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We investigate the formation of polymer vesicles, or polymersomes, of polystyrene-block-poly(ethylene oxide)
diblock copolymers using double emulsion droplets of controlled architecture as templates. To engineer the structure
of the polymersomes, it is important to consider the concentration of diblock copolymer in the middle phase of the
double emulsion. We describe how the presence of excess polymer can induce a transition from complete wetting
to partial wetting of the middle phase, resulting in polymer shells with inhomogeneous thicknesses.

Introduction

Polymeric vesicles, or polymersomes, are of interest for the
encapsulation and delivery of active ingredients. They offer
enhanced stability and lower permeability compared to lipid
vesicles, and the versatility of synthetic polymer chemistry
provides the ability to tune properties such as membrane thickness,
surface functionality, and degradation kinetics.1,2 One approach
to form large polymersomes with diameters of 10-100 µm is
to use water-in-oil-in-water double emulsion drops of controlled
architecture as templates.3,4A volatile organic solvent containing
an amphiphilic diblock copolymer is used as the middle phase;
evaporation of the solvent leads to polymersome formation, as
shown schematically in Figure 1. This technique offers the
advantages of high encapsulation efficiencies and controllable
vesicle sizes and architectures.

In this approach, the concentration of polymer in the organic
phase is a key variable: if it is lower than the amount required
to fully coat the oil-water interfaces, then the polymersomes
will not be stable. In practice, it is convenient to work with an
excess concentration; indeed, this excess may be used to tune
the thickness and structure of the polymersome walls through
the formation of multilayered copolymer interfaces. Surprisingly,
polymersomes formed from double emulsions with poly(butyl
acrylate-block-acrylic acid) (PBA-PAA) with thick walls (∼1.5
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Figure 1. Schematic for the formation of polymersomes from water-
in-oil-in-water drops. Initially, a double emulsion consisting of single
aqueous drops within drops of a volatile organic solvent (“oil”) is
prepared using a microcapillary device. Amphiphilic diblock
copolymers dissolved in the middle phase assemble into monolayers
at the oil-water interfaces. Evaporation of the solvent then leads
to the formation of polymer bilayers (polymersomes).
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µm)4 still had permeabilities comparable to those of unilamellar
polymersomes (∼10-20 nm thick).2,5This suggests the presence
of “defects” in the copolymer layer, most likely in the form of
inhomogeneous thickness.4 To prepare uniform polymersomes
with well-controlled structures, it is important to understand how
these thickness inhomogeneities may develop, and how their
formation depends on polymer concentration.

In this paper, we investigate the structural evolution during
solvent evaporation from double emulsion drops stabilized by
a polystyrene-block-poly(ethylene oxide) (PS-PEO) diblock
copolymer. We find that, during evaporation, the initially
homogeneous organic phase undergoes a wetting transition; the
result is a state of partial wetting, wherein a lens of the organic
phase makes a nonzero contact angle with a thin organic film
separating the inner and outer aqueous phases. Ultimately, this
leads to a polymersome that is very thin over most of its surface.
We refer to the wetting transition simply as “dewetting”, due to
its similarity to the transition from complete to partial wetting
of liquid films at solid-vapor interfaces. The observation of
partial wetting implies the existence of an adhesive interaction
between the aqueous phases that is comparable to the interfacial
tension, as previously observed in both oil-in-water,6-8and water-
in-oil9 single emulsion systems. We propose that this arises from
a depletion effect due to excess diblock copolymer in the organic
phase, and therefore that its strength increases with polymer
concentration. Thus, our results suggest that obtaining uniform
polymersomes using emulsion techniques requires careful control
of the polymer concentration.

Experimental Section
Water-in-oil-in-water double emulsion droplets of controlled

architecture (shown schematically in Figure 1) were produced using
glass microcapillary devices.3,4The inner phase was 5 vol % glycerol
in water, and the middle hydrophobic phase consisted of 0.01-1.5
wt % polymer in toluene, chloroform, or a mixture thereof.10,11Unless
otherwise noted, experiments were conducted with an asymmetric
PS-PEO diblock copolymer (Mn ) 19/6.4 kg/mol). A symmetric
PS-PEO block copolymer (9.5K/9.5K) and a polybutadiene-block-
PEO polymer (5.5K/5.0K) were also used to test the generality of
the observed behavior. The outer phase consisted of 50 vol % glycerol,
50 vol % water, and 5 mg/mL poly(vinyl alcohol) (PVA;Mr ∼
13-23K, 87-89% hydrolyzed). The diblock copolymers stabilized
the inner droplets against coalescence with the exterior aqueous
phase, while PVA prevented coalescence of the oil droplets. The
diblock copolymers were obtained from Polymer Source, while all
other chemicals were obtained from Aldrich.

