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In this study, we report the microfluidic-based synthesis of a multifunctional Janus hydrogel particle with anisotropic
superparamagnetic properties and chemical composition for the bottom-up assembly of hydrogel superstructures. In a
uniform magnetic field, the resulting Janus magnetic particles fabricated in the present method exhibit chainlike or
meshlike superstructure forms, the complexity of which can be simply modulated by particle density and composition.
This controllable field-driven assembly of the particles can be potentially used as building blocks to construct targeted
superstructures for tissue engineering. More importantly, we demonstrated that this method also shows the ability to
generate multifunctional Janus particles with great design flexibilities: (a) direct encapsulation and precise spatial
distribution of biological substance and (b) selective surface functionalization in a particle. Although these mono-
disperse particles find immediate use in tissue engineering, their ability to self-assemble with tunable anisotropic
configurations makes them an intriguing material for several exciting areas of research such as photonic crystals, novel
microelectronic architecture, and sensing.

1. Introduction

Recently, advances in three-dimensional hydrogels have gener-
ated microstructures that successfully simulate native cellular
microenvironments with regards to optimal mechanical behavior
as well as growth factor and nutrient delivery.1 Hydrogels-
hydrated hydrophilic polymer networks with finely tunable
biocompatibility, mechanical stability, degradability, shape, and
composition-are widely used as tissue engineering scaffolds,2

environmentally responsive drug delivery systems,3 and critical
components in diagnostic devices.4 Despite its promise in many
tissue engineering and regenerative medicine applications, hydro-
gel technology falls short of reconstructing the intricacies of
physiological structures such as organs and vascularized tissues.1

“Bottom-up” assembly approaches attempt to replicate nature’s
use of repeating structures to build constructs by assembling well-
characterized building blocks.5,6 However, implementations of
bottom-up assembly of hydrogels have been limited to random
packing processes,7 microfluidic guidance,8 physical manipula-
tion,9 or a combination of mechanical agitation and hydrophobic
assembly,10 constraining the complexity and scalability of the
resulting constructs. In particular,magnetic interactions arewidely

utilized to assemble magnetic nanoparticles into chains,11 two-
dimensional12 and three-dimensional aggregates,13 and even highly
ordered structures such as nanocrystal superlattices14 andphotonic
colloidal crystals,15 though their role in hydrogel self-assembly
have remained largely unexplored. Therefore, potential strategies
such as field-driven assembly that easily generate complex hydrogel
architecture can accelerate efforts to develop biomimetic tissues of
organs for replacement, repair, or transplantation.

Anisotropic particles are potentially powerful building blocks
for constructing complicated targeted structures because of their
peculiar shapes and interactions.6 In particular, Janus particles16,17

;zero-dimensional particles with dual functionalities arising from
chemically heterogeneous phases;are attracting much attention
because of their potential applications in electronic paper,18

photonic materials,19 emulsion stabilization,17 imaging probes,20

and sensors.19 Generally, Janus particles are synthesized by either
direct (dual-supplied) droplet formation or indirect chemical or
physical modification techniques (toposelective surface mod-
ification).17 Direct dual-supplied methods require the breakup of
two parallel coflowing streams of polymeric solutions in micro-
fluidic devices,18,19,21,22 electrified jetting,20 or spinning disks;17

however, toxic immiscible and/or viscous monomer or polymer
solutions are typically used to preserve sharp interfaces for Janus
particle production.18-21 Alternatively, toposelective surface or
template-directed modification methods require the embedding of
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particles onto substrates to mask one hemisphere from a chemical
or physical treatment.17,23 Although these indirect techniques
generate particles with high hemispheric feature uniformity, they
suffer from reduced production rates and an inability to load
chemical or biological payloads such as dyes, fluorophores,
colloids or cells, limiting their uses in biomedical applications.

