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Controllable Microfluidic Production of Microbubbles
in Water-in-Oil Emulsions and the Formation
of Porous Microparticles**
By Jiandi Wan, Alexander Bick, Matthew Sullivan, and Howard A. Stone*
Wereport the formationofmicrometer-diameterwater droplets,

in a continuous oil phase, where each droplet encapsulates a

discrete number of gas bubbles. The approach combines two

different microfluidic geometries: flow-focusing and a T-junction

(Fig. 1). In particular, monodisperse microbubbles were first

generated in a continuous water phase using a flow-focusing

geometry, after which the gas-water system was dispersed into

a continuous oil phase either by a flow-focusing or a T-junction

element so as to obtain water drops that contain individual gas

bubbles. The generation of water-encapsulated microbubbles

in both geometries is dependent on the flow rates of the two

liquids, and it is less sensitive to the gas pressure in the double

flow-focusing geometry (DFF; Fig. 1c and d) than in the

geometry with flow-focusing followed by a T-junction (FFT;

Fig. 1a and b). Moreover, the DFF was able to form a relatively

thin water layer encapsulating individual microbubbles while

the FFT, on the other hand, had the advantage of controlling of

the number of bubbles per water droplet. We illustrated this

characteristic feature of FFT using an aqueous photopolymer-

izable acrylamide solution and fabricated monodisperse

porous polyacrylamide particles with relatively low elastic

moduli compared with solid polyacrylamide particles. These

ideas provide an avenue for systematically controlling gas-

liquid microstructures of double-emulsion type and offer a new

fabrication method for polymer-covered microbubbles and

porous microparticles.

Micrometer-dimension bubbles have numerous biomedical

applications such as ultrasound contrast agents,[1,2] targeted

drug delivery vehicles,[3,4] and can also act as tumor/thrombus-

destruction materials.[5–7] Bubbles are also the basic elements

for making a wide variety of foamed porous materials, which

find many applications from pharmaceuticals to foods and the

cosmetic industry. For example, porous particles offer distinct

routes for drug delivery[8] and controlled release of chemicals.

There are a wide variety of approaches that have been

studied recently for generating two-phase materials, such as
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monodisperse gas bubbles or droplets made in microchannels

and suspended in a continuous fluid phase.[9–12] The drops

themselves can be viewed as building blocks for emulsions, can

act as isolated containers for chemical reactions, phase beha-

vior and protein crystallization,[13,14] or may be elements in

proposed logic devices.[15] These microfluidic methods give

control of size and composition on a drop-by-drop basis,

generally yield results with low polydispersity, and have been

extended to make polymeric particles of various shapes.[16–19]

Themajority ofwork to date has focused on two-phase systems.[20]

Here we are interested in the controlled formation of three-

phase materials using microfluidic tools to obtain micrometer-

dimension structuring. Such double or multiple emulsions are

most commonly made using bulk processing techniques.[21]

Simple capsules are another example of a three-phase material

(liquid, shell, liquid) made from liquid precursors. To achieve

drop-by-drop control individual microfluidic devices are usually

considered. Recently at least two microfluidic approaches have

been used to make double emulsions of two distinct liquids,

where control over the size, composition, and number of enca-

psulated drops in each mother drop was demonstrated.[22–27]

The detailed control of the microstructure enabled novel

routes for controlled release.[24] We are interested in extending

the range of materials to include monodisperse gas-liquid

multiple emulsions. An early study of this type demonstrated

the generation ofmillimeter-dimension oil-encapsulated bubbles

in a water-continuous phase using a double-tube nozzle tech-

nique.[28–30] Here we introduce a method for making

gas-liquid-liquid emulsions, with control of the size and

number of the encapsulated phase. Finally, we report the

further step of polymerization of the compound drops to form

monodisperse porous particles. Taken together, these

approaches make possible discrete monodisperse microparti-

cles with controlled porosity.

