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Abstract In this work, we describe a one-step microflu-

idic method for fabricating nanoparticle-coated patchy

particles. Janus droplets composed of curable phase and

non-curable phase were produced via a co-axial microflu-

idic device first. Nanoparticles were dispersed into the

continuous phase or the non-curable phase to realize the

surface coating of the curable phase. The curable phase

was then polymerized by UV light and nanoparticle-coated

patchy particles were obtained. The SEM characterization

shows that the particles are monodispersed with nanopar-

ticle selectively distributed on the convex or concave sur-

face. The dispersity, size and shape of the particles could

be easily controlled by changing the microfluidic flow

parameters. Three different types of nanoparticles were

successfully used to synthesize the patchy particles to

demonstrate the validity of the method.

Keywords Patchy microparticles � Microfluidic device �
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1 Introduction

Anisotropic particles have recently attracted much atten-

tion. The lack of centro symmetry in synthetic anisotropic

systems has led to the discovery of novel material prop-

erties that are impossible to attain with homogeneous or

symmetric materials (Du and O’Reilly 2011; Walther and

Muller 2008). Anisotropic particles have been used as

building blocks (Gracias et al. 2000; Lu et al. 2001; Perro

et al. 2005; Jiang et al. 2008; Binks and Fletcher 2001),

emulsion stabilizers (Dinsmore et al.2002; Blinks and Clint

2002), micro-rheological probes (Behrend et al. 2004),

light diffusers (Takei and Shimizu 1997; Graham-Rowe

2007), etc. Particle anisotropy may arise from their non-

spherical shape or their non-uniform intrinsic properties.

Particles with non-uniform surface properties could be

divided into two classes: particles composed of multi-

compartment (multi-compartment particles) and particles

with patches of varying surface (patchy particles).

Fabrication of patchy particles is usually based on site-

selective modification of the surfaces of spherical particles

to obtain particles with intrinsic asymmetry. The most

common preparation techniques include microcontact

printing, gel trapping, masking/unmasking techniques and

Pickering emulsion method (Cayre et al. 2003; Paunov and

Cayre 2004; Bao et al. 2002; Ling et al. 2009; Hong et al.

2006). In all of these methods, the following stages are

necessarily included: the preparation of monodispersed

particles, the arrangement of the target particles at a gas–

liquid, liquid–liquid or liquid–solid interface and the

attachment of the desired agents from one phase. The

multi-step procedure is time-consuming and frequent

batch-to-batch process would adversely influence the

reproducibility. Therefore, it would be intriguing if patchy

particles could be synthesized in a single step.

Our research aims to present an alternative to the

commonly used preparation method for patchy particles by

use of biphasic droplets formed by liquid/liquid/liquid

three-phase microflow. In this method, uniform biphasic

Janus droplets composed of curable and non-curable phase

are generated first, and then the curable phase is solidified
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to form non-spherical particles. Meanwhile, the nanopar-

ticles for surface modification could contact the curable

phase from either the continuous phase or the non-curable

phase to realize asymmetrical modification.

This method requires the generation of biphasic Janus

droplet with uniform size and composition, which is

extremely difficult to achieve by traditional emulsion

method. Microfluidic devices have recently emerged as a

powerful tool for the precise control of emulsion structure.

Significant advances have been made in the use of micro-

fluidic devices for controlling multiphase flow patterns and

numerous studies on stable microfluidic flow patterns such

as homogeneous drops and slugs flow (Thorsen et al. 2001;

Nisisako et al. 2002; Xu et al. 2006a), drop-in-drop flow

(Garstecki et al. 2006; Wang et al. 2011; Abate et al. 2010;

Saeki et al. 2010) and co-laminar flow (Lan et al. 2010).

Steady and uniform biphasic drop flow has also been

formed in microfluidic devices and used to fabricate

monodispersed Janus particles (Chen et al. 2009; Prasad

et al. 2009; Nisisako and Torii 2007; Nisisako and Ha-

tsuzawa 2010; Nie et al. 2005). Therefore, the microfluidic

technology may provide a promising route for one-step

patchy particle fabrication (Kim et al. 2011).

