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Monodisperse hydrogel microspheres by forced droplet formation in aqueous
two-phase systems†
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This paper presents a method to form micron-sized droplets in an aqueous two-phase system (ATPS)

and to subsequently polymerize the droplets to produce hydrogel beads. Owing to the low interfacial

tension in ATPS, droplets do not easily form spontaneously. We enforce the formation of drops by

perturbing an otherwise stable jet that forms at the junction where the two aqueous streams meet. This

is done by actuating a piezo-electric bending disc integrated in our device. The influence of forcing

amplitude and frequency on jet breakup is described and related to the size of monodisperse droplets

with a diameter in the range between 30 and 60 mm. Rapid on-chip polymerization of derivatized

dextran inside the droplets created monodisperse hydrogel particles. This work shows how droplet-

based microfluidics can be used in all-aqueous, surfactant-free, organic-solvent-free biocompatible

two-phase environment.
Introduction

Aqueous two-phase systems (ATPS) consist of two immiscible

aqueous solutions, which display a relatively low interfacial

tension, typically of the order of 0.1 mN m�1. The combination of

an all-aqueous environment and the low interfacial tension

makes these systems ideal for purification and extraction of

biomolecules, such as proteins and enzymes as well as living cells,

since they provide the mild conditions that do not denature or

destabilize these biomaterials.1,2 Examples of miniaturized

extraction and purification using ATPS solvent combinations

include fast and efficient separation of cells,3 and partitioning

and purification of proteins.4 In all of these applications, the two

phases flow in parallel, separated by a stable interface that does

not collapse into droplets. In fact, as we will describe below, it is

rather hard to produce droplets in these water-in-water systems

in comparison to organic-water systems.

Our work is motivated by the desire to exploit, in an all-

aqueous environment, all the advantages of droplet

microfluidics, such as the use of droplets as vessels for synthesis

or microcrystal formation and reactions at the interface to

produce capsules. An important motivation to develop a droplet-

based system is subsequent polymerization of the droplets to

create hydrogel particles for delivery of drugs or cells, such as

shown by Jain et al.,5 who used conventional methods to create

an ATPS emulsion of extracted biomaterials. For many aspects

of pharmaceutical use of microgels, such as bio-distribution,

uptake and release rate, the control of the droplet size and size

distribution is crucial,6 and microfluidic miniaturization can be

an attractive route to generate monodisperse droplets and

microgels.7
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While the creation of droplets of high monodispersity is well-

developed in microfluidic devices,8 the low interfacial tension of

ATPS limits the range of flow rates that allow spontaneous

formation of droplets.9,10 In short, for a given channel shape,

viscosity ratio and flow ratio, the transition from a ‘droplets’

regime with monodisperse droplets to a less monodisperse

‘jetting’ regime, depends only on Ca ¼ mU/g, the ratio of viscous

stresses (mU/r) to surface stresses (g/r), with U the thread

velocity, m the thread viscosity, g the interfacial tension and r the

thread radius. In this context, the capillary number can be viewed

as the ratio of a characteristic break-up time tbreak � mr/g and

a flow time tflow � r/U. Now, a hundred-fold reduction in

interfacial tension, not uncommon for aqueous two-phase

systems in comparison with water-organics systems, requires

a hundred-fold reduction in flow speed to still be able to form

drops spontaneously. To maintain a wide range of practical flow

rates, external forcing is needed to break up the otherwise stable

thread. An example of such forcing was developed by Song and

coworkers,11,12 who generated droplets using electro-

hydrodynamic forcing in a ionic ATPS with a interfacial tension

of 5 mN m�1. In their method, unidentified electrostatic forces,

due to surface charges or bulk charges, are important during the

formation of droplets.

