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on alternating droplet generation
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Published: 21 October 2015 : by a microchannel to achieve one-to-one encapsulation. Using a microchannel in which wettability

© is treated locally, the fluorescent particles used as models of cells were successfully encapsulated

in uniform water-in-oil-in-water (W/O/W) emulsion droplets. Furthermore, 20% of the particle-
containing droplets contained one particle. Additionally, when a surfactant with the appropriate
properties was used, the fluorescent particles within each inner aqueous droplet were enclosed in the
merged droplet by spontaneous droplet coalescence. This one-to-one encapsulation method based
on alternating droplet generation could be used for a variety of applications, such as high-throughput
single-cell assays, gene transfection into cells or one-to-one cell fusion.
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Manipulation using microfluidics, a technology that enables handling small amounts of fluid (nano to atto
litres)*, and single-cell sorting are promising technologies for high-throughput single-cell assays?~, gene
transfection into cells®, and one-to-one cell fusion”®. In droplet microfluidics, the fluid is manipulated as
a droplet, a small capsule that can be handled independently of the external environment by confining
the reagents and/or particulate matter such as a functional particle, cell, or molecule. Droplets can be
formed using a microchannel, which enables the continuous formation of massive numbers of droplets
(e.g., ~10°Hz), and the droplet size as well as the number and volume of materials confined in a droplet
can be precisely controlled in a microchannel. Such droplets have been used as miniature compartments
for chemical, physical, and biological reactions and have been implemented in high-throughput screen-
ing applications such as single-cell analysis®, combinatorial synthesis!’, protein crystallisation condition
screening!!, and molecular evolution experiments'?. To realise these applications, a variety of elemental
technologies have been developed for the encapsulation of cells and particles>!*!'%. However, in spite of
these recent developments, a “high-throughput one-to-one cell encapsulation method” has not yet been
realized, even though it could enable precise and rapid handling of one cell at a time.

Alternating droplet generation is one type of droplet generation technique that can be implemented
using a microchannel'>!6. This technique involves the combination of fluid vibration (“push-pull” mech-
anism) at the cross-junction of a microchannel'” and other factors (e.g., shear and interfacial tension).
Specifically, using a microchannel with a cross-junction and a sheath-flow junction positioned adjacent
to one another, multiple emulsion droplets can be formed. The smaller droplets that are generated at the
cross-junction are enclosed within the larger droplets formed at the sheath-flow junction. This technique
can be used to produce a variety of multiple emulsion droplets such as water-in-oil-in-water (W/O/W)
emulsion droplets and oil-in-water-in-oil (O/W/O) emulsion droplets. These multiple emulsion droplets
can be used to encapsulate various materials, including micro- and nanoparticles, biomaterials (e.g.,
proteins and nucleic acids), and cells.

Our group previously reported the use of a precise microfluidic control technique to achieve (1) con-
finement of particulate matter (i.e., a bead or a cell) in a droplet and (2) confinement of two different
liquids in a multiple emulsion droplet. Combining these two techniques could enable the confinement of
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Figure 1. Microchannel used for W/O/W emulsion droplet formation. (a) Configuration and patterned
wettability. (b) Fused silica glass microchannel chip. (¢) Encapsulation process based on alternating droplet
generation.

two different particles in a multiple emulsion droplet, i.e., one-to-one encapsulation, but this technique
has not yet been demonstrated.

This paper reports a novel one-to-one encapsulation method with alternating droplet generation and
droplet combination. The droplet generation was controlled to produce monodisperse multiple emulsion
droplets encapsulating the desired number of controlled particles (as a model of cells) in a microchannel
with partially controlled wettability. We also investigated the effects of surfactant addition to the organic
phase to stabilise droplet formation and drive droplet combination to confine two different particles
in a single droplet. A surfactant with the appropriate properties could be used to achieve one-to-one
encapsulation in a multiple emulsion droplet, but this has not yet been reported. Therefore, we selected
an appropriate surfactant by investigating various surfactants with a range of characteristics.

