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We report the stabilization of all-aqueous droplets upon addition of ethanol,
which were further transformed into robust capsules. An all-aqueous emulsion
consisting of dextran (Dex)-rich droplets in a polyethylene glycol (PEG)-rich
continuous phase was used as templates. Addition of ethanol induced gelation
of dextran, forming aggregated pellets of poor interest. However, this feature was
prevented by initially adding bovine serum albumin (BSA) or positively charged
silica particles so that in this case, stable droplets formed upon solvent addition,
which no longer coalesced with time. An alternativemethod consisting of pouring
concentrated Dex solution in a mixture of PEG, ethanol and BSA or particles, also
afforded stable droplets. These stable droplets were further converted into robust
capsules, using carbodiimide chemistry or silylation. We expect this method for
preparing capsules to be of interest for various applications in the field of
microencapsulation.
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1 Introduction

Capsules are of particular interest for microencapsulation applications (Caruso, 2000; Li
and Shi, 2014), and in synthetic biology, as compartments or bioreactors (Huang et al., 2013).
Many methods are available to produce capsules using sacrificial templates, which include
solid templates but also, oil in water (or water in oil) emulsion droplets (Caruso, 2000). This
includes colloidosomes (Dinsmore et al., 2002; Thompson et al., 2015), which were initially
made in bulk using colloidal particles or microgels reticulated to form a solid shell around the
template. Capsules having a protein shell have already been developed, yielding so called
proteinosomes (Huang et al., 2013), which use water in oil emulsion droplets as templates.
Most other ways to produce capsules are based on polyelectrolyte (PE) shells that are
sequentially deposited on templates using the layer by layer technique (Donath et al., 1998;
Caruso, 2000; Dai et al., 2002; Discher and Eisenberg, 2002). Here again, the template can be
a polymer gel, a solid bead or an oil droplet in water that is further sacrificed, yielding
formation of hollow structures. Recently, such capsules were successfully produced by
microfluidics, or electrospray device. (Zhu and Hayward, 2008; Liu et al., 2010; Windbergs
et al., 2013; Kim et al., 2015; Zhang et al., 2016; Duan et al., 2017; Ma et al., 2018; Chao and
Shum, 2020). Methods to produce such capsules in large amounts without using oil or strong
solvents used to remove the sacrificial template are still desirable (Douliez et al., 2019; Perro
et al., 2022). This has already been achieved in the past by using the solvent shifting process,
also known as the ‘Ouzo’ effect (Ganachaud and Katz, 2005; Aubry et al., 2009; Botet, 2011;
Lepeltier et al., 2013; Sciortino et al., 2017; Sciortino et al., 2018; Goubault et al., 2020). It
consists of mixing solvents such as tetrahydrofurane and water that are macroscopically
miscible but form nanodroplets to be used as templates. Nanoparticles were successfully
deposited on the surface of such droplets to form hybrid hollow capsules (Sciortino et al.,
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2017; Sciortino et al., 2018). Immiscible aqueous polymer
dispersions, also named aqueous two phase systems (ATPS) or
all-in-water emulsions, which includes coacervates, are also
promising tools for producing capsules since water-in-water
droplets can be used as templates, which can be easily sacrificed
(Esquena, 2016; Perro et al., 2022). ATPS form from a large variety
of chemicals, including charged or neutral polymers (Keating, 2012),
surfactants (Wang and Wang, 2014; Garenne et al., 2016; Douliez
et al., 2017) and also mixtures of polyelectrolytes and polymers
(Koga et al., 2011; Dzieciol and Mann, 2012). These systems are of
increasing interest in synthetic biology as protocells or bioreactors
because the droplets that form in solution can spontaneously uptake
payloads (Dzieciol and Mann, 2012; Keating, 2012; Buddingh and
van Hest, 2017; Chao and Shum, 2020; Abbas et al., 2021). ATPS
droplets may coalesce with time yielding macroscopic phase
separation. Then, strong efforts have been developed to stabilize
droplets and prevent coalescence by adding chemicals that position
at the droplet interface (Nguyen et al., 2013; Dewey et al., 2014; Dora
Tang et al., 2014; de Freitas et al., 2016; Gonzalez-Jordan et al., 2016;
Ma et al., 2016; Peddireddy et al., 2016; Song et al., 2016; Hann et al.,
2017a; Hann et al., 2017b; Mason et al., 2017; Ma et al., 2018; Douliez
et al., 2019; Tea et al., 2019; Abbas et al., 2021; Coudon et al., 2022;
Perro et al., 2022). In most cases, the material forming the shell of
droplets (preventing coalescence) may need to be gelled or cross-
linked to yield robust capsules otherwise they break upon dilution in
water, due to the variation of osmotic pressure. This is known as the
demulsification control experiment (DCE) (Zhang et al., 2019),
which allows determining whether robust capsules are formed or
not and if chemicals that were added only to the interface allow to
stabilize droplets. ATPS have already been successfully used to

