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We study the stability of polymer-shelled bubbles with controlled

dimensions generated from air-in-oil-in-water (A/O/W) compound

bubbles. We show that the ratio of the shell thickness to bubble

radius is critical in generating un-deformed polymer-shelled bubbles

from A/O/W compound bubbles. In addition, the effects of

shell stiffness and encapsulated gas on bubble stability are also

investigated.
A bubble is a globular body of gas suspended in a liquid. Mono-

disperse and stable bubbles have potential applications in food and

cosmetics industries as well as in the fabrication of acoustic bandgap

materials and functional lightweight materials with a hierarchical

order.1 Stable and monodisperse bubbles also can be advantageous in

biomedical applications such as contrast-enhanced ultrasonography

and ultrasound-triggered drug/gene delivery.2 It is, however, chal-

lenging to make gas bubbles with controlled properties and narrow

size distribution using traditional bubble generation methods, which

typically rely on shearing gas in water.3 In addition, bubbles in

a liquid medium tend to dissolve and coarsen over a period of time

due to the Laplace pressure across the air–water interface, limiting

their long-term utilization.4,5

Recently, bubbles with extended lifetime have been generated by

covering the bubbles with different materials. Bubbles coated with

insoluble surfactants, phospholipids or biopolymers have been

reported to have significantly enhanced stability against dissolution.5,6

Bubbles stabilized by colloidal particles, referred to as ‘‘armored

bubbles’’, also are extremely stable due to the presence of a stiff

interfacial layer that arrests bubble dissolution.7,8 From these studies,

it is evident that the physicochemical properties of the bubble shell

formed at the gas–liquid interface are critical in suppressing bubble

dissolution, coalescence, and coarsening. Although the effect of the

chemical properties of shell materials has been studied previously, the

effects of shell thickness and stiffness on the stability of bubbles have

not been investigated extensively. The lack of such investigation is

partly attributed to the significant difficulties involved in generating
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bubbles with controlled dimensions such as radius and shell

thickness.

We have recently reported a new approach to generate mono-

disperse and stable bubbles with a stiff shell of randomly packed

nanoparticles by employing an air-in-oil-in-water (A/O/W)

compound bubble as a template.9 Our approach affords precise

control over bubble dimensions (i.e., radius and shell thickness) and

also allows for the incorporation of non-water soluble materials such

as hydrophobic polymers and nanoparticles, thereby enhancing the

potential utility of bubbles in various applications. In this work, we

study the effects of bubble dimension, shell material, and encapsu-

lated gas on the stability of polymer-shelled bubbles generated from

an A/O/W compound bubble.

Polymer-shelled bubbles using a glassy biocompatible polymer,

poly(DL-lactic-co-glycolic)acid (PLGA), are created using an A/O/W

compound bubble as a template, as shown in Fig. 1(a).9 The

monodisperse A/O/W compound bubble is generated using a glass

capillary microfluidic device (Fig. 1(b)). The inner phase (A) is

nitrogen, and the outer phase (W) is a mixture of glycerol and 2 wt%

poly(vinyl alcohol) (PVA) aqueous solution. The middle phase (O)

comprises a volatile organic solvent, dichloromethane, in which

PLGA is dissolved. Inner and middle fluid streams are hydrody-

namically focused by the outer fluid, leading to the formation of

compound bubbles with a polydispersity of less than 7%. Polymer-

shelled bubbles are obtained by removing the solvent via evaporation.

This method of polymer-shelled bubble generation enables us to

precisely control the bubble radius (R) and the thickness of the bubble

shell (h).

Upon solvent removal, we observe that some polymer-shelled

bubbles undergo deformation, exhibiting buckling or irreversible

change in the shape of shells as seen in Fig. 1(c). Other bubbles with

different dimensions, however, show little deformation as shown in

Fig. 1(d). To characterize the effect of bubble dimension on the

bubble deformation, we determine the percentage of deformed

bubbles as functions of shell thickness (h) and bubble radius (R), as

illustrated in a state diagram (Fig. 2). For a given bubble radius, an

increase in shell thickness leads to an increase in the fraction of un-

deformed bubbles, whereas for a given shell thickness, an increase in

bubble size leads to a decrease in bubble stability as shown in Fig. 2.

This observation clearly indicates that the deformation of bubble

shell is strongly influenced by the combined effect of the shell thick-

ness and bubble radius.

The stability of the bubble shell is seen to correlate strongly with

the ratio of shell thickness to bubble radius, h/R, as shown in Fig. 3.

