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  1.     Introduction 

 A microcapsule is a micrometer-scale particle, bubble, or liquid 
drop that is surrounded by a shell. This shell acts as a barrier 
separating the core from the outer environment. Microcapsules 
are thus attractive candidates for encapsulating, transporting, 
or controllably releasing a wide variety of technologically impor-
tant active materials. These include surfactants for enhanced 
oil recovery, [ 1 ]  agricultural chemicals, [ 2–8 ]  food additives, [ 9–12 ]  
pharmaceuticals, [ 13–22 ]  cosmetic components, [ 22–27 ]  cells, [ 28–33 ]  
biochemical sensors, [ 34–37 ]  catalysts for chemical reactions, [ 38,39 ]  
restorative agents for self-healing materials, [ 40,41 ]  inks for car-
bonless copy paper, [ 42 ]  or electronic inks. [ 43–45 ]  In many of 
these applications, the microcapsule core is a liquid, and the 
shell is a solid that can resist a shear stress – this confi gura-
tion enhances the robustness of the encapsulation. We focus 
on this important class of microcapsules here. Such microcap-
sules can be fabricated using a variety of techniques, including 
spray drying, [ 46–48 ]  electrospraying, [ 49–51 ]  coextrusion, [ 52–54 ]  inter-
facial polymerization, [ 55–57 ]  polymer phase separation, [ 58,59 ]  

 We describe how droplet microfl uidics can be used to fabricate solid-shelled 
microcapsules having precisely controlled release behavior. Glass capillary 
devices enable the production of monodisperse double emulsion drops, 
which can then be used as templates for microcapsule formation. The 
exquisite control afforded by microfl uidics can be used to tune the composi-
tions and geometrical characteristics of the microcapsules with exceptional 
precision. We review the use of this approach to fabricate microcapsules that 
only release their contents when exposed to a specifi c stimulus – such as 
a change in temperature, exposure to light, a change in the chemical envi-
ronment, or an external stress – only after a prescribed time delay, and at a 
prescribed rate. 

layer-by-layer deposition, [ 60–62 ]  or mem-
brane emulsifi cation. [ 63,64 ]  However, these 
approaches typically yield microcapsules 
with polydisperse sizes and structures, 
highly variable loading levels, and poorly 
controlled release kinetics – even within 
the same batch; this can severely limit 
the use of microcapsules in many prac-
tical applications. It also precludes accu-
rate characterization of the microcapsule 
physical properties. Many applications of 
microcapsules require their shells to have 
specifi c mechanical properties; under-
standing how exactly these properties 
depend on the structure and the composi-
tion of the shell can help guide the micro-

capsule fabrication process. However, because the fabrication 
of microcapsules with well-defi ned structures and composi-
tions is challenging, systematic experiments to elucidate their 
mechanical response remain lacking. 

 Microfl uidic technologies offer exquisite control over the 
fl ows of multiple fl uids, and therefore, a way to overcome these 
limitations. One particularly promising route is the use of 
microfl uidics to produce double emulsions, drops of the core 
material within drops of another fl uid, which are themselves 
suspended in a continuous fl uid phase. Subsequently solidi-
fying the middle phase yields solid-shelled microcapsules. The 
interfacial tensions between the different fl uids force the drops 
to be spherical; moreover, the drop sizes are determined by the 
shear forces exerted on the fl owing fl uids, which can be care-
fully tuned in a microfl uidic device. As a result, double emul-
sion drops generated in microfl uidics, and the microcapsules 
made from them, can be highly monodisperse, with composi-
tions and morphologies that can be manipulated with a remark-
able degree of accuracy. 

 In this review, we highlight recent developments in fabri-
cating and characterizing solid-shelled microcapsules formed 
from microfl uidically-generated double emulsion templates. 
We describe how, by precisely controlling the double emul-
sion composition and geometry, we fabricate microcapsules 
that only release their encapsulated contents when exposed to 
a specifi c stimulus – such as a temperature change, exposure 
to light, a change in the chemical environment, or an external 
stress – only after a prescribed time delay, and at a prescribed 
rate. This approach thus enables the design of microcapsules 
with release behavior tailored for specifi c applications.   
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 2.     Double Emulsion Templated Fabrication Of 
Solid-Shelled Microcapsules 

 A fl owing thread of fl uid breaks up into a series of monodis-
perse drops, due to the surface tension of the fl uid; this con-
fi guration minimizes the fl uid surface area, and hence, the 
surface energy. We exploit this Rayleigh-Plateau instability, 
using a glass capillary microfl uidic device, to produce water-in-
oil-in-water (W/O/W) double emulsion templates for microcap-
sules. [ 65 ]  The inner aqueous phase contains the active material 
to be encapsulated; it may also contain a surface-active agent, 
such as poly(vinyl alcohol) (PVA), to prevent the liquid inter-
faces from coalescing, and a thickener, such as poly(ethylene 
glycol) (PEG), to enhance the viscosity of the solution. The 
middle oil phase is either a suspension of the shell material dis-
persed in a hydrophobic solvent, or a liquid form of the shell 
material itself. The outer phase is an aqueous solution con-
taining a surfactant, such as PVA; after the microcapsules are 
fabricated, this outer fl uid can be replaced or even removed. 

