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Recently, we proposed microchannel (MC) emulsification, a novel method for making
monodispersed emulsion with a coefficient of variation (CV) less than 5%. In this study,
we attempted monodispersed microbubble formation using the MC technique. Monodis-
persed microbubbles were formed using surfactants and proteins as dispersing agent. The
average bubble size ranged from 33.6 to 51.1 um, and CV values were below 10%. The
bubble formation behavior was compared with the droplet formation behavior. The
microbubble formation appears to be based on the spontaneous transformation caused by
surface tension, as previously shown for liquid-liquid systems. The average bubble size
was affected by viscosity, which is consistent with the results for the liquid-liquid system
in previous studies. In the case of protein, the effect of surface viscoelasticity was
indicated, which was not reported for the liquid—liquid system. © 2004 American Institute of
Chemical Engineers AIChE J, 50: 3227-3233, 2004
Keywords: microchannel, monodispersed microbubbles, microbubble formation, micro-
scope video system, monodispersed emulsion

Introduction

In the last decade of the twentieth century, microfabrication
technologies have considerably advanced with the progress of
electronic industries. Recently, the application of microma-
chining techniques has grown rapidly in various fields. New
applications are appearing in biotechnology and chemical re-
actions, such as polymerase chain reaction on a chip (Kopp et
al., 1997), DNA analysis (Burns et al., 2000; Chou et al., 1999),
cell handling (Li and Harrison, 1997; Takayama et al., 1999),
and microchemical reactors (Jensen, 1999; Srinivasan et al.
1997). These microelectromechanical systems have the advan-
tages of precise fabrication, replication by photolithography,
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small volume, portability, small amounts of expensive re-
agents, short reaction and analysis times, and little waste. Fluid
dynamics on a micrometer scale feature significant effects such
as viscosity and interfacial tension, laminar flow, and fast
diffusion (Jensen, 1999; Sammarco and Burns, 1999). Apply-
ing these features, microfabricated devices for pumping dis-
crete droplets (Sammarco and Burns, 1999), blood rheology
(Kikuchi et al., 1992), micromixing (Ehrfeld et al., 2000), and
diffusion-based separation and detection (Weigl and Yager,
1999) have been developed.

We proposed a novel method for making monodispersed
emulsion droplets from a microfabricated channel array
(Kawakatsu et al., 1997). This emulsification technique is
called microchannel (MC) emulsification. Emulsion with a
coefficient of variation below 5% (Kawakatsu et al., 1997) and
droplet sizes ranging from 3 to 100 wm have been successfully
prepared by applying this technique (Kobyashi et al., 2001;
Sugiura et al., 2002a). The droplet size was affected by the
geometry of MC (Sugiura et al., 2002b) and viscosity of both
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phases (Kawakatsu et al., 2000). This technique is promising
not only for preparing emulsions but also for a variety of
systems. We have applied it to preparing several types of
oil-in-water emulsions, water-in-oil emulsions (Sugiura et al.,
2001a), lipid microparticles (Sugiura et al., 2000), polymer
microparticles (Sugiura et al., 2001b, 2002c), and microcap-
sules. Thus, there were many investigations with respect to
liquid-liquid systems using MC technique, although until now
there has been an absence of research regarding gas-liquid
system using the MC technique. Therefore, there was uncer-
tainty whether monodispersed microbubbles, which constitute
a gas-liquid dispersion, were formed using the MC technique.

Monodispersed microbubbles are useful for fundamental
studies because the interpretation of experimental results is
much simpler than that for polydispersed microbubbles. They
can also serve as useful systems for measuring important
properties of microbubbles. For example, the stability of mi-
crobubbles can be monitored very simply because changes in
the bubble size are easily studied by having monodispersed
microbubbles. Monodispersed microbubbles can greatly reduce
Ostwald ripening by reducing the effective Laplace pressure
difference because the microbubbles are identical in size. In
addition, monodispersed microbubble formation was an ex-
pected application of a column of microbubbles and contrast
agent. A flotation column of microbubbles was investigated for
cleaning micronized coals (Choung and Luttrell et al., 1993; Li
et al., 2003). Microbubbles are in clinical use as echo-contrast
agents for sonographic application (Grinstaff and Suslick,
1991; Skyba and Kaul 2000). Microbubbles having a liquid—
gas interface are able to backscatter incident ultrasound.

In the present study, we attempted monodispersed micro-
bubble formation using the MC technique. We investigated the
parameters affecting microbubble formation, such as dispers-
ing agent, surface tension, and viscosity. Microbubble forma-
tion behavior was also compared with the droplet formation
behavior in a liquid-liquid system using the MC technique.