As h/R increases, the percentage of deformed bubbles decreases,

reflecting an increase in the bubble stability against deformation. The

fraction of un-deformed bubble plateaus as h/R is increased above

a critical value. Consequently, the critical ratio of bubble shell
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 State diagram for bubble stability as functions of the shell

thickness (h) and bubble radius (R), determined at 30 min after prepa-

ration. The symbols depend on the percentage of deformed bubbles: (-)

0–10%; (,) 10–25%; (:) 25–50%; (O) 50–75%; (;) 75–100%. The

dashed line goes through the origin of the h versus R graph and has

a slope of (h/R)c. Optical microscopy images correspond to the several

data points (a, b and c) on the diagram.

Fig. 3 Percentage of deformed bubbles as a function of h/R at 30 min

after preparation and (inset) 2 days after preparation.

Fig. 1 Microfluidic fabrication of PLGA-shelled bubbles. (a) Schematic

for the formation of polymer-shelled bubbles from A/O/W compound

bubbles. (b) Optical microscopy image of A/O/W compound bubbles

generated in a microfluidic device. (c,d) Optical microscopy images of

PLGA-shelled bubbles 30 min after preparation. Bubbles have (c) R ¼
40.9 mm and h ¼ 104 nm and (d) R ¼ 19.3 mm and h ¼ 93 nm. We note

that R and h are determined by the mass balance using oil flow rate (Qm),

compound-bubble generation frequency (fcb), volume fraction of poly-

mer in oil (fp), and compound-bubble size (Dcb) (see ESI for the calcu-

lation of R and h). Insets show the SEM images of polymer shells after

being completely air-dried at room temperature. Scale bars are 100 mm.
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thickness to bubble radius, (h/R)c, for the onset of bubble shell

deformation is determined to be 0.0046. The stable–unstable transi-

tion of bubble shell can be clearly delineated by a line with a slope of

(h/R)c as seen in Fig. 2 (this line goes through the origin of the plot).

We note that there is no significant change in the fraction of deformed

bubbles two days after preparation as shown in Fig. 3. The onset of

bubble instability occurs within 30 min after preparation.

We believe the deformation of bubble shell is due to the parti-

tioning of gas (i.e., nitrogen) into the surrounding aqueous phase and

the air above the aqueous phase by its diffusion through the elastic

polymer shell that has formed after the solvent removal.10 The

diffusion of gas through the elastic polymer shell leads to a pressure

difference. The pressure difference, thus, will depend on the difference

in the chemical potential of the gaseous species across the bubble shell

but not strongly on the bubble dimension and the shell material. The

pressure difference that induces shell deformation can be expressed

using the following equation describing the elastic instability of

a spherical shell11

DP ¼ 2Efffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� v2Þ

p
�

h

R

�2

c

(1)

where v and Ef are the Poisson’s ratio and Young’s modulus of the

bubble shell.
This journal is ª The Royal Society of Chemistry 2010
We hypothesize that different filling gases would lead to different

values of DP. To confirm this, we generate PLGA-shelled bubbles

using different gases. The values of DP are determined to be a strong

function of the identity of filling gas as summarized in Table 1. While

the generation of bubbles using compressed air leads to a smaller

value of DP compared to N2-filled bubbles, the bubbles generated

using helium (He) and carbon dioxide (CO2)
8,12 exhibit higher values

of DP compared to N2-filled bubbles. The fact that the bubbles filled

with He, which has a low solubility in water,13 have a higher value of

DP than N2-filled bubbles indicates that it is not just the solubility of

gas in water but also its transfer into the air above water that

determine the pressure difference. Because of the scarcity of He in air,

the pressure difference for He-filled bubbles is greater than that of

N2-filled bubbles. Thus, our results indicate that the partitioning of

filling gas in the air above water surface as well as the solubility of gas

in the surrounding water are critical in determining the pressure

difference across the bubble shells.
Soft Matter, 2010, 6, 4326–4330 | 4327
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Table 1 The pressure difference across the polymer shell determined by
the critical h/R and Young’s moduli Ef. Young’s moduli of polymer films
immersed in water for 30 min are measured using a buckling-based
metrology

Shell Gas (h/R)c Ef (GPa) DP (kPa)

PLGA N2 0.0046 1.69 � 0.54 43.8 � 14.1
Air 0.0038 29.9 � 9.6
CO2 0.0068 95.8 � 30.7
He 0.0054 60.4 � 19.4

PS N2 0.0035 3.06 � 0.36 45.8 � 5.5
PMMA N2 0.0040 2.25 � 0.30 44.0 � 5.9

Fig. 4 Percentage of deformed bubbles with the PLGA-, PS-, and

PMMA-shells as a function of (a) h/R and (b) Ef(h/R)2.
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The pressure difference (DP) that leads to the deformation of

polymer-shelled bubbles can be determined by measuring the

Young’s modulus of the polymer (Ef) as well as the critical ratio of

shell thickness to bubble radius, (h/R)c. As indicated above, DP

should not depend on the properties of the shell material but rather

on the identity of filling gas. To confirm this hypothesis, we determine

the pressure difference inducing the deformation of nitrogen-filled

bubbles by generating bubbles with different shell materials (Table 1).