 A typical device consists of two tapered cylindrical capillaries 
inserted into the opposite ends of a square capillary, whose 
inner dimension is slightly larger than the outer diameter of 
the cylindrical capillaries; a schematic is shown in  Figure    1  (a). 
This arrangement aligns the cylindrical capillaries coaxially. 
We inject the inner aqueous phase through the left cylindrical 
capillary. To embed a drop of this phase within another fl uid 
drop, we inject the middle oil phase, also from the left, through 
the interstitial space formed between the square and the cylin-
drical injection capillaries. This forms a coaxial fl ow at the tip 
of the tapered injection capillary. We inject the outer phase in 
the opposite direction, from the right, through the interstitial 
space formed between the square and the right cylindrical cap-
illaries; the three fl uids thus become hydrodynamically focused 
and fl ow through the orifi ce of the right cylindrical capillary. 
We operate this microfl uidic device in the dripping regime, in 
which the inner and middle phases break up after entering the 
right capillary, forming monodisperse W/O/W double emul-
sion drops. The double emulsions formed using this approach 
have average outer radii,  R  0 , on the order of tens to hundreds of 
microns. This value can be controlled by the size of the orifi ce, 
as well as the fl ow rates of the inner, middle, and outer phases, 
 Q i  ,  Q m  , and  Q o  , respectively; [ 65 ]  it increases with  Q i   and  Q m  , 
while it decreases with  Q o  , as exemplifi ed by the data shown in 
 Figure    2  (a). The double emulsion middle phase thickness can 
also be controlled by the fl ow rates used; [ 66 ]  it increases with 
 Q m  , while it decreases with  Q i   and  Q o  , as shown by the data in 
Figure  2 (b).   

 Due to the difference in density between the inner and 
middle phases, after these drops are collected, they become 
increasingly inhomogeneous, with a spatially-varying middle 
phase thickness. For example, if the inner phase is lighter 
than the middle phase, the inner drop will rise; this causes the 
middle phase to gradually thin on the top side of each double 
emulsion drop. Eventually, the middle phase can become so 
thin that it ruptures, precluding the use of the double emul-
sion as a template for microcapsule fabrication. This thinning 
process can be quantifi ed using a lubrication analysis of the 
fl ow in the middle phase: [ 67 ]  balancing gravity with the viscous 
drag on the inner drop yields a characteristic time scale for the 
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middle phase to thin completely, 9 μ m  ( R  0  − h  0 )/2Δ ρgh  0  2 , where 
 μ m   is the viscosity of the middle phase, Δ ρ  is the difference in 
the densities of the middle and inner phases,  g  is gravitational 
acceleration, and  h  0  is the average middle phase thickness. 
Tuning experimental conditions to increase this time scale – for 
example, by increasing  μ  m  or decreasing Δ ρ  – thus provides a 
route towards enhancing the uniformity of the microcapsule 
shell. This time scale increases particularly precipitously as  h  0  

decreases: the increased confi nement pro-
vided by a thinner middle phase increases 
the viscous resistance to the motion of the 
inner drop. [ 68 ]  Consequently, double emul-
sions with thinner middle phases remain 
stable over a longer time period; it is thus 
highly desirable to form double emulsion 
templates with ultra-thin middle phases. 

 However, forming ultra-thin middle 
phases, with thicknesses below the micron 
scale, is challenging; it requires extremely 
low values of  Q m  , which can be diffi cult to 
achieve, due to the inevitable fl uctuations 
in the fl ow that arise in the operation of a 
syringe pump. To overcome this limitation, 
we use a different microfl uidic approach 
to generate double emulsion drops with 
ultra-thin middle phases. [ 69 ]  We again use 
two tapered cylindrical capillaries inserted 
into the opposite ends of a square capil-
lary. Unlike the previous case, however, we 
inject the middle oil phase through the left 
cylindrical capillary; moreover, we insert 
yet another smaller capillary into this capil-
lary, and use the smaller capillary to simul-
taneously inject the inner aqueous phase, 
as schematized in Figure  1 (b). We treat the 
inner wall of the left injection capillary with 
n-octadecyl trimethoxy silane; this renders its 
inner surface hydrophobic, preventing wet-
ting of the aqueous phase. Under these con-

ditions, the inner aqueous phase forms large water-in-oil emul-
sion drops within the injection capillary. We then fl ow the outer 
aqueous phase, also from the left, through the interstitial space 
formed between the square and the cylindrical injection capil-
laries. The three fl uids fl ow into the orifi ce of the right tapered 
capillary; we coat this with 2-[methoxy(polyethyleneoxy)propyl]
trimethoxy silane to render its surface hydrophilic, preventing 
wetting of the middle oil phase on the capillary wall. We operate 
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 Figure 1.    Schematic showing the microfl uidic production of double emulsion templates with 
(a) thick middle phases, [ 65 ]  (b) ultra-thin middle phases, [ 69 ]  and (c) multiple inner drops. [ 70 ]  
After the templates are produced, we use the middle phase to form solid shells, thus yielding 
monodisperse microcapsules.

 Figure 2.    Dependence of the double emulsion template (a) radius,  R , and (b) middle phase thickness, on the fl ow rates used.  R orifi ce   is the radius of 
the capillary orifi ce, while  Q i  ,  Q m  , and  Q o   are the fl ow rates of the inner, middle, and outer phases, respectively. Data in (a) and (b) are reproduced 
with permission from Ref.  [ 65 ]  and Ref.  [ 66 ] , respectively. Copyright 2005, American Association for the Advancement of Science and Copyright 2012, 
Springer. The sum of the middle and inner fl uid fl ow rate is 1 mL h −1  in (a) and 5 mL h −1  in (b).



4

www.advmat.de

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IE
W this microfl uidic device in the dripping regime, in which the 

water drops become re-emulsifi ed at the tip of the right tapered 
capillary. This process forms monodisperse W/O/W double 
emulsion drops with middle phase thicknesses as small as tens 
of nanometers. 

