
Enhanced intracellular delivery of a model drug using
microbubbles produced by a microfluidic device

Adam J. Dixona, Ali H. Dhanaliwalaa, Johnny L. Chena, and John A. Hossacka,*

aDepartment of Biomedical Engineering, University of Virginia, Charlottesville, Virginia, USA

Abstract
Focal drug delivery to a vessel wall facilitated by intravascular ultrasound and microbubbles holds
promise as a potential therapy for atherosclerosis. Conventional methods of microbubble
administration result in rapid clearance from the blood stream and significant drug loss. To
address these limitations, we evaluated whether drug delivery could be achieved with transiently
stable microbubbles produced in real-time and in close proximity to the therapeutic site. Rat aortic
smooth muscle cells were placed in a flow chamber designed to simulate physiological flow
conditions. A flow-focusing microfluidic device (FFMD) produced 8 μm diameter monodisperse
microbubbles within the flow chamber, and ultrasound was applied to enhance uptake of a
surrogate drug (calcein). Acoustic pressures up to 300 kPa and flow rates up to 18 mL/s were
investigated. FFMD generated microbubbles were stabilized with a polyethylene glycol-40
stearate shell and had either a perfluorobutane (PFB) or nitrogen gas core. The gas core
composition affected stability, with PFB and nitrogen microbubbles exhibiting half-lives of 40.7
and 18.2 seconds, respectively. Calcein uptake was observed at lower acoustic pressures with
nitrogen microbubbles (100 kPa) than with PFB microbubbles (200 kPa) (p < 0.05, n ≥ 3). In
addition, delivery was observed at all flow rates, with maximal delivery (> 70% of cells) occurring
at a flow rate of 9 mL/s. These results demonstrate the potential of transiently stable microbubbles
produced in real-time and in close proximity to the intended therapeutic site for enhancing
localized drug delivery.
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Introduction
Ultrasound enhanced drug and gene delivery has been investigated extensively in recent
years. Early work by Fechheimer et al. (1987) demonstrated increased uptake of plasmid
DNA at 20 kHz. Bao et al. (1997) extended this work by adding microbubbles and
insonating at 2.25 MHz to enhance uptake of a luciferase plasmid. Since then, numerous
reports studying the effect of various ultrasound (e.g. frequency, pressure, duty cycle) and
microbubble (e.g. shell composition, microbubble concentration) parameters on drug and
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gene delivery have been published (Guzmán et al., 2001; Larina et al., 2005; Mehier-
Humbert et al., 2005; Hallow et al., 2006; Hassan et al., 2010; Phillips et al., 2011b).

Although there is increasing interest in ultrasound-mediated drug and gene delivery to large
blood vessels for the treatment of atherosclerosis (Phillips et al., 2010, 2011a), the effects of
blood flow on ultrasound-mediated delivery have not been extensively studied. The majority
of parameter optimization has been conducted in vitro under static conditions, but it is
known that blood flow patterns alter local drug and microbubble concentrations within the
vessel (Patil et al., 2009). Static conditions fail to provide a means to study the effects of
blood flow rate on drug delivery, but adding fluid flow to in vitro models of drug delivery
may allow for better translation of optimized ultrasound parameters to in vivo settings.

Enhanced delivery requires precise control over both ultrasound and microbubble
parameters. While ultrasound parameters are easily controlled and models exist for the
propagation of acoustic waves through tissue (Jensen, 1991; Zemp et al., 2003), the
properties of microbubbles are less predictable. First, the majority of current microbubble
production techniques utilize agitation methods (Klibanov, 2002), which generate
microbubbles with a wide range of diameters (i.e. polydisperse) (Stride and Edirisinghe,
2009). Populations of polydisperse microbubbles are characterized by a distribution of
resonance frequencies related to the size distribution of the microbubble population. The
range of resonance frequencies results in reduced imaging sensitivity when compared to
imaging monodisperse populations (Kaya et al., 2010; Streeter et al., 2010) and may affect
drug delivery efficacy (Choi et al., 2010). Additional improvements in imaging sensitivity
with monodisperse microbubble populations may be achieved if the microbubble resonance
frequency is matched to the peak frequency of the imaging pulse (Talu et al., 2007). Second,
a large percentage of microbubbles are lost following intravenous administration and
circulation (Butler and Hills, 1979; Lim et al., 2004; Iijima et al., 2006; Talu et al., 2008b),
resulting in poor control of microbubble and drug concentrations at the therapeutic target
site. Finally, while the acoustic properties of single microbubbles have been experimentally
observed and modeled (Church, 1995; Morgan et al., 2000; de Jong et al., 2002; Marmottant
et al., 2005; Patil et al., 2010), the interactions between clouds of oscillating microbubbles
and the impact of these interactions on the processes that govern drug delivery remain
unclear.

