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Polymersomes are vesicles which consist of compartments
surrounded by membrane walls that are composed of
lamellae of block copolymers.[1] They are important for
numerous applications in encapsulation and delivery of
active ingredients such as food additives, drugs, fragrances,
and enzymes.[2] Polymersomes are typically prepared by
precipitating block copolymers from their solvents through
addition of a poor solvent for the copolymers,[3] or by
rehydrating a dried film of the copolymers.[4] The unfavorable
interactions between blocks in the copolymer and the poor
solvent induce formation of aggregate structures ranging from
micelles, wormlike micelles, and vesicles. However, the
resultant polymersomes are highly polydisperse and have
poor encapsulation efficiency. Recently, a new approach has
been developed to fabricate monodisperse polymersomes by
using double emulsions as templates.[5] Water-in-oil-in-water
(W/O/W) double emulsions with a core–shell structure are
first prepared in capillary microfluidic devices.[6] Diblock
copolymers, dissolved in the oil shell phase, assemble into the
walls of the polymersomes upon removal of the oil by
evaporation[5a,7] after adhesion of the diblock copolymer-
adsorbed interfaces.[8] This approach leads to polymersomes
with high size uniformity and excellent encapsulation effi-
ciency and also enables precise tuning of the polymersome
structures.

Advances in techniques for fabricating polymersomes
have led to controlled spherical polymersomes with a single
compartment. However, non-spherical capsules with multiple
compartments also have great potential for encapsulation and
delivery applications.[9] By storing incompatible actives or
functional components separately, polymersomes with multi-
ple compartments can achieve encapsulation of multiple
actives in single capsules and reduce the risk of cross-
contamination. Moreover, multiple reactants can be encap-
sulated separately to allow reaction upon triggering. By
tuning the number of compartments containing reactant, the

stoichiometric ratio of the reactants for each reaction can be
manipulated. These multicompartment polymersomes will
create new opportunities to deliver not only multiple func-
tional components, but also multiple reactants for reactions
on demand. In addition, with the versatility of synthetic
polymer chemistry to tune properties such as polymer length,
biocompatibility, functionality, and degradation rates, non-
spherical polymersomes with multiple compartments can be
tailored for specific delivery targets. However, polymersomes
that have been reported to date are almost exclusively
spherical in shape, and have only one compartment. Since
most conventional polymersome fabrication processes rely on
self-assembly of the block copolymer lamellae, little control
over the size and structure of the resultant polymersomes is
achieved. With the conventional emulsion-based methods,
non-spherical droplets are also not favored because interfa-
cial tension between the two immiscible phases favors
spherical droplets, which have the smallest surface area for
a given volume. Recent advances in microfluidic technolo-
gies[10] enable high degree of control in droplet generation,
and ease in tuning the device geometry. This offers a new
opportunity to fabricate double emulsion with controlled
morphology,[11] which serve as templates for fabricating the
non-spherical multicompartment polymersomes. However,
such investigations have not, as yet, been carried out.

Here, we demonstrate the generation of non-spherical
polymersomes with multiple compartments. We use glass
capillary microfluidics to prepare W/O/W double emulsions
with different number of inner aqueous drops. These emul-
sions are initially stabilized by the amphiphilic diblock
copolymers in the oil shells, which consist of a mixture of a
volatile good solvent and a less volatile poor solvent for the
copolymers. As the good solvent evaporates, the copolymers
at the W/O and the O/W interfaces are attracted towards each
other to form the membranes. As a result, neighboring inner
droplets adhere to one another and this leads to formation of
multicompartment polymersomes, as illustrated in Scheme 1.
We also use a modified glass capillary device for generating
double emulsions with two distinct inner phases containing
different encapsulants. This process leads to the fabrication of
non-spherical polymersomes with multiple compartments for
separate encapsulation of multiple actives.

