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ABSTRACT: We introduce a facile approach for the production of gas-filled
microcapsules designed to withstand high pressures. We exploit microfluidics to
fabricate water-filled microcapsules that are then externally triggered to become gas-
filled, thus making them more echogenic. In addition, the gas-filled microcapsules
have a solid polymer shell making them resistant to pressure-induced buckling,
which makes them more mechanically robust than traditional prestabilized
microbubbles; this should increase the potential of their utility for acoustic
imaging of porous media with high hydrostatic pressures such as oil reservoirs.

1. INTRODUCTION

Ultrasonic imaging is a noninvasive, long-range visualization
technique in which sound waves are transmitted into and
received from an object; the echoes, or the intensities of the
reflected and backscattered waves, are used to form the
ultrasound image." The extent to which a material gives rise to
these reflections is its echogenicity, which is proportional to the
speed of sound and the density of the reflecting material
relative to that of its surroundings. For example, a solid sphere
in water will generate low contrast and hence low image quality.
To enhance the acoustic contrast, an object with a higher
compres51b111ty, such as a suspension of gas bubbles, is
preferable.”® Unfortunately, gas bubbles are inherently unstable
because of their rapid dissolution in liquids and resultant short-
lived echogenicity. To increase their lifespan, gas bubbles can
be coated with a shell that forms a protective layer and
minimizes dissolution; microbubble shells composed of
polymers provide the greatest stabilization.”* These micro-
bubbles are easily produced by sonication; however, the
uncontrolled shear of sonication yields microbubbles with
broad distributions of sizes and shell thicknesses®~” and hence a
widely distributed acoustic response. Thus, the utility of these
polydisperse bubbles is somewhat limited. One promising
strategy for addressing this limitation is through the use of
controlled synthesis strategies, such as droplet microfluidics, to
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produce mlcrobubbles with precisely controlled sizes and shell
thicknesses.*™® Such improved gas bubbles are well-suited to
the demands of the most common use of ultrasonic imaging,
biomedical applications.” >* An additional potential use of
acoustic contrast agents, such as these bubbles, is that of
imaging fluid components in porous media. However, this
application often requires the bubbles to withstand large
hydrostatic pressures ranging from 0.3 to 55 MPa; if this were
feasible, then such stable microbubbles could also be used for
imaging oil reservoirs. Unfortunately, most polymer-shelled
microbubbles cannot withstand such enormous pressures.
Moreover, because gases remain prone to dissolution even
after stablhzatlon, the application of these microbubbles is still
limited.*>*** One means of overcoming this limitation is to use
a core with a liquid placeholder that can then be externally
triggered to be filled with gas on demand.** This can increase
the utility of microbubbles. Combining this core with a
mechanically robust shell would enable microbubbles to be
used for high-pressure acoustic imaging applications. However,
microbubbles that utilize this approach have not been reported.
If such bubbles were available, then they would be of particular
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Figure 1. (A) Optical microscope image showing droplet formation in the dripping regime. The scale bar is 150 ym. (B) Schematic illustration of a
microfluidic device for the fabrication of polymer shell double emulsion droplets. (C, D) Optical micrographs of the resulting water-filled
microcapsules at different stages of thermal treatment. (E) Confocal microscope image of water-filled micocapsules showing fluorescent signals in the
core. (F, G) Optical micrograph of resultant microcapsules at different stages of thermal treatment to obtain gas-filled microcapsules. (H) Confocal
microscope image of gas-filled microcapsules resuspended in water. Each scale bar in C, D, F, and G is 80 ym, and each scale bar in E and H is 70

pum.

interest for use as contrast agents in oil reservoirs in addition to
their promise for use in biomedical applications.

Here, we present a technique to create robust gas-filled
microcapsules using monodisperse water-filled microcapsules
that are subsequently externally triggered to replace water with
a gas. A glass capillary microfluidic device is used to generate
water-in-oil-in-water double emulsions in which the innermost
phase is water, the outermost phase is water containing a
surfactant, and the middle is an oil phase containing a
photocurable monomer. Upon UV irradiation, the monomer
polymerizes, thereby yielding hard-shelled microcapsules that
are water-filled. Subsequent drying and evaporation of the
water in the core creates a large cavity and enables gas entry
from the surroundings. The creation of this large cavity does
not compromise the microcapsule integrity for capsules at a
critical shell thickness that is experimentally determined and
well described by shell theory. The resulting gas-filled
microcapsules are stable under hydrostatic pressures up to 6.8
MPa. Furthermore, these gas-filled microcapsules also provide
measurable acoustic contrast at an ultrasonic frequency of 1
MHz.

