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A Tool to Control the Size

and Composition of Particles
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Abstract: Particles and capsules are used as containers for active ingredients to delay their degradation and
control the location and kinetics of their release. Key to a successful application of these containers is a good
control over their size, composition, and the release kinetics of encapsulants. These parameters can be tuned if
containers are made from drops of a controlled size and composition; a method that enables formation of drops
of a defined size is microfluidics. This review highlights some recent developments in the use of drops made with
microfluidics to produce particles and capsules of controlled sizes, compositions, and structures.
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1. From Drops to Particles

Drops are often employed as templates
for the production of particles with diam-
eters ranging from a few nanometers up
to millimeters. These particles are used
as carriers of active substances for a wide
range of applications including pharma-
cy,[ll food,?l cosmetics,B! fragrances,l
and agriculture.l’] Most applications re-
quire good control over the release kinet-
ics of the encapsulated actives. The release
kinetics can be tuned with the dimensions
of the particles, which scale with those of
the drops. The degree of control over the
size of drops depends on the type of drops
and their production method. There are
two different types of drops that are most
commonly employed to produce particles:
Drops surrounded by air, which are used to
fabricate dry particles, and drops surround-
ed by a second, immiscible liquid, which
are used to fabricate particles dispersed in
solutions.

Airborne drops can be produced in
spray-dryers which are often used in in-
dustry to produce dry powders because
they achieve high throughputs and are
cost effective.l%! They form airborne drops
by pushing a solution through a nozzle
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where it is nebulized. The solvent is subse-
quently dried such that dry particles result.
However, the control over the size of the
resulting particles is limited and their di-
ameter is usually well above 1 um. Much
smaller particles, with diameters below 500
nm can be formed in microfluidic spray-
dryers, albeit at much lower throughputs.[”}
Using these devices, it is even possible to
control the structure of particles by tuning
the processing conditions.’281 However, to
allow for a more widespread use of these
devices, further adjustments in their design
and processing condition are needed to fa-
cilitate their operation and increase their
throughput.

Much more work has been dedicated to
simultaneously control the size and struc-
ture of particles produced from emulsion
drops, which are drops surrounded by an
immiscible liquid.’] A technique that of-
fers a tight control over the size of drops,
and therefore also over that of particles,
is microfluidics.l'% The first part of this
review highlights recent developments in
the use of these drops to produce polymer-
ic particles and capsules of defined sizes.
The second part of the review summarizes
recent advancements in the use of double
emulsion drops to control the composi-
tion and structure of one type of capsule,
vesicles, which comprise very thin shells.

2. Solid Particles Made from
Emulsion Drops

The size of drops produced in micro-
fluidic devices can be conveniently tuned
between 10 um and 200 pum although
drops with diameters down to 1 pim can be
made.['!l Drops are converted into parti-
cles, by solidifying their content.[®0-121 This
is most often achieved by covalently link-
ing reagents contained in the drops. Often

employed solutes are monomers or oligo-
mers with chemically reactive groups,
such as acrylates or methacrylates, which
are solidified through living free radical
polymerizations.[12¢.13] Alternatively, drops
have been loaded with mixtures of thiol-
and vinylsulfone-containing solutes!!'4l or
mixtures of thiol- and acryl-containing sol-
utes!!31 that are solidified through Michael
additions. The latter reactions are more
benign to cells and thus preferred for the
production of cell-loaded hydrogel mic-
roparticles.l'4!

