Production of Monodispersed Water-in-Oil Emulsions
Using Polymer Microchannels
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ABSTRACT: Monodispersed water-in-oil (W/O) emulsions
were prepared using new fabricated acrylic polymer micro-
channel (MC) plates. Acrylic plate MC-A1 was 20 um wide, 10 um
deep, and 120 um long; and MC-A2 was 40 um wide, 20 um
deep, and 120 wm long with respect to MC sizes. Both MC
plates had a terrace length of 30 um. Monodispersed water-
in-triolein emulsions with average diameters of 42 to 60 um
(MC-A1) and 62 to 98 um (MC-A2) were prepared successfully
using tetraglycerin condensed ricinoleic acid ester (CR310) as a
surfactant. The CV for droplets produced was less than 10%,
demonstrating monodispersity. When we used decane (which
is less viscous than triolein) as the continuous phase and CR310
and hexaglycerin pentaoleate (PO500) as surfactants, the aver-
age diameters and CV of the droplets became smaller, and the
pressure ranges for stable droplet formation were much wider
than for the water/triolein system. For comparison, a silicon MC
plate (MC-Si) with dimensions similar to the polymer MC-Al
was tested and exhibited little significant difference in the aver-
age diameter and CV of droplets between MC-A1 and MC-Si.
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Emulsification is an important process in the food, cosmetics,
and pharmaceutical industries, and mechanical emulsification
methods such as colloid milling and high-pressure homoge-
nization are commonly used to prepare emulsions (1).
However, there are some disadvantages in using mechanical
emul sification processes, such asincreased temperature and the
energy loss caused by mechanically stressing dispersed- and
continuous-phase mixtures. Additionaly, the droplet size dis-
tribution is usually polydispersed in mechanically processed
emulsions.

Nakashima et al. (2) have devel oped a membrane emul-
sification technique to produce monodispersed emulsions.
Emulsion droplets are formed by forcing the to-be-dispersed
phase into the continuous phase through a microporous
membrane having a relatively uniform pore size. To date,
the membrane emulsification technique has been applied to
drug delivery systems (3) and in the food industry (4). We
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(5) proposed a microchannel (MC) emulsification method
using microfabricated MC arrays on a single-crystal-silicon
plate, in which the to-be-dispersed phase breaks through the
MC arrays and forms monodispersed droplets in the continu-
ous phase. This MC emulsification method has been success-
fully used on a laboratory scale to prepare monodispersed
water-in-oil (W/O) or oil-in-water (O/W) emulsions, solid
lipid particles, and polymeric particles (6-9). This method
has received much attention because of its ability to produce
microspheres with a small CV (less than 10%) in droplet
size. However, single-crystal-silicon MC arrays manufac-
tured by photolithography and anisotropic wet-etching
processes involve both high raw material and manufacturing
costs. Moreover, silicon MC arrays have poor alkaline resis-
tance. Therefore, the usability of silicon MC arraysis limited.

If use of MC emulsification is to become widespread,
less expensive materials and less specialized methods for
device fabrication are needed. Elastomeric micromolding
was first developed at Bell Laboratoriesin 1974 when re-
searchers developed a technique of molding soft materials
from alithographic master (10). Recently, Whitesides and
coworkers (11,12) have summarized soft lithography used
in microfluidics. Several researchers also have reported the
use of MC plates microfabricated with polymethyl-
methacrylate, polycarbonate, and polydimethylsiloxane as
chips for DNA analysis (13), capillary gel electrophoresis
analysis (14), and cell handling (15). In those cases, the gen-
eral MC sizes are on the order of tens or hundreds of mi-
crometers (16).

Acrylicresin is a high-grade plastic that surpasses other
plastics in terms of transparency and weatherability. In addi-
tion, this molding material is well known for the ease with
which it can be processed. The costs of the substrate material
are on the order of 0.2-2 cents cm™, whereas single-crystal-
silicones are on the order of 0.9-1.2 dollars cm™ (17). In this
study, we used acrylic resin-based MC plates to prepare
monodispersed emulsions. These results were compared with
silicon MC emulsification.