2. RESULTS AND DISCUSSION

We make monodisperse water-filled capsules in a glass
microcapillary device. It consists of a tapered round injection
and a collection capillary that are coaxially aligned within a
square capillary, as shown in the bright-field image in Figure
1A. We fluorescently label the inner aqueous phase (S wt % of
PVA) with rhodamine 6G (Sigma-Aldrich) and allow it to flow
through the tapered round injection capillary. The middle
hydrophobic phase is ethoxylated trimethylolpropane triacrylate
(ETPTA, MW 457, Sigma-Aldrich) liquid monomer and a
photocurable initiator (0.2 wt, %), 2-hydroxy-2-methylpropio-
phenone (Daracur 1173); it flows through the region between
the injection capillary and the square capillary. The outer
aqueous phase, which is a 10% poly(vinyl alcohol) (PVA, MW
13000—23 000, 87% hydrolyzed, Sigma-Aldrich) solution,
flows in the opposite direction in the space between the
collection capillary and the square capillary; the resultant
hydrodynamic flow-focusing leads to the formation of
monodisperse double emulsions, as shown in the schematic
in Figure 1B. We monitor microcapsule generation using an
inverted optical microscope (DM-IRB, Leica) that is equipped
with a high-speed camera (Phantom V9, Vision Research). As

the double emulsions are generated, they are irradiated in situ
with UV light that photopolymerizes the ETPTA monomer to
form the microcapsule shell. Once the shell hardens, the
microcapsules are washed to remove the PVA surfactant and
then extracted by filtration and resuspended in water on a glass
slide, as seen in Figure 1C. We washed the microcapsules with
DI water three times to remove PVA from the continuous
phase. To initiate the thermally induced core-replacement
process, we hold the water-filled microcapsules at 40 °C for 20
min. As the water surrounding them evaporates, the capsules
appear to indent, as shown in Figure 1D; this optical artifact is
due to the lowering level of the water on the glass slide. We
obtained a confocal image of capsule cross-sections; the
existence of the fluorescent signal confirms that capsules are
still water-filled at this stage, as shown in Figure 1E. The
remaining water is drawn to the interfaces between the
microcapsules by capillarity to form pendular rings at the
contact points between them, as shown in Figure 1F. The water
in the core of the microcapsules is replaced by air as the water
fully evaporates, as seen in the image in Figure 1G. After drying,
we resuspend the gas-filled microcapsules in water and use
confocal microscopy to confirm that the water in the core has
been replaced by the gas, as shown in Figure 1H.

We find that the microcapsules buckle during water
evaporation.”> To elucidate the origin of this behavior, we
study the buckling of microcapsules having the same outer
radius, R, but varying shell thicknesses, t. We produce the
different shell thicknesses by varying the values of the flow rates
of the inner and middle phases, Q, and Q,, respectively, while
keeping their sum constant at 1000 yL/h and while maintaining
the outermost fluid flow rate at 8000 yL/h. Images of the
generation of microcapsules with different shell thicknesses are
shown in Figure 2A—G. The thicknesses are plotted as a
function of the ratio of middle- to inner-phase flow rates (Q,/
Q,) in Figure 2H. The data are well described by a logarithmic
function; this enables us to determine easily the flow rates
needed to obtain microcapsules with a desired shell thickness.
We use optical microscopy to probe the microcapsule buckling
upon drying. The fraction of unbuckled microcapsules increases
with increasing shell thickness, plateauing at a critical value of
the shell thickness, approximately equal to 15 um, as shown in
Figure 3A. Capsules with thin shells readily buckle when dried,
as shown by the first two points in Figure 3A. The buckled gas-
filled microcapsules can be seen in the micrographs in Figure
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Figure 2. (A—G) Optical micrographs of double emulsions produced
in the dripping regime with different shell thicknesses. (H)
Microbubble shell thicknesses are plotted as a function of the ratio
of middle- to inner-phase flow rates (Q,/Q;,). The scale bar is 150 ym.
The solid line represents the logarithmic function described in the text.