Drops can also be converted into par-
ticles by ionically crosslinking polymers
contained in them. The vast majority of
work on ionically crosslinked micropar-
ticles produced from drops has been
performed on alginate, which can be
crosslinked with Ca* ions.l'l If an algi-
nate-containing solution is mixed with a
Ca?*-containing solution inside a microflu-
idic device immediately before drops are
formed, alginate tends to gel so rapidly that
it clogs microfluidic channels, which leads
to the failure of these devices.[1®"1 To over-
come this difficulty, the crosslinking kinet-
ics must be reduced. This can be achieved
if alginate is mixed with CaCO, particles.
The low solubility of CaCO, in aqueous
solutions at pH > 7 prevents its dissolution
such that there are only very few free Ca*
ions in solution. These few ions are insuf-
ficient to generate a percolating network
of alginate, such that the solution remains
fluid and does not clog microfluidic chan-
nels. If drops containing a mixture of algi-
nate and CaCO, are collected in acidified
oil, the pH inside the drops decreases such
that the CaCO, solubility increases. The
dissolved Ca?* ions gel alginate, resulting
in homogeneously crosslinked alginate hy-
drogels.l!”! Similar results can be achieved
if Ca® ions are complexed, for example
with ethylene diamine tetraacetic acid
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(EDTA). Solutions containing mixtures of
alginate and CaEDTA can be controllably
broken into drops that are collected in acid-
ified oil. When the pH in the drops decreas-
es, the affinity of Ca** to EDTA decreases
such that a significant fraction of Ca’ ions
dissociates and the dissociated ions subse-
quently gel alginate.[!81 However, changes
in pH can be detrimental to cells, hamper-
ing many biological applications. To avoid
pH-shifts, CaEDTA complexes have been
mixed with complexes encompassing a
cation, whose affinity to EDTA is higher
than that of Ca?* and whose affinity to its
chelate is lower than that to EDTA. For ex-
ample, Zn”* has a higher affinity to EDTA
than Ca’* and a lower affinity to ethyl di-
amine diacetate (EDDA) than to EDTA. If
Zn?** is initially complexed with EDDA and
subsequently mixed with a solution con-
taining CaEDTA, it replaces Ca** to form
ZnEDTA complexes such that the free Ca?*
can gel alginate. This ion exchange is suffi-
ciently slow to initiate crosslinking of algi-
nate only after drops have been collected,
thereby mitigating the risk for microfluidic
channels to clog.[19]

Drops can also be solidified by physi-
cally crosslinking solutes. This can be
achieved through solvent extraction, if the
solvent has some solubility in the surround-
ing phase and thus partitions into it before
it evaporates from the liquid—air interface.
Thereby, the solute concentration in the
drop steadily increases until it reaches its
saturation concentration, where solutes
start to precipitate. The precipitates are
pulled together by the interfacial tension
force of the shrinking drop and, when the
vast majority of the solvent is evaporated,
solid particles are formed.[291 This method
is often employed to produce, for example,
poly(lactide-co-glycolide) (PLGA) par-
ticles of defined sizes.

Independent of the method by which
drops are solidified, the resulting particles
are usually spheres whose diameter scales
with that of the drops and the initial solute
concentration.l20211 The structure of these
particles closely resembles that of bulk
materials and is not influenced by the con-
finement or by the liquid-liquid interfaces.
As aresult, even though the kinetic proper-
ties, such as the swelling rate, depend on
their size, the equilibrium properties of
these particles closely resemble those of
bulk samples.[13¢]

2.1 Capsules Made from Single
Emulsion Drops

Capsules composed of a shell that en-
compasses a liquid or gaseous core can be
made from single emulsion drops even if
they are initially homogeneous. Probably
the simplest capsules that can be formed
from single emulsion drops are those
whose shell is composed of a monolayer

of amphiphiles that self-assemble at the
liquid-liquid interface. These amphiphi-
les form a monolayer that stabilizes the
emulsion drop such that the structure of
the capsule shell is well defined. For ex-
ample, amphiphiles composed of a perflu-
oropolyether chain containing a carboxylic
acid head group, whose average molecular
weight is 2.5 kDa, self-assemble at the lig-
uid-liquid interface at room temperature
in less than 1 s, as shown schematically
in Fig. 1a.22] This makes the formation of
such capsules convenient and fast such that
they are often used for screening assays.[23]
However, these capsules are mechanically
weak because adjacent amphiphiles only
attract each other through weak Van-der-
Waals forces, thereby making these cap-
sules susceptible to rupture if mechanically
stressed.[24] Moreover, these capsules often
leak even in the absence of any external
trigger: Low molecular weight additives
are transported between different cap-
sules, resulting in cross-contaminations,
even if the encapsulants have no tangible
solubility in the surrounding media.?>] The
leakage rate correlates with the surfactant
concentration, suggesting that excessive
surfactants contained in the surrounding
oil form inverse micelles that transport en-
capsulants across the o0il.[26] This transport
is detrimental for screening assays because
it results in cross-talk between the drops.
It can be suppressed if the formation of in-
verse micelles is inhibited.

