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ABSTRACT: We present a strategy for preparing size-controlled gas-filled
microparticles using two aqueous components that chemically react to
produce the gas. We use a dual-bore microfluidic device to isolate the
reactants of two gas-producing reactions until they are encapsulated in the
outer droplet. The reactants in the monodisperse droplets merge and
produce the gas bubbles, which are stabilized with a surfactant and form the
core of the microparticles. The number and size of the generated gas
bubbles are governed by the gas-forming reaction used. Our versatile strategy can be applied to a wide range of gas-producing
reactions.

■ INTRODUCTION
Gas-filled microparticles with controllable sizes and structures
are useful as drug-delivery vehicles1−3 and ultrasound contrast
agents.4 Their performance for these applications depends
critically on the properties of the microparticles; for example,
the microparticle size and gas content determine both the
acoustic response5 for ultrasound contrast agents and the
loading capacity for drug-delivery vehicles.6 Thus, the precise
control of gas-filled microparticle properties is essential to
matching their structure with their function.6,7 However, this
required control is not possible with conventional synthesis
strategies; these rely on the high-shear emulsification of gas-
nucleating reactants that are photo-, thermally, or chemically
initiated.8,9 Microparticles produced with these techniques have
broad size distributions that limit their utility. These limitations
can be overcome by using a microfluidic device to isolate each
emulsion phase and generate precisely controlled micro-
particles.10,11 For example, an aqueous gas-forming agent that
can be photo- or thermally initiated is encapsulated in
monodisperse droplets;12 gas evolution inside the droplets is
triggered further downstream by heat or UV illumination to
yield gas-filled microparticles. However, the direct incorpo-
ration of two-component chemically initiated gas-nucleating
reactions into microfluidic devices is hindered by disrupted flow
patterns and the clogging of the microfluidic channels because
of gas-bubble nucleation at undesired locations. Instead, the
reactive components must be introduced into the microfluidic
device in separate streams. Hence, to use more versatile two-
component gas-forming agents, a device that enables their
separation before encapsulation is required. One such micro-
fluidic device is a glass capillary device with separate
compartments for each of the two reactants.13−16 This device
has been used to produce microfluidic droplets that contain one
drop of sodium alginate and another drop of calcium chloride; a
hydrogel is formed after the two inner drops coalesce.

However, similar microfluidic devices have not been used to
produce gas-filled microparticles with two-component gas-
forming agents.
In this letter, we use a dual-bore microfluidic device to isolate

two gas-forming reactants prior to encapsulating them in
monodisperse droplets; the components react to produce gas
bubbles within the droplets. The use of microfluidic devices
affords precise control of droplet dimensions, and the gas-
forming agents govern the internal morphology. We also
minimize gas dissolution by using colloidal surfactants to
stabilize the bubbles.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received from the

manufacturers. Hydrophobic silica nanoparticles (organosilicasol-Tol-
ST) were generously provided by Nissan Chemicals America. The
shell fluid poly(dimethylsiloxane) (PDMS) oil (Sigma-Aldrich)
contained 2 wt % surfactant (Dow Corning 749) or 40% Tol-ST.
The inner-phase fluid was hydrogen peroxide (30%) (Sigma-Aldrich)
and 0.2 μg/mL catalase (Sigma-Aldrich) or 10 wt % sodium
bicarbonate (Sigma Aldrich) and 0.1 N hydrochloric acid (Sigma-
Aldrich). The continuous outer phase was composed of 10 wt %
poly(vinyl alcohol) (87−89% hydrolyzed, average Mw = 13 000−23
000, Sigma-Aldrich). Ultrapure water with an electrical resistance
higher than 18 MΩ cm was used in all experiments (Milli-Q Synthesis
System, Millipore Corp., Billerica, MA, USA).

Generation of Double Emulsions. Round capillaries with an
outer diameter of 1.65 mm containing two inner channels with
diameters of 10 μm were used as the injection capillaries, and round
capillaries with an outer diameter of 1.5 mm and an inner diameter of
0.2 mm were also used (World Precision Instruments, Inc.). These
were tapered using a micropipet puller (model P-97 Flaming/Brown
puller, Sutter Instrument, Novato, CA, USA). The tapered round
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injection and outer capillaries were coaxially aligned with each other in
a square capillary with an inner diameter of 1.75 mm (Atlantic
International Technologies). In typical device geometries, an injection
taper of 10−30 (average = 20) μm was positioned directly in front of
the larger outer collection capillary with a taper of 200−300 (average =
250) μm.
Syringe pumps (Harvard Apparatus, PHD2000) were used to

regulate the liquid phases in gastight syringes. The syringes were fitted
to polyethylene (PE) tubing (Scientific Commodities) and attached to
the device positioned on a microscope stage. Typical flow rate ranges
for the inner, middle, and outer phases span 500, 1800, and 6500 μL/
h, respectively.
Sample Characterization. The microfluidic process was moni-

tored using an inverted optical microscope (DM-IRB, Leica) fitted
with a fast camera (Phantom V9, Vision Research). Bright-field images
were obtained with 10× objectives at room temperature using an
upright microscope (Leica,DMRX) equipped with a digital camera
(QImaging, QICAM 12-bit).

