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ABSTRACT: Water/oil/water (w/o/w) double emulsions (DEs) are multicompartment
structures which can be used in many technological applications and in fundamental studies as
models of cell like microreactors or templates for other materials. Herein, we study the flow
dynamics of water/oil/water double emulsions generated in a microfluidic device and stabilized
with the phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). We show that by
varying the concentration of lipids in the oil phase (chloroform) or by modulating the viscosity of
the aqueous continuous phase, the double emulsions under flow exhibit a rich dynamic behavior.
An initial deformation of the double emulsions is followed by tube extraction at the rear end,
relative to the flow direction, resulting in pinch off at the tube extremity by which small aqueous
compartments are released. These compartments are phospholipid vesicles as deduced from
fluorescence experiments. The overall process can thus be of help to shed light on the mechanical
aspects of phenomena such as the budding and fusion in cell membranes.

■ INTRODUCTION
Over recent decades, the field of droplet microfluidics has
witnessed a rapid evolution.1,2 This is, in particular, due to
achievements in soft lithographic technology3 and in engineer-
ing simple and versatile microfluidic devices built using
coaxially aligned capillary tubes.4,5 With high control over
flow rates and both channel geometry and dimensions,
monodisperse multicompartment droplets with single or
multiple cores can be generated with high throughput for
applications in biology, chemistry, and nanotechnology.6−9

Water/oil/water double emulsions (DEs) are droplets that
have attracted widespread interest over about 30 years for
applications ranging from the formulation of pharmaceutics to
more fundamental studies.4,10−12 They can be generated with a
narrow size distribution using the two-step emulsification
method in microfluidics.10 The DEs are used as templates for
the preparation of other materials including, among others,
giant phospholipid vesicles,13−15 polymersomes,16,17 and
hole−shell particles18 or as a model of microreactors for the
synthesis of biomaterials13 and the study of complex biological
processes.19−22

Several studies on deformation, breakup, and/or tip
streaming of single emulsions in flow systems have been
reported8,23−25 but less on DEs. While the behavior of single
emulsions can be described by the interfacial tension and the
viscosity ratio between the droplet and the continuous flowing
outer fluid, the flow dynamics of multiple emulsions require
several additional parameters to account for multiple interfaces
and the presence of domains with different viscosities.8 We
must therefore keep track of the viscosities (μ) of the three
phases, the inner phase (μin), the middle oil phase (μoil), and
the external continuous phase (μext), as well as the value of the

interfacial tension (γ), which we will consider to be the same
on both interfaces.
When subject to stress, such as under shear flow conditions

in microfluidic channels, deformation of both the core droplet
and the shell might occur, either independently or simulta-
neously. The dynamics of double emulsions under shear flow
has been investigated numerically by Hua et al.26 and both
numerically and experimentally by Chen et al.27,28 in a Couette
geometry. The deformation of the outer droplet (i.e., the
middle phase) was shown to be governed by competition
between viscous shear stress and interfacial tensions together
with the ratio between the core and the outer droplet radii.
The deformation of the core was demonstrated to be mainly
induced by a vorticity flow within the outer droplet, generated
by the shear stress between the middle phase and the external
phase. It was furthermore shown27 that at critical capillary
numbers, a transformation from a steady shape to a transient
deformation eventually resulted in the breakup of the outer
droplet. Ma et al.29 investigated the core deformation of w/o/
w DEs under sheath flow focusing. They emphasized the
significance of core and shell viscosities on core deformation,
whereas the type of surfactant present at the interfaces
apparently was of minor importance. Chunfeng et al.30 and
Tao et al.31 numerically studied the flow dynamics of
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compound drops in contracting tubes. Similarly, Chen et al.32

investigated the deformation and breakup mechanism of
double emulsions in a tapered nozzle.
In this manuscript, we show that DMPC stabilized DEs

elaborated with chloroform as the oil shell exhibits a rich
dynamic behavior under flow in a microfluidic channel.
Depending on the concentration of DMPC in the oil shell
and the concentration of poly(vinyl alcohol) (PVA) in the
continuous phase, a tube can be expelled from the rear of the
DEs by tip streaming from which smaller daughter droplets are
ejected. We imaged the dynamic process of DE formation
using bright field and fluorescence microscopy inside and at
the exit of the channel. Our results show that stable DEs can be
generated using such a method, and the daughter droplets are
aqueous compartments stabilized by DMPC. To the best of
our knowledge, this is the first demonstration on tip streaming
using phospholipids as a surfactant, which points out the major
role played by a bilayer rather than a single layer to act as a
limit surface and improves the possible comparison with cell-
like compartments.