It has been shown that the formation of
inverse micelles may be suppressed if the
emulsion drops are stabilized with triblock
copolymers composed of two blocks of
perfluoroether (PFPE) that are interspaced
by a polyglycerol block, which is much
more hydrophilic and bulkier than PEG.[30]
Howeyver, it remains to be shown if these
surfactants efficiently suppress the ex-
change of encapsulants between indi-
vidual drops, even if drops are densely
packed. This leakiness can be completely
suppressed if drops are stabilized with
nanoparticles that possess an appropriate
wettability in the aqueous and oil phase.B!
However, adsorption of nanoparticles at the
liquid-liquid interface is slow such that the
formation of drops exclusively stabilized
with nanoparticles in microfluidic devices
is more difficult compared to the formation
of surfactant-stabilized drops.

The mechanical stability of surfactant-
stabilized drops increases and their perme-
ability decreases if surfactants are made
from polymers that exhibit stronger in-
termolecular forces. For example, if a hy-
drogen-bond acceptor, such as poly(vinyl
pyrrolidone) (PVP), is adsorbed at the
liquid-liquid interface and subsequently
exposed to a liquid containing an hydro-
gen-bond donor, such as poly(methacrylic
acid) (PMA), the two polymers interact
with each other through strong hydrogen-
bonds. The resulting capsules are mechan-
ically much more stablel32] and display a
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Fig. 1. Capsules made from single emulsion drops. Fluorescent micrographs of capsules whose
shell is composed of (a) a monolayer of self-assembled block-copolymers (adapted from ref.

[26a] with permission of Nature Publishing group); (b) coacervates formed between the positively
charged poly(L-lactic acid) (PLL) and the negatively charged poly(fluorene-co-benzothiadiazole-
co-benzoic acid) (adapted from ref. [27] with permission of The Royal Society of Chemistry); (c)
ionically crosslinked alginate (adapted from ref. [28] with permission from American Chemical
Society) and (d) covalently crosslinked trimethylolpropane ethoxylate triacrylate (ETPTA) formed
in a drop that underwent phase separation (adapted from ref. [29] with permission of The Royal
Society of Chemistry). The structures of the shells of the capsules are schematically illustrated in
the middle panel, their chemical structures are shown at the bottom.
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significantly lower permeability towards
low molecular weight encapsulants. They
thus retain volatile additives, such as per-
fumes, for an extended time.[33!

A similar assembly strategy can be
employed to form capsules composed of
ionically interacting polymers. In this case,
one of the polyelectrolytes is dissolved in
the oil phase and the other in the aqueous
phase. The oppositely charged polyelectro-
lytes attract each other and assemble at the
liquid-liquid interface, even if they are not
surface active, thereby forming capsules
with thin shells, as schematically exempli-
fied in Fig. 1b.[27:341 These capsules display
excellent mechanical stability and low per-
meability.[35] However, the shells are het-
erogeneous because oppositely charged
polyelectrolytes form small precipitates
that are trapped at the liquid-liquid inter-
face, by analogy to coacervates formed in
bulk.361 It is possible to reduce the number
of defects in these shells by increasing the
number of polyelectrolyte layers to six.
This is achieved by alternatingly dragging
a drop through solutions containing the
cationic and anionic polyelectrolytes.37]
However, the quality of the resulting
polyelectrolyte multilayer capsule, its
structure and properties remain to be de-
termined.

Capsules with much thicker shells can
be made if one of the reagents is soluble in
both phases. In this case, reagents do not
only interact at the liquid-liquid interface
but one of them can penetrate into the oth-
er phase. For example, Ca** ions, initially
dissolved in the oil as Calz, can penetrate
into aqueous drops. If these drops contain
alginate, Ca** ions will initially gel the
alginate molecules, which are closest to
the liquid-liquid interface. Thereby, a thin
shell composed of gelled alginate forms.
If the resulting capsules are kept in this
oil, Ca** ions continue to diffuse into the
fluid core to gel additional alginate mol-
ecules, thereby increasing the thickness of
the capsule shell. If the capsules are trans-
ferred into a Ca*-free solution before all
of the alginate is crosslinked, the gelation
is arrested, resulting in capsules with thick
shells and liquid cores, as schematically
shown in Fig. 1c.[28!

Capsules with thicker shells can also be
made from single emulsion drops, if all the
reagents are contained in the drop. This is
possible if the liquid contained in the drop
phase separates over time and the interfa-
cial tension between the first phase and the
surrounding liquid is significantly lower
than that between the second phase and the
surrounding liquid. If these two conditions
are met, the first phase spreads along the
drop surface and engulfs the second phase,
thereby spontaneously forming double
emulsions.38! If reagents are preferentially
contained in the first phase, they can be so-

lidified, resulting in capsules whose shell
thickness depends on the initial composi-
tion of the drop and can vary between 200
nm and 100 wm, as exemplified in Fig.
1d.12%1 However, this process is delicate
and the number of solvents, solutes, and
encapsulants that can be employed is very
small. And even if all these conditions are
met, this process offers very limited con-
trol over the structure of the shell. Thus,
alternative strategies to controllably form
capsules that offer more freedom in the
choice of the composition of the solvents
and wall materials and therefore allow tun-
ing the capsule properties more accurately
are usually preferred.