To overcome some of these limitations, we propose the production of microbubbles from a
catheter located within the vasculature – i.e. in situ microbubble production – to enable local
administration of a well-controlled number of monodisperse microbubbles and a controlled
total drug dose. Flow-focusing microfluidic devices (FFMDs) (Gordillo et al., 2004;
Garstecki et al., 2004; Hettiarachchi et al., 2007; Castro-Hernández et al., 2011) are ideal for
this application, as they have a small footprint (Dhanaliwala et al., 2012) and can produce
microbubbles in real-time in a continuous manner. FFMDs produce microbubbles by
compressing a central gas column with two liquid streams containing the microbubble shell
material (Tan et al., 2006). In addition, FFMDs produce monodisperse microbubbles
(Hettiarachchi et al., 2007; Stride and Edirisinghe, 2009), and microbubble diameter can be
“tuned” to the requirements of specific applications by adjusting the gas and liquid input
parameters. Producing microbubbles directly within the vasculature significantly reduces the
number of microbubbles needed for contrast enhancement or drug delivery, as losses due to
storage, administration, and circulation are eliminated. Thus, microbubble production rates
currently achieved by FFMDs, ranging from 103 to 106 microbubbles per second (Stride and
Edirisinghe, 2009), may be sufficient to enhance drug delivery.

Another advantage of in situ microbubble production is the ability to investigate
unconventional microbubble formulations. Microbubbles produced in the vasculature at the
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therapeutic target site do not require long circulation lifetimes. Unstable formulations (e.g.
microbubbles with N2, CO2, or O2 gas cores and a mild surfactant shell) that would
otherwise quickly dissolve if administered systemically (Kabalnov et al., 1998; Park et al.,
2010), could be insonated immediately following production. Furthermore, larger
microbubbles, which provide increased acoustic contrast (Dalla Palma and Bertolotto, 1999;
Gorce et al., 2000) and improved sonoporation (Deng et al., 2004; Fan et al., 2012), may be
viable since quick dissolution reduces the embolic risk.

In this paper, we demonstrate the feasibility of in situ produced microbubbles for drug
delivery in vitro. To better simulate in vivo flow conditions, we developed a flow chamber
that enables the study of ultrasound-mediated drug delivery to a cell monolayer under
physiological flow conditions. A flow-focusing microfluidic device was used to produce
microbubbles in real-time, and the effect of microbubble composition and flow rate on
model drug delivery to cells was assessed by fluorescence microscopy.

Materials and Methods
FFMD Fabrication

Flow-focusing microfluidic devices were fabricated as described previously (Dhanaliwala et
al., 2012). Briefly, a custom SU-8 mold was manufactured by photomicrolithography.
Devices were cast in polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Corp.,
Midland, MI) and bound to a clean PDMS substrate using oxygen plasma. The final device
had a channel height of 25 μm and a nozzle width of 8 μm, while the liquid and gas
channels were 50 and 30 μm wide, respectively. The overall dimension of the device used in
this study was 10 × 4 × 8 mm. Water was introduced into the microchannels immediately
after binding to maintain hydrophilicity of the channels. Devices were stored in deionized
water and were used within five days.

Microbubble Characterization
The liquid phase consisted of 15 mg/mL polyethylene glycol-40-stearate (PEG40S)
dissolved in a solution of 10% glycerol, 10% propylene glycol, and 80% phosphate buffered
saline with magnesium and calcium (v/v) (GPS). All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO). The PEG40S-GPS solution was sonicated to at least 60 °C with a
tip sonicator (XL2020, Misonix, Farmingdale, NY) using a half-inch probe (40% power, 7
min) and sterile filtered (0.45 μm nylon flter, Fisher Scientific Waltham, MA) prior to use.
The gas phase was either nitrogen (GTS Welco, Richmond, VA) or perfluorobutane (PFB)
(Synquest, Alachua, FL). PTFE microbore tubing (Cole Parmer, Vernon Hills, IL) was used
to interconnect the liquid and gas phases with the microfluidic device. The liquid flow rate
was controlled via a syringe pump (PHD2000 Harvard Apparatus, Holliston, MA) and the
gas pressure was controlled via a regulator and a digital manometer.

