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Abstract Microcapsules templated from microfluidic
double emulsions attract a great attention due to their broad
new potential applications. We present a method to form
transparent polymer microcapsules in small sizes of
~30 um with aqueous cores and fully closed shells. We
controlled the size ratio of the aqueous core to the polymer
shell not only by flow rates of the double emulsions, but
also by synergetic interaction between surfactants at the
interface of immiscible fluids. We also found that fully
closed shells can be formed by generating the double
emulsion droplets in a jetting regime, in which the aqueous
cores are confined centrally in the double emulsion drop-
lets. We demonstrated the formation of barcodes in these
microcapsules for multiplexed bioassays. These transparent
microcapsules also have wide and high potentials for the
development of various microsensors by functionalizing
the liquid-state cores with compounds sensitive and
responsive to temperature, light or electromagnetic field.

1 Introduction

Double emulsions are liquid systems of host outer droplets
nested with inner droplets. Microfluidic techniques provide
precise controls on the sizes of the inner and outer droplets
and the number of inner droplets in each outer droplet
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(Utada et al. 2005; Okushima et al. 2004; Nie et al. 2005;
Panizza et al. 2008), which extend the applications of
double emulsion in drug delivery (Ichikawa and Fukumori
2000; Priest et al. 2008), biological screening (Mastrobat-
tista et al. 2005; Guo et al. 2012) and, especially, manu-
facture of optical microelements and microsensors (Yang
et al. 2006). For example, the monodispersed transparent
polymer microcapsules containing charged or magnetic
nanoparticles in their liquid cores can be used as pixel units
for high-resolution display (Zhu et al. 2011). However, the
formation of the transparent polymer microcapsules with
the liquid cores is still a challenge. To stabilize the double
emulsion droplets, surfactants are dissolved in the three
phases of double emulsion in high concentrations. But the
double emulsion droplets still easily break up after col-
lection and before solidification of their outer droplets.
Instead of using the surfactants, dispersing nanoparticles in
the middle-phase polymer precursor is a more effective
approach to stabilize the double emulsion droplets with a
long time duration up to hours (Chen et al. 2011). Unfor-
tunately, these solidified polymer shells doped with the
nanoparticles in high volume fractions may scatter and
absorb light significantly, which are not suitable to form
the microsensors read out by optical signals.

In this paper, we present a method to form the trans-
parent polymer microcapsules with aqueous cores and fully
closed shells by UV-induced polymerization of polymer
precursor outer droplets immediately after generation of
unstable water-in-oil-in-water (W/O/W) double emulsion
droplets in a microfluidic device. Parameter studies on flow
rates of three phases and surfactant concentrations in the
aqueous inner droplets were made to control the size ratios
of the aqueous cores to the polymer shells. Particularly, we
found an effective approach to form fully closed micro-
capsules by generating the double emulsion in a jetting
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regime which confined the inner droplets centrally in their
outer droplets. We also demonstrated the use of the
graphical information of microcapsules to enhance the
coding capacity of colorimetric barcodes formed in these
microcapsules. These transparent microcapsules have wide
and high potentials to create various microsensors by
functionalizing their liquid-state cores.

2 Experimental
2.1 Microfluidic device

Figure la illustrates the design of the microfluidic device
to form the microcapsules, which consists of a T-junction,
a Y-junction and a serpentine section. The microfluidic
device made by soft lithography of polydimethylsiloxane
(PDMS) (Sylgard 184, Dow Corning, USA) was used to
form colorimetric barcodes in our previous work (Wu and
Gong 2012). The dimensions of microchannels are labeled
in Fig. 1b, ¢). To form the W/O/W double emulsion, the
serpentine section downstream of the Y-junction was
modified to be hydrophilic and the T-junction maintained
hydrophobic. To suspend the double emulsion droplets
spherically in the serpentine section, the microchannel
downstream of the Y-junction was made with a square
cross section which was higher than the microchannels at
the T-junction. (See detailed fabrication processes and
parameters in Supplementary Materials.)

