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Abstract—We develop a new microfluidic technique to generate
lipid-stabilized microbubbles of 1-7 ym diameter. We shrink
microbubbles that are initially O(100) pgm in diameter by
using a vacuum system. We use a polydimethylsiloxane (PDMS)
microfluidic device to generate microbubbles in a conventional
flow focusing orifice. The bubbles pass through a serpentine
channel while under vacuum pressure, and shrink to O()
pm in diameter. We control a single parameter, the vacuum
pressure, in the vacuum channels that are fabricated adjacent
to the serpentine channel. We demonstrate that the shrunk
microbubbles are stable for at least 75 minutes in atmospheric
conditions. We anticipate that this simple approach can be
used to generate microbubbles for ultrasound (US) imaging and
therapeutic applications by increasing the throughput of the
microfluidic microbubble generating system.

Index Terms—Microfluidics, Microbubble, Ultrasound, Con-
trast agent

I. INTRODUCTION

Lipid-stabilized gas microbubbles are widely used for ul-
trasound (US) diagnostics and therapeutic applications [1].
These microbubbles have a typical diameter of 1-7 pm, and
can be intravenously injected into the circulation of the body.
When used for US imaging applications, the microbubbles
help emit strong US echo signals, which enhance the image
contrast between the blood vessels and surrounding tissues
[2]. For therapeutic applications, US exposed microbubbles
increase the reversible permeability of the cell membrane to
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facilitate the selective gene and/or drug delivery to target cells
for cancer, cardiovascular, and blood-brain-barrier treatments
[3] [4] [5] [6]. The microbubble size has an important effect on
the microbubble US frequency response. To ensure uniformity
of microbubble response, monodispersed microbubbles are
desired.

Conventional microbubble production techniques include
sonication [7], high shear emulsification [8], inkjet printing
[9] and coaxial eletrohydrodynamic atomization (CEHDA)
[10]. Microbubbles generated by these techniques are typically
polydisperse and conventional production techniques do not
have effective control on microbubble sizes. DEFINITY® is
a commercially available and US Food and Drug Admin-
istration (FDA) approved microbubble solution. DEFINITY®
microbubbles average 1-3 pum in diameter and are also highly
polydispersed, with maximum size reaching 20 pm in diameter
[12]. As a result when using DEFINITY®, a post processing
filtration technique is required to obtain the microbubbles of
desired sizes.

A recently developed microfluidic technique generates
monodispersed microbubbles with precise control on mi-
crobubble size [11] [12]. Although the size of the generated
microbubbles in microfluidics depends on the continuous
phase fluid flow rate and inlet gas pressure, the limiting
factor for producing smaller microbubbles is the size of the
flow focusing orifice [12]. Orifices of less than 10 pm in
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Fig. 1. (a) Design of our microfluidic device. Experimental images of the
microbubbles (b) generated at the orifice and (c-f) shrunken in the channel,
at the vacuum pressure P, = -50 kPa, as they flow downstream towards the
outlet. We supply a negative vacuum pressure to the vacuum channels using
vacuum inlets VI1 and VI2. The scale bar represents 50 pm.

width are required to generate microbubbles of desired 1-
7 pm diameter range [12] [13]. Mold fabrication for such
microfluidic geometries requires complex and expensive mi-
crofabrication protocols [14]. Another issue with smaller flow
focusing orifices is that they can be easily clogged due to
solution impurities and PDMS debris accumulation at the
orifice junction [14] [15].

In this article, we show a simple and effective technique
to generate microbubbles using a conventional flow focusing
orifice (20 um) and shrink them to desired sizes in a microflu-
idic device for US imaging and therapeutic applications. Our
microfluidic design consists of two adjacent set of channels,
one for microbubble flow and one for applying the vacuum.
This enables microbubble shrinkage from O(100) pm to O(1)
pm in diameter. The shrinkage is controlled by tuning only
one single parameter, the vacuum pressure, in the vacuum
channels. Importantly, our method reduces the problems of
orifice clogging and mold manufacturing complexities.

II. MATERIAL AND METHODS

We use air as the dispersed phase and a mixture of
lipids, glycerol (Sigma Aldrich Corporation, St. Louis, MO,
USA), and pluronic F-68 (Fisher Scientific, Pittsburgh, PA,
USA) in a 1:1:1 volumetric ratio as the continuous lig-
uid phase. The lipid mixture is prepared using 9:1 mo-
lar ratio of 1,2-distearoyl-sn-glycero-3-phosphocoline (DSPC)
(Avanti Polar Lipids, Alabaster, AL, USA) and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N [methoxy-(polyethylene
glycol)-5000] (DSPE-PEG5000) (Avanti Polar Lipids, Al-
abaster, AL, USA) in saline solution (lipid concentration of
1.5 mg/mL). Our lipid solution composition is similar to the
commercially available DEFINITY® microbubbles [16].

We use photolithography to fabricate the designs on a wafer
and then soft lithography to make the microfluidic channels.
Briefly, we spin-coat a 80 pm thick film of SU-8 2075 on a sili-
con wafer. Computer-aided design (CAD) software (AutoCAD
2010, Autodesk, Inc., Dan Rafael, CA, USA) is used to design
the microfluidic geometries, which are then patterned on a
silicon wafer using a negative photoresist. The pattern formed
on the wafer by photolithography is used as a mold to transfer
the features to a polydimethylsiloxane (PDMS, Sylgard 184
silicone elastomer kit, Dow Corning, Midland, MI, USA)
slab using conventional soft lithography techniques [17]. A
1 mm diameter biopsy punch (Integra Miltex, Inc., Rietheim-
Weilheim, Germany) is then used to punch inlets/outlets. The
final processing step is to bond the PDMS slab, with the
pattern, irreversibly on to a glass microscope slide using
oxygen plasma (Harrick Plasma, Ithaca, NY, USA).

