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Abstract: This paper reports a microfluidic method for fast continuous synthesis of Janus particles and
three-phase particles with narrow size distribution. Synthesis of particles included emulsification of monomer
liquids and in-situ photoinitiated polymerization of multiphase droplets. We show the strategy for precise
control over the structure of Janus particles and their structure-dependent assembly in clusters. We
demonstrate an asymmetric chemical modification of the surface of JPs by conjugating them with protein
molecules. The Janus and ternary particles were synthesized from largely immiscible liquids and had a
sharp interface between the constituent phases.

Introduction

Janus particles (JPs) have long been fascinating objects in
the study of self-assembly, in stabilization of emulsions, and
as the dual-functionalized optical, electronic, and sensor de-
vices.1,2 Janus objects have been obtained from dendrimers,3

block copolymer micelles,4 submicrometer-size particles,5,6 and
micrometer-size beads.7-14 Potential applications of Janus
particles are determined by the combination of materials building
up the hemispheres. For example, particles with oppositely
charged hemispheres have a large dipole moment which allows
their remote positioning in an electric field.7 When loaded with
distinct pigments or dyes, the microspheres have potential

applications in the production of color electronic paper.15

Amphiphilic particles behave as surfactants in stabilization of
Pickering emulsions.1 Janus particles with sharp interface
between paired electron donor and acceptor materials can
potentially help in converting solar energy into electrical current.

Janus particles have been produced by hydrodynamic tech-
niques,6,13 by controlled coalescence of two distinct droplets
which was followed by solidification of the merged phases,16

by phase separation,18 by using toposelective surface modifica-
tion,7-10,14 template-directed self-assembly,17 and controlled
surface nucleation.19 Hydrodynamic methods provide a simple
single-step, scalable strategy for the preparation of JPs. In
particular, synthesis of polymer particles in planar microfluidic
reactors proved to be an excellent route to particles with
unconventional shapes and morphologies.20-22 Two groups have
recently reported the preparation of JPs in microfluidic devices
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by employing breakup of a liquid thread of two parallel co-
flowing streams of monomers or polymer solutions.6,13 In both
cases, no control of the internal structure or of the surface
composition of the microbeads was demonstrated. The coun-
terpart liquids were miscible and the sharpness of interface
between the constituent liquids depended on extent of mixing
between the adjacent phases before their solidification. Although
mixing between liquids undergoing a laminar flow is weak,23

electrohydrodynamic and hydrodynamic focusing of liquid
threads prior to their break up in droplets enhances mixing
between the constituent phases and leads to a gradual change
in composition along the direction normal to the interface.
Formation of particles with gradients in composition can limit
some of the applications of JPs (e.g., their use as solar cells
systems) in which the existence of a sharp interface between
the phases is crucial.

Here, we report continuous microfluidic synthesis of highly
monodiperse JPs and ternary polymer particles in the size range
from 40 to 100µm. Production of two-phase and three-phase
monomer droplets relied on both thermodynamic and hydro-
dynamic factors, whereas rapid polymerization allowed trapping
of droplet structure in the solid state. The present work reports
the following new features: (i) a strategy for precise control
over the structure of Janus particles and their structure-dependent
assembly in clusters; (ii) an asymmetric chemical modification
of the surface of JPs; (iii) the preparation of ternary (three-
phase) particles in a microfluidic reactor; and (iv) the synthesis
of JPs from largely immiscible liquids and hence production of
particles with a sharp interface between the constituent phases.

Results and Discussion

We generated Janus droplets in a microfluidic flow-focusing
device (MFFD)24 fabricated in a polyurethane (PU) elastomer
by using soft-lithography.25 In the schematic of Figure 1a two
liquid monomers (M1 and M2), each mixed with a photoini-
tiator, are supplied to two central channels of the MFFD. An
aqueous 2.0 wt % solution of sodium dodecylsulfate, SDS, (W)
is injected to the side channels of the MFFD. At the exit from
the central channels the monomers form a two-liquid thread
that is forced through a narrow orifice. Under the action of shear
imposed by the continuous phase, the thread breaks up to release
Janus droplets. Here, the breakup of the thread occurred in the
flow-focusing regime.22c,24The droplets were exposed to UV-
irradiation in the downstream channel, as well as in the extension
wavy channel with a length ca. 200 mm.

