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phase with divalent ions.[4] Alginate hydrogel beads have
been easily fabricated by extruding drops of an alginate
solution in air using a syringe and collecting these drops
into a solution of divalent ions.[3] Gelation begins
immediately when the alginate drop comes into contact
with the divalent ions in solution and continues until the
whole bead is physically crosslinked as divalent ions diffuse
from the continuous phase through the periphery of the
drop. This simple technique has been used widely to
encapsulate cells in alginate beads. However, it offers
little control of drop formation, and leads to polydisperse
millimeter-sized beads. Micrometer-sized beads provide
higher mechanical strength, easier implantation, and
better transport of oxygen and nutrients.[5] This has spurred
development of techniques that produce monodisperse
hydrogel microparticles.
Drop generation techniques assisted by jetting air,[6]
electric field,[7] and vibrating nozzle[8] have decrease the
alginate drop size and made its distribution relatively
narrow. However, it is still difficult to generate microparticles with sufficient monodispersity to have a coefficient of variation less than 10%. Recently, some studies have
exploited the drop generation capabilities of microfluidic
devices. Using a T-junction device, monodisperse alginate
drops are produced in micrometer length scales.[9–12] The
alginate drops are gelled by transferring into a divalent ion
solution. Otherwise, gelation can be carried out via
coalescence of alginate and aqueous Ca2þ drops in a
microfluidic chamber.[12–16] Internal gelation is another
method that allows the gelation of alginate drops while
they are dispersed in the oil phase.[17–19] Although these
methods produced smaller monodisperse alginate drops,
precise control over the gelation process is complicated.
Moreover, the removal of the immiscible fluid requires
strong mechanical and chemical treatments, which prolongs exposure of the cells to divalent ions or solvents. Thus,
effective encapsulation of cells in alginate hydrogel
particles requires precise control of drop formation and
gelation, and to safely harvest the gelled microparticles
from the solvent mixture.
The aim of this study is to introduce a microcapillary
device-based microfluidic technique to encapsulate living
cells in monodisperse alginate hydrogel microparticles
generated from double emulsion templates. Monodisperse
double emulsion drops composed of an alginate droplet
surrounded by a mineral oil drop dispersed in an aqueous
CaCl2 solution are generated in a microcapillary device.[19]
The oil drop serves as a carrier for the alginate drops as they
are transported to and collected in a Ca2þ solution. Gelation
occurs as the alginate drop separates from the mineral oil
shell and contacts the Ca2þ ions in water. The feature of this
approach is that unstable double emulsions are used as
sacrificial payload carriers. This technique offers several
advantages over other microfluidic techniques including
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the self-separation of the alginate drop from the immiscible
fluid as well as precise control of both drop formation and
number of cells per hydrogel particle. The self-separation
of the alginate drop enables harvesting of the alginate
encapsulated cells without the need of a solvent and limits
the amount of oil in the collection container.

2. Experimental Section
2.1. Fabrication of Microcapillary Devices
To fabricate microcapillary devices, first, a cylindrical glass
capillary (outer diameter ¼ 1.0 mm, World Precision Instruments,
Sarasota, Florida) was fitted in a micropipette puller (Model P-97,
Sutter Instruments, Novato, CA, USA). Heating and pulling under
the tension breaks the glass capillary into two equal sized, tapered
capillaries. The tapered glass capillaries were then cleaved to the
desired final diameters using a forge station (Microforge, MF 830,
Narishige, Japan). Typical diameters of the input (dinput) and exit
(dexit) capillaries ranged from 20 to 300 mm. The round capillaries
were then inserted and aligned in a square capillary. Choosing the
outer diameter of the round capillaries to be the same as the width
of the square capillary facilitates alignment. Three 20G luer-stubs
(Intramedic Luer Stub Adapters, Beckton Dickinson, Sparks,
MD, USA) serve as input connectors for the fluids. A schematic of
the microcapillary device and the region of the device where the
two tapered capillaries meet are shown in Figure 1a and b,
respectively.

2.2. Preparation of Fluids
Three solutions (inner, middle, and outer) were prepared to
generate the double emulsions in the microcapillary devices. The
inner fluid was prepared by dissolving alginic acid sodium salt from
brown algae (100–300 cP, 2 wt% at 25 8C, M/G ratio #1.96) in
deionized water. A mixture of 0.4 wt% Span 80 surfactant in light

Figure 1. Schematic illustrations of (a) microcapillary device and
(b) the region of the device where the input and exit capillaries
meet. Note that the middle and outer fluids flow in opposite
directions within the gap between the round and square capillaries while the inner fluid flows from the interior of the input
capillary. Drops are formed and collected in the exit capillary.
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