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Abstract
Microfluidic devices can form monodisperse double emulsions, but the fabrication steps are complicated and require special-
ized equipment. Recently, a method to convert single emulsions into double emulsions using vortex mixers has been pro-
posed. Using this method, we demonstrate the production of double emulsions using commercially available single-emulsion 
microfluidic chips. We characterize the effect of vortex speed, vortex duration and the number of vortex/flick cycles on the 
average diameter and coefficient of variation of the double emulsions. Using fluorescent nanoparticles as tracers, we show 
that droplet breakup occurs during the second emulsification (using the vortex), but did not observe any fusion between the 
cores of double emulsion droplets. We also found that some inverted double emulsion droplets containing the outer water 
phase in their core were produced during vortex emulsification. Finally, while commercial chips only exist with a finite range 
of channel size that sets the monodispersed emulsion droplet radius, we show that the double-emulsion droplet radius can be 
adjusted using osmotic pumping. Our method is simple, available and user-friendly for biomedical researchers.

Keywords  Double emulsion · Commercial microfluidics chip · Vortex · Droplet rupturing · Droplet fusion

1  Introduction

Droplet microfluidics has become an important method 
for the sorting and analysis of biological samples due to 
its remarkable capacity to confine samples in microscale 
volumes and with fine control over the reaction condi-
tions (Suea-Ngam et al. 2019; Sohrabi and Moraveji 2020; 
Shang et al. 2017; Chou et al. 2015). Most biological assays, 
including antigenic tests and PCR are done in water, and can, 

therefore, be encapsulated in oil as independent reactors, 
thereby forming single emulsions of water in oil.

Fluorescence-activated cell sorting (FACS) is an attrac-
tive way to sort droplets in microfluidics: FACS instruments 
are often available in biology laboratories as it is one of the 
workhorse of biology research, it is highly versatile, has a 
high throughput and higher sorting speed than droplet sort-
ing instruments (Lagus and Edd 2013; Mutafopulos et al. 
2019). However, the FACS is designed for biological sam-
ples in water, and cannot work on insulating fluids, such as 
oil. This means that a FACS cannot sort simple water in oil 
emulsions that can be generated by commercially available 
microfluidic chips. Therefore, it is necessary to generate 
water-in-oil-in-water (W/O/W) double emulsions to sort and 
analyze cells with FACS (Mastrobattista et al. 2005; Bernath 
et al. 2004; Shahi et al. 2017; Hai et al. 2004). Such emul-
sions look like pseudo-cells, where the cell membrane would 
be replaced by a layer of oil. In the remaining of the paper, 
the outer liquid phase that contains the droplets (either single 
or double emulsion) will be called continuous phase, while 
the liquid phase forming the droplets will be referred to as 
the dispersed phase.

Microfluidic channel devices are widely used in the 
generation of double emulsion, because they can produce 
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droplets with a very narrow size distribution (Rotem et al. 
2012; Nawar et al. 2020). There are many types of devices 
used in the generation of double emulsion by microfluidic 
devices, which can be mainly divided into cross-flow devices 
and co-flow devices (Romero and Abate 2012; Wang et al. 
2019; Vladisavljević et al. 2013). Most cross-flow devices 
are prepared based on PDMS, such as a two-step T-junc-
tion device (Okushima et al. 2004), Y-junction and cross-
junction structures are also often used in microfluidic chips. 
However, fabricating the devices requires to carefully con-
trol the wetting properties of the channels to match that of 
the continuous phase. Indeed, hydrophilic channels can only 
form oil droplets dispersed in water (O/W), while hydropho-
bic channels can only generate water droplets dispersed in 
oil (W/O) (Shui et al. 2009). To generate W/O/W emulsions, 
a first section of the microfluidic chip must be hydrophobic 
(to produce the water in oil emulsion) and another section 
must be hydrophilic (to encapsulate the water in oil droplets 
into another water phase) (Liao et al. 2018; Romanowsky 
et al. 2010; Abate et al. 2008, 2010). Spatial control of wet-
ting properties based on plasma treatment can be achieved 
using metallic electrodes (due to the tip effect) (Al‐Bataineh 
et al. 2012), or simply by blocking some inlets of the channel 
while letting others open so that the ionized gas can pen-
etrate selected sections of the microfluidic chip (Kim et al. 
2015). Yet, it is difficult to precisely control the location and 
local power of the plasma. Thus, it is challenging to produce 
microfluidic chips able to generate double emulsions.

