A\C\S

ARTICLES

Published on Web 06/30/2006

Janus and Ternary Particles Generated by Microfluidic
Synthesis: Design, Synthesis, and Self-Assembly

Zhihong Nie, Wei Li, Minseok Seo, Shengqging Xu, and Eugenia Kumacheva*

Contribution from the Department of Chemistry, bsisity of Toronto, 80 Saint George Street,
Toronto, Ontario, M5S 3H6 Canada

Received February 6, 2006; Revised Manuscript Received May 17, 2006; E-mail: ekumache@chem.utoronto.ca

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 applications in the production of color electronic paffer.
Amphiphilic particles behave as surfactants in stabilization of
Janus particles (JPs) have long been fascinating objects inpijckering emulsions. Janus particles with sharp interface
the study of self-assembly, in stabilization of emulsions, and between paired electron donor and acceptor materials can
as the dual-functionalized optical, electronic, and sensor de- potentially help in converting solar energy into electrical current.
vices!? Janus objects have been obtained from dendrifhers,  Jjanus particles have been produced by hydrodynamic tech-
block copolymer micelle$ submicrometer-size particlé$,and niques®13 by controlled coalescence of two distinct droplets

micrometer-size beads!* Potential applications of Janus which was followed by solidification of the merged pha&gs,
particles are determined by the combination of materials building by phase separatidfipy using toposelective surface modifica-
up the hemispheres. For example, particles with oppositely tion,’ 1914 template-directed self-assemBfyand controlled
charged hemispheres have a large dipole moment which allowssurface nucleatiot Hydrodynamic methods provide a simple
their remote positioning in an electric fieldVhen loaded with ~ single-step, scalable strategy for the preparation of JPs. In
distinct pigments or dyes, the microspheres have potential particular, synthesis of polymer particles in planar microfluidic
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reactors proved to be an excellent route to particles with
unconventional shapes and morphologfed? 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 solutiéigin 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 wéak,
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 chang ! L
in composition along the direction normal to the interface. W —»
Formation of particles with gradients in composition can limit M1 — N}
some of the applications of JPs (e.g., their use as solar cells )
systems) in which the existence of a sharp interface between“"I2 -
the phases is crucial. W —_J
Here, we report continuous microfluidic synthesis of highly -
monodiperse JPs and ternary polymer patrticles in the size rangerigure 1. (a) Schematic of generation of Janus droplets from immiscible
from 40 to 100um. Production of two-phase and three-phase monomers M1 and M2, emulsified in an aqueous solution of SDS (W).

; . _ The droplets are irradiated with UV light in the downstream channel. (b)
monomer droplets relied on both thermodynamic and hydro Optical microscopy image of formation of Janus droplets. Flow rates of

dynamic factors, whereas rapid polymerization allowed trapping m1, M2, and W are 0.02, 0.02, and 4 mL/h, respectively. The height of the
of droplet structure in the solid state. The present work reports MFFD is 120um and the orifice width is 6@am. The scale bar is 10@m.

the following new features: (i) a strategy for precise control
over the structure of Janus particles and their structure-dependen(a)
assembly in clusters; (i) 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(b)

UV Source

100 ym

Results and Discussion

We generated Janus droplets in a microfluidic flow-focusing

device (MFFD¥* fabricated in a polyurethane (PU) elastomer =
. : . . ~ B ] ~

by using soft-lithography® In the schematic of Figure 1a two 521 A 12 >

liquid monomers (M1 and M2), each mixed with a photoini- > g

tiator, are supplied to two central channels of the MFFD. An r’

aqueous 2.0 wt % solution of sodium dodecylsulfate, SDS, (W) ¢ " T

is injected to the side channels of the MFFD. At the exit from Q./Q

the central channels the monomers form a two-liquid thread M1

that s forced through a narrow orifice. Under the action of shear Fgure 2 (a)fISChemagé 0“/33”‘;5 drc?Pr"Et and fef'a“?”smgze/“’\’ee)” thde ratio
. - monomer flow ratesQu1/ Qum2) and the ratio of volumes/u1/Vmz) an
imposed by the continuous phase, the thread breaks up to releasg‘\e ratio of heightshui/hm2) of the constituent parts in Janus droplets; (b)