 In some applications, multiple, incompatible active mate-
rials must be encapsulated within the same microcapsule. 
This requires microcapsules containing multiple core compart-
ments. Our microfl uidic approach provides a straightforward 
way to fabricate templates for such microcapsules in one single 
step: instead of injecting just one inner phase through a single-
bore tapered cylindrical capillary, we inject two, three, or four 
different inner phases, each one through a different bore of a 
dual, triple, or quadruple-bore injection capillary, respectively. [ 70 ]  
Similar to the case of a single-bore capillary, the different 
injected fl uid streams are encased by the middle oil phase, and 
break up after entering the right capillary, as schematized in 
Figure  1 (c). This process forms multiple inner drops, each con-
taining a different active, within each double emulsion drop. 

 After the double emulsion templates are produced, we 
use their middle phase to form solid shells. Two possible 
approaches to fabricating this shell are polymerization and 
solvent evaporation. In the fi rst approach, the middle phase is 
a monomer solution containing a crosslinker; when polymer-
ized, this solution forms a solid shell composed of cross-linked 
polymers. Solidifi cation thus occurs either after suffi cient time 
has elapsed for the polymerization to occur, or can be trig-
gered at a specifi c time by the inclusion of stimulus-responsive 
molecular initiators. For example, including a photoinitiator 
enables the middle phase to be rapidly polymerized, forming 
a solid shell, simply by exposure to UV light. [ 71 ]  In the second 
approach, the middle phase is a dispersion of the shell mate-
rial, such as a polymer or colloidal particles, in a volatile sol-
vent; as this solvent evaporates, the shell material precipitates. 
The middle phase solvent either evaporates completely, or, if it 
is a mixture of different solvents, it can dewet from the surface 
of the inner drop, ultimately yielding a solid shell. [ 72 ]  In both 
approaches to shell formation, the structure of the resultant 
microcapsule depends sensitively on the composition and the 
geometrical characteristics of the double emulsion template 
used.   

 3.     Mechanics Of Solid-Shelled Microcapsules 

 Because their structures and compositions can be precisely 
controlled, microcapsules produced from microfl uidically-
generated templates provide a useful experimental system to 
elucidate key physical properties, such as the microcapsule 
mechanical stability. One common way of characterizing the 
mechanical properties of the thin, spherical shell of a micro-
capsule is to investigate its response to a uniform externally 
imposed pressure. If this pressure is suffi ciently small, a homo-
geneous shell of uniform thickness supports a compressive 
stress, and it shrinks uniformly. Above a threshold pressure, 
however, the strain energy required to shrink the shell becomes 
larger than the energy required to form a localized, circular 
indentation in its surface; consequently, the shell buckles. Bal-
ancing these two energies yields a threshold buckling pressure,
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, where  h  0  and  R  0  are the shell thickness 

and outer radius, respectively, and  E  and  ν  are the Young’s mod-
ulus and Poisson’s ratio of the shell material, respectively. [ 73 ]  
One way of imposing the external pressure by dissolving a 
non-adsorbing osmolyte in the outer fl uid surrounding the 
microcapsules; the resultant osmotic pressure, Π, can then be 
estimated using the van’t Hoff relationship, Π =  cN a k B T , where 
 c  is the osmolyte concentration,  N a   is Avogadro’s constant,  k B   
is Boltzmann’s constant, and  T  is temperature. [ 74 ]  Another way 
is to simply dry a microcapsule suspension; as the outer fl uid 
evaporates, tiny menisci form in the pores of the microcapsule 
shells. This results in a capillary pressure difference across 
each shell; the pressure outside the shell is larger by  P c   ≈ 2 γ / a p  , 
where  γ  is the surface tension of the outer fl uid in air and  a p   
is the characteristic pore radius. [ 75,76 ]  For both of these cases, 
experiments on homogeneous microcapsules of varying  h  0  con-
fi rm the validity of the predicted threshold. [ 74–76 ]  

 In many cases, however, microcapsules have inhomogeneous 
shells, characterized by spatially varying thicknesses and elastic 
constants; these variations can arise during the microcapsule 
fabrication process. For example, as described in Section 2, if 
the inner phase of the double emulsion templates used to fab-
ricate microcapsules is less dense than the middle phase, the 
inner drop will gradually rise. We use this effect to prepare 
microcapsules with spatially varying shell thicknesses  h ( θ ) =  h  0  
–  δ  cos θ , where  θ  is measured from the top of each microcap-
sule and  δ  is the total distance moved by the inner drop; [ 67 ]  this 
geometry is schematized in  Figure    3  (a). Polymerizing the cap-
sules using UV light, either as the double emulsions are pro-
duced in situ, or after waiting a time  t w   after collecting them, 
produces separate batches of microcapsules characterized by 
varying degrees of shell inhomogeneity.  

 Because the stretching and bending stiffnesses of the shell 
scale as ∼ h  and ∼ h  3 , respectively, the thinnest part of the micro-
capsule shell should be the weakest, [ 77 ]  as confi rmed by the 
micrographs in Figure  3 (b). We thus expect the onset of buck-
ling to be determined by the deformations in this part of the 
shell. Applying shell theory to this inhomogeneous geometry 
yields a modifi ed prediction of the threshold buckling pressure, 
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; [ 67 ]  consistent with our expectation, 

this threshold is the same as the threshold for a homogeneous 
shell, but with the shell thickness replaced by the thickness of 
the thinnest part of the shell,  h  0 - δ . Experiments performed on 
microcapsules of varying  h  0 , over a broad range of pressures, 
confi rm this prediction, as shown in Figure  3 (c-d). [ 67 ]  These 
results indicate that the onset of microcapsule buckling is 
well described by shell theory, even for highly inhomogeneous 
microcapsules. 