Co-flow devices address the wetting issues using different 
materials for each step of the production of the double emul-
sion. However, co-flow devices are made by hand by insert-
ing capillary tips of decreasing radii into each other. They 
are prone to alignment defects and the production is slow. 
Therefore, it is necessary to look for simpler ways to gener-
ate double emulsions, which can be analyzed and sorted by 
FACS. Sukovich et al. (Sukovich et al. 2017) dispersed W/O 
microfluidic emulsions into aqueous carriers by pipetting 
or vortexing, generating double emulsion droplets that can 
be analyzed and sorted with FACS. This method is faster 
and simpler, requiring no specialized devices and it is less 
sensitive to wettability and interfacial tension. Wang et al. 
(Wang et al. 2022) have shown that the double emulsion is 
produced by shear against the tube wall as the fluid is rapidly 
accelerated by the vortex mixer. They also demonstrated that 
the droplet size could be adjusted by osmotic shrinking, for 
instance to generated opalescent supra-particles.

These two works have shown that double emulsions have 
a tremendous potential for biology and material science. 
Yet, wide adoption is complicated, because the microflu-
idic chips to produce the single emulsions were produced 
by soft lithography, which limits its access to biomedical 
and material science researchers which may not have easy 
access to clean room facilities. In this paper, we show that 

this issue can be addressed using commercially available 
drop-making chips to produce the single emulsions, and then 
using the vortex method to produce the double emulsion. We 
characterize the effect of vortex speed, vortex duration and 
the number of vortex/flick cycles on the average diameter 
and coefficient of variation of the double emulsions. We also 
explore some quality defects that go along using a vortex 
for double emulsification, including droplet rupturing and 
fusion. Finally, control over the droplet size is explored.

The paper is structured as follows: after characterizing the 
single emulsion produced by the commercial microfluidic 
chips, we use the vortex method to produce a double emul-
sion (W1/O/W2). We show that a single core double emul-
sion can be obtained by finely adjusting the vortex speed. 
By encapsulating fluorescent nanoparticles into the double 
emulsion, we find that the content of some droplets is spilled 
into the outer water phase but droplet fusion events were 
never observed. Finally, the size of the produced droplets is 
adjusted using osmotic pressure.

2 � Materials and methods

2.1 � Generation of single emulsions

The single emulsions are prepared using a commercial 
microfluidic chip (Fluidic 537, Chipshop, Germany). The 
chips are made of polycarbonate without hydrophilic treat-
ment. The liquids (oil and water) are initially stored in two 
single-use plastic syringes (1 mL, KDL). The syringes are 
pressed by two syringe pumps (KDS-210) and the flowing 
fluid is transported to the chip using polytetrafluoroethyl-
ene tubing [inner diameter (ID): 0.5 mm, outer diameter 
(OD): 2.5 mm,]. The tubing is connected to the chip by 
insertion into larger silicone tubing sleeves (ID: 0.76 mm, 
OD: 1.65 mm, Chipshop company) connected to male luer 
inserts (Chipshop company). The experiments are visualized 
using a fluorescent microscope (OLYMPUS, CKX53), and 
the droplet images are analyzed using ImageJ. The setup to 
generate single emulsions is shown in Fig. 1.

The dispersed phase is deionized (DI) water. In some 
experiments 100 nm diameter fluorescence polystyrene par-
ticles are dispersed in the fluid with a volume fraction of 2% 
(this yields on average 104 particles per droplet). The parti-
cles GF100C (green, G) and RF100C (red, R) were provided 
by Huge Biotechnology (China).