MATERIALS AND METHODS

Chemicals. Triolein (purity >60%; Wako Pure Chemical In-
dustries, Osaka, Japan), decane (purity 99%; Wako Pure Chem-
ical Industries), and mixtures of triolein/decane (80:20 and
60:40, w/w) were used as the continuous phase. MilliQ water
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(Millipore, Milton, MA) was used as the dispersed phase. For
the conventional emulsification method, the maximal stability
of W/O emulsion is obtained at alow hydrophilic-lipophilic
balance (HLB) value (1). From our previous study, tetraglyc-
erin condensed ricinoleic acid ester (trade name: CR310, HLB
< 1) issuitable for preparing the water-in-triolein emulsion,
and hexaglycerin pentaol eate (trade name: PO500, HLB = 4.9)
is suitable for the water-in-decane emulsion (7). Therefore, we
used CR310 and PO500 (Sakamoto Yakuhin Co., Ltd., Osaka,
Japan) as the surfactants in the present study. Both surfactants
were dissolved into the continuous phase at 3 wt% concentra-
tion. A sodium hydroxide solution (Sigma-Aldrich-Japan Co.,
Ltd., Tokyo, Japan) of 0.1 mmol L™ was used in the acrylic
and silicon plate anti-alkalinity experiment. Octadecyltri-
ethoxysilane was purchased from Shin-Etsu Chemical Co.,
Ltd. (Tokyo, Japan) and used for surface modification of the
silicon and the glass plates. All materials were reagent grade
and were used without further purification.

MC plates and their anti-alkalinity. Acrylic (resin grade:
Parapet GH-S, MFR-10; Kuraray Co., Ltd., Kurashiki, Japan)
MC plates were manufactured by the injection molding method.
Figure 1A shows a schematic diagram of the cross-flow MC
module. In the MC plate, there is a continuous-phase flow path
with two holes at either end of the path as an inlet and an out-
let for the continuous phase. At each sidewall of the path, an
array of regularly sized micro-dlits was fabricated. A transpar-
ent, flat glass or acrylic plate was tightly affixed to the MC
plate to cover the top of the dlits and form the array of chan-
nels. The emulsions were produced by forcing the to-be-dis-
persed phase through the channels into the continuous phase.
Figure 1B depicts an enlargement of the channels. The MC
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structure isidentified in terms of width, depth, and length of
the channels, and terrace length (flat area outside of the chan-
nel). Table 1 lists the dimensions of the acrylic MC plates
(MC-A1, MC-A2) that were used, and of the silicon MC plate
(MC-Si) that was included for comparison.

To produce hydrophobic plate surfaces, the silane coupler
method was performed as follows. Silicon and glass plates
were immersed in toluene containing 10% octadecyltrichloro-
silane for 30 min and heated at 110°C for 1 h. They were then
rinsed with toluene to wash out unreacted materials (18).

The acrylic and silicon plate anti-alkalinity experiments
were carried out by soaking both plates in sodium hydroxide
solution. The surface images of the MC plates were taken by
a JSM-5600 LV scanning electron microscope (SEM; JEOL
Co., Ltd., Tokyo, Japan).

MC emulsification system and microscope video system.
The MC emulsification system (Fig. 1C) consisted of a sy-
ringe pump to feed the continuous phase, a reservoir for the
to-be-dispersed phase, an emulsion recovery bottle, and an
MC module. The emulsification process was observed on a
monitor through an inverted metallographic microscope
(TS-V; Chuo Precision Industrial Co., Ltd., Tokyo, Japan)
and a charge-coupled device (CCD) camera (HV-C20M; Hi-
tachi Denshi Co., Ltd., Tokyo, Japan). The images recorded
by an attached D-VHS digital recorder (HM-DR10000; Vic-
tor Co., Ltd., Yokohama, Japan) were used, along with a
personal computer, to measure the average diameter of the
droplets.