produce such robust capsules by converting coacervates into
membranous hollow spheres (Williams David et al., 2014),
colloidosomes using latex beads (Douliez et al., 2018a) or
dopamine-based particles (Zhang et al., 2019) and also capsules
having a gelatin shell (Douliez et al., 2018b). Recently,
polyelectrolyte-based microcapsules were produced by using
ATPS by microfluidics or electrospray, preventing the use of oil
as sacrificial templates and/or strong solvents (Wu et al., 2010;
Cheung Shum et al., 2012; Song et al., 2013; Bakry et al., 2015; Kim

SCHEME 1
Schematic representation of the production of stable droplets
fromwater-in-water emulsions upon solvent shifting. 1st method (left):
ethanol is poured in the emulsion containing proteins or particles, 2nd

method (right): A Dex-rich dispersion is poured into aqueous
PEG that also contain ethanol, proteins or particles. In both cases,
stable droplets that no longer coalesce form.

FIGURE 1
Addition of ethanol to ATPS (PEG/Dex). Panel (A) solvent free
system showing macroscopic phase separation (left) of samples due
to coalescence of droplets as observed by bright fieldmicroscopy (the
arrow points at a coalescence event). Scale bar is for 50 µm.
Panel (B) sample tube photo (left) and spatula (middle) showing
formation of gel Dex-rich pellet upon solvent shifting onto ATPS. The
sample is also observed by bright fieldmicroscopy showing no droplet
(right). Scale bar is for 20 µm. Panel (C) sample tube photo (left) after
macroscopic phase separation and solvent shifting onto ATPS-
containing BSA using only half amount of ethanol (the arrow points at
a coalescence event). Scale bar is for 20 µm. Panel (D) sample tube
photo (left) after solvent shifting using the same volume of ethanol as
that of ATPS (-containing BSA). The sample is constituted by small
stable droplets that can entrap other droplets (the scale bar is
for 20 µm).
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et al., 2015; Song et al., 2015; Kim et al., 2016; Zhang et al., 2016;
Hann et al., 2017a; Hann et al., 2017b; Duan et al., 2017; Deng et al.,
2019; Chao and Shum, 2020).

Here, we report the production of robust capsules by combining
the solvent shifting process and all-in-water emulsions. As shown in
Scheme 1, dextran-enriched droplets in a PEG-enriched continuous
phase are used as templates whereas the presence of BSA or
positively charged silica particles prevents aggregation of Dex
upon solvent shifting, further affording robust capsules. We also
developed an alternative method based on mixing a Dex-rich
solution in PEG/EtOH containing proteins or particles, which
also yielded stable droplets.