In particular, the generation of monodisperse, spherical parti-
cles with anisotropic superparamagnetic susceptibility and homo-
geneous biphasic geometry shows promise for many applications
ranging from fundamental studies on self-assembly to the devel-
opment of photonic crystals and drug delivery systems; yet, their
synthesis have remained challenging. For example, recent efforts
utilizing flame synthesis24 and electrostatic25 as well as magneto-
static26 nanoparticle phase separation in polymericmicroparticles
have only succeeded in generating highly polydisperse particles
characterized by ferromagnetic behavior and poorly defined
Janus interfaces with particle-to-particle variation. Similarly,
the synthesis of Janus particles using alginate chemistry is an
alternative plagued by polydispersity,27 an issue that complicates
both the predictability and reproducibility of self-organized
complex materials and their final effective properties. One solu-
tion to particle polydispersity involves evaporating a thin mag-
netic iron shell onto preexisting polystyrene spheres;28 however,
particles produced in this fashion are not bicompartmental
and also lack superparamagnetic behavior, a requisite property
for predictable rapid-response field-driven assembly and many
biomedical applications such as detection in magnetic resonance
imaging, separation, anddrugdelivery.29Thus, achieving efficient
synthesis of monodisperse, bicompartmental and superparamag-
netic Janus particles is of broad interest to many applications.

Here, we report the microfluidic synthesis and field-driven self-
assembly of monodisperse, multifunctional Janus hydrogel parti-
cles with anisotropic superparamagnetic susceptibility and chemi-
cal composition. We have previously reported the synthesis of
homogeneous nonspherical magnetic hydrogel microparticles.30

Now, we aim to develop a particle based on the following design
criteria: (a) the particle comprises biocompatible, antibiofouling
polymer previously approved by the Food and Drug Administra-
tion (FDA) to facilitate future clinical implementation, (b) the
particle assembles rapidly, anisotropically, and predictably in
response to an external magnetic field, and (c) the particle
exhibits multifunctionality via compartmentalization of varying
chemistries (e.g., DNA, fluorophores), enabling differential sur-
face modification or environmental responsiveness. By satisfying
these criteria, these particles are ideal candidates for building
three-dimensional hydrogel superstructures with chemically and
magnetically tunable complexity for tissue engineering and sensing
applications.

2. Experimental Section

2.1. Materials. In our microfluidic flow-focusing device, two
streams of mineral oil (continuous phase) (Sigma Aldrich, St.
Louis, MO) with 3% (v/v) ABIL EM 90 nonionic emulsifier
(Degussa, D€usseldorf, Germany) sheared off droplets of two

coflowing polymeric streams (dispersed phases), one containing
UV-curable monomer and magnetic material Mm and one not
containing magnetic material Mn.

In the magnetic characterization and self-assembly experi-
ments, we used a mixture of (34% v/v) poly(ethylene glycol)-
diacrylate (PEG-DA, Sigma Aldrich, St. Louis, MO, MW=700,
F=1.12 g/mL, μ=70 cP), (6% v/v) 2-hydroxy-2-methylpropio-
phenone (Darocur 1173, Sigma Aldrich, St. Louis, MO, MW=
164.2, F=1.077 g/mL, μ=25 cP), (2.4% v/v) glycerol (Mallinck-
rodt, Hazelwood, MO, MW=92.1, F=1.261 g/mL) and (57.6%
v/v) deionized water as Mn; and (34% v/v) PEG-DA, (6% v/v)
Darocur 1173, (25% v/v) water-based ferrofluid (EMG-508,
Ferrotec, Bedford, NH, F=1.07 g/mL, μ=5 cP) and (35% v/v)
deionized water as Mm.