Experimental
Materials

Air was used as the dispersed phase for microbubble forma-
tion. Phosphate buffer (25 mmol/L) was used as the continuous
phase. We used surfactants and proteins as dispersing agent.
Sodium dodecyl sulfate (SDS) and polyoxyethylene (20) sor-
bitan monolaurate (Tween 20) were purchased from Wako
Pure Chemicals (Osaka, Japan) and used as surfactant. Sodium
caseinate and bovine serum albumin (BSA, catalog no. A4503)
were purchased from Wako Pure Chemicals and Sigma Chem-
ical Co. (St. Louis, MO), respectively, and used as protein.
SDS concentrations ranged from 0.01 to 0.3 wt % to control
surface tension. Tween 20 and protein concentrations of 1.0 wt
%, which exceed the critical micelle concentration (CMC),
were used. Poly(ethylene glycol) (PEG) was obtained from
Wako Pure Chemicals and used to control the viscosities of the
continuous phase. For comparison, a liquid-liquid emulsion
system was also tested, in which decane was used as the
dispersed phase and 0.3 wt % SDS aqueous solution was used
as the continuous phase.
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Figure 1. Experimental equipment and schematic of
flow of the dispersed air phase through the
silicon.

Microbubbles and droplet formation using MC
technique

Figure 1 shows the experimental equipment used in this
study and schematic flows of the dispersed air phase and
continuous water phase in the MC module. The experimental
equipment consists of a microscope video system, a silicon
MC, an MC module, and the gas cylinder. The microbubble
formation process was observed in real time through a glass
plate in an MC module. The observed image was detected by
using a charge-coupled device (CCD) camera (HV-C20M,
Hitachi, Tokyo, Japan) and recoded by digital video player
(WV-DRS, Sony Corp., Tokyo, Japan) with a total magnifica-
tion of 1000. Figure 2 shows the schematic of the MC plate
used in this study. The silicon MC plate was fabricated using
photolithography and orientation-dependent etching. The sili-
con MC plate was 15 X 15 mm, and a 1-mm-diameter hole was
produced at the center of the plate. Four terrace lines, with a
height of 100 wm and a length of 10 mm, were fabricated on
the MC plate. MCs were fabricated on each terrace line. The
total number of MCs was 600. MC width and depth were 16
and 4 wm, respectively.

The MC module was initially filled with the continuous
phase. The dispersed air phase was pressurized by the gas
cylinder. The pressurized dispersed air phase entered the space
between the silicon MC plate and the glass plate, and micro-
bubbles were formed from the MC.
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Figure 2. Silicon MC plate used in this study.

In the case of the liquid-liquid system using the MC tech-
nique, the dispersed oil phase was pressurized by changing the
height of the liquid chamber. The pressurized dispersed oil
phase entered the space between the silicon MC plate and the
glass plate. The other experimental equipment was the same as
that used for microbubble formation.

Measurement and analytical method

The average bubble and droplet size and the coefficient of
variation (CV) were determined by measuring the sizes of 100
microbubbles and droplets from recorded pictures using Win-
roof software (Mitani Corp., Fukui, Japan). CV can be defined
by the following equation

0
CV:[TX 100 (1)

where CV is the coefficient of variation (%), & is the stan-
dard deviation, and d,,, is the average bubble and droplet size.

The surface tension and interfacial tension were measured by
the pendant droplet method using a fully automatic interfacial
tensiometer (PD-W; Kyowa Interface Science Co., Saitama,
Japan). The viscosity of the continuous phase was measured
with Cannon—Fenske viscometers. The density was measured
with picnometers. The pH of the continuous phase was mea-
sured with Digital-pH-Meter (E632, Shibata Co., Tokyo, Ja-
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pan). These measurements were investigated at room temper-
ature.