 Interestingly, even above this threshold pressure, the micro-
capsules do not buckle immediately; the time delay before the 
onset of buckling,  τ , strongly decreases with osmotic pressure. 
This behavior likely refl ects the dynamics of fl uid fl ow through 
the microcapsule shell; within this picture, for a microcapsule 
to buckle, it must eject a volume Δ V * from its interior. The 
time delay can then be estimated as  τ  = Δ V */ Q , where both 
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δ V * and  Q , the volumetric rate of fl uid ejection from the inte-
rior, depend on  δ / h  0 . Calculating δ V * using shell theory, and 
 Q  using Darcy’s law for fl ow through a permeable material, 
thus yields an estimate for the time delay before buckling, 
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, where  V  0  is the initial micro-

capsule volume,  Q  0  ≡ 4π R  0  2 Π k / μh  0 ,  μ  is the fl uid viscosity, 
and  k  is the shell permeability. Experiments on microcapsules 
of varying inhomogeneities, performed over a broad range of 

osmotic pressures, directly confi rm this prediction, as shown 
in Figure  3 (e-f). [ 67 ]  These results suggest that the dynamics of 
microcapsule buckling can be understood by combining shell 
theory with Darcy’s law for fl ow through the microcapsule 
shell, even for very inhomogeneous shells. 

 Because buckling is determined by the deformations at the 
thinnest part of the microcapsule shell, the location of this 
“weak spot” can be used to guide where buckling occurs. For 
example, forming double emulsions with multiple inner drops, 
each of radius greater than half the radius of the outer drop, 
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 Figure 3.    (a) Schematic showing the geometry of inhomogeneous double emulsion-templated microcapsules. (b) Optical and fl uorescence micro-
graphs show that buckling begins at the thinnest part of the microcapsule shell. Scale bars denote 50 μm. (c) Fraction of capsules buckled over time, 
for three different osmotic pressures Π, for capsules with  δ / h  0  = 0.20. Smooth lines show exponential fi ts. (d) Total fraction of capsules that ultimately 
buckle over time for varying Π, for capsules with  h  0 ,  R  0 , and  δ / h  0  = 1.2 μm, 70 μm, and 0.20 (circles), 1.3 μm, 67 μm, and 0.23 (triangles), and 5.5 μm, 
55 μm, and 0.19 (squares), respectively. Smooth curves are fi ts to the data using the cumulative distribution function of the normal distribution. Inset 
shows mean osmotic pressure of each fi t versus  h  0 / R  0 ; vertical and horizontal error bars show standard deviation of each fi t and estimated variation in 
 h  0 / R  0 , respectively. Straight line shows predicted ( h  0 / R  0 ) 2  scaling. (e) Time delay before the onset of buckling,  τ , normalized by  h  0  2 , for varying Π, for 
the same capsules as in (d). Filled points show Π > Π* while open points show Π < Π*. Vertical error bars show uncertainty arising from estimated 
variation in  h  0 . Black line shows predicted Π −1  scaling. (f) Time delay  τ  decreases with the wait time before a shell is polymerized,  t w  . Black line shows 
theoretical prediction coupling shell theory and Darcy’s law. Reproduced with permission. [ 67 ]  Copyright 2012, American Physical Society.
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forces the inner drops to pack closely. Polymerizing these 
double emulsions thus forms solid-shelled microcapsules 
having multiple equally-spaced “weak spots” in their shells, as 
schematized in  Figure    4  . Subjecting these microcapsules to a 
large osmotic pressure forces them to buckle; unlike the case 
of a microcapsule with a single core, however, these micro-
capsules buckle through the formation of multiple, localized, 
equally-spaced indentations at the “weak spots”. [ 67 ]  Two exam-
ples are shown in Figure  4 . This approach is thus a versatile 
means of creating microcapsules of desired symmetries; these 
can, for example, be used to guide colloidal self-assembly 
through lock-and-key binding of colloidal particles to the inden-
tations formed during buckling. [ 78 ]     

 4.     Controlled Release From Solid-Shelled 
Microcapsules  

 4.1.     Release Triggered by a Change in Temperature 

 Many applications of microcapsules require them to stably 
encapsulate their contents, releasing them only after exposure 
to a specifi c stimulus. Double emulsion templates provide a 
versatile means to fabricate such microcapsules – for example, 
by using shell materials that physically change in response to 
the stimulus, triggering release in the process. An important 
class of stimuli is a change in temperature; this fi nds applica-
tions in transporting and releasing food additives, cosmetics, or 
drugs, which often require release to be triggered at body tem-
perature (37 °C). Lipids or hydrocarbons are a natural choice of 
the shell material in this case: many of them are solid at room 
temperature, enabling robust encapsulation under ambient 
conditions, but melt at temperatures in the range 32–44 °C, 
releasing the encapsulated active when heated. To fabricate 
microcapsules using these materials, we use 
a microfl uidic device, heated well above the 
melting point of the shell material,  T m  , to 
form double emulsion templates. After the 
double emulsions are formed, they are col-
lected in a cooled vial to speed solidifi cation 
of their shells. We have used this approach 
to form microcapsules with shells composed 
of glycerides ( T m   = 33–35 °C), nonadecane 
( T m   = 32 °C), icosane ( T m   = 37 °C), paraffi n 
oil ( T m   = 42–44 °C), and biodegradable, food-
grade lipids ( T m   = 33.5–35.5 °C); [ 79,80 ]  an 
example is shown in  Figure    5  .  