A high speed camera (SIMD24, Specialised Imaging, Tring, United Kingdom) connected to
an inverted microscope was used to characterize microbubble production as described
previously (Dhanaliwala et al., 2012). The gas pressure and liquid flow rate that provided
the smallest stable microbubbles were used for the calcein delivery experiments. Stable
microbubble production was defined as gas and liquid parameters that did not result in
microbubble fusion within the microfluidic device.

To determine microbubble stability, a FFMD producing microbubbles was placed in 100 mL
of air-saturated saline for 5 seconds at 25 °C. The FFMD was removed and the solution was
then analyzed using a Coulter Particle Counter (Z2 particle analyzer, Beckman Coulter,
Brea, CA). The solution was stirred continuously while measurements were taken every 30
seconds for 2 minutes.
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Cell Culture and Calcein Delivery
Primary rat aortic smooth muscle cells were plated on Thermanox cover-slips (Nunc,
Rochester, NY) at a density of 5 × 103 cells/cm2 and incubated at 37 °C in a 5 % CO2
environment. The smooth muscle cells were cultured in growth media (DMEM/F12 plus 10
% fetal bovine serum, Gibco, Grand Island, NY) and were allowed to reach 100 %
confluency prior to experimentation. Smooth muscle cells were used in this study as they are
often the target of antiproliferative therapeutics to reduce restenosis following balloon
angioplasty procedures (Phillips et al., 2011a,b).

A custom flow chamber (Fig 1A) designed to mimic laminar arterial flow was constructed
from cast acrylic. The chamber was 0.2 cm high by 2.4 cm wide by 18 cm long and
contained an acoustic window (50 μm thick mylar, McMaster-Carr, Atlanta, GA) half-way
down its length. The dimensions were selected to ensure laminar flow within the chamber
and to enable analytical determination of the shear stress experienced by the cells, which is

given by: , with μ = fluid viscosity, Q = flow rate, b = width of chamber, and h =
height of chamber (Bacabac et al., 2005). A Thermanox coverslip containing confluent
smooth muscle cells was placed within the acoustic window, and the flow chamber was
submerged in 155mM phosphate buffered saline with calcium and magnesium (PBS +/+)
(Gibco, Grand Island, NY) at 37 °C. Flow was established by pulling PBS +/+ through the
flow chamber using a peristaltic pump (Wheaton Science Products, Millville, NJ).
Microbubbles were introduced by placing a pre-characterized FFMD within the channel.

Calcein (Sigma-Aldrich, St. Louis, MO), a fluorophore that cannot pass through intact cell
membranes, was used as a model therapeutic since only living cells that are permeabilized
by ultrasound and microbubbles internalize calcein and fluoresce (Guzmán et al., 2001). A
concentrated calcein solution was administered from a separate tube affixed to the FFMD to
achieve a final concentration of 0.05 mg/ml within the flow chamber for each flow rate.

Ultrasound was applied by a focused, 1 inch diameter, 500 kHz single-element ultrasound
transducer (V301 Olympus Panametrics, Waltham, MA) positioned at half the focal distance
above the acoustic window. The transducer was driven by a 30 cycle, 500 kHz sinusoid at a
pulse repetition frequency (PRF) of 100 Hz. The waveform was supplied by an arbitrary
waveform generator (AWG3022B, Tektronix, Beaverton, OR) and amplified by a 60 dB RF
power amplifier (A-500 ENI, Rochester, NY). Acoustic pressures were confirmed using a
calibrated PVDF hydrophone (GL-0200, Onda Corp., Sunnyvale, CA). 500 kHz was
selected as the ultrasound frequency to match the resonance of 8–10 μm diameter air-filled
microbubbles (de Jong et al., 2002).