2.2 Capsules Made from Double
Emulsion Drops

The number of materials that can be
used to produce capsules is much larger if
they are made from double emulsion drops,
which are drops encompassing smaller
drops. Double emulsion drops whose shell
thickness varies between 5 um and a few
10s of wm can be controllably made with
microfluidics.[31 They are converted into
capsules by solidifying their shell. The
thickness of the resulting capsule shells
scales with that of the double emulsion
drops and varies between 80 nm/[®240411 and
a few 10s of um.®2421 Because these cap-
sules are made from three different fluids,
encapsulants can be loaded into them at
efficiencies close to 100%, which is much
higher than what is achieved for capsules
produced through bulk emulsification pro-
cesses.

The vast majority of capsules produced
from double emulsions have shells with
thicknesses exceeding 5 um. The struc-
ture and properties of these shells closely
resemble those of the corresponding bulk
material.[420:431 These capsules are well
suited for applications that require burst
release, which occurs when the capsules
suddenly become defective or if they rup-
ture.[422:441 These capsules are also suited
for applications that require a continu-
ous release of encapsulants. This can be
achieved if encapsulates diffuse through
the capsule shelll42b:451 or if capsule shells
slowly disintegrate.l%c34c46] However, these
capsules do not allow controlled reversible
changes in their permeability, which would
be required for pulsed releases.

3. Vesicles

Nature produces capsules with very
well defined structures whose permeability
can be selectively and reversibly changed.
A prime example are cell membranes,
which are composed of bilayers of lipids.
They can be made selectively permeable
towards certain solutes by incorporating

transmembrane proteins. These proteins
can reversibly change the selective per-
meability of membranes, for example, if
certain ligands bind to them or if electrical
potentials are applied.!#7!

Capsules whose structure closely mim-
ics cell membranes are vesicles made of
lipids, so-called liposomes. They are usu-
ally self-assembled in bulk through re-hy-
dration methods!*®! or electroformation.[*°]
However, because their shell is very thin
and the attractive forces between adjacent
lipids are weak, they are usually too frag-
ile to be used as capsules. Vesicles can be
made mechanically much more stable if
they are composed of block-copolymers;
these vesicles are called polymersomes.[>0]
For block-copolymers to self-assemble in-
to vesicular structures, the cross-sections
of the hydrophilic and the hydrophobic
blocks must be similar.[8511 Within this
limit, the structure and composition of the
block-copolymers can be adjusted to tune
the mechanical stability and permeability
of the polymersomes.[50]

The permeability of polymersomes de-
pends on the degree of hydrophobicity of
their membrane core. Polymersomes with
a less hydrophobic membrane core dis-
play a higher permeability. For example,
polymersomes made of Pluronics L121,
a poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) block-copolymer are highly per-
meable.2] Their permeability can be re-
duced if a block-copolymer containing a
strongly hydrophobic block, such as PEG-
poly(butadiene) (PEG-PBD) is incorpo-
rated into their membrane.53 The perme-
ability of polymersomes can be decreased
even more if they are composed solely of
block-copolymers with strongly hydro-
phobic blocks, such as PEG-PBDI52 or
PEG-poly(styrene) (PEG-PS).54 Indeed,
the permeability of polymersomes made of
PEG-PS towards H,O is so low, that they
attain non-spherical shapes if subjected
to osmotic pressures that they retain over
days.[54

To allow for a triggered release of
encapsulants, the permeability of cap-
sules must change if subjected to external
stimuli. This can be achieved if responsive
additives are incorporated into their mem-
brane.551 Polymersomes are composed of
self-assembled block-copolymers with a
well-defined structure such that additives
can self-assemble into this structure in a
defined orientation. For example, polymer-
some membranes can be functionalized
with transmembrane proteins, even though
their membrane is significantly thicker
than that of liposomes. These proteins ren-
der polymersomes reversibly permeable to
selected solutes.[561 However, the number
of stimuli such polymersomes respond to
is limited to those used by nature.
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Polymersomes can be made respon-
sive to a wide variety of stimuli, if they
are functionalized with stimuli-responsive
block-copolymers. Polymersomes con-
taining high concentrations of responsive
block-copolymers tend to disintegrate if
subjected to changes in the corresponding
stimuli such as pH,57! temperature,581 UV
light,[381 or oxidative environments.5% This
prevents a slow continued or a repeated
pulsed release of encapsulants.