Results and Discussion

Monodispersed microbubble formation using the MC
technique

Monodispersed microbubble formation was tested by pres-
surizing the air into the continuous phase through MC. We
investigated the effect of continuous phase on microbubble
formation using the MC technique. Water, 0.3 wt % SDS, 1.0
wt % Tween 20, 1.0 wt % sodium caseinate, and 1.0 wt % BSA
aqueous solution were tested as continuous phases. Table 1
shows the properties of continuous phases used in this study.
The viscosity and pH of these continuous phases were almost
identical. The surface tension of these continuous phases varied
from 36.2 to 69.3 mN/m. Water had the highest surface tension
value, and 0.3 wt % SDS aqueous solution had the lowest value
in these continuous phases. The microbubble formation behav-
iors were classified into two cases, as shown in Figure 3. Figure
3A shows microphotographs of microbubble formation using
the MC technique when the continuous phase was water. In this
case, it was difficult to form monodispersed microbubbles
because formed microbubbles immediately coalesced at the
outside end of the MC. Figure 3B shows microbubble forma-
tion using the MC technique when the continuous phase was
0.3 wt % SDS aqueous solution. Monodispersed microbubbles
were successfully formed. In the case of 1.0 wt % Tween 20,
sodium caseinate, and BSA aqueous solution, monodispersed
microbubbles were also formed when air broke through the
MC. Figure 4 shows images of monodispersed microbubbles
formed using surfactants and protein aqueous solution as the
continuous phase. The formed microbubbles had spherical
shape with regular size. In conventional bubble formation
method using nozzle, orifice, stirring, and so on, bubble size
formed by these methods was more irregular than that formed
by the MC technique.

Figure 5 shows bubble size distributions of microbubbles
formed by using surfactants and protein aqueous solutions as
the continuous phase. The average bubble size and CV of
microbubbles were 33.6 um and 1.8% for 0.3 wt % SDS
aqueous solution; 39.1 um and 3.4% for 1.0 wt % Tween 20
aqueous solution; 48.9 um and 5.0% for 1.0 wt % sodium
caseinate aqueous solution; and 51.1 wm and 7.5% for 1.0 wt
% BSA aqueous solution. CV values for surfactant aqueous
solutions were lower than those for protein aqueous solutions,
whereas CV values for protein aqueous solutions were below
10%. In addition, the average bubble sizes for protein aqueous
solutions were larger than those for surfactant aqueous solu-
tions. The viscosity and pH of surfactant and protein aqueous

Table 1. Properties of Continuous Phases Used in

This Study
Surface Tension  Viscosity
Continuous Phase (mN/m) (mPa - s) pH
Water* 69.3 0.9 7.1
0.3 wt % SDS* 36.2 0.9 7.1
1.0 wt % Tween 20* 39.7 0.9 7.1
1.0 wt % Sodium caseinate® 49.2 1.1 7.0
1.0 wt % BSA* 59.1 0.9 7.0

*25 mmol/L phosphate buffer.
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Figure 3. Microphotographs of microbubble formation
using MC.

(A) The continuous phase was water. Microbubbles were
created, but they coalesced immediately. (B) The continuous
phase was 0.3 wt % SDS aqueous solution. Monodispersed
microbubbles successfully formed.

solutions were almost identical, whereas there was a consider-
able difference in the surface tension among these solutions.
The previous studies for liquid-liquid systems show that the
droplet size is affected by viscosity (Kawakatsu et al., 2001)
and is not affected by interfacial tension (Tong et al., 2000).
Therefore, we investigated the effect of surface tension and
viscosity in detail, the discussion of which is presented below.

Comparison of gas-liquid system and liquid-liquid
system using the MC technique

We investigated both gas—liquid and liquid-liquid systems
using the MC technique when the continuous phase was 0.3 wt
% SDS aqueous solution. Figure 6A shows the droplet forma-
tion behavior of liquid-liquid system using the MC technique.
Monodispersed droplets were formed when the dispersed phase
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broke through the MC. The droplet formation behavior was
almost identical to microbubble formation behavior. To under-
stand microbubbles and droplet formation behaviors observed
in this study, we will discuss the droplet-formation model using
MC, proposed in our previous study (Sugiura et al., 2001c). In
the model, the droplets were formed by spontaneous transfor-
mation caused by interfacial tension. Therefore, the droplets
were formed without the continuous-phase flow. We consid-
ered the droplet formation also applied to the microbubble
formation because the microbubbles formed without continu-
ous-phase flow. However, the average rate of droplet formation
was slower than that of microbubbles. This is because there
was a substantial difference in dispersed-phase viscosity and in
surface and interfacial tension.

Figure 6B shows an image of monodispersed droplets
formed under the condition of Figure 6A. The formed droplets
were of almost the same characteristics as microbubbles
formed under condition of Figure 4A. The average bubble size
was 33.6 wm, more than twice the average droplet size of 14.4
mm. Table 2 shows a comparison of the dispersed-phase vis-
cosity, surface and interfacial tension, the average bubble and
droplet sizes, and CV. The surface tension for the gas-liquid
system was higher than that for the liquid-liquid system,
whereas the dispersed-phase viscosity for the gas—liquid sys-
tem was lower than the interfacial tension for the liquid-liquid
system. We discuss the difference in the average bubble size
and the average droplet size in the following section.