Glassy polymers, poly(methyl methacrylate) (PMMA) and poly-

styrene (PS), are used to determine the pressure difference across the

bubble shell. The critical ratio (h/R)c for each polymer is determined

using the method described above (see ESI, Figure S2). The Young’s

modulus (Ef) of each polymer in water is determined using a strain-

induced elastic buckling instability for mechanical measurement

(SIEBIMM) method14,15 (see Experimental section and ESI for

details (Figure S3)). The pressure differences (DP) for N2-filled

bubbles obtained using the three different polymers are in an excellent

agreement with each other as summarized in Table 1. The consistency

obtained from N2-filled bubbles generated with the three polymers

clearly indicates that DP depends on the identity of the filling gas

rather than on the shell material and bubble size. We note that the

bubble shell may have a small amount of residual solvent, which

would lead to the overestimation of Ef as well as DP.16

From these results, we can conclude that gases that have a high

solubility in water and are rare in air tend to increase the value of

(h/R)c. Thicker polymer shells are required to generate un-deformed

bubbles when these types of gases are used for bubble generation.

Also, the stiffer polymer shell requires a smaller value of (h/R)c to

generate un-deformed bubbles; that is, un-deformed bubbles can be

generated more easily with thinner shells for a given bubble radius if

stiffer polymers are used.

Eqn (1) also suggests that a universal behavior may exist. It can be

deduced that the deformation behavior of bubbles generated with

different shell materials but with a given filling gas would scale as

Ef(h/R)2. When the fraction of deformed bubbles (N2-filled) for each

polymer (Fig. 4(a)) is scaled accordingly, the three curves superpose

reasonably well onto a single master curve (Fig. 4(b)), indicating,

indeed, the instability of polymer-shelled bubbles is a consequence of

pressure difference induced by gas diffusion from the inside of the

bubbles to the outside through the elastic polymer shell.

In summary, we investigated the elastic instability of polymer-

shelled bubbles produced from A/O/W compound bubbles. The

microfluidic technique provides a unique opportunity in creating

bubbles with precisely controlled dimensions and, thus, we can

investigate the effect of shell thickness and radius on the stability of

bubble with unprecedented control. We found that the ratio of shell
4328 | Soft Matter, 2010, 6, 4326–4330
thickness to bubble radius plays a critical role in determining the

bubble stability against deformation. In addition, the pressure

difference (DP) across bubble shell at the onset of shell deformation

was determined by measuring the critical ratio of shell thickness to

bubble radius, (h/R)c. The pressure difference was found to be

strongly dependent on the identity of the encapsulated gas, which

indicates that DP is mainly determined by gas dissolution into the

surrounding liquid and the air above the liquid. The use of a gas that

is highly soluble in water and scarce in air (e.g., CO2), thus, leads to

the elastic instability of bubbles against deformation. In addition, the

use of stiff polymer shells enables the generation of un-deformed

bubbles with small values of h/R. Our results provide guidance for the

generation of stable bubbles with controlled physical properties for

future applications in the generation of three-dimensional porous

materials.
Experimental

Preparation of polymer-shelled bubbles

The A/O/W compound bubbles are generated using a glass-capillary

microfluidic device that combines a co-flow and flow-focusing

geometry, as described previously.9 Briefly, two circular capillary

tubes with inner and outer diameters of 0.58 mm and 1.0 mm (World

Precision Instrument Inc.) were tapered to desired diameters using

a micropipette puller (P-1000, Sutter Instrument Inc.) and a micro-

forge (Narishige MF-830). The inner diameters of tapered tubes for

the injection of a gas phase and the collection of bubbles were 2–8 mm

and 80–150 mm, respectively. The outside of the glass capillary tube

for inner fluid was hydrophobically functionalized with octadecyl-

trichlorosilane (OTS). This chemical treatment enhances the wetta-

bility of oil outside the capillary tube, and facilitates the formation of

compound bubbles. The two tapered capillaries were inserted into

a square capillary with an inner dimension of 1.0 mm, and subse-

quently sealed with epoxy.
This journal is ª The Royal Society of Chemistry 2010
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For the fabrication of compound bubbles, one gas and two liquids

were introduced into a microfluidic device using flexible Tygon tubing

with a pressure regulator (ControlAir Inc.) and two syringe pumps

(PHD, Harvard Apparatus), respectively. The inner gas phase was

nitrogen (N2), compressed air, carbon dioxide (CO2), or helium (He),

and the middle oil phase consisted of 1–5 wt% PLGA polymer

(75 : 25 poly(DL-lactic-co-glycolic)acid, Ester Terminated, Durect

Corp.) in dichloromethane. The outer water phase was composed of

a mixture of 0–50 vol% glycerol in 2 wt% PVA aqueous solution

(PVA, 87–89% hydrolyzed, average Mw ¼ 13 000–23 000, Aldrich).