■ MATERIALS AND METHODS
Chemicals. Chloroform, poly(vinyl alcohol) (PVA, Mw 18 kDa),

α-hemolysin, and fluorescein were supplied by Sigma-Aldrich. DMPC
was supplied by Lipoids, Inc. L-α-Phosphatidylethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium Salt) was supplied
by Avanti Polar Lipids. All chemicals were used as received.
Double-Emulsion Generation. The double emulsions were

generated using a microfluidic flow focusing device consisting of
coaxially aligned glass capillary tubes assembled using commercially
available fittings, i.e., T-crosses and ferrules. The absence of any glued
sealing not only enables a fast assembly procedure but also provides
the opportunity of fast replacement of clogged or damaged capillary
tubes. The microfluidic device consists of coaxially aligned glass tubes
of various dimensions and geometry. First, polyimide-coated 365/75
μm (outer diameter [o.d.]/inner diameter [i.d.]) glass capillary tubes
(Polymicro) are inserted into a cylindrical 1/0.5 mm (o.d./i.d.)
borosilicate tube (Drummond Scientific). The borosilicate tube was
narrowed in one end for enhanced flow focusing by exposing the tube
orifice to a butane flame while rotating the tube. The inner wall and
the orifice of this tube were rendered hydrophobic using 2% (v/v)
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) in tol-
uene, rinsed with toluene, and dried overnight at 70 °C to obtain the
desired wetting properties. These tubes are in turn inserted into a
square borosilicate tube with dimensions of 1.25 × 1 mm (outer/
inner side length, Vitrocom). A second cylindrical borosilicate tube,
likewise flame treated and serving as the DE collector tube, was
inserted from the opposite end of the square tube, and the two
cylindrical tubes were positioned with the narrowed orifices within a
close distance, followed by positioning of the two innermost fused
capillary tubes close to the orifice of the left cylindrical tube. All glass
tubes were assembled using T-crosses (P-727, Upchurch Scientific),
ferrules (F-331, Upchurch Scientific), and pieces of 1/3 mm (o.d./
i.d.) silicon tubing (Tygon Versilic Silicon Tubing, Sigma-Aldrich)
and mounted on a Plexiglas stand. A more thorough description of
this microfluidic device has been published elsewhere.33

Bright Field and Fluorescence Imaging. A Zeiss Axiovert 200
microscope mounted with a NeoFluar objective (2.5× magnification
and field depth of 62.4 μm) and a Dasla CCD camera was employed
for monitoring the DEs. For monitoring the fluorescent probes, a
FluoArc laser was connected to the microscope, and the appropriate
wavelengths were selected with optical band-pass filters (532 nm for
rhodamine B and 445 nm for fluorescein). Bright field images were
recorded with 300 frames/s with an exposure time of 3000 μs.
Dynamic fluorescence images were recorded with 100 frames/s with
an exposure time of 9000 μs. Static fluorescence images were recorded

with 10 frames/s with an exposure time of 100 ms. Freely available
software ImageJ was used for image processing.

Interfacial Tension Measurements. An interfacial tensiometer
(DSA100, Krüss GMBH), mounted with a 0.516 or 1.837 mm needle,
was used for measuring the interfacial tension between oil and
aqueous phases, employing the pendant drop method with the oil
phase suspended in the aqueous phase.

Viscosity Measurements. Viscosities of the PVA solutions were
measured using an Anthon Paar Automated Micro Viscometer,
employing the rolling ball method, using a 1.6 mm capillary tube for
the 2% PVA solution and a 1.8 mm capillary tube for 5−10%
solutions. Rolling time was 10 s. The measured viscosity values were
found to be 1.63, 3.62, 6.97, and 12.94 mPa·s for 2%, 5%, 7.5%, and
10% PVA, respectively, see Figure S4.