Results

Generation of W/O/W emulsion droplets using a wettability-controlled microchannel. The
aim of this study was to achieve one-to-one encapsulation using a W/O/W emulsion droplet, in which
an aqueous droplet is contained within an organic droplet. As aqueous and organic droplets can be gen-
erated in hydrophobic and hydrophilic microchannels, respectively (Fig. 1), we fabricated a microchannel
with a change in wettability (i.e., hydrophobic or hydrophilic) between the upstream and downstream
portions of the channel by a partial wettability control method'®'® with silane, octadecyl trichlorosilane
(OTS), and ultraviolet (UV) irradiation. Figure 2 and Supplementary Video S1 show W/O/W emulsion
droplet formation with hydrophilic and hydrophobic microchannels. Droplets were formed by the fol-
lowing two steps: (1) in the upstream portion of the microchannel, inner aqueous (Dulbecco’s Modified
Eagle’s Medium (DMEM)) droplets were formed in an organic (decane) droplet supplemented with sur-
factant, and (2) in the downstream portion of the microchannel, organic (decane) droplets containing
the inner aqueous droplets were formed in phosphate buffered saline (PBS) supplemented with polyvinyl
alcohol (PVA) surfactant. In this droplet formation occurring in the upstream portion of the microchan-
nel, alternating droplet generation was observed in which the inner aqueous phase was constantly in
motion in a “push-pull” mechanism'’, resulting in one-by-one alternating droplet generation (Fig. 2a).
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Figure 2. W/O/W emulsion droplet generation. (a) Droplet generation in the microchannel. (b) Generated
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Figure 3. Relationship between the flow rate of the outer aqueous phase and the number of inner
aqueous droplets that were encapsulated.

Control of the number of inner aqueous droplets within a W/O/W emulsion droplet by adjust-
ing flow rates towards one-to-one encapsulation. The number of inner aqueous droplets encap-
sulated in a W/O/W emulsion droplet can be controlled by flow rates of each solution introduced into
the microchannel’®. Here, we investigated the flow rates at which W/O/W emulsion droplets could be
produced consisting of an organic droplet containing two inner aqueous droplets. At an inner aqueous
phase flow rate of 1.5mL/h and organic phase flow rates of 2, 2.5, or 3 mL/h, between one and two inner
aqueous droplets were encapsulated in the organic droplets (Fig. 3), and droplets formed stably and
continuously at outer aqueous phase flow rates ranging from 8-20 mL/h. In contrast, droplets could not
be stably formed at outer aqueous phase flow rates of less than 8 mL/h or more than 20 mL/h, resulting
in the formation of a range of droplet sizes. These results confirm the findings of a previous report's that
adjustment of the flow rates of the inner aqueous phase, organic phase, and outer aqueous phase enables
the generation of a W/O/W emulsion droplet, an organic droplet containing two aqueous droplets.
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Surfactant added to the organic phase Hydrophile-lipophile balance (HLB) value
(a) None -
(b) 1% (w/w) SPAN 85 1.8
(c) 1% (w/w) SY-Glyster CRS-75 3
(d) 1% (w/w) SPAN 80 4.3
(e) 1% (w/w) SPAN 80+ 0.5% (w/w) SY-Glyster CRS-75 43,3

Table 1. Series of surfactants added to the organic phase to investigate the stability of W/O/W
emulsion droplets.

Relationship between surfactant type and the stability of W/O/W emulsion droplets. To
achieve one-to-one encapsulation by generating a W/O/W emulsion droplet that contains two different
materials (Fig. 1c), W/O/W emulsion droplets collected after generation in a microchannel had to meet
the following conditions: (1) while organic droplets do not coalesce, inner aqueous droplets coalesce, and
(2) inner aqueous droplets in an organic droplet are retained. As immediate droplet coalescence depends
on the type of surfactant, we confirmed the relationship between the state of the W/O/W emulsion drop-
let that was collected and the type of surfactant that was added to the organic phase. Surfactant added
to the organic phase was chosen based on the hydrophile-lipophile balance (HLB) value and whether
the surfactant molecule was polymeric or monomeric (Table 1). The HLB value proposed by Griffin rep-
resents the hydrophilicity/hydrophobicity of the surfactant'®. Generally, hydrophilic surfactants exhibit
high HLB values and lipophilic surfactants exhibit low HLB values.