In themicrobead encapsulation experiments,weusedamixture
of (34% v/v) PEG-DA, (6% v/v) Darocur 1173, (2.4% v/v)
glycerol, (56.6% v/v) deionized water, (0.5% v/v) 4.5 μm Fluor-
esbrite YG carboxylate polystyrene microspheres (Polysciences,
Inc.) and (0.5% v/v) 1.0 μm Fluoresbrite polychromatic red
microspheres (Polysciences, Inc., Warrington, PA) as Mn; and
(34% v/v) PEG-DA, (6% v/v) Darocur 1173, (25% v/v) EMG-
508, (35% v/v) deionized water and (0.01 wt %) methacrylox-
yethyl thiocarbamoyl rhodamine B (Polysciences, Inc., Warring-
ton, PA) as Mm.

In the DNA hybridization experiments, we used a mixture of
(34%v/v) PEG-DA, (6%v/v)Darocur 1173, (2.4%v/v) glycerol,
(57.6% v/v) TE buffer (10 mM tris(hydroxymethyl)-amino-
methane, 1 mM ethylenediaminetetraacetic acid, pH = 8.0,
Rockland Immunochemicals, Inc., Gilbertsville, PA) containing
0.01% v/v of 10 wt % sodium dodecyl sulfate (SDS, Sigma
Aldrich, St. Louis, MO) and 50 μM DNA-Acrydite capture
DNA (Integrated DNA Technologies, Coralville, IA) as Mn;
and (34% v/v) PEG-DA, (6% v/v) Darocur 1173, (25% v/v)
EMG-508and (35%v/v) deionizedwater asMm.TheDNAprobe
was modified with a reactive Acrydite group and 18-carbon
spacer: 50-Acrydite-C18-ATA GCA GAT CAG CAG CCA
GA-30. The probe’s complementary target DNA oligomer was
modified with aCy3 fluorophore (IntegratedDNATechnologies,
Coralville, IA) and suspended in 1 M hybridization buffer (TE
buffer with 0.2 M NaCl (Mallinckrodt, Hazelwood, MO) and
0.5% SDS). All mineral oil, PEG-DA, and deionized water were
filtered using a 0.2 μm sterile syringe filter prior to use.

2.2. Microfluidic Devices. We prepared silicon wafers con-
taining positive-relief channels patterned in SU-8 photoresist
(MicroChem Corp., Newton, MA). Following spin-coating of
photoresist onto the surface of the wafers and a quick 65 �C
prebake, we exposed the wafers with UV light shown through a
transparency mask designed using AutoCAD 2009 (Autodesk,
Inc., San Rafael, CA) and printed with 20000 dpi resolution at
CAD/Art Services (Brandon, OR). Following a 95 �C postbake,
we used a developer to remove any photoresist unexposed toUV.

Using soft lithography, we fabricated microfluidic devices by
pouring a 10:1 ratio by weight mixture of poly(dimethylsiloxane)
(PDMS, Sylgard 184, Dow Corning, Midland, MI) and curing
agent (degassed for 30 min prior to wafer application) onto the
patternedwafer at a depth of 5mm.Then,we cured the PDMS for
8 h at 65 �C and subsequently sealed cut microchannels to a
PDMS-coated glass slide. Briefly, glass slides were previously
coated with a thin layer of PDMS and partially cured for 20-25
min at 65 �C. We cleaned microchannels with several washes of
ethanol and deionized water under sonication and placed the
dried PDMS onto the glass slides for contact sealing and an
additional 1 h bake at 65 �C.
2.3. Photopolymerization Setup. We loaded solutions for

microparticle synthesis into the microfluidic devices using 18-
gauge stub adapters (Intramedic Luer-Stub Adapters, Becton,
Dickinson and Company, Franklin Lakes, NJ) connected to
rubber tubing (Tygon, Saint-Gobain SA, Courbevoie, France)
to a common pressure source. We independently infused the
polymeric and oil solutions into the channels by controlling the