2 Results and discussion

2.1 Solvent shifting process

We start with an ATPS made of dextran (Dex, MW: 500 kDa,
32.5 mg/mL)-enriched droplets in a polyethylene glycol (PEG,
20 kDa, 70 mg/mL)-rich continuous phase. After vigorous
mixing, the slightly turbid dispersion had a pH of about 6.5 and
contained droplets (~10–50 µm) that coalesced upon resting,
yielding macroscopic phase separation (Figure 1A). When diluted
by a factor of 4 with pure water, this yielded limpid solutions
(demulsification control experiment, DCE), the concentration of
both Dex and PEG being too low to form an aqueous emulsion (not
shown). Addition of equal volume of ethanol to the initial ATPS
yielded a pellet composed of gelled dextran floating in aqueous PEG
(Figure 1B). This feature has already been observed in pure solutions
of Dex and is used for fractionating this polymer in protein free
dispersions (Neuchl and Mersmann, 1995), ethanol acting as a bad
solvent (Antoniou et al., 2010).We expect that the hydroxyl group of
ethanol makes hydrogen bonds with the hydroxyl groups of this
polysaccharide, so that the ethylene moiety of the bonded ethanol
molecules yields hydrophobic interactions that condense the
polymer chains to form a gel.

To the stock solution of ATPS, Bovine Serum Albumin (BSA:
100 mg/mL, 1 mL/5 mL ATPS) was added and we checked that the
protein was fully dispersed in this ATPS. Here, the final
concentration of BSA is lower than 2 wt%, a value too low to
produce a Dex/BSA biphasic mixture (Antonov et al., 2015) and
eventually to form a PEG/Dex/BSA aqueous three-phase system.
Moreover, the pH of the solution was about 6.5, higher than the
isoeletric point of the protein, which is then still charged, allowing its
full dispersion in the ATPS. This is further demonstrated when using
BSA-FITC to study the partitioning of the protein in Dex and PEG
phases (see below). Then, the solvent shifting process was applied
using various volumes of ethanol. For low amounts of that solvent
(2.5 mL ethanol for 5 mL ATPS), this yielded turbid, milky
dispersions composed of droplets that still coalesced with time,
still yielding macroscopic phase separation after few hours
(Figure 1C).

By contrast, for an equal volume of ATPS and ethanol, stable
droplets that no longer coalesced were observed (Figure 1D). They
exhibited a size much lower than in the absence of solvent, being
lower than 20 µm. No pellet of gelled dextran formed at the bottom
of the sample tube as in the case of BSA-free samples. Clearly, BSA

allowed stabilization of droplets upon solvent shifting with ethanol.
More precisely, double all-aqueous emulsions formed upon addition
of ethanol. Small bright patches were observed within Dex-rich
droplets (Figure 1D), indicating that small PEG droplets were
entrapped. Again, we further checked (see below) using BSA-
FITC that these internal droplets are not BSA-rich droplets,
eventually forming an aqueous three phase system in the
presence of the solvent. The capture of internal PEG-rich
droplets probably occurs upon mixing, because of shearing forces
and gelation of dextran that could retain small PEG droplets. A
similar feature has been observed in capsules produced by other
ways, but because of osmosis induced-diffusion of water (Song et al.,
2015; Hann et al., 2017b). We believe that the core of droplets is
probably gelled as this occurs for pellets in the absence of proteins
but we did not investigate this aspect. Obviously, these capsules are
not made of a gelled droplet of Dex that would be surrounded by a
BSA shell, but rather, the protein is homogeneously embedded
within the Dex gelified droplet and allows for a more compact
structure that further prevent coalescence of droplets.