In our previous work, homogeneous nanoparticle-coated

particles have been fabricated via microfluidic technology

(Lan et al. 2011). The results indicate that the process of in

situ surface coating with nanoparticles in microdevices is

controllable and highly effective. In this study, a novel and

simple method for the in situ synthesis of patchy particles

was developed using Janus drop flow in a coaxial micro-

fluidic device. Non-spherical microparticles with unsym-

metrical surface coating by nanoparticles were prepared in

a single step. The monodispersity, size and shape of the

microparticles were characterized, and the influences of

different operation conditions were discussed. Three types

of nanoparticles were selected as the coating materials and

selectively coated onto different sites of the non-spherical

particles.

2 Experiments

2.1 Materials

For the generation of biphasic droplets, 1,6-hexanediol

diacrylate (HDDA, Sigma-Aldrich, USA) and low viscos-

ity silicone oil (10cst, Sigma-Aldrich, USA) were used as

the photocurable phase and the non-curable phase,

respectively. Photoinitiator 2-hydroxy-2-methylopropio-

phenone (Sigma-Aldrich, USA) and oil-soluble dye Oil

Blue N (Sigma-Aldrich, USA) were dissolved in the cur-

able phase. A sodium dodecyl sulfate (SDS, VAS Chemical

Co., Ltd., Tianjin, P.R. China) aqueous solution was used

as the continuous phase. In each experiment, Titanium

silicate molecular sieve nanoparticles (TS-1, Midwest

Chemical Co., Ltd., P.R. China) or polystyrene beads

(fluorescent red, Sigma-Aldrich, USA) with diameters of

approximately 300 and 500 nm, respectively, were dis-

persed in the continuous phase as the coating material for

surface A. Hydrophobic SiO2 nanoparticles (Nachen S&T

Ltd., Beijing, P.R. China) with diameter of 30 nm were

dispersed in the silicon oil as the coating material for

surface B.

2.2 Experimental microfluidic device

A flow chart of the experiment and the microfluidic device

is shown in Fig. 1a. The device was fabricated on a

60 9 20 9 3 mm PMMA chip using micromachining

technology. A glass tube (I.D. 600 lm) was inserted as the

main channel for the multiphase flow, while another glass

tube with a shrink tip was inserted into the main channel as

the dispersed phase channel. The inner diameter of the

dispersed phase glass tubes and the shrink tip was 700 and

50 lm, respectively. Two stainless steel microneedles were

inserted into the dispersed phase channel as the inlet of

curable phase and silicone oil. The outer and inner diam-

eter of the microneedle was 330 lm and 160 lm, respec-

tively. The microfluidic device was sealed using another

60 9 20 9 1 mm PMMA chip which was bonded to the

first chip using the ultrasonic-assisted sealing technique (Li

et al. 2009). Three microsyringe pumps and four gastight

microsyringes were used to pump the fluids into the

microfluidic device. The outlet of the glass tube was

exposed to a UV light to control the polymerization of the

curable phase.

2.3 Preparation of nanoparticle-coated patchy particles

In each experiment, a solution with 1 % wt photoinitiator

and 99 % wt HDDA was used as the curable phase. Sili-

cone oil was used as the non-curable phase. Oil-soluble

dyes were dissolved in the curable phase to distinguish the

two phases. The two phases were pumped into the mic-

rodevice through two microneedles. A stable co-laminar

flow formed in the dispersed phase channel. An aqueous

solution with 2 % wt SDS was used as the continuous

phase. As the dispersed phase flowed through the shrink

tip, monodispersed Janus droplets were produced by the

sheath focusing force of the continuous phase flow.