When the organic phase was supplemented with surfactant, stable W/O/W emulsion droplets were
formed (Table 2b-e), while no W/O/W emulsion droplets were formed without the surfactant (Table 2a).
When a surfactant with a relatively low HLB value (=1.8) was added to the organic phase, the W/O/W
emulsion droplets broke off the microchannel shortly after collection (in a polystyrene petri dish) due
to the release of the inner aqueous droplets to the outer aqueous phase (Table 2b). In contrast, when a
surfactant with a relatively high HLB value (=3 or 4.3) was added to the organic phase, the resulting
W/O/W emulsion droplets remained stable for more than several tens of minutes (Table 2c,d). When a
mixture of both monomeric and polymeric surfactants was used, the W/O/W emulsion droplets broke
shortly after collection in a polystyrene petri dish, leaving only organic droplets (Table 2e).

Particle encapsulation towards one-to-one encapsulation. To form W/O/W emulsion droplets
containing one-to-one fluorescent particles in inner aqueous droplets (as shown in Fig. 1c), we investi-
gated W/O/W emulsion droplet formation where the inner aqueous phase (PBS) contained suspended
fluorescent particles. Introducing the inner aqueous phase (flow rate: 1.5mL/h), organic phase (flow rate:
3mL/h), and outer aqueous phase (flow rate: 10mL/h) yielded W/O/W emulsion droplets containing two
aqueous droplets. The W/O/W emulsion droplets exhibited a mean diameter of 194pm (standard devi-
ation: 3.6 pum), a coefficient of variation (CV) of 1.9%, and a throughput of 1 x 10*Hz (Fig. 4a). Twenty
percent of the W/O/W emulsion droplets containing particles contained one-to-one particles (Fig. 4b).
In addition, under these experimental conditions, the two inner aqueous droplets spontaneously merged
after droplet generation, with the result that the fluorescent particles within each inner aqueous droplet
were enclosed in the merged droplet (Fig. 4c). These results demonstrate that this encapsulation tech-
nique could be used as a high-throughput one-to-one cell encapsulation method.

Discussion

As in a previous report'®>, W/O/W emulsion droplets were continuously formed in a microchannel using
an organic phase supplemented with surfactant. According to the literature®, this phenomenon is due
to the following surfactant behaviour. (1) Molecules of surfactant added to the continuous phase (i.e.,
the organic phase in this study) quickly adsorbed at the interface between the continuous phase and the
dispersed phase (i.e., the inner aqueous phase in this study), resulting in the formation of a molecular
film of the surfactant at the interface. (2) This surfactant film increased the mechanical strength of the
droplet interface, resulting in the formation of stable droplets enclosed by the film. In an experiment
where surfactant was not added to the organic phase, W/O/W emulsion droplets were not generated
because no surfactant film was formed.

Differences in the stability of droplets ejected from a microchannel to a petri dish were assumed to
result from differences in the surfactant HLB value, whether the surfactant was monomeric or polymeric,
and the presence or absence of interactions among surfactant molecules at the droplet surface. First, the
addition of surfactants with higher HLB values to the continuous phase (the organic phase in this exper-
iment) was less likely to lead to droplet coalescence®. The experimental surfactant selection results for
stable W/O/W emulsion droplet generation demonstrate that the boundary of the HLB value at which a
droplet can be held without coalescence of organic droplets ranged from 1.8 to 4.3. Second, when either
polymeric or monomeric surfactants are used, a film is formed at the droplet interface, making W/O/W
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emulsion droplets stable. In contrast, when a mixed surfactant is used containing both monomeric
and polymeric surfactants, the surfactant film is destabilised®. Therefore, when both monomeric and
polymeric surfactants were used, W/O/W emulsion droplets were not stably maintained. These results
demonstrate that W/O/W emulsion droplets could be stably produced using a single surfactant (of either
polymer or monomer) with an HLB value of 3 or 4.3. Under these conditions, the organic droplets did
not coalesce and the inner aqueous droplets in the organic droplet were retained.

A previous report predicted the morphology of a liquid three-phase system (e.g., W/O/W emulsion
droplet) at equilibrium using the spreading coeflicient obtained by interfacial tension?"?2. The spreading
coefficient of the liquid, S, is expressed by the following equation using the interfacial tension, ~:

Si =ik — (V5 + V) (1)
Using the following expansion Fowkes formula?, ~ is determined from the surface tension, o:

1

Ny =0;+ 05— 2(o; x oj)z (2)
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Figure 4. W/O/W emulsion droplets containing one fluorescent particle. (a) Histogram of the diameters
of W/O/W emulsion droplets. (b) Fraction of droplets containing one particle (n= 106). (c) Confocal image
of a one-to-one particle containing droplet. The image depicts before and after the coalescence of the inner
aqueous droplets.

