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ABSTRACT

Water-in-water (W/W) droplets are biocompatible vessels for bioanalysis and
biomolecules delivery. Due to the ultralow interfacial tension, the stable gener-
ation of W/W droplets still faces some challenges. In this paper, we present a
robust and high-throughput microfluidic platform to fabricate W/W droplets
without requiring external perturbation. Using the assembled evaporation
pump, W/W droplets are generated uniformly and stably for nearly 1 h. The
molecular weights, concentrations, and flow rates were changed to regulate the
droplet size in the range of 4493 pum. The production of droplets is scaled up by
parallelizing eight droplet-formation units on a 3-D microdevice, and the vari-
able coefficient of droplet size in all units reaches 3.2%. Using these W/W
droplets as microreactors, monodispersed hydrogel particles are synthesized by
either UV light or calcium ions, and recovered conveniently without cumber-
some post-processing. The established method is simple, robust and suitable for
various aqueous two-phase systems, displaying its potential in biocompatible
carrier synthesis.
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denaturation; (2) recovering target samples easily
from continuous phase and not requiring expensive
and cumbersome post-processing; (3) discharging
environmentally digestible continuous phase without
professional treatments [3]. Considering these prop-
erties, W/W droplets have been widely applied in

Introduction

Water-in-water (W /W) droplets are generally formed
by two incompatible polymer solutions, or a polymer
solution and certain salts solution [1]. In contrast to

water-in-oil (W/O) system, W/W droplets contain no
organic phase and possess some unique advantages
[2]: (1) providing a high biocompatible environment
to protect cells/biomolecules from degradation or

colloidosomes fabrication [4, 5], biomolecules deliv-
ery [6, 7], and single-cell encapsulation [8].

In a microfluidic chip, droplet formation depends
on the Rayleigh-Plateau instability when a liquid jet
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is introduced into another immiscible phase [1]. For
the W/O system, the relatively high interfacial ten-
sion (1-40 mN/m) enables rapid growth of the Ray-
leigh-Plateau  instability = and  ensures the
stable breakup of droplets [9]. However, the interfa-
cial tension in the W/W system is often less than 0.1
mN/m, which induces a very slow growth of the
Rayleigh—Plateau instability along the jet [10]. A lig-
uid thread may survive throughout the channel, or
non-uniform droplets are generated far downstream
[11]. In order to generate W/W droplets stably, var-
ious external forces are used to promote the breakup
of the jet, such as periodic pulsating inlet pressure
[12], electrohydrodynamic  perturbation  [13],
mechanical vibration [11, 14], piezoelectric bending
disk [15], oil-droplet chopper [16] and pneumatic
micro-valve [17]. These active actuating methods
require external actuation components, precise con-
trolling of perturbation frequency, and/or complex
microfabrication process. In addition, the relative
position variations between the external force and
microchannel result in a lower reproducibility and
limit the parallelization of multi-channel [17].
Therefore, it is desirable to produce W/W droplets
stably with no external perturbation.

Recently, passive microfluidic strategies are used
to generate W/W droplets [18]. In passive methods,
the critical point is to ensure that viscous shear and
inertial forces are comparable or less than the inter-
facial tension force, which requires ultralow flow
rates near or lower than the output limit of syringe
pumps [18]. Conventional syringe pumps are inade-
quate for W/W droplet fabrication. To solve this
issue, the hydrostatic pressure is introduced by
inserting liquid-filled pipette tips into the inlets, and
W/W droplets are generated passively [19, 20].
However, the hydrostatic pressure-driven method
has two shortcomings: (1) The fluctuation of the
hydrostatic pressure is inevitable due to the decrease
in the liquid column height, and (2) the flow rates are
prone to be affected by the surface characteristics of
the microchannel (hydrophilic or hydrophobic), both
of which vary the flow conditions and lower the
uniformity and reproducibility. Kim et al. [21] used a
pressure controller and a flow-board to control inlet
pressures and flow rates simultaneously. W/W dro-
plets are generated with variable size and high
throughput. But double regulation of the pressure
and flow rate also requires precise controlling com-
ponents and complex feedback program, losing the
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advantages of passive methods. To date, no simple,
stable and controllable approach to passively pro-
duce W/W droplets exists. The main challenge in
passive W/W droplets generation is to maintain
ultralow flow rates in an inexpensive and
stable manner.