2.2 Preparation of microcapsules

As illustrated in Fig. 1d, the microcapsules were formed in
a three-step process. Firstly, the water-in-oil (W/O) emul-
sion occurred at the T-junction and the inner droplets of
aqueous solution were generated in a flow of ethoxylated
trimethylolpropane triacrylate (ETPTA) polymer precur-
sor. Secondly, the inner droplets were engulfed by the outer
droplets of ETPTA polymer precursor at the Y-junction to
form the W/O/W double emulsion droplets in a flow of
sodium dodecyl sulfate (SDS) solution. Finally, the ETPTA
outer droplets were solidified by UV light from a mercury
lamp equipped to an inverted microscope (Eclipse Ti,
Nikon, Japan) to form the microcapsules in the serpentine
section. The aqueous solution, the ETPTA polymer pre-
cursor and the SDS solution were the inner-phase, middle-
phase and outer-phase fluids of the W/O/W double emul-
sion, respectively. The inner-phase fluid was prepared by
adding red or blue food dye in deionized water. The mid-
dle-phase fluid was the ETPTA polymer precursor (vis-
cosity: 90 mPa s) added with 4 % (w/v) Daracure 1173 and
2 % (w/v) surfactant of sorbitan monooleate (Span 80).
The outer-phase fluid was prepared by adding 2 % (w/w)
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SDS in deionized water. The three fluids of the W/O/W
double emulsion were injected into the microfluidic device
by three syringe pumps, independently.

Carboxyethylsilanetriol sodium (CES) (25 % aqueous
solution, Gelest, USA) was used to functionalize the
polymer microcapsules with carboxyl groups. Firstly,
100 mg of the microcapsules was washed by ethanol to
remove the uncured ETPTA monomer and the surfactants
over the outer surfaces of the microcapsules. Then, the
microcapsules were rinsed by 10 mM sodium phosphate
buffer (PBS buffer, pH 7.4) added with 0.01 % (w/v) SDS
with vortex mixing three times. Secondly, the microcap-
sules were suspended in 5 mL of the PBS buffer added
with 500 pL of the CES with gentle mixing for 4 h at room
temperature. Finally, the microcapsules were washed by
deionized water three times.

2.3 Characterization

The processes of the droplet generations at the T-junction
and the Y-junction were observed and recorded by a high-
speed camera (Fastcam APX-RS, Photron, Japan) mounted
to the inverted microscope. The bright-field micrographs of
microcapsules were captured by a monochromatic CCD
camera (RETIGE EXi, Qimaging, Canada) mounted on
the microscope. A scanning electron microscope (SEM)
(JSM-5600LV, JEOL, Japan) was used to capture SEM
micrographs of the microcapsules.

3 Results and discussion
3.1 Microfluidic operation

The mechanisms of droplet generations at the T-junction
and the Y-junction are mainly governed by the capillary
number, Ca = n,0Q./cS, which describes the competition
between viscous force and interfacial tension (Gupta et al.
2009; Liu and Zhang 2009; Anna et al. 2003; Lee et al.
2009; de Menech et al. 2008; Utada et al. 2007), in which
N 1s the viscosity of the continuing phase fluid, Q. is the
flow rate of the continuing phase fluid, ¢ is the interfacial
tension between the immiscible fluids, and S is the mi-
crochannel cross-section area. To control the morphology
of the microcapsules templated from the double emulsion
droplets, we firstly investigated the generation of W/O
emulsion at the T-junction and the generation of W/O/W
double emulsion at the Y-junction.

At the hydrophobic T-junction, the continuing phase was
the ETPTA polymer precursor and the dispersing phase was
the aqueous inner-phase fluid. As shown in Fig. 2a, the
volumes of the inner droplets were controlled by the flow
rate of the middle-phase ETPTA polymer precursor (Q,) in
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Fig. 1 a Design of the
microchannel network to form

(a)

hydrophobic region -——- hydrophilic region

the microcapsules.