α-Hemolysin Studies. α-Hemolysin (Sigma-Aldrich) was in-
corporated in the DMPC membranes by collecting the double
emulsions on a glass slide mounted with a silicon reservoir filled with
an aqueous 2% PVA solution and α-hemolysin at a concentration of
50 μg/mL.

■ RESULTS AND DISCUSSION
The w/o/w double emulsions studied in this work are
generated using a coflow microfluidic channel,33 as shown in
Figures S1 and S2. The oil phase is constituted of pure
chloroform supplemented with various concentrations of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as the
phospholipid (see Materials and Methods and SI for more
details). Poly(vinyl alcohol) (PVA) is added to the aqueous
phases in order to modify the values of viscosity. The
interfacial tensions and viscosities of the different formulations
are plotted in Figures S3 and S4, respectively. The measure-
ments indicate that the interfacial tension at the same DMPC
concentration is independent of the concentration of PVA, for
[PVA] ≥ 1% w/w reaching asymptotic values of 0.27, 0.18, and
0.13 mN·m−1 for DMPC concentrations of 0.1%, 0.5%, and
1.0%, respectively. In contrast, PVA can be used to efficiently
modify the viscosity of the aqueous phase. The shape of each
droplet is determined by a balance between the interfacial and
viscous forces, as described by the capillary number Ca = μU/
γ, where the parameters are characteristic values of the
interfacial tension (γ), the flow velocity (U), and the viscosity
(μ). The DE droplets are monitored using bright field and
fluorescence microscopy at various positions downstream of
the point of confluence in the microfluidic device (Figure S1),
where they are formed (Figure S2 and Video 1). Fluorescein is
added to the inner aqueous phase in order to visualize the core
of the droplet, while rhodamine B-labeled phospholipids are
used as dopants of DMPC in order to image the oil shell.
Accordingly, the core drops are green, while the red color
indicates phospholipids within the oil shell.
The presence and concentration of DMPC have a major

influence on the shape of the DE droplets as they flow through
the capillary tube, as shown in Figure 1. Indeed, while the
droplets flowing in the absence of DMPC showed slight
deformation retaining their concentric spherical shapes (top
line of Figure 1A and Figure S5), addition of even small
quantities of phospholipids leads to a stronger deformation of
the oil shell that increases progressively as the droplet travels in
the capillary tube downstream of its point of formation (Figure
1B−D). In the absence of DMPC, the droplets of the double
emulsion modify their shape to equilibrate the viscous and
capillary effects as they flow. This is also the case in the flow of
simple droplets or bubbles.34 However, the transition from
these small deformations to the singular shape of the tip
streaming requires the presence of the phospholipids. The

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c00827
Langmuir 2021, 37, 7442−7448

7443

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c00827/suppl_file/la1c00827_si_002.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00827?rel=cite-as&ref=PDF&jav=VoR


extent of deformation depends on the concentration of DMPC
despite the nominal capillary number remaining constant.
Instead, the accumulation of DMPC at the rear of the droplets,
as shown by the red color on the images, indicates that the
interface is not at equilibrium and that this effect depends on
the concentration of DMPC. Indeed, the deformation and tip
formation become more pronounced as the concentration of
DMPC is increased, as shown in Figure 1D, where the outer
drop of the DE not only deforms more rapidly but eventually
forms a thin tube at the rear of the DE. This accumulation of
DMPC molecules at the rear of the droplet is consistent with
the classical models of recirculating flows within rectilinear
motion, where the interface motion accumulates partially
soluble molecules at the rear end.34 Nonetheless, the ability to
fluorescently label the phospholipids provides the first direct
evidence that this phenomenon is preserved in the case of
double emulsions. Under all these conditions, the aqueous core
of the double emulsion remains concentric, as shown in Figure
S5.
To quantify the extent of the deformation (before any

observed tip streaming), approximated as the transformation of
a sphere to an ellipsoid, we adapt the dimensionless index D,35

defined as D = (L − B)/(L + B), where B and L are the axial
and transverse dimensions of the middle droplet (i.e., the oil
shell), respectively, as outlined in Figure 2A and 2B. Values for