(23) Paunov, V. N.; Cayre, O. J. Adv. Mater. 2004, 16, 788–791.
(24) Zhao, N.; Gao, M. Adv. Mater. 2009, 21, 184–187.
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19, 3475–3481.
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5, 1285–1292.
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input pressure using type 100LR precision air pressure regulators
(ControlAir, Inc., Amherst, NH) attached with a digital pressure
gauge (DPG 100G, OMEGA Engineering, Inc., Stamford, CT,
0 to 103.4 kPa pressure range) and connected in series to a three-
way solenoid valve (B€urkert, Ingelfingen, Germany, operated via
computer using a script written in LabView (National Instru-
ments, Austin, TX)) that allowed for switching between pressur-
ized (3 psi, flow) and unpressurized (0 psi, no flow) operation
states. We performed microfluidic-based particle synthesis and
self-assembly studies using anAxiovert 200 (Carl Zeiss AG, Jena,
Germany) inverted microscope connected to a 100 W HBO
mercury lamp as the UV light source for particle photopolymer-
ization.Awide-range excitationUV filter (11000v2:UV,Chroma,
Rockingham, VT) selected UV light at the desired spectrum. To
check process quality and throughput, movies of the synthesis
processwere recordedusing a video tape recorder (DSR-25, Sony)
using aCCDcamera that captured images at the rate of 30 frames/
second using an exposure of 1/1500 s. We used a Nikon D200
camera (DigitalSLR) to capture color images of Janus particle
synthesis and self-assembly. Finally, we used scanning electron
microscopy (SEM, JEOLJSM 6060) to examine the morphology
of the Janus hydrogel particles.

2.4. Particle Recovery. Following synthesis, we recovered
the particles from a collection reservoir at the terminus of the
microfluidic channel by adding a (10% v/v) PEG-DA and (90%
v/v) deionized water with 0.005% (v/v) Tergitol NP-10 (Sigma
Aldrich, St. Louis, MO) (to prevent nonspecific sticking between
the hydrogel particles and their containers) solution and with-
drawing the solution and particles into a clean Eppendorf tube.
We removed unreacted monomer and mineral oil from the
suspension by rinsing with alternating solutions of 100% ethanol
and 0.005% (v/v) Tergitol NP-10 solution, centrifuging the
particle sample, and removing excess rinsing solution. This
procedure was performed 10 times per particle batch.

2.5. Magnetic Characterization. We performed magnetic
measurements of dried samples of Fe3O4 nanoparticles (EMG-
508, Ferrotec, Bedford, NH), homogeneous magnetic hydrogels,
and Janus hydrogels using a vibrating sample magnetometer
(VSM, model DMS 1660) at a temperature of 300 K. Sample
magnetization was recorded as the uniform magnetic field varied
from-0.5 to 0.5 T. Before observing magnetic self-assembly, we
dispersed suspensions of homogeneous and Janus hydrogel par-
ticles in a 0.005% (v/v) Tergitol NP-10 (SigmaAldrich, St. Louis,
MO) solution in a 5 mm� 5 mm� 5 mm PDMS reservoir sealed
on top of a PDMS-coated glass slide. We evaluated the magnetic
response of the particles at different values of fractional surface
coverage, θ, where θ is defined as the ratio of the sum of the cross-
sectional area of the particles to the reservoir area. To subject the
particles to a uniformmagnetic field, we placed the reservoir in an
electromagnetic coil connected to aDCpower supply (GPS-2303,
GW Instek, Tucheng City, Taiwan). The induced magnetic fields
were calibrated using aGaussmeter (SYPRIS,Orlando, FL) with
an axial probe for normal induced fields and a transverse probe
for planar induced fields.

2.6. Oligomer Hybridization. We mixed Janus particles
with one hemisphere loaded with 50 μM DNA-Acrydite capture
DNA (Integrated DNA Technologies, Coralville, IA) in a hybri-
dizationbuffer (TEbufferwith 0.2MNaCl and0.5%SDS)with 5
μM complementary target DNA oligomer modified with Cy3
fluorophore (Integrated DNA Technologies, Coralville, IA) and
incubated at 37 �C with mild shaking for 30 min. We then rinsed
the particles with a 0.005% (v/v) Tergitol NP-10 in TE buffer
solution several times until there was no residual fluorescence in
the particle solution.