b Micrograph of the T-junction.
¢ Micrograph of the Y-junction.
d Schematic diagram of the
microcapsule formation
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three distinct regimes, including a squeezing regime, a
dripping regime and a jetting regime. The flow rate of the
inner-phase fluid (Q;) was set at 0.02 mL h !, constantly.
When the Q,, was 0.01 mL h™!, the inner droplets were
generated in the squeezing regime. The red-dyed water
filled the microchannel as slugs till the pressure of the
ETPTA polymer precursor at the T-junction was high
enough to push the slugs forward. The volume of the inner
droplet was only determined by the geometry of the mi-
crochannel and the ratio of Q,, to Q;. Increasing Q,, to
0.03 mL h™!, the W/O emulsion began to transfer from the
squeezing regime to the dripping regime, in which the shear
stress at the interface of the two immiscible fluids became
important gradually. The volumes of the inner droplets were
changed slightly in a relatively large range of O, while the
intervals between them extended apparently with Q,, as
shown in Fig. 2b2-b5. Further increasing Q,, to 0.08 mL
h™', the W/O emulsion transferred from the dripping
regime to the jetting regime. A jet of the red-dyed water
downstream of the T-junction produced spherical inner
droplets in the ETPTA flow as shown in Fig. 2b6, b7. It is
should be noted that the transfers between the droplet

generation regimes occurred gradually in narrow flow-rate
ranges. The flow rate data of vertical dotted lines which
separate the three droplet generation regimes in Fig. 2a
were approximates.

We found that the volumes of the inner droplets can also
be controlled effectively by a little addition of SDS in the
aqueous inner-phase fluid, as shown in Fig. 3a. The size
ratio of the inner droplet to the outer droplet (dinner/douter)
can be controlled flexibly by combining the two approa-
ches of adjusting O, and the altering SDS concentration in
the inner-phase fluid. For the double emulsion droplet,

~1/3
dinner/douter €an be represented by ( o ) (Hennequin

0i+0m
et al. 2009). If only Q, is used to control diyner/douter, @
smaller inner droplet must be encapsulated in a relatively
larger outer droplet. Using the synergistic interaction
between the nonionic polymeric surfactant of Span 80 and
the anionic surfactant of SDS at the oil-water interface
(Pons et al. 1997), the interfacial tension between the two
immiscible fluids can be reduced significantly by adding a
little amount of SDS in the inner-phase fluid. Here, Q; and
O were set at 0.02 and 0.06 mL h™", respectively. Five
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Fig. 2 a Volumes of the inner droplets controlled by Q,,. b/ The
W/O emulsion in the squeezing regime. b2-b5 The W/O emissions in
the dripping regime. b6, b7 The W/O emulsions in the jetting regime.
0; was 0.02 mL h™", constantly. The scale bars in b1-b7 are 50 pm
in length

inner-phase fluids of the red-dyed water were prepared by
adding SDS in concentrations from 0 to 0.04 % (w/w) in an
increment of 0.01 %. Firstly, the inner droplets containing
no SDS were formed in the dripping regime as shown in
Fig. 3bl. Increasing the SDS concentration to 0.01 %, the
W/O emulsion at the T-junction began to transfer from the
dripping regime to the jetting regime. A short jet of the red-
dyed water emerged downstream of the T-junction as
shown in Fig. 3b2. The jet of the red-dyed water produced
smaller inner droplet by adding more SDS as shown in
Fig. 3b3, b4. However, 0.04 % SDS in the inner-phase
fluid failed to form the W/O emulsion. The jet of red-dyed
water went gradually to the Y-junction and formed a par-
allel flow with the ETPTA polymer precursor as shown in
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Fig. 3 a Volumes of the inner droplets controlled by the concen-
trations of SDS in the inner-phase fluid. Q; was 0.02 mL h~!and O,
was 0.06 mL h™'. The SDS concentrations in the inner-phase fluid
increased from 0 to 0.04 % in an increment of 0.01 % in bI—c. b1 The
W/O emulsion in the dripping regime. b2 The W/O emulsion started
to transfer from the dripping regime to the jetting regime. b3, b4 The
W/O emulsions in the jetting regime. ¢ A parallel flow of the inner-
phase red-dyed water with the middle-phase ETPTA polymer
precursor. The scale bars are 50 pm in length

Fig. 3c. The addition of SDS in the aqueous inner-phase
fluid not only reduced the interfacial tension between the
two immiscible fluids, but also decreased the contact angle
of the aqueous inner-phase fluid on the PDMS wall of the
microchannel. The red-dyed water added with 0.04 % SDS
was no longer a dispersing phase but one more continuing
phase.