In this work, we demonstrate an all-mechanical piezoelectric

forcing (similar to piezoelectric on-demand droplet generation13)

to create water-in-water droplets, where we control the size of the

droplets independent of flow rates, and we polymerize these

droplets on-chip. Interestingly, these droplets can be created for

a wide range of flow conditions, well outside the ‘droplet’ regime

for the situation without forcing. Using only mechanical actua-

tion ensures that we are not constrained in our choice of ATPS

phases by surface charge requirements, enabling us, in stead, to

optimize our phase composition for gelation and/or polymeri-

zation. Of course, apart from the polymerization, the use of

droplet microfluidics has all the well-known advantages such as

selection, traffic control, sorting, rapid mixing and fast extraction
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and mass transfer.14 The ability to do so in a surfactant-free,

organic-solvent-free all-aqueous system that is fully biocompat-

ible is very attractive.
Materials

Our flow experiments are performed with the widely-used ATPS

polyethyleneglycol (PEG, 10 w/w % in water, MW ¼ 35 000)-

dextran (dex, 20 w/w % in water, MW ¼ 110 000) with an

interfacial tension of 0.1 mN m�1.1,15 The viscosities were 58

mPas and 22 mPas for the dextran-rich phase and the PEG-rich

phase, respectively. To create hydrogel particles, we synthesized

a glycidyl methacrylate derivatized dextran (dex-GMA) using the

recipe of Van Dijk-Wolthuis et al.16 The degree of substitution in

dextran was 15. For the polymerization experiments, one solu-

tion contained 10 w/w % PEG (MW ¼ 35000) and 185 mg ml�1

ammonium peroxydisulfate (APS), and the other solution con-

tained a saturated (z 10 w/w %) dex-GMA in 0.22 M KCl and

2 v/v % of N,N,N0,N0-tetramethylethylenediamine (TEMED).

PDMS devices were created using standard micromolding

methods from SU-8-on-silicon masters. Piezoelectric bending

discs (0.5 in. diameter, Piezo Systems, Cambridge, MA) were

incorporated by glueing and subsequent casting of a second

PDMS layer.17 The rated bending displacement of these discs is�
20 mm at � 180 V.
Droplet formation

Our method for controlled droplet formation is illustrated in

Fig. 1. We injected the dextran solution into the central channel

of our device, and the PEG solution into the two side feeds. We

first describe the flows that were found without actuating the

piezoelectric disc. We found that dripping occurred for flow rates

(qPEG, qdex) ¼ (20, 2) mL h�1 and lower. For higher qPEG and/or

higher qdex, jetting occurred. The flow rates that mark this

transition between regimes in our 100 � 5 � 85 � 5 mm2 channel

agree within acceptable limits with those predicted by Guillot

et al.10 for a rectangular channel of 100� 100 mm2. The jet radius

ranged from r0 ¼ 13 � 1 mm for qPEG ¼ 60 ml h�1 to r0 ¼ 10 �
1 mm for qPEG ¼ 84 ml h�1. Note that these radii are small
Fig. 1 Microfluidic device used for the controllable formation of

microscopic-sized water-in-water droplets. Droplets are periodically

released by perturbing the jet that forms at the junction where the stream

of dextran solution and PEG solution meet. This is done by applying

a sinusoidal AC voltage with amplitude V and frequency f to the piezo

electric bending disc embedded in our device on top of the central

channel. The bending disc squeezes the channel below it, accellerating the

liquid inside it. For details on the design, see Fig. 1S in the Supplementary

Information†.
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compared to the width and height of the central channel.

Stabilizing effects of confinement10,18,19 are small for such thin

jets.