 These microcapsules can be used to encapsulate and 
release a wide variety of active materials, including micropar-
ticles, polysaccharides, positively- and negatively-charged dyes, 
hydrophilic drugs, and even surfactants. Moreover, this double 
emulsion-templated approach can be used to encapsulate and 
release multiple, incompatible actives. One way to do this is 
to use a multi-bore injection tube to form double emulsions 
containing multiple inner drops, each containing a separate 
active. Another way is to dissolve the different actives in the 
inner and middle phases of the double emulsion; this approach 
requires the actives to dissolve preferentially in the different 
phases, which is frequently the case. As an application of this 
concept, we use two anticancer drugs which are known to act 
synergistically; their performance is thus greatly enhanced if 
they are released simultaneously after being administered to 
a patient. The fi rst, doxorubicin hydrochloride, is hydrophilic, 
and is dissolved in the aqueous inner double emulsion drop, 
while the second, paclitaxel, is hydrophobic, and is dissolved 
in the double emulsion middle phase while it is still molten. 
Cooling the double emulsions forms microcapsules containing 
the hydrophilic drug in their cores and the hydrophobic drug in 
their solid shells. [ 80 ]  These microcapsules can then be admin-
istered to a patient as a liquid suspension, or can be fi ltered 
and dried, forming a free-fl owing powder, which can then be 
packed into solid particles. Importantly, the lipid shell melts at 
33.5−35.5 °C; thus, under these conditions, the microcapsules 
in the particles release both drugs simultaneously, as shown by 
the micrographs in  Figure    6  . The effi cacy of this approach is 
demonstrated by incubating the drug-containing particles with 
two different lines of cancer cells: all of the cells in both cell 
lines die after 20 hours of incubation with the particles.  

 Another approach to fabricating microcapsules with tem-
perature-controlled release is to use thermosensitive poly-
mers to form the shells. One commonly-used polymer is 
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 Figure 4.    Microcapsules with two or three spherical interior compartments buckle at “weak spots” (arrows). This forms shapes with two or three 
equally-spaced circular indentations after buckling (micrographs). Scale bars denote 100 μm. Reproduced with permission. [ 67 ]  Copyright 2012, Amer-
ican Physical Society.

 Figure 5.    Microcapsule with a paraffi n shell, encapsulating toluidine blue, releases its contents 
when heated. At 45 °C, the shell becomes a liquid (second frame), enabling the inner core to 
coalesce with the outermost phase (third frame). After fi ve minutes of heating, the encapsu-
lated dye is almost entirely released (fourth frame). Figure is reprinted with permission from 
Ref.  [ 79 ] ; Copyright 2010, American Chemical Society.
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poly[N-isopropylacrylamide] (pNIPAm); when cross-linked, this 
polymer forms a solid hydrogel under ambient conditions. At 
temperatures higher than the lower critical solution tempera-
ture, 32 °C, the hydrogen bonds between the hydrophilic amine 
chains become disrupted; consequently, the polymer undergoes 
a reversible phase transition to a shrunken dehydrated state. [ 81 ]  
This shrinkage introduces defects into the microcapsule shell, 
enabling the encapsulated active to be released. This approach 
can also be used to trigger release from polymerosomes, micro-
capsules whose shells are composed of bilayers of amphiphilic 
block copolymers. 

 We form the polymerosomes using dewetting from W/O/W 
double emulsion templates. [ 82 ]  The middle oil phase contains a 
mixture of PEG-b-poly[lactic acid] (PEG-b-PLA) and thermosen-
sitive pNIPAm-b-poly[lactic-co-glycolic acid] (pNIPAm-b-PLGA) 
diblock copolymers; this mixture forms a solid shell when the 
solvent in the middle phase is removed. Similar to the case of 
a pNIPAm shell, the shrinkage of the pNIPAm-b-PLGA intro-
duces defects into the polymerosome shell, enabling the encap-
sulated material to be released, as shown in  Figure    7  . Moreover, 
the release can also be triggered by stimuli other than a change 

in the external temperature. For example, we incorporate hydro-
phobized metallic nanoparticles into the double emulsion 
middle phase; this embeds them into the polymerosome shell 
during the solvent removal. The nanoparticles heat up when 
illuminated with a laser, collapsing the pNIPAm block of the 
pNIPAm-b-PLGA shell; this again introduces defects into the 
polymerosome shell, and the encapsulated contents are released.  

 A change in temperature can also be used to trigger release 
from colloidosomes, microcapsules comprised of a shell 
of densely-packed colloidal particles. A signifi cant problem 
inherent to colloidosomes is that they are leaky, due to the 
large pores formed between the particles; if the encapsulated 
active is suffi ciently small, it can diffuse through these pores 
and become spontaneously released. Controlling this release 
requires the permeability of the shell, which is determined 
by the morphology of the pores, to be precisely controlled. 
One approach to achieving this is to fabricate colloidosomes, 
with shells composed of close-packed  β -cyclodextrin ( β -CD) 
nanoparticles, using dewetting from W/O/W double emulsion 
templates; to render the colloidosomes thermosensitive, we 
dissolve a thermo-sensitive triblock copolymer, Pluronic L31, 

Adv. Mater. 2014, 
DOI: 10.1002/adma.201305119

 Figure 6.    Fluorescence micrographs showing release from microcapsules with lipid shells at 37 °C; while these shells are solid at room temperature, 
they melt at 33.5–35.5 °C. A hydrophilic drug, doxorubicin, is fl uorescently labeled in red, and is initially encapsulated in the microcapsule core, while 
a hydrophobic drug, paclitaxel, is fl uorescently labeled in green, and is initially embedded in the microcapsule shell. Upon heating, both drugs are 
released simultaneously in a matter of minutes. Scale bar denotes 200 μm. Reproduced with permission. [ 80 ]  Copyright 2013, American Chemical Society.
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in the inner aqueous phase. [ 83 ]  The uniformity and narrow size 
distribution of the double emulsion-templated colloidosomes 
ensures that their cores are uniformly loaded with the thermo-
sensitive copolymer. Under ambient conditions, this polymer 
adsorbs to the surfaces of the  β -CD nanoparticles, blocking the 
pores between them and fully encapsulating an active material 
inside the core, as schematized in the top panel of  Figure    8  . 
However, at suffi ciently high temperatures, the polymer des-
orbs from the  β -CD particle surfaces, forming aggregates that 
instead remain dispersed within the colloidosome cores, as 
schematized in the bottom panel of Figure  8 . This opens the 
pores, enabling the encapsulated active to be released through 
them. This process is reversible, proceeding or becoming 
arrested on demand through a change in temperature.    