At the hydrophilic Y-junction, the ETPTA polymer
precursor turned to be the dispersing phase and the
continuing phase was the outer-phase SDS solution. As
shown in Fig. 4, each double emulsion droplet can be
formed with multiple inner droplets. The generation fre-
quency of the double emulsion droplets were controlled by
the flow rates of the outer-phase fluid of SDS solution (Q,).
The number of the inner droplets in each outer droplet was
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Fig. 4 Number of the inner droplets in individual outer droplets
controlled by Q,. Q; was 0.02 mL h~! and Q,, was 0.08 mL h™!. Q,
were 5.5,4.0,2.8 and 2.5 mL h~'in a—d, respectively. The scale bars
are 100 pm in length

the ratio of the inner droplet generation frequency at the
T-junction to the double emulsion generation frequency at
the Y-junction.

3.2 Formation of fully closed microcapsules

The outer droplets of ETPTA polymer precursor were
cured as the rigid polymer shells to form the microcapsules
in the serpentine section under UV exposure. Due to the
low shrinkage of ETPTA upon polymerization (~11 %),
no obvious size difference between the microcapsules and
their double emulsion templates was observed. We found
that the position of the inner droplet inside the outer droplet

plays a more significant role than dj,,e/douer in the for-
mation of the fully closed shells. In equilibrium state, the
position of a droplet to a second immiscible droplet in a
third immiscible fluid is determined by the interfacial
tensions between them (Torza and Mason 1969). Because
of the relatively high viscosity of ETPTA, the positions of
the aqueous inner droplets in the ETPTA outer droplets
maintained the same after the double emulsion droplets
detaching from the Y-junction. When the aqueous inner
droplet was at the periphery of the ETPTA outer droplet,
the thin layer of ETPTA was not cured due to the inhibition
of oxygen in the aqueous fluids to UV-induced polymeri-
zation. As a result, circular pores were left on the cured
polymer shells as shown in Fig. 5a, and the contents in the
aqueous cores were leaked. The thinnest shell formed was
about 0.6 pm as indicated in Fig. 5b.

We found an effective approach to form the fully
closed shells by generating the double emulsion droplets
in the jetting regime, in which the aqueous inner droplets
were confined centrally inside the ETPTA outer droplets.
As shown in Fig. 6a, the double emulsion was formed in
the dripping regime when Q. and Q, were 0.06 and
4.5 mL h™', respectively. The inner droplets came to the
Y-junction and slowed down at the end of the ETPTA
flow region. Each ETPTA outer droplet developed grad-
ually and detached from the ETPTA stream to form a
complete double emulsion droplet. Due to the velocity
difference between the emerging ETPTA outer droplet
and the flow of the outer-phase SDS solution, the shear
stress at their interface caused an internal circulating flow
inside the ETPTA outer droplet, which forced the aqueous
inner droplet towards the periphery of the ETPTA outer
droplet. The ETPTA outer droplet with the off-centered

Fig. 5 a SEM micrograph of a leaked microcapsule with a circular pore. b The thinnest polymer shell was about 0.6 pm. ¢ SEM micrograph of
the microcapsules templated from the double emulsion droplets generated in the dripping regime
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Fig. 6 Image sequences of the (a)
double emulsion generation
processes. a The double
emulsion in the dripping
regime. Q; was 0.02 mL h !,
O was 0.06 mL h™!, and Q,
was 4.5 mL h™'. b The double
emulsion in the jetting regime.
0; was 0.02 mL h™!, 0., was
0.08 mL h™', Q, was

6.2 mL h™'. The time interval
between images is 1.6 ms

1.6 ms

3.2ms 4.8 ms 6.4 ms 8.0 ms

0 ms

aqueous inner droplet was cured as the polymer shells
with the pores. The unstable double emulsion droplets
even broke up immediately at the Y-junction, if the
aqueous inner droplet was located extremely close to the
interface between the ETPTA and the outer-phase SDS
solution. In a word, the formation of the fully closed shell
is a random incident if the microcapsules are templated
from the double emulsion droplets generated in the
dripping regime, as shown in Fig. 5c. Further increasing
Om and Q, to 0.08 and 6.2 mL h™ !, respectively, the
double emulsion was formed in the jetting regime as
shown in Fig. 6b. The double emulsion in the jetting
regime generated the droplet emulsion droplets due to the
Rayleigh—Plateau hydrodynamic instability (Lin and Reitz
1998) of the ETPTA jet in the flow of SDS solution. A jet
of ETPTA stream broke up into segments containing the
inner droplets individually. The segments of the ETPTA
jet in the same velocity of the flow of SDS solution
confined the inner droplets centrally and turned to the
spherical ETPTA outer droplets by reducing their surface
areas. The dyed aqueous inner droplets were fully
encapsulated by the polymer shells without leakage as
shown in Fig. 7a.
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3.3 Formation of microsensors