Effect of surface/interfacial tension and continuous-
phase viscosity on the average bubble and droplet size

We investigated the effect of surface tension on the average
bubble size formed by using different concentrations of SDS
aqueous solutions. Figure 7 shows the effect of surface tension
on the average bubble size when the continuous phases con-
stituted different SDS concentrations, 1.0 wt % Tween 20, 1.0
wt % sodium caseinate, and 1.0 wt % BSA aqueous solutions.
The average bubble sizes were almost identical in the SDS
concentration range of 0.02—0.3 wt % (surface tension range of
36.2-48.9 mN/m). However, it was found that the average
bubble sizes formed by using 1.0 wt % sodium caseinate and
0.02 wt % SDS (surface tension of 48.9 mN/m) aqueous
solutions were considerably different, even though they have
almost the same surface tension.

Next, we investigated the effect of continuous-phase viscos-
ity on the average bubble size. Figure 8 shows the effect of
viscosity ratio of the dispersed phase to the continuous phase
on the average bubble size when the continuous phases were
different concentrations of PEG aqueous solutions containing
0.3 wt % SDS. The continuous-phase viscosities ranged from
0.9 to 10.9 mPa's. The average bubble size decreased with
increasing viscosity ratio. In other words, the average bubble
size increased with increasing continuous-phase viscosity.

In addition, we plotted the average droplet size formed under
conditions of Table 2 in Figure 8. The average bubble/droplet
size was inversely proportional to the viscosity ratio. The linear
relation between the average size and viscosity ratio was ob-
tained by the following equation

logD= —027logn+ 1.13 )
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Figure 4. Images of monodispersed microbubbles formed using MC under different continuous phases.

The continuous phases were 0.3 wt % SDS aqueous solution (A), 1.0 wt %Tween 20 aqueous solution (B), 1.0 wt % sodium caseinate aqueous

solution (C), and 1.0 wt % BSA aqueous solution (D).

where D is the average size and 7 is the viscosity ratio of the
dispersed phase to the continuous phase. The correlation coef-
ficient was 0.988. This good correlation means that the differ-
ence between the average bubble size and the average droplet
size is well explained by the viscosity difference. Previous
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Figure 5. Bubble size distribution.

The continuous phases were 0.3 wt % SDS aqueous solution
(A), 1.0 wt % Tween 20 aqueous solution (B), 1.0 wt %
sodium caseinate aqueous solution (C), and 1.0 wt % BSA
aqueous solution (D).
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studies for liquid-liquid systems reported that the droplet size
was affected by the viscosities of both phases (Kawakatsu et
al., 2001) and independent of the interfacial tension (Tong et
al., 2000). With respect to the microbubble formation using
SDS, the average bubble size was not affected by the surface
tension in the SDS concentration range of 0.02-0.3 wt %
(surface tension range of 36.2—48.9 mN/m), and the average
bubble size increased with increasing continuous-phase viscos-
ity. These experimental results showed good agreement with
the results shown in the previous study. However, in the case
of protein, the bubble size was larger than that for the SDS
system, even though the viscosity of protein aqueous solution
has almost the same value as that of the SDS aqueous solution.
In addition, in the case of 0.01 wt % SDS (surface tension of
54.9 mN/m) aqueous solution, the average bubble size was
slightly higher than that of higher-concentration SDS aqueous
solution. These results are inconsistent with the previous study,
which would be interpreted by dynamic interfacial behavior,
such as interfacial viscoelasticity and dynamic interfacial ten-
sion.

If the transport of surfactant between bulk solution and
interface by convective flow and diffusion is slower than both
the surface extension of bubbles and their breakup, the dy-
namic interfacial behavior is not negligible. The dynamic in-
terfacial properties, including interfacial viscoelasticity and
dynamic interfacial tension, depend on the rate of the surfactant
transport to the newly created interface. In the present system,
this transport is determined by diffusional transfer because
microbubble formation using the MC technique was carried out
without the continuous-phase flow. The effect of diffusional
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Figure 6. Microphotographs of droplet formation using
MC (A) and monodispersed droplets formed
using MC (B).