Here, we present a simple and robust W/W dro-
plet generation method on the basis of an evaporation
pump with variable and ultralow flow rates. W/W
droplets are generated uniformly and stably for
nearly 1 h using poly (ethylene glycol) (PEG) and
dextran (DEX) solutions as continuous and dispense
phases, respectively. The influences of molecular
weights, concentrations and flow rates are investi-
gated systematically, and droplet production is
scaled up by parallelizing eight droplet-formation
units. Using the generated W/W droplets as
microreactors, hydrogel particles are synthesized by
either UV light or calcium ions, and recovered con-
veniently without removing oil phase.

Experimental
The fabrication of microdevices

A layer of dry film photoresist (the height was
120 um) attached onto a clean glass slide. To elimi-
nate the air, the photoresist was pressed by a roller
uniformly and gently. Then, the photoresist was
prebaked at 95 °C for 2 min, exposed by UV light for
14 s and baked again. After the development and
washing, the remained photoresist pattern was
placed in a 200 °C oven for 2 h, forming a positive
mold. A mixture of polydimethylsiloxane (PDMS)
monomer and curing reagent (10:1, v/v) was poured
onto the fabricated positive mold, and the air was
eliminated. After 3-h solidification, the PDMS layer
was peeled off from the mold, and the reservoirs
were punched. Then, we bonded the PDMS layer
onto another clean glass slide by plasma.

The construction and the volumetric flow
rate controlling of the evaporation pump

The evaporation pump was composed of an evapo-
ration tube (EPt), a cache chamber, an output tube
(OPt) and a sealing plug. EPt was polyvinyl chloride
tubes with 0.8 mm inner diameters. The cache
chamber and OPt were made of
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polytetrafluoroethylene (PTFE). EPt, OPt and the
cache chamber were connected with each other by
two connectors. Ethyl acetate (EA) was filled in the
system from one open end of EPt by a medical
injector. When the whole system was filled up with
EA, the open end of the OPt was placed in the DI
water. Through pulling the medical injector, DI water
was sucked into OPt and a water plug was generated
in OPt. Then, we pulled out the medical injector and
inserted the sealing plug. The evaporation pump was
constructed completely and ready for use (Fig. S1A).
To measure the volumetric flow rate, we recorded the
time that liquid meniscus flew over a distance of
0.5 cm under microscopy, and calculated the volu-
metric flow rate. Based on this method, the flow rates
of evaporation pumps with 0.05 cm, 0.2 cm, 0.5 cm
and 1 cm EPts were measured, respectively.

W/W droplets generation

15% (w/v) PEG (M,, = 500 kDa) solution and 20%
(w/v) DEX (M,, = 20 kDa) solution were added in
wide-mouth bottles. In order to distinguish the PEG
and DEX solutions, we added 0.1% (w/w) methylene
blue into PEG solution. 0.8-mm polymer tubes were
used to connect the bottles and the microdevice. The
solutions were drawn into the microdevice and filled
up all the channels by a medical injector. Then, we
replaced the injector with the prepared evaporation
pump with a 0.5-mm EPt. W/W droplets were gen-
erated at the flow-focusing junction stably.

The influence of concentration, molecular
weight and flow rate on droplet size

To investigate the concentration effect, we used
500 kDa DEX and 20 kDa PEG to prepare 5% (w/v),
10% (w/v), 15% (w/v), 20% (w/v), 25% (w/v), 30%
(w/v) DEX and PEG solutions, respectively. We
chose a PEG solution as continuous phase and a DEX
solution as disperse phase to form droplets, and took
the photographs of flow pattern. Each PEG and DEX
solution was tested one by one.

To evaluate the influence of DEX molecular
weights, we prepared 20% (w/v) DEX solutions by
using 500 kDa, 100 kDa and 40 kDa DEX. These DEX
solutions with different molecular weights were used
as disperse phase, and 20% (w/v) PEG (20 kDa)
solution was used as continuous phase. The fluid was
driven by the evaporation pump with a 0.3-mm EPt.
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After droplets were generated stably, we took a
movie of droplets and measured the size of 20 dro-
plets in the movie.

Besides that, we fixed the concentrations of PEG
and DEX at 15% (w/v) and 20% (w/v), respectively.
The molecular weights of PEG and DEX were 20 kDa
and 500 kDa. Then, we used the evaporation pump
with a 0.3-mm EPt to drive the fluid, took a movie of
droplets and calculated 20 droplets diameters. Fol-
lowing the same procedure, we investigate the flow
pattern driven by the evaporation pumps with a
0.2 mm, 0.5 mm, 0.7 mm, 0.8 mm or 1.1 mm EPt.