Experimentally, we found that our threads were very stable, as

shown in Fig. 2(a-c). Occasionally, we did observe spontaneous

break up of the jet, relatively far ([1 cm) from the junction. The

stability of our jet is remarkable, because theory predicts growth

rates Re(u) for initial disturbances of the thread inter-

face ~r ¼ r0 þ 3eikz þ ut of the order of 20 s�1, suggesting that these

threads should break up in less than 0.5 s, or, for the centerline

flow speed U of 4 mm s�1, within 2 mm for our experimental

conditions. In agreement with this theoretical analysis, Guillot

et al.9 predicted fast break-up of threads with 2r0/h < 0.5 and

stable threads for 2r0/h > 0.5, and confirmed this using glycerine/

water in silicon oil. At present, we can only speculate about why

our jets are so stable. We anticipate that particular properties of

ATPS play a role. The present experiment involves more

complex polymer solutions that exhibit more complex interfacial

properties than pure liquids and hence the damping of fluctua-

tions may be stronger than calculated for simple liquids. Finally,

when the jet breaks far from the junction, that break up is always

irregular, in agreement with the notion that it is caused by very

slow amplification of noise in the system.
Forced drop formation

We now describe the flow regimes that were obtained by actu-

ating the piezoelectric disc. When applying a sinusoidal AC

voltage with frequency f and amplitude V to the piezo disc, the

disc periodically bends up and down causing a disturbance in the

flow. This disturbance, of much greater amplitude than the

white-noise disturbances that cause unforced break-up, repro-

ducibly breaks up the jet into droplets. Various break-up

schemes were observed, depending mostly on the applied

frequency. An example of breakup is shown in Fig. 2d-f:

a corrugated jet (Fig. 2d) breaks up into elongated and corru-

gated droplets (Fig. 2e) and finally forms pairs of droplets further

downstream (Fig. 2f).

Droplets were obtained for a much wider range of flow

conditions using piezo-electric actuation than without. Fig. 3

shows a phase map of outer flow rate qPEG, to inner flow rate

qdex. The dotted line indicates the theoretical transition from

jetting to dripping that we confirmed for non-forcing flows. In

comparison to unforced droplet formation, we could increase the

flow rate of the inner stream with at least an order of magnitude,

and the flow rate of the outer stream with almost two orders of

magnitude, and still create monodisperse droplets.
Droplet size and monodispersity

In order to further characterize the effect of forcing, we studied

droplet formation for voltages between V ¼ 3 and 25 V and

frequencies between f ¼ 2 and 50 Hz for the flow conditions of

Fig. 2, i.e. qPEG ¼ 60 ml h�1, qdex ¼ 6 ml h�1. A summary in the

form of a map of voltages and frequencies presented in Fig. 4a

shows under which conditions we obtained monodisperse and

polydisperse droplets. Note that whether drop populations are

monodisperse or polydisperse strongly depends on the actuation

frequency, with a value of f z 15 Hz that marks the transition,
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 (a-c): Jetting of the aqueous two-phase flow under steady feed conditions, i.e. without piezo-electrical actuation to induce oscillations. The jet is

stable and does not break up at the location of focussing (a), not at 2 mm downstream (b), not at 5 mm downstream (c). (d-f): Formation of droplets from

the jet in (a) by perturbing the jet through actuation of the piezo disc using a sinusoidal voltage with frequency f ¼ 20 Hz and amplitude V ¼ 3 V. At

2 mm downstream of the focussing (e), the jet breaks up, and the resulting long droplets break into two droplets at 5 mm downstream (f). See also the

movie in Supplementary Information†. qPEG ¼ 60 ml h�1, qdex ¼ 6 ml h�1. Scale bars: 250 mm.

Fig. 3 Experimental phase map of inner flow rate versus outer flow rate,

under piezoelectric actuation. The dashed line indicates the calculated

drops-jet transition for unforced flow, based on ref. 10, which we

confirmed in our experiments without forced oscillations.

Fig. 4 (a) Influence of amplitude and frequency on the polydispersity of

droplets. Solid diamonds: droplets with satellites and polydisperse

droplets. Open circles: monodisperse droplets. (b-e) Droplets of dextran

solution created in PEG solution by jet break-up with actuation

frequencies of (b) 5 Hz (c) 10 Hz (d) 15 Hz (e) 20 Hz. For all experiments,

qPEG ¼ 60 ml h�1, qdex ¼ 6 ml h�1, V ¼ 12.5 V. Scale bar: 250 mm.

This journal is ª The Royal Society of Chemistry 2010
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and only slightly on the amplitude of the voltage applied to the

piezo disc.