3B,C. In stark contrast, capsules with shells thicker than ~0.14
times their radius do not buckle as they dry, as shown in Figure
3A and exemplified by the micrographs in Figure 3D,E. We
explain this buckling threshold using shell theory: for a capsule
shell to buckle, the capillary pressure difference across it, P,
must exceed a threshold Pbuddmg =~ 2E/(3(1 = *))Y*(t/R)?,
where E & 600 MPa and v = '/ are the Young s modulus and
Poisson rat10 of the shell material, respectively,”® and R is the
shell radius.”” As shown experimentally, the onset of buckling
occurs at t/R = 0.14; this corresponds to a threshold pressure of
Pyuiing ~ 14 MPa. We hypothesize that, as the water

evaporates, tiny menisci form in the pores of the cross-linked
polymer microcapsule shells. This results in a capillary pressure
difference across each shell; the pressure outside is greater than
that inside by an amount P & 2y/a,, where y & 70 mN/m is
the surface tension of water in air at 40 °C and a, is the typical
radius of a pore. Balancing the buckling pressure with the
capillary pressure, P, yields a characteristic pore radius of a, ~
10 nm, consistent with that expected for a highly cross-linked
polymer shell. These results thus indicate that only capsules
with sufficiently thick shells are stable against buckling during
water evaporation.

To extend the utility of these capsules for applications that
require them to operate under high hydrostatic pressures, such
as in oil reservoirs, they must withstand hydrostatic pressures
that range between 6.8 and 55.1 MPa. To investigate the
behavior of our polymer-shelled microcapsules under such high
pressures, we designed a high-pressure cell with imaging
capabilities using one piece of 316 stainless steel with a sapphire
window and one solid piece; these are attached using screw-
tight flanges. Steel tubing was connected to two ports along the
circumference of the steel cylinder for liquid flow through the
cell. Pressure is generated using an automated syringe pump
(ISCO model 260D) rated to S1.7 MPa. Temperature control
of the cell is maintained using an autotune unit (Omega
CN77353-A2) with a K-type thermocouple and an Omega
flexible heater (silicon rubber) covered with glass wool
insulating tape. The pressure inside the cell is monitored
using an output pressure transducer (model TJE/743-11TJG,
Sensotec, Columbus, OH) and gauges (Sensotec, type GM).
Microcapsules inside the cell are observed by optical
microscopy through transparent capping sapphire windows.
The imaging system consisted of a 12 megapixel (Canon 450D)
camera with a EF-S 18—55 mm, f/3.5—5.6 lens. Static images
and videos of the gas-filled microcapsules were acquired under
various pressures ranging from 1 to 490 atm (0.1 to SO MPa).
Using this high-pressure imaging cell allows simultaneous
pressurization and visualization of individual gas-filled micro-
capsules. At lower pressures (e.g, 5.5 MPa), all capsules remain
intact, as seen in Figure 4A. When the pressure reaches 11.7
MPa, we observe that the initially dark core of one of the
capsules in Figure 4B becomes lighter as a result of water
penetrating the capsule through a microscopic pore in its shell.
We observe similar behavior at 22—27 MPa for two other
bubbles, as shown in Figure 4D—H. We believe that this
variance in the shell-fracture pressure reflects the corresponding
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Figure 3. (A) Fraction of unbuckled gas-filled microcapsules with different shell thicknesses. (B—E) Optical microscope images of dried

microcapsules. The scale bar is 150 ym.

12354

dx.doi.org/10.1021/1a402598p | Langmuir 2013, 29, 12352—12357



Langmuir

©

I
©

<N F < (3 <\
- -

@f.a Ol " Qﬁ

L) A% L) - )

O 5

@M

©§:®@'+

(‘\‘

%ﬁ
(@)

O

Figure 4. (A—]) Gas-filled microcapsules subjected to high hydrostatic pressure up to SO MPa. The scale bar is 120 ym.

variance in the gas-filled microcapsule shell thicknesses. At even
higher pressures, water continues to infiltrate the shell and
forces the gas to dissolve fully in the water, as shown in Figures
41]. To understand this behavior, we analyze the distribution of
pressures in the fluids: we hypothesize that as the water
surrounding a shell tries to squeeze through it, tiny menisci
form in the pores. This results in a capillary pressure difference
across the shell; the pressure inside the shell is greater by P, =
2y/a, where y ~ 70 mN/m is again the surface tension
between air and water. Thus, to begin to fill the capsule interior,
the hydrostatic pressure applied to the water, P,, must exceed a
threshold given by p;*® balancing the observed threshold P, ~
11.7 MPa with P, yields an independent estimate of the typical
pore radius, a, ~ 12 nm. This is in excellent agreement with the
estimate of a, from our observations of the gas-filled
microcapsule buckling. Conversely, to prevent water-infiltra-
tion, P, must be less than P this criterion provides a key
requirement for producing gas-filled microcapsules that are able
to withstand reservoir pressures.