Using some fluorescently labelled dextran (Dex-FITC) allowed
checking that the core of droplets was indeed composed of this
polymer (Figure 2A). Again, it also clearly revealed the presence of
entrapped PEG droplets since patches lacking fluorescence were
observed within main droplets. We also used fluorescently labelled

FIGURE 2
Panel (A) solvent shifting applied to ATPS-containing Dex- FITC.
Sample tube photo (left) shows homogeneous stable emulsion and
epifluorescence microscopy (left: scale bar is for 20 µm and right for
10 µm) allows visualizing FITC labelled Dex only, confirming the
presence of small PEG droplets lacking fluorescence within main
droplets. Panel (B) solvent shifting applied to ATPS-containing BSA-
FITC. Sample tube photo (left) after macroscopic phase separation in
the solvent-free sample allowing visualizing the presence of protein
preferentially in the PEG phase (not quantitatively). This is confirmed
by epifluorescencemicroscopy showing higher fluorescence intensity
out of droplets (left, black patches, scale bar is for 50 µm).
Epifluorescence image of a sample after solvent shifting (right)
showing that fluorescent proteins were fully incorporated within
stable Dex-rich droplets (the scale bar is for 50 µm).
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BSA (BSA-FITC) that was first shown to partition slightly
preferentially into the PEG phase since that phase was more
colored. This was evidenced after macroscopic phase separation
by visual inspection but also by epifluorescence microscopy showing
higher fluorescence intensity in the continuous PEG-rich outer
phase, than in droplets (Figure 2B). BSA (FITC-free) was also
initially added in samples allowing confirming that no aqueous
three phase systems formed as commented above. Then, solvent
shifting was applied to these samples also containing BSA-FITC.
Clearly, fluorescence was mainly observed within droplets showing
that BSA was entrapped within them. In other words, the proteins
not only lie at the droplet interface as could be expected to form a
shell around Dex-rich droplets, but are fully mixed with the
polysaccharide to prevent its aggregation upon addition of
ethanol. This also allows confirming that the entrapped aqueous
droplets lacking fluorescence are not protein-rich droplets that
would have formed in the case of an aqueous three phase system
occurring in the presence of solvent as commented above.

Instead of BSA, we also used commercially available positively
charged silica nanoparticles (SiNH2, <50 nm dispersed in water).
These NP (100 µL) were added in the ATPS (1 mL) and were shown
to be mainly present in the PEG-rich phase by epifluorescence after
labelling with FITC, and dark field microscopy (Figure 3A). In the
first case, high fluorescence was observed out of Dex-rich droplets
while white small patches were clearly visible out of droplets in the
second case. This contrasts with positively charged latex beads but
also with polydopamine-based particles that were observed to lie at

the droplet interface in similar ATPS (Douliez et al., 2018a; Zhang
et al., 2019).

Then, ethanol was added affording stable droplets of much
smaller diameter (than in the absence of ethanol) that no longer
coalesced with time (Figure 3B). They were however slightly
aggregated. Again, no pellet was observed at the bottom of the
sample tube. The use of fluorescently labelled particles allowed
observing fluorescence within droplets, as in the case of samples
containing BSA-FITC. Then, in the same way as before, droplets are
stabilized not only because of the presence of particles at the
interface but also because they are embedded within the Dex
gelified droplets, reinforcing the structure and preventing
coalescence of droplets.

2.2 Alternative method for producing
droplets upon solvent shifting

We then varied the protocol to produce such droplets. We took
advantage that as classical oil and water emulsions, for which one phase
is poured in the other one upon mixing, water-in-water emulsions can
also be prepared in this way. Then, instead of adding ethanol in the
ATPS, ethanol was mixed with a slightly more concentrated aqueous
solution of PEG (PEG 20 kDa, 8%, 4.0 mL/5 mL ethanol). Then, a
concentrated solution of dextran (500 kDa, 21%, 1 mL) was added
under vigorous stirring (see Scheme 1). In the absence of BSA, this
yielded gelled aggregated pellets of dextran as observed using ATPS in
the experiments described above (not shown). In the presence of BSA
(100 mg/mL, 1 mL in PEG (4.0 mL)-Ethanol (5 mL), addition of Dex
induced turbid dispersions as in the case of previous experiments
starting with an ATPS and addition of ethanol. The experimental
conditions (final concentrations of polymers and BSA) were slightly
different than those used above; however, stable dextran-rich droplets
(that did not coalesce) also formed using this protocol (Figure 4A). We
also investigated the case for which BSAwas co-addedwithDex, instead
of mixing proteins with PEG/ethanol. For this, we also employed BSA-
FITC allowing to confirm that proteins were entrapped within Dex-rich
droplets (Figure 4B). When BSA (FITC-free) was initially mixed with
PEG and ethanol, still using some BSA-FITC co-added with dextran,
fluorescent proteins were again observed mainly within Dex-rich
stabilized droplets (Figure 4C). In contrast, when BSA-FITC was
also mixed initially with BSA (FITC-free) in PEG/ethanol,
fluorescence was indeed observed within droplets but also clearly at
the droplet interface (Figure 4D).