 4.2.     Release Triggered by a Chemical Reaction 

 A second important class of stimuli for microcapsule release is 
a change in the external chemical environment; this can trigger 
a chemical reaction with the microcapsule shell. To address 
this need, we form solid-shelled microcapsules from double 

emulsion templates whose middle phase is a polymer dispersed 
in a volatile solvent; this solvent evaporates after drop forma-
tion, and the polymer precipitates, forming a solid shell. In 
some cases, the shell can begin to dissolve immediately after 
it is formed, due to its exposure to the external aqueous envi-
ronment; for example, microcapsules made from PLA begin to 
degrade due to the hydrolysis of the ester groups in the polymer 
chain. [ 69 ]  Micrographs showing release from these microcap-
sules are shown in  Figure    9  . In other cases, we use responsive 
polymers that dissolve only after exposure to a desired chemical 
stimulus, which forces the microcapsule shell to degrade and 
ultimately release its contents. One key example of such a stim-
ulus is exposure to a hydrocarbon oil; this is particularly impor-
tant in enhanced oil recovery applications in which a surfactant 
must be transported to and released at oil surfaces. To fabricate 
microcapsules that respond to this stimulus, we use polystyrene 
(PS), a polymer that absorbs oil, undergoing a solid-to-liquid 
phase change in the process. [ 84 ]  Thus, when a microcapsule with 
a PS shell approaches a hydrocarbon oil surface, the shell lique-
fi es. The localized defect thus formed in the shell permits the 
encapsulated active to be ejected from the microcapsule core, 
toward the surface of the oil, as shown in  Figure    10  .   

Adv. Mater. 2014, 
DOI: 10.1002/adma.201305119

 Figure 7.    Double emulsion-templated polymerosomes exhibit thermosensitive release. (a) Fraction of intact polymerosomes decreases with incuba-
tion time at 40 °C; circles, triangles, and squares are for PEG-b-PLA polymerosome shells including 2 wt%, 5 wt%, and 10 wt% PNIPAM-b-PLGA, 
respectively. Confocal micrographs for these polymerosomes after 20 minutes of incubation are shown in (b). Confocal micrographs of a mixture of 
three different populations of polymerosomes, incubated at 40 °C, over time; polymerosomes with shells comprised of PEG-b-PLA, PEG-b-PLA with 
5 wt% PNIPAM-b-PLGA, and PEG-b-PLA with gold nanoparticles are shown in green, red, and yellow, respectively. Only the polymerosomes with shells 
containing PNIPAM-b-PLGA release their contents. Reproduced with permission. [ 82 ]  Copyright 2012, Wiley-VCH.
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 Another important trigger for release is pH; this may 
fi nd particular use in biological applications. We thus form 
microcapsules with solid shells composed of pH-responsive 
biocompatible polymers. [ 85 ]  When exposed to a trigger pH, the 
polymer chains making up the shells become highly charged, 
repel each other, and dissolve in the outer fl uid; [ 86,87 ]  conse-
quently, the shells degrade, ultimately releasing their contents, 
as shown in  Figure    11  . The exact pH that triggers the release 
is set by the choice of the polymer: a base-sensitive polymer, 
such as an anionic diblock copolymer of methacrylic acid and 
methyl methacrylate (PAA-b-PMMA), dissolves at pH > 7, while 
an acid-sensitive polymer, such as a cationic triblock copolymer 

of poly-[(2-dimethylaminoethyl)-methacrylate-n-butyl meth-
acrylate] (DMAEMA-MMA-BMA), dissolves at pH < 6. This 
experimental approach can thus be used to trigger release over 
a range of different pH conditions. To illustrate this, we mix two 
different populations of acid- and base-responsive microcap-
sules. The acid-responsive microcapsules encapsulate a yellow 
dye, as well as 1μm tracer particles, while the base-responsive 
microcapsules encapsulate a green dye. When the microcap-
sules are fi rst exposed to an acidic pH of 5, the acid-responsive 
microcapsules degrade and quickly release their contents, as 
shown in the second and third frames of  Figure    12  ; by contrast, 
the base-responsive microcapsules remain stable, and continue 
to encapsulate their contents. We then raise the pH of the outer 
fl uid to 9; this forces the base-responsive microcapsules to also 
release their contents, as shown in the fourth and fi fth frames 

of Figure  12 . Thus, by fabricating different 
microcapsules using different pH-responsive 
polymers, we can program the sequential 
release of different actives. This approach 
could be applied, for example, in the delivery 
of pharmaceutical products to different areas 
of the human digestive system, which can be 
characterized by signifi cantly different pH 
values.   

 This approach can also be used to design 
microcapsules whose release is triggered by 
common water contaminants, such as fl uo-
ride; for example, the microcapsules could 
then release chemical agents that aid in water 
remediation. Unfortunately, contaminants 
often present themselves only at minuscule 
– but still environmentally detrimental – con-
centrations; thus, the response of the polymer 
making up the microcapsule shell must be 
extremely sensitive. To address this need, we 
fabricate microcapsules with shells composed 
of poly[phthaldehyde] (PPHA). [ 88 ]  Crucially, 

Adv. Mater. 2014, 
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 Figure 8.    Schematic showing mechanism of thermosensitive release 
from double emulsion-templated nanoparticle colloidosomes. (a) Under 
ambient conditions, the PEO-PPO-PEO copolymers block the interstitial 
pores in the shell, switching off the release and enabling robust encap-
sulation of a dye in the core. (b) At 37 °C, the copolymers aggregate, 
opening the interstices and switching on the release from the colloido-
some core. Reproduced with permission. [ 83 ]  Copyright 2013, Wiley-VCH.