Figure 1b shows a typical optical microscopy image of the
formation of Janus droplets in the PU MFFDs. We used
methacryloxypropyl dimethylsiloxane as M1 and a mixture of
pentaerythritol triacrylate (45.0 wt %), poly(ethylene glycol)
diacrylate (45.0 wt %) and acrylic acid (5.0 wt %) as M2. Both
M1 and M2 contained 4(1 wt % of 1-hydroxycyclohexyl
phenyl ketone. The properties of monomers are provided in
Supporting Information.

In the present work, the Reynolds number, Re, and the
Capillary number, Ca, of the monomer phase (Redrop, Cadrop)

and the continuous phase (Redrop, Cacont ) varied in the range of
4 × 10-3e Redrope 0.06, 0.02e Cadrop e 0.60 and 1.0e Recont

e 35, 4 × 10-3 e Cacont e 0.40.20 By changing the ratio of
flow rates of M1, M2, and W, we achieved good control over
the volume,V, of Janus droplets and the fraction of each liquid
in the droplets. The value ofV changed asV ∼ (QM1 + QM2)/
QW, whereQW, QM1, QM2 are the flow rates of W, M1, and
M2, respectively. By changing the values ofQM1 andQM2 from
0.01 to 0.1 mL/h and the value ofQW from 0.4 to 12 mL/h, we
obtained Janus droplets with diameters from 40 to 100µm.

Figure 2a-c shows the strategy for controlling the volume
fractions of the constituent liquids in Janus droplets with an
approximately flat interface between the adjacent phases.
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Figure 1. (a) Schematic of generation of Janus droplets from immiscible
monomers M1 and M2, emulsified in an aqueous solution of SDS (W).
The droplets are irradiated with UV light in the downstream channel. (b)
Optical microscopy image of formation of Janus droplets. Flow rates of
M1, M2, and W are 0.02, 0.02, and 4 mL/h, respectively. The height of the
MFFD is 120µm and the orifice width is 60µm. The scale bar is 100µm.

Figure 2. (a) Schematic of Janus droplet and relationship between the ratio
of monomer flow rates (QM1/ QM2) and the ratio of volumes (VM1/VM2) and
the ratio of heights (hM1/hM2) of the constituent parts in Janus droplets; (b)
Variation in volume ratioVM1/VM2 (0) and height ratiohM1/hM2 (O) plotted
vs the ratio of flow rates of M1 and M2. The solid lines represent calculated
theoretical calculations; the empty symbols correspond to experimental
results. (c) Optical microscopy images of droplets obtained under conditions
indicated in (b) as A, B, C, and D, respectively. The top part of droplets is
formed by M1.
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Assuming that each phase formed a truncated sphere, a simple
relationship was derived that related the ratio of flow ratesQM1/
QM2 to the ratio of volumes in an individual droplet,VM1/VM2

(or to the ratio of heights of each hemispherehM1/hM2) (Figure
2a), whereR is the radius of the Janus droplet, given by

Figure 2b shows good agreement between the experimental and
predicted variation inVM1/VM2 (and hM1/hM2) with increasing
ratio of monomer flow rates,QM1/QM2. The representative
morphologies of Janus droplets with volume ratios of monomer
phases of 2/1, 1/1, 1/2, and 1/4 (corresponding to the points A,
B, C, and D in Figure 2b) are shown in Figure 2c. We note that
for VM1/ VM2 > 4 or VM2/VM1 > 4 the droplets acquired an eye-
ball shape (image D, Figure 2c): the phase with a larger volume
tend to acquire a spherical shape, thus distorting the overall
shape of the Janus droplet. This effect explained the difference
between experimental and theoretical values ofVM1/VM2 and
hM1/hM2) in Figure 2b for the large difference in volume of two
compartments of the droplets.