Our microfluidic device has two inlets for continuous and
disperse phases, two vacuum inlets, and an outlet (Fig. 1a).
The flow focusing orifice is 20 ym wide (shown in Fig. 1b),
which is connected to a serpentine channel that is 350 pm
wide and 350 mm long. The 150 pm wide vacuum lines on
both sides of the serpentine channel keeping 175 um distance
with the serpentine channel (Fig. 1a). All the microchannels
have a height of h = 80 um.

In our experiments, the continuous phase, lipid solution, is
supplied using a syringe pump (Harvard Instruments, Hollis-
ton, MA, USA) at a constant flow rate of ) = 4 ;LLmin’1
while the disperse phase, pressurized air, is supplied at P, =
4 psi. We vary the vacuum pressure in the range of P, = 0
to -90 kPa using a Mityvac hand vacuum pump (Mityvac, St.
Louis, MO, USA) integrated with a pressure gauge.

We capture images and videos of the channels using a high
speed camera (Phantom M110, Vision Research, Wayne, NJ,
USA) attached to an inverted microscope (Olympus Corp.,
Tokyo, Japan). The videos are recorded at 100 fps with an
exposure time of 500 us. We use ImagelJ software to measure
the bubble initial diameter, D;, right after exit from the orifice.
The smallest bubble diameter along the serpentine channel
detectable by 10x objective in a microscope is considered as
the final bubble diameter, Dy.

III. RESULT AND DISCUSSION

A. Microbubble shrinkage

The images of microbubbles shrinking in the device when
applied vacuum pressure of P, = -50 kPa is applied are shown
in Fig. 1b-f. The microbubbles are generated at the orifice (Fig.
1b) and flow downstream in the serpentine channel. These
microbubbles gradually shrink (Fig. 1c-f) while flowing down-
stream because of the low pressure vacuum lines interdigitated
beside the serpentine channel.
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Fig. 2. Normalized microbubble volume, V/V;, as a function of the applied
vacuum pressure, P, . Insets show representative experimental images of the
microbubbles at the initial and final measuring positions for an experiment
with P, = -50 kPa. The error bars represent one standard deviation of 10
different microbubble measurements. The scale bar represents 50 pm.

As the initial diameter, D;, of the microbubbles is larger
than the channel height, h = 80 pum, they are squeezed
when flowing through the channel. However, near the outlet,
the shrunken microbubbles are smaller than the height of
the channel and hence they are spherical. To compare the
equivalent effect at the orifice and the outlet, we compare
initial volume, V;, and final volume, Vy, to characterize the
shrinkage. We calculate the initial volume, V;, using diameter
of the discoid microbubbles and the height of the microchannel
next to the orifice. The equations to calculate the initial volume
is explained elsewhere [18].

The comparison between the normalized final microbubble
volume, V;/V;, and the applied vacuum pressure, P,, is shown
in Fig. 2. Experiments show that the microbubbles naturally
shrink by 45 %, within the length of the microchannel, without
applying vacuum pressure, P, = 0. Similar natural shrinkage
observations have been reported in the literature [21], [22].
This shrinkage effect is due to the pressure-driven nature of
the flow in the microfluidic device and is governed by the
Henry’s law. According to Henry’s law, the concentration of
dissolved air in the liquid is higher at higher pressure [19].
To maintain the thermodynamic equilibrium in the continuous
phase liquid, the air inside the microbubbles diffuses to the
continuous phase liquid, as the result, the microbubbles shrink.
However, this natural shrinking is a slow process [19]. To
speed up the shrinking process we apply a vacuum pressure.
The vacuum shrinkage provides an additional advantage of
precise control on the size of the resulting microbubbles. In
our device, we exploit the gaseous semi-permeability of PDMS
[20] to permeate the dissolved gas in the continuous liquid to
the adjacent vacuum microchannels from the main microchan-
nel. To conserve the equilibrium, microbubbles shrink. Fig.
2 shows the variation of microbubbles shrinkage versus the
vacuum pressure, P,. This figure shows that the the ratio of

a b c

Fig. 3. Experimental sequential images of a single shrunken microbubble
taken at (a) t = 45 min, (b) ¢ = 60 min, and (c) ¢ = 75 min after exit from at
the outlet of the microfluidic device. The scale bar represents 5 pm.

the initial to final bubble volume V}/V; is close to O at the
applied vacuum pressure P, = - 90 kPa (indicated by “*’ in
the Fig. 2).

B. Stability of the shrunken microbubbles

The microbubble shrinking is not due to the higher pressure
compression in the microfluidic channel. During the shrinking
process, the applied vacuum removes the dissolved gas from
the continuous phase liquid. As a response, the air molecules
inside the microbubbles diffuse into the continuous phase lig-
uid to maintain thermodynamic equilibrium. Therefore, these
shrunken microbubbles do not revert back to their original
size after exposed to atmospheric pressure and hence, they
remain stable. Fig. 3 shows sequencial images of a shrunken
microbubble, approximately 2 pm in diameter, which maintain
a stable size for at least 75 minutes after exiting the microflu-
idic device. The images were taken t = 45 min (Fig. 3a), t = 60
min (Fig. 3b), and ¢ = 75 min (Fig. 3c) after the microbubble
was collected from the outlet of the microfluidic device. For
this experiment, we used vacuum pressure P, = -90 kPa and
the images were observed using a 40x objective.

IV. CONCLUSION

We developed a novel technique to generate and shrink the
microbubbles to a desired size for US applications using vac-
uum pressure and microfluidics. These shrunken microbubbles
are stable for at least 75 minutes after they are removed from
the microfluidic device.
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