non-microbubble and microbubble
experiments (p, 0.05). This most likely is due to micro-
bubbles undergoing stable cavitation instead of inertial
cavitation and therefore remaining in the growth media
throughout the entire experiment. Furthermore, the
continual presence of microbubbles throughout the
experiment at low intensities may cause microstreaming
effects that place sheer stress in the cell membrane,
causing small pores to form (Marmottant and
Hilgenfeldt 2003; Wu 2002). Larger pores can form at
high intensity because of microbubble collapse
creating microjets and shock waves (Lokhandwalla
and Sturtevant 2001; Ohl et al. 2006; Prentice et al.
2005; Zhao et al. 2008). The larger pores created at
high intensity may allow the biomarkers to more easily
diffuse out of the cell, thus giving rise to higher
biomarker liberation.

Figure 6 shows that miR-21 concentrations peak at
5 min; however, unlike mammaglobin mRNA, which
decreased by more than 45% over 30 min, miR-21 re-
mains relatively constant for 30 min in the growth
medium, only decreasing by 7% (not statistically signifi-
cant, p. 0.05). This difference may be due to miRNA be-
ing more stable than mRNA outside of cells. Without
microbubbles, the miR-21 concentration slowly rises
and plateaus within 5 min. However, with microbubbles
there is a statistically significant (p , 0.01) increase in
miR-21 concentration (18- to 25-fold increase compared
with no microbubbles). Although the reason for the
decrease in concentration is unknown, the early peak in
miR-21 concentration is desirable for in vivo experi-
ments. Furthermore, Figure 6 demonstrates the high sta-
bility of miR-21, which make miRNA more desirable
than mammaglobin mRNA for lengthy procedures.
Without microbubbles, cell viability was 89.5 6 1.0,
90.9 6 3.4, 84.9 6 5.5 and 82.2 6 0.8% at 1, 5, 20 and
30 min exposure duration, respectively. With microbub-
bles, cell viability was 69.9 6 2.2, 67.3 6 7.9,
66.86 4.1 and 61.86 3.4% at 1, 5, 20 and 30 min expo-
sure duration, respectively.
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Examining miRNAs presents several advantages
over other potential biomarkers, including proteins and
mRNAs. Because many miRNAs regulate the expression
of more than one gene, an unusual level of miRNA may
be indicative of more than one abnormally expressed
gene. Simultaneous profiling of a number of biomarkers
could offer improved sensitivity and specificity. As with
our previous mRNA study (Forbrich et al. 2013), our pre-
sent study using miRNA uses TaqMan to quantify the
levels of RNA, which has high specificity, has more
than seven orders of magnitude dynamic range, and
most importantly for blood biomarkers, has near single-
copy sensitivity. Overall our in vitro results indicated
that miRNAs have great potential as biomarkers. Their
small size and low molecular weight allow miRNAs to
more easily diffuse out of cells compared with mRNA.
The number of copies released of miR-21 is orders of
magnitude greater than that of mammaglobin mRNA
(Fig. 7a). Quantifying the number of RNAmolecules pre-
sent in a solution of lysed ZR-75-1 cells resulted in �82
mammaglobin mRNA copies per cell and�1110 miR-21
copies per cell. This implied that only 0.4% and 20.3% of
the mammaglobin mRNA and the miR-21 molecules in
the cells were released into the growth media, respec-
tively (using data for a 1 MHz unfocused transducer at
1 W/cm2, 50% duty cycle and 10-min exposure), when
microbubbles were present as depicted in Figure 7b.
This supports our hypothesis that biomarker liberation
is related to the size of the molecule in that smaller mol-
ecules (miR-21, 22 bases) inside cells are more easily
liberated than larger molecules (mammaglobin mRNA,
502 bases).

Although the concentration of microbubbles used in
our in vitro studies is not attainable in vivo, a continuous
intravenous injection of microbubbles would allow the
Fig. 7. Comparison of mammaglobin mRNA and miR-21 liber
75-1 breast cancer cells to 10 min of 1-W/cm2, 50% duty cycle
Biomarker liberation efficiency. The number of biomarkers per
biomarker release. Two-way ANOVA indicates that both the ad

tistically significant (p , 0.05) and that ther
microbubbles to continuously flow throughout the target
tissue, replenishing the microbubbles that burst. This
could allow for enhanced biomarker liberation. Targeted
microbubbles could also be designed with ligands to bind
to the target tissue, causing a buildup of microbubbles and
a potentially large biomarker release. Furthermore, pri-
mary radiation forces from the ultrasound can act on
the microbubbles in vivo, causing microbubble transla-
tion, moving the microbubbles closer to the blood vessel
walls and the target tissue—potentially increasing the
biomarker release and binding efficiency of targeted mi-
crobubbles. Given that the total number of cells per well
is approximately 800,000 at the time of the experiments,
the ratio of bubbles to cells is quite high at 50 to 1. This
observation should be tempered with the fact that cells are
growing in a monolayer, whereas microbubbles are
distributed throughout the volume of the growth medium.
Microscopy of the cell monolayers show that there are
significantly fewer microbubbles visible compared with
cells; however, because of acoustic streaming and mixing
effects it is difficult to know the number of microbubbles
that interact with each cell.