Measurement and analytical method. Image-processing
software (Winroof; Mitani Co., Ishikawa, Japan) was used to
determine the average droplet size and size distribution from
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FIG. 1. (A) Schematic diagram of cross-flow microchannel (MC) module; (B) enlargement of channels; (C) MC emulsification system.
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TABLE 1
Dimensions of Microchannel (MC) Plates
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Dimensions of MC plate (mm)

Dimensions of MC (um) Terrace

MC plates Length Width Thickness Width Depth Length length
MC-A1 22.5 8.0 1.3 20.0+0.9 10.0 120.0 30.0
MC-A2 225 8.0 1.3 40.0+1.0 20.0 120.0 30.0
MC-Si 225 8.0 0.5 16.0+0.3 11.0 70.0 30.0

the microscope video system pictures. The CV, which repre-
sents the size distribution, was cal culated with Equation 1,

CV = (o/d) x 100 [1]

where CV is the coefficient of variation (%), ¢ is the SD
(wm), and d is the average diameter (um).

Theinterfacial tension and contact angles of the water droplet
on the surface of acrylic, silicon, and glass plates in the presence
of the oil phase were measured using afully automatic interfa-
cial tensiometer (PD-W; Kyouwa I nterface Science Co., Ltd.,
Saitama, Japan). The viscosities of the continuous phases were
measured with amicroviscometer (Haake, Karlsruhe, Germany).
Each measurement was performed in triplicate, and the mean
values and SD were reported. All experiments were carried out
at room temperature.

RESULTS AND DISCUSSION

The channel widths of each MC plate (30 channels along each
terrace line, 60 channelsin total) were determined by micro-
scopic observation. As shown in Table 1, the width of MC-Si
i$16.0+ 0.3 um; MC-Al and MC-A2 are 20.0 £ 0.9 and 40.0
+ 1.0 um, respectively. Acrylic MC were accurately fabri-
cated with CV of 2-5%, although more precise fabrication
was possible for silicon MC.

Figure 2 compares the alkaline resistance of the acrylic
and silicon MC plates. The acrylic and silicon MC plateswere
soaked in 0.1 mmol L™ sodium hydroxide solution (pH 10)
for 3 d. Significant corrosion occurred onthe MC-Si plate sur-
face, as shown in Figure 2B. In contrast, little change was ob-
served on the acrylic MC plate surface (Fig. 2D) even after
30 d of alkali treatment. This demonstrates the strong resis-
tance to alkalinity of acrylic MC plates.

We also measured each contact angle. The contact angle
of the water phase droplet on the acrylic plate was 126.0 +
2.1°, indicating hydrophobic properties. The contact angles
of the water phase droplet on the silicon and glass plates were
25.0+ 0.7° and 27.0 + 0.4°, respectively, showing hydrophilic
properties. These hydrophilic silicon and glass plates were
treated with silane coupler reagent (see the Materials and
Methods section), after which both surfaces became hy-
drophobic (silicon plate, 126.0 £ 1.5°; glass plate, 144.0 £
1.2°).

In our first emulsification experiment, the to-be-dispersed
phase, triolein, flowed through the channel in a continuous
fluid stream, i.e., no droplets were formed. This behavior was
expected because of the hydrophobic surface of the acrylic