We also obtained droplets with a ternary structure by
introducing M2 in the central channel, M1 in the intermediate
channels and an aqueous SDS solution in the side channels, as
shown in the schematic of Figure 3a. In contrast with Janus
droplets, ternary droplets could be obtained only in the jetting
regime22c when a liquid thread of three parallel co-flowing
monomer streams extended to more than five orifice widths
(Figure 3b).

Morphology of Janus and ternary droplets was governed by
the combination of hydrodynamic and thermodynamic factors.
Formation of droplets with Janus and three-phase structures
critically depended on the values of interfacial energies between
the liquids (characterized by the spreading coefficient,Si, of

each phase). The value ofSi was defined asSi ) σjk - (σij +
σik),27 where the subscripts i, j, k represented M1, M2, and W,
respectively, without repetition; andσ was the value of
interfacial tension between the two subscripted phases. In our
work, the values ofSM1, SM2, andSW were -3.66, 1.38, and
-6.12 mN/m, respectively. ForSw > 0 (SM1 < 0, SM2 < 0),
phase separation occurred: two “halves” of the Janus droplet
did not adhere to each other and produced individual droplets.

Ternary droplets formed only when M1 (the monomer with
a lower value ofSi) was introduced in the intermediate channels
(as in Figure 3): if M1 was supplied to the central channel, the
side streams of M2 merged at the tip of the liquid thread and
engulfed the core of M1. The relative affinity of the monomers
to the surface of MFFD played a crucial role in the formation
of ternary droplets: monomer M1, the liquid with a lower
affinity to the surface of MFFD, was injected in the intermediate
channels. Finally, the ratio of flow rates of monomers deter-
mined their volume fractions in Janus and ternary droplets: for
example, different ternary structures in Figure 3b and Figure
4d originated from the difference in the ratio of flow rates of
M1 and M2.

Ternary droplets and Janus droplets with different volume
fractions of M1 and M2 were solidified by in-situ photoinitiated
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Figure 3. (a) Schematic of formation of droplets with ternary structures.
(b) Optical microscopy image of the generation of droplets with a ternary
structure. Monomers M1 and M2 are introduced in intermediate and central
channels, respectively. Flow rates of M1, M2, and W were 0.16, 0.2, and
16 mL/h, respectively.

Figure 4. Optical microscopy images of JPs (a-c) and particles with
ternary structures (d). Bright and dark phases are polymers of M1 and M2,
respectively. Insets in (a-d) show fluorescence microscopy images of the
corresponding particles (bright phase is a polymer of M2 mixed with NBD-
MA dye). Flow rates of M1, M2 and W in each channel are, mL/h: (a)
0.02, 0.02, 1.5; (b) 0.01, 0.03, 1.5; (c) 0.04, 0.008, 2; (d) 0.14, 0.16, 10. (e)
Size distribution of particles shown in (a). CV) 1.8%.QM1

QM2
)

VM1

VM2
)

hM1
2(3R-hM1)
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free-radical polymerization. Fast polymerization of multiphase
droplets allowed one to trap the structures of droplets in the
solid state. Typically, the time before polymerization was from
1.5 to 40 ms and the exposure time of droplets to UV-irradiation
(400 W,λ ) 330-380 nm) in the microfluidic device was from
2 to 50 s. Figure 4a-c shows bright-field optical microscopy
images of monodisperse (2.8%< CV < 4.7%) JPs obtained
from the droplets with volume ratios of monomers 1/1, 1/3, and
4/1, respectively. Insets in Figure 4a-c show fluorescence
microscopy images of the corresponding particles. Contrast
between the phases was achieved by introducing a small amount
of fluorescent monomer NBD-methacrylate (NBD-MA) in M2.
Figure 4d shows a bright-field optical and fluorescence (inset)
microscopy image of ternary particles with the aspect ratio 1.45.
Typically, the volume ratio of M1 to M2 in ternary particles
varied from 1/2 to 2/1. All particles had a sharp interface
between the phases.

The Janus particles obtained in the present work were
amphiphilic: the contact angles of water on polymer films
derived from M1 and M2 were 116.5° and 57.1°, respectively.
As a result of their amphiphilic nature, the microspheres
underwent self-assembly at the water-oil interface with a
hydrophilic part immersed in the water and a hydrophobic part
immersed in the oil (Figure 5a).