Janus droplets. Here, the breakup of the thread occurred in thevariation in volume ratio/yi/Vi2 (0) and height ratid/hw (O) plotted
flow-focusing regimeé?2¢24The droplets were exposed to UV-  vs the ratio of flow rates of M1 and M2. The solid lines represent calculated

irradiation in the downstream channel, as well as in the extensiontheoretical calculations; the empty symbols correspond to experimental
' results. (c) Optical microscopy images of droplets obtained under conditions

wavy channel with a length ca. 200 mm. indicated in (b) as A, B, C, and D, respectively. The top part of droplets is
Figure 1b shows a typical optical microscopy image of the formed by M1.

formation of Janus droplets in the PU MFFDs. We used

methacryloxypropy! dimethylsiloxane as M1 and a mixture of and the continuous phase (Rg Caxont) varied in the range of

pentaerythritol triacrylate (45.0 wt %), poly(ethylene glycol) 4 x 1073< Reyop< 0.06, 0.02< Cayrop = 0.60 and 1.0< Reont

diacrylate (45.0 wt %) and acrylic acid (5.0 wt %) as M2. Both =< 35, 4 x 1073 < Caon < 0.402° By changing the ratio of

M1 and M2 contained #1 wt % of 1-hydroxycyclohexyl flow rates of M1, M2, and W, we achieved good control over

phenyl ketone. The properties of monomers are provided in the volume )V, of Janus droplets and the fraction of each liquid

O

Supporting Information. in the droplets. The value &f changed a¥ ~ (Qu1 + Qu2)/
In the present work, the Reynolds number, Re, and the Qw, whereQw, Qui, Qu2 are the flow rates of W, M1, and
Capillary number, Ca, of the monomer phase «&eCairop) M2, respectively. By changing the values@fi; andQuz from
0.01 to 0.1 mL/h and the value Qi from 0.4 to 12 mL/h, we
(23) Squires, T. M.; Quake, S. Rev. Mod. Phys2005 77, 977—-1026. obtained Janus droplets with diameters from 40 to A60
(24) (a) Anna, S. L.; Bontoux, N.; Stone, H. App. Phys. Let2003 82, 364— . X
366. (b) Garstecl/(i, P.: Stone, H. A.; Whitesides, G.Rhys. Re. Lett. Figure 2a-c shows the strategy for controlling the volume
2005 94, 164501/1+-4. ; ; de ;
(25) Xia. Y - Whitesides, G. MAngew. Chem., Int. Ed. Engl998 37, 550 fractlon_s of the con_stltuent liquids in Janus drpplets with an
575. approximately flat interface between the adjacent phases.
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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.

Diameter (um)
relationship was derived that related the ratio of flow radgs/ Figure 4. Optical microscopy images of JPs—@) and particles with

Assuming that each phase formed a truncated sphere, a simple

ternary structures (d). Bright and dark phases are polymers of M1 and M2,

Qu to the ratio of volumes in an individual droplétiy/Viz respectively. Insets in ¢ad) show fluorescence microscopy images of the

(or to the ratio of heights of each hemisphérg/hwz) (Figure corresponding particles (bright phase is a polymer of M2 mixed with NBD-
2a), whereR is the radius of the Janus droplet, given by 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)
2 Size distribution of particles shown in (a). G¥ 1.8%.
QMl _ M _ hMl (3R_hM1) ) P @ ’
Quz VM2  hy,2 (3R—h,,) each phase). The value &fwas defined a§ = ok — (g +