3. Results and Discussion

First, we formed Janus droplets in a microfluidic flow-focusing
device fabricated from poly(dimethyl-siloxane) (PDMS) using soft
lithography (Figure 1A). In this device, two streams of mineral oil

sheared off monodisperse droplets of two UV curable polymeric
streams: one nonmagnetic poly(ethylene glycol)-diacrylate solu-
tion (PEG-DA,MW=700, SigmaAldrich, St. Louis,MO) and one
PEG-DA solution containing magnetite (Fe3O4) nanoparticles
(EMG-508, Ferrotec, Bedford, NH). Downstream of the flow-
focusing region, a step-change in the channel height from 20 to
70 μm allowed the droplets to relax into spheres which were
subsequently polymerized upon UV irradiation. We arranged a
small rectangular piece of aluminum acting as aUV reflector above
themicrochannels inorder to counteract particle shapedeformation
as a result of (a) heterogeneous UV energy distribution in a
spherical particle and (b) reduction in UV dose due to strong iron
oxide nanoparticle UV absorption. With our channel design, we
generated48μm(1.8μm-diameter (COV=3.8%) Janushydrogel
spheres at a throughput of ∼105 particles per hour by maintaining
pressures of 0.7 psi at the dispersed phases/polymeric solutions inlet
and 2.5 psi at the continuous phase/oil solution inlet. To minimize
the mixing of Janus phases as a result of both asymmetric recircu-
latory flow and diffusion, previous efforts to synthesize Janus
particles microfluidically required the use of viscous19 or immisci-
ble21 phases, imposing limits on the particles’ biocompatibility and
chemical diversity. By positioning and adjusting the UV-exposed
area (0-800 μm diameter) immediately downstream of the flow-
focusing regionwheredroplet formationoccurs using an aperture in
the invertedmicroscope,we successfully polymerizedmiscible Janus
phases with up to 60%water content by volumewithout sacrificing
the sharpness of the Janus interface (Figure 1B). We note that the
particles in this figure have been reoriented by briefly exposing them
to a weak magnetic field in order to highlight the particles’ Janus
interfaces. Furthermore, we confirmed with scanning electron
microscopy (SEM) that our particles are spherical and highly
uniform and retain their shape following drying (Figure 1C).

Next, we verified by vibrating sample magnetometry (VSM)
that our synthesis procedure yields superparamagnetic hydrogel
microparticles (zero coercivity, no hysteresis) (Figure 2). The
initial degree of magnetization of a colloidal ferrofluid system in
response to an applied magnetic field, the initial magnetic
susceptibility χi, is given by an adaptation of the Langevin
function for superparamagnetic magnetization

χi ¼
M
H

¼ π

18

φμ0Md
2d3

kT
ð1Þ

whereM is the magnetization of a ferrofluid in the direction of an
applied field, φ is the volume fraction of the magnetic solid in the
ferrofluid, μ0 is the magnetic permeability of free space,Md is the
saturation magnetization of the magnetic solid, H is the magni-
tude of the applied field, d is the diameter of amagnetic particle in
the ferrofluid, k is the Boltzmann constant, and T is the tempera-
ture.31 In this work, we determined the mass initial magnetic
susceptibility χi,mass of dried hydrogels and dried nanoparticles by
evaluating the slope of the magnetization curves (M versusH) at
small values of applied field H (H = -0.02 to 0.02 T). On the
other hand, the saturationmagnetization of the ferrofluid at large
applied fields is given by

M ¼ φMd 1-
6

π

kT

μ0Mdd3

1

H

 !
ð2Þ

The quantityMs = φMd represents the saturation magnetization
of the ferrofluid. In this work, we determined theMs of the dried

(31) Rosensweig, R. Ferrohydrodynamics; Cambridge University Press, Cambridge,
U.K., 1985.
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