The cells were insonated under flow with microbubbles and calcein for a total of 2 minutes.
The ultrasound and FFMD were then removed and the cells were incubated within the flow
chamber under flow for an additional 2 minutes to allow cell membranes to completely
reseal (Deng et al., 2004). The Thermanox membranes were removed, stained with 25 μg/ml
propidium iodide (PI) (MP Biomedicals, Santa Ana, CA), a marker of cell death, and then
imaged using fluorescence microscopy.

The effects of flow rate, acoustic pressure, and microbubble gas composition on intracellular
delivery were investigated. At least three trials were conducted for each permutation of
microbubble gas (nitrogen, PFB), chamber flow rate (2, 9, and 18 ml/s), and peak negative
pressure (PNP) (0, 100, 200, 300 kPa).
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Statistical Analysis
For each trial, four images of each membrane were acquired, and the number of cells that
internalized calcein and the number of nuclei stained with PI in each image were counted.
Since ultrasound can cause cells to dislodge from a membrane in vitro (Liu et al., 2012),
percentages were calculated using the total number of cells prior to insonation. The average
difference in total number of cells between four Thermanox membranes at 100 %
confluency was less than 5 % and was therefore assumed to be equal for all subsequent
membranes. Percent delivery was calculated as the total number of cells that internalized
calcein divided by the total number of cells on the membrane prior to insonation. Percent
death was calculated as the sum of PI positive and dislodged cells divided by the total
number of cells prior to insonation. In all cases, Students t-tests were used to determine the
statistical significance between experimental groups. A p-value of less than 0.05 was
considered to be significant.

Results
Microbubble Characterization

Microbubbles were produced using a flow focusing microfluidic device at liquid flow rates
between 40 and 76 μl/min and gas pressures between 48.3 and 55.2 kPa. Within this
parameter range, stable microbubbles with diameters between 8 – 17 μm were produced at
rates between 0.1–0.5×106 microbubbles/s. Increasing gas pressure or decreasing flow rate
caused microbubble diameter to increase and production rate to decrease (Fig 1B–C). In
addition, for a given diameter, microbubbles with a PFB gas core had a higher production
rate as compared to microbubbles with a nitrogen gas core. The addition of calcein (10 mg/
ml) directly to the liquid phase did not affect microbubble production (Fig 2A). All
microbubbles were monodisperse at the device nozzle with a polydispersity index (standard
deviation/mean) less than 6 % (Fig 2B). In addition, both PFB and nitrogen microbubbles
remained monodisperse immediately after exiting the FFMD (Fig 2C–D).

Microbubble Stability
Microbubble size distribution and stability were observed to be dependent on the
composition of the gas core (n = 3). For both gasses, the FFMD was calibrated to produce 8
μm diameter microbubbles. At the initial measurement, PFB microbubbles had already
grown to an average diameter of greater than 10 μm but progressively shrank over time (Fig
3A). The number of PFB microbubbles present versus time was fitted to an exponential
decay model (R2 = 0.95), and the half-life was calculated to be 40.7 seconds (Fig 3A inset).
Nitrogen microbubbles did not significantly expand when introduced to the air-saturated
saline, and their half-life (R2 = 0.97) was 18.2 seconds. For both gases, no microbubbles
larger than 25 μm were detected by the Coulter Particle Counter. This result was also
confirmed by observing microbubble populations via light microscopy. After 120 seconds,
fewer than 1 % of the initial population of microbubbles were detected above the 5 μm
lower threshold of the analyzer.

Drug Delivery – Flow Rate
The flow rates used in this study resulted in wall shear stresses consistent with cited values
for arterial shear stress in vivo (1 – 15 dyne/cm2) (Bacabac et al., 2005) and did not cause
cell dislodgement. In addition, no calcein delivery was observed when either ultrasound or
microbubbles were applied alone. Microbubble diameter and production rate were held
constant at 10 μm and 300,000 microbubbles per second, respectively. Acoustic peak
negative pressure was held constant at 300 kPa. Calcein delivery was observed at all flow
rates (Fig 4A–C), with maximal delivery occurring at a flow rate of 9 mL/s and maximum
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cell death at 2 mL/s (Fig 5). Approximately 31 % of cells were dislodged from the
membranes at 2 mL/s, compared to 8 % and 6 % at 9 and 18 mL/s, respectively.