After formation, double emulsion drops were collected into
deionized water to yield an exterior phase that was∼5% glycerol.
The outer radii,Ro, of the double emulsions varied from 25 to 100
µm, while the internal droplet radii,Ri, varied from 15 to 50µm.
These values could be tuned by the size of the capillaries used.
Typically, the volume of the middle phase in each drop was 1 to
2 times the volume of the inner phase. The formation of polymersomes
by evaporation of the solvent from double emulsions was observed
via optical microscopy for samples placed onto a glass slide.
Characteristic oil-water interfacial tensions were measured by
forming a pendant drop of water at the tip of a blunt stainless steel
needle immersed in a polymer solution and fitting the Laplace
equation to the measured drop shape.12

Results and Discussion
When the concentration of diblock copolymer in the middle

phase of the emulsion is too low (∼0.01 wt %), stable
polymersomes cannot be formed; instead, solvent evaporation
leads to rupture of the organic layer and coalescence of the inner
aqueous phase with the outer. For typical drop sizes (Ri ) 50
µm, Ro ) 70 µm), at 0.01 wt % polymer, complete adsorption
of PS-PEO at the oil-water interfaces would correspond to an
area of∼30 nm2 per polymer chain. While this surface density
is sufficient to stabilize the double emulsion initially, we find
that it is too sparse to form stable polymersomes.

For the same drop sizes, a polymer concentration of 0.1 wt
% corresponds to an area per chain of∼3 nm2, which is roughly
the expected surface density in a bilayer of diblock copolymers
of this molecular weight.13,14 Indeed, we observe that, under
these conditions, stable polymersomes are formed. However, a
clear nonuniformity in shape is observed during solvent
evaporation. The oil shell separates into two regions: one very
thin and uniform, the other much thicker, as seen in Figure 2a.
We interpret this as a dewetting of the middle organic phase,
resulting in a lens of the organic phase that forms a nonzero
contact angle with a thin organic film separating the inner and
outer aqueous phases. Although the contact angle is low, there
is a distinct contact line between the organic droplet and the thin
organic film, as demarcated by arrows in Figure 2a. When one
of the thin organic films ruptures, it retracts into the organic
droplet as a liquid, implying that it remains solvated. After full
solvent evaporation, a polymersome with nearly uniform thickness
and a small thicker patch of excess polymer is generated, as
shown in Figure 2b. Breakage of the polymersome now occurs
by fracture, due to the glassy nature of the unsolvated PS block.

For larger polymer concentrations of 1.0-1.5 wt %, corre-
sponding to a large excess of diblock copolymer in the organic
phase, solvent evaporation leads to dewetting with larger contact
angles (Figure 2c). Ultimately, polymersomes with thicker patches
of excess polymer are formed (Figure 2d). The dewetting
phenomenon is apparently quite general, as a symmetric PS-
PEO polymer (9.5K/9.5K) and a polybutadiene-PEO diblock
copolymer (5.5K/5.0K) show nearly identical behavior;15,16the
same mechanism is also likely responsible for the inhomogeneous
thicknesses in the PBA-PAA polymersomes.4

Our results clearly show that the oil phase undergoes a wetting
transition during solvent evaporation. This gives rise to a co-
existence between a thin organic layer, presumably an oil-solvated
bilayer of the diblock copolymer that is similar to the “Newton
black” film encountered in soap bubbles,7,17and a droplet of the
organic phase, as shown in Figure 2e. This partial wetting scenario
implies an energy of adhesion,Wadh, between the inner and outer
aqueous phases, or associated polymer layers, such that
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γb ) γm
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o - Wadh (1)
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whereγb is the interfacial energy of the solvated bilayer film,
andγm

i andγm
o are the interfacial energies of the inner and outer

oil-water interfaces with adsorbed polymer monolayers, re-
spectively. Assuming thatγm

i ) γm
o ,18 the Young-Dupré

equation determining the contact angle,θc
o, becomes

In Figure 2c, values ofθc
o are as large as 35°, corresponding

to Wadh) 0.36γm
o . Thus, the adhesive interaction must be of the

same order of magnitude asγm
o .