Perhaps the most useful regime was obtained for frequencies

between 20 and 50 Hz, because monodisperse droplets were

reproducibly formed with diameters below 60 mm, and coeffi-

cients of variation below 10% (Fig. 4c and 4d). The upper bound

of 50 Hz can be understood in terms of standard Rayleigh-

Plateau theory.20 This linear stability analysis of small distur-

bances predicts that dimensionless wavenumbers kr0 > 1 are

always stable and wavenumbers kr0 < 1 are unstable. This result

holds when extended to viscous two-fluid systems.21 The wave-

number is related to the forcing frequency by k ¼ 2pf/U. The

frequency that corresponds to the cut-off wavenumber kr0 ¼ 1

reads f ¼ 50 Hz for the values of U ¼ 4 mm/s and r0 ¼ 11 mm.

This theoretical value agrees with the observed maximum

frequency at which break up is still observed.

Below f ¼ 10 Hz, relatively large droplets formed directly at

the junction. Depending on the frequency, the diameter of the

droplets ranged between 70 and 150 mm. Although the size of the

droplets was regular for fixed frequency and voltage, the droplets

were accompanied by many small satellites with sizes between 10

and 40 mm as shown in Fig. 4b. The satellites form by the

breakup of a very thin jet that forms just before the large drop

pinches off, as the large droplet advances when the feed flow rate

is at its minimum over the oscillation period. The number of

satellites hereby reduced with increasing frequency.

For frequencies between 10 and 20 Hz, we observed both the

formation of polydisperse droplets (Fig. 4c) as well as mono-

disperse droplets (Fig. 4d). It is interesting to observe the case of f

¼ 20 Hz, which corresponds to an imposed wavelength that is

exactly twice as long as the fastest growing wavelength, given by

kr0 z 0.7. Exciting the feed oscillations at twice this wavelength

causes the jet to break up into droplets-pairs forming blobs, such

as shown in Fig. 2(e-f). In this respect, the interaction of forcing

frequency and natural frequency of the jet resembles the

dynamics reported for the shearing of droplets from a side

injection into a microchannel.22 For the simpler case of an

inviscid jet in vacuo, the effect of forcing has been extensively

studied in relation to ink-jet printing.23 Although these results

cannot be directly translated to our viscous two-fluid system,

they do show that the formation of satellite droplets may be

suppressed or enhanced, depending on the relation between

forcing wavenumber and fastest-growing wavenumber, which is

qualitatively in agreement with our observations.
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It is interesting to note that the location where the jet breaks up

into droplets depends on the actuation frequency. For low

frequencies, drops form directly at the junction. For frequencies

around 10 Hz, drops are released from the jet a distance of a few

mm downstream the junction. We observed that this distance

increases with frequency. While it is tempting to relate this purely

to hydrodynamic stability, another effect is also at play. We

observe that as the frequency increases, the amplitude of the

initial disturbances decreases. The cause of this damping may be

in the piezoelectrics itself, or in the slow elastic response of the

PDMS.24

To close the discussion on forced droplet formation, we show

how drop size depends on the flow rates and the frequency of the

sinusoidal voltage applied to the piezo disc. For the mono-

disperse regime shown in Fig. 4e, we plotted the drop diameter as

a function of the frequency in Fig. 5 for five different flow rates of

PEG solution in the range qPEG ¼ 60–84 ml h�1. The flow rate of

the dextran solution was fixed at qdex ¼ 6 ml h�1. For fixed values

of the flow rates, the graph shows that drop size can be effectively

controlled by the frequency.