In our microfluidic approaches, we first consider the device

with flow focusing followed by a T-junction, or FFT, which

allows the controlled formation of multiple micrometer-size

bubbles per droplet with the coefficient of variation less than

0.01(see Supporting Information, Fig. S1). In particular, we

report in Figure 2 that the number of encapsulated bubbles, all

of the same size, in each water droplet is controlled by the flow

rate ratio of water to oil (Qw/Qo) at constant gas pressure. We

have found that we can identify conditions that reproducibly

give discrete numbers of gas bubbles per droplet. For example,

we have made systems that give one, two, three, four (Fig. 2a–d)
H & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 3314–3318
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Figure 1. Experimental setups used to generate gas-in-water-in-oil emul-
sions. a) Illustration and b) experimental image of water droplet encapsu-
lating microbubbles in a flow-focusing then T-junction microfluidic device
(FFT). Scale bar: 200mm. c) Illustration and d) experimental image of water
droplet encapsulating microbubbles in a double flow-focusing microfluidic
device (DFF). Scale bar: 150mm. There is 2% (w/w) SDS in the water phase
for all experiments.

Figure 2. Controlling the number of bubbles in a single water droplet for
flow-focusing followed by a T-junction (FFT): a) one bubble per droplet
(Qw/Qo¼ 0.27), b) two bubbles per droplet (Qw/Qo¼ 0.28), c) three
bubbles per droplet (Qw/Qo¼ 0.20), d) four bubbles per droplet (Qw/
Qo¼ 0.15). Pressure of the gas phase was constant at 18 psi. e) Number of
encapsulated microbubbles (N) as a function of the flow rate ratio of water
to oil (Qw/Qo) at two different gas pressures. ~: 18 psi. D: 20 psi. f) Train
of gas bubbles in a continuous stream of the water phase (Qw/Qo¼ 1.6).
The dark spheres are gas bubbles and the continuous phase is mineral oil.
The small dark arrows indicate the flow direction in each channel. Scale bar:
200mm.
or even more bubbles per droplet. The gas bubbles do not

coalesce. In addition, in general we have noticed that the gas

bubbles tend to be organized near the front of the drop (the

small dark arrows indicate the flow direction in each channel),

which is consistent with the flow inside the drop and the fact

that the bubbles are sufficiently large that they cannot simply

recirculate as would a small tracer particle. Furthermore, by

adjusting the gas pressure, as shown in Figure 2e we observed

regimes where the number of encapsulated bubbles is either

independent of the gas pressure (Qw/Qo¼ 0.3–0.6) or depen-

dent on the gas pressure (Qw/Qo¼ 0.6–0.9; 0.25–0.3). If the flow

rate ratio of water to oil is lower than 0.15 or higher than 1, it is

beyond the regime where gas-in-water-in-oil emulsions can

form steadily and gives either a string of gas bubbles in a

continuous water phase (Fig. 2f) or water droplets with no

bubbles at all.

We then focused on the effect of the flow rates and gas

pressure on the formation of the ‘single bubble per drop’

regime in both FFT and DFF devices. In Figure 3a and c, we

plotted the drop and bubble diameter (d) relative to the orifice

width (D) at different gas pressures as a function of the flow

rate ratio of water to oil (Qw/Qo) in FFT andDFF respectively.
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We noticed that, once the gas-in-water-in-oil emulsions were