Figure 5. Schematic drawing of the morphology of the three-phase system used in this study. (a) Non-
engulfing. Two droplets are independent. (b) Complete engulfing. A droplet completely contains another
droplet. (c) Partial engulfing. A droplet partially contains another droplet.

From the positive and negative spreading coefficients obtained by measuring interfacial tension, the
morphology of the three-phase system at equilibrium can be predicted as follows*' (note: the “contin-
uous phase” was the outer aqueous phase in this experiment): (1) when S, <0, S,>0, S;<0, a drop-
let from phase 1 and a droplet from phase 3 exist independently in the continuous phase of phase 2
(non-engulfing) (Fig. 5a); (2) when S, <0, S,<0, S;>0, a droplet from phase 3 completely containing
a droplet from phase 1 exists in the continuous phase of phase 2 (complete engulfing) (Figs 5b and 3)
when §, <0, S,< 0, S; <0, a droplet from phase 3 partially containing a droplet from phase 1 exists in the
continuous phase of phase 2 (partial engulfing) (Fig. 5¢). In this study, the surface tension was measured
to evaluate the stability of the generated W/O/W emulsion droplets at equilibrium, and the positive and
negative spreading coefficients were determined. Table 3 shows the surface tension of the liquid reagent
that was used to form W/O/W emulsion droplets and determine the obtained spreading coefficients. For
any combination of reagents in this study, a complete engulfing morphology could be formed at equi-
librium. This result demonstrated that for the combination of reagents used in this study, the generated
W/O/W emulsion droplets enabled the formation of a complete engulfing morphology in the equilib-
rium state. In contrast, the W/O/W emulsion droplets generated by adding SPAN 85 or both SPAN 80
and SY-Glyster CRS-75 to the organic phase formed a complete engulfing morphology according to the
positive and negative spreading coefficients; however, these W/O/W emulsion droplets released the inner
aqueous droplets, and the W/O/W emulsion droplets formed non-engulfing morphologies shortly after
collection (as shown in Table 2b,e). This is because the effect of the surfactant molecules’ behaviour at
the droplet interface became dominant compared with the effect of the spreading coefficient. Thus, when
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Phase 1 Phase 2 Phase 3 ~N12 | ~13 | ~23 S, S, S; | Morphology

DMEM Decane/1 % (w/w) SPAN 80 PBS/2 % (w/w) PVA 133 | 424 | 253 —15.0 —11.6 6.55 | Complete engulfing

DMEM Decane/1 % (w/w) SPAN 85 PBS/2 % (w/w) PVA 13.3 4.24 2.53 —15.0 —11.6 6.55 | Complete engulfing

DMEM Decane/l % (w/w) SY-GIyster | ppo/ o5 (wjw) PVA | 135 | 424 | 261 | —151 | —119 | 665 | Complete engulfing
Decane/1 % (w/w) SPAN

DMEM 80+ 0.5 % (w/w) SY-Glyster | PBS/2 % (w/w) PVA 136 | 424 | 2.64 —15.2 —12.0 6.69 | Complete engulfing
CRS-75

PBS + particle gle{;l;gll % (w/w) SY-Glyster PBS/2 % (w/w) PVA 13.3 4.12 2.61 —14.8 —11.8 6.56 | Complete engulfing

Table 3. Interfacial tension and spreading coefficient. Interfacial tension was calculated by measurements’
of surface tension. 'DMEM: 71.6 mN/m, PBS + particle: 71.1 mN/m, Decane/1% (w/w) SPAN 80:
23.1mN/m, Decane/1% (w/w) SPAN 85: 23.1 mN/m, Decane/1% (w/w) SY-Glyster CRS-75: 22.9 mN/m,
Decane/1% (w/w) SPAN 80+ 0.5% (w/w) SY-Glyster CRS-75: 22.8 mN/m, PBS/2% (w/w) PVA: 71.6 mN/m
(Temperature: 21°C).

a single polymeric or monomeric surfactant with an HLB value of 3 or 4.3 was used, it was possible to
produce stable W/O/W emulsion droplets containing two inner aqueous droplets.