The frequency and flow-rate dependence on drop size can be

understood from the simplest theoretical analysis based on

conservation of mass. This analysis teaches that the rate at which

the dextran solution flows into the jet, qdex, equals the rate vfd, at

which it leaves the jet as drops, with v the drop volume and fd the

frequency at which drops are generated. We found experimen-

tally that the frequency of drop formation is comparable to the

actuation frequency of the piezo disc, f ¼ fd. In some cases (for

instance that displayed in Fig. 2e) the drop initially released from

the jet subsequently split up into two drops. For these cases, the

volume v is divided over two equal-sized spherical drops with

diameter d. In general, the volume v relates to the final drop

diameter as v ¼ Npd3/6, where N is either one or two depending

on whether this splitting up occurs. The drop diameter hence

relates to the flow rate of dextran and the frequency applied to

the piezo as d ¼ (6qdex/Npf)1/3. The prediction of the drop

diameter using this simplest model is shown in Fig. 5. The dashed
Fig. 5 Diameter of the droplets measured in the monodisperse regime

indicated in Fig. 4e as a function of the actuation frequency of the piezo

disc for five different flow rates of PEG solution and a fixed rate of flow of

dextran solution of qdex ¼ 6 ml h�1. The dashed line is computed for the

case that drops initially released from the jet do not subsequently split up

into two equal-sized drops (N ¼ 1), whereas the solid line shows the

prediction in case split up occurs (N ¼ 2).
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line shows the prediction in case the drops initially released from

the jet do not subsequently split up (N¼ 1), whereas the solid line

shows the prediction in case split up does take place (N ¼ 2).

Despite its simplicity, this model adequately describes the

experimental data.
Microgel formation

With the conditions to generate monodisperse droplets firmly

established, we proceed to make hydrogel particles at those

conditions. We synthesized a methacrylate derivatized dextran

(dex-GMA), of which polymerization of the methacrylate groups

leads to the formation of a cross-linked hydrogel in water.16 The

polymerization occurs via a radical mechanism, which was star-

ted by the introduction of the radical initiator ammonium per-

oxydisulfate via the PEG-rich stream. To accelerate the cross-

linking, TEMED was added to the dex-GMA-rich phase. Upon

contact of the two phases, APS diffuses to the dex-GMA-rich

phase, where it reacts with TEMED to form the radicals that

start the crosslinking and hence the gel formation (Fig. 6).

We could control the rate of polymerization through the

concentration of TEMED. The polymerization, at high

concentrations of TEMED, is fast enough to run to completion

during the short residence time of the droplets in the PDMS

microchip. We ran the reaction while actuating the piezoelectric

disc (V ¼ 15 V, f ¼ 35 Hz), and found no difference in flow

behavior with respect to the non-reactive solutions. We collected
Fig. 6 Hydrogel microsphere formation for aqueous two-phase drop-

lets. We introduce the functionalized dextran-rich phase and the initiator-

containing PEG-rich phase and create monodisperse droplets on chip.

Upon contact, the polymerization immediately starts. The effluent is

collected and diluted, such that the two-phase system collapses. That

single phase contains microgel bead of the same size as the generated

droplets.
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the microgel beads and subsequently dissolved them in water.

This dilution destroys the two-phase system and causes unpoly-

merized dextran droplets to dissolve. After polymerization,

however, stable beads remained, indicating that the cross-linking

of the dextran-rich phase has occured. The size of these beads

corresponded to the size of the monodisperse droplets produced

in the microchannel (d ¼ 36 � 2 mm).

The hydrogel beads were stable. We manipulated them with

micropipettes and subjected them to vortex stirring, dried them

on a glass slides and rehydrated them, recovering the round

beads that we started with.

Conclusion and outlook

We presented a method to controllably and reproducibly form

monodisperse water-in-water droplets with a diameter in the

range between 30 to 60 mm, created by forcing oscillations in the

feed with frequencies up to 50 Hz. Droplet sizes can be controlled

by the actuation frequency of the piezo disc embedded in our

device and the flow rates at which the aqueous solutions are

supplied. We also demonstrated the possibility to produce

monodisperse hydrogel beads from the same monodisperse

droplets.

After demonstrating the potential of microfluidic ATPS in

droplet microfluidics, it seems worthwhile to extend the appli-

cations to reactions, extractions and encapsulation in this all-

aqueous environment. We believe the ability to use an aqueous

phase to supply drops with chemicals, biomaterials and larger

objects like cells and vesicles, or remove those from drops

extends the potential of droplet microfluidics enormously.
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