To make polymersome membranes me-
chanically more robust, thereby preventing
their disintegration, adjacent block-copo-
lymers can been crosslinked.[®1 However,
crosslinking prevents the diffusion of
most encapsulants through the membrane,
thereby precluding their release. A pos-
sibility to enable slow release from these
mechanically stable polymersomes is to
functionalize them with small pores, for
instance, by incorporating phospholipids
into the polymersome membrane. These
phospholipids phase-separate and form
small domains before adjacent block-co-
polymers are crosslinked. The phospholip-
ids can subsequently be removed with de-
tergents, resulting in pores, through which
encapsulants can diffuse.l!] An attractive
alternative to pores is domains that display
a high permeability to certain encaspu-
lants. Domains form if polymersomes are
made from mixtures of block-copolymers
that phase-separate.l92] The size of these
domains depends on the exact composition
of each vesicle. However, the composition
of different vesicles made through self-
assembly in bulk varies, even if they are
produced in the same batch. As a result, the
domains have different sizes,[622.0.631 limit-
ing the control over the size of encapsu-
lants that can be released and their release
kinetics.

3.1 Microfluidic Production of
Vesicles

Vesicles with very small variances in
their composition can be produced from
water-oil-water double emulsion drops.
This method does not rely on the self-as-
sembly of amphiphiles in bulk. Instead, it
relies on their self-assembly at liquid-lig-
uid interfaces. In this case, polymersomes
are formed by dissolving amphiphiles
in the oil phase prior to the formation of
double emulsions, as schematically shown
in Fig. 2a. These amphiphiles self-assem-
ble at the two liquid-liquid interfaces of
double emulsion drops to form two mono-
layers, as schematically illustrated in Fig.
2b. If the shell of the double emulsion is
very thin such that the areas of the two lig-
uid-liquid interfaces are similar, they as-
sociate upon removal of the majority of the
oil, resulting in vesicles, as schematically
shown in Figs 2b and 2c.[6] Whether these
vesicles are completely free of oil remains

to be shown. However, their mechanical
properties closely resemble those of the
corresponding vesicles made through re-
hydration methods, which are free of any
oil residues, indicating that there is very
little, if any oil left in the shell.[64]

3.2 Production of Double Emulsions
with Thin Shells

Double emulsion drops with shell
thicknesses below 1 um are difficult to ob-
tain in a controlled way. It can be achieved
in microfluidic glass capillary devices,
which consist of an injection capillary
and a collection capillary that are both
inserted into a square capillary.[66a.0.d.67] Tf
the microfluidic devices are well-aligned
and appropriately surface treated, double
emulsions with shell thicknesses down to
800 nm can be formed.[%0dl However, the
production and operation of these devices
is difficult because it relies on the forma-
tion of a thin oil film that flows along the
walls of the injection capillary and encom-
passes the inner aqueous phase, as shown
schematically in Fig. 3a and in the optical
micrograph in Fig. 3b. If the thin oil film
breaks because capillaries are misaligned,
the surface treatment is insufficient, or if
the fluid flow rates deviate from the op-
timum values, the inner aqueous phase
contacts the outermost aqueous phase and
single emulsion drops form. This problem
can be alleviated if the inner fluid is broken
into plugs at the junction where the inner
and the middle phase meet, as shown in the
optical micrograph in Fig. 3c.[%6d] However,
this operation furnishes a mixture of single
and double emulsion drops that must be
separated after their production. Moreover,