The continuous phase is HFE-7500 oil containing 1% 
mass fraction of PEG-Krytox surfactant (Emulseo, France). 
The surfactant in the continuous phase is critical to prevent 
droplet coalescence once the emulsion is formed. Optimized 
volumetric flow rates of the two phases are 10 μL/min for 
the continuous phase (oil/surfactant) and 3 μL/min for the 
dispersed phase (water/fluorescent beads). Starting from 
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zero, these flow rates are gradually ramped up to reach the 
optimized flow rates. It takes several minutes for the pressure 
in the chip to equilibrate, and this time can be considerably 
longer if some air bubbles remain trapped in the syringes. 
The drop-making section of the chip is continuously moni-
tored using the microscope until a steady stream of droplets 
is observed. The early emulsion produced by the chip is then 
discarded, and an Eppendorf tube (1.7 mL DNA LoBind 
Eppendorf) containing some continuous phase is placed at 
the outlet to collect the single emulsion. 500 μL of emulsion 
can be produced in less than 1 h.

Before observing these emulsions, samples are diluted 
in the oil phase. The resulting single emulsion can then be 
observed with a fluorescent microscope.

2.2 � Vortexed double emulsion

Unless specified otherwise, 50 μL of single emulsions are 
added to 100 μL carrier aqueous phase (10% PEG 35 K, 4% 
Tween 20, 1% pluronic acid) in 1.7 mL DNA LoBind tube. 
Similar to single emulsions, the combined surfactants are 
important to ensure the stability of the produced emulsion. The 
tube is flicked 5 times before shaking the liquid with the vortex 

mixer (VWR Analog Vortex Mixer-10153-838). We generate 
the double emulsions by adjusting vortex speed, every vortex-
ing time is 15 s, and flick/vortex cycle is repeated seven times.

Before observing these emulsions, samples are diluted 
in a diluent containing 1% PEG35K, 4% Tween and 1% 
pluronic.

2.3 � Double‑emulsion droplet size tuning 
by osmotic pumping

We generate double emulsions as described in “Generation 
of single emulsions” and “Vortexed double emulsions”, and 
dilute them 1 time with phosphate-buffered serum (PBS) 
containing 1% PEG35K and 1% pluronic acid.

3 � Results and discussion

3.1 � Single emulsions

Previous studies indicate that the droplet size produced by 
microfluidic chips is approximately equal to the channel 
diameter and is not very sensitive to the flow rate. The flow 

Fig. 1   Microfluidic setup and channel used to generate single emulsions: a experimental setup to generate single emulsions, b commercial chip 
for the generation of single emulsions, and c dropmaker nozzle of chip Fluidic 537
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rate can be increased until a jetting flow regime sets on, 
where the dispersed phase forms an elongated jet that pro-
duces a polydispersed emulsion. Therefore, we restrict the 
dispersed phase flow rate to 10 μL/min, which was much 
below the jetting regime of our chips. Next, we adjust the 
flow rate ratio of the continuous phase (oil/surfactant) to 
dispersed phase (DI water). When this ratio is too small, 
long slugs of dispersed phase are produced (squeezing flow 
regime), which defeats the purpose of microfluidics (making 
small droplets), whereas when this ratio is too large, the con-
tinuous phase is wasted. Using optimized flow rates, 0.5 mL 
of emulsion can be generated in less than 1 h. Examples of 
emulsions generated with these chips are shown in Fig. 2. 
Figure 2a, b shows water droplets containing 100 nm fluo-
rescent red particles (R), and Fig. 2c, d shows water drop-
lets containing 100 nm fluorescent green particles (G). The 
average diameter of single emulsion droplets is 45.51 μm, 
with a coefficient of variation (CV) of 4.1%, which is con-
sistent with the good droplet uniformity usually obtained 
with microfluidic devices. These monodispersed emulsions 
can then be processed using the vortex mixer to generate 
double emulsions.

3.2 � Generation of double emulsions

Converting a single emulsion into a double emulsion using a 
vortex mixer is simpler than using microfluidic chips. When 
using a vortex, the water in oil emulsion is dispersed by the 
shear stress of the flow in the agitated tube. The size of the 
outer oil droplet depends on the speed of the vortex, and sin-
gle-core double emulsions are obtained when the oil phase 
only has room for one water droplet only. The vortex speed 
can be adjusted at discrete levels set by the manufacturer.