In conclusion, we achieved one-to-one encapsulation by monodisperse formation of multiple droplets
in a microchannel with partially controlled wettability, and by the coalescence of inner aqueous drop-
lets driven by the surfactant properties (i.e., the HLB value and whether the surfactant was polymeric
or monomeric). This method enables us to perform precise microencapsulation. By sorting one-to-one
cells with a cell sorter after the encapsulation process, W/O/W emulsion droplets containing single cells
could be utilized for various applications such as high-throughput single-cell assays, gene transfection
into cells, and one-to-one cell fusion.

Methods

Surface modification to control the wettability of microchannels. To generate W/O/W emul-
sion droplets, the upstream and downstream portions of a microchannel (produced by deep reactive
ion etching) were treated as hydrophobic and hydrophilic, respectively (as shown in Fig. 1a). This study
used the partial wettability control method with a silane solution, toluene/1% (v/v) OTS, and UV irra-
diation'®!®, To summarise the method, the entire microchannel is first made hydrophobic by filling
the microchannel with OTS. Subsequently, to make only the downstream portion of the microchannel
hydrophilic, only the downstream portion is irradiated with UV for 2hours, with the upstream portion
masked with aluminium. As a result, only the downstream portion of the microchannel is UV irradiated,
forming silanol groups (Si-OH) and thus becoming hydrophobic.

Droplet formation. The microchannel was set up for droplet formation as follows. All microchannels
had a depth of 100 um, with injection and drain channel widths of 100 p.m and 300 um, respectively. Each
microchannel inlet/outlet was connected to a syringe (10 mL gastight syringe, Hamilton Company, USA)
via polytetrafluoroethylene (PTFE) tubing (1.59 mm/0.5 mm outer/inner diameter, Flon Industry, Japan).
To form droplets, each solution was filled into the syringes and introduced into each microchannel at
constant flow rates using a syringe pump (KDS200, KD Scientific, USA). Droplet formation was observed
using a high speed camera (FASTCAM-MAX 120K, Photron, Japan) mounted on an upright microscope
(BX-50, Olympus, Japan).

Selection of surfactant to enhance the stability of W/O/W emulsion droplets. We investigated
the relationship between the HLB value of the surfactant added to the organic phase and the stability of
the W/O/W emulsion droplets. The surfactants were SPAN 85 (sorbitan trioleate, HLB value: 1.8, mono-
mer, Wako Pure Chemical Industries, Japan), SPAN 80 (sorbitan monooleate, HLB value: 4.3, monomer,
Wako Pure Chemical Industries, Japan), and SY-Glyster CRS-75 (polyglycerol esters of fatty acids, HLB
value: 3, polymer, Sakamoto Yakuhin Kogyo, Osaka, Japan). These three surfactants were used to prepare
three different organic phases consisting of decane (Wako Pure Chemical Industries, Ltd., Japan)/1%
surfactant. Additionally, to verify the status of droplet formation using a decane organic phase supple-
mented with both monomeric and polymeric surfactants, decane was supplemented with both 1% (w/w)
SPAN 80 and 0.5% (w/w) SY-Glyster CRS-75. These organic phases, inner aqueous phases (DMEM, Life
Technologies, USA), and outer aqueous phases (PBS/2% PVA (The Nippon Synthetic Chemical Industry
Co., Ltd., Japan)) were filled into syringes and then introduced into the microchannel using syringe
pumps. Droplet formation was observed using a high speed camera mounted on an upright microscope.

Generation of W/O/W emulsion droplets containing fluorescent particles. To generate W/O/W
emulsion droplets containing two types of fluorescent particles (made from polystyrene) with different
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excitation wavelengths (Fluoresbrite Polychromatic Red 6.0 Micron Microspheres and Fluoresbrite Yellow
Green Microspheres 10 pm, Polysciences, Inc., USA), organic phases, inner aqueous phases, and outer
aqueous phases were prepared and filled into syringes and then introduced into the microchannel using
syringe pumps. The organic phase was decane/1% (w/w) SY-Glyster CRS-75, the inner aqueous phase
was PBS containing fluorescent particles (10° particles/mL), and the outer aqueous phase was PBS/2%
(w/w) PVA. Droplet formation was observed using a high speed camera mounted on an upright micro-
scope. W/O/W emulsion droplets containing fluorescent particles were imaged using a charge coupled
device (CCD) camera mounted on an inverted microscope (IX-71, Olympus, Japan) and a confocal
microscope system (FV-300, Olympus, Japan). Droplet sizes were measured using image analysis soft-
ware (Image-Pro Plus, Media Cybernetics, USA).
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