it results in a broader distribution of shell
thicknesses. Nevertheless, it is the most
often used mode to produce double emul-
sions with shell thicknesses below 1 um.
The reproducible fabrication of micro-
fluidic devices is much easier if they are
made from masks or molds, such that all
of them have identical dimensions. Soft
lithography is often employed to produce
microfluidic devices that are predomi-
nantly made from poly(dimethyl siloxane)
(PDMNS).[681 To mimic the three-dimen-
sional structure of glass capillary devices,
channels are incorporated into each of the
two pieces of PDMS that are subsequent-
ly bonded to each other. To ensure good
alignment of the two channel-containing
PDMS pieces, one piece contains pins and
the other one contains holes such that the
two PDMS pieces can be slid into each oth-
er using the lock and key mechanism.[6%]
This simple but powerful feature facilitates
the production of well-aligned devices and
therefore increases their yield to close to
100%. Unfortunately, it is much more dif-
ficult to tune the wettability of surfaces
made of PDMS than those made of glass.
Therefore, the oil films that flows along the
walls of PDMS channels must be thicker
than in glass to prevent their disintegra-
tion. This translates into thicker shells of
the resulting double emulsions, as shown
in Fig. 3d. Indeed, the shell thickness of
double emulsions made in PDMS devices
could not be reduced below 5 um, 7% which
is too large to convert them into vesicles.
The shell thickness can be reduced down to
300 nm if double emulsions are subjected
to fast-flowing fluids[”" or pushed through
constrictions, as shown in the time-laps

1.4 min

0.0 min

3.0 min

Fig. 2. (a—c) Schematic illustration of the formation of polymersomes from double emulsion drops.
(@) A water-oil-water double emulsion drop with the amphiphilic block-copolymers dispersed in
the oil phase. (b) The amphiphilic block-copolymers self-assemble at the liquid-liquid interfaces
to form two monolayers. When the oil separates from the double emulsion shell, the two mono-
layers associate to form a (c) polymersome and a single emulsion oil drop that contains exces-
sive block-copolymers. (d) Fluorescence micrograph of liposomes formed from double emulsion
drops. Liposomes are composed of a mixture of lipids that phase-separate, resulting in two dif-
ferent domains that are labeled with red and green dyes respectively. Reproduced from ref. [64]
with permission of Wiley-VCH). (e) Time-lapse fluorescence micrographs of thermo-responsive
polymersomes that has been made light-responsive by incorporating gold nanoparticles in its
membrane (reprinted from ref. [65] with permission of Wiley-VCH).
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Fig. 3. (@) Schematic illustration and (b,c) optical micrograph of a microfluidic glass capillary de-
vice that produces double emulsions with thin shells. The innermost aqueous phase forms a (b)
jet and (c) plugs in the injection capillary (left), before double emulsion drops are formed (right).
Reprinted from ref. [66d] with permission of The Royal Society of Chemistry. (d) Top view opti-
cal micrograph and (e) schematic illustration of the side view of a PDMS microfluidic device that
forms double emulsions with thin shells. Reprinted from ref. [70] with permission of The Royal
Society of Chemistry. (f) Time-lapse optical micrographs of a double emulsion that is pushed
through a constriction to reduce its shell thickness from 5 um to 300 nm. Reprinted from ref. [72]

with permission of Springer.

optical micrographs in Fig. 3e.[70.721 These
methods do not impose restrictions on the
choice of oils and are thus much more ver-
satile. However, it remains to be shown if
further adjustments on the microfluidic
device design allow complete removal of
oil from these double emulsion shells and
hence open new possibilities to convert
double emulsions into vesicles.

3.3 Conversion of Double Emulsions
into Vesicles

To convert water-oil-water double
emulsions into vesicles, the oil must be
removed from their shell. This can be
achieved if double emulsions are at the
liquid—air interface such that the oil can
evaporate.[’31 However, the yield of the
resulting polymersomes is low because
many double emulsions rupture during
the evaporation of the oil. To increase the
yield, oil must be removed from double
emulsions that are fully inserted in the sur-
rounding liquid.[7* This can be achieved if
the oil is volatile and has some solubility
in the aqueous phase, such that it partitions
into it and subsequently evaporates from
the water—air interface.l662.¢.71.75] Solvents
that are partially soluble in aqueous so-
lutions usually have a low water—solvent
interfacial tension. However, to enable a
spontaneous drop formation, without the
need for external actuators, the interfacial
tension between the oil and the outer aque-
ous phase must be sufficiently high. These
partially contradictory requirements limit
the number of oils that can be used for this
application. Indeed, there are only three oil
mixtures that have been reported to allow
conversion of double emulsions into vesi-
cles: combinations of chloroform and hex-
ane,[71.76 chloroform and toluene,[062b] and
toluene and tetrahydrofurane (THF).[66¢]
However, these solvent mixtures are toxic

and prevent most biological and biomedi-
cal applications. It remains to be seen if
the new PDMS-based microfluidic devices
can overcome this difficulty and enable the
production of vesicles from biocompatible
oils.