Microbubbles are advantageous in many aspects;
however, several limitations will exist when trans-
lating this work into animal models. Microbubbles
are intravascular agents and are too big to escape
the vasculature. Endothelial cell lining increases the
microbubble-tumor cell separation and may reduce
the effects of ultrasound-microbubble interaction on
cancerous tissues. Sub-micron microbubbles (Kim
et al. 2010; Yin et al. 2012) and phase-change
nanodroplets (Sheeran et al. 2011; Wilson et al.
2012) have been developed that can extravasate out
the leaky vasculature surrounding tumors, providing
passive accumulation. Studies should be designed to
ation using a 1-MHz unfocused transducer to expose ZR-
ultrasound. (a) Copies released on a logarithmic scale. (b)
cell was determined and used to estimate the efficiency of
dition of microbubbles and the type of biomarker are sta-
e is significant interaction (p , 0.05).
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examine how well these microbubbles work for
biomarker liberation. Analyzing miR-21 levels alone
does not provide great insight for diagnostic classifica-
tion and prognostic evaluation; hence, an array of miR-
NAs must be examined to determine the diagnostic
ability of this technique. Future studies should investi-
gate larger arrays of RNA and protein to examine the
diagnostic potential of this technique. Preliminary re-
sults using the housekeeping rRNA 18S (1869 bp) and
the micro-RNA miR-155 (22 bp) verify that this process
is not unique to miR-21. Using 1 MHz, 1 W/cm2, 50%
duty cycle ultrasound for 10 min, a fold increase of up
to 1.24 6 0.16 and 2.56 6 0.48 was measured without
microbubbles, whereas with microbubbles a fold in-
crease of up to 2.36 6 0.09 and 6.06 6 0.12 was
measured for 18S and miR-155, respectively. miR-155
was found to be expressed at very low concentrations
in the ZR-75-1 cells compared with miR-21; hence,
only a small fold increase is seen. Ultrasound-induced
release efficiency may depend not only on molecular
size but also on concentration gradients across cell
membranes, intracellular packaging of molecules and
other complex effects. Future investigation should
assess how concentration gradients and other factors ef-
fect biomarker liberation.

There has been much research into how biomarkers
are shed into the bloodstream; however, the exact mech-
anism is not well understood. Extracellular RNAs have
been shown to be released as free-circulating molecules,
exosomes, microvescicles, apoptotic bodies and ribo-
nucleoproteins (Arroyo et al. 2011; Zandberga et al.
2013). Because many studies have reported that
ultrasound-microbubble interaction near cells induces so-
noporation, we speculate that the primary mechanism of
biomarker liberation from cells as a result of ultrasound
and ultrasound-microbubble exposure is sonoporation.
However, more investigation is needed to determine the
exact mechanisms for biomarker release, and this is left
for future studies.

Overall, miRNAs have great potential as diagnostic
markers and this technique may help release biomarkers
into the blood allowing for minimally invasive diagnos-
tics. This ultrasound-enhanced liberation technique
applied to miRNAs may aid diagnostic and pro-
gnostic medicine because (1) miRNAs are small, low-
molecular-weight molecules that can diffuse out of cells
with more than 50-fold higher efficiency than previously
investigated mammaglobin mRNA using ultrasound-
microbubble exposure; (2) as a model miRNA, miR-21
has been detected with several orders of magnitude in-
crease in copy number compared with background levels,
making detection and reproducibility promising; and (3)
miRNAs are much more stable than mammaglobin
mRNA based on our previous work.
CONCLUSIONS

Our findings indicate that miR-21 is released much
more efficiently than mammaglobin mRNA and support
the hypothesis that ultrasound-mediated biomarker liber-
ation of smaller molecules is more efficient than larger
molecules. Although more investigation is needed to
verify this hypothesis for a large library of biomolecules,
these data suggest that other smaller molecules that are
candidate biomarkers for a range of diseases may offer
enhanced diagnostic sensitivity when liberated by
ultrasound-microbubble exposure compared with larger
molecules, an effect that may be further amplified by
microbubbles.
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