To evaluate the utility of these gas-filled microcapsules as
acoustic contrast agents, we visualize and insonate them. We
carry out acoustic detection under water submersion using a
custom-built polycarbonate chamber. The microcapsule sample
holder is constructed as a fixed-volume chamber (approx-
imately 750 uL) with two layers of optically and acoustically
transparent plastic sheets that are separated by a rubber gasket.
A 0.75 in. diameter, 1 MHz immersion transducer with a —6 dB
beam width at its focus, spherically focused at 40 mm
(Olympus NTD), is aligned with the sample holder and
coaxially aligned with the camera. The —6 dB beam width at the
transducer focus is approximately 3.2 mm. A single sine wave
pulse (1 MHz, 400 V) with a repetition rate of 100 Hz is
generated by a pulse generator/receiver (Olympus S077PR).
The peak pressure at the acoustic focus is 17 kPa with a
calibrated needle hydrophone (HNC-0400, Onda Corp). The
resulting echo is reflected back to the transducer and digitized
with an oscilloscope (LeCroy 9314AM) at 100 MHz and
transferred to a PC. Using LabView, 100 scans are averaged for
each concentration of microcapsules. The microcapsule
concentration is quantified by counting the number of capsules
in the acoustic focus (3.2 mm) of the transducer. The small
acoustic reflection of the plastic windows in the holder is
subtracted from each data set. The peak amplitude of the echo
reflected from the microcapsule layer is measured as a function
of microcapsule concentration. We investigate the impact of
microcapsule concentration on echogenicity by testing seven
concentrations. The microcapsules form a submonolayer, as
shown for three concentrations in Figure SA—C. To determine
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Figure S. (A—C) Optical micrograph of three different concentrations
of gas-filled microcapsules. (D) Acoustic scattering response of the
water-filled microcapsules. (E) Acoustic scattering response of the gas-
filled microcapsules. Numbers with different colors represent the
number of capsules in the acoustic focal plane.

the effective echogenicity of the gas-filled microcapsules, we
compare them to water-filled microcapsules. The echoes from
the gas-filled capsules occur later than those of the water-filled
capsules, because their greater buoyancy positions them further
from the transducer. In addition, the amplitude of the acoustic
scattering response for both the water-filled and the gas-filled
microcapsules increases with concentration, as shown in
Figures SD,E, respectively. However, the amplitudes from the
gas-filled microcapsules are consistently greater than those from
an identical concentration of water-filled microcapsules; hence,
we conclude that the gas-filled microcapsules are more
echogenic than the water-filled microcapsules.'* To quantify
this, we plot the peak amplitude of the scattering response as a
function of concentration; the scattering exhibits a linear
increase with concentration, as shown by the solid lines through
the data in Figure 6. Echogenicity is proportional to the value of
the slope and is 3.03 mV/mm?* for the water-filled micro-
capsules and 19.9 mV/mm? for the gas-filled microcapsules;
this demonstrates that the difference in echogenicity is due
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Figure 6. Scattering response of gas-filled and water-filled micro-
capsules as a function of microcapsule concentration.

solely to the composition of the microcapsule core. Such gas-
filled microcapsules can be useful for enhancing echogenicity in
high-pressure applications.

3. CONCLUSIONS

Gas-filled microcapsules that are formed by traditional
strategies are limited in use to biomedical acoustic imaging
because they are not designed to withstand high pressures;
hence, they cannot be used in the acoustic imaging of oil
reservoirs. The strategy introduced here addresses these
limitations through the use of microfluidics to create water-
filled microcapsules that are then externally triggered to
become gas-filled, thus making them more echogenic.14 In
addition, the microcapsules have a solid polymer shell, making
them resistant to pressure-induced buckling, which makes them
more mechanically robust than traditional prestabilized gas-
filled microparticles; this should increase the potential of their
utility for acoustic imaging of oil reservoirs. Moreover, the use
of microfluidics enables the direct incorporation of additional
components, such as magnetic nanoparticles, into the shell;?
this allows the microcapsules to be directed to specific locations
by an externally applied magnetic field and may enhance the
stability of the shell.*>*' Therefore, these microcapsules also
have great potential in targeted ultrasonic imaging applications.
We note that such applications often require microcapsule
diameters in the range of ~1—10 um, significantly smaller than
the microcapsules we use here; reducing the microcapsule size
would thus be an interesting direction for future work.
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