3.4 Vesicles Produced from Double
Emulsions

The size of vesicles is very similar to
that of double emulsion drops they are
made from. Their membrane is made of
a single bilayer of self-assembled amphi-
philes. However, this bilayer is not perfect
because there is always some excess of
amphiphiles in the oil phase. These exces-
sive amphiphiles are up-concentrated on
one side of the double emulsion during the
final stages of oil removal such that they
form patches, thereby introducing defects
into the resulting vesicle membrane.[66b.77]
These defects prevent studies on the me-
chanical properties of cell-membrane
mimicking vesicles. However, they can be
advantageous for the use of vesicles as cap-
sules because they make them mechanical-
ly more robust: The defects serve as reser-
voirs of amphiphiles, which can be used to
enlarge the area of vesicle membranes if
mechanically stressed or subjected to os-
motic pressures, thereby preventing their
rupture. If the concentration of excessive
amphiphiles is even higher, the amphiphi-
les are distributed within the hydropho-
bic part of the bilayer. These amphiphiles
spontaneously assemble into bilayers that
bud off from the polymersome surface, to
form many much smaller vesicles.[7®]

In a first approximation, the compo-
sition of vesicles produced from double
emulsions resembles that of the amphiphi-
les added to the oil phase prior to the as-
sembly of double emulsions. This enables
the assembly of vesicles composed of

different amphiphiles where the compo-
sition of each vesicle is the same, within
experimental error. This is exemplified on
vesicles composed of a mixture of lipids
that is known to undergo phase separation:
1,2-dioleyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), and cholester-
0l.[71 These liposomes all have identical
domain sizes if made from double emul-
sion drops, as shown in Fig. 2d.[%4] This
opens up possibilities to design domains
composed of responsive amphiphiles that
become leaky if exposed to external stim-
uli but are too small to cause rupture of the
entire vesicle.[30!

The production of vesicles from double
emulsion drops offers an additional bene-
fit: It relies on the self-assembly of amphi-
philes at liquid-liquid interfaces. Hence,
the geometric requirements that must be
met by them to be incorporated into ves-
icle membranes are less stringent than if
produced through bulk self-assembly pro-
cesses. This facilitates incorporation of
block-copolymers that do not fulfill the
steric requirements to form vesicular mem-
branes into them. For example, membranes
made of PEG-poly(lactic acid) (PEG-
PLA) can be made thermo-responsive if
PEG(6 kDa)-PNIPAM(S.5 kDa) block-co-
polymers, whose ratio of radii of gyration
of PEG:PNIPAM is 2.4, are incorporated
into them.l%! Similarly, membranes of
Pluronics L121 can be made more leaky if
functionalized with Pluronics L61, a block-
copolymer that does not self-assemble into
vesicular structures.[5274 However, if the
concentration of these block-copolymers
is too high, they introduce defects into the
membranes that are sufficiently large to
cause their disintegration.[®5] This sets an
upper limit to the amount of such func-
tional block-copolymers that can be incor-
porated into membranes.

Additional functionality can be impart-
ed to vesicles by adding nanoparticles into
their membranes.[8!1 This can be achieved
by dispersing the nanoparticles in the oil
prior to the formation of double emulsion
drops. A large fraction of the nanoparticles
remains in the hydrophobic part of the bi-
layer even after the oil is removed, thereby
allowing the production of polymersomes
loaded with high quantities of nanopar-
ticles.[321 For example, liposomes could
be made responsive to magnetic fields
by incorporating iron oxide nanoparticles
into their membranes.[32] Similarly, non-
responsive polymersomes could be made
responsive to oxidative environments by
incorporating manganese oxide nanoparti-
cles into their membranes,[#3! and thermo-
responsive polymersomes could be made
light responsive by incorporating gold
nanoparticles into their membranes, as
shown in Fig. 3e.1%5! These examples dem-
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onstrate that it is possible to functional-
ize vesicles with nanoparticles that would
be too large to self-assemble into vesicle
membranes.!33] However, protocols that of-
fer a close control over the concentration
of incorporated nanoparticles remain to be
established.