For the fabrication of surface A coated patchy particles,

TS-1 nanoparticles or polystyrene beads were added to the

continuous phase at concentration of 1 % wt. For the

preparation of surface B coated patchy particles, SiO2

nanoparticles were added to silicone oil at concentration of

0.5 %wt. Nanoparticles were uniformly dispersed in the
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Fig. 1 a Flow chart of the

experiments. b Flow patterns

observed from the frame in a
with different non-curable phase

flow rate (Qs) and curable phase

flow rate (Qh). The dyed curable

phase is pumped through the

upper microneedle and the non-

curable phase is pumped

through the lower microneedle.

c Micrographs of the Janus

droplets in a glass culture plate;

1 just out flowed from the

channel, 2 kept in the container

for more than 1 min. d Effects

of continuous phase flow rate Qc

on the droplet diameter d. (Qs

40 lL/min, Qh 10lL/min).

e SEM images of the

asymmetrical particles at

different dispersed phase flow

ratios: 1 Qh/Qs 1/4, 5 Qh/Qs 2/1

and 6 Qh/Qs 1/0. 2, 3 SEM

images of the different surface

of the asymmetrical particle 2
surface A and 3 surface B. 4
EDS spectrum of the

asymmetrical particle at surface

area 1 in e, 2
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continuous phase by sonicating for more than 60 min. The

nanoparticle concentration should not be too high to make

them easily agglomerate and deposit from the fluids. At the

end of the main channel, the particles were photopoly-

merized by exposing to the UV light. The obtained parti-

cles were washed with ethanol and collected.

2.4 Characterization

Droplet formation and the microflows were observed with an

optical microscope coupled with a high-speed CCD video

camera (Olympus). More detailed structures were observed

using scanning electron microscopy (SEM, FEI XL30)

operating at 1 kV. Energy spectrum analysis (EDS) was

performed on the SEM samples using the EDS function of

the SEM. Rhodamine B was used as a fluorescent marker in

our experiments. Fluorescence was observed by using a

confocal laser scanning microscopy (DSU, Olympus).

3 Results and discussion

3.1 Janus droplet and asymmetrical microparticle

formation

The microfluidic device is composed of a uniform glass

tube as the main channel and a glass tube with a shrink tip

as the dispersed phase channel. Curable and non-curable

dispersed phase were introduced into the dispersed phase

channel. To obtain monodispersed Janus droplet, the two

organic dispersed phases should form the stable liquid/

liquid co-laminar flow regime before flowing out from the

shrink tip. Therefore, the determination of the two-phase

flow is very important. We investigated the flow patterns in

the dispersed phase glass tube as shown in Fig. 1b. The

stable co-laminar flow could be easily formed when the

flow conditions are well selected. A transition line in

Fig. 1b can be used to identify the co-laminar flow from

Fig. 1 continued
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other flows, including unstable co-laminar flow, slug flow

and droplet flow.

At the outlet of the shrink tip, the dispersed phase is

sheared by the continuous aqueous phase to form monodi-

spersed Janus droplets. Figure 1c shows the micrographs of

formed droplets. The droplets are highly uniform and could

exist stably without coalescence or breakup of the two

components. Previous studies have shown that the droplet

formation is determined by the balance between the shear

and interfacial forces (Utada et al. 2007; Cramer et al. 2004;

Cristini and Tan 2004; Xu et al. 2006b). For the experimental

systems used, there was very little variation in the liquid

phase viscosities and liquid–liquid interfacial tension.

Besides, the influence of the dispersed phase flow rate on

droplet size is slight (Burns and Ramshaw 2001; Gunther

et al. 2005; Waelchli and von Rohr 2006; Tung et al. 2009).

Thus, the droplet size is mainly influenced by the continuous

flow rate. The detailed investigation of the influence of flow

rate on droplet size was carried out and the results are shown

in Fig. 1d. The droplet size decreases with the increase of the

continuous phase flow rate. Therefore, we can easily control

the droplet size by changing the continuous phase flow rate

(supported by Figure S1). The droplet average diameter

ranged from 200 to 600 lm in our work.