We propose that the driving force for dewetting is a depletion
interaction between the inner and outer oil-water interfaces due
to the presence of excess block copolymer in the organic phase.
The magnitude of the depletion effect increases with the
concentration of dissolved polymer; thus it should become more
important as solvent evaporation proceeds, and should be more
apparent for higher initial polymer concentrations, as we observe.
For planar hard walls, the adhesion due to depletion of a polymer
solution is

whereπosm is the osmotic pressure,ê is the size scale of the
polymer, anda is a numerical coefficient that depends on the
concentration regime. In dilute polymer solutions,ê is the chain

radius of gyration,Rg, a ) 4/xπ,19 and

wherec is the number density of polymer chains. In the semidilute
regime,a ≈ 5,20,21 andê corresponds to the mesh size, which
scales asc-3/4, while πosm scales asc9/4 in a good solvent.22 As
a result, in the dilute regime,Wadh∼ c, while, in the semidilute
regime,Wadh ∼ c3/2.

To estimate the magnitude of depletion interactions, we treat
the excess PS-PEO diblock copolymer as a PS homopolymer
of the same molecular weight.23 At an excess concentration of
1.0 wt %, eq 4 givesπosm) 850 Pa. UsingRg ≈ 4.9 nm,24 Wadh

) 0.0094 mN/m. This is a small interaction energy; however,
as solvent evaporates from the double emulsion drops, the
concentration of free PS-PEO increases, and the depletion effect
becomes stronger. For example, at a concentration of 17 wt %
(in the semidilute regime), values ofê ) 3.2 nm, andπosm )
65 kPa can be calculated from the data for PS in toluene,25,26

yielding Wadh ) 1.0 mN/m.

(18) In reality, the value ofγm
o is expected to be somewhat lower than that of

γm
i due to the presence of PVA at the external interface and the compression of

the outer interface during solvent evaporation. As a result, the numerical factor
in eq 2 should be somewhere between 1 and 2.
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Figure 2. (a) Optical micrograph revealing dewetting during solvent evaporation from a double emulsion droplet that initially consisted
of an aqueous droplet surrounded by a shell of 0.1 wt % PS-PEO diblock copolymer dissolved in a toluene/chloroform mixture (2:1 by
volume). Arrows indicate drops in which drainage of the organic phase to the side reveals a clear wetting line. (b) Following complete solvent
evaporation, the result is a thin polymersome with a patch of excess polymer. (c) At higher initial polymer concentrations (1.5 wt %), larger
contact angles are evident during solvent evaporation. (d) Inhomogeneous polymersome structures formed with 1.0 wt % initial polymer
content. (e) Schematic of the proposed structure of a double emulsion droplet with partial wetting of the organic phase on a thin layer of
solvated block copolymer brushes.
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This discussion of depletion interactions applies to hard
substratesand individually solvatedpolymerchains. Inoursystem,
there are two important differences: (a) the surfaces are not
hard, but are covered by an adsorbed “brush”-like polymer layer,
and (b) the copolymer chains may aggregate, thereby increasing
ê, but decreasing the number density of aggregates more rapidly,
leading to a decrease inWadh.

Polymer solutions spreading on an end-grafted brush of the
same polymer may exhibit partial wetting (finite contact angle)
or complete wetting, depending on the polymer concentration
and brush grafting density.27-30 The driving force for dewetting
in these systems is depletion effects,31,32 similar to those
considered here. Moreover, the depletion interaction may actually
beenhancedon brushlike polymeric substrates, since the thickness
of the exclusion zone is larger, being the sum of the free chain
dimensionand the brush layer.

In contrast, any aggregation of the PS-PEO diblock copolymer
would reduceWadh. To check for aggregates, we use dynamic
light scattering. We find that a dilute solution of 5 mg/mL of
PS-PEO in toluene consists of unimers with hydrodynamic radii
Rh ∼ 4 nm.33 However, after coming into contact with water, a
population of aggregates centered aroundRh∼35 nm (presumably
microemulsion droplets) appears, as well as a distribution of
larger aggregates withRh > 100 nm. In addition, optical
microscopy reveals large aggregates of about 1-5 µm in the oil
phase: these are apparently spontaneously formed water-in-oil
emulsion drops.34-37 This aggregation will lessen the strength
of the depletion interaction, although, given the wide distribution
of aggregate sizes, it is not clear to what extent.