Drug Delivery – Pressure
Microbubble diameter and production rate were held constant at 10 μm and 300,000
microbubbles per second, respectively, while flow rate was held constant at 9 mL/s. The
acoustic pressure required to enable calcein delivery was observed to depend on the
composition of the microbubble gas core. For PFB microbubbles, delivery was only seen at
peak negative pressures above 200 kPa (Fig 4D–F, Fig 6A). Minimal delivery and cell death
was observed at pressures less than 200 kPa. For nitrogen microbubbles, delivery was
observed at peak negative pressures above 100 kPa, and no significant differences in
delivery or death were observed between pressures of 100 kPa and 300 kPa. (Fig 4G–I, Fig
6B).

The following controls were performed in the calcein delivery studies: (1) calcein delivery at
18 ml/s flow but without microbubbles or ultrasound, (2) calcein delivery without flow,
without microbubbles, but with 300 kPa PNP ultrasound, and (3) calcein delivery without
flow, without ultrasound, but with FFMD generated microbubbles. In addition, calcein
delivery was measured when calcein alone or calcein with a PEG40S solution at the same
concentration used to make the microbubbles was flowed past the cells. In all cases,
negligible calcein delivery was observed.

Discussion
FFMD and Microbubble Characterization

Microfluidic device blockage caused by debris is a frequent problem in microfluidic device
technology. Blockage in our device resulted primarily from contamination during the
fabrication process and was not observed once a device began producing microbubbles.
Robust device operation can be attributed to the incorporation of filters in the gas and liquid
lines that trap contaminants introduced by the gas and liquid streams. These filters have
previously been shown to enable stable microbubble production even when up to 90 % of
the filters are blocked by contaminants (Wang et al., 2013).

Microbubble lifetimes and diameter fluctuations were evaluated in a continuously stirred,
air-saturated media in order to more closely approximate the nitrogen saturated environment
of blood found in vivo (Hall, 2010). PFB and nitrogen microbubbles maintained their
monodispersity immediately following ejection from the FFMD and did not fuse form larger
microbubbles (Fig 2C–D). Measurements recorded by the Coulter Particle Counter indicated
that PFB microbubbles initially expanded, presumably due to an influx of air from the air-
saturated medium (Talu et al., 2008a), and exhibited a longer half-life due to the initial
volume expansion and low diffusivity of PFB (Fig 3A). The average diameter of nitrogen
microbubbles, which were produced with 99.9 % nitrogen gas, expanded slightly following
production but gradually decreased as the gas diffused out of the microbubble shell (Fig 3B).
In comparison, lipid-shelled microbubbles with PFB cores produced via agitation exhibited
no change in diameter or number over a 15 minute observation period (data not shown).
Although these microbubble stability experiments were performed at 25 °C, the findings are
consistent with reports of in vivo microbubble dissolution in the presence of large partial
pressure gradients between the microbubble core and circulating blood, suggesting that
microbubble coalescence with ambient gases is of low risk (Wible et al., 1996).
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Drug Delivery and Flow Rate
Since FFMD microbubble production rates were held constant, flow rate dictated local
microbubble concentration within the flow chamber (i.e. higher flow rates yielded lower
microbubble concentrations). Thus, the observed peak in calcein delivery as a function of
flow rate (Fig 5) may have been a consequence of optimized local microbubble
concentration that occurred at 9 ml/s rather than a direct effect of the flow rate. At the lowest
flow rate, microbubbles were visually confirmed to be highly concentrated. High
concentrations of microbubbles increase cell dislodgement and death (Liu et al., 2012) (Fig
4A) and attenuate ultrasound, decreasing delivery efficiency as observed in our trials (Fig 5).
At the highest flow rate, microbubbles were probably below the optimal microbubble-to-cell
ratio, resulting in reduced calcein delivery (Fig 5). These observations support the
hypothesis that microbubble parameters, including diameter and production rate, can be
tuned to optimize sonoporation and delivery based upon local vascular conditions (Fan et al.,
2012).