formed in both devices, the sizes of the encapsulated bubbles

were strongly dependent on the relative flow rate (Qw/Qo), but

the sizes of mother droplets did not depend significantly on

Qw/Qo. This feature allows control of the thickness of the water

layer. We also observed that the gas pressure played a minor

role in the DFF device, but it significantly affected the droplet

size in the FFT device, which is consistent with the reported

role of the gas pressure in the break-up mechanism in a typical

T-junction geometry.[31] By plotting the scaled bubble

diameter (dbubble) relative to the drop diameter (ddrop) as a
ag GmbH & Co. KGaA, Weinheim www.advmat.de 3315
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Figure 3. Effect of the flow rate ratio of water to oil (Qw/Qo) on the size of
water droplets and encapsulated bubbles (where there is only one bubble
per droplet) in (a, b) flow-focusing followed by a T-junction (FFT) and (c, d)
double flow-focusing device (DFF). a) Scaled drop (ddrop) and bubble
(dbubble) diameter relative to the orifice width (D) as a function ofQw/Qo in
FFT. &: droplet at 18 psi. *: bubble at 18 psi. &: droplet at 20 psi. *:
bubble at 20 psi. b) Scaled bubble diameter (dbubble) relative to the drop
diameter (ddrop) as a function of Qw/Qo in FFT. &: 18 psi. &: 20 psi.
c) Scaled drop and bubble diameter (d) relative to the orifice width (D) as a
function of Qw/Qo in DFF. &: droplet at 13 psi. *: bubble at 13 psi. &:
droplet at 18 psi. *: bubble at 18 psi. : droplet at 19 psi. : bubble at
19 psi. : droplet at 20 psi. : bubble at 20 psi. d) Scaled bubble diameter
(dbubble) relative to drop diameter (ddrop) as a function ofQw/Qo in DFF.&:
13 psi. &: 18 psi. : 19 psi. : 20 psi. e) Image of the formation of thin
water layers (�5mm) that encapsulate microbubble emulsions (Qw/
Qo¼ 1; 14 psi) in DFF. The dark spheres are gas bubbles and the con-
tinuous phase is mineral oil. Scale bar: 150mm.

Figure 4. Generation of porous polyacrylamide microparticles and their
elastic properties. a) Image of sequential formation of multiple bubbles per
drop in a flow-focusing followed by a T-junction device (FFT) (Qw/Qo¼ 1;
P¼ 18 psi). Scale bar 200mm. b) Inverted image of collected drops with
encapsulated microbubbles. Scale bar 200mm. c) Image of an acrylamide
droplet with bubbles after UV irradiation. Scale bar 50mm. d) Force
indentation curves of dry polyacrylamide particles when photopolymerized
with (&, lower curve) and without bubbles (*, upper curve). The black
solid lines represent the fit by the tip model (Eq. 1) to the indentation data
on the polyacrylamide particles when photopolymerized with bubbles
(lower curve, open square, E¼ (3.6� 1.2)� 107 Pa) and without bubbles
(upper curve, open circles, Es¼ (8.6� 1.7)� 108 Pa).

3316
function of Qw/Qo in both FFT and DFT devices (Fig. 3b and

d), we observed a dependence of the thickness of the water

layer on the relative flow rate in both devices. In particular, for

the DFF device, when Qw/Qo¼ 0.35 we obtained 90mm

diameter gas bubbles surrounded by 17mm thick water layers

(see Supporting Information, Fig. S2). Changing the relative

flow rate to unity, we measured water layers with thickness as

small as 5mm and encapsulated bubbles with diameter around

20mm, as shown in Figure 3e. This control of the thickness of an

aqueous layer provides a microfluidic route for the fabrication

of microbubbles covered with thin layers of polymer, as has

been demonstrated for the analogous three-liquid phase

system.[24]
www.advmat.de � 2008 WILEY-VCH Verlag GmbH &
We have also identified flow conditions in the FFT where we

get a large number of gas bubbles in each water droplet. We

thus were able to fabricate porous particles by first making

droplets containing many gas bubbles and then polymerizing

the aqueous phase. Figure 4a and b, respectively, show the

sequential generation of photopolymerizable acrylamide aqu-

eous droplets with encapsulated microbubbles (Qw/Qo¼ 1) and

the collection of these droplets in the reservoir before UV

irradiation. Figure 4c shows a magnified view of one acryl-

amide aqueous droplet after UV irradiation and many trapped

bubbles are evident. The objects are effectively microspheres

of a closed-cell foam. Once the bubbles were trapped inside

water droplets or the polymerized polyacrylamide particles,

they were stable for as long as 60 minutes before significant

dissolution was evident (see Supporting Information, Fig. S3).

The effective elastic modulus of the dry photopolymerized

polyacrylamide particles with and without entrapped micro-

bubbles was investigated using atomic force microscope

(AFM) (Fig. 4d). The porous polyacrylamide particles show

relatively low elastic moduli (E¼ (3.6� 1.2)� 107 Pa) com-

pared to the particles without bubbles (Es¼ (8.6� 1.7)�
108 Pa). We note that E/Es¼ 0.04. An estimate of the gas

fraction obtained by approximating the number of gas bubbles
Co. KGaA, Weinheim Adv. Mater. 2008, 20, 3314–3318



C
O
M

M
U
N
IC

A
T
IO

N

in the porous particles gives an effective density of 0.27rs,

where rs is the density of the polymerized polyacrylamide.