oi),2” where the subscripts i, j, k represented M1, M2, and W,
Figure 2b shows good agreement between the experimental andespectivew, without repetition; and was the value of
predicted variation itVm1/Vimz (and hmi/huz) with increasing  interfacial tension between the two subscripted phases. In our
ratio of monomer flow ratesQui/Quz. The representative  work, the values oSy, Su, and Sy were —3.66, 1.38, and
morphologies of Janus droplets with volume ratios of monomer —g.12 mN/m, respectively. Fo&, > 0 (Sy1 < 0, Suz < 0),
phases of 2/1, 1/1, 1/2, and 1/4 (corresponding to the points A, phase separation occurred: two “halves” of the Janus droplet
B, C, and D in Figure 2b) are shown in Figure 2c. We note that did not adhere to each other and produced individual droplets.
for Viui/ Viez > 4 or Vw2V > 4 the droplets acquired an eye- Ternary droplets formed only when M1 (the monomer with
ball shape (image D, Figure 2c): the phase with a larger volume 5 |o\er value of5) was introduced in the intermediate channels
tend to acquire a spherical shape, thus distorting the overall(als in Figure 3): if M1 was supplied to the central channel, the
shape of the Janus droplet. This effect explained the differencegiqe sireams of M2 merged at the tip of the liquid thread and

between experimental and theoretical values/qi/Vivz and engulfed the core of M1. The relative affinity of the monomers
hvi/hwz) in Figure 2b for the large difference in volume of two 14 the surface of MFFD played a crucial role in the formation
compartments of the droplets. of ternary droplets: monomer M1, the liquid with a lower

~ We also obtained droplets with a ternary structure by afinity to the surface of MFFD, was injected in the intermediate
introducing M2 in the central channel, M1 in the intermediate channels. Finally, the ratio of flow rates of monomers deter-
channels and an aqueous SDS solution in the side channels, agined their volume fractions in Janus and ternary droplets: for
shown in the schematic of Figure 3a. In contrast with Janus gyample, different ternary structures in Figure 3b and Figure

droplets, ternary droplets could be obtained only in the jetting 44 griginated from the difference in the ratio of flow rates of
regimé2c when a liquid thread of three parallel co-flowing p11 and M2.

monomer streams extended to more than five orifice widths
(Figure 3b).

Morphology of Janus and ternary droplets was governed by
the combination of hydrqdynamic and thermodynamic factors. (26) (a) Jeon, N. L.: Baskaran, H.: Dertinger. S. K. W.. Whitesides, G. M.:
Formation of droplets with Janus and three-phase structures  ° van de Water, L.; Toner, MNat. Biotechnol.2002 20, 826-830. (b)
critically depended on the values of interfacial energies between ~ Dertinger, S. K. W.; Chiu, D. T.; Jeon, N. L.; Whitesides, G. Ahal.

7 , : o Chem.2001, 73.1240-1246.
the liquids (characterized by the spreading coefficiéhtof (27) Torza, S.; Mason, S. Gaciencel969 163 813-814.

Ternary droplets and Janus droplets with different volume
fractions of M1 and M2 were solidified by in-situ photoinitiated
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25°C

NH —_—
+ PH=6

FITC- BSA

Figure 6. Selective functionalization of Janus particles with FHBSA.

(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 100um. Aexc = 495 nm.

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 gfnfb—d) Clusters of JPs
with Vv1/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 1Q0n.

of particle surface covered with bridging groups. The results
shown in Figure 5bd 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.