■ RESULTS AND DISCUSSION

We use glass capillary microfluidic devices to prepare double
emulsions that contain two gas-forming aqueous phases. The
capillary devices have flow-focusing geometry in which two
round-tapered capillaries, one for injection and one for
collection, are coaxially aligned within a square capillary, as

shown schematically in Figure 1. The injection capillary has two
distinct inner channels that separate the reactive components to
avoid premature mixing until they are each encapsulated by the
coflowing middle phase. The resultant emulsion is subsequently
flow-focused by the outer aqueous solution at the orifice of the
collection tube, producing monodisperse double emulsions.
The inner aqueous phases are hydrogen peroxide and catalase,
the middle phase consists of PDMS oil with a surfactant, and
the outer phase is a poly(vinyl alcohol) solution.
By adjusting the flow rates, we can control the drop

formation of the two innermost fluids to produce a single drop
containing the two fluids. Alternatively, we can produce two
individual drops, one of each fluid, enabling us to control the
onset of the reaction. A single drop is produced when the two
inner channels operate in the jetting regime17 and the two
streams intersect and merge at the orifice, as shown in Figure
1a; gas is produced less than a minute after the two streams
mix. By contrast, two drops, each containing one of the
innermost fluids, are produced when the two inner channels
each operate in the dripping regime,17 as shown in Figure 1b. In
both cases, the coflowing middle phase forms the outer droplet
that encapsulates the inner drops, as shown in Figure 1; these
double emulsion droplets flow downstream and are collected.
For the emulsion drops containing two inner droplets, the

Figure 1. (a) Schematic of the dual-bore microcapillary geometry for generating double emulsions with two distinct inner drops. The injection tube
has two separate internal channels, which allow two different fluids to enter the devices separately. (b) The two reactants are encapsulated as two
distinct droplets with low inner- and middle-phase flow rates when the innermost channels operate in the dripping regime. (c) The two reactants are
encapsulated as a single droplet with high inner- and middle-phase flow rates when the innermost channels operate in the jetting regime. The scale
bar is 100 μm.

Figure 2. Stages of structural evolution of gas in collected droplets. (a) Immediately after collection on glass slides, some drops still contain the two
distinct drops whereas others contain coalesced drops. (b) After the coalescence of two initially distinct drops, one inner core forms and gas begins
to nucleate within each of the droplets. (c) The nucleation point grows and becomes a gas core within each of the droplets. The scale bar is 50 μm.
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coalescence events are not synchronized; therefore, a fraction of
these still contain two unreacted inner droplets, as shown in
Figure 2a. These internal droplets move around freely within
the larger droplet; this can continue even for a few hours, but
ultimately the inner droplets collide and coalesce with one
another.18 We can monitor these droplets and follow the
decomposition of hydrogen peroxide in the presence of catalase
as given by

→ +H O (aq) H O(aq) O (g)2 2 2 2 (1)

The decomposition initially forms one macroscopic dark
nucleation point shown in Figure 2b; this dark spot confirms
the presence of a nucleating gas phase. Within 30 s, the gas
phase grows to become a large bubble of oxygen contained
within the microparticle, as shown in Figure 2c. After the
decomposition is completed, a microparticle containing a single
gas core is produced, as shown in Figure 3a.
The degree to which the gas bubble is stabilized within the

microparticle is governed by the type of surfactant in the
middle phase. When the middle phase contains a conventional
surfactant, the encapsulated bubble decreases to a quarter of its
initial size over the course of 3 days because of gas dissolution,
as shown in Figure 3b. The use of colloidal surfactants can
overcome this limitation because they can effectively stabilize
bubbles and foams;19,20 therefore, we use nanoparticles as a
colloidal surfactant in the preparation of gas-filled micro-
particles. In this case, after 3 days of storage these bubbles
decrease to only 60% of their initial size, as shown in Figure 3d,
whereas the conventional surfactant-stabilized bubble decreases
to 25% of its initial size, as shown in Figure 3b. This confirms

that colloidal surfactants are more effective in preventing gas
dissolution in these microparticles.
We can also control the internal microstructure by using an

alternate strategy that involves the reaction between sodium
bicarbonate and hydrochloric acid. This reaction enables the
preparation of droplets that contain two gases, ammonia and
carbon dioxide:

+ → +NaHCO (aq) HCl(aq) NaCl(s) H CO (aq)3 2 3
(2)

→ +H CO (aq) H O(aq) CO (g)2 3 2 2 (3)

The intermediate step in the reaction produces solid sodium
chloride, which acts as individual nucleation sites21to produce
many gas bubbles within the droplets, as shown in Figure 3c.
This internal microstructure differs from the single gas that
results from the hydrogen peroxide and catalase reaction in eq
1 that is shown in Figure 3a, highlighting our ability to tune the
microstructure of the particles through the control of the gas-
forming reactions.

■ CONCLUSIONS
Because gas bubbles are prone to dissolution, even after they
have been stabilized, they may rapidly dissolve or coalesce after
they have been stored for extended periods22 or even shortly
after they have been produced.23 The strategy introduced in
this letter overcomes this limitation because we produce
microparticles that contain two aqueous phases that become
gaseous only after they coalesce. We can potentially control the
timescale of the reaction by controlling the type and amount of
surfactant in the microparticle-forming middle phase. Micro-

Figure 3. (a) The use of the hydrogen peroxide catalase reaction generates one large gas core of oxygen. (b) After a certain period of time, the gas
core retained by the surfactant-stabilized oil shell decreases to 50 μm. (c) The ammonium bicarbonate reaction generates two gas types that produce
many small gas cores. (d) The stability of the oxygen bubble is increased by the addition of a colloidal surfactant in the oil shell. The scale bar is 50
μm.
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particles formed with this strategy are more mechanically
robust than traditional prestabilized gas-filled microparticles,
thus this strategy has great potential for use in ultrasonic
imaging and drug-delivery applications.
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