The increase in viscosity using glycerol enables the generation of

compound bubbles with relatively low flow-rate of outer phase. The

compound-bubble generation frequency (fcb) was measured for

calculating bubble dimensions such as shell thickness and bubble

radius (see ESI for details). Generated compound bubbles flowed into

the collection tube, and then one or two drops containing compound

bubbles were collected into a large pool of water on a glass slide. This

effectively lowers the concentration of PVA and glycerol in the

continuous phase. The collected bubbles formed a monolayer at the

top of water surface on the glass slide. The organic solvent was

removed simply via evaporation. Because the bubbles float to the

water surface, the evaporation of the solvent occurs very rapidly.

Based on the evaporation rate of the solvent, we expect the solvent to

be removed in approximately 30 s. For the generation of PS- and

PMMA-shelled bubbles, the middle phases were prepared by dis-

solving 2–4 wt% PS (Mw ¼ 400 000, Mw/Mn # 1.06, Pressure

Chemical Co.) and 2–6 wt% PMMA (Mw ¼ 75 000, Scientific

Polymer Products Inc.) in toluene, respectively.

The generation of compound bubbles in a device was monitored

with a 10� objective using an inverted light microscope (Nikon

Diaphot 300) equipped with a high-speed camera (Phantom V7.1)

capable of 13 000 frames per second at the frame resolution of 800�
200 pixels. The polymer-shelled bubbles formed from compound

bubbles were imaged using an upright microscope (Carl Zeiss Axio

Plan II) with a CCD camera (Qimaging Retiga 2000R Fast 1394).

The percentage of deformed bubbles was determined by measuring

the eccentricity of at least 250 bubbles using the ImageJ software and

counting the number of particles below the eccentricity-threshold of

0.85 (see ESI for bubble shape based on the calculated eccentricity,

Figure S4). The scanning electron microscope (SEM) images were

taken using a Quanta 600 FEG Mark II at an acceleration voltage of

5kV.
Young’s modulus measurements

Young’s modulus of the polymer film in water was measured via

strain-induced elastic buckling instability for mechanical measure-

ment (SIEBIMM) method.14,15 This method determines the Young’s

modulus of polymer thin films based on their buckling on poly-

dimethylsiloxane (PDMS) elastomer substrate induced by a uniaxial

compression. To prepare the samples for testing, polymer films were

transferred from silicon wafers onto PDMS substrates, as described

previously.14,15 Briefly, PDMS substrates (Sylgard 184, Dow Corn-

ing) were prepared by curing the degassed pre-polymer and initiator

in a 10 : 1 w/w ratio for 2 h at 75 �C. Thin films of polymers were

spin-coated from toluene solutions of PS and PMMA and chloro-

form solutions of PLGA onto plasma-treated silicon wafers. In the

case of PLGA, films were deposited onto polyacrylic acid (PAA,

35 wt% aqueous solution, Mw ¼ 100,000, Sigma-Aldrich)-coated
This journal is ª The Royal Society of Chemistry 2010
silicon wafers because of the difficulty in directly transferring the

relatively hydrophilic polymer film to the PDMS substrate in water.

The PAA dissolved in water releasing the polymer film readily from

the silicon wafer.

The polymer films on the PDMS substrates were buckled under

water by applying a compressive strain using a pair of tweezers under

a Nikon Diaphot 300 inverted microscope. The polymer films were

left in water for at least 30 min. The wavelength of the buckling

patterns was measured using a fast Fourier transform (FFT) of the

optical image (see ESI for an optical microscope image, Figure S3).

The thickness of polymer films on the OTS-coated silicon-wafer in

water was measured using an alpha-SE spectroscopic ellipsometer

(J. W. Woollam Co., Inc.) with a home-made liquid cell. The OTS-

layer prevents the delamination of the polymer film from Si wafers

under water. With the measured values of buckling wavelength l and

film thickness hfilm, the Young’s modulus of polymer film was

calculated using this equation15

Ef ¼
3Es

�
1� v2

f

�
1� v2

s

�
l

2phfilm

�3

; (2)

where subscripts f and s indicate the polymer film and PDMS

substrate, respectively, as shown in Table 1. The Young’s modulus of

PDMS (Es) was independently measured using a dynamic mechan-

ical analyzer (DMA; Q800 TA Instruments). Poisson’s ratios of 0.33

and 0.5 were used for polymer and PDMS, respectively.14,17
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