At low vortex speed (speed 6), there are some multi-
core double emulsions (Fig. 3a). The average diameter of 
double-emulsion droplets is 45.8 μm, with a CV as high as 
23% (Fig. 3e). This size distribution of double emulsions 
is wider than typical microfluidic emulsions (Fig. 3e). The 
reasons for this wide distribution are not clear, and it is espe-
cially surprising that a large fraction of the droplets tend 
to be smaller than the size of the single-emulsion droplets 
(45 μm). One possibility is that the shear stress is not uni-
form in the vortex, so that some smaller regions (such as 
the contact line between the agitated liquid and the tube) 
would experience a higher stress, which could generate dou-
ble emulsions if small enough droplets are present nearby. 
Nearly one-fifth of emulsions are multicore small droplets, 
which may have been encapsulated together on the contact 
line. Direct observation of the dynamics of the contact line 
could shed some light of this surprising size distribution and 
droplet topology.

At the speed of 7.5 (Fig. 3b), nearly all double emulsion 
droplets have a single core with a narrow size distribution 
that reflects the original single emulsion (Fig. 3e). The aver-
age diameter of double emulsion droplets is 58.69 μm, with 
a corresponding CV of 8.9% (Fig. 3d).

When setting the vortex speed to 8 (Fig. 3c), the frac-
tion of single-core double emulsion droplets among double-
emulsion droplets is lower than when using a speed of 7.5. 
The resulting double emulsion is also less uniform in size 
than at lower speed (Fig. 3e), with an average diameter of 
45.55 μm and a CV of 17.65% (Fig. 3d). We infer that the 
excessive shear obtained at high speed may have split inner-
phase water droplets.

These results can be discussed in light of Wang et al. pos-
tulated mechanism (Wang et al. 2022). In their model, the 
centrifugal force due to the rotating motion of the vortex 
drives a lapping motion of the continuous phase against the 
tube wall. The shear of this lapping motion breaks the drop 
aggregates and decides the thickness of the double-emulsion 
droplet shell.

Insufficient vortex speed generates more multi-core 
droplets, most likely because the lapping shear is not strong 
enough to break up the outer phase in fragments small 
enough to accommodate only one water droplet. Reversely, 
the shear obtained at high vortex speed could disperse the oil 
in droplets too small to accommodate a water droplet, which 
would decrease the number of single-core double emulsion 
droplets.

Based on those experiments, we deduce that, for this 
experimental setup and set of reagents, a vortex speed of 7.5 
is optimum to generate uniform, stable, single-core double 
emulsion.

In addition to vortex speed, two other adjustable parame-
ters are the number of flick/vortex cycle, the duration of each 
vortexing step and ratio of single emulsions to carrier phase.

The average diameter of single-core double emulsions 
(thereby omitting multicore emulsions and oil droplets) is 
insensitive to the number of vortex/flick cycles, and the coef-
ficient of variation decreases with the number of vortex/flick 
cycles [Fig. 4b(i) and b(ii)]. When the number of cycles 
is not sufficient, such as 3 cycles, as shown in Fig. 4a, we 
observe more multicore emulsion droplets and the emul-
sion becomes more heterogeneous, as shown by the high 
CV value (nearly 40%) in these experiments [Fig. 4b(i) and 
b(ii)]. Reversely, excessive vortex/flick cycles yield an emul-
sion with abundant small oil droplets (7 cycles of 10 s each, 
and 10 cycles of 15 s each) or even more complex multicore 
emulsions (10 cycles of 10 s).