B and L are determined from the bright field images of Figure
1. A linear relationship between D and the distance (x)
traveled by the DEs is observed for all of the applied
concentrations of the phospholipid, see Figure 2C. This means
that a gradual deformation occurs as the droplet advances. The
rate of increase of this deformation is plotted in Figure 2D and
shows that the deformation rate also increases for higher
concentrations of DMPC.
The results of Figures 1 and 2 show that the higher

concentrations of DMPC not only lead to larger deformation
of the interface but also increase the rate at which the
deformation happens. Taken together, these observations are
an indication of the depletion of DMPC molecules in the oil
phase at the lower DMPC concentrations, while the higher
DMPC concentrations maintain a lower global surface tension
even as the molecules are swept to the rear of the droplet. This
picture, in turn, is suggestive of a saturation threshold for
DMPC in the oil phase.
In order to evaluate the relative effect of viscosity change

while maintaining the time/space relation as the droplets flow
in the channel, the flow rates were kept fixed while the
concentration of PVA present in the outer aqueous phase was
increased to 5%, 7.5%, or 10%. Increasing the viscosity leads to
a higher dripping frequency and consequently a smaller droplet
size.33 The resulting deformations and tip streaming are shown
in Figure 3, where the inner water droplets display a much
larger deformation than the case of Figure 1. Indeed, the
characteristic capillary numbers for these experiments are in
the range 1.4−5.0 × 10−1, which are large values compared
with other typical microfluidic flows, particularly due to the

Figure 1. Bright field (top) and fluorescence (bottom) images
recorded along the exit tube of the microfluidic device at distances of
(1) 0.2, (2) 5.5, (3) 11, (4) 16.5, and (5) 22 mm from the point of
droplet formation when 2% w/w PVA is used as an internal and
external aqueous phase. Concentrations of DMPC in the oil phase are
0%, 0.1%, 0.5%, and 1% (w/w) in A, B, C, and D, respectively. Inner
diameter of the tube is 500 μm. Flow rates applied: Q1 (H2O/2% w/w
PVA and 0.02% w/w fluorescein, see Figure S5) = 4.17 × 10−4 cm3

s−1, Q2 (chloroform/various concentrations of DMPC and 0.02% w/w
rhodamine B-labeled phospholipids) = 1.67 × 10−4 cm3 s−1, and Q3
(H2O/2% w/w PVA) = 4.17 × 10−4 cm3 s−1. Capillary numbers are
Ca = 2 × 10−3 for the case for no DMPC, and Ca = 6 × 10−2 for all
other cases. Flow direction is from left to right.

Figure 2. Sketch illustrating the deformation of the middle drop and
transport of surfactant herein. (A) B and L are the axial and transverse
dimensions, respectively, of the double emulsion moving in the
capillary tube with velocity v. (B) Intermediate drop deformation,
occurring further down the capillary tube, illustrating the rearrange-
ment of the oil phase, and accumulation of surfactant at the rear of the
double emulsion. (C) Plot of the deformation parameter D vs the
distance x traveled by the double emulsion. (D) Extent of
deformation, expressed as the slope of the lines in A, vs the DMPC
concentration. Dashed line in B is a guide to the eye. Reported values
are the average of three measurements.
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very low value of the interfacial tension at the interface
between chloroform/DMPC and water. These high values of
Ca partially account for the large deformations of the inner
water phase. Moreover, the velocity profiles in the different
aqueous phases in Figure 3 are expected to be significantly
different from the profile in Figure 1 because of the modified
viscosity contrast between the outer and the inner phases.
Indeed, numerical work (for simple droplet flows) has already
shown that the flow profile depends on the viscosity ratio
between the inner and the outer phases.36 As such, increasing
the viscosity of the outer phase would naturally lead to a
different stress field on the flowing droplets than having a
viscosity ratio of unity. Here, both the oil shell and the core
undergo deformation, which gradually increases until the tubes
are extruded at the rear end, and eventually break up, as
displayed in Figure 3 (see Videos 2−4). The extent of
deformation by varying the concentration of PVA was
quantified by plotting D (as defined previously) vs the position
(x) in the channel (Figure S6a). The results show a linear and
a gradual deformation of the DEs for a given concentration of
PVA upon traveling in the channel with the highest
deformation obtained for 10% PVA as deduced from the
slopes of the deformation curves (Figure S6b). Upon
increasing the concentration of PVA, which translates to an
increase of the capillary number, the deformation increases as
shown in Figure S6c. These results are in good agreement with
previous reports in the literature where high capillary numbers
were shown to induce deformation and breakup of simple or
double-emulsion droplets.25−30 The various experimental
conditions and regimes observed in this study are summarized
in the phase diagrams plotted in Figure S7. They show that a
transition from deformation to tip streaming and breakup can
occur when Ca reaches a value below ∼0.6. The deformation
of double emulsions subjected to a shear flow was studied
experimentally and using numerical simulations by Chen et
al.,26,27 who evidenced four types of breakup modes depending
on the capillary number. A breakup via a mechanism based on