Our previous work demonstrated the formation of colori-
metric quantum-dot barcodes in the microcapsules for
multiplexed bioassays (Wu and Gong 2012). Actually,
these microcapsules can not only be encoded by colori-
metric information of dyes or fluorophores in their aqueous
cores, but also the graphical information of core sizes and
numbers to enhance the coding capacity. As shown in
Fig. 7b, the microcapsules with different numbers of cores
can be regarded as different spot patterns. Advantageous
over pattern barcodes formed by photolithography (Pregi-
bon et al. 2007), the spot patterns formed in the micro-
capsules do not require photomasks and expensive
alignment instruments.

A critical step to bring the barcodes to practical usage is
to modify the surfaces of microcapsules with functional
groups for optimal bioconjugation to different biomole-
cules. The polymer surfaces were functionalized with
carboxyl groups and amine groups by silane compounds of
CET and 3-aminopropyltrimethoxysilane (APTS), respec-
tively (Hermanson 2008). Another simpler method is to
mix the monomers with functional groups in the host
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aqueous cores. b Microcapsules with different numbers of aqueous cores
were templated from the double emulsion droplets in Fig. 4a—d (color
figure online)

Fig. 8 a Determination of the (a)
carboxyl groups on the
microcapsules by specific
labeling of dansylcadaverine.

b Bright-field micrograph of the
carboxyl-functional
microcapsules labeled with
dansylcadaverine. ¢ Fluorescent
micrograph of the carboxyl-
functional microcapsules
labeled with dansylcadaverine
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polymer precursor directly (Lewis et al. 2005). The pres-
ence of the functional groups on the polymer microcap-
sules was determined by specific labeling of fluorophore
(Ivanov et al. 1996). As illustrated in Fig. 8a, the carboxyl
groups on the polymer microcapsules were indicated by
labeling dansylcadaverine through a carbodiimide reaction.
Figure 8b, c¢ shows the typical bright-field and fluorescent
micrographs of the carboxyl-functional microcapsules
labeled with dansylcadaverine, respectively. With help of
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), oligos modified with amine groups at 5’
end can be immobilized covalently on the carboxyl-func-
tional microcapsule as probes for multiplexed detection or
measurement of target oligos.

Since the microfluidic method to form the microcapsules
by the UV-induced polymerization can maintain the origi-
nal characteristics of compounds encapsulated in the
aqueous cores, a variety of microsensors can be developed
by functionalizing the liquid-state cores of microcapsules.
For example, the transparent polymer microcapsules can be
used as thermometers by adding temperature-sensitive dye,
Rhodamine-B (Karstens and Kobs 1980), in their aqueous
cores. Adding the photochromic compound of bisthieny-
lethene (Tian and Wang 2007) in the aqueous cores, the
microcapsules turn to be UV-light sensors. Optical switches
or polarisers can also be created by adding liquid crystals in
the aqueous cores of microcapsules. It is worth mentioning
that thermally unstable compounds can be encapsulated in
the microcapsules intactly because the microcapsule for-
mation process has no obvious temperature change.
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4 Conclusion

In summary, we present a method to form fully closed
transparent microcapsules with aqueous cores and polymer
shells with diameter of ~30 pm by UV-induced poly-
merization of the unstable W/O/W double emulsion drop-
lets in a microfluidic device. The size ratios of the aqueous
cores to the polymer shells were controlled by flow rates
and the synergetic interaction at the oil-water interface.
We found an effective approach to form the fully closed
polymer shells by generating the double emulsion tem-
plates in the jetting regime, in which the inner droplets are
located in the centers of the outer droplets. We also dem-
onstrated the formation of barcodes in the microcapsules
using their graphical information of the size and number of
aqueous cores to enhance the coding capacity control. The
microfluidic method we present can fabricate hundreds of
the microcapsules per second, which can be used as
excellent host vehicles to develop various microsensors by
functionalizing their liquid-state cores.
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