 Figure 9.    Double emulsion-templated microcapsules with ultra-thin PLA 
shells release their contents upon exposure to water. Confocal micro-
graphs show examples of dyed microcapsules 39, 55, and 71 days after 
exposure. The capsules are all fully degraded, and the encapsulated mate-
rial is completely released, after 70 days. Reproduced with permission. [ 69 ]  
Copyright 2011, Royal Society of Chemistry.

 Figure 10.    PS microcapsules release their contents when exposed to (a) pure toluene, (b) 50 
wt% toluene in water, and (c) 10 wt% toluene in water. Reproduced with permission. [ 84 ]  Copy-
right 2013, American Chemical Society.
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we functionalize each PPHA molecule with a fl uoride-respon-
sive end-cap; upon exposure to fl uoride, the bond between the 
polymer and this end-cap is broken, forcing the entire molecule 
to depolymerize quickly. This unique behavior enhances the 
sensitivity of the microcapsule shell to fl uoride; for example, 
upon exposure to just 50 mM aqueous fl uoride, microcapsules 
with 1.8μm thick shells fully release their contents within three 
days, as shown in  Figure    13  . This approach may thus fi nd use 
in the directed remediation of contaminated water supplies.     

 4.3.     Controlling Release Kinetics 

 In the examples described in Section 4.2, the time at which the 
microcapsule contents are released depends sensitively on the 
shell thickness: microcapsules with thicker shells take longer 

to fully degrade and ultimately release their 
contents, as  exemplifi ed by the data shown 
in  Figure    14  . [ 66,85 ]  By enabling the production 
of microcapsules with different shell thick-
nesses, the precise fl ow control afforded by 
microfl uidics thus provides a straightforward 
way to control the time of release. 

 Many of the responsive polymers used to 
make microcapsules phase separate when 
solidifi ed in the presence of another, non-
responsive, polymer. We use this effect to 
prepare hybrid microcapsules that, when 
exposed to a chemical stimulus, selectively 
dissolve only at parts of their shells, as sche-
matized in the top panel of  Figure    15  . This 
enables us to independently control the per-
meability of the shell, and thus, the rate of 
release. To demonstrate this concept, we 
prepare hybrid pH-responsive microcapsules 
using our microfl uidic approach; [ 85 ]  we use 
a mixture of the base-responsive polymer 
described in Section 4.2 with another, pH-
unresponsive, ethylene glycol phenyl ether 
methacrylate monomer, also including a 
crosslinker and a photoinitiator. We irradiate 
the double emulsion drops with UV light 

as they are formed in the microfl uidic device; this selectively 
photo-polymerizes the pH-unresponsive monomer. We then 
collect the double emulsion drops; as the middle phase  solvent 
evaporates, the pH-responsive polymer precipitates, com-
pleting the formation of a solid, hybrid shell. When exposed 
to a stimulus pH, only the pH-responsive portions of this 
shell dissolves, forming holes through which the encapsulated 
active is released. The size of these holes, and thus, the per-
meability of the shell, depends sensitively on the shell compo-
sition: for example, shells comprised of a larger proportion of 
pH- unresponsive polymer develop smaller holes, and thus, the 
release of the encapsulated active is slower, as shown in Figure 
 15 . This approach is thus a straightforward way to tune the 
microcapsule release rate.    

 4.4.     Release Triggered by an External Stress 

 Another important class of stimuli for micro-
capsule release is an externally imposed 
stress. This idea is central to one of the ear-
liest and most ubiquitous applications of 
microcapsules: to encapsulate and release 
the colorless ink used in carbonless copy 
paper. The microcapsules coat each sheet of 
paper, only releasing the encapsulated ink 
when pressed on suffi ciently hard by a pen; 
the released ink then reacts with a devel-
oper coating the underlying sheet, forming 
a mark that reproduces the pen’s trace. [ 42 ]  
We use a similar principle to trigger release 
from microcapsules in suspension. We use 
double emulsion templates to fabricate PS 

Adv. Mater. 2014, 
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 Figure 11.    Optical micrographs, with fl uorescence micrographs superimposed, showing 
the degradation of the base-responsive shell of a double emulsion-templated microcapsule, 
leading to the release of an encapsulated green dye. The microcapsules also encapsulate, 
and subsequently release, polystyrene tracer particles (grey). Scale bar denotes 100 μm. Time 
stamp shows time elapsed after pH is raised to 9. Reproduced with permission. [ 85 ]  Copyright 
2013, American Chemical Society.

 Figure 12.    Optical micrographs, with fl uorescence micrographs superimposed, showing the 
release of a yellow encapsulated dye only from acid-responsive double emulsion-templated 
microcapsules when the pH is reduced to 5 [second and third frames]. An encapsulated green 
dye, along with polystyrene tracer particles (grey), is then released from base-responsive PAA-
b-PMMA microcapsules when the pH is increased to 9 [fourth and fi fth frames]. Scale bar 
denotes 500 μm. Reproduced with permission. [ 85 ]  Copyright 2013, American Chemical Society.