A glass capillary microfluidic device is used to generate
double emulsions with controlled morphology (see Figure S1
in the Supporting Information).[6b] Due to the high degree of
control afforded by microfluidics, the number of inner
droplets in a W/O/W double emulsion system can be
controlled by varying the flow rates of the three phases
independently.[9, 12] An example of the process is shown in
Figure 1a. The thickness of the double emulsion shells can be
adjusted by changing the flow rates. However, as long as the
flow rates are not altered enough to change the number of
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inner droplets of the double emulsion templates, change in
shell thickness does not affect the morphology of the final
polymersomes since all solvents in the shells is removed in
subsequent steps. To prepare the double emulsion templates,
multiple inner droplets are dispersed in drops of a mixture of

chloroform and hexanes (36:64 v/v) with 10 mgmL�1 poly-
(ethylene glycol)-b-poly(lactic acid), (PEG(5000)-b-PLA-
(5000)). The drops-in-drops are suspended and stabilized in
a poly(vinyl alcohol) (PVA) solution. A homopolymer, PEG,
is added to the inner droplet phase to match the osmolalities
of the inner and outer phases thus preventing net diffusion of
water across the shell phase. In the middle phase of the double
emulsions, the amphiphilic diblock copolymers, PEG(5000)-
b-PLA(5000) adsorbs at the O/W and W/O interfaces. The
composition of the middle phase is chosen to facilitate
dewetting of the double emulsion induced by adhesion of
copolymer monolayers at the interfaces.[8] We demonstrate
such a process with double emulsion drops with two, three,
and eight inner droplets. As chloroform in the middle shell
phase evaporates, the diblock copolymers at the interfaces
become less soluble in the solvent. As a result, the interfaces
become adhesive, leading to dewetting. The inner droplets
stick to each other, and the inner-middle interfaces also
adhere with the middle-outer interface, expelling the solvent
in the shell layer to form drops of solvent attached to the
sticky inner droplets, as illustrated in Scheme 1. The region
between the two polymer-laden interfaces provides a hydro-
phobic environment that enables encapsulation of hydro-
phobic compounds in the membrane, as shown in Figure S2.
Polymer vesicles with two, three, and eight compartments are
formed after removing the solvent drops either by evapo-
ration, or due to shear in microfluidic flow.[8] The dewetted
drops and the resultant polymersomes are shown in Figure 1b
and c. This double emulsion-templated approach can also be
applied to systems with different solvent mixtures, and
diblock copolymers with different block lengths (see Fig-
ure S3).

With our approach, the number of compartments of the
final polymersomes is fixed by the number of inner droplets in
the double emulsion templates, which can be tuned by varying
flow rates of the three phases. In the absence of osmotically
driven transport of water across the shells of the double
emulsion, the sizes of the compartments in the final polymer-
somes are also controlled by the sizes of the inner droplets
(see Supporting Information). Using this approach, we have
fabricated polymersomes with number of compartments
ranging from one to eight, as shown in Figure 2. The
polydisperisty in terms of the number of compartments is
low when the number of compartments is small (see Fig-
ure S4). Due to the nature of the vesicle formation approach,
the spatial configuration of the compartments is not unique.
As soon as sufficient chloroform is removed from the solvent
phase, the reduced solubility of the diblock copolymers
provides a driving force for the copolymers to aggregate.
Therefore, the copolymer-laden interfaces attract each other.
This suggests that the process is kinetically controlled and
does not allow rearrangement of the inner droplets in the step
of double emulsion-to-polymersome transition. As a result,
for polymersomes with the same number of compartments,
the spatial arrangement of the compartments is not unique.
The inner droplets may have different relative orientations in
different double emulsion drops when the interfaces become
adhesive, thus compartments in polymersomes with the same
number of compartments can have different spatial arrange-

Scheme 1. Formation of multicompartment polymersomes from
double emulsion drops with multiple inner droplets.