capillary instability was reported for large capillary numbers as
observed in this work. To identify what is being streamed
behind the mother droplet, bright field and fluorescence
images are acquired at different positions in the capillary tube
for the case of 5% w/w PVA in the continuous phase. The
higher intensity of red color at the rear of the drops shows that
the phospholipids are accumulating at this position (Figure
4A2). At a distance downstream of the position where the tip
streaming has initiated (Figure 4B2) the daughter droplets
appear green in the fluorescent image, which indicates that
they remain compartmentalized within the outer aqueous
phase. The absence of the red signal stemming from the
rhodamine B-labeled phospholipids in this case is ascribed to
the low concentration in the thin oil shell encapsulating the
daughter droplets, insufficient to be captured with the low
exposure time used for the dynamic recordings.
At the exit of the microchannel the droplets were collected

and analyzed by bright field and fluorescence microscopy at
long exposure times. The bright field image (Figure 4C) shows
the presence of monodisperse mother droplets with a size of
around 250 μm and smaller droplets generated from the tip
streaming with a size ranging from 5 to 30 μm. On the top of
the mother droplets, small bubbles (dots) are observed which
can be attributed to the evaporation of chloroform from the oil
shell. The mother and daughter droplets both exhibit
fluorescence signals from the fluorescein in the aqueous core
and the rhodamine B-labeled phospholipids in the oil shell as
shown by fluorescence microscopy, Figure 4D and 4E,
respectively. These results demonstrate clearly that both
types of droplets are compartments delimited from the
external aqueous phase by a chloroform shell containing
phospholipids and that the daughter droplets inherit from the
encapsulated material as well as the oil/phospholipid material.
This is also confirmed by the plot profile of the intensity of
fluorescence of fluorescein and rhodamine (Figure 4F and 4G)
across the mother and daughter droplets (indicated by arrows)
measured using ImageJ.
To verify the formation of lipid membranes, we encapsulated

fluorescein and 0.2 M sucrose in the inner core of the double
emulsions (along with 2% w/w PVA) prior to tip streaming as
previously described.13,37 The resulting droplets were collected
in a 2% w/w PVA solution (blank) or in 2% w/w PVA solution
containing 50 μg/mL α-hemolysin. The latter spontaneously
incorporates into the phospholipid membrane, forming narrow
pores. The as-formed pores allow fluorescein to exit the droplet
core due to the concentration gradient and water to enter from
the exterior matrix due to an osmotic pressure gradient caused
by the encapsulated sucrose which will cause the droplets to
swell. After 15 min of incubation in the absence of α-
hemolysin, an increase in the size of ∼1% is observed, lying
within the statistical uncertainty, indicating that water does not
cross the membrane from the outer to the inner phase. Also,
no increase in the fluorescence intensity is observed in the
external phase, indicating that no passage of fluorescein from
the inner phase to the external phase has occurred (most right
image, Figure 5A). However, an incubation time of 15 min in
the α-hemolysin solution resulted in an increase in
fluorescence intensity outside the droplets (most right image,
Figure 5B) and an increase of ∼8% in size for mother and
daughter droplets with the average size of the mother droplets
passing from 256 ± 14.5 μm initially (57 ± 18 μm for daughter
droplets) to a final size of 279 ± 16 μm (62 ± 20 μm for
daughter droplets) as illustrated by the histograms in Figure 5.