MC. In the MC emulsification process, the MC surface must
be wetted by the continuous phase (19). The water-in-triolein
emulsion was investigated under the following conditions:
3 wt% of the lipophilic surfactant CR310 was dissolved in
triolein and was used as the continuous phase, and water was
used as the to-be-dispersed phase; the MC module where the
MC-A1l wasinstalled was initially filled with the oil phase.
The water phase was pressed into the module by lifting the
reservoir, and then flowed close to the channels. As shown
in Figures 3A and 3B, when the pressure reached a certain
value, the breakthrough pressure (20), the to-be-dispersed
phase began to break through the channels and droplet for-
mation took place. Figure 3C shows mono-sized water
droplets being created. The droplets were formed stably, and
the droplet formation rate increased with increasing pressure
over a certain range, called “the pressure range for stable
droplet formation.” Over the range, the droplet size became
much larger and the to-be-dispersed phase flowed out con-
tinuously (Fig. 3D). Under the same experimental condition,
asimilar emulsification behavior was observed for the emul-
sion obtained with MC-A2. Sugiura et al. (21) proposed a
droplet formation mechanism of silicon MC emulsification
in which adistorted, dispersed phaseis cut off spontaneously
into the spherical droplet by interfacial tension at the outside
of the terrace end (21). We observed the same emulsification
phenomenain the polymer MC emulsification process.

The average droplet diameter depends mainly on MC depth
and terrace length during the MC emulsification process (21).
For this reason, in the preliminary comparison of the emulsifi-
cation behaviors between acrylic and silicon MC plates, we
chose asilicon MC plate with the same terrace length and sim-
ilar MC depth as the MC-A1. Figure 4 depict the effects of
pressure on the average diameter and CV using MC-A1, MC-
A2, and MC-Si plates. We first compared the emulsion droplet
properties for MC-A1 and MC-Si plates within the same pres-
sure range of 0.8-1.0 kPa. The average diameters were 52 to
60 um for MC-A1, and 53 to 66 um for MC-Si; both CV were
less than 8%. These results showed that there were no signifi-
cant differencesin properties of the droplets produced between
thetwo MC plates. For the MC-A2 plate, with an applied pres-
sure of 0.3-0.6 kPa, an average diameter of 62 t0 98 um and CV
of lessthan 8% were observed, demonstrating monodispersity.

From Figure 4, we found that the breakthrough pressures of
the three MC plates were different; MC-A1, 0.49 kPa; MC-A2,
0.29 kPa; and MC-Si, 0.78 kPa. If we assume that the MC can
be regarded asideal cylinders, the breakthrough pressure can
be estimated from the capillary pressure as follows (22):
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FIG. 2. Scanning electron micrographs of silicon and acrylic plates. (A) Silicon MC (control); (B) silicon MC (after 3 d of
alkali treatment); (C) acrylic MC (control); (D) acrylic MC (after 30 d of alkali treatment). For abbreviations see Figure 1.

FIG. 3. Photomicrographs of the MC emulsification process in the water/[triolein containing 3 wt% CR310 (tetraglyc-
erin condensed ricinoleic acid ester)] system. (A) To-be-dispersed phase flowed close to the channels; (B) the phase
passed through the channels for droplet formation; (C) mono-sized water droplets created; (D) to-be-dispersed phase
flowed out continuously through the channels. For abbreviations see Figure 1.
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FIG. 4. Effect of pressure on the average diameter (d) and CV of formed droplets for the water/triolein system (containing
3 wt% CR310) using MC-Al, MC-A2, and MC-Si plates. For plate dimensions and abbreviations see Table 1; for other ab-

breviation see Figure 3.

(2]

where Py, is the breakthrough pressure (Pa), vy is the interfa-
cia tension (N/m), 6 isthe contact angle, and D isthe MC
equivalent diameter (m). Deq was calculated as follows:

Py = 4ycosE)/Deq

Deg = (AL) x 4 (3]

where A is the area of the MC cross-section (m?) and L isthe
circumferential length of the MC cross-section (m). The
equivalent MC diameters for MC-A1, MC-A2, and MC-Si
were 13.5, 27.0, and 8.3 um, respectively. The interfacial ten-
sion between two phases, water and triolein (containing
3 wt% CR310), was measured as 2.6 + 0.2 mN m™. There-
fore, P, were calculated from Equation 2 as 0.45 (MC-A1),
0.23 (MC-A2), and 0.74 kPa (MC-Si), which were in good
agreement with the experimental values.