An essential feature of this behavior is that the adhesive
interaction must be comparable to the interfacial tension of the
block-copolymer-covered oil-water interface. Therefore, we
compare our estimates of the depletion interaction to independent
measurements of the interfacial tension,γ, between water and
solutions of PS-PEO in toluene. At 0.1 and 1 wt % polymer,
the value ofγ levels off to 1-2 mN/m within 30 min. At 0.01
wt %, a similar value is attained within 4 h.38 Thus, the value
of the measured surface tension is indeed of the same magnitude
as our estimates of the depletion interaction in the semidilute
regime, provided that the excess diblock copolymer chains do
not all form large aggregates.

During solvent evaporation from the double emulsion droplets,
the shrinking area of the external oil-water interface may lead
to nonequilibrium effects that further lower the interfacial tension.
To understand how the block copolymer responds as the interfacial
area shrinks, polymer was allowed to adsorb to a pendant water
drop for 5 min, followed by removal of water at a constant

volumetric rate. As the surface area of the drop decreases, the
interfacial tension decreases as well. If the compression is stopped
with γ above 1 mN/m, expansion retraces the path of compression
with little hysteresis. However, when the drop surface is
compressed further, a plateau inγ is reached at∼1 mN/m, as
seen in Figure 3a. The plateau presumably reflects desorption
of polymer from the interface when driven below the equilibrium
area per chain. Indeed, compression into the plateau region gives
rise to hysteresis, as seen in Figure 3a, indicating that polymer
is removed from the interface during compression. As may be
expected, the rate of compression (or evaporation) is important:
faster compression leads to a lower plateau value, as shown in
Figure 3b. Solvent evaporation from the double emulsion droplets
typically corresponds to characteristic deformation rates of 10-4-
10-2 Hz. Thus, the interfacial tension of the shrinking oil-water
interface in the case of our double emulsion system is likely
driven somewhat below its equilibrium value, but it is expected
to remain in the range of 0.5-1 mN/m at low concentrations of
PS-PEO.39
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Figure 3. (a) Interfacial tension (γ) between water and toluene
containing 0.1 wt % PS-PEO as a function of normalized drop
surface area (A/A0) for two different compression-expansion
isotherms. Open symbols correspond to compression, closed symbols
to expansion. For the blue squares, compression was stopped prior
to reaching the plateau in surface tension, while, for the red circles,
compression was continued past the onset of the plateau. (b)
Compression isotherms at different rates of water withdrawal from
a 5µL drop: 0.1µL/min (red circles), 1µL/min (blue squares), and
10µL/min (green diamonds). The surface deformation rates, 1/A(dA/
dt), are roughly 0.002, 0.02, and 0.2 Hz, respectively. Error bars
represent the 95% confidence intervals of the values of surface tension
fitted by nonlinear least-squares analysis.
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Interestingly, we find that, in some cases, the organic phase
completely dewets the inner water droplet during solvent
evaporation. Continued solvent evaporation from the organic
droplets leads to an interfacial instability, as shown in Figure 4,
wherein the large droplet spontaneously breaks up into many
smaller droplets. This spontaneous increase in the surface area
of the system implies that, at sufficiently high polymer
concentrations and rates of solvent evaporation, the value ofγ
can go to zero or even become transiently negative,40as has been
seen previously for diblock copolymers at interfaces in polymer
blends.41-46 In such cases of vanishing interfacial tension, the
presence of even a very small adhesive interaction would be
sufficient to drive dewetting.47,48

In conclusion, when forming polymersomes from double
emulsion templates, it is important to consider wetting of the
organic phase on the polymer brushes at the oil-water interfaces.
To avoid a dewetting instability in the presence of excess polymer,
it will likely be necessary to carefully control the interfacial
tension by adjusting the strength of adsorption of the polymer
at the oil-water interfaces and the rate of solvent evaporation.
In addition, it will be important to independently control the
osmotic pressure of the organic phase as solvent evaporation
increases the concentration of nonvolatile components, for
example, through their size or state of aggregation.
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Figure 4. Under some conditions, solvent evaporation leads to
dewetting of the organic phase with contact angles approaching
180° (upper right). Further solvent evaporation from organic droplets
that have completely detached from the inner aqueous drops leads
to an interfacial instability causing breakup into smaller droplets
(left side).
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