The dispersed oil phase was decane. The continuous phase
was 0.3 wt % SDS aqueous solution.

transfer is evaluated by the timescale of diffusion 7, compared
with the time for bubble formation. The adsorption kinetics for
the ionic surfactant has been studied (Sasaki et al., 1977;
Vlahovska et al., 1997), although it is not as simple as the
nonionic surfactant because of the existence of an electrical
double layer. The theoretical model predicts 7, to be on the
order of 107°-10* s for an SDS concentration of 0.03%

Table 2. Comparison of the Dispersed-Phase Viscosity,
Surface and Interfacial Tension, Average Bubble and
Droplet Size, and CV

Dispersed-Phase Average Bubble/

Dispersed Viscosity Surface/Interfacial ~ Droplet Size ~ CV
Phase (mPa - s) Tension (mN/m) (m) (%)
Air 0.02 36.2% 33.6% 1.8
Decane 0.84 6.0* 14.4% 2.8

*Continuous phase is 0.3 wt % SDS.

3232

December 2004 Vol. 50, No. 12

60 r—r—T—m—7T—————7—

50

40

30

20

Average bubble size [um]

10

||||||.||||.|||||||||||||>||||

o L L L L L L I 1 I 1 A L
40 50

[24
o
[=2]
o

Surface tension [mMN/m]

Figure 7. Effect of surface tension on the average bub-
ble size.

The continuous phases constituted different concentrations of
SDS aqueous solutions (H), 1.0 wt % Tween 20 aqueous
solution (@), 1.0 wt % sodium caseinate aqueous solution
(®), and 1.0 wt % BSA aqueous solution (A). SDS concen-
trations of 0.01, 0.02, 0.03, 0.05, and 0.3 wt % were used.

(Vlahovska et al., 1997). Measurements by the capillary-wave
method (Sasaki et al., 1977) also yield an adsorption relaxation
time on the order of 10~ s for SDS in the concentration ranges
similar to those used in our experiment (Sasaki et al., 1977). On
the other hand, it was reported that 7, for BSA of 4.8 g/
concentration was 1.3 s (Serrien et al., 1992).

The time for bubble formation was less than 1/600 s, which
is the detection limit of the high-speed camera in our labora-
tory. In the case of protein, dynamic interfacial behavior may
affect the bubble size because 7, for protein seems significantly
longer compared with the bubble formation time. During con-
ventional emulsification, the interfacial tension gradients en-
able the interface to resist tangential stresses from the adjoining
flowing liquid, and interfacial viscoelasticity is capable of
increasing the effective viscosity by more than an order of
magnitude, under specified conditions (Lucassen-Reynders and
Kuijpers, 1992). In the case of protein, we consider that the
interfacial viscoelasticity resists movement of interface, and a
great amount of air flows into the well during microbubble
formation. Consequently, the larger microbubbles were formed
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Figure 8. Effect of the viscosity ratio of dispersed-phase
viscosity to continuous-phase viscosity on the
average bubble size (A) and the average drop-
let size (@).

The continuous phase was 0.3 wt % SDS aqueous solution
and different PEG concentrations.

AIChE Journal



using protein. Although the dynamic interfacial tension might
be considerable for the microbubble formation for protein, we
consider that dynamic interfacial tension does not affect the
bubble size because droplet size was independent of the inter-
facial tension (Tong et al., 2000).

On the other hand, in the case of SDS, the dynamic interfa-
cial behavior is negligible because 7, for SDS would be shorter
compared with the microbubble formation time. In the case of
0.01 wt % (surface tension of 54.9 mN/m) SDS aqueous
solution, a slightly larger microbubble was formed than that for
0.02-0.3 wt % SDS aqueous solution. In this case, the dynamic
interfacial behavior might affect the bubble size.

Conclusions

Formation of monodispersed microbubbles, using MC tech-
nique when the continuous phase was surfactant or protein
aqueous solution, was successfully carried out. The average
bubble size range was from 33.6 to 51.1 um. The formed
microbubbles were monodispersed in which CV was below
10% in the case of surfactant or protein aqueous solution. The
bubble formation behavior was almost identical to the droplet
formation behavior. The bubble formation appears to be based
on the spontaneous transformation caused by surface tension,
as reported previously for liquid-liquid system. The average
bubble size increased with increasing continuous-phase viscos-
ity. The average bubble size was almost independent of the
surface tension in the case of SDS concentration from 0.02 to
0.3 wt %. The results were consistent with the results for the
liquid-liquid system. However, the bubble size using protein
was larger than that for SDS, even though the viscosity of the
protein solution is almost the same value as that for SDS. The
difference was explained by the effect of interfacial viscoelas-
ticity.
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