Figure 3. Bright field images showing the gradual deformation of the
double emulsion as an effect of the increasing viscosity of the
continuous flowing phase. Each column represents the situation
obtained with the PVA concentration indicated. Each frame of the
columns is recorded at different locations in the capillary tube.
Numbers to the left of each column show the event location in the
tube at the distance from the point of formation of the double
emulsions. Flow direction is from left to right. Flow rates applied: Q1
(H2O/2% w/w PVA) = 4.17 × 10−4 cm3 s−1, Q2 (chloroform/1% w/
w DMPC) = 1.67 × 10−4 cm3 s−1, and Q3 (H2O/various
concentration of PVA) = 4.17 × 10−4 cm3 s−1. Capillary numbers
are Ca = 0.14 for the case 5% w/w PVA, Ca = 0.3 for the case 7.5%
w/w PVA, and Ca = 0.5 for the case 10% w/w PVA.
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These results provide evidence that all of the obtained
compartments are phospholipid vesicles.

■ CONCLUSIONS
In summary, the dynamic behavior of w/o/w double emulsions
generated in a microfluidic device using the phospholipid 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) as a phos-
pholipid and chloroform as the oil phase is reported in this
manuscript. We show that using such formulation, the dynamic
behavior of the double emulsions under flow gives rise to
strong deformation and tip streaming. Although such a
behavior is well known for droplets formulated using
surfactants, it has not been reported neither with double
emulsions nor with phospholipids. When the double emulsions
were generated using the same composition and viscosity in
the core and the outer continuous flowing phase, the
concentration of DMPC had a strong impact on the nature
and degree of deformation of the middle phase: the shape of

the core remained practically unperturbed, while increasing the
DMPC concentration resulted in the double emulsions
adapting a pear-like shape. Indeed, the higher the DMPC
concentration destabilized faster and displayed strong tip
streaming at the rear of the flowing droplets. In this situation it
is possible that stacking of DMPC bilayers was less efficient at
higher lipid concentration due to increasing disorder in
multiple layers with resulting unfavorable compartmentaliza-
tion. The tubes that thus emerged were gradually extruded at
the rear of the double emulsions. They eventually pinch off at
the tube extremity, in typical form of tip streaming, as smaller
(daughter) compartments were released upon evaporation of
chloroform in the form of phospholipid vesicles. The presence
of daughter droplets due to tip streaming may be considered as
the main disadvantage of this method for the purpose of
encapsulation. However, in other cases it can be seen as an
advantage to generate very small phospholipid vesicles, which
may eventually be expelled from the mother structures, as it

Figure 4. Bright field (1) and fluorescence (2) images (A) prior to tip streaming and (B) at a position where tip streaming has been initiated.
Contrast of the green color channel was enhanced to make the daughter droplets appear clearly in image B2. Flow rates applied: Q1 (H2O/2% w/w
PVA and 0.02% w/w fluorescein) = 4.17 × 10−4 cm3 s−1, Q2 (chloroform/1% w/w DMPC and 0.02% w/w rhodamine B-labeled phospholipids) =
1.67 × 10−4 cm3 s−1, and Q3 (H2O/5% w/w PVA) = 1.67 × 10−4 cm3 s−1. Ca = 0.10. See also Videos 5 and 6. (C, D, and E) Bright field image,
fluorescein encapsulated in the core, and rhodamine B-labeled phospholipids in the oil shell, respectively, of mother and daughter droplets collected
on a glass slide. Normalized fluorescence intensity plot profiles for fluorescein (green line) and rhodamine B-labeled phospholipids (red line) on
daughter droplet (F; white arrow) and mother droplet (G; white arrow).
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happens for instance in cell budding. Centrifugation can be
used to separate the vesicles by size or other methods
depending on the encapsulated material, such as magneto-
phoresis for magnetic vesicles. Also, our system may serve as a
model to mimic the generation of extravesicles from cells
which can be also used for studying interesting steps in the cell
cycle.38,39 In the future, we would like investigate more in
detail the mechanical and fluid-dynamical aspects of this
phenomenon by applying other stimulus which can affect the
surface tension, including light, using photoactivatable
molecules (phospholipids, surfactants)40 and magnetic fields41

(by encapsulation of magnetic particles) on inducing and
manipulating the tip streaming under a hydrodynamic flow.
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InterfaciauX, PHENIX, F-75005 Paris, France;
orcid.org/0000-0002-9070-1024;

Email: ali.abou_hassan@sorbonne-universite.fr

Authors
Kristian Torbensen − Sorbonne Université, CNRS UMR
8234, Laboratoire PHysico-chimie des Électrolytes et
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