Furthermore, by adjusting the ratio of the curable and

non-curable phase flow rates, we could control the ratio of

the curable phase in the droplet and thus the shape of the

obtained patchy particles, as shown in Fig. 1e. By adjusting

the ratio of the flow fluxes of the two dispersed phases, we

could produce the asymmetrical particles with various

shapes, as shown in Fig. 1e, 1, 5, 6. The asymmetrical

particles are highly uniform in size and shape under the

same operation conditions. The surface morphologies of

the asymmetrical particles are shown in Fig. 1e, 2, 3. The

surface contact with the continuous phase is defined as

surface A and the surface contact with the non-curable

phase as surface B for convenience. The image shows that

no nanoparticles present on surface A. Small granules

could be seen on the surface B of the particle. EDS analysis

is performed on the granules, as shown in Fig. 1e, 4. Only

carbon and oxygen were detected, indicating that the

granules are organic compounds.

3.2 Nanoparticle-coated patchy particle formation

Then we attempted to in situ prepare nanoparticle-coated

anisotropic microparticles by adding the nanoparticles into

different phase fluids. Scheme 1 shows the mechanism for

generating nanoparticle-coated anisotropic microspheres in

our microfluidic approach. It is a recirculation-collision-

adsorption process. For the generation of the patchy par-

ticles with nanoparticles coated on surface A, nanoparticles

are dispersed into the continuous phase. As shown in

Scheme 1a, when droplets flow in the channel, there is a

recirculation between the droplets because of the friction of

the channel wall. There are many reports on the recircu-

lation in the literature (Burns and Ramshaw 2001; Gunther

et al. 2005; Waelchli and von Rohr 2006; Tung et al. 2009).

This inter-droplet recirculation enhances mixing in the

continuous phase and augments the collision between

nanoparticles and the droplets. After collision, some of the

nanoparticles tend to be adsorbed at the oil–water interface.

Nanoparticles adsorbed on the surface are then fixed in

place because of curable phase polymerization. After

removing the non-curable fluid, the patchy particles with

nanoparticles coated only on surface A are obtained. For

the generation of the patchy particles with nanoparticles

coated on surface B, hydrophobic nanoparticles are dis-

persed into the non-curable dispersed phase. As shown in

Scheme 1b, when droplets flow in the channel, there is also

a recirculation in the droplets because of the friction of the

continuous phase. Some of nanoparticles tend to be

adsorbed at the interface between the two dispersed phases.

After polymerization, nanoparticles are fixed on surface B.

One of the unique benefits of the microfluidic device is the

precise control of each droplet, including the droplet size

and the two-phase ratio. Moreover, the microfluidic

method generated stable interface in the three-phase system

without unwanted droplet breakup and coalescence, which

ensures the precise surface modification.

First, we generated patchy particles with nanoparticles

coated on surface A. To ensure the uniform dispersion of

nanoparticles in the continuous phase, we selected partially

hydrophilic titanium silicate (TS-1) nanoparticles as the

coating material of surface A. When TS-1 nanoparticles

Scheme 1 The mechanism of

the nanoparticle-coated patchy

particles generation process.

a Nanoparticles coated on

surface A. b Nanoparticles

coated on surface B
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Fig. 2 a, b SEM images of TS-

1 nanoparticles coated patchy

particle on a surface B,

b surface A. c EDS spectrum of

the patchy particle at surface

area 2 in a, d) EDS spectrum of

the patchy particle at surface

area 1 in b. Gold is present

because the samples are gold

coated to prevent charging in

the SEM. e SEM images of

surface A of fluorescent

polystyrene beads coated patchy

particle. f Laser scanning

confocal microscopy (LSCM)

image of the polystyrene

nanoparticles coated patchy

microparticles

Fig. 3 a, b SEM images of

SiO2 nanoparticles coated

patchy particle on a surface B,

b surface A. c EDS spectrum of

the patchy particle at surface

area 1 in a. Gold is present

because the samples are gold

coated to prevent charging in

the SEM

496 Microfluid Nanofluid (2012) 13:491–498

123



were dispersed into the continuous phase, we obtained pat-

chy microparticles with nanoparticles coated on surface A, as

shown in Fig. 2a, b. The images show the uniform distri-

bution of nanoparticles on surface A and the existence of

small granules on surface B. EDS analysis was performed on

the microparticle surface, as shown in Fig. 2c, d. High levels

of silicon and titanium were detected in area 1 of Fig. 2b,

while only carbon and oxygen existed in area 2 of Fig. 2a,

indicating that TS-1 nanoparticles only coat onto surface A.