The average diameter of single-core double emulsions 
(thereby omitting multicore emulsions and oil droplets) 
decreases with the vortexing time and the coefficient of 
variation follows a U-shaped curve with the vortexing time 
[Fig. 4c(i) and c(ii)], with a marked minimum obtained at 
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Fig. 2   Commercial microfluidic single emulsion droplets: a single 
emulsions containing red nanoparticles (R) under brightfield, b single 
emulsions containing red nanoparticles (R) under red fluorescence 
imaging, c single emulsions containing green nanoparticles (G) under 

brightfield, d single emulsions containing green nanoparticles (G) 
under green fluorescence imaging, and e size distribution of single 
emulsions
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15 s. When the vortexing time is too short (e.g., 10 s), the 
single-phase emulsion remains packed together and gener-
ates large multi-core emulsions and little single-core emul-
sions. On the opposite, excessive vortexing time breaks the 
droplets from the single-phase emulsion (vortexing time 
of 20 s repeated 7 times, Fig. 4a).

The concentration of single emulsion also influences the 
generation of double emulsions. The thickness of the oil 
shell grows with the ratio of single-phase emulsion to car-
rier phase [Fig. 4c(iii)]. When the concentration is low, the 
oil shell is thin and W/O/W droplets are rare but oil droplets 
are abundant [Fig. 4c(i)]. This may suggest that the double 
emulsions are unstable when using such low concentrations. 
On the opposite, when using more single-phase emulsion 
that carrier phase, we observe numerous multi-core droplets 
[Fig. 4c(ii)].

Based on these experiments, the optimized parameters to 
generate uniform and stable double emulsion droplets are to 
add 50 μL of single emulsions to 100 μL of carrier aqueous 
phase in 1.7 mL centrifugal tubes, flick/vortexing 7 times 
with a speed of 7.5 for 15 s each time.

With these optimized parameters, we compare the 
resulting double emulsions to those obtained with different 
methods in terms of coefficient of variation (Fig. 5). Such 
methods have been extensively reviewed by Chong et al. 
(Chong et al. 2015). Techniques based on electrospraying 
can generate highly monodispersed double emulsions but 
require the continuous phase to be a dielectric, and the shell 
phase to be conductive. This is not satisfied  by W/O/W 
emulsions. Membrane emulsification and vertical cross type 
emulsifications produce less homogeneous emulsions than 
the method using single-emulsion and vortex. The coeffi-
cient of variation measured in our work is slightly higher 
than gold-standard coaxial microfluidics, but avoid many 
of challenges related to the difficult and poorly reproduc-
ible fabrication of such channels. We note that Wang et al. 
(Wang et al. 2022) have obtained even lower CV with this 
method of single-emulsion followed by vortex than coaxial 
microfluidics.

Although these optimized parameters allow to generate 
single-core double emulsions, it is not immediately clear 
if some single-emulsion water droplets ruptured during the 
vortex double-emulsification process. We next investigate 
this issue.

3.3 � Rupturing and leakage of inner‑phase water 
droplets during vortex double emulsification

In this section, we evaluate double-emulsification defects 
that could occur during the vortex step (Fig. 6a). Having 
previously considered multiple core double emulsions, we 
investigate (i) the rupturing of droplets and (ii) the forma-
tion of “empty” droplets that contain the carrier phase (outer 
water phase).

To evaluate the likelihood of droplet rupturing or leak-
ing during emulsification, we produce single-emulsion drop-
lets containing fluorescent particles. The double emulsions 
obtained after vortex emulsification are shown in Fig. 6b, 
c. Some red particles are visible on the outer surface of the 
oil shell. Recalling that no particles were present originally 
in the carrier phase (outer water phase), this indicates that 
some of the single-emulsion droplets have ruptured during 
the vortex double emulsification.

The possibility for the inner water phase to rupture sug-
gests that the shearing force may sometimes exceed the cap-
illary pressure that holds the droplets together. Reversely, 
the shearing force may also be strong enough to disperse 
the carrier phase into smaller water droplets, that could then 
become double-emulsion droplets. To test this hypothesis, 
we dispersed green fluorescent particles in the carrier phase, 
while keeping the single emulsion without particles. Simi-
lar to other double emulsification processes, the resulting 
double emulsion obtained after vortex mixing is diluted in 
a clean (particle-free) diluent at a volume ratio 1:10. There-
fore, the particle concentration in the outer phase is nearly 
10 times lower than the particle concentration in the carrier 
phase before vortex mixing.