Furthermore, in the homogeneous liquid medium JPs formed
clusters with an aggregation number determined by the ratio of
volume fractions of the hydrophilic and hydrophobic parts in
the microbeads. Figure 5b-d shows exemplary images of
clusters of JPs obtained in the 92/8 v/v water-methanol mixture.
Extent of aggregation increased with increasing fraction of the
hydrophobic part in the particle: the average aggregation
number of particles in these clusters was 2.5, 6, and 11.5 for
the JPs withVM1/VM2 of 1/3, 1/1, and 4/1, respectively. This
trend correlated with the simulations performed by Moncho-
Jorda et al.28 who showed that the probability of forming
adhesive contacts by colloidal particles depends on the fraction

of particle surface covered with bridging groups. The results
shown in Figure 5b-d suggest a route to new types of self-
assembled structures that are realized by designing colloid
particles with a controlled fraction of the aggregating constituent.

Polymer Janus particles described in the present work carried
different surface functionalities: a hydrophilic compartment of
the microspheres contained carboxylic groups introduced by
mixing M1 with acrylic acid. Furthermore, JPs could serve as
the carriers of different functionalities bound to the surfaces of
the microbeadsafter microfluidic synthesis. Here, we demon-
strated a highly selective functionalization of JPs by conjugating
their hydrophilic compartment with bovine serum albumin
(Figure 6). We introduced epoxy groups in the hydrophilic phase
of JPs: microbeads carrying surface epoxy groups are ideal
systems for protein immobilization via reactions with nucleo-
philic groups of proteins (e.g., amino, hydroxyl, or thiol
moieties) that is accomplished with minimal chemical modifica-
tion of the protein.29 We synthesized a hydrophilic part of JPs
from pentaerythritol triacrylate mixed 16 wt% of glycidyl
methacrylate; the hydrophobic phase was synthesized from a
methacryloxypropyl dimethylsiloxane. The Janus droplets
were generated in the 2 wt% SDS aqueous solution at
pH ) 6. The epoxy groups were stable on the time scale of
microfluidic experiment. Following polymerization of Janus
droplets, we attached bovine serum albumin covalently labeled
with fluorescein isothiocynate (FITC-BSA) to the surface of
Janus particles, as shown in Figure 6a. The reaction was carried
out for 3 h at r.t. at pH ) 6. Figure 6b,c shows typical
fluorescence microscopy images of asymmetrically bioconju-
gated Janus particles with different fractions of hydrophilic and
hydrophobic compartments. The method allowed control over
the surface area carrying bovine serum albumin by changing
the volume ration ratio of surface area of each phase on Janus
particles.
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Figure 5. (a) Fluorescent microscopy image of amphiphilic Janus particles
at the water-silicone oil interface. A fluorescent hydrophobic phase is
immersed in the top oil phase (density 0.8 g/cm3). (b-d) Clusters of JPs
with VM1/VM2 of 1/3, 1/1, and 4/1, respectively, in a 92/8 v/v water-
methanol mixture. Bright and dark phases are polymers of M1 and M2,
respectively. Scale bar is 100µm.

Figure 6. Selective functionalization of Janus particles with FITC-BSA.
(a) Schematic of the reaction of bioconjugation. (b,c) Janus particles with
different volume fractions of a hydrophilic phase asymmetrically biocon-
jugated with FITC-BSA. Bright phase: polymer obtained by polymerizing
pentaerythritol triacrylate mixed 16 wt % of glycidyl methacrylate. Scale
bar is 100µm. λexc ) 495 nm.
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Conclusion

In summary, we demonstrated microfluidics-based synthesis
of Janus particles and three-phase particles with a sharp interface
between the constituent phases and precise control over the
structure and size distribution of microbeads. We showed that
amphiphilic JPs with different volume fractions of the constitu-
ent phases form clusters with different aggregation numbers.
We selectively functionalized the surface of JPs during microf-
luidic synthesis by introducing functional moieties in one of
the monomer phases or by conducting asymmetric bioconju-

gation of Janus particles with covalently attached bovine serum
albumin after microfluidic synthesis.
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