The high-throughput production of W/W
droplets

To produce droplets with a high throughput, we
designed a three-dimensional (3-D) microdevice with
8 droplet-formation units. The fabrication of 3-D
structures was described in elsewhere. The pho-
tograph of the 3-D microdevice was taken by a
smartphone. In this 3-D microdevice, 20% DEX
(500 kDa) and 20% PEG (20 kDa) solutions were
sucked into the 3-D microchannel under the evapo-
ration pump with a 2-cm EPt. Droplets were gener-
ated at all the flow-focusing junctions. Because the
objective lens of our microscope cannot cover the
whole microdevice, we captured the one image from
the left side and another from the right side. The
image of the whole microdevice was assembled by
combing these two images. To observe the droplets
clearly, we randomly captured images of two units
under high-power lens.

The synthesis of hydrogel particles

The glycidyl methacrylate-modified DEX (DEX-
GMA) was synthesized as follows: 10 g DEX
(500 kDa) was dissolved in 90 mL DMSO. Under the
protection of nitrogen, 2 g DMAP and 1.6 g GMA
were added and reacted at 30 °C for 30 h. Then, the
mixture was transferred into 400 mL ethanol drop-
wise. After standing and vacuum suction filtration,
we obtained white precipitate. The white precipitate
was resolved in 20 mL 4 °C DI water, and the pH was
controlled in the range of 7-8. Then, this solution was
dialyzed in DI water at 4 °C for 4 days. The product
after dialysis was freeze-dried. The final white pow-
der was DEX-GMA. By using 60% (w/v) DEX-GMA
solution and 30% (w/v) PEG solution, DEX-GMA /
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PEG droplets were generated in the 3-D microdevice
and solidified into hydrogel particles by an ultravi-
olet (UV) source.

For Ca-alginate hydrogel particle synthesis, we
designed a novel microdevice. 2.0% (w/v) sodium
alginate was added into 20% (w/v) DEX solution to
form disperse phase. 5% (w/v) Ca>" was dissolved in
30% (w/v) PEG solution to provide coordinating
ions. DEX droplets containing sodium alginate were
generated and reacted with Ca>" in the downstream.
The sodium alginate became Ca-alginate hydrogel.
The synthesized DEX hydrogel and Ca-alginate
hydrogel particles were recovered simply by DI
water washing. Then the hydrogel particles were re-
suspended in water to take white-field photograph
and freeze-dried to capture SEM images.

Results and discussion
Principle of W/W droplet generation

Figure 1a shows the setup of W/W droplets genera-
tion. A PDMS microdevice was fabricated through a
modified soft lithography process. Then, 25% (w/v)
PEG (500 kDa) and 20% (w/v) DEX (20 kDa) solu-
tions were stored in wide-mouth bottles and con-
nected to inlets, respectively. The outlet was
connected to an evaporation pump with a 0.3-mm
evaporation tube (EPt). Under the suction of the
evaporation pump, PEG and DEX solutions flew into
the microdevice and generated monodisperse W/W
droplets stably at the flow-focusing region (Fig. 1b).
For the passive generation of W/W droplets, the
major issue is maintaining ultralow flow rates to
break up the dispersed jet continuously. In this study,
an evaporation pump was assembled by an EPt, a
cache chamber, an output tube and a sealing plug to
provide stable and ultralow flow rates (Fig. S1). The

Figure 1 a Schematic of
W/W droplet generation setup.
b Generated W/W droplets by
using 15% (w/v) PEG and
20% (w/v) DEX solutions.
Scale bar, 100 um. ¢ Flow rate

DEX solution

. . W
regulation of the evaporation 1
.

pump. PEG solution
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system was filled with ethyl acetate (EA) and blocked
by the sealing plug. EA in the EPt permeated the wall
and diffused into the surrounding environment,
reducing pressure in the system and generating a
negative pressure at the open end of the output tube.
The volumetric flow rate of the evaporation pump
was determined by the EPt length. When the EPt
length was changed from 500 pm to 1.0 cm, the vol-
ume flow rate of the output tube was increased from
0.033 to 0.41 pL/min, showing a good linear curve
(Fig. 1b). This linear dependence relation provides us
a flexible manner to control flow conditions in the
microdevice.