These results are consistent withmacroscopic measurements of

the elasticity of other closed-cell foams.[32] Thus, our ability to

tune the number of gas bubbles per droplet offers an approach

to manipulate the elasticity of individual microparticles by

changing the internal porosity.

In summary, we have reported a microfluidic approach with

two different geometries to generate gas-in-water-in-oil

(three-phase) emulsions and systemically investigated the

effects of the liquid flow rates and that gas pressure on the

formation of water-encapsulated microbubbles. By changing

the microfluidic geometry and relative flow rate, we achieved

both control over the thickness of the water layer to obtain thin

shells covering individual microbubbles and we have demon-

strated control over the number of encapsulated bubbles.

Adding photopolymerizable monomers (acrylamide) into the

aqueous phase, we obtained porous polyacrylamide particles

with relatively low elastic moduli compared to the solid

polyacrylamide particles. This technology has the potential to

generate thin-polymer covered microbubbles or porous

biopolymer microparticles for applications in ultrasound

contrast materials, tissue engineering materials, micro-reactors

and other areas where porous microstructures are advanta-

geous or required.
Experimental

Fabrication of Microfluidic Devices and Experimental Setup:
Microfluidic chips were fabricated in PDMS using standard soft
photolithography techniques [33]. The water and oil are loaded in two
syringes (Hamilton) respectively and connected to syringe pumps (Kd
Scientific, KDS101). Pressure is applied to the needle independently
controlled by a regulator (Bellofram, St. Louis,MO)with a precision of
0.1 psi. Polyethylene (PE 20) tubes are connected from the syringe
needle to the inlet hole of the channel of the device. Before use, the
microfluidic chips were treated with octadecyltrichlorosilane (OTS) to
make the glass surface hydrophobic.

The illustrations of the double flow-focusing (DFF) and flow-
focusing followed by a T-junction (FFT)microfluidic devices are shown
in Figure 1. The height of the channels is everywhere equal 38mm as
measured with surface profilometer. The widths of the gas and water
channels are 100mm; the width of the central channel where gas
bubbles were dispersed in the water phase is 60mm; the width of the oil
channel is 150mm (DFF) or 200mm (FFT); and the widths of the
orifices for all geometries are either 20 or 30mm. For the flow-rate
dependent measurements, we dispersed pure nitrogen gas bubbles into
deionized water with sodium dodecyl sulfate (SDS) (2wt%, Aldrich)
after which the water droplets with bubble(s) were dispersed into the
mineral oil (Aldrich).

For the photopolymerization reactions [34], acrylamide (36wt%,
Aldrich), N,N-methylenebisacrylamide (1.5wt%, Aldrich) and 2,2-
diethoxyacetophenone (0.5wt%, Aldrich) were dissolved in the water
phase (deionized water) and 2,2-diethoxyacetophenone (5wt%) was
dissolved in the oil phase (PDMS fluid 200 and 749, DowCorning). The
acrylamide droplets were polymerized by activating the photoinitiator
using a 100W mercury lamp coupled into a 10�microscope lens
(NA¼ 0.25) on an inverted fluorescence microscope (Leica, Bannock-
burn, IL).

Microbubble emulsions are directly observed using a high-speed
video camera (Phantom V 9, 1400 frames per second) mounted on the
Adv. Mater. 2008, 20, 3314–3318 � 2008 WILEY-VCH Verl
microscope. The size distributions of the droplets and encapsulated
bubbles are analyzed using an image analysis programwritten in-house
with Matlab software.

Atomic Force Microscope Measurement: Elastic properties of the
dry polyacrylamide particles were characterized by indentationmeasure-
ments on aMFP-3DCoax atomic force microscope (AFM) coupled with
an invertmicroscope (AsylumResearch, Santa Barbara, CA).A silicon
nitride probe (MikroMash, OR) with a force constant of �0.15Nm�1

was applied in the force mode. After the measurement, the collected
force curves were converted into force versus indentation graphs using
software provided by Asylum Research. The elastic moduli of the
particles were determined by assuming a conical tip shape, which
produces a load-indentation dependence [19]

F ¼ 2E tana

pð1� y2Þ d
2 (1)

where F is the loading force (N), d is the indentation (m), E is Young’s
modulus (Pa), y is the Poisson’s ratio (0.5), and a is the tip semivertical
angle (358).
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