A similar flow-rate dependent effect may alter local drug concentrations if the drug is
administered directly from the liquid phase of the FFMD. FFMD gas and liquid flow rates
were adjusted to select optimal microbubble parameters. If the drug was present in the
FFMD liquid phase, then adjusting the flow rate to change microbubble diameter or
production rate would also alter the dispensation of the drug. To control for this effect,
calcein was administered via a separate tube attached to the FFMD. The calcein
concentration was held constant within the flow chamber (0.05 mg/ml) by adjusting the
calcein dispensation rate according to changes in the channel flow rate. However, the
presence of calcein in the liquid phase did not disrupt microbubble formation within the
FFMD (Fig 2A), indicating that calcein, or another drug of choice that is either soluble in
the microbubble shell or liquid solvent phase, could be incorporated directly within the
FFMD.

Drug Delivery, Pressure, and Microbubble Composition
When insonated, both PFB and nitrogen microbubbles enhanced cellular uptake of calcein
(Fig 6A–B). Furthermore, no significant differences in percent delivery or percent death
were observed between either PFB or nitrogen microbubbles at acoustic pressures that
enabled delivery. However, nitrogen microbubbles achieved delivery at a lower acoustic
pressure threshold than PFB microbubbles. Additional testing is required to elucidate the
mechanisms behind this observation, but one possibility is that the PFB microbubbles
required more acoustic energy to cause sonoporation due to their increased stability and size.
Microbubble resonance frequency effects may also play a role. PFB and nitrogen
microbubbles were of equal size at the FFMD nozzle, and their resonance frequencies were
well-matched immediately following production (de Jong et al., 2002). The increase in
average PFB microbubble diameter that was observed upon exposure to air-saturated saline
shifted the resonance frequency of the PFB microbubbles relative to the resonance
frequency of the nitrogen microbubbles. This relative shift in resonance frequency may have
contributed to the difference in sonoporation observed between the two microbubble
formulations.

Significance of the Study
Recent work by Fan et al. (2012) suggests that membrane pore sizes produced by
sonoporation increase with increasing microbubble diameter. Large, stable microbubbles
produced via agitation techniques exhibit relatively long circulation lifetimes, which
precludes their use in vivo due to embolic risk (Klibanov, 2002). The in situ production
paradigm demonstrated here enabled the first evaluation of large, transiently stable
microbubbles for drug delivery applications. Our results indicate that upwards of 70 % of
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cells internalized calcein as a result of enhanced delivery using ultrasound and microbubbles
at flow velocities and shear stresses comparable to those found in vivo (Ku, 1997; Bacabac
et al., 2005). This level of enhanced delivery is significantly higher than what has been
observed in other in vitro studies (Liu et al., 2012), most of which were performed under
static conditions and used considerably smaller (diameter less than 4 μm) microbubbles.

Microbubble production rates suitable for drug delivery in our in vitro flow chamber were
achieved by modifying the shell material from a lipid ( (103 − 104)) to a mild surfactant
( (104 − 106)). Although high production rates using a mild surfactant shell material have
been demonstrated previously, the resulting microbubbles were never tested for functionality
or stability in well-mixed, air-saturated environments (Hettiarachchi et al., 2007). While the
transiently stable microbubbles used in this work would not be suitable for systemic
administration, the in situ production paradigm allows the microbubbles to reach their target
and be insonated before dissolution. Further testing is required to determine if these
transiently stable microbubbles are suitable for in vivo applications, however, microbubbles
produced by agitation techniques commonly achieve lower in vitro drug-delivery rates (Liu
et al., 2012) and have been shown to be effective in vivo (Phillips et al., 2010, 2011a,b).

While the FFMD employed in these experiments was large compared to the vasculature,
similar microfluidic devices have been produced by our group that possess dimensions
appropriate for in vivo intravascular applications (Dhanaliwala et al., 2012). With minor
modifications, this small microfluidic device could be incorporated into existing 9F
catheters for imaging and therapeutic applications in the abdominal aorta, inferior vena cava,
and aorta. Furthermore, advances in microfluidic device fabrication (Eddings et al., 2008;
Dhanaliwala et al., 2012) and the use of new materials other than PDMS (Li et al., 2011;
Bragheri et al., 2012) may enable the production of devices with even smaller dimensions
for use in coronary applications.