Influence of PEG and DEX concentrations

For given molecular weights of PEG (500 kDa) and
DEX (20 kDa), the concentration variations of PEG
and DEX solutions lead to three flow patterns
(Fig. 2a). In region I, the PEG and DEX solutions
tended to form a three-layer laminar flow, because
the interface tension was too small to support the
breakup of DEX solution thread. In region II, W/W
droplets were generated stably with high uniformity.
In region III, W/W droplets were still formed, but the
droplet size was not uniform. Some small daughter
droplets following large droplets could be easily
observed. As the volumetric flow rate of the evapo-
ration pump was regulated flexibly in an ultralow
range, the region of monodisperse W/W droplets
(region II) was obviously larger than that in the pre-
vious methods [17]. In addition, the viscosity of
continuous phase increased with the rising of PEG
concentrations, which provides a reliable approach to
adjust droplet size in the negative-pressure-driven
model [22]. For example, the concentration of PEG
solution was increased from 10% (w/v) to 30% (w/
v). Correspondingly, the size of W/W droplets was
varied in the range of 44-85 pm. The size distribution
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Figure 2 a Flow patterns under different PEG and DEX solutions. b—d Droplet size distributions by using 25% (w/v) DEX solution and
10% (w/v) (b), 15% (W/v) (c), 20% (w/v) (d), and 30% (w/v) (e) PEG solutions. Scale bars, 100 pm.

of droplets displayed Gaussian distribution (Fig. 2b—
e).

Droplet size regulation through flow rate
and DEX molecular weight

In positive-pressure-driven W/O droplet generation
[23, 24], the droplet size was regulated flexibly and
efficiently through varying the flow rates. However,
all the solutions were driven by the same negative
pressure source in our method. We could only
change the whole output of the evaporation pump.
The flow rates of PEG and DEX solutions could not
be controlled independently. Therefore, the droplet
size only showed small variations when the flow rate
was changed from 0.018 to 0.034 uL/min (Fig. 3a).
Once the flow rate was decreased to 0.014 pL/min,
the DEX solution did not flow out of the junction
(Fig. S2A). When the flow rate reached 0.038 puL/min,
the DEX solution thread was prolonged, and non-
uniform droplets were formed far from the junction

(Fig. S2B). To evaluate the influence of DEX molec-
ular weight, we used 500, 100, and 40 kDa DEX to
prepare 20% (w/v) DEX solutions, and 20 kDa PEG
to prepare 20% (w/v) PEG solution. The results of
droplet size distribution are shown in Fig. 3b. Under
fixed concentrations, the molecular weight of DEX
was smaller, and the W/W droplet size was larger,
which was in accordance with a previous study [17].
The maximum droplet size reached 93 um by using
40 kDa DEX. Of note, the interface tensions were
reduced with the decrease in DEX molecular weight
[10]. The reduced interface tension exacerbated the
instability of droplet breakup. Thus, the variable
coefficient (CV) of droplet size using 40 kDa DEX
(5.2%) was poorer than that using 100 kDa (2.9%) and
500 kDa DEX (1.0%). In the next experiments,
500 kDa DEX was used.
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Figure 3 Droplet size
regulation by varying the flow
rate of the evaporation pump

J Mater Sci (2019) 54:14905-14913
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Stability of the platform

In passive methods, the stability is an important
parameter for end applications. The instability of the
established method might result from the liquid level
variation and the flow rate fluctuation of the evapo-
ration pump. To eliminate the impact of liquid vari-
ations, PEG and DEX solutions were stored in wide-
mouth bottles. For a limited time, the solution con-
sumed by droplets did not result in a significant
reduction in the liquid column in the bottles, which
overcame the drawbacks of the hydrodynamic-pres-
sure-driven passive method. Generally, solvent
evaporation was affected by the temperature,
humidity and evaporation areas. As the humidity in
air is mainly induced by water vapor content, the
quantity of EA molecules in air is not changed with
the variation of the relative humidity. Thus, the
humidity does not have obvious influence on the
volume rate of the evaporation pump. Under room
temperature (25 °C), the output of the evaporation
pump could be maintained stably for several hours
because the evaporation area was constant under the
function of the cache chamber. In this case, we
recorded W/W droplet generation for 50 min. The
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droplet size showed a negligible fluctuation (Fig. 4),
verifying the stability of this system.