Figure 1. a) Generation of double emulsion drops with multiple inner
droplets in a glass capillary microfluidic device. b) Optical microscopy
images showing dewetted double emulsion drops with two (left), three
(middle), and eight inner droplets (right). Scale bars are 50 mm.
c) Optical microscopy images of PEG(5000)-b-PLA(5000) polymer-
somes with two (left), three (middle), and eight inner droplets (right),
after complete removal of the oil phase of the double emulsions. Scale
bars are 50 mm.
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ments, as shown in Figures 2 c, d, and h. The total membrane
area of the polymersomes is set by the total interfacial area of
all the inner droplets. The shape of the polymersomes is
controlled by the contact angle between the inner droplets
during dewetting, which in turn is determined by the strength
of the adhesion between the copolymer monolayer as
predicted by the Young–Dupr� equation.[13] There is no
theoretical limit to the number of compartments that this
approach enables. We demonstrate this by fabricating poly-
mersomes with tens of compartments (see Figure S2 a–c). Our
approach provides a robust and versatile way to fabricate
polymersomes with controlled number of compartments.

The ability to fabricate vesicles with multiple compart-
ments creates new opportunities for encapsulating multiple
actives within the same vesicular structures. This requires the
capability to create double emulsions with not only multiple
inner droplets, but also inner droplets containing different
contents. To accomplish this, we have designed a micro-
capillary device using a round capillary with two separate
microchannels[14] for injection of the two distinct inner phases
of the double emulsions, as shown in Figure 3a. Similar
techniques have previously been demonstrated in two-dimen-
sional microfluidic devices.[10, 15] Using our modified devices,
we have generated double emulsions with two inner phases
containing different model encapsulants, one with a fluores-
cein isothiocyanate-dextran (FITC-Dextran) solution, and
the other with a PEG solution. The osmolalities of the two
phases are matched to avoid net diffusion of water across the
droplets. The double emulsion collected undergoes dewetting
to form multicompartment polymersomes whose structure is
illustrated in Figure 3b. With fluorescence and optical
microscopy techniques, we observe encapsulation of the
fluorescent FITC-Dextran solution and the non-fluorescent
PEG solution in separate compartments of the resultant
polymersomes without cross-contamination, as shown in
Figure 3c and d. This highlights the effectiveness of our

approach for separately encapsulating different active ingre-
dients and the potential of multicompartment polymersomes
as a novel encapsulating system in drug and vaccine deliv-
ery.[16] Moreover, these polymersomes are ideal for encapsu-
lating reactants for triggered reactions, since they allow
tuning of the amount of reactants according to the stochio-
metric ratio of the desired reactions by adjusting the number
of compartments that contains the different reactants.

In summary, we have shown that polymersomes with
multiple compartments can be fabricated by using double
emulsion with different morphology as templates. With
capillary microfluidic devices, the number of inner droplets
in the double emulsion can be controlled by adjusting the flow
rates of the phases. The transition from double emulsion to
polymersomes is induced by the reduction in solubility of the
diblock copolymers in the shells of the double emulsions,
which leads to the adhesion of the copolymer-laden interfaces.
Our approach provides a unique way to fabricate multi-
compartment vesicles that could be utilized for encapsulation
of multiple actives. To that end, we have demonstrated the
encapsulation of multiple model encapsulants separately
using a modified capillary microfluidic device. This creates
new opportunities to use these multicompartmental polymer-
somes as controlled reaction vessels that enable triggered
reactions with controlled stoichometry of the reactants.
Moreover, our approach is general and should also enable
fabrication of controlled liposomes with multiple compart-
ments.
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Figure 2. Optical microscope images of PEG(5000)-b-PLA(5000) poly-
mersomes with a) one, b) two, c) three, d) four, e) five, f) six, g) seven,
and h) eight compartments. The orientation of the compartments is
not unique for polymersomes with the same number of compartments,
as shown in (c), (d), and (h). Scale bars are 30 mm.

Figure 3. a) Capillary microfluidic device for preparing double emul-
sions with two distinct inner phases. b) Polymersome with two
compartments for encapsulating two different actives. c,d) Overlays of
optical microscope images and fluorescence microscope images of
c) a PEG(5000)-b-PLA(5000) polymersome with FITC-Dextran in one
compartment and PEG in the other compartment, and d) a monodis-
perse population of PEG(5000)-b-PLA(5000) polymersomes encapsu-
lating FITC-Dextran and PEG separately in their two compartments.
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