We envision that this technology will complement existing catheter-based cardiovascular
interventions, such as balloon angioplasty and stent placement, abdominal aortic aneurysm
stent grafting, or heart valve replacement. The microbubbles may be used to delineate the
borders of a plaque or aneurysm using IVUS imaging (Frijlink et al., 2006), guide stent
deployment, or deliver a post-procedure therapy that cannot be administered systemically
(Phillips et al., 2011a,b). Furthermore, unlike intravenous injection of stable microbubbles,
which only persist in the circulation for a short period of time and have a limited therapeutic
window (Ferrara et al., 2007), this technology may provide enhanced imaging contrast
(Dhanaliwala et al., 2012) and therapeutic efficacy for the entire duration of a procedure by
producing microbubbles in real-time and on-demand. As a result, this technology may
provide significant benefits in terms of real-time guidance, dose reduction, and improved
drug delivery to vascular targets without any disadvantages beyond those already associated
with current catheter-based interventions.

Conclusions
We report the first attempt to enhance model drug delivery to cells using microbubbles
produced in situ. By taking advantage of the small footprint and on-demand production
capabilities of flow-focusing microfluidic devices, we produced microbubbles in real-time
and in close proximity to the therapeutic target. In situ production capabilities removes the
stability requirement for microbubbles and enables the investigation of unconventional,
unstable, and larger diameter microbubbles for both contrast enhancement and drug
delivery. In addition, in situ microbubble production allows intravascular co-injection of
therapeutics and microbubbles, thus no longer limiting the selection of drugs to only those
that can be attached onto or dissolved into the microbubble shell. Finally, by simulating in
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vivo flow in vitro, we were able to investigate how variations in physiological flow rates in
vivo might impact drug delivery efficacy.
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Figure 1.
(A) Schematic of the in vitro flow chamber. A flow-focusing microfluidic device produced
microbubbles in situ. Calcein was administered alongside the microbubbles, and a single
element ultrasound transducer insonated the microbubbles as they flowed by confluent rat
aortic smooth muscle cells. Microbubble (B) production rate and (C) diameter as a function
of the FFMD liquid flow rate (pressure was held constant at 55.2 kPa).
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Figure 2.
(A) Image of calcein incorporated into the liquid phase of the FFMD. (B) High speed image
showing PFB microbubble production (scale bar = 10 μm). (C) PFB and (D) nitrogen
microbubbles observed immediately after production by the FFMD (scale bar = 40 μm).
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Figure 3.
Size distribution for microbubbles composed of (A) PFB and (B) nitrogen as a function of
time. Microbubble diameters were measured as 8 μm within the FFMD prior to exposure to
air-saturated saline. Insets: Exponential fit to microbubble counts as a function of time (R2 =
0.95 and 0.97 respectively). The half-lives for PFB and nitrogen microbubbles were 40.7
seconds and 18.2 seconds, respectively.
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Figure 4.
Fluorescence microscopy images of rat aortic smooth muscle cells following ultrasound-
mediated calcein delivery. Green fluorescence corresponds to calcein internalization while
orange corresponds to cell death (scale bar = 50 μm). (A–C) Representative results of
calcein delivery at 2, 9, and 18 ml/s flow rates, respectively. Ultrasound peak negative
pressure was 300 kPa, and the FFMD produced 10 μm diameter PFB microbubbles at a rate
of 300,000 microbubbles/s. (D–F) Calcein delivery using PFB microbubbles at ultrasound
peak negative pressures of 100, 200, and 300 kPa, respectively. (G–I) Calcein delivery using
nitrogen microbubbles at ultrasound peak negative pressures of 100, 200, and 300 kPa,
respectively. In (D–I), the flow rate was maintained at 9 ml/s, and the FFMD produced 10
μm diameter microbubbles at a rate of 300,000 microbubbles/s.
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Figure 5.
Calcein delivery efficiency and percent cell death at 2, 9, and 18 ml/s flow rates. The
ultrasound peak negative pressure was maintained at 300 kPa and the FFMD produced 10
μm PFB microbubbles at a rate of 300,000 microbubbles/s. (Plotted as mean + standard
deviation, n > 3, * = p < 0.01, ** = p < 0.05).
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Figure 6.
Calcein delivery efficiency and percent cell death at different ultrasound peak negative
pressures for microbubbles composed of (A) PFB and (B) nitrogen. Flow rate within the
channel was maintained at 9 ml/s and the FFMD was set to produce 10 μm diameter
microbubbles at a rate of 300,000/s. (Plotted as mean + standard deviation, n > 3, * = p <
0.01).
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