The resulting double emulsification is shown in Fig. 6d. 
Some of the inner cores of the double emulsion droplets are 
filled with green particles, which indicates that vortex emul-
sification can generate double emulsion droplets containing 
the carrier phase. Yet, most of the side-products appear to 
be oil droplets. Such oil droplets are inert and can be eas-
ily distinguished from water droplets based on their size. 
Therefore, they usually have a very negligible impact on 
biological experiments. If necessary, they can be removed 
by sedimentation (the density of water is 1 g/cm3, the density 
of HEF-7500 is 1.614 g/cm3).

3.4 � Absence of merging of inner phase droplets 
during vortex double emulsification

In microfluidics, droplets are often used as independent 
micro-reactors. This can only remain true if no droplet 
merging happens during emulsification. To investigate this 

Fig. 3   a–c Generation of double emulsion (50  μL of single emul-
sions are added to 100 μL of carrier aqueous phase) at vortex speeds 
of 6, 7.5 and 8, respectively. d average diameter of double emulsion 
droplets depending on the vortexing speed, e double emulsion drop-
let diameter distribution obtained at speeds of 6, 7.5 and 8. The blue 
dash line marks the average diameter of single emulsion. The pie 
chart in inset shows the ratio of single-core double emulsion at dif-
ferent speed

◂
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possibility, two sets of single emulsion are added to the car-
rier aqueous phase: one is 25 μL of single emulsion con-
taining red nanoparticles (R), the other is 25 μL of single 
emulsions containing green nanoparticles (G). Some possi-
ble outcomes are shown in Fig. 7a: single-core double emul-
sion may be produced, but also multicore double emulsions 
that can be homogeneous (RR, GG) or heterogeneous (RG). 
Finally, double-emulsion droplets with fused cores could 
be envisioned, which would be unsuitable as independent 
microreactors.

Experimentally produced double emulsions are shown 
in Fig. 7b, c. We found no fused core droplets in any of 
our experiments, which indicates that coalescence during 
vortex emulsification is extremely unlikely, and therefore, 
such emulsions can be used as independent microreactors. 
A few homogeneous multicore droplets were observed, but 
no heterogeneous multicore ones.

The absence of heterogeneous multicore droplets has 
implications on the formation process of multicore double-
emulsion droplets when using vortex emulsification. Indeed, 
if the formation of multicore droplets was a simple random 
pairwise collision process, statistics suggest that heterogene-
ous multicore droplets should be as abundant as homogene-
ous ones (RR and GG taken together). Instead, the absence 
of heterogeneous multicore droplets suggests that multicore 
droplets may be formed by the encapsulation of two small 
droplets stuck together in a larger oil shell. Indeed, the G and 
R emulsions are initially (prior any mixing) separated, such 
that homogeneous multicores are considerably more likely 
than heterogeneous ones.

3.5 � Droplet shrinking controlled by osmotic 
pumping

To a large extent, the size of the droplets generated by a 
microfluidic device is set by the dimensions of the drop-
maker nozzle. When using commercial chips, the channel 
size cannot be adjusted, which restricts the size of drop-
lets that can be produced. For instance, injection molding 

is best suited for channels no smaller than 50 μm. To pro-
duce smaller droplets, we shrink the double emulsions by 
osmotic pumping. Water is slightly soluble in fluorinated 
oils, and can, therefore, diffuse through it. When inner and 
outer water phase have the same activity (the same osmotic 
pressure), the fluxes of water between inner and outer phase 
are balanced. However, when the activity is different (due 
for instance to different salt concentrations), the diffusion 
flux is not balanced and a neat flux of water is established 
across the oil shell. For dilute solutions, water flows from the 
water-rich regions to the water-poor regions, which allows 
shrinking droplets by immersing them in salt solutions. This 
is similar to the strategy used by Wang to generate opales-
cent supra-particles (Wang et al. 2022).