We also investigated emulsification behaviors using dif-
ferent surfactants and continuous phases. Each investiga-
tion was carried out using plate MC-A 1. We used PO500 as
an alternative surfactant, dissolving it in triolein at a con-
centration of 3 wt%. Experimental results showed that
droplets were formed after breakthrough but immediately
coalesced at the outside of the terrace end, forming a
clearly unstable emulsion. During droplet formation, the
newly formed interfaces were occupied by surfactant mole-
cules. The adsorption kinetics of the surfactant determined
the stability of droplets against coalescence in all stages of
formation and inside the flowing continuous phase after de-
tachment (23). PO500 is a polyglycerin FA ester that is pre-
pared by the esterification of hexaglycerin with six oleic

acids. CR310 is a polyglycerin condensed ricinoleic acid
ester that is prepared by the esterification of tetraglycerin
with condensed linoleic acid. The molecular structure of
CR310 islarger than that of PO500 (24). From this point,
we can assume that the membrane layer of CR310 with
larger M.W. is thicker than that of PO500. The thicker
CR310 membrane would be efficient against coal escence.
We investigated the effect of the viscosity of the continuous
phase on polymer MC emulsification. To create continuous
phases of different viscosities, triolein, decane, and mixtures of
triolein/decane were used (Table 2). PO500 and CR310 at lev-
els of 3 wt% were used as the surfactants. We found
that both CR310 and PO500 were suitable surfactants for
preparing monodispersed water-in-decane emulsions. The ef-
fects of applied pressure on the average diameter and CV of
emulsion droplets are shown in Figure 5A. Average droplet

TABLE 2
Experimental Conditions Used in This Study

Viscosity (mPa - s,

Continuous containing surfactant),

phase 25°C Surfactant?
Triolein 78.1+£0.6 CR310
Triolein/decane

(80:20, wiw) 21.9+04 CR310
Triolein/decane

(60:40, wiw) 8.1+04 CR310
Decane 1.4+0.1 CR310
Decane 1.1+£0.1 PO500

&CR310, tetraglycerin condensed ricinoleic acid ester; PO500, hexaglycerin
pentaoleate. Both surfactants supplied by Sakamoto Yakuhin Co., Ltd.,
Osaka, Japan.
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diameters and CV increased and pressure ranges for stable
droplet formation decreased as viscosity in the continuous
phase increased. In the water/(decane-CR310) and the
water/(decane-PO500) systems, the average droplet diame-
ters were 32—-37 wm [about 10 um smaller compared with the
water/(triolein-CR310) system], and droplet size distributions
were more uniform (CV, ~3%) in the CR310 and PO500 sys-
tems. We attribute these observations to the increase in the
viscosity of the continuous phase, which may delay detach-
ment of droplets, causing more of the dispersed phase to be
supplied during the formation of each droplet, making the
droplets larger.

The droplet formation rate, which is the number of droplets
produced per minute, is also an important parameter for MC
emulsification. Relationships between the droplet formation
rate and applied pressure are shown in Figure 5B. The droplet
formation rate increased as viscosity in the continuous phase
decreased. In the water/triolein system, however, outflow
through the channels took place at a pressure of 1.0 kPa, and
droplet formation rates were below 40 min~2. In the water/
decane systems, little output difference was observed between
the CR310 and PO500 surfactants, droplet formation ratesin-
creased significantly with the increase of pressure (180 min™=
at 1.37 kPa), and no outflow was observed under the experi-
mental conditions. We interpreted these results as follows: The
continuous phase flow velocity from the well to the terrace be-
came lower asthe viscosity of the continuous phase increased,
thusincreasing the droplet detachment time.
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Monodispersed W/O emulsions were successfully pre-
pared by using acrylic MC plates with channel depths of 10
and 20 um. The droplet average diameters and CV decreased
and the pressure ranges for stable droplet formation and
droplet formation rate increased with decreasing viscosity in
the continuous phase. As compared with the silicon MC, the
acrylic MC emulsification showed similar characteristicsin
terms of average droplet diameter and CV.
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