3.5 Current Limitations

Most polymersomes produced from
double emulsion templates have diameters
between 50 and 100 pm and are composed
of PEG-PLA or PEG-PLGA block-copo-
lymers. These polymersomes are fragile,
making their handling difficult and hamper-
ing their use as capsules because they typi-
cally rupture within a few days up to a few
weeks. The stability of these polymersomes
can be increased if their membrane is made
of two bilayers.[7° However, this makes
their assembly very difficult. Their stabil-
ity can be increased even further if PLA
homopolymers are incorporated into the
bilayer.[84] But even in this case, they tend
to rupture if manipulated with syringes or if
stored for prolonged times. Polymersomes
are mechanically very robust if the hydro-
phobic part of their membrane is made
of flexible polymers that do not crystal-
lize. For example, polymersomes made
of PMOXA-PDMS-PMOXA display a
very high mechanical stability.[00b:85] Even
though polymersomes composed of PEG-
PDMS block-copolymers with diameters
close to 100 pum have been formed from
double emulsion drop templates, the me-
chanical properties of these vesicles have
never been quantified.l”>! Hence, it remains
to be seen if mechanically robust polymer-
somes can be made from double emulsion
drop templates.

If amphiphilic block-copolymers are
assembled into polymersomes using dou-
ble emulsion drops as templates, the poly-
mers have two functions: They initially
stabilize double emulsion drops and subse-
quently are the building blocks of the poly-
mersome membrane.[2*] Unfortunately, the
currently used amphiphilic block-copoly-
mers such as PEG-PLA and PEG-PLGA
impart a limited stability to double emul-
sion drops such that they tend to coalesce
before the oil can be removed from their
shell. To prevent coalescence, these drops
are usually stabilized with additional sur-
factants, such as poly(vinyl alcohol) (PVA).
However, there is strong evidence that
PVA partially incorporates into the poly-
mersome membranes, thereby changing
their mechanical properties.[3¢] Therefore,
it would be important to exclude any ad-
ditional surfactants during and after the
formation of double emulsions. This has
been shown for polymersomes composed
of PEO(1.3 kDa)-b-PBD(2.5 kDa) by care-
fully collecting the double emulsion drops
and slowly evaporating the oil from their

shell.37] However, this process is delicate
and the yield of polymersomes is low.
Hence, there is a need for new protocols
that facilitate the conversion of double
emulsions into vesicles and for new block-
copolymers that more efficiently stabilize
double emulsion drops.

The production of polymersomes
from double emulsions has important ad-
vantages because it allows close control
over their size and offers encapsulation
efficiencies close to 100%. However, the
volume that can be encapsulated per de-
vice and hour is limited to approximately
1 mL. Even though feasibility to operate
up to four devices in parallel to increase
the throughput has been shown for glass
capillary devices, %71 and PDMS-based de-
vices,[70l up-scaling this technology still
presents a major challenge. Overcoming
this challenge requires new devices that
form drops more robustly. A possibility to
produce drops with a precise control over
their size at a much higher throughput has
recently been reported in PDMSI!Iel and
glass devices.[®8] Whether this technology
is also suitable for the fabrication of dou-
ble emulsions with thin shells at such high
throughputs remains to be shown.

4. Conclusions

Particles and capsules are often formed
from drops by solidifying their contents.
Methods that offer close control over the
size of the drops, and therefore also over
the size of the resulting particles are well
established and broadly used by different
communities. Similarly, much work has
been devoted to establishing protocols that
enable good control over the composition
of these particles such that their properties
can be tuned. By contrast, little attention
has been paid to the structure of these par-
ticles and capsules despite its important
influence on their properties. Initial steps
to address this shortcoming have recently
been undertaken with developments of pro-
tocols that offer superior control over the
solidification kinetics of drops. However,
additional work is needed to produce cap-
sules that satisfy the increasingly demand-
ing requirements on the control over their
properties.

Vesicles are capsules with very well
defined shell structures. They can be made
from double emulsion drops, which offer
tight control over their size, and compo-
sition. This technique is used especially
for the production of functional polymer-
somes. However, the influence of the com-
position and structure of the block-copo-
lymers on the properties of polymersomes
made from double emulsion drops remains
to be tested. There is only a small num-
ber of block-copolymers that have thus

far been used to produce polymersomes
from double emulsion drops. This might
partially be attributed to the still incom-
plete understanding of the influence of the
composition and structure of amphiphi-
lic block-copolymers on their assembly
at liquid-liquid interfaces and their ability
to stabilize emulsion drops. These factors
are crucial for the production of polymer-
somes from double emulsion drops. The
limited understanding of the influence of
the composition and structure of block-
copolymers on the properties of double
emulsions and polymers currently ham-
pers many applications of capsules with
thin shells. A better understanding of this
influence would open up new possibilities
to design responsive capsules with thin
shells and offer better control over their
surface chemistries.
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