The above results verify that TS-1 nanoparticle-coated

anisotropic microparticles are successfully prepared using

the novel microfluidic method in a single step. Furthermore,

the patchy microparticles are monodispersed and nanopar-

ticles are uniformly distributed on surface A. Our microflu-

idic approach to producing hybrid microparticles may be

universally applied to many of the partially hydrophilic

nanoparticle systems. This is verified in replacing TS-1

nanoparticles by fluorescent carboxylated-modified poly-

styrene nanoparticles in the continuous phase.

Figure 2e shows that the beads uniformly coat on sur-

face A of the generated patchy microparticles. The mor-

phology of surface B is similar to the TS-1 nanoparticle-

coated microparticles shown in Fig. 2a. Besides, only

surface A of the patchy microparticles emits fluorescence

under irradiation of green laser (Fig. 2f) in the laser

scanning confocal microscopy (LSCM) image, which fur-

ther verifies the asymmetrical surface modification with

fluorescent nanoparticles.

On the other hand, for selectively coating of surface B,

hydrophobic SiO2 nanoparticles was selected to ensure the

uniform dispersion in silicone oil as well as the adsorption

at the oil–oil interface. Figure 3a shows the surface B of

the obtained patchy particles, on which nanoparticles are

uniformly distributed. The EDS spectrum (Fig. 3c) shows

that they are SiO2 nanoparticles indeed, unlike the pure

organic component shown in Fig. 2c. As shown in Fig. 3b,

no nanoparticles are present on surface A, which verifies

that SiO2 nanoparticles selectively coat on surface B.

4 Conclusions

In summary, we describe a novel and simple microfluidic

approach to prepare nanoparticle-coated patchy micropar-

ticles. Monodispersed Janus droplets composed of curable

phase and non-curable phase were produced via a co-axial

microfluidic device. Nanoparticles were dispersed either in

the continuous fluid or the non-curable phase fluid. When

the droplets were moving in the channel, nanoparticles were

adsorbed onto the interface between the curable phase and

the other two phases. The curable phase in the droplets was

solidified by UV-irradiated polymerization and the patchy

microparticles asymmetrically coated by nanoparticles

were successfully prepared. SiO2, TS-1 and fluorescent

polystyrene nanoparticles were successfully used as the

coating materials, which demonstrated the validity of the

method. The microfluidic approach has very good control

ability in morphology, monodispersity and size. The mor-

phology of the microparticles could be controlled from less

than a hemisphere to a sphere by adjusting the flow rate

ratio of the two dispersed phases. The droplet average

diameter can be easily controlled from 200 to 600 lm by

changing the continuous phase flow rate. The nanoparticle-

coated patchy microparticles prepared here would have

good potential for being used as heterogeneous reaction

catalysts, optical sensors, switchable display devices, etc.

Our method might be universally applied to nanoparti-

cles with specific surface properties. We will do further

research to figure out this specific demand. Besides, the

loading capacity and stability of nanoparticles on the sur-

face are important hybrid particle properties to consider

when determine potential applications. The surface prop-

erties, such as wettability and potential, of nanoparticles

would significantly influence their dispersion in the origi-

nal phase, the probability of adsorption at the interface

after collision and thus the loading capacity. Meanwhile,

surface properties also influence depth of nanoparticles

embedded into the curable phase, as well as the combina-

tion properties with the polymer surface. All these issues

would be further investigated in our future work.
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