Scaling-up of W/W droplet production

Another issue of W/W droplet is the small produc-
tion. A possible approach to improve production is
increasing the droplet-formation frequency or paral-
leling multi-channels. In this study, the droplet gen-
eration frequency is lower than that in active
actuation methods. However, increasing the fre-
quency still faces challenge. To offset the low fre-
quency, we fabricated a 3-D microdevice with multi-
channels (Fig. S3). The two inlets of the 3-D
microdevice were connected to PEG and DEX solu-
tions, respectively, and the outlet was connected to
the evaporation pump with a 2-cm EPt (Fig. 5a).
W/W droplets were generated at eight flow-focusing
junctions simultaneously (Fig. 5b). The maximum
frequency of single droplet-formation unit was
7-8 Hz. The total droplet production of the 3-D
microdevice reached ~ 60 Hz, which was almost
comparable with the active methods. The CV of
droplet size in each unit changed from 2.4 to 2.9%.
The whole CV for all eight units was 3.2%. The good
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Figure 5 High-throughput generation of W/W droplets on a 3-D
microdevice. a Schematic of the 3-D microdevice with eight
droplet-formation units. Inset is the 3-D structure of flow-focusing
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region. b Overall image of droplet generation in eight units. c,
d Zoomed micrographs of two units. Scale bars, 100 pm.

Figure 6 Synthesized hydrogel particles by using W/W droplets
as reactors. a, ¢ are bright-field and SEM photographs of DEX
hydrogel particles. b, d Bright-field and SEM photographs of

uniformity of droplets between different units indi-
cated that the system stability was not influenced by
the scaling-up processes (Fig. 5c, d). The 3-D struc-
ture reduced the inlets of fluids, simplified the fluid
control and facilitated the integration of multi-chan-
nels. Thus, the production of droplets could be scaled
up further by increasing the droplet-formation units.

Hydrogel particle synthesis

Compared with W/O droplets, W/W droplets con-
tain no organic solvent. The recovery of encapsulated

calcium-alginate hydrogel particles. e, f Local magnification of
porous structures. Scale bars, 100 pm (a, b), 30 pm (c, d), 10 um
(e) and 5 um (f).

molecules, particles and cells may be convenient
without tedious post-treatment and washing pro-
cesses. As an example, we used W/W droplets as
microreactors to synthesize hydrogel particles. First,
15% (w/v) glycidyl methacrylate-modified DEX
(DEX-GMA) and 20% (w/v) PEG solutions were used
as disperse and continuous phases to form DEX-
GMA/PEG droplets. Under UV initiation, the DEX-
GMA /PEG droplets solidified into hydrogel spheres
rapidly. The bright-field photograph verified that
DEX hydrogel spheres were uniform (Fig. 6a). The
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SEM image revealed that the hydrogel spheres had
porous structure (Fig. 6¢). The dimension of pores
was several micrometers (Fig. 6e). Second, we added
sodium alginate into the DEX solution with a final
concentration of 1% (w/v). On an optimized
microdevice (Fig. S4), calcium-alginate hydrogel
particles were synthesized following an out-gelation
process (Fig. 6b, d, f). Both DEX and calcium-alginate
hydrogel particles were recovered easily, not requir-
ing the removal of oil phase. The successful synthesis
of UV-initiated or metal-ion-induced hydrogel parti-
cles verified that our method was efficient and suit-
able for various polymer materials.

Conclusions

In conclusion, we present a high-throughput and
passive microfluidic platform to fabricate W/W
droplets without requiring external perturbation.
Under the suction of an evaporation micropump,
W/W droplets are generated stably and uniformly
for nearly 1 h. The droplet size is regulated in the
range of 44-93 um by changing the flow rate of the
evaporation pump, the molecular weight of DEX and
the concentration of PEG solution. On the 3-D
microdevice, W/W droplets are fabricated in a high-
throughput manner without significant loss of uni-
formity. The maximum frequency of droplet forma-
tion reaches ~ 60 Hz. Finally, DEX and calcium-
alginate hydrogel spheres are synthesized success-
fully by UV initiation or calcium-ion coordination.
The established method is simple, robust and suit-
able for various aqueous two-phase systems. The
formed monodisperse W/W droplets are biocom-
patible vessels for biomolecules and cells, displaying
a potential in drug carrier synthesis.
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