Similar experiments were performed when adding silica particles
instead of BSA. Particles were added with PEG-EtOH and the Dex-rich
phase was further incorporated. This also yielded stable droplets as in
the case described above when solvent shifting was applied on the ATPS
that contained particles (not shown).

2.3 Stability of capsules

Immediate dilution with pure water (diluted by a factor of 4,
dilution control experiment, DCE) of such samples forming stable
droplets upon solvent shifting yielded limpid solutions (as in the
case of stock ATPS solution), showing that no robust capsules
formed immediately (not shown). As commented above and

FIGURE 3
Panel (A) spatial localization of amino-silica based particles
within solvent-free ATPS showing high fluorescence (left
epifluorescence microscopy) mainly out of Dex-rich droplets, i.e., in
the outer PEG-rich continuous phase and white patches (right,
dark field microscopy). Panel (B) stabilization of ATPS upon solvent
shifting using amino-silica based particles, showing smaller droplets
than in the solvent-free ATPS. The inner core of droplets being
fluorescent (epifluorescence image, left) attests that particles are
localized not only at the interface but also within Dex-rich droplets.
These stable droplets can also be observed by dark field microscopy
(right). (Scale bars are for 20 µm).
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elsewhere (Perro et al., 2022), chemicals or particles present at the
droplet interface need to be cross-linked to form robust capsules that
could further survive dilution. Robust capsules were indeed formed
in the present work using carbodiimide chemistry and upon
mineralization by adding tetraethoxysilane (TEOS). Although
TEOS is not soluble in pure water, it was advantageously well
dispersed in samples under these conditions because of the
presence of ethanol. Here, the proteins or even particles serve as
a scaffold for the condensation of TEOS as has been observed in
other similar cases (Erni et al., 2013). In both cases, the use of Dex-
FITC allowed visualizing fluorescent droplets after dilution of

samples, attesting that the fluorescent polymer remained
entrapped within these droplets that survive variation of the
osmotic pressure (Figure 5).

3 Conclusion

In summary, within the framework of strong efforts aimed at
developing methods for stabilizing ATPS and producing capsules
from such systems (Douliez, 2023), we report the formation of stable
droplets and capsules using ATPS upon solvent shifting. These are

FIGURE 4
Schemes and microscopy images showing the formation of stable droplets using the second method (see main text). (A) Stable droplets observed
using bright fieldmicroscopy after pouring Dex-rich solution within a dispersion of PEG-ethanol-BSA. (B–D) Stable droplets observed using BSA-FITC via
epifluorescence microscopy, by co-adding BSA-FITC and BSA (FITC-free) in Dex (B) or in PEG-Ethanol (D), or co-adding BSA-FITC in Dex while BSA
(FITC-free) was co-added in PEG/ethanol. Schemes allow describing the localization of BSA-FITC in each case. The scale bars stand for 50 µm.