 Figure 13.    PPHA microcapsules release a fl uorescent dye when exposed to 50 mM aqueous 
fl uoride, as shown by the fl uorescence micrographs in (a-j). Reproduced with permission. [ 88 ]  
Copyright 2013, American Chemical Society.
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or polystyrene-polyisoprene-polystyrene (PS-PIP-PS) microcap-
sules; [ 84 ]  the former have brittle shells, which are more likely to 
rupture under an external stress, while the latter are more duc-
tile, and are more likely to stably encapsulate an active mate-
rial, even when deformed. To illustrate this difference in their 
response, we fl ow 110 μm diameter microcapsules of both types 
through a narrow constriction, 70 μm in diameter, formed in a 
580 μm diameter glass capillary. The brittle PS microcapsules 
irreversibly rupture when they reach the constriction, due to 
the large stress imposed on their shells, and they release their 
contents, as shown in  Figure    16  (a). In stark contrast, the duc-
tile PS-PIP-PS microcapsules squeeze through the constriction 
without rupturing, ultimately recovering their original spher-
ical shape, as shown in Figure  16 (b). In this application, as in 
numerous others, the utility of the microcapsules depends sen-
sitively on the mechanical properties of their shells.     

 5.     Conclusion 

 We have described the straightforward fabrication of solid-
shelled microcapsules using double emulsion templates pro-
duced in microfl uidics. This approach yields an unprecedented 
level of control over the microcapsule size, composition, and 
geometrical structure. This enables us to fabricate microcap-
sules that robustly encapsulate an active material, releasing it 
only when exposed to a desired stimulus, such as a change in 
temperature, exposure to light, a change in the chemical envi-
ronment, or an external stress; moreover, we can tune exactly 
when the encapsulated active is released, and at what rate. 
Such microcapsules are thus useful for a variety of applications 

ranging from fundamental studies of shell mechanics and col-
loidal design, to the delivery of drugs, cosmetics, and indus-
trial chemicals. An important direction for future work will be 
extending the range of stimuli that can trigger the microcap-
sule release, as well as designing microcapsules that respond to 
these stimuli in a variety of ways. 

 One limitation of the fabrication techniques described in 
this review is that they can typically only produce microcap-
sules of sizes on the order of tens or hundreds of micrometers. 
Many applications require even smaller microcapsules. Pro-
ducing these, however, remains a challenge. It requires the use 
of capillaries with small orifi ces; forcing fl uids through such 

 Figure 14.    Time delay before release begins, quantifi ed using fl uores-
cence microscopy of double emulsion-templated pH-responsive micro-
capsules encapsulating a fl uorescent dye, increases with increasing 
shell thickness. Vertical error bars show standard deviation in measured 
release time, while horizontal error bars show standard deviation in shell 
thickness of each batch. Reproduced with permission. [ 85 ]  Copyright 2013, 
American Chemical Society.

 Figure 15.    (Top) Schematic representation and (middle) scanning elec-
tron microscope micrographs of double emulsion-templated hybrid 
microcapsules with holes formed in their shells after degradation, trig-
gered by exposure to an unfavorable pH. The size of the holes increases 
with increasing pH-responsive PAA-b-PMMA polymer content in the 
shell. Scale bars denote 80 μm. (Bottom) Amount of encapsulated mate-
rial released, quantifi ed by monitoring the relative intensity in the core 
of microcapsules encapsulating a fl uorescent dye, increases with time; 
capsules are triggered at a basic pH. The rate at which the material is 
released increases with the PAA-b-PMMA content of the shell (percentage 
next to each curve). Vertical error bars show standard deviation of meas-
ured intensity in each batch, at each time point. Reproduced with permis-
sion. [ 85 ]  Copyright 2013, American Chemical Society.
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narrow spaces results in prohibitively large pressures, whereas 
circumventing this requires the use of extremely small fl ow rates, 
which can be diffi cult to controllably achieve. Another impor-
tant direction for future work will be to optimize the kinetics 
of microcapsule release: as exemplifi ed by the data in Figures  7  
and  9 , the microcapsule release kinetics are often highly variable. 
This presumably refl ects heterogeneities in the microcapsule 
shell structure or composition that arise during fabrication. 

 Many applications require the rapid production of large 
quantities of microcapsules. The double emulsions templates 
we use are produced drop by drop in a single glass capil-
lary microfl uidic device; this limits the rate at which they are 

 produced, and hence, the rate at which microcapsules can be 
produced. However, it is possible to design microfl uidic chips 
that operate many such devices in parallel; for example, we 
have shown that four glass capillary devices, similar to those 
described in this review, can be stably operated in parallel, ena-
bling the production of double emulsion templates at a higher 
throughput. [ 89 ]  We have also used soft lithography to incor-
porate up to 15 dropmaker units, arranged in both two- and 
three-dimensional arrays, in a polydimethylsiloxane (PDMS) 
device, [ 90 ]  as shown in  Figure    17  . These chips can be used to 
produce highly monodisperse double emulsion templates at 
rates exceeding 1 kg day −1 , suffi cient for many commercial situ-
ations. We expect that extensions of this work, integrating even 
more drop makers, will provide a route to industrial-scale pro-
duction rates.   
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 Figure 16.    Confocal micrographs show (a) PS and (b) ductile PS-PIP-PS microcapsules being forced through a 70 μm diameter capillary constriction. 
The brittle PS shell ruptures, and the microcapsule releases its contents, while the ductile PS-PIP-PS remains intact and recovers its spherical shape. 
Scale bars denote 130 μm. Reproduced with permission. [ 84 ]  Copyright 2013, American Chemical Society.

 Figure 17.    High-throughput production of double emulsion templates 
using a parallelized microfl uidic chip. A single double emulsifi er unit is 
shown schematically in (a) and using an optical micrograph in (b); scale 
bar denotes 100 μm. These are then parallelized, with rows of double 
emulsifi er units connected through vertical through-holes to a layer of 
larger distribuion/collection channels, as shown schematically in (c) and 
using the photograph in (d). Each integrated row is connected to yet 
another layer of larger distribution/collection channels. The coin (a US 
penny) in (d) is 19 mm across. Reproduced with permission. [ 90 ]  Copyright 
2012, Royal Society of Chemistry.
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