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
1.5to 40 ms and the exposure time of droplets to UV-irradiation
(400 W, A = 330—380 nm) in the microfluidic device was from Polymer Janus particles described in the present work carried
2 to 50 s. Figure 4ac shows bright-field optical microscopy  different surface functionalities: a hydrophilic compartment of
images of monodisperse (2.8% CV < 4.7%) JPs obtained the microspheres contained carboxylic groups introduced by
from the droplets with volume ratios of monomers 1/1, 1/3, and mixing M1 with acrylic acid. Furthermore, JPs could serve as
4/1, respectively. Insets in Figure 4a show fluorescence the carriers of different functionalities bound to the surfaces of
microscopy images of the corresponding particles. Contrast the microbeadsfter microfluidic synthesis. Here, we demon-
between the phases was achieved by introducing a small amounstrated a highly selective functionalization of JPs by conjugating
of fluorescent monomer NBD-methacrylate (NBD-MA) in M2.  their hydrophilic compartment with bovine serum albumin
Figure 4d shows a bright-field optical and fluorescence (inset) (Figure 6). We introduced epoxy groups in the hydrophilic phase
microscopy image of ternary particles with the aspect ratio 1.45. of JPs: microbeads carrying surface epoxy groups are ideal
Typically, the volume ratio of M1 to M2 in ternary particles systems for protein immobilization via reactions with nucleo-
varied from 1/2 to 2/1. All particles had a sharp interface philic groups of proteins (e.g., amino, hydroxyl, or thiol
between the phases. moieties) that is accomplished with minimal chemical modifica-
The Janus particles obtained in the present work were tion of the proteir?® We synthesized a hydrophilic part of JPs
amphiphilic: the contact angles of water on polymer films from pentaerythritol triacrylate mixed 16 wt% of glycidyl
derived from M1 and M2 were 116.@nd 57.1, respectively.  methacrylate; the hydrophobic phase was synthesized from a
As a result of their amphiphilic nature, the microspheres methacryloxypropyl dimethylsiloxane. The Janus droplets
underwent self-assembly at the wateil interface with a were generated in the 2 wt% SDS aqueous solution at
hydrophilic part immersed in the water and a hydrophobic part pH = 6. The epoxy groups were stable on the time scale of
immersed in the oil (Figure 5a). microfluidic experiment. Following polymerization of Janus
Furthermore, in the homogeneous liquid medium JPs formed groplets, we attached bovine serum albumin covalently labeled
clusters with an aggregation number determined by the ratio of \yith fluorescein isothiocynate (FITEBSA) to the surface of
volume fractions of the hydrophilic and hydrophobic parts in - j3nys particles, as shown in Figure Bae reaction was carried

the microbeads. Figure 5l shows exemplary images of i for 3 h atr.t. at pH = 6. Figure 6b,c shows typical
clusters of JPs obtained in the 92/8 v/v watarethanol mixture. fluorescence microscopy images of asymmetrically bioconju-

Ex(tjent r(])f sggregaﬂpn ikr]lcrease.dIV\{ith ri]ncreasing fraction of t.he gated Janus particles with different fractions of hydrophilic and
ydrophobic part in the particle: the average aggregation hydrophobic compartments. The method allowed control over

?humjbsr of_t[r)srtlc/:l/es |nft2?§elclzlluste:js Z\/ITS 2.5, 6,t_an|d 1%h5 forthe surface area carrying bovine serum albumin by changing
€ 'S WitlhVma/Vivz 0 y L @  TESPECUVELY. TNIS 0 yolume ration ratio of surface area of each phase on Janus
trend correlated with the simulations performed by Moncho- particles

Jorda et af® who showed that the probability of forming
adhesive contacts by colloidal particles depends on the fraction

(29) (a) Chen, J. P.; Chu, D. H.; Sun, Y. M. Chem. Technol. Biotechnol.
1997 69, 421-428. (b) Mateo, C.; Torres, R.; Fémdez-Lorente, G.; Ortiz,

(28) Moncho-Jorda, A.; Odriozola, G.; Tirado-Miranda, M.; Schmitt, A.; C.; Fuentes, M.; Hidalgo, A.; Limez-Gallego, F.; Abian, O.; Palomo, J.
Hidalgo-A’ lvarez1l, R.Phys. Re. E: Stat. Phys., Plasmas, Flui@)03 M.; Betancor, L.; Pessela, B. C. C.; Guisan, J. M.; Fadez-Lafuente, R.
68, 011404. Biomacromolecule?003 4, 772-777.
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Conclusion gation of Janus particles with covalently attached bovine serum

In summary, we demonstrated microfluidics-based synthesis albumin after microfluidic synthesis.

of Janus particles and three-phase particles with a sharp interface Acknowledgment. The authors thank NSERC for supporting
between the constituent phases and precise control over thethis work through the Canada Research Chair program.
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- JAO60882N
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