FIGURE 5
Epifluorescence (A.1, A.2 and B.1, B.2) and dark field (A.3, A.4 and B.3, B.4) images using Dex-FITC within samples, in stable droplets prepared after
solvent shifting (A.1, A.3 and B.1, B.3) and after dilution (A.2, A.4 and B.2, B.4), when mixed with TEOS (A.1–4) and 1-Ethyl-3-carbodiimide (EdC) (B.1–4).
(Scale bars are for 20 µm).
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prepared in bulk, without solid templates or oil, but from all-in-water
emulsions. The template is an aqueous polymer-rich droplet that
requires stabilization with proteins or particles when solvent is added
to form droplets that no longer coalesce with time. The solvent
shifting process can be applied on the pre-prepared ATPS but also
alternatively, by mixing one polymer-rich phase with the solvent and
further adding the second polymer-rich dispersion. We also expect
that it could be applied in the case of other ATPS or even coacervates
that are made of counter-charged polymers and/or polyelectrolytes.
Unexpectedly, here hollow capsules do not form but rather, gelified
droplets made of mixed proteins or particles and dextran. However,
the use of other ATPS and/or proteins, particles or other chemicals
used for the stabilization of such aqueous droplets could allow
formation of hollow capsules upon solvent shifting. Our capsules
allow retaining entrapped fluorescent dextran and then, we believe
that this new method for generating capsules should find applications
in domains that concern microencapsulation.

4 Materials and methods

All chemicals were from Sigma-Aldrich, except dextran from
Pharmacia.

The ATPS was prepared as follows: 80 mL PEG/dextran stock
mixture (70 mg/mL PEG, 32.5 mg/mL dextran) was prepared by
dissolving 5.6 g of PEG and 2.6 g of dextran in 80 mL of Milli-Q
water in a glass container, and mixed under magnetic stirring for
24 h at room temperature (range: 17°C–24°C) to ensure complete
dissolution of the polymers. This stock solution was aliquoted in
5 mL tubes and stored at 4°C. Proteins were dispersed in water and
particles were used as well (they are already dispersed in water) at
concentrations described in the main text. To the stock solution of
ATPS, Bovine Serum Albumin (BSA: 100 mg/mL, 1 mL/5 mL
ATPS) was added, and then, the solvent shifting process was
applied using various volumes of ethanol. We also used positively
charged silica nanoparticles (Sigma-Aldrich, ref:
791342 SiNH2, <50 nm dispersed in water). They were added at
a concentration of 100 µL (particles) for 1 mL ATPS.

Aqueous stock solutions of BSA-FITC and dextran-FITC were
prepared at a concentration of 1 mg/mL and 5 mg/mL, respectively.
Then, 200 µL of one or the other were added to 5 mL ATPS.

For the alternative method, samples were prepared as follows: more
concentrated aqueous solution of PEG (PEG 20 kDa, 8%, and dextran
(500 kDa, 21%) were prepared separately. 4 mL of the PEG solution
were mixed with 5 mL ethanol and BSA (100 mg/mL, 1 mL). Then,
1 mL of the Dex solution was added under vigorous stirring.

The formation of robust capsules was done at room temperature
as follows: either 1-Ethyl-3-carbodiimide (EdC) or tetraethoxysilane

(TEOS) were used. EdC was prepared in water at a concentration of
200 mg/mL. In typical experiments, either 200 µL EdC or 1 mL
TEOS were added in samples after solvent shifting (5 mL ATPS,
1 mL BSA or 500 µL particles, 5 mL ethanol) under vigorous shaking
and allowed to react for 3 h under mild agitation.

Samples were observed either by dark field or epifluorescence
microscopies: in the first case, an Eclipse Ni (Nikon) microscope
working in reflection and equipped with a dark field condenser
was used. The Nikon oil immersion microscope objective
was ×40 with a numerical aperture (N. A.) of 0.80. Images
were acquired with an Iris 9™ Scientific CMOS camera
(2,960 × 2,960 pixels) and further treated with
ImageJ. Epifluorescence imaging was performed on a Leica
DMI 4000B inverted microscope equipped with a ×40 lens
(HCX PL APO, 1.4 NA) and a CoolLED light source
combined with appropriate filter cubes to select the excited
and emitted fluorescence wavelength range. Images were
acquired using MicroManager and processed with ImageJ.
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