We demonstrate this shrinking by dispersing the dou-
ble emulsion in PBS, and taking photographs every hour 
(Fig. 8a–d). The emulsion remains stable when immersed in 
PBS, but the droplet size gradually shrinks and we observe 
visually that the oil shell becomes thicker. The average 
diameter of the droplets in the double emulsion is shown in 
Fig. 8e This shows that the droplet size of double emulsions 
can be adjusted after production.

3.6 � Troubleshooting

The above observations are synopsized into a reverse-index 
relating possible issues with double-emulsion production 
relatively to the operating parameters. We assume that the 
single emulsion was produced with a good quality (highly 
monodisperse).

Problem Possible cause

Many multicore droplets The vortex speed is too slow
The vortex time is too short
Not enough flick cycles
The ratio of single emulsion 

to carrier phase is too high
Many oil droplets The vortex speed is too fast

The vortex time is too long
Too many flick cycles
The ratio of single emulsion 

to carrier phase is too low
Droplet content is spilled in the car-

rier phase
The vortex speed is too fast.*

*While excessive vortex speed was experimentally shown 
to trigger droplet leakage, it is likely that any cause listed 
in “many oil droplets” could be responsible for the droplet 
leakage.

Fig. 4   Effect of number of vortex/flick cycles, vortexing duration 
and single-emulsion to carrier phase ratio on the conversion of sin-
gle emulsion to double emulsion. Unless otherwise specified, 50 μL 
of single emulsion are added to 100 μL of carrier aqueous phase and 
vortexed at a speed of 7.5 for 15 s, repeated 7 times. a Experimental 
pictures for varying vortex/flick cycles and vortexing duration. Pink 
pictures indicate insufficient number of double emulsion droplets to 
obtain an average diameter and CV; b average diameters and coeffi-
cient of variation (CV) derived from the pictures shown in (a): (i, ii) 
average diameter and CV for varying number of cycles, (iii, iv) aver-
age diameter and CV for varying vortexing duration. (c): (i, ii) Exper-
imental pictures for single-emulsion to carrier phase ratio of 1:4 and 
2:1, respectively. The combined volume is kept at 150 μL. (iii) aver-
age diameter at different single-emulsion to carrier phase ratio

◂
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Fig. 5   Comparison of the 
methods for generation double 
emulsions: DE (double emul-
sion), SE (single emulsion), MC 
(microchannel). Unless speci-
fied, all data are from Chong 
et al. (Chong et al. 2015), except 
for “Combine MC with vortex-
ing” (Wang et al. 2022) and 
“this work”.

Fig. 6   Double emulsions: a schematic diagram of double emulsion (single emulsions contain red particles), b, c double emulsions contain red 
particles, and d double emulsions (carrier acquire phase contains green particles)
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4 � Conclusions

Double emulsions could become an important tool for bio-
medical and material research in the near future, but their 
production remains complicated and often requires access 
to clean room facilities. In this paper, we have demonstrated 
a simple method using commercial microfluidic chips and 
vortex mixer to generate single and double emulsions. Fur-
thermore, the resulting droplet size can be adjusted using 
osmotic pumping.

In addition to producing double emulsions, we have 
studied the occurrence of adverse events during vortex 

emulsification, such as high polydispersity (high CV), 
droplet rupturing and merging. We have found that drop-
let rupturing occurs during vortex emulsification. Core 
fusion was never observed in any of our experiments, 
which suggests that droplets can safely be considered as 
independent micro-reactors. Interestingly, multicore dou-
ble emulsion droplets were observed. Statistics suggest 
that multicore emulsions are formed by single emulsion 
droplets encapsulated together in the oil shell rather than 
by the coalescence of two single-core double emulsion 
droplets. Additional experiments or simulations may be 
needed to confirm this mechanism.

Fig. 7   Double emulsions contain G particles or R particles: a schematic diagram of double emulsions (single emulsions contain red particles or 
green particles), b and c double emulsions at the vortexing speed of 7.5
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Fig. 8   Shrinking of double emulsions (incubated in PBS): a before 
incubation, b incubating for 1 h, c incubating for 3 h, d incubating for 
4 h, e the area distribution of double emulsions after incubating for 

different durations. The error bars indicate the standard error. Each 
datapoint is the average of at least 30 droplets
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